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Preface

Anterior cruciate ligament (ACL) surgery has changed and evolved exten-
sively for over the last few decades. There are many controversies that exist 
with respect to the technical aspects of this surgery. In this book, we attempted 
to present the controversial aspects in an evidence-based fashion. In several 
cases, the topic is so controversial that we presented chapters presenting the 
evidence for either side of the argument. Evidence-based medicine is when 
the physician uses the best available literature to assist in decision-making for 
a given patient. While there is not always a perfect answer for a given clinical 
dilemma, we attempted to present the information in as unbiased manner as 
possible. The following pages will take the reader through ACL injury from 
prevention to clinical decision-making to surgical technique. We hope that we 
assist the reader to take better care of their patients using the available evi-
dence summarized by authors from around the globe representing ISAKOS.

Osaka, Japan Norimasa Nakamura
Bologna, Italy Stefano Zaffagnini
New York, NY, USA  Robert G. Marx
Pittsburgh, PA, USA  Volker Musahl
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ACL Prevention Programs

Joseph N. Liu, Michael D. Hendel, 
Grethe Myklebust, and Robert G. Marx

1.1  Introduction

Anterior cruciate ligament (ACL) injuries are a 
common knee injury, with approximately 
100,000–200,000 occurring each year in the 
United States alone [25]. Female athletes have a 
four to six times higher incidence of noncontact 
injuries, with an estimated rate of one in 60–100 
female high school athletes suffering ACL inju-
ries [6, 25]. While a great deal of research has 
been performed on the surgical techniques and 
rehabilitation following ACL reconstruction, 
only recently has there been an emphasis on pre-
vention, with a large body of research over the 
last 15 years demonstrating that prevention pro-
grams can effectively decrease the number of 
ACL tears ([8, 11, 17, 21–23, 27, 31]; Soligard 
2008). Additionally, these prevention programs 

have been shown to reduce other knee injuries, 
ankle injuries, and overuse injuries [15]. The pur-
pose of this chapter is to review modifiable causes 
for ACL injuries and the current literature regard-
ing prevention programs that target risk factors 
that predispose patients to ACL injuries.

1.2  Mechanism of Injury 
and Modifiable Risk Factors

Approximately 70 % of all ACL injuries occur 
by noncontact mechanisms [1, 19]. Recent lit-
erature has demonstrated that the highest ACL 
loads occur with the knee loaded in valgus, 
internal rotation, and concomitant quadriceps 
contraction with insufficient hamstring strength 
(Shimokochi 2008; [14, 29, 39]). This combi-
nation typically occurs in movements associ-
ated with declaration, cutting maneuvers, or 
jump landings [1]. While many intrinsic risk 
factors such as gender, anatomical differences, 
and hormonal changes predispose athletes to 
ACL tears, addressing modifiable neuromuscu-
lar imbalances has demonstrated promising 
results ([8, 11, 17, 21, 22, 27]; Soligard 2008). 
These neuromuscular imbalances include liga-
ment dominance, quadriceps dominance, leg 
dominance, and trunk dominance; the mecha-
nism in which these imbalances lead to 
increased loads on the ACL is reviewed in the 
following sections.
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1.2.1  Ligament Dominance

Ligament dominance refers to an imbalance 
between neuromuscular and ligamental control 
of knee stability, resulting in the knee ligamen-
tous system absorbing ground reaction forces 
instead of the lower extremity musculature. The 
lack of control demonstrated by ligament domi-
nance leads to increased valgus motion and high 
torque at the knee and ACL and is best seen in the 
front plane with landing and cutting movements 
such as single-leg landing, pivoting, and deceler-
ation movements. Poor trunk control can also 
lead to increased valgus stress at the knee; the 
ground reaction forces that follow trunk motion 
tend to shift the center of mass laterally to the 
center of the knee resulting in a dynamic valgus 
positioning.

1.2.2  Quadriceps Dominance

Quadriceps dominance refers to the preferential 
activation of the quadriceps compared to the 
hamstrings and occurs during maneuvers such 
as cutting and jumping [10, 12]. With the knee 
flexed less than 30°, increased quadriceps acti-
vation without co-contraction of the hamstring 
and gastrocnemius results in increased strain on 
the ACL [40]. The hamstring provides a stabi-
lizing force on the knee, pulling the tibia poste-
riorly to decrease ACL stress by resisting 
anterior and lateral tibial translation and rota-
tion. Unlike females, males tend to activate 
their hamstrings first when landing, which may 
partially explain their lower risk of ACL inju-
ries. Additionally, studies have shown that 
females have a lower hamstring-to-quadriceps 
ratio, sustain quadriceps activation longer dur-
ing cutting movements [3], and preferentially 
activate their quads during jump landings 
resulting in stiff- legged landings, which pre-
vent the dissipation of ground reaction forces 
[4]. All of these neuromuscular deficiencies 
related to quadriceps dominance demonstrate 
the importance of addressing hamstring strength 
in prevention programs.

1.2.3  Leg Dominance

Leg dominance refers to neuromuscular asym-
metry from side to side that may place both limbs 
at risk [12]. Deficits in strength, flexibility, and 
coordination may compromise the weaker limb’s 
ability to dissipate forces while placing excessive 
stress on the stronger limb. Single-leg exercises, 
such as single-limb stance or hops, and assessing 
difference in performance can be used to identify 
leg dominance. The treatment of leg dominance 
involves progression of quality double-leg move-
ments to single-leg movements and focuses on 
ensuring that each limb works independently.

1.2.4  Trunk Dominance

Trunk dominance relates to the inability of an 
athlete to control his or her center of gravity dur-
ing athletic movements, usually due to a decrease 
in core strength or neuromuscular control [3, 9, 
16, 26]. This type of imbalance occurs more often 
in women than in men, likely related to a female’s 
center of mass located higher from the ground 
due to the distribution of body mass and body fat 
in women. With trunk imbalance and a lack of 
core strength, excessive trunk motion is seen in 
the frontal plane, resulting in altered knee stabil-
ity and increased injury risk [9, 13, 16, 26]; Bien 
2011).

1.3  Anterior Cruciate Ligament 
Prevention Programs

Most ACL prevention programs combine a vari-
ety of strategies aimed at modifying the risk fac-
tors described above. These programs use a 
multifaceted approach and include components 
of proprioception training, plyometric training, 
neuromuscular training, and strengthening 
(Hewett et al. 2002; [16]). Neuromuscular train-
ing is designed to prevent injury by enhancing 
joint stability, position sense, and joint reflexes 
[24]. The literature stresses the importance of 
reducing the valgus moment at landing to reduce 

J.N. Liu et al.
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risk of ACL injury [28, 30]. Proprioception, 
defined as the awareness of the orientation and 
positioning of one’s body, can be trained to 
improve an athlete’s coordination, positioning, 
and balance in multiple planes in the presence or 
absence of outside variables [2]. Plyometrics 
includes jumping, landing, and cutting maneu-
vers while avoiding knee valgus, at varying inten-
sities. Multiple studies have demonstrated the 
benefits of a multifaceted approach to ACL pre-
vention which includes neuromuscular training, 
plyometrics, agility, and strengthening [5, 8, 11, 
13, 17, 22, 27]; the addition of these training pro-
grams into an athlete’s warm-up has also been 
effective [1, 5, 10, 12, 13, 24, 31]. The details of 
several well-known programs and their outcomes 
are discussed in the following sections.

1.3.1  Proprioceptive Training

In 1996, Caraffa et al. reported the results of a 
proprioceptive training program and its ability to 
reduce the risk of ACL injury. In a study involv-
ing semiprofessional and amateur Italian soccer 
players, two groups of 300 athletes were com-
pared; the first group was instructed to train 
20 min per day in five different phases of increas-
ing balance difficulty: no balance board, rectan-
gular balance board, round board, combined 
round and rectangular board, and the so-called 
BABS board. The control group trained normally 
without any special balance training. The results 
were extremely effective: only 10/300 (3.33 %) 
players in the intervention group sustained an 
ACL injury compared to 70/300 (23.3 %) in the 
control group (p < 0.001).

The success of Caraffa’s program, however, 
has not been replicated by more recent studies. 
In 2000, [32] reported that there were no differ-
ences in the rate of ACL injuries between 221 
Swedish female soccer players randomized to a 
balance board regimen (121) or regular training 
(100). Surprisingly, the intervention group had 
more ACL injuries than the control group, albeit 
not statistically significant. They concluded that 
while balance and proprioceptive training may be 

useful to include in an ACL prevention program, 
on their own they may be insufficient. 
Neuromuscular and biomechanical deficiencies 
must also be addressed.

1.3.2  Neuromuscular Training 
Programs

1.3.2.1  Sportsmetrics Anterior Cruciate 
Ligament Injury Prevention 
Program

The Sportsmetrics Anterior Cruciate Ligament 
Injury Prevention Program (Dr. Frank Noyes, 
Cincinnati Sports Medicine, Cincinnati, OH) was 
first published in a prospective, nonrandomized 
study by Hewett et al. in 1999. This study, which 
consisted of three groups, followed 1,263 high 
school soccer, volleyball, and basketball athletes 
for 1 year. Group 1 (366 girls) underwent a neu-
romuscular training program designed to improve 
flexibility and muscular strength. This training 
program included dynamic warm-ups, plyomet-
rics and strength training, and flexibility exer-
cises and was recommended for 60–90 min per 
session, three times per week for six weeks. 
Group 2 (463 girls) were involved in competitive 
sports but did not participate in the training pro-
gram. Group 3 (434 boys) acted as a control and 
did not have training. The untrained female group 
(Group 2) had a 3.6 higher incidence of injuries 
compared to the trained group (Group 1). There 
was, however, no difference in the incidence of 
injuries between the untrained boys (Group 3) 
and the trained girls (Group 1). As a follow-up, 
the Sportsmetrics Warm-Up for Injury Prevention 
and Performance program was created as a faster 
alternative, designed to be completed in 24 min 
by shortening the four components of the original 
program [7].

1.3.2.2  Myklebust’s Anterior Cruciate 
Ligament Injury Prevention 
Program

In 2003, Myklebust et al. reported the results of a 
nonrandomized prospective intervention study of 
1,705 female Norwegian handball athletes. Based 
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on the exercises used by Caraffa et al. [2], the 
program consisted of three sets of exercises: run-
ning and cutting, wobble board, and mat balance 
exercises over fifteen minutes performed three 
times per week for 5–7 weeks (see Figs. 1.1, 1.2, 
1.3, 1.4, and 1.5) [18]. These exercises were 
designed to improve knee control and awareness 
during athletic maneuvers including cutting, 
jumping, and landing. Over the course of three 
seasons, there was a trend (p = 0.06) toward 
reduction of ACL injury incidence in the inter-
vention group for the athletes participating in the 
elite division compared to the control group. 
However, athletes in the other groups demon-
strated no statistical decrease in rates of ACL 
injury compared to control (p = 0.15).

1.3.2.3  Prevent Injury and Enhance 
Performance Program

The five phases of the Prevent Injury and Enhance 
Performance (PEP) program were devised by the 
Santa Monica Sports Medicine Research 
Foundation [17]. These include dynamic warm-
 up, strengthening, plyometrics, agility training, 
and lower extremity stretching, with all exercises 
designed to be completed in 15–20 min. The 
results of the PEP program were first reported by 
Mandelbaum et al. [17] in a prospective nonran-
domized study. A total of 1,885 female soccer 
players aged 14–18 participated in the program 
over two seasons. A 88 % decrease and 74 % 
decrease in ACL injuries was observed in the first 
and second seasons, respectively, in the interven-
tion group. In 2008, Gilchrist et al. [5] reported 
the results of the PEP program in a randomized 
controlled trial involving female collegiate soc-
cer players. The study included 583 athletes in 
the PEP intervention group compared to 852 in 
the control group and found a 3.3 times higher 
rate of noncontact ACL injury in the control 
group.

1.3.2.4  Knee Injury Prevention 
Program

In 2011, LaBella et al. presented the results of a 
cluster randomized controlled trial using the 
Knee Injury Prevention Program (KIPP), a pro-
prietary 20-min neuromuscular warm-up 

designed to reduce ACL injuries. A total of 90 
coaches, 110 teams, and 1,492 high school 
female athletes from Chicago public schools 
participated. Coaches were clustered by school 
and then randomized to either the intervention 
group or the control group. Control coaches 
were asked to continue their normal routines, 
while intervention coaches underwent a 2-h 
training session to learn how to implement the 

Fig. 1.1 Level 4: throwing ball with partner on wobble 
board—correct knee position on wobble board. Throw a 
ball back and forth with a partner while each of you stands 
on one leg on a wobble board (Figures were reprinted with 
permission from The ACL Solution: Prevention and 
Recovery for Sports’ Most Devastating Knee Injury pub-
lished by Demos Health, 2012)

J.N. Liu et al.
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20-min neuromuscular warm-up, which 
included plyometrics, balance, progressive 
strengthening, and agility movements. Eighty 
percent of intervention coaches complied with 
the warm-up regimen. At the end of the season, 
there was a 56 % reduction in total noncontact 
lower extremity injuries in the intervention 
group compared with the control group (injury 
rate of 0.48 vs 0.10, P = 0.04). The intervention 
group also had lower rates of ankle sprains, 
knee sprains, and other lower extremity 
injuries.

1.3.2.5  Knee Ligament Injury 
Prevention Program

In 2004, Irmischer et al. presented the results of a 
plyometric-based knee ligament injury preven-
tion (KLIP) program. Thirty-two women were 
randomized into the control group or intervention 
group. The intervention group participated in 
9 weeks (18 sessions) of the KLIP program, 
which involved proper landing techniques for 
jump-landing-jump tasks. The results of the study 
demonstrate that the KLIP program was able to 
reduce the ground reaction forces (which 
included peak impact forces and rate of force 
development at landing) during a step-land proto-
col. The authors concluded that reducing these 
peak forces during landing could reduce the risk 
of ACL injury.

The clinical effects of the KLIPP program, 
however, are still unproven. In 2006, a prospec-
tive two-year study was conducted by [41] to 
determine if the KLIPP program would reduce 
the risk of ACL injury. A total of 1,439 high 
school female athletes (playing soccer, basket-
ball, and volleyball) were recruited from 15 
schools (112 teams) for two consecutive seasons. 
A total of 862 students participated in the control 
group and 577 in the treatment group. The inci-
dence of noncontact ACL injuries 0.167 in the 
treatment group and 0.078 in the control group 
yielded an odds ratio of 2.05, which was not sta-
tistically significant (p > 0.05).

1.3.2.6  FIFA 11+ Program
The Oslo Sports Trauma Research Center studied 
the effect of “The 11” program, a 15-min warm-
 up program for core stability, lower extremity 
strengthening, neuromuscular training, and agil-
ity. This was studied in a cluster randomized con-
trolled study which included 1,091 female soccer 
players in the intervention group compared to 
1,001 female soccer players in the control group 
[35]. A total of 396 (20 %) players sustained inju-
ries. The authors noted no effect of the injury pre-
vention program to decrease the injury rate; 
however, they noted that a significant portion of 
the intervention included soccer teams who did 
not complete most of the training sessions. In 
order to increase compliance with the program, 

Fig. 1.2 Level 4: throwing ball with partner on wobble 
board—incorrect knock-kneed stance with pelvis dropped 
to one side (Figures were reprinted with permission from 
The ACL Solution: Prevention and Recovery for Sports’ 
Most Devastating Knee Injury published by Demos 
Health, 2012)

1 ACL Prevention Programs
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the Oslo researchers and FIFA collaborated to 
create the “FIFA 11+” program to improve both 
the preventive effect of the previous “11” pro-
gram as well as the compliance of players and 
coaches. The revised program (“The 11+”) pro-
vided variation and progression in its exercise 
selection, as well as a new set of structured run-
ning exercises suited better for a comprehensive 
warm-up program for training and matches. 
Soligard et al. [33, 34] reported using a cluster 
randomized trial that the players undergoing the 
“FIFA 11+” program had a significantly lower 
risk of overall injury, overuse injuries, and severe 
injuries compared to controls. In a recent ran-
domized control trial [31], the FIFA 11+ has also 
been proven effective in reducing injuries among 
male collegiate soccer players. The injury rate 
was reduced by 46.1 %, and the time loss to injury 

decreased by 28.6 % in the competitive male col-
legiate soccer player. This was the first study to 
show success of a prevention program for male 
athletes.

1.4  Outcomes and Effectiveness 
of ACL Prevention Programs

Since 1990, 14 large-scale clinical trials with a 
variety of prevention programs (including those 
above) have been performed to determine the 
efficacy of ACL prevention programs. From these 
trials, several overarching strategies can be 
gleaned from their results. Evidence from these 
trials demonstrates that neuromuscular training 
programs are more effective in younger individu-
als. In a recent meta-analysis, Myer et al. [20] 

Figs. 1.3 and 1.4 Level 1: vertical jumps—correct land-
ing and mid-air jump positions. Squat down until your 
hips and knees are bent to 90°.
Stay lowered for 2 s to make sure that your knees are not 
caved inward
Jump explosively into the air

Land gently on the balls of your feet with your hips and 
knees bent. Continue to squat and jump for 30 s 
(Figures were reprinted with permission from The ACL 
Solution: Prevention and Recovery for Sports’ Most 
Devastating Knee Injury published by Demos Health, 
2012)

J.N. Liu et al.
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compared the risk of female athletes undergoing 
neuromuscular training ages 14–18 and 19–20 to 
those aged 20 years and above as reference. The 
14–18- and 19–20-year-old female athletes dem-
onstrated a reduced risk of sustaining ACL inju-
ries by 72 % and 52 %, respectively.

Increased compliance to any ACL prevention 
program is critical to the success of a prevention 
program. In a meta-analysis, Sugimoto et al. [37] 
demonstrated that with a compliance rate of 
greater than 66 %, an ACL injury reduction rate 
of 82 % was observed. However, when the com-
pliance rate decreased to less than 66 % or 33 %, 
the rates of ACL injury reduction were found to 
be 44 % and 12 %, respectively. As one would 

expect, the success of any ACL program depends 
on participant adherence. The same analysis 
demonstrated an inverse dose response associ-
ated between program training volume and ACL 
injury: the more time athletes spent in their 
respective training programs, the fewer ACL 
injuries they sustained.

Finally, programs that consist of multiple dif-
ferent types of exercises demonstrated increased 
effectiveness. In a separate meta-analysis, 
Sugoimoto et al. [36] demonstrated that training 
programs with multiple types of exercises had 
greater reduction in incidence of ACL injury 
compared to those with only a single exercise 
modality. Given the multifactorial nature of ACL 
injuries, it makes sense that a successful ACL 
prevention program would incorporate a variety 
of exercises within neuromuscular training.

Financially, ACL prevention programs have 
been shown to be cost-effective, at least in theory. 
In 2014, [38] created a decision-analytic model 
that was created to compare the cost- effectiveness 
of either an ACL prevention program versus a 
screening program. They enrolled hypothetical 
cohort of young athletes into three groups: (1) no 
training/screening, (2) ACL prevention program, 
(3) screening for high-risk athletes and enrolling 
only high-risk athletes in ACL prevention pro-
gram. They concluded that the universal imple-
mentation of an ACL prevention training program 
could save $100 per player per season and reduce 
the incidence of ACL injury from 3 % to 1.1 % 
per season.

 Conclusions

ACL injuries continue to be a common knee 
injury despite a significant amount of 
research dedicated to its mechanism of 
action, risk factors, and prevention. 
Successful ACL injury prevention programs 
take on a multifaceted approach and combine 
a variety of neuromuscular and propriocep-
tive training exercises. Equally important is 
the dose-dependent effect of prevention pro-
grams: ideally, exercises should be per-
formed year-round for maintenance. 
Ultimately, more efforts should be placed 
into educating coaches, parents, trainers, and 

Fig. 1.5 Level 1: vertical jumps—incorrect knock-kneed 
landing position (Figures were reprinted with permission 
from The ACL Solution: Prevention and Recovery for 
Sports’ Most Devastating Knee Injury published by 
Demos Health, 2012)

1 ACL Prevention Programs
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physical therapists in addition to athletes 
themselves about risk factors associated with 
ACL injury and strategies to prevent them.
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Arthroscopic Setup for ACL 
Reconstruction

Mark Miller, Riccardo Compagnoni, 
and Pietro Randelli

2.1  Introduction

Knee arthroscopy is the most commonly per-
formed orthopedic procedure. Indications include 
diagnostic arthroscopy, meniscectomy, loose 
body removal, chondroplasty, microfracture, irri-
gation and debridement, and ligament recon-
struction. Correct patient setup is crucial for 
performing a safe and effective operation. As 
with many other aspects of surgery, there are 
many different options for patient preparation 
and positioning. In this entry the authors will try 
to describe the most common and reproducible 
techniques. Only few articles are available in lit-
erature that discusses aspects of patients’ posi-
tioning, but book chapters and the recent 
introduction of high quality online videos are 
now available to orthopedic surgeons. The aim of 
this entry is to provide an up-to-date description 
of patient preparation to permit the execution of 

an effective procedure, beginning with anesthesia 
through the initiation of the surgical case.

2.2  Anesthesia

The selection of anesthesia is a major decision 
that could have a significant impact on recovery. 
It deserves careful consideration, and a compre-
hensive discussion between the patient and anes-
thesiologist is crucial for a patient-specific 
procedure. Many parameters must be considered, 
but the most important are previous reactions to 
anesthesia, patient’s current health and physical 
condition, and all allergies or adverse side effects 
from any drugs. The most common types of anes-
thesia are local anesthesia, regional anesthesia, 
spinal block, epidural block, and peripheral nerve 
block.

Local anesthesia affects only the specific 
area being treated. The area is numbed with an 
injection, spray or ointment that lasts only for a 
short period of time. Patients remain conscious 
during this type of anesthesia. This technique is 
reserved for minor procedures. For major sur-
gery, such as hip or knee replacement, local 
anesthesia may be used to complement the main 
type of anesthesia that is used. Local anesthesia 
is not frequently used for arthroscopic operative 
procedures due to concern that it may take lon-
ger to perform the surgery and that the anesthe-
sia will be inadequate, leading to patient 
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discomfort. Additionally, patients may unex-
pectedly move, and this could result in an iatro-
genic injury. Nevertheless, some studies report 
results similar to other forms of anesthesia and a 
low rate of patient discomfort [1, 2].

2.3  Regional Anesthesia

Regional anesthesia involves blocking the nerves 
to a specific area of the body, without affecting 
the central nervous system or pulmonary system. 
The patients are often given sedatives to relax 
and put them into a light sleep. The three types of 
regional anesthesia used most frequently in knee 
arthroscopy are spinal blocks, epidural blocks, 
and peripheral nerve blocks. In a spinal block, the 
anesthesia is injected into the thecal sac sur-
rounding the spinal. This produces a rapid numb-
ing effect that wears off after several hours. 
Epidural block involves placing a catheter out-
side the thecal sac in order to deliver local anes-
thetics over a variable period of time (Fig. 2.1).

Peripheral nerve blocks place local anesthetic 
directly around the major nerves in the thigh, 
such as the femoral nerve or the sciatic nerve. 
These blocks numb only the extremity that is 

injected. One option for a peripheral block is to 
perform a one-time injection around the nerves in 
order to numb the extremity just long enough for 
the surgery. Another option for this type of block 
is to keep a catheter in place, which can deliver 
continuous local anesthesia around the nerves for 
up to several days after surgery. Regional anes-
thesia has many advantages, including causing 
less nausea and drowsiness, improved pain con-
trol after surgery, and reduced risk of serious 
medical complication that may occur with gen-
eral anesthesia.

2.4  General Anesthesia

General anesthesia is often used for major sur-
gery, such as a joint replacement, but in some 
centers it is used also for knee ligamentous recon-
struction. General anesthesia may be selected 
based on patient, surgeon, or anesthesiologist 
preference or if the patient is unable to receive 
regional or local anesthesia. With general anes-
thesia, the anesthesiologist administers medica-
tion through injection or inhalation. The 
anesthesiologist will also place an endotracheal 
or laryngeal tube in the throat and administer 

Fig. 2.1 Anesthesiologist performing spinal block
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oxygen to assist breathing. General anesthesia 
affects both heart and breathing rates, and there is 
a very small risk of serious medical complica-
tions, such as heart attack or stroke.

2.5  Prophylactic Antibiotics

Knee arthroscopies have a very low rate of 
infective complication when only a diagnostic 
procedure or a simple meniscectomy is per-
formed, and according to the recent literature, 
there is no evidence of usefulness of antibiotics 
in these simple procedures. Bert et al. reported 
an infection rate of 0.15 % when prophylactic 
antibiotics were used compared to 0.16 % in 
patients who underwent surgery without an 
antibiotic prophylaxis. Infection is a relatively 
rare but potentially serious complication after 
anterior cruciate ligament reconstruction. 
Many risk factors have been described, includ-
ing smoking, obesity, and diabetes. Antibiotic 
prophylaxis appears to be the safest way to pre-
vent postsurgical infections. In many hospitals 
2 g of a second-generation cephalosporin is 
used with a significant reduction of infective 
rates [3–5].

2.6  Thromboprophylaxis

Incidence of venous thromboembolism after 
arthroscopic ACL reconstruction is described in 
literature with a percentage between 1.7 and 4 %. 
In clinical practice different protocols are used 
ranging from nothing to low molecular weight 
heparin in all patients. Further research is recom-
mended to assess the need for thromboprophy-
laxis in patients undergoing ACL reconstruction, 
especially when risk factors are present [6, 7].

2.7  Patient Positioning

Patient positioning is a crucial part of surgery, 
and incorrect placement can result in prolonged 
surgical times and unexpected complications. 
Patient positioning is variable, based upon sur-

geon’s habits and the instruments available in the 
operating theater. There are a few important con-
cepts that we will highlight that may make proce-
dures fast and efficient.

The patient is positioned with the heels at the 
end of the table for easy access and manipulation. 
The pelvis is moved on the side of the bed on the 
side of surgery, with the trochanteric region on 
the border of the surgical bed. A good practice is 
to position a safety belt well attached to the bed, 
at pelvis level, to block the patient from unex-
pected movements.

Depending on the surgeon’s preference, a 
tourniquet is positioned high on the thigh to per-
mit a comfortable surgical field preparation and 
avoid distal migration of it. The tourniquet must 
be placed snug but not tight. Before positioning 
the tourniquet a soft cotton padding material is 
rolled on. The tourniquet pressure is usually set 
between 300 and 350 mm/hg for a normal adult 
man or female and is activated when the sterile 
field is ready. Many articles have been written 
about tourniquet usefulness in arthroscopic sur-
gery. Arthroscopic anterior cruciate ligament 
reconstruction with a tourniquet was significantly 
associated with less operative visualization diffi-
culties (p < 0.05), compared with surgery without 
a tourniquet. There were no significant differ-
ences in visual analogue scale pain, blood loss, 
operation time, and complications between the 
two groups as evidenced by many studies [8, 9]. 
One recent study demonstrated that tourniquet 
use did not affect rehabilitation, return to activi-
ties, and muscle damage after arthroscopic men-
iscectomy [10].

After the positioning of tourniquet, a plastic 
drape can be placed to protect the tourniquet and 
the patient from the preparation solution. After 
this step there are two different options for pre-
paring the patient, using the circumferential leg 
holder or a lateral post. In the first case the leg 
holder is attached close to the thigh, the strap is 
placed, and the foot of the bed is lowered or 
removed depending on the table type. The sur-
geon or an assistant must check that the leg can 
be moved to obtain a correct visualization of the 
medial and lateral compartments of the knee. If 
the surgeon works without an assistant, the leg 
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can be positioned in valgus for medial arthros-
copy or (Fig. 2.4) for lateral arthroscopy.

Some surgeons prefer a lateral post instead of 
a leg holder (Fig. 2.2). Posts are available in 
many designs, curved or flat, fixed or with a small 
rotational movement. The post can be removed, 
and the leg flexed down the side of the table in 
order to perform surgery of the intercondylar 
notch. The lateral compartment is well exposed, 
positioning the leg in a four position, with the 
foot positioned across the contralateral leg and 
the knee flexed at 90°. Additional force can be 
applied to the medial knee to further open the lat-
eral compartment.

2.8  Instruments

The arthroscopic tower is positioned on the oppo-
site site of the operative leg, in front of the sur-
geon to permit a correct view. The tower must 
include a high-definition screen, a powered 
shaver system, a fluid management system to 
maintain a stable fluid pressure inside the knee, 
an ablation system, and a foot switch system, 
which is available on the market in a wireless ver-
sion as well. In the past operating theater, lights 
were turned off partially to permit an optimal 

view, but with new screens this is usually not nec-
essary for knee arthroscopy. If patient viewing is 
desired, the screen and drapes can be adjusted 
accordingly. Modern systems have the function 
of recording the images and videos during sur-
gery and saving them in mobile devices through 
USB key or electronic tablets, permitting to show 
at the patients the images the days after surgery 
or organize a database in surgeon’s personal 
archive.

ACL reconstruction requires specific surgical 
devices to perform a correct procedure. A large 
variety of arthroscopic handheld instruments are 
commercially available on the market, depend-
ing on the desires of each surgeon. A 30° arthro-
scope is most commonly used by knee surgeons, 
but many different angulations are available for 
specific pathologies. Different basket punches 
are available on the market with a broad range of 
tips and configurations allowing access to spe-
cific areas of the meniscus. A shaver connected 
to the tower is useful in preparing the intercon-
dylar notch inside of origin of the ACL and par-
tially removes the Hoffa fat pad. Cannulated 
reamers of different sizes must be on the back 
table for creating the tibial and femoral tunnels. 
Fixation systems for the tibia and femur and 
must be in sight and a check of having all equip-

Fig. 2.2 Patient position-
ing using the lateral post

M. Miller et al.
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ment and instruments prior to starting surgery. A 
meniscal suture system should be in the operat-
ing theater as well in case of an unexpected 
meniscal repair.

2.9  Operating Field

Full aseptic precautions must be taken, and the skin 
should be shaved, and a standard antiseptic solu-
tion such as a chlorhexidine-based solution or a 
povidone-iodine should be applied on the entire 
leg. Special precautions should be taken when 
dealing with the skin around the foot as the bacte-
rial load is high and the risk of cross contamination 
of the operative site is greater [5]. An elastic stocki-
nette can be used to cover the foot after disinfection 
and protect the leg from contamination (Fig. 2.3).

Knee arthroscopy requires a draping system 
that maintains a sterile field throughout the pro-
cedure and reliably adheres to the skin to reduce 
the likelihood of drapes moving over long 
period of times. Heavy manipulation often 
occurs during orthopedic procedures, and drapes 
need to be able to withstand this. An adequate 
surgical drape must effectively control and con-
tain fluid, to avoid risk of infections and to keep 
the patient dry. A commonly used drape has an 
opening that can be passed through the foot 
reaching the middle of the thigh just distal to the 
tourniquet and a pouch is used to collect water 
and fluids to avoid water dripping on the floor of 
the operating theater [11] (Figs. 2.4 and 2.5). 
The arthroscopy portals, patellar tendon, and 
skin incisions are marked on the skin with a 
marking pen (Figs. 2.5 and 2.6). Anterolateral 

Fig. 2.3 Full aseptic precautions must be taken, the skin 
should be shaved, and a standard antiseptic solution such 
as a chlorhexidine-based solution or a povidone-iodine 

should be applied on the entire leg. Special precautions 
should be taken when dealing with the skin around the 
foot

2 Arthroscopic Setup for ACL Reconstruction
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Fig. 2.5 Final patient positioning for ACL reconstruction with lateral post

Fig. 2.4 The arthroscopy 
portals, patellar tendon, 
and skin incisions are 
marked on the skin with a 
marking pen

M. Miller et al.
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portal is placed at the level of the inferior and 
lateral edge of the patella, at least 1 cm above 
the lateral joint line and 1 cm lateral to the mar-
gin of the patellar tendon. The anteromedial 
portal is placed similar to the lateral one, 1 cm 
medial to the patellar tendon and above the joint 
line. The use of a spinal needle can help the sur-
geon to find the correct entry point. The postero-
medial portal is used in complex meniscal and 
cartilage repair procedures and is located in the 
soft spot formed by the posteromedial edge of 
the medial condyle and the posteromedial edge 
of the tibia. After the preparation of the field, 
arthroscopic instruments are connected to the 
arthroscopic tower maintaining the sterility, 
using dedicated protections available on the 
market. Following appropriate positioning and 
draping, a formal “time-out” is done and the 
procedure can begin.
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Early vs. Delayed ACL 
Reconstruction “Early” Anterior 
Cruciate Ligament Reconstruction

Iftach Hetsroni and Robert G. Marx

3.1  Introduction

Despite increasing knowledge of anterior  cruciate 
ligament (ACL) anatomy and improved surgical 
techniques for ACL reconstruction, uncertainty 
still remains regarding optimal timing for surgery 
in individuals [2]. The decision to perform ACL 
reconstruction early after the injury is affected by 
multiple factors. Risks of performing reconstruc-
tion early are related to the development of 
arthrofibrosis [4, 12, 17, 19] with longer rehabili-
tation periods and potentially operating on some 
patients that may recover normal knee laxity 
without surgery [8]. On the other hand, not per-
forming ACL reconstruction within a short time 
after the injury has the potential for further 
meniscus and cartilage injuries [5, 6]. Timing of 
surgery could also be affected by cost- 
effectiveness considerations [11] and by demands 
to return as early as possible to sports in profes-

sional athletes. In this chapter, aspects of early 
ACL reconstruction will be discussed with focus 
on the association between timing of surgery 
and risk of arthrofibrosis, reinjury to the menisci 
and articular cartilage, as well as economic 
considerations.

3.2  Arthrofibrosis

Arthrofibrosis has been recognized as an adverse 
outcome after ACL reconstruction [4, 17, 19] and 
a major factor associated with patient dissatisfac-
tion [10]. While multiple factors are associated 
with this outcome, time interval from injury to 
ACL reconstruction has been pointed out by sev-
eral investigators as a leading risk factor 
(Table 3.1). Shelbourne et al. [17] originally 
reported in a retrospective analysis of 169 autolo-
gous BPTB ACL reconstructions in young ath-
letes that patients who had surgery within the first 
week or between 8 and 21 days from the injury 
had significantly increased incidence of arthrofi-
brosis compared to patients who had their liga-
ment reconstruction at more than 3 weeks from 
the injury (i.e., up to 17 % vs. 0 %, respectively). 
Of note, follow-up time was 3 months only. It 
should be noticed, however, that in cases where 
ACL reconstruction was performed between 8 
and 21 days from the injury, accelerated postop-
erative rehabilitation program resulted in sub-
stantial decrease in the incidence of arthrofibrosis. 
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Inferior outcomes were observed in the “early” 
reconstruction group also in regard to strength 
isokinetic tests. The authors concluded that 
delaying ACL reconstruction at least 3 weeks 
from the injury will result in earlier return to 
strength and in significantly decreased incidence 
of arthrofibrosis. These outcomes were repro-
duced by Wasilewski et al. [19] who performed a 
retrospective analysis of 87 autologous ham-
strings ACL reconstructions with concomitant 
ITB tenodesis who were divided into three groups 
based on timing of surgery. Follow-up was 
reported up to 18 months. They showed that 
arthrofibrosis was found in 22 % of reconstruc-
tions performed within 1 month from injury com-
pared to 0 % when reconstruction was performed 
between 1 and 6 months or 12.5 % when recon-
struction was performed after 6 months from 
injury. They also showed inferior Quadriceps 
torque in the “early” reconstructions. Of note, the 
standard rehabilitation protocol used in their 
study mandated substantial motion limitations 
and included immobilization at 30° knee flexion 
for 7–10 days postoperatively, followed by 
braced motion from 20 to 60° for a few additional 
weeks. They also pointed out that recovery after 
ACL reconstruction performed within 1 month 
from injury was significantly slower compared to 
recovery when reconstruction was performed 
later than 1 month from injury.

Cosgarea et al. [4] performed a retrospective 
analysis of 191 consecutive autologous BPTB 
ACL reconstructions and similarly to Shelbourne 
et al. [17] and Wasilewski et al. [19] showed that 
surgery performed within the first 3 weeks of 
injury had significantly higher incidence of 
arthrofibrosis compared to surgery performed 
later than 3 weeks from injury (21 % vs. 9 %, 
respectively). However, an important finding of 
their study was that incidence of arthrofibrosis 
decreased from more than 20 % to less than 3 % 
when postoperative rehabilitation protocol was 
changed from bracing in 45° flexion for 7 days 
before the initiation of passive extension to brac-
ing in full extension immediately after surgery. 
They therefore concluded that although surgery 
within 3 weeks from injury may place a knee at 
increased risk for arthrofibrosis, postoperative 

splinting in full extension with immediate pro-
tected weightbearing ambulation rather than 
splinting the knee in flexion position is the single 
most important factor in preventing 
arthrofibrosis.

Mayr et al. [12] performed a retrospective 
analysis of risk factors for arthrofibrosis after 
ACL reconstruction in 223 patients, 75 % of 
which had their reconstruction with autologous 
BPTB graft. They also demonstrated that inci-
dence of arthrofibrosis was increased in cases 
where reconstruction was performed within 
4 weeks from injury, but that irritated knee 
(swelling, effusion, hyperthermia) and lack of 
full ROM before surgery were more important 
risk factors for the development of arthrofibrosis 
than time interval from injury to surgery. In other 
words, when surgery was performed later than 
4 weeks from injury but the knee was irritated, 
there was as increased risk for the development 
of arthrofibrosis compared to when surgery was 
performed within the first 4 weeks from the 
injury.

The first prospective randomized clinical trial 
that investigated the incidence of arthrofibrosis in 
“early” versus “delayed” ACL reconstruction 
was performed by Meighan et al. [13]. They stud-
ied a small series of athletic patients that under-
went ACL reconstruction using autologous 
quadrupled hamstrings graft and used similar 
postoperative rehabilitation protocols for both 
groups. The “early” reconstruction group had 
surgery within 2 weeks from injury, and the 
“delayed” group had surgery between 8 and 
12 weeks from injury. Although loss of knee 
motion was more pronounced at 2 weeks after the 
operation in the “early” group, at 1-year follow-
 up, there were no differences in knee motion, nor 
there were differences between the groups in 
relation to IKDC, Lysholm, and Tegner scores 
and examination of quadriceps and hamstrings 
muscle power and torque.

Bottoni et al. [2] performed another prospec-
tive clinical trial for the same purpose using a 
larger sample. The reconstructions were 
 performed with autologous hamstring autograft. 
“Early” reconstruction patients had their surgery 
within the first 17 days after the injury, and “late” 

I. Hetsroni and R.G. Marx
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reconstruction patients had their surgery at 6 or 
more weeks after the injury. Both reconstruction 
groups followed similar supervised rehabilitation 
protocols with early mobilization and emphasis 
on maintenance of extension. The investigators 
found comparable knee flexion and extension in 
both groups. Furthermore, no clinical differences 
were observed between the two groups in relation 
to knee stability and Lysholm and Tegner scores. 
The authors concluded that delaying surgery for 
some arbitrary period of time due to the concern 
of increased risk of arthrofibrosis is not neces-
sary, although they did not recommend perform-
ing ACL reconstruction acutely.

The outcomes of “early” versus “delayed” 
ACL reconstruction were also investigated in a 
systematic review and meta-analysis by Smith 
et al. [18]. There were overall six studies fulfill-
ing inclusion criteria in which ACL reconstruc-
tions were performed with either autologous 
patellar tendon or hamstring grafts. “Early” 
reconstruction was considered surgery performed 
within 1 month from the injury. This meta- 
analysis could not identify any significant differ-
ences in the incidence of arthrofibrosis or in any 
functional outcome score or activity level out-
come scores between reconstructions performed 
“early” compared to those performed “late.” Of 
note, the authors noted the methodological limi-
tations in previous investigations, including lim-
ited statistical power and lack of sufficient 
prospective, randomized data.

Arthrofibrosis after ACL reconstruction in 
young patients, aged 7–18 years old, was investi-
gated by Nwachukwu et al. [16]. A retrospective 
analysis of more than 900 ACL reconstructions 
performed with autologous patellar tendon or 
hamstring grafts in almost 90 % of the cases 
showed no difference in the incidence of arthrofi-
brosis between surgery performed within 1 month 
from injury and surgery performed later. On the 
other hand, positive risk factors for the develop-
ment of arthrofibrosis included older adolescents, 
female sex, the use of patellar tendon autograft, 
and concurrent meniscal repair. In summary, 
while risk of arthrofibrosis may be increased 
when ACL reconstruction is performed within 
less than a month from injury compared to later 

than a month, it seems that this risk can be sig-
nificantly reduced by avoiding reconstruction in 
knees with limited ROM and when marked swell-
ing and effusion persist. In addition, early ROM 
exercises with immediate maintenance of full 
extension after early reconstruction is likely para-
mount in this respect as well.

3.3  Reinjury to Menisci 
and Articular Cartilage

Studies have demonstrated that after acute ACL 
tear in young active adults, reconstruction rather 
than nonoperative management decreased the 
risk of reoperation due to subsequent meniscal 
and chondral injuries [5, 6]. Dunn et al. [5] 
showed in a retrospective cohort study of 6,576 
active army personnel who were hospitalized 
after acute ACL injury that ACL reconstruction 
decreased the risk of a subsequent meniscal 
reoperation by half and subsequent cartilage 
reoperation by a third compared with those not 
reconstructed. However, while this large cohort 
study provided justification for performing ACL 
reconstruction in young active adults to reduce 
the risk of subsequent reoperation, it did not 
investigate the optimal timing for surgery to 
achieve this goal. Moreover, definitions of 
“early” ACL reconstruction in relation to reduc-
ing the risk for subsequent meniscal or chondral 
injuries remain somewhat unclear. Church and 
Keating [3] reviewed 183 patients who had ACL 
reconstruction and studied the association 
between meniscal and chondral lesions and tim-
ing from injury to surgery. Their cutoff line for 
“early” as opposed to “delayed” reconstruction 
was at 12 months from the injury. In this retro-
spective review, a significantly higher incidence 
of meniscal tears, primarily medial meniscus, 
and chondral lesions was found in the “delayed” 
group compared to the “early” group (71 % vs. 
42 % for meniscal tears and 31 % vs. 11 % for 
chondral lesions, p < 0.01). The authors con-
cluded that reconstruction of the ACL should be 
performed within 12 months from the injury to 
reduce the risk of meniscal tears and degenera-
tive changes.

3 Early vs. Delayed ACL Reconstruction “Early” Anterior Cruciate Ligament Reconstruction
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Another retrospective analysis that advo-
cated reconstruction of the ACL within 1 year to 
minimize the risk of medial meniscus tears was 
reported by Kennedy et al. [9]. They used a 
larger cohort of 300 athletic patients and showed 
that meniscal injury was eight times more com-
mon when reconstruction was performed after 
1 year compared to within 1 year from injury. 
Moreover, the risk of degenerative changes in 
the knee was four times higher when surgery 
was performed after 6 months from injury com-
pared to before 6 months. The timing of ACL 
reconstruction in relation to the risk of meniscal 
and chondral injuries was also studied as a con-
tinuous variable. In a large population-based 
cohort study by Granan et al. [7], the Norwegian 
National Knee Ligament Registry was used to 
review 3,475 knees. They have found that the 
odds for a cartilage lesion in the adult knee was 
increased by nearly 1 % for each month that 
elapsed from the injury until surgery and that 
cartilage lesions were nearly twice as frequent if 
there was a meniscal tear and vice versa. This 
study showed that reconstruction of the ACL is 
preferably performed sooner than later to mini-
mize the risk for subsequent associated injuries 
but without setting a specific point in time from 
the injury as a “best” cutoff line.

Several investigators reported on the associa-
tion between timing of surgery and the inci-
dence of associated meniscal and chondral 
injuries specifically in children and adolescents. 
Millett et al. [14] reviewed a small cohort of 39 
patients with age range of 10–14 years who had 
ACL reconstruction. “Acute” reconstruction 
was defined as performed within 6 weeks from 
injury and “chronic” as performed after 6 weeks. 
Medial meniscus tears were highly associated 
with time from injury to surgery (p = 0.02). 
Lateral meniscus tears were not associated with 
time of surgery. Furthermore, medial meniscus 
tears were more common in the “chronic” group 
(36 %) than in the “acute” group (11 %), but lat-
eral meniscus tears were found in equal fre-
quency. Anderson and Anderson [1] reviewed a 
much larger cohort of 135 ACL reconstructions 
in patients younger than 17 years. “Acute” 
reconstruction was defined as performed within 

6 weeks from injury and “chronic” as performed 
later than 3 months. They not only investigated 
the correlation between meniscal and chondral 
injuries and timing of reconstruction, but they 
have also further defined the severity of menis-
cal tears and their association with episodes of 
instability and with return to sports before sur-
gery. They have found that both medial and lat-
eral meniscus tears were associated with time to 
surgery. Any episode of instability increased the 
incidence of medial and lateral meniscus tears 
by three- to fourfold. Return to sports before 
reconstruction increased the incidence of lateral 
meniscus tears. Increased severity of medial 
meniscus tear was associated with playing 
sports before reconstruction (adjusted OR = 
15.2, p < 0.01), any episode of instability 
(adjusted OR = 5.6, p < 0.01) and time to sur-
gery greater than 3 months (adjusted OR = 4.3, 
p < 0.05). Risk factors for chondral injury 
included increased time to surgery and any 
instability episode. Newman et al. [15] sup-
ported these findings and demonstrated that a 
delay in ACL reconstruction for more than 
3 months in young populations was a strong pre-
dictor for meniscal injury and chondral injury.

In summary, it seems that delaying ACL 
reconstruction is associated with an increase in 
meniscal and chondral lesions as a general rule, 
and in this sense “early” reconstruction may be 
preferable to “delayed” reconstruction. It is 
however unknown whether there is a specific 
point in time that should not be passed in order 
to decrease this risk of associated injuries or 
whether avoiding returning to sports before sur-
gery and implementing activity modification 
strategy is a better method to decrease the risk 
of subsequent knee injury than timing per se. In 
children and adolescents, it seems that time 
frame from injury to ACL reconstruction should 
probably be minimized to several weeks or a 
maximum of 3 months in order to decrease asso-
ciated meniscal and chondral injuries, and this 
may be due to the fact that activity levels can 
rarely be controlled in very young and active 
populations, and thus further knee instability is 
common, leading to subsequent medial menis-
cus tears.

I. Hetsroni and R.G. Marx
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3.4  Economic Considerations

Timing of ACL reconstruction has also been 
linked to economic considerations. Mather 
et al. [11] performed cost-effectiveness analy-
sis of early versus delayed ACL reconstruction, 
using two primary sources of data: Short-
Form-36 outcome score of the prospective 
cohort of primary ACL reconstruction from the 
Multicenter Orthopedic Outcome Network 
(MOON) and the knee anterior cruciate liga-
ment, nonsurgical versus surgical treatment 
(KANON) study by Frobell et al. [6] that com-
pared prospectively the outcomes of early ACL 
reconstruction (within less than 10 weeks) ver-
sus rehabilitation and optional delayed recon-
struction. They found that the cost of 
rehabilitation and the rate of additional surgery 
for meniscus tears were responsible for 
increased cost of the delayed optional ACL 
reconstruction compared to early ACL recon-
struction. The most sensitive variable was the 
rate of knee instability after initial rehabilita-
tion. Less instability was associated with less 
cost. In this respect, and in accordance with this 
finding, it is worth noticing that although 
Frobell et al. [6] found no significant differ-
ences between their two groups at 2-year fol-
low-up as determined by total KOOS, they did 
not perform cost- effectiveness analyses. The 
group with optional delayed reconstruction in 
their study demonstrated a high crossover rate 
(nearly 40 % at 2 years and over 50 % at 5 years) 
and clinical instability (over 30 %) at 2 years 
compared to very little instability (3 %) in the 
early ACL reconstruction group. Moreover, two 
thirds of the patients that did not have ACL 
reconstruction underwent knee arthroscopy to 
treat meniscus tears. These data explain how 
early ACL reconstruction accounts for higher 
cost-effectiveness compared to long rehabilita-
tion with delayed optional reconstruction in 
young, active patients in the study by Mather 
et al. [11]. From a societal health system eco-
nomic perspective, early ACL reconstruction, 
without waiting for symptomatic instability or 
subsequent meniscal tears to develop, is there-
fore the preferred treatment strategy.

3.5  Summary

The definition of “early” reconstruction varies 
among studies. Viewing the risk of arthrofibro-
sis, it seems that most authors draw the cutoff 
line between 3 and 4 weeks from the injury. In 
this regard, although historically it was sug-
gested in retrospective analyses that early recon-
struction was a significant risk factor for this 
adverse outcome, recent studies and prospective 
randomized controlled trials showed that per-
forming reconstruction in a knee without swell-
ing, effusion, hyperthermia, and lack of motion 
and also implementing immediate ROM exer-
cises with maintenance of full extension after 
surgery likely decrease the risk. In view of the 
risk of meniscal and chondral injuries, early 
reconstruction is preferred to delayed surgery. 
We feel early reconstruction applies to the first 
2–3 months after injury during which cutting 
and pivoting sports activities should be avoided. 
In terms of societal economic considerations, 
early reconstruction in young active individuals 
is advantageous compared to long rehabilitation 
periods with optional delayed reconstruction 
which exposes patients to recurrent episodes of 
instability and subsequent meniscal tears, which 
may require more surgery.
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4.1  Introduction

The senior authors believe that every knee 
injury is different, and their treatment needs to 
be considered on an individual basis taking 
many factors into account. In a small subset of 
cases with an isolated ACL tear and minimal 
swelling, good quadriceps control, and range 
of motion, early ACL reconstruction can be 
done safely. In our experience, the majority of 
cases can be done electively. The exception 
being when there is a concomitant fracture or 
significant posterolateral corner injury that 
should be done more urgently. Delaying in this 
setting can make the surgical treatment much 
more difficult and with potentially worse out-
comes. We feel this outweighs the risk of 
arthrofibrosis. Excluding these semi- urgent 
cases, immediately performing an elective 

ACL reconstruction can place the patient at a 
higher risk for significant complications with 
little additional benefit.

The purpose of this chapter is to present the 
advantages and disadvantages of delayed and late 
ACL reconstruction. We will begin by defining the 
terms “early,” “delayed,” and “late” as there is no 
consensus on these definitions in orthopedic litera-
ture. We will also define the types and phases of 
ACL injuries for purposes of this chapter. We will 
then discuss evidence as it relates to our preferred 
approach for delaying ACL reconstruction in the 
acutely injured knee. If early surgery is elected (or 
even in the delayed setting) and arthrofibrosis 
occurs, the surgeon should be well prepared to 
manage this complication, and we then provide 
recommendations for the treatment of arthrofibro-
sis. We will conclude with a review of the litera-
ture on nonoperative management of ACL injuries 
with the option for late reconstruction.

4.2  Definitions

There is no consensus definition for early, 
delayed, and late ACL reconstruction. A recent 
systematic review on the topic identified 22 arti-
cles comparing the results of early and delayed 
ACL reconstruction [1]. They found that early 
ACL reconstruction was defined in the studies 
they reviewed as ranging anywhere from 2 days 
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to 7 months post-injury, whereas delayed recon-
struction was considered as anywhere from 
3 weeks to 24 years post-injury. For the purpose 
of this chapter, we will use the following consis-
tent definitions for sake of clarity. When a patient 
tears their ACL, they enter an acute injury phase, 
which typically lasts 3 weeks from their injury. 
They remain in a semi-acute phase until approxi-
mately 8 weeks when they enter the chronic 
phase of injury. However, when referring to ACL 
reconstruction timing, we will define early versus 
delayed versus late based upon the patient’s clini-
cal presentation (Table 4.1).

The early and delayed phases for ACL recon-
struction are based more upon patient evaluation 
than any defined time period. The early phase 
consists of a swollen knee with a large effusion, 
poor quadriceps control, decreased range of 
motion, and an antalgic gait. The delayed phase 
marks the end of the early phase when a patient 
is able to ambulate with a normal gait and dem-
onstrate a full active range of motion and good 
function of the extensor mechanism. Based 
upon the particular injury pattern, patient physi-
ology, and rehabilitation, the early phase may 
last anywhere from a few days to a few months, 
with the typical patient entering the delayed 
phase within a couple of weeks. Separately, we 
define the concept of a late reconstruction as 

one that occurs with persistent instability after a 
failure of nonoperative management. Of course, 
the main issue here is recurrent reinjuries and 
further meniscus and articular cartilage damage 
(often irreversible).

4.3  Delayed ACL Reconstruction: 
Our Approach to the Acutely 
Injured Knee

Our initial approach to the acutely injured knee 
involves a careful history, physical examination 
involving assessment of all ligaments, and well- 
done x-rays. An MRI in this setting can be very 
helpful as physical examination due to the swell-
ing and pain is often unreliable. After obtaining 
the above studies, the specific diagnosis can be 
made, and operative versus nonoperative treat-
ment can be decided upon. It is our preference for 
the acutely swollen knee with poor motion and 
poor quad control that doesn’t have any collateral 
ligament injury to enter into rehabilitation until 
normal motion and gait are restored.

There are certain circumstances in which early 
surgery may be preferable to delayed ACL recon-
struction. If the ACL tear occurs in conjunction 
with a tibial or femoral fracture requiring reduc-
tion and fixation, the fracture care will supersede 
in importance and should be performed when the 
soft tissue envelope allows. In a multiligamen-
tous knee injury with an unstable posterolateral 
corner, early repair or reconstruction of the pos-
terolateral corner, regardless of ACL reconstruc-
tion timing, yields good results and potentially 
better outcomes than delayed surgery [18, 35]. 
There are two scenarios where an early ACL 
reconstruction may be of benefit. In the setting of 
a locked and irreducible meniscal tear, early sur-
gery to reduce and treat the meniscus in conjunc-
tion with ACL reconstruction offers earlier 
motion without chondral damage and likely a 
better chance to repair the meniscus. Though 
there is limited evidence to support this, the final 
scenario is that of the high-level, typically profes-
sional, athlete whereby delaying surgery and 
return to play by a few weeks could potentially 
have a significant impact, financial and other-
wise, upon their lives.

Table 4.1 Definition of ACL injury types and recon-
struction timing

Timing of ACL 
injury Definition

Acute <3 weeks from injury
Semi-acute 3–8 weeks from injury
Chronic >8 weeks from injury
Other factors
Isolated No other ligamentous injury
Combined Concomitant injury to MCL, PCL, or 

PLC
Timing of ACL reconstruction
Early Prior to resolution of inflammation 

and effusion, incomplete range of 
motion, and quad control

Delayed After resolution of inflammation and 
effusion, full range of motion, and 
quad control

Late After trial of nonoperative 
management

M.J. Salzler et al.
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In the majority of the cases, a patient presents 
with an acutely swollen knee (Fig. 4.1), limited 
range of motion, and poor control of the quadri-
ceps. In these cases and in the case of the 
multiligament- injured knee, in the absence of an 
operative posterolateral corner injury, early 
 surgery is likely to lead to an increased risk of 
arthrofibrosis [31]. These patients are referred for 
rehabilitation until they enter the delayed phase 
with good quadriceps control and a complete 
active range of motion.

Multiple studies have reported the correlation 
between timing of ACL surgery and the risk of 
postoperative stiffness. Harner et al. initially 
described surgery within a month of injury as a 
risk factor for postoperative stiffness [13]. In a 
classic study, Shelbourne found that ACL recon-
struction with bone-tendon-bone autograft delayed 
by more than 3 weeks post-injury resulted in a 
decreased incidence of arthrofibrosis and lack of 
full extension [34]. In a later review, Shelbourne 
listed the advantages of delayed reconstruction as 
obtaining a full range of motion without knee stiff-
ness and a faster and safer return to full activities, 
noting that a functional yet lax knee is preferable 
to a stiff, stable knee [31, 32]. Passler et al. evalu-
ated the complications following bone-tendon-
bone ACL reconstruction in a group of 283 patients 
performed via a mini-arthrotomy. They reported 

that 18 % of patients who had surgery within a 
week after injury suffered arthrofibrosis as com-
pared with only 6 % who had reconstruction 
delayed by more than 4 weeks [26]. Finally, Mauro 
et al. identified preoperative failure to gain full 
extension and a shorter interval between injury 
and surgery as risk factors for postoperative loss of 
extension [22].

On the other hand, good results have been 
shown with early reconstruction with bone- 
tendon- bone autografts [21]. In a prospective 
study, Hunter et al. reported results of 185 ACL 
reconstructions done in four different time inter-
vals after injury [14]. In this study, authors 
divided patients into four groups according to 
reconstruction times: the first group had immedi-
ate surgery within the 48 h, the second group in 
1 week, the third group in 3 weeks, and the fourth 
group after 3 weeks. One hundred forty-eight 
ACL reconstructions were done within 3 weeks, 
and only 11 had postoperative complications, 
which did not reach statistical significance. In 
these studies, reconstructions were done with 
bone-tendon-bone autografts, which is reported 
as an independent risk factor for knee stiffness in 
adolescents [25].

There is also conflicting data regarding the 
outcomes of ACL reconstructions performed 
with hamstring autografts with regard to surgical 

Fig. 4.1 Photograph of an acutely injured knee (ACL and MCL 5 days out – rephrase) demonstrating an effusion and 
ecchymosis
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timing. In the 1990s, Wasilewski et al. reported 
arthrofibrosis in 22 % of acute reconstructions in 
a group of 87 ACL reconstructions with  hamstring 
autografts [36]. In the 2000s, Meighan et al. 
reported an increased rate of complications such 
as stiffness and deep vein thromboses in the early 
group (within 2 weeks of injury) as compared 
with the delayed group (8–12 weeks) in a pro-
spective randomized trial of 31 hamstring auto-
graft ACL reconstructions [24]. However, in 
another prospective randomized study in 2008, 
Bottoni et al. performed 34 hamstring autograft 
ACL reconstructions in the early group at a mean 
time of 9 days after injury (the earliest surgery 
was done on the second day), and there was no 
significant difference between early versus 
delayed reconstruction group [4]. In 2010, 
Raviraj et al. randomized 105 patients with an 
isolated (no concomitant meniscal repair or other 
ligamentous injury) ACL tear to early (<2 weeks) 
or delayed (4–6 weeks) ACL reconstruction, and 
they found no difference in Lysholm or Tegner 
scores and no difference in range of motion [28].

There is now recent evidence across graft 
types to suggest that the timing of surgery may 
not increase the risk of postoperative stiffness for 
the isolated ACL tear. A recent meta-analysis of 
eight studies, including three randomized con-
trolled trials, found no difference in adverse out-
comes with ACL reconstruction performed at 1, 
2, 10, 12, or 20 weeks after injury when per-
formed with a modern reconstruction technique 
and accelerated rehab protocol [16].

In the experience of the senior authors, the 
clinical status of the injured knee at time of sur-
gery, not the timing of the injury, is the most 
important factor. Mayr et al. did not assess the 
timing of ACL reconstruction, but they assessed 
preoperative symptoms such as swelling, effu-
sion, and extension or flexion deficits at the time 
of surgery. They found that failure to regain a full 
range of motion preoperatively was a risk factor 
for postoperative stiffness regardless of timing of 
surgery [23].

ACL reconstruction is an elective procedure, 
and because of the risk of postoperative stiffness 
and loss of extension, we routinely wait until a 
patient has entered the delayed phase. As we pre-

viously noted, the delayed phase is patient depen-
dent and may last anywhere from a few days to 
occasionally a few months. During the time, it is 
imperative that the patient be actively involved in 
rehabilitation to assist them in their transition 
from the early to the delayed phase. Further, the 
extra time allows the patient to schedule their sur-
gery around their other obligations (social, work, 
school, family, etc.).

4.4  Diagnosis and Treatment 
of Arthrofibrosis

Arthrofibrosis is a known and frustrating com-
plication of ACL tears and reconstructions for 
both patient and surgeon. Development of post-
operative arthrofibrosis and stiffness following 
elective or urgent ACL reconstruction is a time- 
consuming and debilitating problem, especially 
in athletes. It can be seen on MRI as disorga-
nized scar tissue anterior to the ACL (Fig. 4.2). 
Though arthrofibrosis has been classified into 
four subtypes with the most mild form being 
less than a 10° extension loss and normal flex-
ion, a loss of motion of 3–5° in an athlete can 
lead to significant disability including quad-
riceps inhibition and a permanent decrease in 
performance. Further, the treatment of arthrofi-
brosis, even when successful, can delay return 

Text Box 4.1 Advantages and Disadvantages 

of Delayed ACL Reconstruction

Advantages Decreased risk of postoperative 
stiffness and loss of motion
Allows for patient/family to 
plan around other obligations 
(social, family, work, school, 
etc.)

Disadvantages Potential delayed return to play 
by a few weeks
May preclude treatment of a 
locked, irreducible meniscal tear
In acute combined ligament 
injured knee, delay may worsen 
outcome of posterolateral corner 
injury

M.J. Salzler et al.
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to play, potentially negating any benefits from 
an early ACL reconstruction [33].

Unfortunately, arthrofibrosis remains a com-
mon problem today after ACL reconstructions. A 
2015 epidemiologic study on arthrofibrosis after 
ACL reconstruction found that 1.7 % of patients 
that underwent ACL reconstruction had postop-
erative stiffness requiring procedural interven-
tion, and a separate study in 902 pediatric and 
adolescent patients that had undergone ACL 
reconstruction required procedural intervention 
for arthrofibrosis in 8.3 % of patients [25, 30].

Certain patients are likely more prone to form-
ing scar and to developing arthrofibrosis than 
others, and it is important for the physician to 
recognize this. In the experience of the senior 
authors, patients with complex regional pain syn-
drome or a poor pain tolerance may develop a 
stiff and painful knee 1–2 months out from their 
injury despite adequate attempts at rehabilitation. 
In this particular patient group, we strongly rec-
ommend against early ACL reconstructions, and, 
even in delayed reconstructions, close attention 
needs to be paid to their motion postoperatively.

We prefer the delayed surgical approach so 
that we can treat these patients and their potential 
stiffness prior to ACL reconstruction, which may 
prevent a disastrous postoperative stiffness; how-
ever, it is important to know how to treat this 

complication regardless of whether it is preoper-
ative or postoperative. When these patients are 
4–6 weeks out from their injury or surgery, we 
consider a loss of extension of greater than 3° a 
significant complication, and if it doesn’t rapidly 
improve, then we consider further treatment. 
Multiple authors including Paulos et al., Fisher 
et al., and Shelbourne et al. reported good return 
of motion and function after manipulation under 
anesthesia, arthroscopic excision of anterior scar 
tissue, the optional use of a drop-out cast, and 
aggressive rehabilitation with sparing use of 
medial and lateral capsular releases [9, 27, 33].

4.5  Late ACL Reconstruction

Late ACL reconstructions in chronically ACL 
deficient knees may be due to either to a missed 
diagnosis or due to an initial trial of nonoperative 
management. It is critical to point out that nonop-
erative treatment does not mean no treatment. 
Well-instructed physical therapy is a necessary 
component of treatment and can lead to nearly 
similar outcomes as ACL reconstruction in some 
individuals [10, 11]. One of the critical compo-
nents of nonoperative management is also coun-
seling to avoid certain activities that may lead to 
further injury. The senior authors also recom-
mend a brace for certain activities. If instability 
remains an issue, then surgical treatment is 
recommended.

In adults over the age of 40, in particular if the 
patient is less active or already has radiographic 
evidence of osteoarthritis, nonoperative manage-
ment may either have a higher chance of success 
or a lower risk of worsening the preceding osteo-
arthritis. ACL reconstructions in the over 40 pop-
ulation have shown good results consistent with 
that of younger adults, but less is known about 
any potential risk for delaying surgery as a late 
reconstruction [5, 7, 20]. The other population 
where late reconstruction has been proposed is in 
skeletally immature patients whereby late sur-
gery can allow for closure of or less risk of dam-
age to the physes with reconstruction [17, 37]. 
However, there is currently a trend away from 
prolonged nonoperative management in these 

Fig. 4.2 MRI of a knee demonstrating arthrofibrosis. 
There is excess disorganized scar tissue anterior to the 
reconstructed ACL involving the fat pad
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patients as Dumont et al. recently found a higher 
rate of medial meniscal tears in pediatric patients 
greater than 150 days from their injury [8].

The concern for subsequent injuries to carti-
lage and menisci with prolonged nonoperative 
management exists in the young active adult pop-
ulation as well. Anstey et al. found 16.7 % of 
patients that had surgery greater than 6 months 
out from their ACL injury had new medial menis-
cal tears as compared with only 4.1 % of those 
with earlier surgery (p = 0.01), and Magnussen 
et al. noted 39.6 % of patients with medial menis-
cal tears and 37.4 % with medial chondral inju-
ries with reconstruction performed greater than 
12 weeks after their injury as compared with 
24.8 % and 16.7 % with earlier surgery (p = 0.013 
and p < 0.005, respectively) [2, 19]. Multiple 
other studies have found similar results, and 
Krutsch et al. found that surgery greater than 
6 months from the injury decreases the likelihood 
of a meniscal tear being reparable from 77.2 % to 
46.7 % (p = 0.022) [6, 12, 15, 38].

In Sweden, Frobell et al. randomized 121 
young active adults with ACL tears to rehabilita-
tion with “early” (less than 10 weeks) ACL 
reconstruction versus rehabilitation with optional 
“delayed” (average of 11.6 months after random-
ization) ACL reconstruction. A total of 23 of 59 
of the optional “delayed” group had persistent 
symptoms and underwent surgery. At 2 years and 
at 5 years, there was no difference between the 
two groups in terms of the KOOS score, SF-36, 
or their Tegner activity scale [10, 11].

The effectiveness of treating all young active 
adults with ACL injuries with an initial course of 
nonoperative management has been studied since 
the above trial. J Bernstein performed a decision 
analysis that takes into account the potential 
sequelae of untreated meniscal tears and deter-
mined that early surgery is most effective as long 
as the costs of a potential meniscal tear are more 
than 5.25 times that of an ACL reconstruction [3]. 
One systematic review found that of the three eco-
nomic cost utility analyses, ACL reconstruction is 
more cost-effective than nonoperative manage-
ment with rehabilitation alone [29]. Though there 
is no definitive answer to whether nonoperative 
management should be considered as a primary 

treatment, the majority of Level II and III studies 
suggest that late ACL reconstruction is more 
costly and potentially exposes the patient to a 
higher risk of meniscal and chondral injury.
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Diagnostic Accuracy of Physical 
Examinations for ACL Injury

Olufemi R. Ayeni, Darren de SA, Jeffrey Kay, 
and Jon Karlsson

5.1  Introduction

Physical examination is an important aspect of 
the initial diagnosis and decision-making pro-
cess, particularly in musculoskeletal injuries 
such as a rupture of the anterior cruciate ligament 
(ACL). It is critical that physicians are aware of 
the evidence available concerning the diagnostic 
accuracy of the physical examination maneuvers 
in order to form a proper diagnosis and provide 
proper and prompt management.

The accuracy of the physical examination is 
usually assessed by evaluating how often a posi-
tive or negative result accurately correlates with 
the presence or absence of a given condition. 
Sensitivity refers to the percentage of patients 
with the condition who have a positive test result, 

while specificity refers to the percentage of 
patients without the condition who have received 
a negative test result (Fig. 5.1). On the other 
hand, the positive predictive value refers to the 
percentage of patients with a positive test result 
who actually have the condition, while the nega-
tive predictive value refers to the percentage of 
patients who tested negative and who truly do not 
have the condition. While the positive and nega-
tive predictive values appear to be of more use 
when evaluating a diagnostic tool due to their 
ease of applicability in a clinical setting, these 
values are actually much less reliable as they are 
highly dependent on the prevalence of the condi-
tion in the study population. The sensitivity and 
specificity of the various tests, as reported in lit-
erature, will therefore be conveyed throughout 
this entry rather than the positive and negative 
predictive values as they can be applied to any 
population. In general, a test with a high sensitiv-
ity has few false-negative results indicating it is a 
useful test for exclusion with a negative test 
result. A test with a high specificity would have 
few false- positive results indicating that such a 
test is useful for diagnosis when the test result is 
positive. In practice, however, sensitivities and 
specificities do not precisely indicate the quanti-
tative change in probability of the condition after 
a test result. Positive and negative likelihood 
ratios (LR+, LR−) are used in order to quantify 
the shift in probability of the condition. The 
larger the LR+ (calculated as the sensitivity 
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divided by one minus the specificity) and the 
smaller the LR− (calculated as one minus the 
sensitivity divided by the specificity), the higher 
the change in odds favoring the condition [12].

The three most common physical examina-
tions that test for ACL insufficiency are the ante-
rior drawer test, Lachman’s test, and the pivot 
shift test. Before the 1970s, the only physical 
examination that was used for diagnosis was the 
anterior drawer test. The exact origins of the 
anterior drawer test remains uncertain, and 
descriptions of similar tests have been identified 
in published work dating back to 1875 [14]. The 
first published description of Lachman’s test was 
provided by Torg et al. in 1976 [16], although 
descriptions of similar tests have been found in 
earlier publications [11]. The pivot shift test was 
described initially by Galway in 1972 and was 
introduced into routine clinical examinations in 
the 1980s [4].

This chapter describes these three physical 
examination maneuvers that are used to assess 
ACL instability and present the evidence that is 
available regarding their diagnostic accuracy and 
reliability.

5.2  Anterior Drawer Test

5.2.1  Test Description

The examination is performed with the patient in 
supine position with the hip at 45° flexion and the 
knee at 90° flexion. The lower leg is held in neu-
tral rotation with the examiner using either their 

thigh to stabilize the patient’s forefoot or forearm 
to stabilize the patient’s shin. The examiner then 
places the fingers of both of their hands in the 
popliteal fossa with the thumbs over the tibial 
plateau and anterior joint line. A slow, but firm, 
anteriorly directed force is then applied to the 
proximal tibia. A positive test result is an 
increased anterior tibial translation of the 
involved leg in comparison to the uninvolved leg, 
and this is indicative of an ACL tear.

5.2.2  Strengths and Limitations

The anterior drawer test has the benefit of being 
the least challenging test to perform; however, 
there are several limitations to the test that may 
lead to inaccurate diagnoses. The first flaw arises 
from the occasional difficultly placing the knee at 
90° flexion due to muscle guarding and effusion 
that often accompany ACL injuries. Furthermore, 
when at 90° flexion the hamstring muscles may 
act to stabilize the tibia, preventing anterior trans-
lation. Lastly, the anatomy of the knee joint when 
flexed at 90° is such that the convex surface of the 
posterior femoral condyle and the concave sur-
face of the medial tibia plateau and posterior horn 
of the medial meniscus may interact in a manner 
similar to a “door stopper” which impedes ante-
rior translation. Each of these potential flaws, due 
to the nature of the examination placing the knee 
at 90° flexion, could increase the likelihood of a 
false-negative result when performing the 
 anterior drawer test [14]. False-positive results 
with the anterior drawer test may arise from PCL 

Condition present Condition Absent

True positive

True negative

Condition
(As measured by the “gold standard”)

False positive
(Type I error)

False negative
(Type II error) 

Sensitivity = True positive/
(True positive + False negative)

Specificity = True negative/
(False positive + True negative)

Positive test
result 

Negative
Test result 

Test
Outcome 

Fig. 5.1 Representation of the calculation of the sensitivity and specificity of a diagnostic test
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injuries where the sagging tibia is taken as the 
normal position of the proximal tibia causing a 
movement to normal position to appear as an 
anterior translation [9]. In order to avoid such 
errors, it is important to consider the “step-off” 
which is the shortest distance from the femur to a 
hypothetical line extending tangentially from the 
tibial tuberosity. A “step-off” less than 5 mm is 
indicative of a PCL injury, and any anterior 
movement from this position is not considered a 
positive anterior drawer test [8].

5.2.3  Accuracy

One meta-analysis of eight studies (n = 1,061) 
reported a pooled sensitivity of 62 % (95 % con-
fidence interval [CI], 42–78 %) [13]. A second 
meta-analysis of 20 studies published before 

the year 2000 (including 7 of the 8 studies from 
the previous meta-analysis) with a total sample 
size of 1,809 patients reported a pooled sensi-
tivity of 55 % (95 % CI, 52–58 %) [1] 
(Table 5.1). The former review also calculated a 
pooled specificity of 88 % (95 % CI, 83–92 %) 
based on a meta- analysis of seven studies 
(n = 929) [13] (Table 5.2). The latter review per-
formed a meta- analysis of 12 studies (half of 
which were included in the previous meta-anal-
ysis analysis) with a total sample size of 1,420 
patients and reported a pooled specificity of 
92 % (95 % CI, 90–94 %), for a pooled positive 
likelihood ratio (LR+) of 7.3 (95 % CI, 3.5–
15.2) and a pooled negative likelihood ratio 
(LR−) of 0.5 (95 % CI, 0.4–0.6) [1]. Another 
systematic review reported variable LR+ and 
LR− with ranges of 2.0–87.9 and 0.23–0.74, 
respectively; however, the authors of the review 

Table 5.1 Summary of the pooled sensitivities and specificities reported for the anterior drawer test performed in vari-
ous circumstances

Test condition Source No. of subjects Sensitivity [% (95 % CI)] Specificity [% (95 % CI)]

General Scholten (2003) 1,061 62 (42–78) 88 (83–92)
Benjaminse (2006) 1,809 55 (52–58) 92 (90–94)

Acute ACL injury Benjaminse (2006) 298 49 (43–45)
Chronic ACL injury Benjaminse (2006) 531 92 (88–95)
With anesthesia Benjaminse (2006) 1,306 77 (75–80) 87 (82–91)

van Eck (2013) 934 63 91
Without anesthesia 
(acute, complete 
ruptures)

van Eck (2013) 826 38 81

Table 5.2 Summary of the pooled sensitivities and specificities reported for Lachman’s test performed in various 
circumstances

Test condition Source No. of subjects Sensitivity [% (95 % CI)] Specificity [% (95 % CI)]

General Scholten (2003) 969 86 (76–92) 91 (79–96)
Benjaminse (2006) 2,276 85 (83–87) 94 (92–95)
Leblanc (2015) 990 89 (76–98)

Acute ACL injury Benjaminse (2006) 298 94 (91–96)
Chronic ACL injury Benjaminse (2006) 531 95 (91–97)
Partial ACL rupture Leblanc (2015) 243 68 (25–98)
Complete ACL rupture Leblanc (2015) 618 96 (90–100)
With anesthesia van Eck (2013) 934 91 78
Without anesthesia 
(acute, complete 
ruptures)

van Eck (2013) 826 81 81

Prone position Mulligan (2011) 52 70 (49–84) 97 (83–99)

5 Diagnostic Accuracy of Physical Examinations for ACL Injury
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did not calculate pooled values because of the 
substantial heterogeneity of the data, wide con-
fidence intervals in the reported values, and 
concerns of high bias risk in five of the six stud-
ies included in the review [15].

5.2.3.1  Type of Injury
When the studies were distinguished by chro-
nicity of the injury, the pooled sensitivity of the 
maneuver performed on acute injuries was 49 % 
(95 % CI, 43–55 %) based on a total sample size 
of 298 patients. The sensitivity of the anterior 
drawer performed on chronic injuries was much 
higher, namely, 92 % (95 % CI, 88–95 %) based 
on an aggregate of 531 patients [1]. It is thought 
that patients with ACL insufficiency over a long 
period of time have developed chronic knee lax-
ity, which is expected to improve the accuracy 
of the test due to fewer false-negative results 
from muscle guarding.

5.2.3.2  Effect of Anesthesia
Under anesthesia, muscle guarding is no lon-
ger a factor; thus the sensitivity of the anterior 
drawer test is expected to increase due to 
fewer false- negative results. The pooled sensi-
tivity of the test with anesthesia was calcu-
lated to be 77 % (95 % CI, 75–80 %) by a 
meta-analysis of 15 studies published before 
the year 2000 (n = 1,306). The pooled specific-
ity, LR+, and LR− were calculated to be 87 % 
(95 % CI, 82–91 %), 5.9 (95 % CI, 0.9–38.2), 
and 0.4 (95 % CI, 0.2–0.8), respectively, by a 
meta-analysis of seven studies with a total 
sample size of 713 patients [1]. The ACL inju-

ries were not  differentiated by chronicity or 
type (partial or complete) in this systematic 
review. Another meta-analysis of 14 studies 
(with 11 of these studies included in the previ-
ous meta- analysis) reported a pooled sensitiv-
ity of acute, complete ruptures under 
anesthesia of 63 % (n = 934) compared to 38 % 
without anesthesia (n = 826) [17] (Tables 5.3, 
5.4, and 5.5).

5.3  Lachman’s Test

5.3.1  Test Description

The examination is performed with the examiner 
on the side of the injured leg and the patient in 
supine position. The femur is stabilized in one 
hand with the knee at slight flexion (between 0° 
and 15°). The other hand is used in an attempt to 
translate the proximal aspect of the tibia anteri-
orly by applying a brisk force to the posterior 
aspect. If the ACL is intact, one does not expect 
much anterior translation of the tibia, and the 

Table 5.3 Summary of the pooled sensitivities and specificities reported for the pivot shift test performed in various 
circumstances

Test condition Source No. of subjects Sensitivity [% (95 % CI)] Specificity [% (95 % CI)]

General Benjaminse (2006) 1,431 24 (21–27) 98 (96–99)
Leblanc (2015) 948 79 (63–91)

Partial ACL rupture Leblanc (2015) 227 67 (47–83)
Complete ACL rupture Leblanc (2015) 586 86 (68–99)
With anesthesia Benjaminse (2006) 1,077 74 (71–77) 98

van Eck (2013) 1,192 73
Without anesthesia 
(acute, complete 
ruptures)

van Eck (2013) 826 28 81

Anterior Drawer Test

• Low sensitivity and limited use in 
excluding ACL insufficiency with a neg-
ative test result in acute injuries.

• Much higher sensitivity in chronic injuries.
• Moderate specificity, although lower 

than specificity in Lachman’s and pivot 
shift tests.

O.R. Ayeni et al.
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endpoint of the movement should feel “hard.” In 
contrast, a positive result for Lachman’s test 
would be a noticeable anterior movement of the 
tibia with an endpoint described as “soft” or 
“mushy” [16].

5.3.2  Strengths and Limitations

Similar to the anterior drawer test, Lachman’s 
test is also used to observe whether anterior 
translation of the tibia exists; however, as 

Table 5.4 Sensitivity [% (95 % CI)] of the anterior drawer, Lachman, and pivot shift tests performed on awake patients 
as reported by available evidence

Source Design No. of subjects Anterior drawer Lachman Pivot shift

Boeree (1991)a Prospective 203 56 (42–69) 63 (49–75) 31 (19–44)
Cooperman (1990)a Prospective 32 71 (40–92)
Hardaker (1990)a Unclear 132 18 (11–27) 74 (65–82) 29 (20–39)
Lee (1988)a Prospective 79 78 (56–93) 91 (72–99)
Richter (1996) Prospective 74 67 (54–79) 93 (83–98) 48 (35–62)
Rubinstein (1994)a Prospective 39 76 (38–96) 96 (60–100) 93 (57–100)
Sandberg (1986)a Retrospective 182 39 (30–48) 48 (39–57) 6 (2–11)
Schwartz (1997)a Prospective 58 92 (80–98)
Steinbrück (1988)a Unclear 300 92 (81–98) 86 (74–94) 22 (11–35)
Tonino (1986)a Prospective 52 27 (12–46) 90 (74–98) 17 (6–35)
Scholten (2003) 
meta-analysisb

62 (42–78) 86 (76–92) –

Anderson (1989) Prospective 50 27 (14–43) 91 (79–98) 42 (27–58)
Bomberg (1990) Prospective 32 41 (21–64) 86 (65–97) 9 (1–29)
Braunstein (1982) Prospective 29 91 (59–100)
Dahlstedt (1989) Prospective 41 100 (85–100) 9 (1–28)

100 (85–100) 72 (47–90)
DeHaven (1980) Prospective 113 9 (2–23) 80 (52–96) 9 (2–23)
Donaldson (1985) Retrospective 37 70 (60–79) 99 (95–100) 35 (26–45)
Harilainen (1987) Prospective 350 98 (94–100)
Hughston (1976) Prospective 68 58 (37–78)
Jonsson (1982) Prospective 107 95 (87–99) 97 (89–100)
Learmonth (1991) Prospective 62 68 (55–79)
Liu (1995) Retrospective 38 61 (43–76) 95 (82–99) 71 (54–85)
Mitsou (1988) Retrospective 144 40 (28–54) 99 (94–100)

95 (88–99)
Noyes (1980) Prospective 85 25 (15–37)
Otter (1994) Prospective 58 0 (0–71)
Torg (1976) Retrospective 250 52 (44–61) 96 (92–99) 9 (5–15)
Warren (1978) Retrospective 136 71 (61–80)
Benjaminse (2006) 
meta-analysisb

55 (52–58) 85 (83–87) 24 (21–27)

Beldame (2011) Prospective 112 70 (58–81) 81 (71–89) 60 (45–73)
Dejour (2013) Prospective 300 100 (99–100) 89 (85–92)
Panisset (2008) Prospective 418 89 (84–92) 93 (89–96)
Peeler (2010) Retrospective 112 86 (77–92) 63 (51–74)
Tsai (2004) Retrospective 48 81 (67–91)
Leblanc (2015) 
meta-analysisb

– 89 (76–98) 79 (63–91)

aThese studies were also included in the meta-analysis reported by Benjaminse (2006)
bMeta-analyses whose values are calculated pooled sensitivities from data directly above

5 Diagnostic Accuracy of Physical Examinations for ACL Injury
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opposed to the anterior drawer test, the knee is 
not placed at 90° flexion. This positioning elim-
inates some of the limitations experienced with 
the anterior drawer test described previously. 
The major limitation of Lachman’s test is the 
difficulty performing the examination maneu-
ver properly by examiners with small hands or 
on patients with a large thigh girth. In such 
instances, modified versions of the original 
Lachman’s test are used [3].

5.3.3  Accuracy

The pooled sensitivity of Lachman’s test was 
reported to be 86 % (95 % CI, 76–92 %), 85 % 
(95 % CI, 83–87 %), and 89 % (95 % CI, 76–98 %) 
by three meta-analyses of nine (n = 969), 21 
(n = 2,276) and five (n = 990) studies, respec-
tively. The first two reviews had eight studies in 

common and included only studies published 
before the year 2000, while all five reports 
included in the second review were published 
after the year 2000 [1, 7, 13] (Table 5.1). The 
pooled specificity of Lachman’s test was reported 
to be 91 % (95 % CI, 79–96 %) and 94 % (95 % 
CI, 92–95 %) by meta-analyses of eight (n = 837) 
and 12 (n = 1,729) studies, respectively (seven 
common studies in these two analyses) [1, 13] 
(Table 5.2). Pooled LR− and LR+ were reported 
to be 10.2 (95 % CI, 4.6–22.7) and 0.2 (95 % CI, 
0.1–0.3) by a meta-analysis of 12 studies with an 
aggregate sample size of 1,729 [1]. Another sys-
tematic review reported variable LR+ and LR− 
with ranges of 1.39–40.89 and 0.02–0.52, 
respectively; however, the authors of the review 
did not perform a meta-analysis due to the het-
erogeneity of the LRs, concerns of wide confi-
dence intervals, and high risk of bias in seven of 
the nine studies included in the review [15].

Table 5.5 Specificity [% (95 % CI)] of the anterior drawer, Lachman, and pivot shift tests performed on awake patients 
as reported by available evidence

Source Design No. of subjects Anterior drawer Lachman Pivot shift

Boeree (1991)a Prospective 203 92 (86–96) 90 (84–95) 97 (92–99)
Cooperman (1990)a Prospective 32 54 (30–77)
Lee (1988)a Prospective 79 100 (94–100) 100 (94–100)
Richter (1996) 74 88 (62–98) 88 (62–98) 97 (79–100)
Rubinstein (1994)a Prospective 39 87 (69–96) 100 (89–100) 89 (73–97)
Sandberg (1986)a Retrospective 182 97 (88–100) 97 (88–100) 100 (94–100)
Schwartz (1997)a Prospective 58 56 (25–85)
Steinbrück (1988)a Unclear 300 91 (87–94) 92 (88–95) 99 (97–100)
Tonino (1986)a Prospective 52 100 (85–100) 100 (85–100) 100 (85–100)
Scholten (2003) 
meta-analysisb

88 (83–92) 91 (79–96) –

Bomberg (1990) Prospective 32 100 (48–100) 60 (15–95) 100 (48–100)
Braunstein (1982) Prospective 29 100 (82–100)
Harilainen (1987) Prospective 350 98 (94–99)
Hughston (1976) Prospective 68 50 (30–70)
Learmonth (1991) Prospective 62 94 (89–97)
Noyes (1980) Prospective 85 96 (79–100)
Otter (1994) Prospective 58 82 (57–96)
Torg (1976) Retrospective 250 100 (95–100) 100 (95–100) 100 (95–100)
Warren (1978) Retrospective 136 77 (56–91)
Benjaminse (2006) 
meta-analysisb

92 (90–94) 94 (92–95) 98 (96–99)

Beldame (2011) Prospective 112 84 (66–95) 78 (60–91) 86 (65–97)
aThese studies were also included in the meta-analysis reported by Benjaminse in 2006
bMeta-analyses whose values are calculated pooled sensitivities from data directly above
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5.3.3.1  Type of Injury
The sensitivities of the tests were reported to be 
similar in both acute and chronic ACL injuries by 
meta-analyses of seven and eight studies, respec-
tively. Lachman’s test performed on patients with 
acute and chronic injuries showed a pooled sensi-
tivity of 94 % (95 % CI, 91–96 %) and 95 % (95 % 
CI, 91–97 %), respectively [1]. The type of ACL 
injury, on the other hand, had a large effect on the 
accuracy of Lachman’s test. A meta-analysis of 
six studies published after the year 2000 reported 
a pooled sensitivity of 68 % (95 % CI, 25–98 %) 
for partial ACL ruptures and 96 % (95 % CI, 
90–100 %) for complete ruptures [7].

5.3.3.2  Effect of Anesthesia
In acute, complete ACL ruptures without anes-
thesia, a pooled sensitivity of 81 % was calcu-
lated for Lachman’s test by a meta-analysis of 17 
studies (n = 1,578). When patients were under 
anesthesia, the pooled sensitivity was calculated 
as 91 % by a meta-analysis of 13 studies (n = 934). 
The specificity of Lachman’s test in acute, com-
plete ACL injuries, on the other hand, was calcu-
lated as 81 % without anesthesia and 78 % with 
anesthesia [17].

5.3.4  Reliability

With respect to reliability of Lachman’s test, 
results from different studies are variable. One 
study reported moderate intra-rater reliability 
with Cohen’s kappa (k) of 0.46. The interrater 
reliability was assessed using Cohen’s kappa by 
four studies with results ranging from k = 0.19 to 
k = 0.60. A systematic review assessing the reli-
ability of Lachman’s test did not perform a meta- 
analysis using these studies as there was 
heterogeneity noted in the results, and some of the 
studies were of poor methodological quality [6].

5.3.5  Prone Lachman’s Test

Due to the difficulties performing the examina-
tion discussed earlier, a modified Lachman’s test 
has been proposed where the patient is placed in 

prone position which decreases the need to stabi-
lize the proximal femur. One study (n = 52) has 
examined the accuracy of Lachman’s test in 
prone position and reported LR+ and LR− of 
3.50 (95 % CI, 0.58–21.2) and 0.38 (95 % CI, 
0.13–1.06), respectively. Although the sample 
size was small, the reported reliability of 
Lachman’s test in prone position was higher than 
the reported values in supine position in terms of 
interrater reliability (k = 0.80) [10].

5.4  Pivot Shift Test

5.4.1  Test Description

While the pivot shift is a phenomenon that is 
often described by the patient as “collapsing at 
the knee,” in the clinical setting the pivot shift test 
involves a maneuver that attempts to produce this 
sensation. The underlying mechanism for this 
phenomenon that results from ACL insufficiency 
is the anterior subluxation of the tibia when the 
knee approaches extension and a sudden reduc-
tion of this subluxation as the knee is flexed [4]. 
The anterior subluxation is due to both quadri-
ceps contraction as well as increased axial load-
ing on the lateral compartment due to a valgus 
force. Practically, this occurs during sudden 
changes of direction or unexpected stops. This 
phenomenon can be elicited in the clinical setting 
with the maneuver known as the pivot shift test.

It is important for the patient to keep the leg 
completely relaxed in order for the test to 

Lachman’s Test

• Has the highest sensitivity and most 
accurate test for ruling out ACL injury.

• High sensitivity for both acute and 
chronic injuries, low sensitivity for par-
tial ACL ruptures.

• High specificity, accurate for diagnos-
ing ACL injury with positive test result.

• One small study demonstrates promis-
ing results, in terms of specificity, for 
Lachman’s test in prone position [10].

5 Diagnostic Accuracy of Physical Examinations for ACL Injury
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 produce the proper results. The test involves the 
examiner lifting the ankle of the patient with 
one hand and flexing the knee by stabilizing the 
posterior aspect of the fibula over the lateral 
head of the gastrocnemius with the heel of the 
other hand. Next, the knee is extended, with the 
upper hand both supporting the tibia on the lat-
eral side and applying a slight valgus strain. If 
ACL instability is present, one expects the 
femur to fall posteriorly, while the tibia plateau 
subluxes anteriorly. The examiner may slightly 
internally rotate the leg with the lower hand 
that is supporting the ankle and leg in order to 
increase the subluxation. To prevent simple 
reduction, the subluxed tibia is then impinged 
against the lateral femoral condyle by applying 
a strong valgus force to the knee with the upper 
hand. The knee is then flexed, and a positive 
test result for the pivot shift test would involve 
an abrupt reduction of the tibia at approxi-
mately 30° flexion. The patient will identify 
this feeling as the phenomenon of instability 
that they have been experiencing.

5.4.2  Strengths and Limitations

The pivot shift test is a more challenging test to 
perform than the previous two maneuvers, 
especially on patients who are awake, which 
may result in inaccuracies by an unexperienced 
reviewer. False-negative test results may arise 
due to protective muscle action against the 
subluxation phenomenon. In addition, ACL 
reattachment to the proximal portion of the 
PCL or concomitant MCL injuries can limit the 
amount of valgus force that can be applied to 
the knee [2, 5].

5.4.3  Accuracy

One meta-analysis of 15 studies all published 
before the year 2000 with an aggregate sample 
size of 1,431 patients reported an extremely low 
pooled sensitivity of 24 % (95 % CI, 21–27 %) 
[1]. Another meta-analysis of five studies all 

 published after the year 2000 with a total sample 
size of 948 patients found the sensitivity of the 
pivot shift test to be 79 % (95 % CI, 63–91 %) [7] 
(Table 5.1). While the test may not have a high 
sensitivity, the specificity of the pivot shift test 
was reported to be very high. A meta-analysis of 
15 studies published before 2000 reported a 
pooled specificity of 98 % (95 % CI, 96–99 %) [1] 
(Table 5.2). Another systematic review reported 
LR+ and LR− values with ranges of 4.37–16.42 
and 0.38–0.84, respectively, but did not perform a 
meta-analysis as the authors of the review were 
concerned with the lack of precision and high 
risk of bias in all five studies included in the 
review [15].

5.4.3.1  Type of Injury
Partial ACL tears have been shown to elicit 
increased false-negative results on the pivot shift 
examination [2]. A meta-analysis of five studies 
published after 2000 with an aggregate sample 
size of 586 patients calculated a pooled sensitiv-
ity for complete ACL ruptures of 86 % (95 % CI, 
68–99 %). The pooled sensitivity for partial rup-
tures calculated based on an aggregate of 227 
patients was 67 % (95 % CI, 47–83 %) [7]. The 
decreased sensitivity of the pivot shift test per-
formed on partial ruptures reflects the increased 
incidence of false-negative results with this type 
of ACL injury.

5.4.3.2  Effect of Anesthesia
Anesthesia eliminates the effect of muscle 
guarding which may be responsible for false-
negative test results in a patient who is awake. A 
meta- analysis of 13 studies all published before 
the year 2000 with an aggregate sample size of 
1,077 patients calculated a pooled sensitivity of 
74 % (95 % CI, 71–77 %) [1]. The ACL injuries 
were not differentiated by chronicity or type 
(partial or complete) in this systematic review. 
Another meta-analysis of 12 studies (with 11 of 
these studies included in the previous meta-anal-
ysis) reported a pooled sensitivity of acute, com-
plete ruptures under anesthesia of 73 % 
(n = 1,192) compared to 28 % without anesthesia 
(n = 1,094) [17].

O.R. Ayeni et al.



43

References

 1. Benjaminse A, Gokeler A, van der Schans CP (2006) 
Clinical diagnosis of an anterior cruciate ligament 
rupture: a meta-analysis. J Orthop Sports Phys Ther 
36(5):267–288

 2. Donaldson WF 3rd, Warren RF, Wickiewicz T (1985) 
A comparison of acute anterior cruciate ligament 
examinations. Initial versus examination under anes-
thesia. Am J Sports Med 13(1):5–10

 3. Draper DO, Schulthies SS (1995) Examiner profi-
ciency in performing the anterior drawer and Lachman 
tests. J Orthop Sports Phys Ther 22:263–266

 4. Galway HR, MacIntosh DL (1980) The lateral pivot 
shift: a symptom and sign of anterior cruciate liga-
ment insufficiency. Clin Orthop 147:45–50

 5. Kim SJ, Kim HK (1995) Reliability of the anterior 
drawer test, the pivot shift test, and the Lachman test. 
Clin Orthop Relat Res 317:237–242

 6. Lange T, Freiberg A, Dröge P, Lützner J, Schmitt J, 
Kopkow C (2015) The reliability of physical exami-
nation tests for the diagnosis of anterior cruciate liga-
ment rupture – a systematic review. Man Ther 
20(3):402–411

 7. Leblanc MC, Kowalczuk M, Andruszkiewicz N, 
Simunovic N, Farrokhyar F, Turnbull TL, Debski RE, 
Ayeni OR (2015) Diagnostic accuracy of physical 

examination for anterior knee instability: a systematic 
review. Knee Surg Sports Traumatol Arthrosc. 
doi:10.1007/s00167-015-3563-2

 8. Malanga GA, Andrus S, Nadler SF, McLean J (2003) 
Physical examination of the knee: a review of the 
original test description and scientific validity of com-
mon orthopedic tests. Arch Phys Med Rehabil 
84(4):592–603

 9. Mitsou A, Vallianatos P (1988) Clinical diagnosis of 
ruptures of the anterior cruciate ligament: a compari-
son between the Lachman test and the anterior drawer 
sign. Injury 19:427–428

 10. Mulligan EP, Harwell JL, Robertson WJ (2011) 
Reliability and diagnostic accuracy of the Lachman 
test performed in a prone position. J Orthop Sports 
Phys Ther 41(10):749–757

 11. Paessler HH, Michel D (1992) How new is the 
Lachman test? Am J Sports Med 20:95–98

 12. Sackett DL, Haynes RB, Guyatt GH, Tugwell P 
(1992) Clinical epidemiology: a basic science for 
clinical medicine, 2nd edn. Little, Brown and Co, 
Boston

 13. Scholten RJ, Opstelten W, van der Plas CG, Bijl D, 
Deville WL, Bouter LM (2003) Accuracy of physical 
diagnostic tests for assessing ruptures of the anterior 
cruciate ligament: a meta-analysis. J Fam Pract 52: 
689–694

 14. Strobel M, Stedtfeld HW, Feagin JA, Telger TC 
(1990) Diagnostic evaluation of the knee. Springer, 
New York

 15. Swain MS, Henschke N, Kamper SJ, Downie AS, 
Koes BW, Maher CG (2014) Accuracy of clinical 
tests in the diagnosis of anterior cruciate ligament 
injury: a systematic review. Chiropr Man Ther 22:25

 16. Torg JS, Conrad W, Kalen V (1976) Clinical diagnosis 
of anterior cruciate ligament instability in the athlete. 
Am J Sports Med 4:84–93

 17. van Eck CF, van den Bekerom MP, Fu FH, Poolman 
RW, Kerkhoffs GM (2013) Methods to diagnose 
acute anterior cruciate ligament rupture: a meta-
analysis of physical examinations with and without 
anaesthesia. Knee Surg Sports Traumatol Arthrosc 
21:1895–1903

Pivot Shift Test

• Has the highest specificity and thus the 
most useful in diagnosing ACL injury 
with a positive test result.

• Older studies indicate very low sensitiv-
ity but improved sensitivity noted in 
newer reports.

• Anesthesia eliminates muscle guarding 
and significantly improves sensitivity.
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Timing of Pediatric ACL 
Reconstruction

Allen F. Anderson and Christian N. Anderson

6.1  Introduction

The increase in intrasubstance anterior cruciate 
ligament tears in children and adolescents has 
intensified the debate about whether the best 
management of these injuries is nonoperative, 
early surgical reconstruction, or delayed surgi-
cal reconstruction. This management decision 
must be made in the context of the harms and 
efficacy associated with each method of 
treatment.

The unique challenge of treating ACL injuries 
in skeletally immature patients, combined with 
the absence of an efficacious surgical procedure, 
resulted in a historical approach of nonoperative 
treatment, typically consisting of functional brac-
ing, physical therapy, and activity modification. 
This treatment choice has several important 
advantages. Delaying surgery allows for greater 
skeletal maturation, decreasing the likelihood of 
growth plate disturbance from physeal injury, 
and allows for greater psychological maturation 
of the patient, which increases compliance with 
postoperative therapy. Despite these advantages, 
more recent evidence suggests that nonoperative 
treatment and delayed reconstruction may result 

in recurrent injury, meniscal damage, chondral 
injuries, and sports-related disability [3, 6, 8, 9, 
14, 17, 21, 23, 24].

Although early reconstruction reduces epi-
sodes of instability, meniscal tears, and cartilage 
injuries, this method of treatment may also cause 
complications including iatrogenic growth dis-
turbance with leg-length discrepancy or angular 
deformity [5, 12, 13, 15, 24]. A greater awareness 
of physeal response to injury has led to the devel-
opment of anatomic reconstructions that mini-
mize the extent of physeal injury [2].

6.2  Nonoperative and Delayed 
Surgical Management

The absence of level I studies comparing nonop-
erative treatment to newer anatomic reconstruc-
tion techniques makes it difficult to determine 
whether nonoperative treatment, early recon-
struction or delayed reconstruction, is the best 
treatment option for ACL tears in pediatric 
patients. Several small, level-of-evidence (LOE) 
4 studies indicate that nonoperative treatment or 
delayed reconstruction until skeletal maturity 
results in poor outcomes [1, 7, 10, 11, 16, 18, 22]. 
Even so, other studies with similar designs sup-
port the use of a nonoperative treatment algo-
rithm in skeletally immature patients [25]. 
Consequently, in the older literature, surgeons 
may find support for any method of treatment.
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Tennessee Orthopaedic Alliance,  
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6.2.1  Delay of Surgery 6–12 Weeks

Recently, several studies with a higher level of 
evidence have evaluated the consequences asso-
ciated with delay in ACL reconstruction. In a 
study of 39 pediatric patients with an average age 
of 13.6 years, Millet et al. [17] (LOE 3) com-
pared the concurrent injuries in a cohort of 
patients who had acute reconstructions (less than 
6 weeks) to another cohort who had chronic 
reconstructions (more than 6 weeks). A highly 
significant relationship was found between the 
time of surgery and medial meniscus tears. 
Thirty-six percent of patients in the chronic 
cohort sustained medial meniscus tears compared 
to only 11 % in the acute cohort. Lawrence et al. 
[14], in a (LOE 3) cohort study of 70 patients, 
found with logistic regression analysis that time 
to surgical reconstruction greater than 12 weeks 
(odds ratio 4.1) and a single episode of knee 
instability (odds ratio 11.4) were independently 
associated with medial meniscal tears. Time to 
surgery was also independently associated with 
medial and lateral compartment chondral injuries 
(odds ratio 5.6 and 11.3, respectively).

Anderson and Anderson [3], in a (LOE 3) 
study of 135 patients, found that delay in recon-
struction increased the risks of secondary menis-
cal and chondral injury. Sixty-two patients were 
treated with ACL reconstruction within 6 weeks, 
37 had surgery between 6 and 12 weeks, and 36 
were treated after 12 weeks. Increased time to 
surgery had a bivariate association with lateral 
and medial meniscal tears (p = 0.016 and 0.007, 
respectively). Independent risk factors for inci-
dence of lateral meniscal tears were younger age 
(p = 0.028) and return to sports activity before 
surgery (p = 0.007). Patients with one episode of 
recurrent instability had threefold higher odds of 
a higher grade of lateral meniscal tears. Compared 
with acute reconstruction, subacute and chronic 
reconstruction patients had 1.45 and 2.82 times 
higher odds, respectively, of lateral meniscal 
tears severity (p = 0.012). Another correlate of 
severity of lateral meniscal tears was any episode 
recurrent instability (odds ratio = 3.15). 
Independent risk factors for the incidence of 
medial meniscal tears were older age (p = 0.01) 

and any recurrent instability episode (p = 0.01). 
The odds ratio for increased severity of medial 
meniscal tears include any recurrent instability 
episodes (odds ratio 5.6), playing sports before 
reconstruction (odds ratio 15.2), and time to sur-
gery greater than 3 months (odds ratio 4.3). 
Seventeen patients had 23 chondral injuries in 
this cohort. The risk factors for increased inci-
dence and grade of chondral injuries included 
time to surgery (p = 0.005) and any recurrent 
instability episodes (p = 0.001).

In a LOE 3 study, Newman and coworkers 
compared patients less than 14 years old to those 
14–19 years old to identify factors related to the 
presence of concomitant injuries at the time of 
ACL reconstruction. They found a significant 
relationship between time to surgery and the 
development of an irreparable meniscal injury 
(p ≤ 0.05) in both younger and older patients. 
Time to surgery correlated with severity of chon-
dral injuries in the young cohort (p = 0.03) but not 
the older cohorts (p = 0.88). In the younger 
cohort, only a delay in surgery greater than 
3 months (odds ratio = 4.8; p = 0.003) was signifi-
cantly predictive of the presence of an injury that 
required an additional operative procedure. In the 
older patients, return to activity before surgery 
(odds ratio 3.8; p = 0.003) and obesity (odds ratio 
2.5; p = 0.038) were significantly predictive of an 
injury that required additional operative proce-
dures. They concluded that a delay in surgery 
correlated with increased severity of injury 
among both older and younger patients. A delay 
in surgery greater than 3 months was the stron-
gest predictor of the development of concomitant 
injuries in the younger cohorts.

6.2.2  Delay in Surgery at Least 
6 Months

Other studies have evaluated additional injuries 
when ACL reconstruction was delayed for at 
least 6 months after the initial injury. Henry et al. 
[9], in a retrospective study of 56 patients (LOE 2), 
compared concurrent injuries with surgery 
delayed by a mean of 30 months to those who 
had surgery delayed by 13.5 months. They found 
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a statistically higher rate of medial meniscal 
tears (41 % vs 16 %) and lower subjective IKDC 
scores (83.4 vs 94.6) in those with surgery 
delayed by 30 months. Dumont et al. [4] (LOE 
3) evaluated the incidence of meniscal and chon-
dral injuries in patients undergoing early (less 
than 150 days; n = 241) compared to delayed 
ACL reconstruction (greater than 150 days; 
n = 129). Medial meniscal tears were signifi-
cantly more common in the delayed treatment 
group (37.8 % vs 53.5 %; odds ratio 1.8; 
p = 0.014), but the incidence of lateral meniscal 
tears was similar between groups. They also 
found that patients with meniscal tears were 
more likely to have chondral injuries in the same 
compartment. Guenther and colleagues [8] con-
ducted a retrospective review (LOE 4) of 112 
adolescents with a mean age of 15 years. A com-
parison of MRI findings after the initial injury 
(mean 79 days) with surgical findings at the time 
of reconstruction (mean 342 days) showed 
patients new or worsened medial meniscal tears 
had waited significantly longer for surgery (445 
vs 290 days). Additionally, bucket-handle menis-
cal tears increased steadily in frequency for more 
than a year after ACL injury.

In contrast to the findings of these studies, a 
few studies have found that delayed reconstruc-
tion is a reasonable option. Woods and O’Connor 
[25] (LOE 4) compared a group of 13 adolescents 
with a mean age of 13.8 years at the time of injury 
who had surgery delayed for a mean of 70 weeks 
to a group of 116 adolescents with a mean age of 
15 years. The skeletally mature group had a mean 
time interval from the injury to surgery of 14.1 
(0.3–355) weeks. The rate of meniscal injuries 
was 20 % higher, and the number of irreparable 
medial meniscal tears was greater when surgery 
was delayed by 6 months. The rate of additional 
knee surgeries was 62 % when surgery was 
delayed by more than 6 months and 27 % when 
surgery was performed within 6 months. Despite 
these differences, the authors concluded that 
there was no significant difference with respect to 
meniscal and chondral injuries between the 
groups, although they admitted that one of the 
limitations was the lack of statistical power due 
to the small sample sizes.

Another study of Moksnes et al. [20] com-
pared 20 children aged 12 years old, or younger, 
treated nonoperatively to 6 children who had 
delayed reconstruction. Of the nonoperative 
group, 65 % returned to their pre-injury activity 
level and 50 % were classified as copers at fol-
low- up. Only 9.5 % of the non-copers had sec-
ondary meniscal injuries. Based on the large 
number of copers in the nonoperative group and 
relatively low number of meniscal injuries, a 
treatment algorithm based on function and patient 
satisfaction was suggested that may identify 
patients who could participate in sports activities 
until skeletal maturity when ACL reconstruction 
would be considered.

In a follow-up (LOE 4) study of this algo-
rithm [19], the same authors evaluated 40 chil-
dren with 3.0-T MRI at the time of injury and 
3.8 years later. Patients in this cohort had a 
19.5 % chance of developing a meniscal tear not 
related to initial injury. Ultimately, 32 % had 
ACL reconstruction due to recurrent instability, 
meniscal injury, and significant reduction of 
activity level. The authors recommended further 
follow-up to evaluate the long-term knee health 
in these children.

Fundahashi et al. [6], in a (LOE 3) study con-
ducted at a large integrated health system, evalu-
ated 71 patients after treatment with activity 
restrictions until skeletal maturity. Forty-seven 
patients (66 %) had surgery at an average time of 
16.6 months after injury. At the time of surgery, 
57 % had meniscal injuries and 51 % had both 
meniscal and chondral injuries. They found no 
association between the time to surgery and 
meniscal and cartilage injury, but there was a 
positive association between the number of “sig-
nificant encounters” (return for new pain or 
swelling) and the likelihood of combined chon-
dral and meniscal injuries (p = 0.01).

A recent meta-analysis and a systematic 
review evaluated the literature to determine the 
harms associated with nonoperative treatment or 
delay in surgical reconstruction. Vavken and 
Murray [24] systematically reviewed the current 
evidence for nonoperative and surgical treatment 
of ACL tears in skeletally immature patients 
(Table 6.1). They identified 47 studies that met 
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the inclusion criteria. Nonoperative treatment 
was found to result in poor clinical outcomes and 
a higher incidence of secondary defects, includ-
ing meniscal and chondral injuries. They con-
cluded that surgical stabilization should be 
considered the preferred treatment and nonopera-
tive treatment should only be considered as a last 
resort.

Ramski et al. [23], in a meta-analysis, system-
atically analyzed aggregated data from the litera-
ture to determine if superiority of treatment 
outcomes exists for nonoperative or early opera-
tive treatment for ACL tears in pediatric patients. 
They found six studies (217 patients) that com-
pared operative to nonoperative treatment and 
five studies (353 patients) that compared early to 
delayed ACL reconstruction. Three studies 
reported that posttreatment instability occurred in 
13.6 % of patients after operative treatment and 
75 % of patients after nonoperative treatment 
(p ≤ 0.01). Two studies found symptomatic 
medial meniscal tears were 12 times more likely 
after nonoperative treatment (p = 0.02). Two 
additional studies reported return to activity; 
none of the patients in the nonoperative group 
returned to previous activity level of play com-
pared to 85.7 % of patients who were treated 
operatively (p ≤ 0.01). The authors concluded 
that multiple trends favor early surgical stabiliza-
tion over nonoperative or delayed treatment in 
pediatric ACL tears.

6.3  Growth Disturbance

Although there is a growing body of evidence 
indicating that nonoperative treatment is associ-
ated with meniscal and chondral injuries and 
sports-related disability, the decision to perform 
surgery depends on the risk and efficacy of the 
alternative, surgical reconstruction. Most 
authors have not reported growth disturbance 
after physeal sparing ACL reconstruction in 
pediatric patients; however, Frosch et al. [5], in 
a meta- analysis of 55 studies including 935 

patients who had either a physeal sparing, par-
tial physeal sparing, or transphyseal reconstruc-
tion, found that the risk of leg-length discrepancy 
or angular deformity after surgical treatment 
was 1.8 %. In the systematic review of 31 stud-
ies (n = 479 patients), Vavken and Murray [24] 
found that three patients developed angular 
defects and two had leg-length discrepancies. 
They also analyzed the literature to determine if 
surgical treatment was the best option for pedi-
atric ACL tears. Nine studies with evidence 
level 2 or 3 compared surgical treatment to non-
surgical treatment (n = 6), immediate with 
delayed reconstruction (n = 2), and surgical 
treatment with mature versus immature patient 
(n = 1). These studies unanimously reported sig-
nificantly better clinical scores and knee laxity 
after surgical reconstruction compared to non-
operative treatment. They also found no differ-
ence in the risk of growth disturbance.

The risk of growth disturbance in skeletally 
immature patients can theoretically be mini-
mized by using physeal sparing reconstruction 
techniques [2]. The all-epiphyseal technique uti-
lizes anatomic tunnels drilled completely within 
the epiphysis, which decreases the chance of 
growth disturbance by not transgressing either 
the tibial or femoral physis (OrthoPediatrics, 
Warsaw, IN). In order to avoid iatrogenic phy-
seal damage during tunnel placement, there are 
several important technical factors to consider. 
The femoral guidewire is placed using C-arm 
fluoroscopy in the AP plane with appropriate 
visualization of the physis (Fig. 6.1). The guide-
wire should be placed sufficiently distal to the 
femoral physis before advancement into the 
ACL footprint within the intercondylar notch 
(Fig. 6.1a). The handle of the guide is elevated 
30–40° anteriorly during guidewire placement 
so the lateral collateral ligament and popliteus 
tendon attachments on the femur are not dam-
aged during tunnel reaming (Fig. 6.1b). The 
appropriately sized reamer can be placed over 
the guidewire to confirm the femoral tunnel will 
be distal to and not encroach upon the physis. 

A.F. Anderson and C.N. Anderson
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The tunnel is reamed using live fluoroscopy and 
can be arthroscopically visualized from outside 
in order to demonstrate adequate bony walls 
without physeal injury (Fig. 6.1c). The tibial 
guidewire is placed with the C-arm rotated 
approximately 30° in the lateral plane, which 
assists in visualizing the physis extending into 
the tibial tubercle (Fig. 6.2a). The guidewire is 
positioned on the anteromedial tibial epiphysis 

between the physis and joint surface and 
advanced using real-time fluoroscopic imaging 
through the epiphysis into the tibial footprint 
(Fig. 6.2a, b). Reaming of the tibial tunnel is also 
performed using live fluoroscopy to ensure 
encroachment on the growth plate does not 
occur. The graft is then shuttled from distal to 
proximal and fixed within the epiphysis, thereby 
avoiding tension across the physis (Fig. 6.2c).

a b

c

Fig. 6.1 (a) The femoral guide wire is placed with the 
C-arm in the AP plane. The guide wire should be suffi-
ciently distal to the physis to avoid iatrogenic injury dur-
ing tunnel reaming. (b) Elevating the guide 30–35° 
anteriorly allows the tunnel to avoid the femoral insertions 
of the LCL and popliteus. (c) The femoral tunnel can be 

inspected by placing the arthroscope into the tunnel from 
outside in to ensure physeal encroachment did not occur 
during reaming (Figure a, in: JBJS Am 2004, September; 
86A Supplement 1 (Part 2):201–9 with permission; Figure 
b: (Copyright 2013 OrthoPediatrics Corp., with 
permission.)
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 Conclusion

Ideally, operative treatment of ACL injuries in 
skeletally immature patients could be post-
poned until physeal closure. Most of the evi-
dence, however, indicates that nonoperative 
treatment may actually result in substantial 
risks to the knee. In contrast, current methods 
of ACL reconstruction are highly effective in 
preventing additional injuries and sports-
related disability. Consequently, the treatment 
of choice for pediatric ACL tears is early 
reconstruction (within 3 months), although it 

is important for the patient to have regained 
knee extension and near-normal flexion before 
surgery to minimize the risk of postoperative 
arthrofibrosis.
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Conservative Treatment 
of Pediatric ACL Injury

Lars Engebretsen and Håvard Moksnes

7.1  Introduction

The number of publications on treatment of ACL 
injuries in the skeletally immature population has 
increased through the past decade [5, 6, 8, 12, 18, 
20, 26]. However, opinions on whether pediatric 
ACL treatment should primarily be surgically 
reconstructed or conservatively treated are still 
divided within the pediatric orthopedic commu-
nity [25, 33]. Evidence from high level studies 
and randomized controlled trials are lacking [28], 
which leave the field open for various treatment 
algorithms due to the lack of a solid scientific 
knowledge base [31]. Risk factors for ACL inju-
ries in skeletally immature patients are unknown, 
although it seems that boys may be more prone to 
rupturing their ACL before skeletal maturity, 
while girls have an increased risk through and 
after puberty [11, 34]. Many authors argue that 

the incidence of pediatric ACL injuries is rising 
[2, 6, 10, 17]; however, no epidemiological stud-
ies are available to support this statement. 
Increased awareness and advances in diagnostic 
methods, in addition to higher participation rates 
and earlier specialization in sports, may have led 
to an increase in the incidence of pediatric ACL 
tears.

7.2  Treatment Decision-Making

Weighing of the risks and benefits between pri-
mary surgical treatment and primary active reha-
bilitation without surgical intervention is crucial 
for every surgeon involved in pediatric ACL 
decision- making [29]. Over the past decade, 
our group has followed a primary nonopera-
tive treatment algorithm (Fig. 7.1) [29]. This 
prevents skeletal growth problems as complica-
tions from surgery and has led to approximately 
2/3 of the patients treated with rehabilitation 
only until they reach full skeletal maturity. This 
algorithm highlights the post-injury rehabilita-
tion to be performed exhaustively before fur-
ther treatment decisions are taken, based on 
the functional knee stability experienced by the 
child in its desired activities and through func-
tional performance tests. There is substantial 
support in the literature that supervised reha-
bilitation should be performed before a decision 
on further treatment is made for an ACL patient 
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[19, 24]. Preoperative rehabilitation is beneficial 
because it increases the likelihood of a success-
ful outcome after ACL reconstruction and is 
in many cases effective in restoring functional 
knee stability to a level that eliminates the need 
for a surgical ACL reconstruction [13, 21]. We 
argue that children with ACL injuries should be 
monitored and assessed by an orthopedic sur-
geon and a physical therapist working together, 
securing that a structured rehabilitation program 
has been successful or not to provide functional 
stability of the individual knee before any surgi-
cal treatment is initiated.

In our prospective cohort study on 46 skele-
tally immature children, we found that two thirds 

were able to continue their activities for at least 2 
years without suffering of instability or second-
ary injuries that required surgical treatment [26, 
30]. This study is to date the only prospective 
study on conservative management of ACL 
injured children 12 years or younger. To our 
knowledge, no other well-designed studies on 
nonoperative management have been published, 
and the rates of secondary meniscus injuries in 
three out of four case series are low [23, 27, 37]. 
However, caution must be taken with regard to 
the long-term results. Likewise, there is a need 
for prospective studies with objective functional 
outcome measures on surgical treatment in this 
population.

ACL injury
Skeletally immature 

Rehabilitation
4 phases

Functional
test

Free activities
Custom fit brace (non-op only)

Secondary prevention

Persistant pain,
swelling or locking 

Surgical
treatment *

Electronic monitoring
monthly 

Assessment
orthopedic surgeon

2 episodes of giving way
within 3 months 

* Indications for surgical treatment
• Repairable meniscus injury
• Inability to continue desired activities
• Repeated giving way episodes

Postopoperative
rehabilitation

Skeletal maturity
Long-length radiographs

Fig. 7.1 The treatment algorithm for anterior cruciate ligament injury in skeletally immature children [29]
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7.3  Rehabilitation Progression

Pediatric rehabilitation has to be performed 
in close collaboration between the parents, an 
experienced physiotherapist, and the ortho-
pedic surgeon. Exercises and goals have to be 
adjusted compared to traditional rehabilitation 
protocols because children cannot be expected 
to perform unsupervised training independently. 
Rehabilitation exercises are less focused on 
muscular strength and hypertrophy, while the 
primary focus should be neuromuscular stimu-
lation and maintenance of multi-joint functional 
stability [9, 29]. Inability to be active in pre-
ferred activities or repetitive episodes of giving 
way despite undergoing an adequate rehabili-
tation program will point toward advising an 
ACL reconstruction before skeletal maturity. 
Additionally, children who have a secondary 
repairable meniscus injury will usually undergo 
a meniscus repair with concomitant ACL recon-
struction, as this is assumed to improve the 
prognosis of the meniscus repair [14]. We also 
find it imperative that the child and parents are 
provided with thorough information on the ben-
efits and risks involved with both surgical and 
conservative treatment,  including the option 

of continuing sports involving less  pivoting 
motions until skeletal maturity is reached, 
when a reconstruction involving less risk can 
be performed.

Modern rehabilitation is progressed through 
phases or stages based on sound clinical reason-
ing, sequenced functional achievements, and the 
completion of functional milestones. At the same 
time, knowledge on tissue-specific biologic heal-
ing processes should be respected and will guide 
the timeline of progression. Throughout the reha-
bilitation process, a structure with four phases is 
often used to guide the aims and content of the 
progression (Fig. 7.2). Within each phase, spe-
cific functional milestones and achievement 
goals are identified. Some goals will be primary 
in each phase, for example, achieving full knee 
extension and quadriceps activation early after 
the knee injury in phase 1. Throughout the first 
two phases, the child should be guarded from 
pivoting activities and possibly also wear a pro-
tective brace in school and training. Exercises to 
facilitate proper alignment and adequate landing 
techniques have been successfully implemented 
in injury prevention programs [15, 22, 36] and 
are recommended through phase 2 and 3 of pedi-
atric ACL rehabilitation.

ROM NMT Muscle strength

Quadriceps setting
Single leg stability

Open chain quadriceps
Closed chain quadriceps and
hamstrings
Plyometric exercises 

Stationary bike
Dynamic unloaded extension
Prone extension hang

Closed chain quadriceps,
hamstring and hip exercises
Low load and high reps 

Single leg squats
Squatting on BOSU
Frontal and lateral step-ups 

Secondary prevention

Terminal knee extension in
closed chain  

Phase 1

Phase 2

Phase 3

Phase 4

Manual stretching of capsule in
flexion if restricted  

Gluteus medius open chain
Core exercises

Hop and landing including shock
absorption and avoiding
dynamic valgus
NMT equipment (BOSU, airex)  

Fig. 7.2 Proposed guide for the rehabilitation of anterior cruciate ligament injury in skeletally immature individuals 
(ROM, range of motion; NMT, neuromuscular training) [29]
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The child and parents should consult their 
physical therapist regularly. A normal setup 
could be once a week throughout phase 1, every 
second week through phase 2, and once a month 
in phase 3. Rehabilitation usually should be 
designed to enable performance at home, and it 
is recommended to limit the number of exercises 
to enhance the feasibility and adherence to the 
program [7].

Phase 1 In line with the increased focus on 
active rehabilitation strategies, the newly pro-
posed acronym POLICE (protection, optimal 
loading, ice, compression, and elevation) should 
be implemented [4]. In the acute phase, the pri-
mary goals are to regain active and passive knee 
extension, resolve intra-articular swelling, and to 
reactivate the quadriceps muscle. Dynamic open-
chain unloaded extension exercises, stationary 
cycling, prone knee extension hang, and partial 
weight bearing with normal gait cycle are per-
formed to achieve the rehabilitation milestones of 
straight leg raises without extension lag, ability 
to perform weight-bearing single-leg terminal 
extension, and unrestricted normal gait patterns.

Phase 2 The primary goal is to normalize activi-
ties of daily living. Neuromuscular exercises 
focusing on dynamic control of the terminal knee 
extension in single-leg stance, step-up, and squat-
ting exercises while avoiding dynamic valgus 
[15]. Closed-chain quadriceps and hamstring 
exercises are included to facilitate appropriate 
motor firing and recruitment. Milestones in phase 
2 are normal stair ascent and descent and ability 
to participate in daily activities without experi-
encing instability or intra-articular swelling.

Phase 3 The primary goal is to normalize run-
ning and to develop the ability of maintaining 
knee stability through single-leg hops. External 
tasks are added to the exercises to autotomize the 
strategies for joint stability. Two- and single-leg 
hops are initially performed with focus on safe 
landings with optimal trunk, hip, and knee align-
ment. Hop exercises are progressed to multi-hop 
plyometrical movements with stops and cuts. 
Neuromuscular training with equipment such as 

BOSU balls are frequently incorporated in the 
exercises. Additionally, functional quadriceps 
and hamstring strength exercises are performed 
as home exercises without external load. Children 
are allowed return to their preferred activities 
wearing a custom-fit functional knee brace when 
they can perform a single-leg hop test battery 
with at least 90 % of the values on the uninjured 
side [3, 16].

Phase 4 The fourth phase includes a selection of 
neuromuscular exercises focusing on maintain-
ing functional stability as a secondary prevention 
measure. Ideally, these exercises should be per-
formed as part of their team warm-up routine 
before practice which has been shown to be 
effective in preventing lower extremity injury 
rates by as much as 50 % [1, 32, 35]. Several 
online resources are freely available such as the 
“Get Set – Train Smarter” app and the www.
skadefri.no website.
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Anatomical and Technical 
Considerations for Pediatric ACL 
Reconstruction

Romain Seil, Frederick Weitz, Jacques Menetrey, 
and Franck Chotel

8.1  Introduction

Pediatric (ACL) surgery is difficult and highly 
specialized due to the specific anatomy of chil-
dren’s knees and its serious complication poten-
tial. Therefore, anterior cruciate ligament 
replacement surgery in children is controversial 
[4, 12, 20, 53, 54, 56, 65, 66, 80], and many oper-
ative techniques have been described. Every sur-
gical technique bears a specific risk for growth 
disturbances either through indirect growth 
changes in extraepiphyseal surgical procedures 

or through growth plate injuries in epiphyseal or 
transphyseal techniques [19, 34, 46, 52, 75]. Over 
the last decades, substantial surgical and experi-
mental knowledge has been gained by several 
generations of surgeons to correctly estimate the 
risk of pediatric ACL reconstruction [72] in order 
to minimize the risk of growth abnormalities.

8.2  Anatomy and Function 
of the Growth Plate

The growth plate is located between the epiphy-
sis and the metaphysis of long bones. It regulates 
endochondral growth and has in its center a com-
plex anatomy with the following cellular layers 
(from the epiphyses to the metaphysis): the 
reserve zone, the proliferative zone, the layer 
with prehypertrophic chondrocytes, and the 
hypertrophic zone which is subdivided in cellular 
layers of maturation, degeneration, and calcifica-
tion [30, 41]. Vascularization is separated 
between the epiphysis and the metaphysis, and as 
a consequence, the growth plate represents a 
frontier between these two structures playing an 
important role in the physeal pathology of certain 
tumors and infections. At its periphery we find 
the presence of the perichondral structures. They 
are composed of two structures (Fig. 8.1), the 
perichondral ring of LaCroix [37], which pro-
vides mechanical support, and the ossification 
groove of Ranvier [64] which provides cells for 
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growth in width and which is a stem cell niche 
[31]. They have an important physiologic role, 
thus constituting the crossroads between longitu-
dinal growth and growth in width of the bone. 
Furthermore, their presence plays an important 
role in the stabilization of this transitional zone 
between the epiphysis and the metaphysis. The 
perichondral structures do also play an important 
role from a pathologic point of view through the 
specific pediatric fractures classified as #6 in the 
Ogden classification system [60].

8.3  Experimental Principles 
of Surgery with Open 
Growth Plates

The question of remaining endochondral growth 
after growth plate injuries has been of great inter-
est for orthopedic surgeons for more than 
150 years [6, 61]. Based on the first clinical expe-
riences with epiphysiodesis [7, 63] in the first 
half of the twentieth century, many experimental 
studies were published with the goal to develop 
treatments regulating longitudinal growth like 
temporary epiphysiodesis, epiphysiolysis capitis 
femoris, and their respective fixation principles 
[5, 9, 17, 18, 23–26, 42, 43, 58, 76]. With the 
development of ACL reconstruction techniques 
and the identification of the problem of ACL 

 injuries in children, several specific surgical- 
experimental studies analyzing pediatric ACL 
replacements were published during the last three 
decades. They were conducted in rabbits, pigs, 
sheep, and dogs with open growth plates [13, 14, 
22, 29, 47–50, 57, 62, 71, 77]. They allowed rec-
ognizing the risks related to specific surgical 
techniques and especially the fact that a techni-
cally correct anterior cruciate ligament surgery in 
a pediatric patient bears little risk of a clinically 
relevant secondary growth change. From these 
experimental studies on the growth plate as well 
as clinical experiences from the past, a certain 
number of surgical principles can be applied 
either directly or indirectly to ACL reconstruc-
tion with open growth plates. They have been 
recently summarized in a review article [72] and 
are represented in Table 8.1.

Fig. 8.1 Distal femoral growth plate of a 10-month-old 
sheep (x perichondral fibrous ring of LaCroix, *ossifica-
tion groove of Ranvier, E epiphysis, M metaphysis, arrow 
center of the growth plate with columnal chondrocyte 
structure) (Giemsa staining; magnification × 25)

Table 8.1 Surgical-experimental principles of pediatric 
ACL reconstruction [72]

 1. Growth plate cartilage does generally not 
regenerate after a drill injury

 2. Leaving a transphyseal drill hole empty results in 
the formation of a bone bridge

 3. Small bone bridges may resolve spontaneously
 4. The formation of a bone bridge may be prevented 

by the transphyseal placement of a tendon graft
 5. Permanent transphyseal hardware placement can 

result in a growth abnormality
 6. A central growth plate lesion may result in a 

symmetric shortening, whereas a peripheral growth 
plate lesion may result in an axial deformity

 7. The critical size for a growth abnormality due to 
a central growth plate lesion is 7–9 % of the size 
of the growth plate

 8. The critical size for a growth abnormality due to 
a peripheral growth plate lesion is 3–5 % of the 
circumference of the growth plate

 9. The size of the growth plate injury increases with 
drilling obliquity

10. The risk of a growth deformity is inversely 
proportional to the remaining growth potential

11. The force of the growth plate is associated with 
body weight

12. An excessive graft tension may lead to a 
tenoepiphysiodesis

13. During femoral tunnel drilling, iatrogenic injury 
to perichondral structures should be avoided

14. Epiphyseal and transphyseal ACL reconstructions 
may induce rotational deformities at the distal femur

15. Graft incorporation is faster in immature 
specimen as compared to adults

R. Seil et al.
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8.4  Surgical Techniques

Many surgical techniques have been described in 
order to perform the best possible ACL replace-
ment in children and at the same time to reduce 
the surgically induced complication potential to a 
minimum. On the contrary to an adult knee, an 
anatomic graft placement is difficult to obtain in 
children with the currently available techniques 
[45]. This is due to the presence of the growth 
plates, especially on the femoral side. According 
to the localization of the tibial and femoral tun-
nels, the surgical techniques can be divided into 
three categories (Fig. 8.2): (a) transphyseal pro-
cedures, where the tunnels are drilled through the 
growth plates; (b) epiphyseal techniques, where 
the tunnels are located in the tibial and femoral 
epiphyses, not injuring the growth plate; and (c) 
extraepiphyseal techniques, where the graft is 
placed around the growth plate. Finally, different 
types of graft placements can be used on the tib-
ial side and the femoral side. Every surgical tech-
nique bears its own, specific complication 
potential. General surgical guidelines have been 
established to make the surgical procedure as 
safe as possible with respect to continuity of nor-
mal growth (Table 8.1).

The different graft types, which are used in 
adults, may also be used with some modifications 
in children. Hamstring grafts are probably the 
most popular. In some rare cases, they can be too 
thin and may be reinforced with other tendon 
material, i.e., by a quadriceps or iliotibial band 
strip. It is important not to harm the periosteal 
attachment of the hamstrings [72, 75]. As opposed 
to the adult harvesting technique, the tibial 
attachment site is left intact, and the hamstrings 
are cut proximal to their bony insertion site. This 
avoids an injury and potential growth arrest of the 
tibial tuberosity apophysis, which may cause a 
later development of a recurvatum knee. 
Quadriceps and patellar tendon grafts can be 
used as well, in which case they should be har-
vested without a bone block. If a bone block is 
part of the technique, care should be taken never 
to place it through the growth plate in order to 
avoid an early growth plate fusion. The iliotibial 
band may be used as a graft material as well, 
especially if an extraepiphyseal, extra-articular 
technique is performed [51]. Care should be 
taken to inform the patient on potential cosmetic 
(large incision) and harvesting site problems 
(pain). In Europe, there is limited experience 
with allografts in immature children. A new 

Fig. 8.2 Representation of 
different pediatric ACL 
reconstruction techniques in 
lateral knee views. Surgeons 
differentiate between 
transphyseal- and physeal- 
sparing techniques. The 
former implicate drilling of 
a bone tunnel through the 
femoral and tibial growth 
plates whereas the latter do 
not cause any direct 
iatrogenic physeal injuries, 
but bear the risk of indirect 
damage to the growth plate. 
ACL grafts are placed either 
within the epiphysis or 
around the physis. Many 
surgeons use different 
techniques on the femoral 
side and the tibial side
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approach is the use of living donor hamstring ten-
don allografts. This allows for a more predictable 
graft size and for preservation of the child’s own 
tendons for potential use in later life. First reports 
of parents donating their hamstring tendons to 
their children have recently been published and 
showed good results, both for the outcome of the 
child’s and parent’s knees [21]. The permanent 
use of synthetic graft material is prohibited as it 
may cause significant growth arrest as well as the 
need for complex, three-dimensional corrective 
surgeries for malalignment or leg length discrep-
ancies. Newly developed ACL repair techniques 
[15] must be critically evaluated before pediatric 
use in order to avoid large growth plate injuries 
and the need for extended revision surgery in 
case of failures (Fig. 8.3).

Some authors differentiate their specific pedi-
atric ACL reconstruction technique according to 
the amount of knee growth remaining [16]. In 
order to minimize the risk of growth disturbance, 
Kocher [33, 34] advocated a physeal-sparing 
combined intra-articular and extra-articular 

reconstruction with an autogenous iliotibial band 
in prepubescent (Tanner stage 1 or 2) children 
with a large amount of growth remaining. In 
pubescent adolescents with growth remaining 
(Tanner stage 3), they recommend a transphyseal 
hamstring graft technique with extracortical fixa-
tion [34]. This technique is similar to the one 
used by the first author of the present article on a 
routine basis, both in prepubescent children and 
adolescents [79] (Fig. 8.4). This arthroscopic 
single-bundle technique differs only minimally 
from the adult technique. Graft diameter gener-
ally varies between 6 and 8 mm. In prepubescent 
children under the age of 10, the femoral tunnel is 
drilled in a transtibial fashion. This allows for a 
more perpendicular positioning of the femoral 
tunnel in relation to the distal femoral physis in 
order to keep the drill injury as small as possible. 
After the age of 10 and with still significant knee 
growth remaining, the femoral tunnel is drilled 
through the anteromedial portal in deep knee 
flexion. This causes a larger drill injury but allows 
for a more anatomic femoral graft placement 

Fig. 8.3 Radiographs of a 12-year-old boy operated with 
an ACL repair technique. The boy developed a functional 
instability after surgery caused by insufficiency of the 
repair. The 10 mm metal monobloc containing a suture- 
tensioning device crossed the proximal tibial growth 

plate. The use of such implants must be critically evalu-
ated before pediatric use in order to avoid large growth 
plate injuries and the need for extended revision surgery 
in case of failures
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[72]. An injury of the perichondral structures 
should be avoided by all means [71]. Preventing 
a blowout of the posterior cortex can be achieved 
by using a femoral drill guide with a 5 or even a 
7 mm offset. On the tibial side, care must be 
taken to position the tunnel entrance more medi-
ally as it is done in adults in order to protect the 
apophysis of the tibial tuberosity and avoid sub-
sequent development of a varus knee and/or a 
recurvatum knee [74].

Anderson [1–3] uses a transphyseal technique 
with cortical fixation. The semitendinosus and 
gracilis tendons are harvested with a standard 
tendon stripper and detached distally. The ten-
dons are prepared in a quadrupled manner with 
Endobutton for the femoral attachment. The fem-
oral guidewire is drilled under fluoroscopic guid-
ance in both antero-posterior (AP) and coronal 
plane with arthroscopic visualization of the inter-
condylar notch. The tibial guidewire is inserted to 
the anteromedial aspect of the tibia through the 
epiphysis with the aid of tibial drill guide. The 
graft is measured, and the smallest appropriate 
drill is used for the femoral and tibial tunnels to 

get a tight as possible fit. The graft is pulled to its 
place through the tunnels. A washer is placed to 
the femoral side to secure the Endobutton fixa-
tion. The tibial fixation is done in 10 degree knee 
flexion by tying the No. 2 FiberWire sutures over 
a tibial screw that is placed medial to the tibial 
tubercle apophysis and distal to the proximal 
tibial physis.

Chotel [10, 27] uses an arthroscopically 
assisted transphyseal technique on the tibial side 
and an intraepiphyseal technique on the femoral 
side (Fig. 8.5). The quadriceps tendon is har-
vested with a trapezoidal bone block from the 
patella. A femoral pin is inserted under fluoro-
scopic guidance in order to be parallel and at the 
same time at a safe distance from the physis. 
After validating the femoral pin placement, an 
outside-in technique is used for femoral tunnel 
drilling. The graft is introduced from outside-in 
and from the femur to the tibia. The bone block is 
impacted press-fit in the femoral tunnel. An 
extracortical staple and a biodegradable screw in 
the tunnel, which is placed distal to the tibial phy-
sis, achieve double tibial fixation.

Fig. 8.4 Radiographs of an ACL-reconstructed knee of 
an 11-year-old boy. Left: image shortly after surgery; 
right: 5 years after reconstruction and 20 cm of longitudi-
nal growth. The clinical outcome was excellent: return to 
pivoting sport, Lachman and pivot shift tests were nega-

tive. The images illustrate anatomic changes after ACL 
reconstruction: (1) upward migration of the femoral tun-
nel, (2) verticalization of the femoral tunnel, (3) vertical-
ization of Blumensaat’s line, (4) relative thinning of the 
tibial tunnel, (5) and narrowing of the intercondylar notch
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An example of a nonanatomic, extraphyseal 
technique is the so-called Clocheville technique 
[8, 68] using the mid-third of the patella tendon 
without bone blocks. Instead of bone plugs, a peri-
osteal flap is harvested at the patellar and the tibial 
insertion sites. The femoral tunnel is positioned 
proximally to the growth plate. On the tibial side, 
the graft is fastened at the epiphysis in a 1 cm deep 
bone trough. This procedure is technically more 
demanding than the arthroscopic single-tunnel 
technique. It has been used for many years, espe-
cially in very young, prepubertal children.

The tremendous evolution of arthroscopic 
ACL surgery has led to the recent development of 
an intraepiphyseal all-inside technique [44]. Both 
the femoral and tibial tunnels are drilled in a ret-
rograde fashion and do not cross the physeal 
plate, hence allowing for a minimally invasive 
and anatomic reconstruction technique. It 
requires the intraoperative use of fluoroscopy in 
order to prevent physeal injuries. The soft tissue 
graft is deployed into the tunnels from the inside 
of the joint, and graft fixation is achieved over 
soft tissue fixation buttons. This technique is very 
promising but technically demanding. It can be 
considered to be in the pioneering phase of surgi-
cal development [73].

Rehabilitation is similar to all the techniques, 
although more carefully handled than in adults. 
There is no universally accepted rehabilitation 
protocol. Children are allowed to bear weight on 
the operated leg in an extension brace over a 
period of 6 weeks; motion must be started early 
on to avoid arthrofibrosis [59]; sports activities 
can be resumed after 6 months at the earliest, in 
many cases only after 9–12 months.

8.5  Risk of Growth Disturbances 
After ACL Surgery

The risks related to different techniques of pedi-
atric ACL reconstruction are increasingly recog-
nized, and scientific research in the field is 
growing. In the last decade, it has been shown 
that a technically correct pediatric ACL recon-
struction has little risk in creating growth abnor-
malities [19]. Nevertheless, they do occur [11, 
32, 35, 36, 67, Shifflett 2013], and the under-
standing of the pathophysiologic changes of an 
iatrogenic injury to the growing cartilaginous 
structures in the knee is still incomplete. Growth 
disturbances can be described from different per-
spectives, depending on their pathophysiological 
explanation, their anatomic location, and their 
clinical relevance. An attempt to classify these 
different aspects and the respective treatment 
options is presented in Table 8.2.

From a pathophysiological point of view, 
reported growth disturbances after ACL recon-
struction were classified into three categories 
[11] (Fig. 8.6). The process of growth arrest (A) 
is caused by a localized growth plate injury, 
which generates the formation of a transphyseal 
bone bridge. Spontaneous breakage of the bone 
bridge may occur in very young children whose 
growth plate can create large distraction forces. 
Bone bridge formation can be prevented with a 
soft tissue graft at the height of the injured growth 
plate. A transphyseal bone block, i.e., with a 
quadriceps or a bone-patellar tendon-bone graft, 
a transphyseal hardware placement, or even a 
transphyseal synthetic ligament placement can 
cause such a sudden growth arrest as well. It is 
important for the surgeon to understand that a 

Fig. 8.5 Lateral fluoroscopic radiograph of a prepubes-
cent child showing a femoral all-epiphyseal tunnel and 
graft fixation with Endobutton. The tunnel is parallel and 
distant of only a few millimeters to the growth plate. This 
technique requires a high precision and bears the risk of 
creating a larger growth plate injury as compared with a 
transphyseal technique (Courtesy of JC Monllau, MD, 
Barcelona, Spain)
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growth disturbance evolves throughout the 
remaining growth process. The amount of defor-
mity is proportional to the localization and the 
size of the initial growth plate injury. A growth 
arrest can lead to axial deformities if it is located 

at the periphery of the physis or to symmetrical 
leg length discrepancies if it is located in the cen-
ter of the growth plate. On the distal femur, 
peripheral growth plate injuries can be caused 
either by a tunnel with a too large diameter or a 

Table 8.2 Classification criteria and treatment options of growth disturbances after ACL reconstruction

Clinical presentation Treatment option

Subtype Pathophysiological classification

A Growth arrest Early diagnosis: consider Langenskiöld 
procedure
Late diagnosis: osteotomy

B Acceleration of growth Observation; eventually temporary 
epiphysiodesis

C Growth deceleration Consider ACL revision to release graft 
tension

Localization Anatomical classification [11]
Medial proximal tibia Varus deformity Uniplanar deformity correction if clinically 

relevant
Anterior tibial tuberosity Recurvatum deformity Uniplanar deformity correction if clinically 

relevant
Distal, posterolateral femur Valgus deformity Uniplanar deformity correction if clinically 

relevant
Distal femur and proximal tibia Severe three-dimensional deformity Complex, multiplanar deformity correction
Subtype Clinical classification

Clinical, symptomatic ≥5° deformity at end of growth Deformity correction after end of knee 
growth

Clinical, asymptomatic 3–5° deformity at end of growth Observation
Subclinical, asymptomatic <3° deformity Observation

a b c

Fig. 8.6 Pathophysiological classification of growth dis-
turbances after ACL reconstruction (Modified from [11]) 
(a) growth arrest is caused by a transphyseal bone bridge. 
(b) The second type of growth abnormality is an over-

growth process (type B: boost). (c) The 3D type of growth 
disturbance (type C: decelerate) may be caused by the so-
called “tenoepiphysiodesis” effect
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posterior blowout with an injury of the perichon-
dral structures of the growth plate (Ranvier zone 
and perichondral ring of LaCroix) if a transphy-
seal technique is employed. If an epiphyseal tun-
nel is drilled (which should always be performed 
under fluoroscopy), the femoral tunnel is located 
distal to the growth plate. If a growth plate injury 
occurs with this technique, it will cause the devel-
opment of a femoral valgus deformity. The 
growth disturbance will be much larger in com-
parison with the transphyseal technique, and 
asymmetric growth may be much more severe in 
comparison with an arrest would be caused by 
transphyseal drilling. Finally, if the surgeon 
chooses an extraepiphyseal technique (over the 
top technique), caution must be paid to avoid an 
excessive rasping of the over-the-top position for 
a better graft adherence. This surgical maneuver 
may injure the perichondral structures and lead to 
axial malalignment as well [71]. Due to its pos-
terolateral position, a growth arrest at the femoral 
tunnel will lead to a deformity in valgus and flex-
ion. In such cases, anticipating the remaining 
growth allows to predict the amount of deformity. 
On the tibial side, peripheral injuries may be 
caused by damaging the tibial tuberosity apophy-
sis, either during harvesting of the hamstring ten-
dons or through a too anterior  positioning of the 
tibial tunnel entrance. In this case, the growth 
arrest will cause a recurvatum of the proximal 
tibia [75].

The second type of growth abnormality is an 
overgrowth process (type B: boost). It may be 
caused by a local hypervascularization, which 
stimulates the physeal growth process. This 
growth disturbance is temporary, and it usually 
becomes apparent in a limited period of 2 years 
following surgery. It is usually symmetric in 
which case it leads to a leg length discrepancy. 
Sometimes, a tibial valgus deformity can also 
occur, due to asymmetrical overgrowth. This is 
similar to the valgus deformities observed after 
pediatric tibial diaphyseal fractures. In order to 
rule out a preoperatively existing leg length dis-
crepancy, we recommend performing bilateral 
long-leg standing radiographs on a systematic 
basis. In this respect, it should be kept in mind 
that 77 % of the subjects in a general population 

have a leg length discrepancy of 7 mm or less 
[69]. Therefore, Frosch et al. [19] recommended 
considering leg length differences after pediatric 
ACL reconstruction only from 1 cm or more.

The 3D type of growth disturbance (type C: 
decelerate) may be caused by the so-called “teno-
epiphysiodesis” effect [14, 62]. In this case, an 
excessive graft tension across the physis causes a 
deceleration of the remaining growth and a sec-
ondary growth abnormality. The exact amount of 
graft tension being able to cause such an abnor-
mality in humans has not been defined yet. 
Experimental animal studies have shown that it 
should not exceed 80 N. The mechanism behind 
this growth abnormality is called the Hueter- 
Volkmann principle, according to early experi-
mental studies, which showed that an excessive 
pressure on the growth plate reduced longitudinal 
growth and vice versa [28, 78].

The clinical relevance or in other words the 
threshold from which a deformity may become 
symptomatic is difficult to define. It depends on 
the anatomic localization as well as the plane 
(frontal vs. sagittal) and the amount of the defor-
mity. In a previous study [70], it has been shown 
that axial deformities of 3° or less may be related 
to a measurement error. Although they would 
probably remain asymptomatic, malalignments 
from 3° upwards may become visible, whereas 
deformities of 5° or more may be considered 
clinically relevant and potentially detrimental in 
terms of compartment overload and long-term 
osteoarthritis development.

As a consequence of these possible growth 
abnormalities, children must undergo a much 
stricter postoperative follow-up as adults. Not 
performing this follow-up on a systematic basis 
may lead to an underestimation of growth abnor-
malities [55]. Clinical and radiological controls 
should therefore be mandatory until the end of 
the growth period. In case of a permanent growth 
abnormality, immediate surgical revision can be 
recommended if the cause of the complication 
has been clearly identified (i.e., transphyseal 
hardware or bone block placement). In such cases 
with a remaining growth potential, epiphyseal 
stapling or a Langenskiöld procedure may be 
considered [38–40]. If surgical revision is not 
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considered immediately, a corrective osteotomy 
may be mandatory at the end of the growth period 
[35, 36, 67, 75]. In such cases, the complexity of 
the corrective procedure is strongly related to the 
complexity of the deformity where uniplanar 
single bone deformities are easier to correct than 
multiplanar malalignment concerning both the 
femur and tibia. Fortunately, these complications 
are extremely rare, especially if the surgical tech-
nique has been properly performed. Nevertheless, 
the children and their parents must be informed 
preoperatively that they may occur even in expe-
rienced hands.
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Analgesia for Anterior Cruciate 
Ligament Reconstruction

Steven L. Orebaugh, Michael L. Kentor, 
and Battista Borghi

9.1  Introduction

Anterior cruciate ligament reconstruction 
(ACLR) is one of the most frequently performed 
ambulatory orthopedic procedures in the United 
States and Europe, increasing by 50 % from 1994 
to 2006 in the United States [46]. While knee 
arthroscopy is frequently accompanied by only 
minor pain, ACLR involves more significant inci-
sions in the vicinity of the joint, as well as drill-
ing, tunneling, and anchoring in bone, and in 
some patients, harvesting native tendons for auto-
grafts, all of which may contribute to substan-
tially more postoperative pain for the patient. 
Because ACLR is usually conducted on an ambu-
latory basis, effective analgesia is imperative. In 
a recent multicenter study of postoperative pain 
related to many surgical types conducted in 
Germany, Gerbershagen et al. noted that ACLR is 

accompanied by moderate-to-severe levels of 
pain [21]. Standard regimens of intraoperative 
and postoperative opioids are insufficient in 
many ways, given the side effects and adverse 
effects that accompany these drugs. Further, the 
use of exclusively opioids for pain management 
is likely to result in a higher frequency of unex-
pected admissions and longer periods in the 
recovery area, compared to administration of 
multimodal techniques inclusive of regional 
anesthesia [73]. In this chapter we consider dif-
ferent ways of managing the pain of ACLR and 
the evidence that supports these therapeutic 
regimens.

9.2  Importance of Effective Pain 
Management

Providing effective analgesia for complex and 
painful orthopedic surgeries has many potential 
benefits. Patient satisfaction is increased as pain 
management is improved, especially if opioid 
side effects, such as dizziness and nausea, are 
reduced [24, 25]. In both inpatient and outpatient 
settings, effective pain control may allow for ear-
lier patient discharge [11, 25]. Effective pain con-
trol allows participation in surgeon-specified 
exercises at home and during physical therapy, 
with improved passive range of motion noted in 
studies that have evaluated this outcome [30]. 
Patients who are relatively comfortable, with 
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minimal opioid requirements, are also able to 
ambulate sooner [24, 69] and have less distur-
bance of sleep patterns in the days after surgery 
[29]. Furthermore, unwillingness to move a pain-
ful extremity may lead to increased edema, 
arthrofibrosis, deep venous thrombosis, rehospi-
talization, and additional surgical procedures to 
address some of these issues.

9.3  Relevant Innervation 
of the Knee

The innervation of the knee is provided by the 
femoral, sciatic, and obturator nerves [15]. As 
described by Horner and Dellon, the medial fem-
oral cutaneous branch of the femoral nerve pro-
vides innervation to the medial aspect of the 
joint and the prepatellar plexus [27]. The saphe-
nous branch of the femoral nerve innervates the 
anterior and inferior knee capsule, as well as the 
cutaneous structures inferior and medial to the 
patella. In addition, the branches of the femoral 
nerve to the vastus medialis, vastus lateralis, and 
vastus intermedius provide branches that inner-
vate the knee joint capsule [19, 27] (Fig. 9.1). In 
some patients, the obturator nerve has been 
shown to provide a contribution to the subsarto-
rial plexus, which contributes to knee joint 
innervation. The lateral aspect of the joint is 
innervated by branches from the common pero-
neal and from the superior lateral genicular 
nerve, which branches from the sciatic nerve 
superior to the joint. In the posterior portion of 
the capsule, innervation is provided by both the 
posterior branch of the obturator nerve and the 
posterior articular branches of the tibial nerve. 
Arthroscopically assisted ACL reconstruction is 
most likely to involve the anterior and medial 
joint for the insertion of arthroscopic ports, the 
distal patellar and infero-patellar region for cuta-
neous incisions, and the proximal-medial por-
tion of the anterior tibia as well as the 
intercondylar region of the femur, where tunnels 
are drilled in order to anchor the graft [28, 51]. 
Additional incisions and dissection for harvest-
ing will vary with the graft type used for the 
reconstruction.

These areas of incision, dissection, and osse-
ous manipulation suggest that in many patients, 
not only the femoral nerve but also the sciatic 
nerve provides innervation to the tissues affected 
by ACL reconstruction. In particular, when the 
semitendinosus and gracilis tendons are har-
vested for autograft, posterior pain in the sciatic 
distribution is expected; a sciatic nerve block 
logically may be utilized to assist with postopera-
tive analgesia [72]. However, when allograft or 
anterior sources of autograft (patellar or quadri-
ceps tendon) are utilized, the utility of sciatic 
nerve blockade may be of less  importance. 
Nonetheless, peripheral blockade  affecting only 
the femoral nerve and its branches may leave 
some of these patients with poorly controlled 
pain, particularly inferior to the knee joint or 
deep within the joint. In an anatomic study of the 
anterior knee capsule in adult cadavers, Franco 
et al. noted that the inferolateral branch of the 
common peroneal nerve and the lateral articular 
branch from this nerve both provide sensory 
innervation to the anterior knee capsule [19]. In 
addition, drilling through the proximal tibia and 
deep into the femoral condyles may affect the 
boney innervation provided by the sciatic nerve.

9.4  Therapeutic Options 
for Analgesia After ACLR

As noted above, a purely opioid-based regimen 
has many drawbacks. However, non-opioid anal-
gesics may be utilized in concert with opioids in 
multimodal pharmacologic schemes to take advan-
tage of multiple different pain control  pathways. In 
addition, regional anesthesia techniques, both 
peripheral and neuraxial, may be employed with 
pharmacotherapeutic agents to good effect. The 
option to utilize continuous catheter techniques 
will be discussed below.

9.4.1  Opioids and Their Adverse 
Effects

Postoperative nausea and vomiting (PONV) is 
perhaps the most familiar and prevalent adverse 
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effect of these drugs in the perioperative period. 
Over 50 % of patients who receive no prophy-
laxis in the high-risk setting will develop this 
symptom [4]. Risk factors include female gender, 
a history of prior PONV, motion sickness, non-
smoking status, and use of postoperative opioids 
[64]. PONV may be responsible for delayed dis-
charge from the recovery area, prolonged hospi-
tal stay, and unexpected hospital admission with 
attendant economic consequences [64, 73]. 
Restricting the administration of opioid, through 
the use of multimodal analgesia and/or peripheral 
nerve blockade, reduces PONV, reduces unex-
pected delays in discharge, and improves patient 
satisfaction [24, 59, 73].

Examples of other common and frustrating 
clinical side effects of opioids include constipa-
tion, nausea, pruritus, dysphoria, and urinary 
retention [20, 70]. More serious adverse effects 
that may occur include ileus, with attendant 
delays in oral intake, as well as oversedation and 
life-threatening hypoventilation [45]. Many 
deaths have been attributed to treatment of both 
acute and chronic pain with opioids [10]. 
Importantly, there is a considerable amount of lit-

erature that describes not only tolerance to opi-
oids from chronic use but also rapid acute 
tolerance to perioperative opioids [3, 37, 41, 48]. 
Lastly, the use of these agents may contribute to 
opioid-induced hyperalgesia in the acute postop-
erative pain setting [57].

9.4.2  Multimodal Analgesia

A multimodal treatment plan is of particular 
benefit in the management of patients’ perioper-
ative pain, given the inherent limitations of opi-
oids. Multimodal analgesia incorporates various 
pharmacological agents such as acetaminophen, 
nonsteroidal anti-inflammatories, gabapenti-
noids, and α-2 agonists [34, 77], as well as 
 non- pharmacologic techniques (Tables 9.1). Both 
acetaminophen (administered orally or intrave-
nously) and nonsteroidal anti-inflammatory 
agents have been shown to significantly reduce 
postoperative opioid requirements in painful sur-
gical procedures. Additionally, gabapentinoids 
are frequently utilized for their contribution to 
postoperative analgesia but may cause dizziness 
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Fig. 9.1 Schematic of innervation of the periarticular region and joint capsule of the knee [Refs. formerly 11, 12]
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and sedation [77]. The preoperative use of both 
beta-blockers and alpha-2 agonists has been 
shown to have anesthetic- sparing and analgesic-
sparing effects and reduce postoperative pain 
while potentially improving cardiovascular sta-
bility [71]. In addition, steroids, local anesthetic 
systemic infusions, and magnesium have all 
shown some promise in the management of acute 
pain [14, 29]. Recent interest in the use of agents 
providing multimodal analgesia to reduce the 
potential for chronic postsurgical (incision-
related) pain remains speculative [68].

9.4.3  Regional Anesthesia 
Techniques

9.4.3.1  Neuraxial Blockade
Neuraxial anesthesia, either spinal or epidural, 
may be utilized for ACL reconstruction surgery, 
although the duration of action in these ambula-
tory procedures is necessarily limited to the 
period of surgical intervention, in contrast to pro-
cedures carried out in the inpatient setting, for 
which long-acting opioids may be added or an 
epidural catheter may be utilized for 24 h (or lon-
ger) of pain relief. These central blocks allow for 
rapid onset, minimal patient discomfort during 
the procedures, and improved immediate postop-
erative pain relief [52]. Avoiding general anes-
thesia for simple and complex knee procedures 
by utilizing neuraxial blockade and incorporating 
peripheral nerve blockade for the more painful 
surgeries has been shown to reduce postoperative 

pain and nausea and reduce unexpected admis-
sion [74].

Most data related to subarachnoid block (spi-
nal block) and ambulatory knee surgery are 
derived from studies of knee arthroscopy. In gen-
eral, these have demonstrated that the subarach-
noid block provided superior immediate 
postoperative pain control, reduced requirements 
for opioids in the early postoperative phase, a 
higher ability to “bypass” the PACU, and lower 
rates of postoperative nausea and vomiting 
(PONV) [33, 38] in comparison to the use of gen-
eral anesthesia. However, a meta-analysis [42] 
did not support lower PONV rates for spinal 
anesthetics. Most of these studies did not reveal 
earlier discharge from the hospital with spinal 
block, despite the noted advantages. However, 
lower-dose spinals, particularly when utilized in 
a “unilateral” application (which can be accom-
plished by placing patients in lateral position dur-
ing block administration), do allow for more 
rapid resolution and earlier ambulation [54] than 
conventional doses, especially when they affect 
both legs. Inclusion of opioids, such as fentanyl, 
in the spinal block allows for lower doses and 
faster return of function [55], but this may come 
at the cost of side effects such as nausea and 
 pruritus [54]. In addition, when compared to 
 peripheral nerve blockade, such as femoral and 
sciatic nerve blocks, spinal anesthesia may result 
in prolonged times to urination and recovery of 
ambulation, adversely affecting discharge times 
for ambulatory procedures [13].

In 2003, Williams et al. summarized the expe-
rience at a major university hospital’s sports 
orthopedics program, over a 4-year period, 
accounting for 1,200 ambulatory knee proce-
dures [72]. In this observational study, the authors 
evaluated the experience of patients for whom a 
specified perioperative management pathway, 
incorporating neuraxial anesthesia and/or periph-
eral nerve blocks of various types, had been uti-
lized, for simple knee arthroscopy or one of six 
complex procedures. Patients undergoing the 
complex procedures were more at risk for pain 
and benefitted to a greater degree from the use of 
either neuraxial anesthesia or peripheral nerve 
blockade, with better control of pain and a mark-

Table 9.1 Pharmacologic agents utilized in multimodal 
analgesia

Gabapentanoids
Acetaminophen
Nonsteroidal anti-inflammatory agents
Celecoxib
Opioids
Systemic local anesthetic infusions
Magnesium
Steroids
NMDA receptor antagonists (e.g., ketamine)
Alpha-2 agonist agents (e.g., dexmedetomidine)
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edly decreased risk of unexpected hospital admis-
sion, when compared to similar patients who did 
not receive blocks.

In summary, subarachnoid block as a primary 
anesthetic technique has been well studied in 
ambulatory knee procedures and offers potential 
advantages over standardized general anesthetic 
techniques, including improved early pain con-
trol, reduced PONV (in some studies), and 
improved ability to bypass the PACU, all of 
which may have a favorable impact on patient 
satisfaction. However, there is less literature 
available comparing this type of neuraxial anes-
thetic to general anesthesia when optimized with 
multimodal analgesia and complementary 
peripheral nerve blockade for postoperative 
analgesia.

9.4.3.2  Peripheral Nerve Blockade: 
Single-Injection Approaches

Regional anesthesia has many potential benefits 
and should be considered as a component of a 
multimodal treatment plan for the ACLR patient, 
in order to minimize the side effect burden of opi-
oid medications (Tables 9.2). Peripheral nerve 
blockade is practical and effective for pain con-
trol in the  perioperative setting, for orthopedic 
procedures and other painful surgeries [22, 61]. 
In a meta- analysis, Liu et al. found that both 
neuraxial and peripheral nerve blockade reduced 
postoperative pain scores and reduced PACU 
analgesic administration compared to general 
anesthesia [42]. However, in this analysis, only 
peripheral blocks reduced postoperative nausea 
and vomiting.

Peripheral nerve block (PNB) techniques have 
been shown to be quite efficacious in controlling 
the pain of ACL reconstruction. In general, PNB 
offers a variety of desirable effects in ambulatory 
orthopedic surgery. These include reduced pain 
scores in the immediate aftermath of surgery, 
reduced opioid use as well as reduced side effects 
from opioids (such as nausea and dizziness), 
diminished time in the postanesthesia care unit 
(PACU), higher likelihood of bypassing the 
PACU completely, and earlier discharge from the 
hospital [24, 25, 49]. Patient satisfaction is also 
improved [24, 25], in comparison to the use of 

general anesthesia without PNB. In addition, 
patients are able to take oral fluid and food and 
walk sooner than with general anesthesia alone, 
and patient satisfaction scores are increased [24].

For ACLR, femoral nerve block is most com-
monly employed (Fig. 9.1a, b). As noted above, 
the femoral nerve provides capsular innervation to 
the knee, as well as innervation of the skin over the 
patella, the medial aspect of the knee (in some 
patients), and the infrapatellar region, via the 
saphenous nerve’s infrapatellar branch [15]. In 
2006, Williams et al. conducted a randomized, 
controlled trial of single injection and continuous 
PNB compared to multimodal pharmacologic 
analgesic techniques, utilizing intraoperative ket-
amine with postoperative oral immediate- and 
gradual-release opioids as well as nonsteroidal 
anti-inflammatory agents [75]. Both of the PNB 
groups reported lower pain scores than the control 
group at 24 h after surgery, and there were no func-
tional sequelae at the 6-month postoperative evalu-
ation. In a comprehensive review, Stein et al. noted 
the reported benefits of FNB in ACLR as improved 
early postoperative pain control, reduced use of 
opioids, and fewer opioid side effects [65].

Other studies have shown substantial improve-
ments in pain control with femoral nerve block in 
ACLR as well. Wulf et al. evaluated several 
 different types and concentrations of local anes-
thetics for analgesia in ACLR. Compared to pla-
cebo, all of the FNB groups had significantly 
lower pain scores and opioid requirements in the 
immediate postoperative period, up to 4 h [76]. In 
a retrospective review of 376 pediatric cases of 
ACLR, in which 35 % of patients had received 
femoral block, Schloss et al. reported a reduction 
in postoperative pain scores, lower opioid 
requirements, a shorter hospital stay, and reduced 
admission rate in those who had received the 
nerve blocks [60]. Williams et al. in an assess-
ment of the impact of a perioperative analgesia 
pathway in 1,200 patients undergoing ambula-
tory knee surgery reported better pain control, 
reduced opioid use, and earlier discharge from 
the PACU in those with complex procedures 
(including ACLR) when nerve blocks were 
included in the anesthetic management [72]. In a 
later observational study of 948 patients undergo-
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ing ACL reconstruction, Williams et al. reported 
that the use of femoral and sciatic nerve blocks 
was associated with a markedly reduced require-
ment for admissions to the phase I recovery (vs. 
direct admission to phase II recovery) and also a 
more than 75 % reduction in unexpected hospital 
admission, with an attendant drop in hospital 
costs of 12 % [73]. Other trials evaluating the 
impact of femoral nerve block in ACLR have 
resulted in similar findings [31, 53].

Adductor canal block (ACB) (Fig. 9.2a, b) has 
taken on increasing importance and popularity as 
a means of providing analgesia in total knee 
arthroplasty (TKA), with minimal or no quadri-
ceps weakness, thus allowing earlier participa-
tion in rehabilitation [32], with a lower likelihood 
of falls [23]. In an early assessment of the use of 
ACB, this block did not appear to be as effective 
for analgesia for ACLR as it has for TKA [16]. 
However, in a more recent evaluation of ACB for 
ACLR, Espelund et al. found that pain was sig-
nificantly better controlled compared to the use 
of general anesthesia, with sparing of quadriceps 
strength compared to the group which received a 
block of the femoral nerve [17].

More distal approaches to saphenous nerve 
branches have been utilized in an attempt to pro-
vide analgesia while sparing quadriceps function. 
Lundblad et al. in a randomized trial of 64 
patients compared a standard multimodal regi-
men to infrapatellar nerve block, provided just 
above the level at which the saphenous nerve 
divides [43]. Compared to a sham block, this 
reduced pain significantly at 16–24 h (as the 
medications provided for multimodal analgesia 
were resolving) and improved the ability of 
patients to sleep in the first postoperative night.

a

b

Fig. 9.2 (a) Use of ultrasound guidance to perform 
 femoral nerve block. (b) Ultrasound image of needle adja-
cent to femoral nerve, before injection of local anesthetic

Table 9.2 Nerve block techniques for ACLR

Location/block Advantages Disadvantages

Femoral nerve block (FNB) Excellent analgesia Potential quadriceps atrophy
Nerve readily visualized with US Leg weakness/fall risk

Sciatic nerve block Useful for posterior/lateral/inferior pain to 
supplement FNB

Leg weakness/fall risk

Adductor canal block (ACB) Minimal quadriceps effect Nerve less visible than FNB
Less analgesia than FNB

Local anesthetic infiltration Simple to perform Less profound analgesia
By surgeon No motor effects

S.L. Orebaugh et al.
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When the semitendinosus tendon is utilized as 
an autograft for ACLR, femoral nerve blockade 
will not provide analgesia to the region of the 
harvest. This may be addressed with pharmaco-
logic methods, or with sciatic nerve blockade, 
either proximally, in the gluteal region, or  distally, 
in the proximal popliteal fossa (Fig. 9.3a, b) [1]. 
In many regional anesthesia-oriented  practices, a 
 supplement sciatic block is provided routinely 
for this situation [72]. In addition, drilling  

and tunneling through the proximal tibia for 
ACLR occur in an area in which the sciatic nerve 
may also play a role in innervation and postop-
erative pain. Finally, as noted above, the anterior 
 capsule of the knee receives significant innerva-
tion in its inferior and lateral aspects from the 
common peroneal nerve [19]. For all of these rea-
sons, sciatic nerve block may be necessary to 
complement FNB, even when the ACLR utilized 
allograft or patellar- or quadriceps-tendon auto-

a

b

Fig. 9.3 (a) Use of 
ultrasound guidance to 
perform sciatic nerve 
block. (b) Ultrasound 
image of needle adjacent 
to sciatic nerve, before 
injection of local 
anesthetic
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graft. Hibbard et al. evaluated 50 such patients in 
a prospective, observational trial and found that 
in 20 % of cases, patients complained of 
moderate- to-severe postoperative pain in PACU, 
despite a functioning femoral nerve block and 
multiple doses of postoperative opioids; all of 
these patients received rapid relief from a supple-
mental postoperative sciatic nerve block [26].

Some orthopedists have attempted to address 
the posterior pain of hamstring harvest more 
directly. Bushnell et al. conducted a comparative 
trial of injection of bupivacaine 0.25 % into the 
hamstring donor site, as compared to no injec-
tion, in which all patients received preoperative 
femoral nerve block [8]. Visual analog pain 
scores were 2–3.5 units higher in those without 
block during the immediate postoperative period. 
Likewise, Fauno et al. found that a directed ham-
string injection of local anesthetic provided supe-
rior pain control in the PACU and immediate 
postoperative period [18].

While the obturator nerve is known to inner-
vate the knee joint capsule and often innervates 
the skin over the medial aspect of the joint [15], 
its role in pain of ACLR is less certain. There are 
no comparative trials exploring the utility of the 
obturator nerve block in this setting. Anecdotally, 
a rare patient with refractory medial pain after 
ACLR may obtain relief when an obturator nerve 
block is provided as a “rescue” in the postopera-
tive phase. Obturator block may be most effec-
tively conducted in the proximal thigh [67] or 
with a posterior “lumbar plexus block” in the low 
lumbar region [36]; attempts to block this nerve 
as part of a multicomponent “three in one” block 
at the groin, with high volumes of local anes-
thetic solution, are considerably less successful.

The guidance technique by which PNB is car-
ried out, for femoral and sciatic blocks, has grad-
ually transitioned in North America from the use 
of peripheral nerve stimulation (PNS) to ultra-
sound (US) over the past 10 years. In prior 
decades, PNS offered both relative accuracy and 
a high degree of safety [5, 7]; however, US guid-
ance offers many additional benefits. These 
include ability to image the anatomy at bedside 
and to plan the safest and most direct route of 
needle placement, reducing the likelihood of 

encountering a blood vessel [47]. While this is 
but a “surrogate” marker for intravascular injec-
tion, the use of US guidance has clearly been 
shown to reduce the likelihood of intravascular 
injection with local anesthetic systemic toxicity, 
which may be a life-threatening occurrence [6, 
56, 63]. US guidance allows continuous imaging 
of the needle in its course toward the intended 
target, with less chance of insertion into the 
nerve. Finally, the use of US imaging allows 
ongoing evaluation of the disposition of the local 
anesthetic solution as it is injected, resulting in 
improved accuracy, higher degree of efficacy, 
shorter time required for block placement, more 
rapid onset of anesthesia, and increased duration 
of block [2]. While some practitioners prefer to 
use PNS in concert with US guidance, this has 
not been shown to enhance block success for 
femoral nerve block [62].

Surgeon-directed, specific local infiltration 
analgesia (LIA) during the surgery is becoming 
more popular during total knee arthroplasty. 
Some investigators have attempted to examine 
the effects of these techniques in ACLR as well. 
Dauri et al. performed a randomized trial in 
ALCR patients, of continuous FNB for postop-
erative analgesia, versus continuous infusion of 
ropivacaine into the patellar tendon donor site 
in concert with intra-articular infusion [12]. All 
patients received single-shot femoral and sci-
atic blocks. Pain scores at 12 and 24 h were 
lower in the group with the femoral nerve 
 catheter infusion, as were oral analgesic 
requirements. In a comparative trial of LIA vs. 
femoral block for postoperative analgesia after 
ACLR, Kristensen reported no differences in 
pain or opioid consumption between the two 
groups [39].

9.4.3.3  Continuous PNB Techniques
Peripheral nerve block catheters allow for con-
tinuous infusion of local anesthetic solutions to 
provide ongoing analgesia after painful extrem-
ity surgeries. Most practitioners leave them in 
place for 48–72 h. Continuous techniques  
may be used for inpatients [30] as well as 
 outpatients [66], in which case patients go 
home with a  disposable pump and remove the 
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catheter themselves. Catheters allow for pro-
longed pain relief, improved analgesia com-
pared to opioids [58], reduced opioid use and 
side effects [29, 30], improved sleep and patient 
satisfaction [30], and earlier discharge from the 
hospital [6, 8], in studies in which this has been 
specifically investigated. Further, they allow a 
degree of titration, with adjustment of concen-
tration or flow rates, that is not possible with 
single-shot blocks, as well as the ability to turn 
the infusion off immediately if any symptoms 
of toxicity should occur or if the extremity 
becomes insensate [50]. Multiple-day infusions 
of dilute concentrations of local anesthetic at 
standard infusion rates appear to be safe in 
those with normal volume of distribution and 
hepatic/renal function [35].

In a randomized, blinded, controlled trial to 
evaluate methods of postoperative analgesia for 
ACL reconstruction, Williams and colleagues 
compared the effectiveness of continuous femo-
ral nerve block to either single-shot block or no 
block at all [75]. In this prospective investigation 
of 270 patients, pain scores for those with con-
tinuous block were significantly lowered on post-
operative days 1–3, compared to those with sham 
block or single-shot block.

Some disadvantages and adverse effects must 
be weighed against the benefits offered by con-
tinuous nerve blocks. These include the potential 
for catheter colonization and local or systemic 
infection, as well as technical problems, which 
were noted in 18 % of cases in a large, multi-
center European study of multiple different cath-
eter types [9]. Nerve injury, while unusual with 
continuous blocks, must nonetheless remain a 
concern [9].

9.4.3.4  Safety and Complications 
of Nerve Blocks

Femoral block is considered relatively safe, with 
low likelihood of nerve injury [5, 65]. However, 
some authors have found evidence of prolonged 
quadriceps weakness, both by direct measure-
ment and assessment of function. Krych et al. 
performed a retrospective study of 196 patients 
undergoing patellar tendon autograft ACLR [40]. 

The primary outcome was isokinetic quadriceps 
strength plus functional testing at 6 months after 
the surgery. The authors reported significantly 
reduced quadriceps strength in the group that had 
received continuous FNB after surgery, com-
pared to the group without nerve block, and both 
vertical jump and single jump were impacted at 
this time point, though return to sports was not 
different between the groups. In a similar, retro-
spective study in pediatric and adolescent 
patients, Luot et al. reported measurably lower 
quadriceps strength at 6 months after surgery, 
although there was no difference in function [44]. 
This has led some orthopedists to avoid the use of 
FNB, while others favor use of the ACB in its 
place, to avoid impeding quadriceps function, 
which is subject to many adverse influences in 
the perioperative period, including preexisting 
muscle atrophy in the aftermath of the injury, 
tourniquet use in the operating room, reflex inhi-
bition of muscle contraction due to pain in the 
postoperative period, and postsurgical inflamma-
tory influences.

Peripheral nerve blockade may contribute to, 
or cause, postoperative neurologic dysfunction. 
Reports of serious nerve injury with femoral 
nerve blockade have ranged from 0.03 % [5] to 
approximately 0.5 % [9]. Authors of a review 
reported a mean incidence of 0.34 % [62]; how-
ever, permanent injury was very rare. These 
reports are from the era before US guidance, 
which may help to reduce the likelihood of severe 
nerve injury from needle trauma.

Other concerns related to peripheral nerve 
blockade include bleeding, infection, and sys-
temic toxicity. Infection with single-shot blocks 
is incredibly rare but may occur with indwelling 
catheters, as noted above. Damage to blood ves-
sels or hematoma is very unlikely when using 
ultrasound guidance but may occur with blind/
landmark techniques. LAST, usually manifest as 
central nervous system excitation (confusion, 
hallucinations, seizure), may occur in as many as 
1 in 1,000 cases when ultrasound is not used [56]. 
However, severe cardiac toxicity with 
 cardiovascular collapse appears to be much less 
likely to occur [5].
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9.4.3.5  Technique for Nerve 
Stimulator-Guided Femoral 
Nerve Block with Catheter 
Insertion

With the patient in supine position, the operator 
needs to carefully avoid external rotation in the 
operative leg. The target point for the needle 
insertion is located at the superior aspect of the 
thigh, at the femoral crease, approximately 5 cm 
distal to the inguinal ligament (Fig. 9.4a, b). If the 

anesthetist is working on the right thigh, he needs 
to place his right index finger base on the zenith 
point and directs his hand toward the navel; the 
tip of the middle finger finds the inguinal crease, 
where the femoral artery pulse is. This point 
allows one to identify the femoral nerve, if it is 
not possible to locate the corresponding artery. 
After the infiltration of mepivacaine 1–2 % 
1–2 ml, a Tuohy needle introducer (18 G, 10 cm) 
is inserted and connected to a neurostimulator, 

a

b

Fig. 9.4 (a) Use of 
ultrasound guidance to 
perform adductor canal 
block. (b) Ultrasound 
image of needle adjacent 
to saphenous nerve and 
femoral artery in the 
adductor canal, before 
injection of local 
anesthetic
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set with a current intensity of 1–1.5 mA, at a fre-
quency of 2 Hz. The needle is introduced with the 
tip toward the nervous pathway, directed to the 
navel, inclined at a 30–40° angle to the skin of the 
thigh (Fig. 9.5). The femoral nerve must be 
approached by the needle above the inguinal 
crease before it dichotomizes into its terminal 
branches. This method allows a complete analge-
sia of the areas innervated by the femoral nerve.

After obtaining the appropriate muscle twitch-
ing, confirmed by a symmetrical sliding of the 
patella, the intensity of stimulating current is pro-
gressively reduced, while the position of the nee-
dle is adjusted with small movements, in order to 
preserve an adequate muscle jerk, until the cur-
rent is less than or equal to 0.4 mA. At this point 
the local anesthetic is injected and a 20 G cathe-
ter is introduced, progressing 3–4 cm beyond the 
tip of the Tuohy needle.

The block is obtained by injecting levobupiva-
caine 0.5 % 20 ml (or mepivacaine 1.5–2 % 10 ml 
plus levobupivacaine 0.5 % 10 ml). To avoid the 
risk of intravascular injection, it is recommended 
to administer the volume of local anesthetic in 
small boluses of 5 ml, with repeated aspiration 
tests for blood during the procedure. It is possible 
to guarantee a continuous infusion of levobupiva-
caine 0.125–0.25 % at 5–7 ml/h, with an elasto-
meric pump. If the pump allows for 
patient-controlled regional anesthesia (i.e., self- 
administration of boluses of local anesthetic), it 
can be set as follows: infusion rate of 5 ml/h, 
2–5 ml as patient-controlled bolus, with a lockout 

period of 10–20 min, and a maximal infusion 
amount of 10–12 ml/h.

 Conclusion

ACLR produces substantial postoperative 
pain. Most of this appears to be in the femoral 
nerve distribution, but the sciatic nerve may 
also be affected, especially when a hamstring 
autograft is utilized. Neuraxial anesthesia 
offers several advantages over general anes-
thesia, including superior early pain control 
and reduced PONV, but may result in urine 
retention or delayed discharge from the hospi-
tal in ambulatory settings. While multimodal 
pharmacologic approaches for postoperative 
analgesia are appropriate for complex joint 
procedures such as ACLR, the inclusion of 
peripheral nerve blockade, either in the form 
of femoral or adductor canal blockade, pro-
vides superior pain control to medications 
alone. Further research is required to clearly 
elucidate the long-term effect of femoral nerve 
blockade upon quadriceps function.
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10.1  Introduction

The topic of deep vein thrombosis (DVT) pro-
phylaxis in anterior cruciate ligament (ACL) sur-
gery has become an important topic as the 
frequency of arthroscopic ACL reconstruction 
continues to increase. Knee arthroscopy is the 
most commonly performed procedure in the 
United States and Europe [18, 34, 45], with 
annual numbers in the millions [24]. 
Approximately 100,000 primary ACL recon-
structions are performed in the United States 
annually [36]. Arthroscopic ACL reconstructions 
are typically done in relatively young, healthy 
patients, as an outpatient procedure, and with 
early mobilization and weight bearing. Given 

these factors, it has been viewed as a low-risk 
procedure for venous thromboembolism (VTE). 
This viewpoint has been countered by some argu-
ing that ACL reconstruction should be consid-
ered a more high-risk procedure than other 
arthroscopic knee operations, due to the longer 
operative time and more invasive nature with 
drilling of bone tunnels. There is evidence that 
more invasive operations tend to have a higher 
risk for developing DVT [37]. This conflict is 
manifested in the varying practice patterns seen 
in different countries. Surveys and registries 
show that pharmacological thromboprophylaxis 
is prescribed for 17–96 % of all patients undergo-
ing knee arthroscopy [2, 24].

Regardless of the perception of risk, VTE is 
the most common cause of perioperative mortal-
ity following knee arthroscopy [39], and there 
have been several case reports in the literature of 
fatal pulmonary emboli after arthroscopic knee 
operations [19, 39, 51]. This, in addition to the 
increasing numbers of ACL reconstructions, 
will ensure that even a low complication rate is 
not negligible in terms of the overall incidence 
and significance of VTE. The potential conse-
quences of VTE are the reason for considering 
thromboprophylaxis after any operation. These 
consequences include pain associated with 
symptomatic DVTs, increased risk of recurrent 
DVT, post- thrombotic syndrome, and the devel-
opment of pulmonary embolism (PE) as well as 
death.
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This chapter evaluates the topic of anticoagu-
lation after ACL reconstruction. It will discuss 
the incidence and diagnosis of DVT, risk factors, 
and available thromboprophylaxis and highlight 
available scientific evidence as well as national 
and international guidelines.

10.2  Incidence of DVT

The reported incidence of DVT after knee 
arthroscopy and ACL reconstruction varies. 
Mauck et al. noted an overall incidence of symp-
tomatic VTE of 0.4 % over a 3-month postopera-
tive period [48]. Interestingly, they also 
mentioned that this observed incidence for post-
operative knee arthroscopy VTE was 14-fold 
higher than the general population, matched for 
age and sex. Maletis et al. also demonstrated a 
very low incidence of symptomatic VTE follow-
ing knee arthroscopy with 0.25 % developing 
DVT and 0.17 % developing PE [45].

The incidence of DVT after knee arthroscopy 
in prospective studies is generally higher as they 
also detect asymptomatic DVTs. These studies 
demonstrate a total DVT incidence of 3.5–17.9 % 
though the rate of asymptomatic DVTs ranged 
from 39.4 to 100 % [1, 2, 12–16]. In addition, of 
the seven studies that discussed DVT location, 
there was a high incidence of distal calf vein 
thrombosis of 72.7–100 % [12, 13, 34, 65, 67, 
73]. Ettema et al. was an outlier where only 1 of 
3 (33.3 %) patients with a DVT had a distal 
thrombosis [18]. A meta-analysis by Ilahi et al. 
evaluated six prospective studies with universal 
screening after knee arthroscopy and found a 
pooled DVT incidence of 9.9 %, with 83 % of 
these being distal [35]. Generally, distal DVTs 
are asymptomatic and have a rate of proximal 
progression ranging from 1.9 % to 23 % [38, 47]. 
This rate is highly dependent on the amount of 
clot burden, baseline versus transient risk factors, 
and the use of anticoagulation.

Jameson et al. specifically evaluated compli-
cations of ACL reconstruction. This retrospective 
study has the largest population of ACL recon-
structions with 13,941 patients and found an inci-
dence of 0.3 % for DVT and 0.18 % for PE [36]. 
Studies that prospectively looked at ACL recon-

struction reported a DVT incidence of 1.5–33 % 
[1, 11–13, 37, 66, 67, 77]. Again, a typically 
higher rate of asymptomatic DVT is demon-
strated at 44–100 % [1, 11, 15, 37, 66, 67, 77], 
and there was generally a higher proportion of 
distal thrombosis ranging from 78 to 100 % [1, 
37, 66, 67, 77].

A recently published systematic review focus-
ing on DVT and PE after ACL reconstruction 
identified six studies with a total of 692 patients. 
None of the patients in this study received post-
operative pharmacological anticoagulation. 
Fifty-eight patients (8.4 %) developed a DVT 
(81 % distal), and one patient (0.2 %) had a symp-
tomatic PE. Twenty-seven percent of DVT epi-
sodes were reported to be symptomatic [17].

10.3  Diagnostic Tests

Over the years, multiple different ways for diag-
nosing DVT have been established and used. One 
of the simplest methods is clinical diagnosis, 
which includes symptoms of calf or thigh pain, 
tenderness, and leg swelling, all of which can be 
easily masked after lower extremity surgery. 
These symptoms are vague and nonspecific and 
may not even be present in patients with 
DVT. Looking at the combined incidence of DVT 
in 15 studies, only 35 % (94/270) were symptom-
atic [1, 6, 11–13, 15, 17, 23, 31, 34, 45, 56, 60, 
61, 67, 68]. As clinical diagnosis is an unreliable 
method for the detection of DVT, other diagnos-
tic methods have developed out of necessity.

Ascending contrast venography is considered 
the gold standard for detection of deep vein 
thrombosis. However, it requires contrast injec-
tion and therefore is invasive in nature. It may 
cause deep venous thrombosis or ulceration from 
contrast extravasation and cannot be performed in 
pregnant patients or those allergic to contrast. 
Due to these side effects, other forms of detection 
with lower risks have been developed to replace 
venography. Plethysmography [44] was used 
more commonly in the past but has become a his-
torical test with time [64]. Computed tomography 
(CT) scan [69] and magnetic resonance venogra-
phy (MRV) [9, 59] are receiving some attention 
as possible methods, although their clinical use is 
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limited by radiation exposure as well as cost. CT 
scan is more commonly used in the diagnosis of 
PE (Fig. 10.1). Ultrasound currently remains the 
most commonly used method of DVT detection. 
This is likely because ultrasound is noninvasive 
and low cost and has minimal risk. However, its 
accuracy can be adversely affected by morbid 
obesity, edema, experience of the ultrasonogra-
pher, tenderness, and patient inability to tolerate 

exam and may not be performed if certain ban-
dages or casts are present [78].

There are varying types of ultrasound, which 
include compression ultrasound (B-mode imag-
ing), Doppler waveform imaging, and color 
Doppler imaging. B-mode imaging creates 
images of the vessels that can be analyzed for 
alteration of blood flow around a filling defect or 
echogenic material within the lumen, and com-
pression is added to evaluate the amount of com-
pressibility of the vein (decreased if a thrombus 
is present) (Figs. 10.2, 10.3, 10.4, and 10.5). Both 
Doppler waveform and color Doppler imaging 
use sound or color, respectively, to better identify 
vessels and look for changes or absence of blood 
flow. Duplex ultrasound is the combination of 

Fig. 10.1 A CT scan of the chest with PE protocol of a 
healthy 50-year-old patient who underwent elective ortho-
pedic surgery and presented 1-week postoperatively with 
a massive PE. She had no risk factors other than the use of 
a topical vaginal estrogen ointment

a b

Fig. 10.2 Compression ultrasound (B-mode imaging) showing (a) the vein with an open lumen and (b) full compres-
sion of the vein, indicating absence of thrombus

Fig. 10.3 Echogenic material within the vein demon-
strating a thrombus
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compression ultrasound with either color or 
Doppler waveform imaging. The sensitivity and 
specificity of ultrasound depend on the form of 
ultrasound used, the location of the thrombus, 
and whether the patient is symptomatic or not 
[78]. A meta-analysis of studies using various 
ultrasound methods to detect DVT in asymptom-
atic patients found a pooled sensitivity of 62 % 
and specificity of 97 % [71]. Proximal DVT was 
significantly better with a sensitivity of 95 % and 
specificity of 100 % [71]. A meta-analysis that 
looked at studies with only symptomatic patients 
found a pooled sensitivity of 89.7 % for detecting 
any DVT, 94.2 % for proximal DVT, and 63.5 % 
for distal DVT [23]. In a high-risk postoperative 
patient with concern for DVT but a negative 
ultrasound, venography or serial ultrasounds may 

need to be considered. The diagnostic criteria for 
a DVT on ultrasound are displayed in Table 10.1.

10.4  Risk Factors

Multiple risk factors, both patient and procedure 
specific, may affect a patient’s overall risk for 
developing VTE.

10.4.1  Patient-Specific Factors

Patient-specific risk factors include age, gender, 
previous history of VTE, oral contraceptives or 
hormone replacement therapy, varicose veins, 
smoking, obesity, history of malignancy,  

a b

c d

Fig. 10.4 Color Doppler imaging showing (a) color flow 
in the lumen, (b) absence of color flow in the lumen sug-
gesting a clot, (c) an example of venous and arterial 

Doppler with a flow in both, and (d) image showing a flow 
in the artery, but not in the vein, indicating a clot
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pregnancy, and an inherited or acquired 
thrombophilia.

Increasing age is considered an independent 
risk factor for VTE [8, 24, 31], and multiple stud-
ies show a positive correlation between increas-
ing age and incidence of DVT [36, 45, 46, 63, 65, 
67, 77]. One study indicated that hazard ratio for 
VTE after knee arthroscopy increased by 34 % 
for every 10-year increase in age [48].

A number of studies have analyzed gender as a 
risk factor for VTE after knee arthroscopy or ACL 
reconstruction. The overwhelming consensus 
appears to be that there is no difference in inci-
dence between males and females [13, 36, 45, 46, 
67]. Only one study found a higher risk of DVT in 

Fig. 10.5 Diagram for reporting DVT found on ultrasound examination

Table 10.1 Ultrasound diagnostic criteria for DVT

B-mode/compression 
imaging

Color/waveform Doppler 
imaging

Intraluminal echogenic 
material

Absent intraluminal signal 
(no flow)

Blood flow around 
intraluminal filling 
defect

Color flow around an 
intraluminal filling defect

Partially compressible or 
non-compressible vein

Diminished or absent flow 
response with augmentation 
maneuvers (squeezing distal 
portion of the vein)

Increase in vein diameter Non-phasic, continuous flow 
(with respirations)
No change or reflux with 
Valsalva maneuver
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female patients, but their female population had a 
higher age than their male counterparts [77].

Another factor that can affect the gender 
divide is the use of oral contraceptives (OCP) or 
hormone replacement therapy (Fig. 10.1). While 
the use of these in general is considered to be an 
independent risk factor for VTE, the literature 
with respect to knee arthroscopy and ACL recon-
struction is more conflicting [24, 31]. Two stud-
ies found no association between the use of OCPs 
and incidence of DVT postoperatively [12, 65], 
while a third retrospective study found that there 
was a higher incidence of DVT in patients who 
had received or refilled a prescription for OCP in 
4 months leading up to knee arthroscopy surgery 
[45]. They found the odds of developing a DVT, 
adjusted for age, were 2.54 times higher if the 
patient was taking OCPs [45].

Most studies did not find obesity (typically 
defined as BMI >30) alone related to increased 
incidence of DVT [48, 61, 65, 67]. One study did 
find that in the presence of at least two other 
patient-specific risk factors, a BMI >30 contrib-
uted to an increased incidence of DVT [12].

The presence of varicosity or chronic venous 
insufficiency was not found to be associated with 
DVT incidence in two studies [12, 65], but was 
the only statistically significant risk factor in 
another study [61].

A personal history of previous VTE has long 
been associated with an increased risk of a recur-
rent VTE. One study confirmed it as an indepen-
dent risk factor with a relative risk of 8.2 for the 
development of DVT [12]. However, two other 
studies did not find an association between 
increased incidence of DVT post-arthroscopy 
and a previous history of VTE [13, 65].

Smoking is not frequently assessed in the lit-
erature, though is considered a classic risk factor 
for DVT [24]. One study found no correlation 
with incidence of DVT [46], while another found 
that it contributed to an increased incidence of 
DVT when in combination with one or more 
other patient-specific risk factors [12].

Another risk factor associated with develop-
ing DVT is air travel, though it has not been spe-
cifically evaluated after knee arthroscopy or ACL 
reconstruction. Recent studies have shown a two- 

to fourfold increased risk [42]. Several underly-
ing causes have been identified including 
immobilization and hypoxia [6]. Air travel 
appears to be an especially strong risk factor for 
those with a genetic or acquired hypercoagulabil-
ity [7]. However, even in the healthy population, 
some people were found to have coagulation acti-
vation after air travel [62]. A study by Schreijer 
et al. showed that 17 % of healthy subjects had 
increased thrombin-antithrombin complexes 
after an 8-h flight, but not after an 8-h movie mar-
athon [62]. The remaining subjects in this study 
showed no activation of coagulation.

10.4.2  Procedure-Specific Factors

Orthopedic surgery in and of itself is an independent 
risk factor for DVT as it causes damage to muscle 
and bone, which triggers the release of coagulation 
factors and activation of platelets at the surgical site, 
which in turn activate local clotting processes [8, 
40]. In addition, surgical stress and pain can pro-
voke catecholamine release intravascularly, which 
also increase blood coagulability [8, 40].

The use of a tourniquet has been shown to 
increase blood coagulability during surgery, 
which may be related to tissue ischemia or pain 
[15, 40]. Hirota et al. evaluated tourniquet use 
and the amount of pulmonary emboli detected in 
the right atrium after tourniquet release in a cou-
ple different studies [32, 33]. They discovered 
that an increase in pulmonary emboli after tour-
niquet release is dependent on the duration of 
tourniquet inflation. In clinical studies, simply 
the use of a tourniquet during knee arthroscopy 
or ACL reconstruction is not associated with an 
increased incidence of DVT [46, 61, 63]. 
However, tourniquet time has conflicting evi-
dence. Several studies did not find any  correlation 
between tourniquet time and incidence of DVT 
postoperatively [12, 67, 77]. However, other 
studies demonstrated an increased incidence of 
DVT with longer tourniquet times >60 or 120 min 
[13, 15, 37, 46].

Most literature did not find an association 
between surgical duration and incidence of DVT 
[13, 46, 61, 67, 77]. It has been suggested that the 
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type of anesthesia, either general or epidural/spi-
nal, may have an effect on the incidence of 
DVT. However, two studies that evaluated 
regional/epidural anesthesia versus general anes-
thesia found no difference in risk of DVT [13, 61].

10.5  Mechanical 
and Pharmacological 
Thromboprophylaxis

The decision-making process involved in choos-
ing the right form of thromboprophylaxis for a 
specific patient starts with proper risk assessment 
[8]. The American College of Chest Physicians 
(ACCP) divides patients into low, moderate, 
high, and very high risk based on the expected 
incidence of deep venous thrombosis (DVT) and 
pulmonary embolism (PE) in the absence of pro-
phylaxis (Table 10.2) [58]. Based on this risk 
stratification, they recommend different types of 
prophylaxis. This can include mechanical pro-
phylaxis such as sequential compression devices 
and compression stockings, or pharmacological 
prophylaxis. Some of the more commonly used 
ones are discussed below.

10.5.1  Sequential Compression 
Devices (SCD)

Pneumatic/sequential compression devices are 
frequently used during and immediately after 
orthopedic surgery. SCDs utilize sleeves with 
separated areas or pockets of inflation, which 
works to squeeze on the limb in a “milking 
action” (Fig. 10.6). The most distal areas will 
initially inflate, and subsequent pockets will 

Table 10.2 ACCP VTE risk classification system

Low risk Moderate risk High risk Very high risk

Uncomplicated minor 
surgery in patients 
<40 years without risk 
factors

Uncomplicated 
surgery in patients 
40–60 years without 
risk factors

Major surgery in 
patients >60 years 
with additional risk 
factors

Major surgery in 
patients >40 years with 
prior VTE, malignancy, 
hypercoagulable state, 
elective major 
orthopedic surgery or 
hip fracture, 
polytrauma, spinal cord 
injury

Major surgery in 
patients <40 years 
without risk factors
Minor surgery in 
patients with risk 
factors

Distal leg DVT 2 10–20 20–40 40–80
Proximal leg 
DVT

0.4 2–4 4–8 10–20

Clinical PE 0.2 1–2 2–4 4–10
Fatal PE 0.002 0.1–0.4 0.4–1 1–5
Successful 
preventing 
strategies

No specific measures Low-dose 
unfractionated heparin 
Q12h, low-molecular- 
weight heparin, 
fondaparinux, SCD, 
compression stockings

Low-dose 
unfractionated 
heparin Q8h, 
low-molecular-weight 
heparin, 
fondaparinux, SCD

Low-molecular-weight 
heparin, oral 
anticoagulants, SCD

Fig. 10.6 A patient undergoing left knee arthroscopy. 
The right leg is placed in a sequential compression device 
to prevent DVT
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follow in the same manner. The pneumatic 
compression is thought to prevent venous stasis 
and encourage blood flow in the extremity 
while the patient is not actively moving the 
operative as well as the non-operative limb 
[50]. However, its use is mostly limited to the 
hospital setting.

10.5.2  Compression Stockings

Elastic compression stockings can be used in the 
immediate postsurgical period while the patient 
is recovering at home (Fig. 10.7). They reduce 
the diameter of distended veins and cause an 
increase in venous blood flow velocity and valve 
effectiveness. Compression stockings have been 
shown to help decrease venous pressure and pre-
vent venous stasis [53]. Knee or thigh high com-
pression stockings can therefore help prevent 
the formation of blood clots in the lower legs. 
Thromboembolism-deterrent (TED) hose are a 
type of gradient compression stocking. Gradient 
compression stockings provide the highest level 
of compression at the ankle which gradually 
lessens toward the top of the stocking. They 
have been shown to be effective in supporting 
the venous and lymphatic drainage of the leg, 
especially when combined with activations of 
the calf muscles [3]. Mechanical prophylaxis 
has a strong support for its use from the ACCP 
[21, 22].

10.5.3  Aspirin

Aspirin is a salicylate drug which has antiplatelet 
effect by inhibiting the production of thrombox-
ane. Aspirin is therefore often used to help prevent 
heart attacks, strokes, and blood clot formation in 
people at high risk [43]. Its side effects include gas-
trointestinal bleeding, tinnitus, Reye’s syndrome, 
hives, swelling, and hyperkalemia. It is contraindi-
cated in patients with peptic ulcers, diabetes, gas-
tritis, or a history of gastrointestinal bleeding. 
Although commonly used as a form of thrombo-
prophylaxis by orthopedic surgeons, the ACCP 
recommends against the use of aspirin alone for 
DVT prophylaxis in its most recent guideline due 
to lack of high-level evidence to support this [27].

10.5.4  Low-Dose Unfractionated 
Heparin

Heparin is one of the most commonly used phar-
macologic DVT prophylaxes, both in orthopedic 
surgery and in medicine as a whole. It is recom-
mended by the ACCP for patients with moderate, 
high, and very high risk [27]. Heparin works by 
binding to the enzyme inhibitor antithrombin 
III. It then inactivates thrombin and other prote-
ases involved in blood clotting such as factor Xa 
[10]. Unfractionated heparin is heparin that has 
not been fractionated to sequester the fraction of 
molecules with low molecular weight. It is avail-
able for intravenous (IV) as well and subcutane-
ous (SQ) administration. The most common side 
effects include bleeding, allergic reaction, injec-
tion site reaction, increase in liver enzymes, and 
heparin-induced thrombocytopenia (HIT) [57]. 
The incidence is up to 5 % of patients treated with 
unfractionated heparin [57].

10.5.5  Low-Molecular-Weight 
Heparin

Low-molecular-weight heparin (LMWH) has 
undergone fractionation with the goal of making 
its pharmacodynamics more predictable. An 
example of a commonly used one is enoxaparin 

Fig. 10.7 A postsurgical patient wearing bilateral knee 
high compression stockings to prevent DVT
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(trade name Lovenox, Sanofi, Bridgewater, NJ, 
USA) (Fig. 10.8). LMWH only consists of the 
short chains of polysaccharide. It can be dosed 
less frequently than unfractionated heparin, once 
or twice a day versus two to three times daily. 
Other potential benefits of LMWH are a smaller 
risk of bleeding, osteoporosis, and HIT (1 % ver-
sus 5 %). However, an advantage of unfraction-
ated heparin is that it is reversible with protamine 
sulfate, while the effect of this on LMWH is lim-
ited. The use of LMWH does need to be moni-
tored in elderly patients and those with decreased 
renal function as it is renally cleared.

10.5.6  Fondaparinux

Fondaparinux is an anticoagulant medication 
chemically related to LMWH. The most common 
brand name is Arixtra (GlaxoSmithKline, 
Coraopolis, PA, USA). It is a synthetic pentasac-
charide factor Xa inhibitor. In contrast to heparin, 
fondaparinux does not inhibit thrombin. The risk 
of HIT is substantially lower than with the use of 
both unfractionated and LMWH. However, its 
renal excretion precludes its use in patients with 
decreased renal function.

10.5.7  Oral Anticoagulants

There are several forms of oral anticoagulation. 
The most commonly used ones in orthopedic  
surgery belong to the coumarin family. Coumarins 

are plant-derived vitamin K antagonists. Warfarin 
is the most common generic with Coumadin 
(Bristol-Myers Squibb, New York, NY, USA) as 
the corresponding brand name. It takes at least 
48–72 h for the anticoagulant effect to develop. The 
effectiveness is monitored by determination of the 
international normalized ratio (INR) in the patient’s 
blood. For DVT prophylaxis the recommended 
INR is 2.5. It can be reversed using either vitamin K 
and/ or the administration of fresh frozen plasma.

Another category is the direct factor Xa inhibi-
tors. The most commonly used example is rivar-
oxaban (brand name: Xarelto, Janssen 
Pharmaceuticals, Titusville, NJ, USA). The bene-
fit of this class of medications is that they do not 
require regular blood monitoring of the 
INR. However, they are less frequently used 
because they have only recently become clinically 
available and have less awareness than some of the 
other medications listed. Further it is not possible 
to reverse their effect. Recently there have been 
several class action law suits regarding specific 
oral Xa inhibitors secondary to increased bleeding 
risk. However, medical literature about this is con-
flicting. A recent small retrospective pilot study 
showed that after joint replacement surgery, post-
operative bleeding occurred in 6.8 % of the patients 
using rivaroxaban versus in 3.2 % of the patients 
on enoxaparin (p < 0.0001) [76]. In contrary, a 
Cochrane review on the effectiveness of oral direct 
thrombin inhibitors and oral factor Xa inhibitors 
showed a similar rate of DVT and PE as compared 
to other forms of pharmacological anticoagulation 
and a decreased incidence of bleeding [56].

The last category is direct thrombin inhibitors 
[14]. Again, these are not very commonly used in 
orthopedic surgery for the same reason as the fac-
tor Xa inhibitors: they do not have a method of 
monitoring and cannot be quickly reversed. Some 
examples include argatroban (no brand name, 
GlaxoSmithKline, Coraopolis, PA, USA) and 
dabigatran (Pradaxa, Boehringer Ingelheim 
Pharmaceuticals, Ridgefield, CT, USA).

Most of the oral thromboprophylaxes have 
been approved for use in hip and knee replace-
ment surgery; however, their use in prophylaxis 
following ACL reconstruction or knee arthros-
copy has not been studied.

Fig. 10.8 A postsurgical patient receiving a subcutane-
ous administration of Lovenox in the abdominal region 
for DVT prophylaxis
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One of the biggest considerations with oral 
anticoagulation is their interaction with certain 
foods and nutritional supplements. The blood 
thinning effect can be increased with the use of 
beer, celery, cranberries, fish oil, garlic, ginger, 
ginkgo, ginseng, green tea, licorice, niacin, 
onion, papaya, pomegranate, red clover, soybean, 
St. John’s wort, turmeric, wheatgrass, willow 
bark, danshen, and feverfew [75]. Foods and sup-
plements that encourage clotting are alfalfa, avo-
cado, cat’s claw, coenzyme Q10, and dark leafy 
greens such as spinach [75]. Grapefruit interferes 
with some anticoagulant drugs, increasing the 
amount of time it takes for them to be metabo-
lized out of the body [75].

10.5.8  Inferior Vena Cava (IVC) Filter

An IVC filter is a device which can be inserted 
into the inferior vena cava by either interventional 
radiology or vascular surgery. It is designed to pre-
vent emboli from the lower extremities to pass 
through the vena cava into the lung, causing a 
PE. There are not many high-level studies on these 
devices. Therefore, its use is limited to patients 
with significant contraindications for anticoagula-
tion such as active bleeding and low platelet count, 
if the ACL surgery was so recent the surgeon is 
afraid of hemathrosis, if there is a plan to return to 
the OR in the near future, or in patients with a his-
tory of intracranial bleeding or HIT.

The one level I evidence study on the use of 
IVC filters demonstrated a decreased incidence 
in PE but an increased incidence of DVT [25, 
26]. In addition, this study and other studies have 
shown many long-term complications of IVC fil-
ters, which has led to the introduction of retriev-
able IVC filters. The ACCP supports the use of 
IVC filters for those with contraindications to 
anticoagulation who either have acute PE or 
acute proximal DVT [20].

10.5.9  Other Considerations

No specific guidelines or consensus exists for the 
length of prophylactic treatment after knee 

arthroscopy. The AAOS recommends 10 days of 
treatment after a knee or hip replacement [30]. 
Studies that evaluate length of prophylaxis are 
conflicting. Camporese found no additional ben-
efit with a 14-day LMWH regimen over a 7-day 
regimen [6], but Marlovits found a significantly 
reduced incidence of DVT with extended dura-
tion enoxaparin post discharge compared to only 
in-hospital use [46]. Another study noted that 
80 % of DVT occurred within the first 14 days 
post-op [49]. Conversely, an argument can be 
made to continue DVT prophylaxis until the 
patient has reached a certain level of mobility, for 
example, until the patient is able to weight bear, 
or until they are no longer using crutches.

Another consideration for choosing different 
kinds of thromboprophylaxis is the associated 
cost. Generally speaking oral medication is less 
expensive than injectable medication [70]. 
However, it is also important whether a patient 
receives the medication while in the hospital or 
while at home or at a rehab facility. Often times, 
insurance companies will cover the use of some 
medications only in a hospital or rehabilitation 
setting. For outpatient use in patients with poor 
or no insurance coverage, oral anticoagulation 
such as warfarin holds the lowest out of pocket 
cost.

10.6  Treatment of DVT After ACL 
Surgery

If a patient is diagnosed with a DVT or PE after 
ACL surgery, treatment should be initiated 
immediately. There is some controversy in litera-
ture on whether only proximal DVT should be 
treated, or if distal DVTs warrant treatment as 
well. Anticoagulation is the mainstay of treat-
ment for DVT. The goal is to prevent further 
thrombosis, PE (Fig. 10.1), post-thrombotic syn-
drome, pulmonary hypertension, and death. Post-
thrombotic syndrome is a spectrum of morbidities 
which include leg swelling, fatigue, and venous 
stasis ulcers [72]. Haas et al. reported an inci-
dence of post-thrombotic syndrome of 24 % 
2–4 years after asymptomatic DVT after ortho-
pedic surgery [28].
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For most patients, LMWH or fondaparinux 
are the preferred anticoagulants for their ease of 
use and support in literature [41]. However, 
unfractionated heparin is used in patients where 
there is a concern for renal dysfunction or with an 
increased risk of bleeding which may need to be 
reversed (Fig. 10.9). Warfarin can be used as well 
but has to be used with LMWH, fondaparinux, or 
heparin for the first 5 days until the target INR is 
reached at 2.5.

DVT can be treated as an outpatient [41], but 
some patients will need to be admitted to the hos-

pital. Generally, outpatient therapy is supported 
if patients are reasonable and understand the 
potential risks and side effects of anticoagulation, 
are hemodynamically stable, and have low bleed-
ing risk and no renal insufficiency [41]. 
Admission is recommended for patients with a 
massive DVT, PE, high bleeding risk, medical 
comorbidities, or an unfit or unsafe home situa-
tion [16]. These patients need to be monitored for 
adverse effect of the anticoagulation therapy.

Treatment of a thrombus is typically 3 months 
for a first time, uncomplicated DVT. In patients 
with significant risk factors or those diagnosed 
with a PE, treatment can be extended to 6 months 
or 1 year. Life-long preventive treatment is rec-
ommended for those with significant risk factors, 
such as the presence of a hereditary coagulopathy 
or those with multiple prior DVTs or PEs.

10.7  Evidence-Based Medicine: 
Randomized Controlled 
Trials/Meta-analyses

There is a reasonable body of level I and II litera-
ture on DVT prophylaxis after arthroscopic knee 
surgery. A recent systematic review of literature 
by Graham et al. identified 26 studies reporting 
on the incidence of VTE, DVT, and PE after 
arthroscopic knee surgery [24]. The findings of 
their review are interesting as they again illustrate 
the difference in results between the retrospective 
and prospective studies. When evaluating the 
occurrence of DVT and PE after arthroscopic 
knee surgery retrospectively, the incidence was 
less than 1 %. However, in the prospective stud-
ies, where all included patients were screened 
and thus both asymptomatic and symptomatic 
DVT and PE were assessed, the incidence was 
reported to vary from 1 % to as high as 41 % [24]. 
Various organizations therefore advocate against 
the routine screening of postsurgical patients 
with lower extremity venous duplex [27, 29].

The review by Graham et al. also looked at 
studies evaluating the effectiveness of various 
pharmacological thromboprophylaxis after knee 
arthroscopy [24]. They identified six randomized 
controlled trials [4, 5, 46, 49, 52, 74]. Two of 

Fig. 10.9 A patient with multiple medical comorbidities 
receiving an IV heparin infusion for a DVT as an 
inpatient
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those studies focused specifically on thrombo-
prophylaxis after ACL reconstruction [5, 46]. All 
six studies evaluated the use of LMWH. Three 
studies demonstrated a reduced risk of DVT with 
the use of LMWH [4, 49, 74]. However, the 
majority of prevented DVTs were distal ones, the 
clinical significance of which remains unclear 
[55, 60]. Four studies reported on the bleeding 
risk with LMWH treatment. Minor bleeding was 
reported in 2.5–12 % of patients and major bleed-
ing in 0–0.9 % [24].

A meta-analysis by Sun et al. on the efficacy 
of thromboprophylaxis after arthroscopic knee 
surgery included 13 prospective studies, 4 of 
which were randomized trials. They found that 
the incidence of DVT was 0.1–11.9 % in studies 
where patients received LMWH versus 1.8–
41.2 % in studies where patients received no pro-
phylaxis [68]. Furthermore, they concluded that 
the rate of proximal DVT in total DVT occur-
rence could be reduced from 21.3 % to 11.1 % 
with the use of LMWH [68].

A Cochrane review evaluating various inter-
ventions for preventing venous thromboembo-
lism in adults undergoing knee arthroscopy 
included 4 trials with a total of 527 subjects [54]. 
They found that the relative risk of any throm-
botic event was 0.16 when comparing any type of 
LMWH to placebo. However, they did state that 
all but one of these events involved distal venous 
thrombosis. Adverse events had a relative risk of 
2.04 in the LMWH as compared to the placebo 
subjects. The authors state that there is no strong 
evidence to conclude that thromboprophylaxis is 
effective and safe to prevent thromboembolic 
events in patients with unknown risk factors 
undergoing arthroscopic knee surgery [54].

10.8  National and International 
Guidelines

Various guidelines for selecting the appropriate 
thromboprophylaxis for each patient exist. 
General guidelines, not specific to orthopedic 
surgery, are provided by the ACCP [21, 22, 27]. 
These recommendations are summarized in 
Table 10.2. They recommend that all hospitals 

have a formal strategy to address the prevention 
of DVT and PE. They recommend against the use 
of aspirin alone as thromboprophylaxis for 
patients in any of the risk groups. They recom-
mend for mechanical methods of prophylaxis for 
patients at high bleeding risk. Specifically for 
arthroscopic surgery, they recommend against 
routine pharmacological thromboprophylaxis as 
they consider this a minor surgery in mobile 
patients [27]. However, they do support the use of 
LMWH in patients with risk factors for or a his-
tory of DVT or PE [27].

Caprini et al. proposed another risk stratifica-
tion system with the efforts of the THRiFT group 
[8]. Their guideline follows a scoring form filled 
out by the treating physician, which includes risk 
factors associated with the clinical setting and 
patient-related factors, and recommends a spe-
cific thromboprophylaxis based on these com-
bined risk factors [8].

Some orthopedic organizations give recom-
mendations with regard to DVT prophylaxis. The 
AAOS does provide specific recommendations 
for patients undergoing knee or hip replacement 
surgery [30]. However, they have no recommen-
dations for patients undergoing arthroscopic knee 
surgery or ACL reconstruction [29].

10.9  Conclusions

Although the overall incidence of DVT and PE 
after arthroscopic ACL reconstruction is low, 
with the increasing frequency of the procedure, 
its prevalence is not negligible [17]. Performing a 
proper risk assessment for each patient should be 
part of the preoperative evaluation. There are no 
strict guidelines for the use and choice of DVT 
prophylaxis, but there is literature available to 
assist the treating surgeon in making a decision 
based on the individual patient’s risk profile. 
Early mobilization and mechanical prophylaxis 
are safe and their use is supported in literature. 
There are many types of pharmacological pro-
phylaxis, all of which have been shown to reduce 
the rate of DVT and PE, but all with bleeding 
risks and other potential serious side effects. 
Those should therefore be prescribed based on 
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the surgeon’s risk assessment of their patient and 
after a discussion with the patient regarding the 
potential benefits and risks.
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Technical Considerations 
for Patellar Tendon Harvest

Danyal H. Nawabi, Jelle P. van der List, 
and Andy Williams

11.1  Introduction

The bone-patellar tendon-bone (BTB) autograft 
and the hamstring tendon autograft are the most 
frequently used grafts in anterior cruciate liga-
ment reconstruction (ACLR) [52, 69]. The patel-
lar tendon technique is most frequently used in 
the United States [52], whereas the hamstring 
tendon technique is more common in Europe [26, 
69]. In the late 1980s and early 1990s, the patel-
lar tendon technique was considered as the gold 
standard, and this technique provided reliable 
results in stability and return to sports. However, 
donor-site morbidities were frequently reported 
and led to a shift toward hamstring tendon proce-
dures and allografts in the early to mid-1990s 
[61]. Many surgeons were impressed with the 
seemingly easier recovery that occurred in the 

early phases after surgery using hamstring and 
cadaveric grafts. With a wave of enthusiasm for 
the hamstring graft, many surgeons believed that, 
compared to BTB autograft, hamstring tendons 
were just as successful but with lower complica-
tion rates and lower donor-site morbidity [61].

Over the last 10 years, many systematic 
reviews and meta-analyses assessing differences 
in graft failure, knee stability, and complications 
between both techniques have been published 
[11, 26, 30, 43, 44, 84, 93, 95]. Although most 
meta-analyses of randomized clinical trials did 
not show differences in graft failure between both 
techniques, some of these studies reported a ten-
dency toward a higher failure rate with the ham-
string tendon technique [11, 44, 93]. More 
recently, registries from Scandinavia and Kaiser 
Permanente confirmed this tendency reporting 
higher re-rupture rates with hamstring tendons 
[49, 68, 75]. Personal experience from one of the 
authors (AW) shows that in professional foot-
ballers the re-rupture using hamstring tendons is 
approximately double that of patellar tendons 
(see below).

Major problems that were reported with patel-
lar tendon graft harvesting were related to donor- 
site morbidity. These included but were not 
limited to anterior knee pain and kneeling pain 
[11, 43, 44, 93] and loss of extension [11, 43]. 
However, this situation has improved to the 
extent that the donor-site morbidity is much 
lower than the morbidity reported in the 1980s 
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and 1990s. In this book chapter, we will discuss 
the technical considerations that have contributed 
to this lower morbidity. Patient selection, techni-
cal considerations for BTB autograft harvest, and 
rehabilitation are discussed.

11.2  Patient Selection

Good results can generally be obtained with all 
graft types. Certain patients will benefit from 
some grafts more than others. For the modern 
soft tissue knee surgeon, we would suggest that a 
familiarity with using a variety of graft types is 
appropriate rather than always using the same 
graft.

11.2.1  Indications

In our opinion the patellar tendon graft is pre-
ferred in some specific patient groups, and these 
include (i) high-level footballers for the lower re- 
rupture rate; (ii) some amateur and professional 
high-level athletes for the lower re-rupture rate 
and to avoid weakening of the hamstrings (e.g., 
rock and wall climbing); (iii) high school (skele-
tally mature) and collegiate athletes, especially 
those with hyperlaxity, recurvatum, or increased 
tibial slope; (iv) revision cases from previous 
allograft or hamstring grafts; (v) patients who 
present with major laxity and malalignment, in 
whom perceived better stiffness of the patellar 
tendon and no hamstring weakening would seem 
to be advantageous; and (vi) patients with MCL 
laxity in whom ipsilateral hamstring harvest may 
reduce dynamic medial stability.

Many surgeons believe that graft strength is a 
major advantage of patellar tendon. Noyes and 
colleagues compared the maximum load-to- 
failure of different graft types and showed that 
patellar tendon graft is the strongest graft with 
strength of 168 % of the native ACL [65]. The 
semitendinosus, gracilis, and quadriceps tendons 
were significantly weaker (respectively, 70 %, 
49 %, and 21 %). When the strength of the grafts 
was corrected for the width of the graft in mm, 
the patellar tendon graft was still stronger. 

However, as the authors of this study stated, the 
graft strength is irrelevant if graft fixation or heal-
ing to host bone is inadequate. Another advan-
tage of patellar tendon ACL reconstruction is the 
faster bone-to-bone graft healing compared to 
tendon-to-bone healing in the first 6 weeks, and 
this can help high-level athletes in their early 
rehabilitation [48, 76, 88].

In patients with major preoperative knee lax-
ity or generalized ligamentous laxity, the use of 
the patellar tendon would be logical because 
patellar tendon reconstruction has less residual 
laxity compared to hamstring tendon reconstruc-
tion. Several systematic reviews and meta- 
analyses showed that the anterior drawer, 
Lachman, and pivot shift tests had less laxity 
after ACL reconstructions with patellar tendon 
compared with the hamstring tendon [11, 30, 43, 
44, 84, 93]. Therefore, we recommend BTB auto-
graft for symptomatic ACL-deficient patients 
with major laxity.

11.2.2  Contraindications

Anterior knee pain was traditionally reported in 
30–55 % of patellar tendon ACL reconstructions 
[37, 39, 47, 79] although a lower incidence was 
reported in older patients [71]. These rates have 
greatly reduced [5, 27, 62, 74] but are still more 
common with patellar tendon graft usage when 
compared to hamstring tendon grafts. Because of 
this high frequency, extensor mechanism pain 
prior to surgery is a relative contraindication of 
patellar tendon ACL reconstruction [56]. In addi-
tion, other graft types should be considered in 
patients with prior extensor mechanism injuries.

Another relative contraindication is repetitive 
kneeling for recreational, occupational, or reli-
gious reasons [48]. Some studies have reported 
postoperative problems with kneeling pain in up 
to 39 % [43], and meta-analyses have shown that 
kneeling pain is more common after patellar ten-
don harvest compared with hamstring tendon 
harvest [11, 43, 44, 93].

Patella alta or baja is also considered relative 
contraindications because they can result in a 
relatively long or short patellar tendon, 
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 respectively. A relatively long BTB autograft is 
more likely to result in graft-tunnel mismatch 
which can be addressed by a variety of techniques 
such as drilling a longer tibial tunnel, using an 
outside- in drilling or suspensory fixation on the 
femoral side, making a trough on the tibia for the 
bone block, or discarding the bone block on the 
tibial side altogether.

Furthermore, when harvesting the middle 
third of a patellar tendon of small width, which is 
usually seen in women of small stature, extensor 
mechanism problems can occur, and some 
authors have suggested to choose a different graft 
type [14]. However, these patients, due their short 
stature, have consequently small-diameter ham-
string tendons, and the preference of the authors 
(AW and DN) is to use a BTB autograft in these 
patients or an allograft in an older and less active 
patient. The BTB autograft may only yield only 
an 8-mm wide graft, but this is preferable to using 
small hamstring tendons.

11.3  Patellar Tendon Harvest 
Technique

11.3.1  Skin Incision

Several causative factors are suggested for ante-
rior knee pain of which two are specifically 
related to the skin incision: neurological injury of 
the infrapatellar branches of the saphenous nerve 
[27, 37, 72] and histologic changes of the donor- 
site healing process following decreased vascu-
larity of the remaining two-thirds of the patella 
and patellar tendon [34, 42, 51, 66].

11.3.1.1  Innervation
The saphenous nerve descends at the medial side 
of the femur, and the infrapatellar branch of the 
saphenous nerve branches off toward the lateral 
side of the knee between the apex of the patella 
and media side of tibia [35]. The infrapatellar 
nerve is a sensory nerve that innervates the antero-
lateral skin of the knee. Several studies have 
shown that the infrapatellar nerve is susceptible to 
damage when incision is made close to the tibial 
tubercle and on the medial side of the joint as is 

performed with the classic single longitudinal 
incision in patellar tendon harvesting [2, 31, 32]. 
A cadaveric study reported the incidence of 
infrapatellar nerve damage with the classic inci-
sion in 59 % of the cases [72]. Kartus and cowork-
ers [35] described the variations in anatomy of the 
infrapatellar nerve and found that 59 of 60 nerves 
(98 %) passed between the inferior pole of the 
patella and the tibial tubercle from medial to lat-
eral. The nerve passed 30 mm (±13 mm [SD]) 
distal to the inferior pole of the patella and passed 
27 mm (±13 mm [SD]) proximal to the tibial 
tubercle (Fig. 11.1), and this was confirmed in 

Fig. 11.1 The saphenous nerve descends on the medial 
side of the knee, and the infrapatellar branch crosses the 
midline between the patella and the tibial tubercle. In this 
figure two branches cross the midline, which is most com-
monly seen. The dotted area represents the cutaneous 
innervation of the infrapatellar branch of the saphenous 
nerve (Reprinted from Kartus et al. [36] with kind permis-
sion of American Journal of Sports Medicine)
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another anatomical study [87]. In most cases 
(62 %) the nerve passed between these landmarks 
as superior and inferior branch although the 
infrapatellar nerve did not split into these two 
branches in some cases (25 %) or in even less 
cases had more than two branches (12 %).

Kartus and colleagues extensively described 
the correlation of anterior knee pain with iatro-
genic damage of the infrapatellar branch of the 
saphenous nerve [35–38]. They retrospectively 
analyzed 604 patients who underwent BTB 
ACLR. At 2–5-year follow-up, they found corre-
lations between limited range of motion, sensitiv-
ity loss, and anterior knee pain [37]. They 
concluded that loss of motion and loss of sensi-
tivity were the two major factors affecting ante-
rior knee pain and knee walking ability.

Moreover, studies have reported that injury of 
the infrapatellar nerve is also possible during por-
tal incision of arthroscopic knee surgery [63, 87]. 
One study retrospectively assessed infrapatellar 
nerve damage during arthroscopy and found an 
incidence of 22.2 % [87], while another study 
found that in 8 of 20 cadavers (40 %), branches of 
the infrapatellar nerve were located at the posi-
tion of the anteromedial portal [63]. Because the 
infrapatellar nerve moves distally with knee flex-
ion, these studies recommended a horizontal inci-
sion technique with the knee in flexion to 
minimize the risk of nerve damage.

11.3.1.2  Different Incision Techniques
With the classic single-incision technique, a ver-
tical skin incision is made medial to the tibial 
tubercle approximately 0.5 cm medial of the 
medial edge of the patellar tendon and is extended 
proximally for 6–8 cm [48, 96]. The length of the 
incision can be minimized by using the “mobile 
window” concept in which the wound can be 
moved proximally and distally with retraction to 
expose the tibial tuberosity and inferior patella. 
The authors’ preferred technique is to make a 
paramedian longitudinal incision starting 0.5 cm 
medial to the inferior pole of the patella and 
extend distally to the level of the tendon insertion 
to the tibial tubercle (Fig. 11.2). At this point the 
incision is gently curved medially and distally for 
a further 1 cm to allow access for drilling of the 

tibial tunnel during ACLR. The overall length of 
the incision is usually between 4 and 6 cm. As 
mentioned above, we make full use of the “mobile 
window” concept, especially proximally, as the 
patella is mobile and can easily be delivered into 
the incision with the use of a Richardson-type 
retractor (Fig. 11.3).

Because this incision can compromise the 
aforementioned innervation and also vasculariza-
tion, several authors prefer a two-incision tech-
nique to prevent donor-site morbidity [5, 27, 35, 
57, 62, 74]. This technique is usually performed 
with two vertical incisions (Fig. 11.4) [5, 27, 35, 
57, 74] although also horizontal incisions can be 
used [62]. With the vertical incision technique, 
the tibial incision is located 1 cm medial of the 

Fig. 11.2 The creation of a mobile window when making 
a limited incision from BTB harvest

Fig. 11.3 Delivery of the patella into the mobile window 
with the use of a Richardson retractor and distal traction 
on the patella tendon
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tibial tubercle because the tibial tunnel drill guide 
will be positioned through this incision. A 25-mm 
vertical incision is then made centered on this 
position. The proximal incision is located at the 
center of the inferior pole of the patella and is 
extended proximal for 25 mm. In a cadaveric 
study, it was shown that with this technique the 
prevalence of iatrogenic infrapatellar nerve injury 
is only 5 % [35]. In addition, with this technique 
the average length of preserved paratenon is 
27 mm (±11 [SD]), and this is important with its 
role in the vascularization of the patellar tendon.

Gaudot and colleagues compared the single- 
incision with the two-incision technique [27] and 
found that in the two-incision technique, patients 
reported significantly less anterior knee pain 
(19 % vs. 58 %), less cases of hypoesthesia (43 % 
vs. 89 %), and a smaller surface of hypoesthesia 
(4.9 cm2 vs. 11.5 cm2). In addition, Liden and 
colleagues assessed the incidence of anterior 

knee pain in patellar tendon harvesting with the 
vertical two-incision technique compared with 
hamstring tendon harvesting [45]. They found no 
significant difference in incidence of anterior 
knee pain between patellar tendon and hamstring 
tendon harvesting (32 % vs. 35 %, respectively).

11.3.2  Open Versus Arthroscopic

While good results of ACL reconstruction have 
been published using both open and arthroscopic 
ACLR [1, 15], we would strongly advise against 
the traditional open procedure of ACL recon-
struction using BTB autograft. With the open 
procedure, the fat pad is excised in order to access 
the joint through the patellar tendon defect. The 
fat pad plays an important role in vascularity of 
both the patellar tendon and the patella. Moreover, 
the fat pad is highly innervated and is thought to 

a

c d

bFig. 11.4 The two- 
incision graft harvesting 
approach is shown. (a) The 
incision landmarks are 
drawn on the skin. (b) The 
patellar bone block with 
thread is harvested. (c) The 
paratenon is separated 
from the patellar tendon. 
(d) The patellar bone block 
and mid-third of the 
patellar tendon are drawn 
toward the tibial incision, 
and the graft is harvested 
via the tibial incision 
(Reprinted from Gaudot 
et al. [27] with kind 
permission of Elsevier)
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be a major source of pain [12, 22]. The fat pad 
has a great tendency to scar, which interferes 
with its ability to move and deform during knee 
motion. The scarring process can lead to contrac-
ture of the patellar tendon and subsequent patella 
baja. The inability of a scarred fat pad to move 
out of the anterior knee recess during knee exten-
sion can cause a fixed flexion deformity. Other 
good reasons to prefer an arthroscopic technique 
is the improved ability in identifying the appro-
priate position for the femoral tunnel.

11.3.2.1  Vascularity
Some authors have suggested that the decreased 
vascularity of the remaining patellar tendon can 
cause anterior knee pain, extension deficits, and 
patellar tendon ruptures [13, 27, 51, 66]. The 
patellar tendon is thought to have three major 
sources of blood supply [66]. The antero- 
proximal part of the tendon is mainly vascular-
ized by the inferior-lateral genicular artery, and 
the antero-distal part is vascularized by an anas-
tomotic arch of the anterior tibial recurrent artery 
and the inferior-medial genicular artery. 

Posteriorly, the patellar tendon is vascularized by 
the retropatellar anastomotic arch, which is 
located in the fat pad (Fig. 11.5). The importance 
of the role of the fat pad in patella tendon vascu-
larization was previously described [66, 83]. 
Furthermore, it was shown that the paratenon, a 
sheath surrounding the patellar tendon, plays an 
important role in vascularization of the patellar 
tendon [66, 77, 83, 92]. Therefore multiple 
authors have proposed preservation of the 
paratenon during BTB autograft harvest [3, 35, 
40, 54, 66, 77]. We make a longitudinal incision 
in the paratenon, in the central aspect of the 
patella tendon with a 15 blade. Medial and lateral 
flaps are elevated, and the longitudinal incision is 
extended proximally and distally with 
Metzenbaum scissors, protecting the underlying 
tendon (Fig. 11.6). At the end of the procedure, 
the paratenon is closed with a running Krakow- 
type suture using 2-0 Vicryl.

Other authors have suggested that decreased 
vascularity of the remaining patella could 
contribute to anterior knee pain [28, 42]. The 
main vascularization of the patella is from 

a

ma. DGA
ma. DGA ma. DGA

SMGA

SLGA
SLGA

SMGA

ILGA

ILGA ILGA

IMGA

IMGA IMGA

ATRA
ATRA ATRA

b

Fig. 11.5 The vascular supply of the patellar tendon is 
shown, (a) indicates the anterior surface of the patellar ten-
don, and (b) shows the two most common varieties of arte-
rial supply of the posterior surface. Ma. DGA indicates 
muscular-articular part of descending genicular artery, 

SMGA superior medial genicular artery, SLGA superior 
lateral genicular artery, IMGA inferior-medial genicular 
artery, ILGA inferior-lateral genicular artery, ATRA ascend-
ing tibial recurrent artery (Reprinted from Pang et al. [66] 
with kind permission of permissions@wiley.com)
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inferomedial (80 %), whereas vascularization 
from  inferolateral (15 %) or inferior (5 %) is less 
common [42]. This finding has recently been 
confirmed by Jones and colleagues [34]. They 
assessed the vascularization of the patella before 
and after BTB autograft harvest in cadaveric 
knees and found that the vascularization of the 
patella decreased by 31 % (range 7–70 %) after 
tendon harvest. They suggested further clinical 
studies are needed to assess the relationship 
between patellar devascularization and anterior 
knee pain.

11.3.3  Patellar Tendon Incision

The incisions in the patella are made longitudi-
nally to allow for the harvest of the central one- 
third of the patellar tendon. There are also reports 
of good results with harvest of the medial one- 
third of the tendon [50]. One of the major down-
sides of using the medial patellar third is 
postoperative maltracking of the patella to the 
lateral side [20] and subsequent alteration of 
patellofemoral contact pressure [17].

Before the patellar tendon is incised, the width 
should be measured. The width of the patellar 
tendon is on average 32 mm [9], and a tendon 
width of 10 or 11 mm is appropriate for BTB 
ACLR. Although it seems logical to use a larger 
part when the tendon is significantly wider than 
30 mm, we recommend to not use a graft wider 
than 10–11 mm since this makes the graft 

impingement more likely [86]. Once the central 
one-third of the patellar tendon is measured, the 
width of the patellar tendon and the tendon-bone 
junctions should be marked with ink.

Two different techniques can be used for the 
incisions into the patellar tendon incision. One of 
the authors (AW) makes two single incisions 
with a scalpel, while the other author (DN) pre-
fers to use a double-blade harvester (Fig. 11.7) 
[56]. This tendon harvester has two parallel 
 scalpel blades, which ensure a uniform graft 
width from proximal to distal. Reliable results 
can be achieved with the two single incisions, but 
care should be taken to make parallel incisions to 
prevent variability in the width of the graft. This 
risk is increased when the patellar tendon is har-
vested with two skin incisions. In this case, scis-
sors could be used within the paratenon to 
carefully extend the incision.

A few technical tips should be considered. 
First of all, the paratenon should be separated 
from the tendon and preserved as much as possi-
ble since the paratenon provides blood supply to 
the remaining patellar tendon [66, 77, 83, 92]. 
Secondly, there must be strict attention to preser-
vation of the underlying fat pad, especially at its 
proximal aspect where it attaches to the inferior 
patella and vascularizes the patellar tendon [66, 
77, 83] and the patella [34, 42]. Perforation of the 
fat pad proximally will also result in fluid extrav-
asation during the subsequent arthroscopic pro-
cedure, compromising visualization. Finally, the 

Fig. 11.6 Division and preservation of the paratenon Fig. 11.7 Utilization of a double 10-mm blade to harvest 
the patella tendon
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order of incising the patellar tendon and bone 
block is important. When the bone blocks are 
sawn first and subsequently the patellar tendon is 
incised, it is easier to misalign the tendon and 
bone blocks’ edges [56]. It is safer to make the 
tendon incisions first and then match the edges of 
the bone blocks to them.

11.3.4  Bone Block Harvesting

There are some important technical consider-
ations for bone block harvesting. First of all, saw 
cuts should be angled at 45–60° in order to create 
trapezoid-shaped bone blocks. Matava and col-
leagues analyzed the cross-sectional area and the 
ratio of the bone block diameter to the tunnel 
diameter with triangle, rectangle, trapezoidal, 
and square cross-sectional blocks [53]. They 
found that a trapezoidal bone block had a large 
surface area in the tunnel and better contact with 
a curved surface, which optimizes bone-to-bone 
healing. They also reported that using a trapezoi-
dal bone block enabled using a smaller tunnel for 
the graft when compared to a square cross- 
sectional block. If the bone block is not the cor-
rect shape, it can easily be trimmed on the back 
table. In primary reconstructions usually a 9- or 
10-mm bone block is sufficient.

11.3.4.1  Tibial Bone Block
With lateral retraction of the skin, the distal ten-
don attachment site can be visualized since the 
skin incision is 1 cm medial to the center of the 
tibial tubercle. It is essential to identify the ten-
don insertion point of the patella into the tibia. 
Through one of the tendon incisions, this can be 
identified, and from this point the length of the 
bone block can be measured distally. The usual 
tibial bone block length is approximately 25 mm 
long and is marked out using electrocautery or a 
knife. An oscillating saw blade is then used to 
make two parallel longitudinal cuts. The saw 
blade is angled slightly by approximately 10–20°. 
The cuts are started at the proximal end of the 
tibial tubercle and extended distally for 25 mm. A 
horizontal saw cut is performed to connect the 
two vertical cuts (Fig. 11.8). It is important for 

the edges of the bone block to match up with the 
tendon or else some of the tendon will lack bony 
insertion [56]. A small osteotome is then used to 
lever the bone block out of place. Hammering of 
the osteotome should never be necessary and 
runs the risk of causing fractures. The graft is 
then elevated from the fat pad with sharp dissec-
tion, and the deep surface of the bone block is 
trimmed using bone nibblers and sized (usually 
10 mm). The bone trimmed from the bone block 
is saved and used to graft the patellar bone defect 
later. If the cancellous bone here is excessively 
soft then, rather than removing it, it can be 
pressed by using pliers to harden the bone block.

11.3.4.2  Patellar Bone Block
The desired patellar block is marked out with ink 
or a knife. The width of the block is usually the 
same as the width of the harvested tendon and 
tibial tubercle bone block. In cases where the 
patella is small, the patella bone block may have 
to be downsized. A 10-mm saw is used for the two 
vertical medial and lateral cuts, and attention 
should be paid only to cut the cortex with the 
oscillating blade. The saw is angled at 45°. Some 
surgeons attach a depth stop to the saw blade to 
prevent differences in depth of drilling [56]. The 
depth stop aims to prevent differences in depth of 
sawing and therefore minimize the risk of produc-
ing points of stress concentration (“stress risers”) 
and subsequent patellar fractures. The depth stop 
will also prevent injury to the retropatellar surface 

Fig. 11.8 Making the horizontal cut during harvest of the 
tibial tubercle bone block
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from inadvertent very deep sawing. Similar atten-
tion should be paid to the horizontal cut joining 
the two vertical cuts. A 5-mm saw is used for the 
transverse cut to connect both vertical cuts. Care 
must be taken to use the saw to simply connect the 
vertical cuts because “cross- hatching” increases 
the risk of patellar fractures (Fig. 11.9) [56].

The graft is then pulled anteriorly and the 
5-mm saw is inserted posteriorly to the patellar 
tendon insertion, and the saw is used to cut the 
bone block out in the coronal plane (Fig. 11.10). 
Usually the bone plug separates and using this 
method will ensure minimal bone resection from 
the patella. If required, soft tissue connections 
have to be divided, and inserting a small osteo-
tome along the posterior aspect of the bone block 
and along the vertical cuts will help separate the 
block (Fig. 11.11). Hammering should not be 
necessary with the correct technique since this 
could cause fractures.

The graft is then taken to the back table and 
laid out on a graft prep station. The bone blocks 

are first trimmed to the planned diameter (usually 
9–11 mm) and length. Either rongeurs or cylin-
drical crimpers can be used for this task. Sizers 
are used to ensure accurate sizing of the bone 
blocks (Fig. 11.12). One of the authors (DN) pre-
fers to use the tibial tubercle bone block in the 
femur due to the increased offset between the 
tendon and bone at the tibial tubercle insertion 
and hence potentially less damage to the graft 
when inserting the femoral interference screw. 
The length of this block is made to between 20 
and 23 mm. The bone-tendon junction is marked 
with blue ink to aid the surgeon during the subse-
quent ACLR, as a guide to ensure that the graft 
has bottomed out in the femoral socket. Two 
equally spaced drill holes are made with a Keith 
needle, with the proximal hole being 5 mm from 

Proximal

Proximal

Distal

Distal

A A B B

C

Fig. 11.9 The patella is shown with several cutting tech-
niques. In example (a) the corners of the vertical cuts are 
overcut by the horizontal cut, and this can lead to stress 
risers and patella fractures. Example (b) shows the correct 
method of cutting the corners with the aid of a motorized 
burr. (c) Shows the depth of the vertical cuts and the hori-
zontal cut and no overcutting is seen (Reprinted from 
[56]) with kind permission of Lippincott Williams & 
Wilkins)

Fig. 11.10 Patella bone block being undercut to mini-
mize bone loss and articular surface penetration

Fig. 11.11 Careful use of osteotome to lever out the 
patella bone block
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the tip of the bone block to allow for maximal 
control when guiding the bone block into the 
femoral socket. The tip is also “bulleted” to aid 
with graft passage. Subsequently, #5 Ethibond 
(Excel Ethicon, Somerville, NJ, USA) or #2 
FiberWire (Arthrex, Naples, FL, USA) sutures 
are passed through these drill holes.

The patella bone block is then fashioned to the 
planned diameter and length (usually 25 mm). 
Three equally spaced drill holes are made with a 
Keith needle, and sutures are passed as done with 
the previous bone block. The holes are made 
obliquely across the bone block, and the bony 
surface that is devoid of drill holes is marked 
with blue ink. This guides the surgeon to place 
the tibial interference screw along this surface, 
thereby preventing damage to the sutures 
(Fig. 11.13). The final construct is then wrapped 

up in a saline-soaked gauze, placed in a kidney 
basin and inserted into a sterile clear bag to avoid 
contamination.

11.3.5  Tunnel Length

We tend to drill the femoral socket approximately 
2 mm longer than the bone block length. This 
allows the potential problem of buildup of bony 
debris in the tunnel that would block adequate 
seating of the graft. With long tendons we occa-
sionally drill 5 mm longer to allow some recess-
ing of the graft if the tibial tunnel is not adequately 
long.

To calculate the length of the tibial tunnel, the 
length of the patellar tendon graft from the base 
of the femoral bone block to the tip of the tibial 
bone block should be measured. This graft occu-
pies the intra-articular portion plus that in the 
tibial tunnel. Assuming an intra-articular graft 
length of 25–30 mm, depending on patient size, 
the required tibial tunnel desired length can eas-
ily be calculated. This calculation approximates 
very well and should prevent large graft-tunnel 
mismatches. Most modern ACL tibial aiming 
guides help the surgeon determine the required 
angle of drilling for the tibial tunnel in order to 
establish a tunnel of the appropriate length.

11.3.6  Graft Insertion

Before the graft is inserted, the soft tissue around 
the external aperture of the tibial tunnel must be 
cleared to prevent resistance on the graft as it is 
pulled into place. The sutures of the femoral bone 
block are tensioned so that they are all under 
equal tension. A steady traction force is applied 
and the femoral bone plug enters the external 
aperture of the tibial tunnel. If it catches here, 
applying further tension is rarely appropriate. 
Often the plug can be manipulated with a clamp 
and pushed into the tunnel. Usually the traction is 
applied with the knee at 90°, and as a result, when 
the bone plug emerges into the joint cavity, it 
does so at a steeper angle than the sutures going 
through the joint to the femoral tunnel. This will 

Fig. 11.12 Graft sizing is being performed to ensure easy 
passage of graft into tunnels during ACLR

Fig. 11.13 The final BTB graft construct
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tend to rotate the bone plug at the proximal end of 
the tibial tunnel and may cause jamming. To 
overcome this the knee is simply extended so that 
the line of the bone block is parallel to the sutures. 
When this does not resolve the problem, an 
arthroscopic hook can be used to put traction 
within the joint to pull the bone plug into the joint 
cavity. The bone block is then free to be pulled up 
to the femur. The arthroscopic hook is also useful 
when directing the bone block into the femoral 
socket, particularly when it has been created by 
anteromedial portal drilling, and is not collinear 
with the tibial tunnel. As long as the calculation 
of length is correct, as the tip of the femoral bone 
plug engages the aperture of the femoral tunnel, 
the tibial bone plug will be close to the external 
aperture of the tibial tunnel. The graft is then 
pulled into place before fixation with interference 
screws.

11.3.7  Graft-Tunnel Mismatch

A graft-tunnel mismatch is still reported in 
13–26 % of primary cases, and in most of these 
cases, the graft is too long compared to the tunnel 
[78, 91]. It is commonly seen when a hamstring 
graft ACL reconstruction is revised to tendon BTB 
ACLR using the same tibial tunnel. Several options 
are proposed to deal with this problem and mainly 
depend on the size of the mismatch. Some authors 
suggested using a cutoff of 12 mm to evaluate a 
mismatch being rather small or large [94].

When the mismatch is noted before graft 
insertion and the mismatch is smaller than 12 mm 
of excess length, it is suggested to externally 
rotate the block approximately two complete rev-
olutions which results in 25 % graft shortening 
[4]. Also having a femoral tunnel longer than the 
femoral bone block will allow some recessing of 
the graft into the femur to take up length.

If after graft insertion a relatively small mis-
match is noted with some of the tibial bone block 
protruding from its tunnel with a minimum of 
15 mm of bone block left within the tibial tunnel 
and good bone quality, the protruding portion of 
bone block can simply be excised after fixation 
with an interference screw. This screw will pass 

across the bone block but also fix the soft tissue. 
It is therefore important to use an interference 
screw with soft thread to prevent the risk of dam-
aging the graft. If there is a suture remaining in 
the bone block within the tibia, this can be used 
to provide supplementary fixation by means of a 
posting screw or suture anchor.

If the mismatch is greater, a “free bone block 
technique” can be used in which the bone block is 
removed from the tendon, the free end of the ten-
don is whipstitched, and the bone block is slid 
alongside the tendon in the tibial tunnel and secured 
with an interference screw while maintaining ten-
sion on the intratendinous sutures [91, 94]. The 
bone block can also simply be removed, thereby 
giving a graft with a single bone block at the femo-
ral end and soft tissue to bone fixation at the tibial 
end. Another option is rolling the distal block back 
onto the tendon and suturing the block to the ten-
don thereby shortening the graft by the length and 
thickness of the bone block [33]. With a really large 
mismatch, a bony trough can be created in the tibia 
distal to the external aperture of the tibial tunnel. 
The bone block of the distal graft can be recessed 
into it and fixed with staples.

If the graft is too short, it is important to first 
ensure that the femoral bone block has not been 
pulled in excessively, by checking the tendon- bone 
junction arthroscopically. The junction should 
usually be at the femoral tunnel aperture into the 
joint. It is helpful to view this arthroscopically by 
marking the tendon-bone junction with blue ink 
during graft preparation. If the graft is in the cor-
rect position within the femoral tunnel and the 
mismatch is a few millimeters, then the graft can 
be tensioned with the sutures and the screw can be 
introduced carefully into the tibia. The safest 
option is to place the screw away from the tension-
ing suture to avoid cutting the sutures as previ-
ously described. If the sutures fail, there are three 
scenarios. If at the moment of suture failure most 
of the screw is already inserted and good fixation 
is noticed, a prominent screw can be accepted with 
a view to early removal at 12 weeks postopera-
tively if needed. If the screw has barely been 
inserted and fixation is inadequate, the tibia over-
lying the tunnel has to be “de-roofed” to expose 
the graft for retrieval. In a case of a large mismatch 
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and a graft up the tibial tunnel, a decision can be 
made not to use interference screw fixation and to 
tie the tibial bone block sutures over a posting 
screw or an anchor. In worst-case scenarios, a dif-
ferent graft should be considered [94].

11.3.8  Grafting of Bone Defects

Fragments of bone removed from the bone blocks 
and drilling are impacted in the patellar bone 
defect. When harvesting the tibial tubercle bone, 
we deliberately harvest the graft with a V-shape 
at the apex deep to provide good amount of can-
cellous bone for later bone grafting. The small 
fragments of bone from the drilling provide a 
“grout” to hold the larger fragments in place. The 
scrupulous collection of these bone chips is usu-
ally enough to fill the tibial defect as well. If this 
is not sufficient, an osteotome can be used to 
elevate cancellous bone from deep in the tibial 
harvest site to fill the defect. While the patellar 
bone defect needs to be filled flushed with the 
surface of the patella, it is important to realize 
that the tibial defect only needs to be filled as far 
as the anterior extent of bone and not up to the 
anterior extent of the tendon.

One of the authors (DN) routinely uses a “cor-
ing” reamer (Arthrex, Naples, FL, USA) when 
drilling the tibial tunnel. This particular reamer 
preserves the reamed tibial bone as a cylinder 
within the reamer, which can then be removed 
and fits almost perfectly into the patellar bony 
defect (Figs. 11.14 and 11.15).

11.3.9  Patellar Tendon Closure

Historically, the patellar tendon was closed after 
patellar tendon grafting, but authors showed that, 
after complete closure, the patellar tendon is 
shortened by 10 % in 73 % of the cases [25] and 
this was thought to be correlated with patella 
baja, anterior knee pain, and crepitus [70, 89]. 
However, some authors questioned this shorten-
ing [58] and others showed that the patella defect 
could regenerate into a firm scar, and both 
 findings led to a debate whether it was necessary 
to close the defect [8, 23, 46, 73].

Generally, there are three options regarding the 
management of the patellar tendon defect: (1) clo-
sure of both the patellar tendon and paratenon, (2) 
closure of the paratenon only, or (3) leaving both 
the tendon defect and paratenon unrepaired. A 
recent systematic review reported four random-
ized clinical trials that compared closure versus 
non-closure of the patellar tendon defect [24]. 
They found no differences regarding pain, range 
of motion, clinical outcome scores, and incidence 
of patella alta between both surgical procedures. 
One randomized clinical trial compared the effect 
of closure of the paratenon and bone grafting on 
patellar defect closure. Their results showed that 
closure of paratenon enhances healing of the 

Fig. 11.14 The cylindrical “core” of bone that is gener-
ated from a “coring” reamer after drilling of the tibial 
tunnel

Fig. 11.15 The “core” of bone usually fits perfectly into 
the patellar bone defect
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patellar tendon defect and restores normal appear-
ance of the tendon within 2 years [41]. Therefore, 
both closing and leaving the defect unrepaired are 
possible although it is advised to close the 
paratenon and thus optimize the vascularity and 
healing of the patellar tendon [48]. If the surgeon 
prefers to close the patellar tendon, this should be 
performed in 90° of knee flexion since this allows 
equal tension on the medial and lateral thirds of 
the tendon. Our preference is to close the defect 
with interrupted absorbable sutures [96].

Furthermore, some authors have suggested 
using platelet-rich plasma (PRP) to fill and regen-
erate the patellar tendon defect [16, 19, 64]. The 
use of PRP is a relatively new technique, and two 
randomized clinical trials showed that with PRP, 
the patellar tendon defect is smaller on MRI and 
less postoperative pain is reported. Although 
these techniques could have a role in the treat-
ment of patellar tendon defects, these techniques 
are fairly new and further research is indicated.

11.4  Rehabilitation

Historically, crude rehabilitation, including long 
periods in casts, was a major cause of morbidity 
in the period when patellar tendon ACL recon-
struction was associated with frequent extensor 
mechanism problems. There are some special 
considerations that should be taken into account 
with the use of patellar tendon autograft. The 
most important issue is achieving full active 
extension [80–82].

Accelerated rehabilitation protocols with full 
weight bearing, full ROM, early closed kinetic 
chain quadriceps exercises, and even return to 
play within 4 months are described in the litera-
ture [55]. Beynnon et al. compared accelerated 
versus non-accelerated rehabilitation programs 
following patellar tendon ACL reconstruction in 
a double-blind randomized clinical trial and 
found no differences in laxity, functional perfor-
mance, proprioception, and thigh muscle strength 
at 1-year follow-up [10]. However, in order to 
prevent re-ruptures, we would not advocate a 
return to play before 6–9 months. Recovery of 
passive and active motion and full weight bearing 
are recommended in the immediate setting to 

reduce pain, arthrofibrosis, and muscle atrophy 
[55, 90]. The aforementioned faster bone-to-bone 
healing with the patellar tendon graft compared 
to tendon-to-bone healing in hamstring tendon 
graft plays a role in this consideration. Moreover, 
since anterior knee pain is a major complaint 
after patellar tendon reconstruction, it is reported 
that regaining of quadriceps control and full knee 
extension in the first few weeks after surgery are 
major indicators of preventing anterior knee pain 
[55, 80–82]. This includes intensive rehabilita-
tion of the quadriceps mechanism with closed 
kinetic chain exercises within the first few weeks 
with a safe range of 0–45° or 0–60° of flexion 
[55, 90]. Flexion can be increased but is of sec-
ondary importance. Extension loss is frequently 
reported in reconstructions with the patellar ten-
don (11–13 % of cases) [29, 37, 67]. Although 
this extension loss is now uncommon in our 
experience, it is more common than in hamstring 
tendon reconstructions [11, 93].

Another important reason for full active exten-
sion is the prevention of fat pad scarring. The 
quadriceps, pulling through the patella and patel-
lar tendon, would tend to stretch and compress 
the fat pad and prevent contractures. Most 
patients find it more comfortable to rest with the 
knee flexed around 10–20° since the fat pad has 
the most room in the anterior knee in this posi-
tion. Without frequently getting full active exten-
sion, the fat pad will scar and become relatively 
rigid. As a result the fat pad cannot move out of 
the way, as it would normally, by the compres-
sion from articular surfaces and anterior horn 
advancement. This blocks knee extension. With a 
well-placed graft, there should be no fear of graft 
damage with knee motion and thus full early 
active and passive hyperextension and patellar 
glides should be performed to prevent fat pad 
scarring.

11.5  Dealing with Complications

11.5.1  Patellar Fractures

Patella fractures are a rare intra- or postopera-
tively complication in patellar tendon ACL recon-
structions (0.4–1.3 %) [59, 60, 85]. Fractures are 
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mostly the results of deep saw cuts, “cross-hatch-
ing” of the corners of vertical and horizontal cuts, 
or harvesting of a large patella bone block. Deep 
saw cuts in the patella can lead to vertical frac-
tures and can be treated with fixation by two 
transverse screws and bone grafting of the defect. 
The first screw is placed proximal to the bone 
defect so that no excessive compression occurs. 
The second screw is then inserted at the level of 
bone graft. It is useful to wedge a piece of cortical 
bone into the bone defect to prevent the second 
screw compressing the site of the bone defect. 
This bone can be harvested from the tibial 
metaphysis. Harvesting grafts of excessive size 
and overcutting of corners can cause transverse 
fractures, which can be treated with a tension 
band wire after filling the bone defect with graft. 
Surgical treatment of displaced fractures and the 
conservative treatment of non-displaced fractures 
both have good results and only have a small 
effect on postoperative management [60, 85].

11.5.2  Patellar Tendon Ruptures

The incidence of patellar tendon ruptures is very 
low (0.18–0.25 %) [6, 59]. It would probably tend 
to occur at the proximal end of graft harvest with 
rough handling of the soft tissues or failure to 
centralize the graft harvest and thus leave a vul-
nerable and small medial or lateral band of ten-
don. If during surgery the patellar tendon is at 
significant risk, it can be reinforced in a similar 
way as treating a primary patellar tendon rupture. 
Full patellar tendon ruptures should be treated 
operatively in order to allow continuation of the 
rehabilitation program [59], but partial tears can 
be treated conservatively [7].

The preferred operative technique of one of 
the authors (AW) is, after direct repair of the rup-
tured tendon, to take the semitendinosus and 
gracilis, left attached to the tibia, upwards medial 
to the patellar tendon, then pass it through a 
transverse drill hole in the patella around its 
equator and finally guide it down lateral to the 
patellar tendon before fixation to the lateral tibia 
using either an interference screw or double sta-
ple technique buried under the tibialis anterior.

11.5.3  Persistent Anterior Knee Pain

In some cases, even with perfect surgical tech-
nique, patients report troublesome anterior knee 
pain. Firstly the cause needs to be identified. 
Radiographs, ultrasound scanning, MRI, and 
SPECT CT scanning can all be useful. Problems 
with bony healing can occur in the defect, but also 
occasionally small marginal fractures of the 
patella, close to the inferior region of bone graft 
harvest site, can occur. These are presumably 
small stress fractures related to abnormal loading 
on the soft tissues attached to them. The identifi-
cation of the fragments can be difficult. Therefore 
SPECT CT with additional diagnostic injection of 
anesthetic under ultrasound control is useful. 
After identifying these fragments, the pain can be 
treated with their excision. Poor healing of the 
patellar donor site may require curettage and bone 
grafting. Steroid injections into this area are con-
traindicated as it is associated with patellar tendon 
rupture [18]. However, in the case of tendon heal-
ing problems, injection of PRP or sucrose (“pro-
lotherapy”) has a place in treatment.

When surgical intervention is not indicated, it is 
essential to be sure that optimal physiotherapy has 
been undertaken. Full knee extension and quadri-
ceps muscle control during rehabilitation can 
improve anterior knee pain [55, 82]. In addition, 
poor gluteal function will tend to lead to internal 
rotation of the hip and provide a valgus external 
rotation force at the knee during activity. This can 
lead to overload of the lateral patellofemoral joint 
and the superolateral fat pad [21], and since the fat 
pad is highly innervated, this could contribute to 
anterior knee pain [12]. If significant edema in the 
fat pad is seen on MRI, an injection with local 
anesthetic and steroids can be injected with ultra-
sound guidance, and this will likely reduce the 
symptoms. If the pain reduces, further muscle 
strengthening with physiotherapy will be easier 
and prevent recurrence of symptoms [21].

 Conclusion

Modern equipment and improvements in sur-
gical technique have considerably reduced the 
donor- site morbidity and complications asso-
ciated with BTB autograft harvest for 
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ACLR. While anterior knee pain is still more 
frequent with BTB harvest than hamstring 
harvest, the difference is sufficiently small to 
preclude the use of the patellar tendon in situ-
ations where it may be considered the superior 
graft choice.
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Technical Considerations 
for Quadriceps Tendon Harvest

Harris S. Slone, John W. Xerogeanes, 
Christian Fink, and Christian Hoser

12.1  Background

Graft options for anterior cruciate ligament 
reconstruction (ACL) is one of the most com-
monly studied topics in orthopedic sports medi-
cine, yet controversy remains with regard to 
which graft is best. Cost, cosmesis, ease of har-
vest, infection, donor site morbidity, clinical 
outcomes, rerupture rates, fixation, and surgeon 
familiarity all factor into a surgeon’s decision 
when choosing a graft. Bone-tendon-bone 
(BTB) grafts are considered to be the “gold 
standard” to which other autografts are com-

pared. Proponents of BTB grafts cite bone-to-
bone healing, rigid fixation, lower rerupture 
rates, and intact hamstrings which act as a sec-
ondary stabilizer to anterior tibial translation. 
Proponents of hamstring autografts cite lower 
donor site morbidity, an intact extensor mecha-
nism, lower rates of late osteoarthrosis, and 
avoidance of graft-tunnel mismatch [12]. 
Autologous quadriceps tendon (QT) graft for 
ACL reconstruction was originally described in 
1979 by Marshall et al. [9]. Despite decades of 
success with this graft, QT remains infrequently 
used compared to alternative autografts [17], 
although interest in this graft seems to be 
increasing [10, 17, 18]. Nevertheless, QT is an 
incredibly versatile graft option which can be 
used in the primary or revision setting for 
single- bundle or double-bundle reconstruc-
tions, via a transtibial, anatomic, or all-inside 
techniques. The QT is unique in the sense that 
it allows the surgeon to harvest only “what is 
needed” and leave the remaining anatomy 
intact. Additionally, the tendon can be har-
vested with or without a patellar bone plug 
making it an excellent choice for epiphyseal 
sparing techniques in skeletally immature 
patients. Histologic and biomechanical proper-
ties of QT make it a favorable choice for ACL 
reconstruction [1, 6, 7, 11, 13]. Clinical out-
come studies demonstrate similar outcomes to 
alternative autografts, with low donor site mor-
bidity [4, 5, 8, 13]. Graft size can easily be 
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 predicted from preoperative imaging studies  
[16, 20]. We think that the widespread use of 
QT has been limited by the historically cumber-
some  harvesting and less attractive cosmetic 
results compared to other autografts (Fig. 12.1).

The minimally invasive harvest techniques 
described in this chapter, in conjunction with recent 
development of specialized instrumentation, allow 
for a reproducible, safe, and easy graft harvest with 
improved cosmetic appearance (Fig. 12.2).

a b

Fig. 12.1 (a) Incision and (b) scar following conventional quadriceps tendon harvest

a b

Fig. 12.2 Cosmetic appearance following minimally invasive quadriceps tendon harvest via (a) longitudinal or (b) 
horizontal incision
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12.2  Indications 
and Contraindications

The QT is an appropriate choice for most patients 
undergoing ACL reconstruction. We have used 
QT as a primary graft option for several years in 
patients of all ages and activity levels, including 
elite athletes. Patients who perform a significant 
amount of kneeling for sport or employment and 
those with coexisting medial collateral ligament 
injury are excellent candidates for QT ACL 
reconstruction as the anterior knee pain associ-
ated with BTB harvest can be avoided and the 
dynamic stability provided by the medial ham-
strings can be preserved. Graft-tunnel mismatch 
can be avoided in patients with longer patellar 
tendons. Contraindications for QT ACL recon-
struction are few. These include prior quadriceps 
tendon surgery or injury, quadriceps tendinopa-
thy, untreated coagulopathy, or large cavitary 
lesions in the revision setting.

12.3  Anatomy

The anatomy of the quadriceps tendon has tradi-
tionally been described as trilaminar, with the 
superficial fibers coming from the rectus femoris, 
the vastus medialis and vastus lateralis coalescing 
to form the middle layer, and the deepest portion 
extending from the vastus intermedius. In reality, 
this is a simplification of the great variation in 
contribution and pattern of fibers [19]. While the 
deeper fibers insert on the anterior edge of the 
superior pole of the patella, the most superficial 
fibers continue anterior to the patella and join the 
patellar tendon, and the most medial and lateral 
fibers contribute to the patellar retinaculum. The 
synovial tissue lines the deep surface of the quad-
riceps tendon as it forms the roof of the suprapa-
tellar pouch extending approximately 5 cm above 
the superior pole of the patella [15].

The quadriceps tendon is thickest at the patellar 
insertion, on average 16 mm in female patients and 
18 mm in male patients, and thins proximally as the 
contributing fibers separate from a common tendon 
at about 5–6 cm proximal to the insertion [20]. The 
average thickness of the central portion of this 

common tendon is 7–8 mm, and the average width 
is 27 mm [6, 20]. The average total length of the 
quadriceps tendon from the superior pole of the 
patella to the myotendinous junction of the rectus 
femoris is around 8 cm and correlates highly with 
patient height [20]. This allows for a graft of con-
sistent length (7–8 cm), depth (6–7 mm), and width 
(9–10 mm) to be  harvested [2] with an intra-articu-
lar volume 187.5 % greater than that of a similar-
width patellar tendon graft taken from the same 
subject [20]. The vascular supply to the quadriceps 
tendon includes contributions from medial, lateral, 
and peripatellar arcades [21]. The lateral perforat-
ing vessels tend to be at greatest risk of being 
encountered during harvest.

12.4  Preoperative Planning

The quadriceps tendon autograft has less vari-
ability in diameter when compared to hamstring 
autograft, and its thickness can be evaluated pre-
operatively on most routinely ordered knee 
MRIs. The quadriceps tendon should be mea-
sured at the midsagittal point of maximal thick-
ness, 3 cm proximal to the superior pole of the 
patella (Fig. 12.3). It is unusual for the quadri-
ceps tendon thickness to be inadequate for ACL 
reconstruction, as the intra-articular volume of 

Fig. 12.3 Midsagittal measurement of quadriceps tendon 
thickness is performed 3 cm proximal to the proximal 
pole of the patella
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graft tends to be larger and closer to anatomic 
than bone-tendon-bone reconstructions. Although 
partial-thickness grafts are preferred, a full- 
thickness graft should be planned if the tendon is 
less than 6 mm thick. We have not noticed any 
functional difference between patients who have 
received partial vs. full-thickness harvests if cap-
sular rents are repaired.

12.5  Surgical Technique

12.5.1  Exposure of the QT

Examination of the injured knee is performed 
following induction of general anesthetic. A tour-
niquet is applied to the operative leg, which is 
then placed in a circumferential leg holder. The 
operative leg should rest at ninety degrees of 
knee flexion, putting tension on the extensor 

mechanism during graft harvest. The operative 
leg is then prepped and draped in a sterile fashion 
(Fig. 12.4).

Diagnostic arthroscopy can be performed 
before or after graft harvest according to surgeon 
preference. The distal vastus medialis obliquus 
and proximal pole of the patella are marked. A 
1.5–2-cm mark is made at the planned incision 
site, starting just lateral to the midpoint of the 
superior pole of the patella, extending proximally 
along the length of the tendon longitudinally 
(Fig. 12.4). Alternatively, a 2–3-cm transverse 
incision over the superior boarder of the patella 
may be used. If arthroscopy is performed prior to 
graft harvest, it is important to suction all arthros-
copy fluid from the knee, as capsular distention 
can make full-thickness violations more likely. 
Local anesthetic is injected into the planned inci-
sion site, which helps to distend the subcutaneous 
and areolar tissue. A 15-blade scalpel is used to 

Fig. 12.4 Positioning 
with the operative leg 
in a circumferential leg 
holder and 
nonoperative leg in a 
lithotomy leg holder. 
The bony landmarks, 
arthroscopy portals, 
and harvest incision are 
marked
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make the harvest incision, and the subcutaneous 
and areolar tissue is widely excised (Fig. 12.5). 
This step is critical for adequate visualization 
through the small incision. The paratenon is 

incised, and a RayTech sponge is used over a key 
elevator to sweep soft tissue off the anterior QT 
and anteriorly over the patella. An Army-Navy 
retractor or alternatively a long Langenbeck 
retractor is then placed. The arthroscope may be 
introduced into the wound with the fluid off, visu-
alizing the tendon. The VMO, vastus lateralis, and 
distal rectus femoris musculotendinous junction 
are identified (Fig. 12.6). Crossing vessels should 
be coagulated with electrocautery or radiofre-
quency ablator to avoid postoperative hematoma 
at the harvest site. The arthroscope is advanced to 
the distal rectus femoris musculotendinous junc-
tion, and the arthroscope light source is used to 
transilluminate the skin over the anterior thigh. A 
mark is placed in the center of the point of maxi-
mum transillumination, which corresponds to the 
distal rectus femoris musculotendinous junction 
(Fig. 12.7). The distance from the proximal pole 
of the patella to the mark over the distal rectus 
femoris is measured. This distance represents the 
maximum length that is obtainable with an all soft 
tissue graft and usually measures over 8 cm.

Currently two different instrumentations for 
minimally invasive quadriceps tendon harvest are 
in clinical use:

Fig. 12.5 The subcutaneous tissue and areolar tissue are 
widely excised

Fig. 12.6 The arthroscope (with fluid off) is used to view the quadriceps tendon, vastus medialis obliquus, vastus late-
ralis, and rectus femoris
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12.5.2  Quad Tendon Harvesting 
System [Arthrex  
(Naples, FL)] [14]

With the knee at 90° of flexion, the Arthrex 
(Naples, FL) triple-blade harvest knife is used to 
incise the tendon starting just proximal to the 
superior pole of the patella, advancing toward the 
musculotendinous junction of the rectus femoris, 
which is identified by the mark previously placed 
on the anterior skin (Fig. 12.8). Markings on the 
knife handle allow for measurement of the QT 

incision. A 15 blade is used to extend the distal 
parallel incisions to the proximal pole of the 
patella, tapering the graft slightly, as graft diam-
eter will increase slightly with later suture addi-
tion and graft preparation. The transverse limbs 
are connected, subperiosteally dissecting the ten-
don off of the patella. Proximal dissection is con-
tinued with metzenbaum scissors or scalpel. 
Tendon harvest depth is referenced off of the ver-
tical limbs created by the triple-blade harvest 
knife. A layer of fat usually exists between the 
tendon and capsule. If fat is encountered, avoid 
deeper dissection or risk capsular violation if 
planning for a partial-thickness harvest. An Allis 
clamp can be placed on the distal tendon, which 
facilitates control and tension on graft as dissec-
tion is carried out proximally.

Once 3 cm of tendon has been dissected free, 
an Arthrex Fiberloop (Naples, FL) suture is used 
to place 4 throws in the tendon, starting 1.5–2 cm 
proximal to the dissected tendon end, continu-
ing distally, locking the last stitch, which exits 
the central portion of the tendon. The needle is 
left in place for later graft preparation. Tension 
is placed on these sutures during further proxi-
mal dissection, which is continued with metzen-
baum scissors. Once 4–5 cm of tendon has been 
elevated, the Arthrex (Naples, FL) stripper/cut-
ter is used to first strip and then cut the tendon, 
with firm tension on the previously placed 
sutures (Fig. 12.9). Currently, we harvest grafts 
6.5–7 cm in length when performing anatomic 

Fig. 12.7 The arthroscope is advanced to the level of the 
distal musculotendinous junction of the rectus femoris 
and light source turned to transilluminate the skin over the 
anterior thigh, and a mark is placed in the center of 
transillumination

Fig. 12.8 The triple-blade harvest knife (Arthrex, Naples, 
FL) is used to incise the tendon longitudinally, starting 
proximal to the patella and advancing in the direction of 

the previously placed mark on the skin identifying the dis-
tal rectus femoris musculotendinous junction
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ACL reconstruction with an accessory medial 
portal technique and suspensory fixation. The 
harvested graft is delivered from the wound and 
brought to the back table for graft preparation 
and sizing (Fig. 12.10).

The arthroscope is then reinserted (fluid off) 
into the incision with an Army-Navy retractor at 
the proximal apex. The harvest site is inspected 
for full-thickness rents. Any capsular violation or 
areas of full-thickness harvest are closed with 
2.0-Vicryl suture. If a partial-thickness harvest is 
confirmed, no deep closure is needed. A strip of 
gelfoam is placed in the harvest site, and the sub-
cutaneous tissue and skin is closed.

Graft preparation The smaller end of the 
graft (usually the patellar side) is usually used 
on the femoral side for reconstruction. The 
needle left in places from earlier tendon whip-
stitch is placed through the loop of the 
Tightrope RT, and three or four whipstitches 
are then placed back in the tendon, starting 
5 mm from the end, and proceeding toward the 
middle of the graft. The needle is then cut off, 
and suture limbs are wrapped around the graft 
and tied. The knot can be shuttled into the sub-
stance of the graft with a free needle. A second 
Fiberloop is used to whipstitch the multilami-
nar proximal of the graft in a similar fashion as 

Fig. 12.9 The stripper/
cutter device (Arthrex, 
Naples, FL) is used for 
proximal dissection and 
final transection of the 
graft proximally

Fig. 12.10 The soft 
tissue quadriceps tendon 
graft is then prepared 
and sized
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previously used, with four throws placed, lock-
ing the last stitch before the suture exits the 
central portion of the graft.

12.5.3  QuadCut System [Karl Storz 
(Tuttlingen, Germany)] [3]

A double knife (Karl Storz, Tuttlingen) in 8–12- 
mm width is then introduced starting over the mid-
dle or slightly lateral to the middle of the superior 
patella boarder and pushed up to a minimum of 
6 cm if used with a bone block or 7 cm if used as a 
soft tissue graft (Fig. 12.11). The thickness of the 
graft is then determined using a 5-mm tendon sepa-
rator (Karl Storz, Tuttlingen). The separator is then 
pushed proximal to the same length mark 

(Fig. 12.12). Using a 5-mm tendon separator com-
monly leaves the recess closed and avoids fluid 
leakage during arthroscopy in most cases. A 
5 × 10 mm graft approximates an 8-mm graft diam-
eter of a round graft and a 5 × 12 mm graft approxi-
mates a 9-mm round graft. Finally, the tendon strip 
is cut subcutaneously using a special tendon cutter 
(Karl Storz, Tuttlingen) (Fig. 12.13), and the graft 
is retrieved through the skin incision.

QT with a bone block:
The tendon strip is elevated and then fol-

lowed distally until its bony attachment. The 
dimensions of the bone block (1.5–2-cm 
length and respective graft width) are outlined. 
The bone cuts are made with an oscillating 
saw, starting with the longitudinal cuts. The 
graft is then elevated, and the final cut 

Fig. 12.11 The double knife (Karl Storz, Tuttlingen) is then introduced starting centrally on the superior patella 
boarder and pushed proximally

Fig. 12.12 The tendon separator of 5 mm (Karl Storz, Tuttlingen) is introduced and advanced proximally
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 determining the thickness of the bone block is 
made from proximal to distal. The bone block 
is then easily elevated with a chisel 
(Fig. 12.14). To minimize the risk of patella 
fracture, forceful use of chisel and hammer to 
remove the block should be avoided. Finally, 
the tendon defect is closed, and the prepatellar 
bursal tissue layers are carefully closed over 
the bony defect.

Graft preparation The bone block is prepared 
to the appropriate diameter, and one or two 1.5- 
mm holes are drilled through. The bone block can 
then be mounted to a flip button (e.g., EndoButton® 
[Smith & Nephew], Flipptack® [Karl Storz, 
Tuttlingen]) by strong non- resorbable sutures 
(e.g., No. 2 FibreWire® [Arthrex, Naples, FL]) or 
a resorbable pull-out suture if the graft will be 
fixed with an interference screw on the femur. 
Two whipstitch sutures are placed in the distal 
end of the graft using non-resorbable No. 2 suture 
material (Fig. 12.15).

QT without a bone block:
The tendon strip is elevated and then followed 

distally until its bony attachment. The parallel 
longitudinal cuts are continued about 2 cm dis-
tally with a 15-blade scalpel. The QT graft is then 
subperiosteally elevated from the surface of the 
patella (Fig. 12.16) and detached. Finally, the 
tendon defect is closed.

Graft preparation The periosteal part of 
the graft is folded in the middle, and whip-
stitch sutures are placed on each side of the 
graft using a strong No. 2 suture (e.g., No. 2 
FibreWire® [Arthrex, Naples, FL] (Fig. 12.17). 
This will result in a smooth round end of the 
graft, which allows easier graft passage. The 
sutures are then passed through a flip but-
ton (e.g., EndoButton® [Smith & Nephew], 
Flipptack® [Karl Storz, Tuttlingen]) for later 
fixation. Alternatively resorbable sutures may 
be used if a soft tissue interference screw 
is planned for femoral graft fixation. Two 

Fig. 12.13 The tendon strip is cut subcutaneously by a special tendon cutter (Karl Storz, Tuttlingen)
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Fig. 12.14 The bone block is harvested using an oscillating saw

Fig. 12.15 The final 
QT graft with bone 
block mounted to a 
FlippTack (Karl Storz, 
Tuttlingen)

H.S. Slone et al.



131

whipstitch sutures are placed in the distal end of  
the graft using non-resorbable No. 2 suture 
material (Fig. 12.18).

12.6  Rehabilitation

Rehabilitation following quadriceps tendon auto-
graft ACL reconstruction is similar to other auto-
graft techniques. It is important to maintain 
terminal extension with full early motion 
 stretching and exercises. Weight bearing may 
begin when quadriceps function returns, and  

in-line jogging can be safely permitted at 
3 months. As with any ACL reconstruction tech-
nique, functional testing is recommended prior to 
return to sports.

12.7  Complications

There is limited data on complications of quadri-
ceps tendon harvest in the literature, but the rate of 
complications appears to be similar to other auto-
graft choices, with equivalent incidence of graft 
rerupture and arthrofibrosis [13]. In our experience 
with over 600 ACL reconstructions using minimal 
invasive quadriceps tendon harvest, an uncommon 
complication is the development of a harvest site 
hematoma. This may occur if the quadriceps mus-
cle is violated to a significant degree during graft 
harvest, especially laterally where the perforating 
vessels exist, and cause extensive bleeding after 
release of the tourniquet. Alternatively, if a full-
thickness harvest is performed, the extravasation of 
intra-articular bleeding through a rent in the 
synovium may form a similar hematoma anterior 
to the remaining quadriceps tendon. Patients with 
hematomas generally present with pain 2–3 days 

a b c

Fig. 12.17 (a) The periosteum is folded in the middle and (b) fixed in the clamp of a preparation board. (c) Whipstitch 
sutures are placed on each side of the graft using non-resorbable No. 2 suture material

Fig. 12.16 The QT graft is pulled distally, and a 2-cm 
strip of periosteum in the appropriate width is elevated
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after surgery, swelling directly under the harvest 
site wound if seen. Once identified, it should be 
evacuated immediately and hemostasis assured. 
The risk of graft site hematoma formation can be 
reduced by centralizing the graft harvest within the 
quadriceps tendon, preferentially harvesting par-
tial-thickness grafts, and terminating the proximal 
tendon harvest at or distal to the myotendinous 
junction of the rectus femoris (7–8 cm proximal to 
the tendon insertion on the patella). Another rare 
complication that has occurred is a retraction of the 
rectus femoris muscle after quadriceps tendon har-
vesting crossed the myotendinous junction. Despite 
the cosmetic deformity, there were no functional 
consequences.

12.8  Summary

While many knee surgeons have used the QT as a 
graft for ACL revision surgery, it has not yet 
achieved universal acceptance for primary ACL 
reconstruction. A main reason in our opinion is that 
conventional QT graft harvest has been technically 
demanding and has led to cosmetically less favor-
able results. However, with the development of 
new instrumentations and minimally invasive har-
vesting technique, the cosmetic outcome can be 
markedly improved and surgical time reduced. We 
think that with these improvements QT has become 
an attractive graft not only for revision but also for 
primary ACL reconstruction.

Acknowledgment Thanks to Joel B. Huleatt MD for his 
help with preparation of this chapter.
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Acute ACL Rupture: A Biological 
Approach Through Primary ACL 
Repair and Augmentation 
with Bone Marrow Stimulation 
and Growth Factor Injection

Alberto Gobbi, Graeme P. Whyte, 
and Georgios Karnatzikos

13.1  Introduction

Anterior cruciate ligament (ACL) injuries are 
common in recreational and competitive sporting 
activities. According to an ongoing study in the 
United States, an estimated 200,000 ACL recon-
structions (ACLR) are performed annually, and 
the incidence of ACL injury is roughly one in 
3,000 per year [1, 2]. The treatment of ACL 
injury is an area of considerable controversy, 
despite advances in sports medicine literature. 
The current gold standard for the treatment of 
acute ACL lesions is reconstruction with tendon 
graft, with reported success rates of 80 % [3–7]. 
Despite these successful outcomes, donor site 
morbidity, poor proprioception, and incomplete 
return to high-risk sports are potential disadvan-
tages of this procedure [8–11]. In addition, there 
is the risk of iatrogenic injury and subsequent 
growth disturbance in skeletally immature 
patients due to distal femoral or proximal tibial 
growth plate violation [12, 13].

Considering the significant functional limita-
tion that is often experienced by young, active 
patients who suffer from ACL injury, therapeutic 
options that restore function and allow return to 
sport in a timely manner should continue to be 
investigated in cases of acute partial ACL lesions 
[12–22]. Furthermore, developing a regenerative 
method for ACL repair would preserve the pro-
prioceptive function and the architecture of the 
native ligament insertion, potentially optimizing 
biomechanical function [23, 24].

13.1.1  Is ACL Repair Feasible?

Numerous studies, using animal and in vitro 
models, have investigated ACL biology and the 
healing response to injury [25–30]. Rapid degen-
eration of the ACL has been observed following 
acute rupture, which is associated with a signifi-
cant increase in collagenase activity and a 
decrease in total collagen content of the injured 
ligament [25]. The poor healing capabilities of 
the ACL, when compared to the medial collateral 
ligament (MCL), are well known [28]. The out-
growth of cells from ACL explants in vitro has 
been shown to be slower than from MCL explants, 
suggesting a lower proliferation and migration 
potential of ACL cells in comparison to those 
cells of MCL origin [27, 28]. In a rabbit model, a 
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higher level of procollagen mRNA was consis-
tently detected in normal MCL compared to that 
of normal ACL, suggesting higher collagen syn-
thetic activity in the MCL and possible differ-
ences in their healing capacities [26].

Comparing the healing response of the ACL 
with other ligaments, the process of platelet- fibrin 
clot formation of injured ACL is typically poor [31]. 
Without this clot, the wound remains opened and 
this interferes with tissue remodeling and cellular 
migration, ultimately leading to non- healing of rup-
tured ligament. Circulating plasmin within the joint 
space may prematurely break down the fibrin clot, 
and this has been postulated to be a reason for inhi-
bition of clot formation [32]. Moreover, synovial 
fluid has been shown to inhibit ACL fibroblast pro-
liferation and migration [33], thereby retarding the 
healing of tissue. Developing strategies that could 
assist in the formation of a scaffold between the ten-
don ends to address this problem has become an 
area of active research and investigation.

13.1.2  Primary ACL Repair: Healing 
Stimulation

Primary suture repair of the torn portions of the 
ACL was previously popularized in the 1950s 
[15, 17]. Long-term follow-up studies demon-
strated that these techniques led to failure rates 
up to 90 % and were therefore abandoned [16, 18, 
19]. Despite these reports, recent investigations 
showed the possibility of ACL healing after pri-
mary suture of the ligament augmented with the 
use of growth factors and bone marrow-derived 
mesenchymal stem cells (MSCs) [20–22, 34–36]. 
The potential advantages over ACLR technique 
are the preservation of the ACL anatomy, kine-
matics, and proprioception, while donor site mor-
bidity and postoperative muscular weakness are 
significantly reduced.

13.1.3  Cellular Therapies: 
Mesenchymal Stem Cells

The idea of “biological solutions for biological 
problems” has led to the development of less 

 invasive procedures that have the potential to 
reduce morbidity while enhancing healing and 
functional recovery [34, 37]. Cellular therapies 
offer an interesting option in the treatment of 
ACL injury by addressing the deficiencies in 
healing response at a molecular level, leading to 
a more preferential biological cascade of healing 
processes. Steadman’s “healing response ther-
apy” was one of the earliest treatments described 
which extolled the role of MSCs in aiding the 
healing of a ruptured ACL in humans. The results 
of this therapy were reported as encouraging and 
are based on the multipotent nature of MSCs [20, 
21].

MSCs were initially isolated from the bone 
marrow and since then have been reported to be 
isolated from a number of other tissues such as 
fat, muscle, skin, connective tissue, skin, and 
bone. The multilineage differentiation, ease of 
availability, and self-renewal capacity of MSCs 
have drawn the attention of researchers for obvi-
ous reasons [38, 39]. The phenotypic plasticity of 
these cells has generated a considerable enthusi-
asm to use them in repairing or regenerating con-
nective tissue with ex vivo, tissue engineering, or 
in situ techniques. Given the similarity between 
ACL outgrowth cells and MSCs [40], there is 
potential for these cells to enhance the healing of 
a repaired ACL.

13.1.4  Platelet-Rich Plasma 
and Growth Factors

Bioactive proteins and growth factors play an 
important role in tissue healing as they can regu-
late key processes in tissue repair, including cell 
proliferation, chemotaxis, migration, cellular 
differentiation, and extracellular matrix synthe-
sis. Platelet-rich plasma (PRP) contains many 
important growth factors that have been proven 
to enhance cellular proliferation and migration, 
as well as increase collagen production in in vitro 
studies [41, 42]. The rationale for the use of PRP 
is to stimulate the natural healing cascade and 
tissue regeneration by a “supraphysiologic” 
release of platelet-derived factors directly at the 
site of treatment. Autologous PRP can be 
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obtained from simple blood extraction with a 
commercially available kit, although there is 
variability in PRP preparation methods and con-
stituency of growth factors [57]. After the blood 
is collected into a tube containing anticoagulant, 
it undergoes a centrifugation process to produce 
PRP. Among the contained growth factors, plate-
let-derived growth factor (PDGF), fibroblast 
growth factor (FGF), bone morphogenetic pro-
tein (BMP), and transforming growth factor beta 
(TGF-β) have shown to enhance the healing of 
ligaments.

Kobayashi et al. [43] noted improved healing 
and vascularity following instillation of FGF in 
the canine ACL. Aspenberg et al. [44] reported 
an improved healing response in Achilles tendon 
with the use of growth differentiation factor 5 
(GDF 5). These growth factors can be used along 
with synthetic scaffolds to enhance the process of 
ACL repair. Chen et al. [45] described the use of 
BMP 2 along with hydrogel and periosteum to 
stimulate tendon-bone healing in an ACL recon-
struction model, showing that polyenylphospha-
tidylcholine (PPC)-BMP-hydrogel composite is 
an effective inducer of healing and can act as a 
matrix for encapsulation of cell and growth fac-
tors. The use of collagen-platelet composites has 
also been shown to have beneficial effects [41]. 
There is, however, disagreement in the literature, 
as Murray et al. [46] contested the role of PRP in 
ACL healing following their results in skeletally 
immature animals in which they performed ACL 
repair with or without PRP injection. The addi-
tion of PRP to the suture repairs did not improve 
anterior-posterior (AP) knee laxity, maximum 
tensile load, or linear stiffness of the ACL repairs 
after 14 weeks in vivo.

13.2  Study Group

Gobbi et al. [47], in a prospective case series, 
demonstrated that ACL primary repair combined 
with bone marrow stimulation and growth factor 
injection is an effective technique to restore knee 
stability and function in young athletes with 
acute partial ACL tears, at 5-year follow-up. Fifty 
patients (mean age 28.3 years) presenting with an 

acute partial acute ACL tear were treated by pri-
mary repair, bone marrow stimulation, and 
growth factor injection into the ligament.

The distribution of patients identified as hav-
ing each type of ACL injury were:

 – Type I: partial lesion (<100 %) of the antero-
medial bundle (AM) in 30 patients

 – Type II: partial lesion (<100 %) of the postero-
lateral bundle (PL) in eight patients

 – Type III: both bundles partially torn (<100 %) 
in 12 patients

 – Type IV: complete ACL tear (no patient)

Exclusion criteria: lesions not amenable to pri-
mary repair, mid-substance ACL tears, associated 
chondral lesions > grade 3 (ICRS classification), 
partial or complete tear of the lateral collateral 
ligament or posterior cruciate ligament, grade III 
MCL injury, patients with contralateral ligament 
knee injury, severe lower limb malalignment, and 
history of previous surgery on the same knee.

13.2.1  Surgical Technique

The patient is positioned supine under spinal anes-
thesia. The typical preparation and draping used 
for arthroscopically assisted ACL reconstruction 
are used. A routine arthroscopic evaluation of the 
knee by standard anteromedial and anterolateral 
portals is performed, and partial tearing of the 
ACL is confirmed (Fig. 13.1). Associated patholo-
gies of other intra-articular structures are addressed 
prior to ACL repair. ACL repair is performed by 
passing No. 1 polydioxanone sutures (PDS) 
(Ethicon, Piscataway, New Jersey), using a Clever 
Hook or other suture- passing device, and the torn 
portions of ACL are secured together using a 
Duncan loop (Fig. 13.2). Using a 45° microfrac-
ture awl, several holes (1.5 mm in diameter, 
3–4 mm apart, and 3 mm deep) are made around 
the anatomic femoral insertion of the ACL 
(Fig. 13.3a). PRP glue is prepared using a com-
mercially available system (Arthrex Angel System, 
Naples, FL, US). Approximately 3 mL of PRP is 
isolated and activated with batroxobin enzyme 
(Plateltex ® act- S.R.O., Bratislava, SK) to  produce 

13 Acute ACL Rupture



138

a b

Fig. 13.1 (a) Subtotal rupture of the anteromedial ACL bundle, disrupted fibers continuous with distal insertion (black 
arrow). (b) Ecchymosis of the posterolateral ACL bundle

a b

c d

Fig. 13.2 Arthroscopic repair of the ACL demonstrating 
passage of No. 1 PDS suture from distal to proximal (a), 
suture apposition of distal and proximal torn fibers (b), 

tensioning of fibers and securing with knot fixation (c), 
and complete reapproximation of disrupted ACL fibers 
with three interrupted PDS sutures (d)
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a sticky PRP gel, which is injected at the repaired 
site to biologically augment the healing process 
(Fig. 13.3b). More recently, our preferred tech-
nique is to augment all ACL repairs with activated 
bone marrow aspirate concentrate in order to pro-
vide the healing ligament with MSCs as well as 
growth factors. Batroxobin or autologous throm-
bin may be used to activate the bone marrow aspi-
rate concentrate, although the use of autologous 
thrombin requires an additional 15 min of centrif-
ugation time.

13.2.2  Rehabilitation Protocol

All patients followed the same rehabilitation pro-
tocol [48]. The knee was kept in a brace locked in 
extension for 3 weeks, and patients were allowed 
partial weight bearing with crutches, followed by 
weight bearing as tolerated. A continuous passive 
motion machine was used for 4–6 h per day in a 
range between 20° and 60°, starting on the first 
postoperative day. The range of motion (ROM) 
was increased up to 90° by 2 weeks postopera-
tively and then gradually increased up to 120° of 
flexion thereafter. Full active ROM was achieved 
between 6 and 12 weeks after surgery. Running 
was allowed at 3 months. No contact sports were 
allowed before 5 months.

13.3  Results

All patients were available at final 5-year follow-
 up. No infections or major postoperative complica-
tions were seen in this case series. Four patients 
(8 %) had a re-tear during sporting activity and 
underwent ACLR within 2 years from primary 
ACL repair; for these patients, the most recent eval-
uation score completed at 1-year follow-up, prior to 
revision surgery, was included in the final analysis.

The difference in anterior translation of the 
knee compared to the unaffected side was reduced 
from 4.1 mm preoperatively to 1.4 mm at 5-year 
follow-up (p < 0.05). A significant improvement 
in Tegner, single assessment numeric evaluation 
(SANE), Marx, Noyes, and Lysholm scores was 
observed at 5-year follow-up (p < 0.05). The final 
International Knee Documentation Committee 
(IKDC) objective score was rated as normal in 39 
patients (78 %), nearly normal in 10 patients, and 
abnormal in 1 patient. The 11 patients with a 
nearly normal or abnormal IKDC score had asso-
ciated pathologies (meniscal or chondral lesions). 
Thirty-nine patients (78 %) fully resumed sport-
ing activity. Return to sport was reached at a 
mean of 6 months postoperatively. Eleven 
patients (22 %) did not return to sport at  pre- injury 
levels; in four of these patients, this was a per-
sonal choice unrelated to functional ability.

a b

Fig. 13.3 Microfracture awl used to release marrow elements adjacent to ACL insertion within femoral notch (a) and 
application of activated bone marrow aspirate concentrate to repaired ligament (b)
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Second-look arthroscopy was performed in 
six patients (12 %) and consistently revealed a 
healed ACL which was stable on probing and had 
minimal fibrous tissue contained within the 
healed ligament (Figs. 13.4 and 13.5).

13.4  Discussion

ACL primary repair combined with bone marrow 
stimulation and growth factor application is an 
effective technique to restore knee stability and 

function in young athletes presenting with partial 
ACL tears [47]. Potential benefits include preser-
vation of the native ACL and avoidance of com-
plications associated with ACLR surgery, such as 
loss of proprioception. MSCs and PRP have the 
capacity to act as a source of precursor cells and 
growth factors that have been shown to enhance 
ligamentous healing [43, 44]. Anatomic repair 
and apposition of the torn ligament fibers are 
essential, as gapping between ligament fascicles 
may prevent cell migration and tissue regenera-
tion [31].

The potential benefits of MSCs in ACL repair 
have also been described by Steadman et al., who 
reported excellent outcomes in terms of knee sta-
bility, function, and return to sport [20, 49]. The 
authors investigated the results of this procedure 
in the treatment of proximal ACL tears in a group 
of 48 active individuals over 40 years of age and 
reported improved clinical outcomes after a mini-
mum of 2-year follow-up. In another study, 
excellent clinical outcomes were reported in 10 
of 13 athletically active, skeletally immature 
patients with proximal ACL tears treated with a 
“healing response” procedure (ACL femoral 
footprint microfracture) [21]. Interestingly, this 
procedure was performed without concomitant 
suture of the ACL.

In the present study group, 98 % of patients 
presented at final follow-up with a normal or near 

a b

Fig. 13.4 Second-look arthroscopy performed at 4 weeks 
(a) and 6 months (b) after ACL repair with bone marrow 
stimulation and growth factor augmentation of partial 

ACL rupture. Confirmation of stability by arthroscopic 
probing demonstrated

Fig. 13.5 Postoperative MRI of ACL (white arrow) at 
8 months after ACL repair with bone marrow stimulation 
and growth factor augmentation of partial ACL rupture
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normal IKDC objective score and a Tegner score 
comparable to pre-injury levels. Improvement in 
other instruments (Marx, Noyes) indicated good 
outcomes and recovery of stability and function 
similar to pre-injury assessments. Although there 
are previous studies that have reported high re- 
rupture rates of the ACL (approximately 50 %) 
following primary repair [16, 19], the re-rupture 
rate of the present study cohort was significantly 
lower (8 %) and is comparable to the results fol-
lowing ACL reconstruction at similar time points 
[50, 51]. It should be highlighted, however, that 
not all ACL lesions can be treated with this tech-
nique; patient selection is essential and strict 
inclusion criteria should be followed. The rela-
tively low proportion of partial ACL ruptures 
identified in young athletic individuals, com-
bined with the requirement for adherence to a 
strict rehabilitation protocol, leads to a low num-
ber of available patients. The precise selection 
criteria, patient adherence to the physiotherapy 
regimen, and regular follow-up may be contribut-
ing factors to the high success rates (90 %) dem-
onstrated at midterm follow-up.

Undoubtedly, biologic augmentation tech-
niques to assist tissue repair and regeneration will 
continue to improve. For example, the addition of 
PRP preparations to MSCs has been shown to 
assist with the formation of bioactive composites 
suitable for the healing of tissue defects in vivo, 
by acting as a source of both growth factors and 
“working cells” [53]. The application of multiple 
biologics that have the potential to act synergisti-
cally may play an important role in the progress 
of regenerative medicine. Furthermore, with 
greater advances in tissue engineering and molec-
ular biology, the development of scaffold and 
cell-scaffold composite technology may offer 
interesting therapeutic options to augment liga-
mentous repair. There has been reported acceler-
ation of ligament healing by enhancement of 
ACL cell viability, metabolic activity, and colla-
gen synthesis following the use of PRP-scaffold 
composites in experimental ACL models [42]. 
The underlying premise is that while PRP/MSCs 
will act as the source of growth factors and pre-
cursor cells, the scaffold acts both as a matrix in 
the cellular process and as a biomechanical sup-
port following primary repair of the ACL. This 

would provide a secure environment for the 
regenerative cells, separating them from the 
effects of circulating plasmin within the joint 
space, which is known to inhibit the process of 
fibrin clot formation.

The natural history of partial ACL ruptures 
should be considered when undertaking surgical 
management of such injury. In the active patient 
who wishes to return to sport, there may be pro-
gressive laxity and increasing functional limita-
tion associated with partial ACL injury [52], and 
surgical treatment may be preferable early in the 
course of management. Although selective 
reconstruction of the AM bundle in cases of par-
tial ACL rupture has been shown to restore sta-
bility [54, 55], standard ACL single-bundle 
reconstruction has not been compared to selec-
tive AM bundle reconstruction to a great extent 
in the literature [56]. The technique of ACL 
repair with biologic augmentation that has been 
described in our cohort of patients who had suf-
fered partial ACL injury has demonstrated com-
parable outcomes to those expected in cases of 
either selective AM bundle reconstruction or a 
standard single-bundle technique. There is need 
for further controlled comparative studies to 
examine outcomes between surgical manage-
ment techniques in patients with partial ACL 
injury in order to develop appropriate treatment 
guidelines.

 Conclusion

ACL primary repair with bone marrow stimu-
lation and growth factor application represents 
an effective procedure in the treatment of 
acute partial ACL tear. Patient selection is 
important, and strict inclusion criteria should 
be followed. Proper surgical technique and 
appropriate rehabilitation protocols are cru-
cial. This treatment does not alter bony anat-
omy, so conversion to standard ACL 
reconstruction may be performed without dif-
ficulty in the event of failure. Further research 
should focus on defining the specific role of 
this technique in the treatment of acute partial 
ACL tears of the knee, and improvements in 
the understanding of cellular biology in liga-
mentous healing are necessary to optimize 
long- term patient outcomes.
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Meniscal Repair with ACL 
Reconstruction

Ryohei Uchida and Shuji Horibe

14.1  Meniscal Tears with ACL 
Injury

Approximately 26–60 % of patients with anterior 
cruciate ligament (ACL) injury have meniscal 
tears [14, 26, 34, 36]. In acute ACL injuries, the 
lateral meniscus is more frequently torn [6, 39], 
whereas the medial meniscus is more commonly 
damaged in chronic injuries. The medial meniscus 
is tightly attached to the tibia and is less mobile 
[39, 42] and has a stabilizing function conferred 
by the posterior horn, which acts as a mechanical 
wedge between the tibia and femur [27]. Therefore, 
the medial meniscus serves as a secondary restraint 
to anteroposterior tibial translation, which 
becomes more substantial with the loss of ACL 
function. The recurrent trauma sustained by the 
medial meniscus causes peripheral posterior tears 
while acting as a “bumper” in chronic ACL-
insufficient knees [9, 20]. On the other hand, since 
the lateral meniscus is not tightly attached to the 
tibial plateau, a combination of unusual compres-
sive and shear forces is applied during a twisting 

knee injury [6]. If the tibia subluxates anterolater-
ally in acute ACL injury, the lateral meniscus 
becomes trapped between the posterolateral aspect 
of the tibia and femoral condyle, resulting in a tear 
[11]. However, the lateral meniscus is not subject 
to recurrent anterior shear forces, because the lat-
eral meniscus is more mobile than the medial 
meniscus. Considering these injury mechanisms, 
both medial and lateral meniscal tears associated 
with ACL injury are expected to locate frequently 
to the posterior region. According to a recent pro-
spective analysis [36], peripheral tears accounted 
for 60.7 % (75.4 % of medial meniscus vs 44.1 % 
of lateral meniscus) of all tears, and 93.9 % of all 
tears involved the posterior region (99.4 % of 
medial meniscus vs 87.8 % of lateral meniscus). In 
a systematic review that assessed tear location 
with ACL injury, 83.6 % of tears were located in 
the posterior region, and 65.6 % of tears in the 
peripheral region [5]. The incidence of peripheral 
posterior tears was 60–65 % (48–75 % of medial 
meniscus and 43 % of lateral meniscus) [9, 20, 36]. 
In terms of tear patterns, the rate of longitudinal 
tears is the highest at 84 %, followed by bucket-
handle tears at 10 % [44].

14.2  Indication

Indications for meniscal repair are essentially the 
same for patients with or without ACL recon-
struction (ACLR). The decision is made by 
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 considering arthroscopic findings during ACLR, 
including tear location, tear length, tear pattern, 
and condition of the meniscal body. In terms of 
tear location, red-red and red-white tears should 
be repaired, as there is sufficient vascularity to 
heal these regions. Red-white tears occur at the 
junction of the outer- and middle-third regions, 
approximately 4 mm from the meniscal attach-
ment. In red-red and red-white regions, tears of 
more than 1 cm, as well as unstable tears, are 
indicated for meniscal repair. Unstable tears are 
defined as those that could be displaced beyond 
the femoral condyle by probing.

Regarding tear patterns, longitudinal and 
oblique tears are the most amenable to repair, 
whereas radial and horizontal tears, including 
complex tears with radial components, are less 
amenable due to the tears being in regions with 
poor vascularity. The macroscopic meniscal body 
may affect treatment decisions. Horibe et al. [19] 
suggested that the condition of the meniscal body 
at the time of repair affects the clinical outcome 
and reported poor results of meniscal repair for 
menisci with abnormal bodies, concluding that 
meniscal body condition at repair is an important 
consideration.

Meniscal repair is generally performed simul-
taneously with ACLR, regardless of whether the 
ACL injury is acute or chronic. However, a two- 
stage procedure may be considered for ACL 
injury patients with extension loss due to a locked 
meniscus. If a two-stage approach is selected, 
extension exercises should be performed after 
initial arthroscopic treatment (meniscectomy or 
reduction of locked knee) for a locked meniscus, 
and once full extension is regained, this can be 
followed by staged ACLR.

At the posterior horn of the lateral meniscus, 
various tear patterns are observed in ACL- 
deficient knees. Tears in this region appear to 
have a higher chance of healing or remain asymp-
tomatic compared with medial meniscal tears. 
Indeed, stable posterior horn tears in situ during 
ACLR have a high rate of complete healing and 
clinical success [15, 25]. Moreover, rasping and 
trephination are also effective for treating stable 
posterior horn tears [41]. One reason for the high 

healing potential of lateral meniscal tears at the 
posterior horn is that this region is more vascular-
ized than the medial and lateral meniscal body 
[10]. Another reason is that the occurrence of 
hematoma and bleeding from bone marrow dur-
ing ACLR may enhance the healing of lateral 
meniscal tears [16]. Thus, repair is not absolutely 
necessary for stable posterior horn tears in the 
lateral meniscus.

In skeletally immature patients, the treatment 
of meniscal tears with concomitant ACL rupture 
is important. ACL insufficiency impairs the heal-
ing of meniscal tears [22], and loss of meniscal 
tissue is associated with a poor prognosis for chil-
dren with a high risk of future joint arthrosis [30]. 
Thus, meniscal repair should be performed at the 
time of ACLR using techniques adapted to skele-
tally immature patients [1, 18, 35]. Yet, one must 
also keep in mind that ACLR in these patients can 
potentially lead to growth disturbances.

14.3  Surgical Technique

Most meniscal tears associated with ACL tears 
are longitudinal and located in the peripheral 
posterior region. Smith et al. [36] recommended 
that peripheral posterior tears should be treated 
with an inside-out repair which allows for secure 
fixation to the capsule. Inside-out vertical mat-
tress suture repair has also superior biomechani-
cal properties compared with most all-inside 
devices and horizontal sutures [13], although 
newer all-inside devices are biomechanically 
equivalent to suture repair [4].

Our preferred procedure is an inside-out 
“double- stacked vertical divergent suture repair” 
technique for meniscal repair associated with 
ACL injuries (Fig. 14.1) [29]. The technique 
involves making a skin incision, 3–4 cm long, 
along the posterior border of collateral ligaments. 
Under arthroscopic control, the parasynovial tis-
sue at the tear site is meticulously abraded with a 
rasp. Multiple nonabsorbable sutures are placed 
vertically every 5 mm in the tear in a stacked 
manner so that the torn meniscus is fixed firmly 
to the capsule using a retractor that protects the 
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posterior neurovascular bundle. These sutures 
reduce the meniscus to its anatomic attachment 
site and ensure that the superior surface does not 
displace when the cannula is later placed beneath 
the meniscus for placement of inferior sutures on 
the tibial surface. New useful suture materials for 
inside-out repair have been developed, including 
Polyester Mesh Plate® (“Fettuccine”; Matsudaika 
Kogyo Co., Ltd., Tokyo, Japan) and Hollow 
Polyester Suture 2-0® (“Macaroni”; Matsudaika 
Kogyo Co., Ltd., Tokyo, Japan) (Figs. 14.2, 14.3, 
and 14.4).

14.4  Clinical Outcomes

Many studies have reported on clinical outcomes 
after meniscal repair, but these studies usually 
included the patients with and without ACL 
injury. Only a few studies have specifically tar-
geted cases of meniscal repair with concurrent 
ACLR. At early follow-up (2 years), high success 
rates have been reported (90–96 %) [40, 43], 
whereas long-term studies show a decline in suc-
cess rates with time [24, 44]. Long-term out-
comes after meniscal repair in patients undergoing 
concurrent ACLR are limited to case series, with 
failure rates ranging from 0 % to 29 % at a mini-
mum of 5 years of follow-up [24, 28, 38]. A 
recent systematic review calculated the failure 
rate of meniscal repair with ACLR to be 26.9 % at 
5 years [32]. In addition to these studies, those 
that have assessed prognostic factors affecting 
the outcomes of meniscal repair with  concomitant 
ACL injury have been published. Generally, tear 

location and joint stability are factors that affect 
meniscal healing [8, 37, 44]. However, other fac-
tors such as tear length and pattern, patient age, 
repair technique, and chronicity of the injury may 
also affect healing [5, 37, 44].

With respect to tear location, meniscal repair 
of red-red and red-white tears is associated with 
acceptable short- and midterm clinical healing 
rates with or without ACLR. Although limited 
information regarding meniscal repair in avascu-
lar regions exists, white-white tears had a lower 
rate of complete meniscal healing when evalu-
ated by second arthroscopy than red-red or red- 
white tears in short-term follow-up studies [2, 8].

In ACL-insufficient knees, microdamage can 
explain increasing rates of medial meniscal 
lesions [37]. The rate of secondary meniscec-
tomy after meniscal repair in unstable knees was 
higher than that in ACL reconstructed knees [38]. 
Most investigators noted that one of the most 
important factors for meniscal healing is the res-
toration of joint stability. This suggests the need 
to perform ACLR with anatomical tunnel place-
ment in order to restore normal anterior laxity.

In a comparison of clinical outcomes of 
meniscal repair between ACL reconstructed, 
insufficient, and intact knees, outcomes for 
reconstructed knees were better [3, 17, 21, 23, 
33]. There are three possible explanations for the 
improved success of meniscal repair with concur-
rent ACLR. First, drilling of tibial and femoral 
tunnels and the associated bleeding may promote 
a biologically favorable environment for menis-
cal healing [43]. Second, slower rehabilitation of 
patients undergoing ACLR promotes a low-force 

Superior vertical
divergent suture

Inferior vertical
divergent suture

Longitudinal tear

a bFig. 14.1 Double-
stacked vertical divergent 
suture repair of single 
longitudinal meniscal tear 
[30]. (a) The first pass of 
the suture is placed into 
the peripheral portion of 
the tear. (b) The second 
pass is placed vertically 
through the central 
one-third region
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environment for the meniscus. Third, the tear 
 pattern of meniscus with acute ACL rupture may 
be more amenable to repair [7, 32], whereas 
injured menisci in intact knees are more com-
monly degenerative [12, 31].

Although grafts used for ACLR do not signifi-
cantly influence the failure rate of meniscal repair, 
the condition of the transplanted graft affects the 
outcome of the repaired meniscus. Indeed, a large 
proportion of meniscal failures (27.3 %) are asso-
ciated with ACL graft failure [44].

14.5  Summary

Progress has been made recently in surgical strat-
egies for meniscal repair, which have substan-
tially improved clinical outcomes. Yet, some 
negative prognostic factors exist for meniscal 
healing in cases of ACLR. Considering the 
importance of restoring knee joint kinematics for 
facilitating meniscal healing environment follow-
ing ACLR, it is likely important to consider ana-
tomical reconstruction of the ACL.

a

b

c
Fig. 14.2 Polyester 
Mesh®, “Fettuccine.” (a)
Macroscopic appearance 
of polyester mesh. (b) 
Magnified photograph of 
cross-section surface. (c) 
A suture kit with 
polyester mesh
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a

c

b

Fig. 14.3 Hollow Polyester Suture 2-0®, “Macaroni.” (a) Diagram of cross-section surface. (b) Magnified photograph 
of cross-section surface. (c) A suture kit with Hollow Polyester Suture 2-0
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Anatomy of ACL Insertion: Ribbon

Robert Śmigielski and Urszula Zdanowicz

15.1  Femoral Insertion

Śmigielski et al. [7, 9] in his anatomical dissec-
tion of 111 fresh-frozen cadaveric knees (from 
81 people) evaluated in detail the femoral inser-
tion site of the anterior cruciate ligament (ACL). 
All degenerative knees (with fourth-degree 
chondromalacia) were excluded from the study. 
There were 45 males and 36 females. The mean 
age was 67 and mean BMI 22,6. After carefully 
removing the synovial membrane that covers 
the ACL, flat, “ribbonlike” appearance of the 
anterior cruciate ligament was clearly seen 
(Fig. 15.1). This flat appearance was also con-
firmed in MRI and CT scan as well as in histol-
ogy evaluation.

This flat appearance was also noted in several 
previous papers.

In 1980, Welsh [10] describes that femoral 
ACL attachment “inserts into a broad flat area on 

the back of the lateral femoral condyle.” It inserts 
“not as a distinct cord but is splayed over a broad 
flattened area.”
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a
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Fig. 15.1 (a) Cadaveric specimen of human left knee 
joint. (1) Anterior cruciate ligament (ACL). Notice: flat 
and wide, “ribbonlike” appearance of ACL. (2) Posterior 
cruciate ligament (PCL). (3) Anterior menisco-femoral 
ligament. LM lateral meniscus, tl transverse ligament. 
(b) Schema of “ribbon shape.” Some authors also com-
pare this shape of ACL to “lasagna,” “pappardelle,”  
“fettuccine” or “kishimen” pasta
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In 2013, Mochizuki et al. [4] published a paper 
in which he evaluates anatomical appearance of 
fanlike extension fibers at the femoral ACL 
attachment site in 28 cadaveric knees. He distin-
guished between direct and indirect insertion, 
based on histological appearance. Direct insertion 
(midsubstance fibers) has a transitional cartilagi-
nous zone through which ACL fibers attach to the 
bone. That kind of insertion is typical for areas 
with great tension applied. The indirect insertion 
is created by fanlike extension fibers which are 
directly attached to the bone (Fig. 15.2a, b).

The attachment of midsubstance fibers of 
ACL is in exact continuity of the posterior femo-
ral cortex [7, 9] (Fig. 15.3a–c). Knowing that 
relationship, the surgeon may double check the 
position of his femoral tunnel: arthroscopically 
and intraoperatively with X-ray C-arm. However, 
one may not talk about tunnel placement without 
a context of graft and fixation choice (Fig. 15.4a–c). 
For example, the use of BPTB graft or even a 
hamstring graft with interference screw fixation 
allows to “push” the graft to the side of the tun-
nel. Therefore, if the graft is supposed to arise 
from the place where midsubstance ACL fibers 
have their direct attachment, the center of tunnel 
drilled should be a little “higher” (more toward 
ventral side).

15.2  Midsubstance

Early studies by Arnoczky [2] and Welsh [10] 
describe the midsubstance of the ACL to have 
multifascicular structure. In his study, Welsh 
describes that the midsubstance of ACL turns 
90°. He also points out that this is functionally of 
great importance, because whatever the position 
of the knee would be (extension or flexion), some 
portions of ligament remain functional and under 
tension. Welsh goes further and stated that even 
though ACL consists of two parts – anteromedial 
band and posterolateral band – that division 
would be oversimplification, because the liga-
ment is not made up of two parts, but is a con-
tinuum of fibers with a broad insertion. This 
turning of the ligament and a broad flattening at 
the insertion means that ACL is truly isometric 
with actual lengthening or shortening of the liga-
ment during knee movement, but rather tighten-
ing of different components within the ligament 
through different phases of range of motion.

In 1998, Amis et al. [1] also describes this twist-
ing nature of midsubstance of ACL. The twist is 
unwounded as the knee extends and the fibers 
remain almost parallel in full extension (Fig. 15.5).

In 2006, in times when nobody really consid-
ered ACL to be literally flat, Mochizuki et al. [5] 

a

b

Fig. 15.2 (a) Cadaveric specimen of human right distal 
femur. LFC lateral femoral condyle, MFC medial femoral 
condyle. (1) ACL. (2) PCL. (3) Anterior menisco-femoral 
ligament. (b) Close look to femoral ACL attachment. 
Notice: Fanlike fibers marked with red arrows. Midsubstance 
fibers marked with yellow arrows. Own material
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published a paper describing an anatomical fem-
oral tunnel placement of “double-bundle” 
ACL. In this paper, he noticed that “the 
 configuration of the natural ACL midsubstance 
was not oval, but rather flat, looking like ‘lasa-
gna’ about 15 mm in length and about 5 mm in 
width after removing of the surface membrane.” 
Also while carefully evaluating his picture docu-
mentation of the cadaver study, this flat ACL 
appearance is clearly visible.

15.3  Tibial Insertion

The anterior cruciate ligament arise from the tibia 
forming a “C” shape (Fig. 15.6a, b). It was first 
presented by Śmigielski in 2012 during ACL 
Study Group meeting (“The Ribbon Concept of 
the Anterior Cruciate Ligament”; Presentation at 
the ACL Study Group Meeting 2012, Jackson 
Hole, Wyoming, USA) and later confirmed by 
other researchers [6–8]. Researchers also describe 

a

c

b

Fig. 15.3 (a) Cadaveric specimen of the left human distal 
femur. Medial view on the lateral femoral condyle, after 
removing (longitudinal cut) of medial femoral condyle. 
Posterior femoral cortex is marked with black arrows. The 
direct insertion of midsubstance fibers of ACL (marked 
with yellow arrows) is in line with posterior femoral cor-
tex. Blue suture marks the borderline of articular cartilage 

and dorsal borderline of direct ACL insertion. Silver balls 
mark the ventral borderline of direct ACL insertion. (b, c) 
Same specimen, lateral X-ray. Notice relationship of 
direct midsubstance ACL fibers to posterior femoral cor-
tex. Intraoperative X-ray allows for better control of cor-
rect localization of tunnel placement

15 Anatomy of ACL Insertion: Ribbon
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the distal part of ACL as of appearance of a 
“duck-foot”.

One of the most interesting findings is the 
relationship between ACL tibial attachment 

and anterior horn of lateral meniscus. With the 
knee in flexion, as observed during arthros-
copy. ACL passes backward, “laying over,” 
covering the anterior horn of the lateral menis-
cus. That information has very practical con-
sequences for surgeons drilling tibial tunnels 
for ACL reconstruction – to have in mind topo-
graphic anatomy and try not to destroy lateral 
meniscus.
Śmigielski et al. also observed three different 

types of the ACL tibial insertion: 67 % of speci-
mens had a classical C-shaped tibial insertion 
site, 24 % J-shaped, and 9 % Cc-shaped (as pre-
sented by Śmigielski in 2012 during ACL Study 
Group, not published data).

The histological cross section of ACL tibial 
attachment allows for additional better under-
standing of ACL anatomy in this area. Oka et al. 
[6] stated that, in contrast to previous findings, 
functional midsubstance ACL fibers arise from 
the most posterior part of the “duck-foot,” in 
a flat, “C-shaped” way. The most anterior part 
of the tibial ACL insertion is bordered by a 
bony anterior ridge and the most medial by the 
medial tibial spine. No posterolateral fibers nor 
ACL bundles have been found histologically 
(Fig. 15.7).

a cb

Fig. 15.4 Close look on ACL femoral insertion site. 
While choosing a perfect spot to drill your tunnel, you 
must think about your choice of graft and the fixation. In 
case of hamstring graft and Endo-button fixation, (a) your 
graft will arise from more or less the center of your tunnel, 
so the center should be at the level of the direct attachment 

of ACL midsubstance fibers. On the other hand, in cases 
of BPTB graft or a hamstring graft with an interference 
screw fixation, the screw will push your graft to the side of 
your tunnel (b, c), so your tunnel center should be little 
above the direct midsubstance ACL attachment

Fig. 15.5 Cadaveric specimen of the left knee joint. Medial 
femoral condyle is removed. LFC lateral femoral condyle, 
LM lateral meniscus, MM medial meniscus. Notice the way 
ACL is positioned in sagittal plane in knee extension. 
Compare the horizontal ACL arrangement with Fig. 15.1 
(knee in flexion). Thanks to that phenomenon even a narrow 
intercondylar notch has enough space for ACL
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a

b

Fig. 15.6 (a) Cadaveric specimen of the left knee 
joint, femur removed. 1 ACL. 2 PCL. 3 anterior 
menisco-fibular ligament. LM lateral meniscus, MM 
medial meniscus, PT patellar tendon. (b) Closer look 
at tibial ACL attachment. aLM anterior horn of lateral 
meniscus, pLM posterior horn of lateral meniscus. 
Notice the way ACL arise from tibia forming a “C” 
shape and the way it surrounds anterior horn of lateral 
meniscus

Fig. 15.7 Histology of 
the tibial ACL insertion 
(light microscopy, H&E 
stain)

15 Anatomy of ACL Insertion: Ribbon
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15.4  Summary

In summary, it is the best to quote after John 
Feagin [3]: “Understand, respect and restore 
anatomy as much as possible.”
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Anatomy of ACL Insertion: Bundles

Daniel Hidalgo Gonçalez, Mario Ferretti, 
Tomoyuki Suzuki, Hidenori Otsubo, 
and Kazunori Yasuda

16.1  Introduction

Over the past decades, great importance has been 
placed on the anterior cruciate ligament (ACL) 
anatomy due to the discussion about its recon-
struction techniques. Literature shows better 
results with double-bundle procedure compared 
with single bundle [1–4]. However, it is a consen-
sus that regardless of the surgical procedure used, 
the key for ACL reconstruction is the anterior 
cruciate ligament anatomy [3]. Odesten and 
Gillquist studied 33 cadaver knees and could find 
no macroscopic or microscopic evidence of sub-
divisions of the anterior cruciate ligament [5]. In 
their classical article, Girgis et al. found two dis-
tinct bundles: one anteromedial (AM) and one 
main posterolateral (PL) bundle [6]. Some 
authors showed three functional bundles: antero-
medial, posterolateral, and one intermediate 

 bundle [7–9]. Other authors observed that the 
“double-bundle effect” was created by the twisted 
flat ribbonlike structure of the ACL, which leads 
to the impression of two or three bundles as the 
knee was flexed [10]. This would confirm what 
Amis and Dawkins concluded that the multifas-
cicular structure of the ACL can be described in 
bundles, although these are not necessarily sepa-
rate fibers [7, 11, 12]. Despite this controversy, 
the concept that the ACL consists of two func-
tional bundles is well accepted [1, 6, 7, 13–18].

16.2  The Anterior Cruciate 
Ligament

The ACL courses anteriorly, medially, and dis-
tally from the lateral condyle of the femur across 
the knee and reaches the tibial plateau [6]. Its 
average length and width are 31–38 mm [5, 6] 
and 11 mm [6], respectively. The ACL insertions 
are 3.5 times larger than the midsubstance of the 
ligament [15].

The morphology of the ACL midsubstance 
looks oval, with the surface membrane that cov-
ers the ligament. Near to the femoral and tibial 
insertion, the ligament fans out to take form of its 
broad footprint area. After the removal of the sur-
face tissue, the morphology of the ACL midsub-
stance is not oval; it is flat, looking like “lasagna,” 
with about 15 mm in length [19] and 5 mm in 
width [19, 20].
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The ACL is attached to the posterior part of 
the medial surface of the lateral femoral condyle 
in the form of a segment of a circle with its ante-
rior side straight and the posterior side convex [6, 
15, 17, 18, 21–23]. The femoral footprint long 
axis is tilted forward 25° from the vertical, and its 
posterior convexity is parallel to the posterior 
articular border of the lateral femoral condyle. 
The ACL looks twisted because of the different 
direction of its femoral and tibial insertions [19]. 
On the tibia, the ACL is attached to a depressed 
area in front of and lateral to the medial intercon-
dylar tubercle (anterior tibial spine). The tibial 
insertion of the ACL is wider and stronger than 
the femoral attachment [6].

The ACL is attached to the femur and tibia as 
a collection of individual fascicles that fan out 

over a broad flattened area [6, 24]. These fasci-
cles have been divided into two groups according 
to their tibial insertion [6, 7, 16, 25]. The antero-
medial (AM) bundle originates at the proximal 
aspect of the femoral attachment and inserts at 
the anteromedial aspect of the tibial insertion. 
The posterolateral (PL) bundle originates distally 
at the femoral origin of the ACL and inserts at the 
posterolateral aspect of the tibial footprint [6, 13, 
16, 25, 26]. Both bundle attachments are larger in 
area than the cross section of the bundles at their 
midsubstances [15, 26].

The bundles of the ACL are not isometric 
through the range of motion (ROM). In exten-
sion, they are parallel, but as the knees flexes, the 
femoral origin of the PL bundle moves anteriorly, 
and the bundles cross [6, 7, 16] (Fig. 16.1).

a b c

d e f

Fig. 16.1 Dynamic observation of the midsubstance and 
fanlike extension fibers during flexion-extension motion 
of the knee. At full extension (a), the midsubstance fibers 
had a paralel pattern. At 15–30° of flexion (b, c), the mid-
substance fibers were found to slightly curve (black 
arrowhead) approximately at the postero-proximal edge 

of the direct attachment of the midsubstance fibers. At 45° 
(d), the curving of the ACL fibers was an obvious fold. At 
60° (e), the midsubstance fibers started to become twisted, 
and the fold became deep specifically at the postero-distal 
portion. At 90° (f), the AM and PL bundles had a crossed 
pattern (From [32] with permission)
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16.3  Femoral Insertion

There are some controversies in the literature 
about the shape of the ACL femoral attachment. It 
has been reported as a segment of a circle with the 
anterior border almost straight and the posterior 
side convex [6, 17, 21] or an oval [5, 18, 19, 27] 
(Fig. 16.2).

The femoral insertion area of the ACL is 
smaller than the tibial insertion and it measures 
from 83 to 196 mm2 [15, 21, 23, 28] (Table 16.1). 
Males have a greater femoral insertion area than 

females, and the insertion is smaller in right 
knees than in left knees [23].

The length and width of the ACL femoral 
attachment are 14.0–18.3 mm and 7.0–10.3 mm, 
respectively (Table 16.2) [18, 21, 23, 28–30]. The 
variation occurs due to different dissection and 
measurement methods used.

The femoral attachment of the AM bundle is 
greater than the PL one, corresponding to 52 % of 
the total insertion area of the femoral insertion of 
the ACL [23]. The area of insertion of the AM 
bundle varies from 44 to 120 mm2

, and the femo-
ral footprint area of the PL bundle is from 40 to 
76.8 mm2 (Table 16.3) [15, 21, 23, 31].

The AM bundle attachment is concave with a 
radius of 25.7 ± 12 mm, while the PL bundle 
attachment is almost flat. This curvature of AM 
bundle attachment significantly increases its sur-
face area [21]. The AM bundle extends to the 
posterior limit of the femoral notch, blending 
with the periosteum of the femoral shaft [29]. 
The length and width of the AM bundle femoral 
attachment are 7.2–11.3 mm and 4.7–7.5 mm, 
respectively. The length and width of the PL bun-
dle femoral attachment are 6.0–11.0 mm and 
4.7–7.6 mm, respectively (Table 16.4) [19, 23, 
29, 31].

Fig. 16.2 View at the medial surface of the lateral con-
dyle in 90° of flexion. The lateral intercondylar ridge is 
labeled with white arrows. Between the AM and the PL 
bundle runs the lateral bifurcate ridge (black arrows) [21] 
(From Kopf et al. [14])

Table 16.1 ACL femoral insertion area

References Femoral area (mm2)

Harner et al. [15] 113.0 ± 27
Ferretti et al. [21] 196.8 ± 23.1
Siebold et al. [23] 83.0 ± 19
Iwahashi et al. [28] 128.3 ± 10.5

Table 16.2 ACL femoral insertion measurements

References Length (mm) Width (mm)

Colombet et al. [18] 18.3 ± 2.3 10.3 ± 2.7
Ferretti et al. [21] 17.2 ± 1.2 9.9 ± 0.8
Edwards et al. [29] 14.0 ± 2.0 7.0 ± 1.0
Siebold et al. [23] 15 ± 3.0 8.0 ± 2.0
Iwahashi et al. [28] 17.4 ± 0.9 8.0 ± 0.5
Kawaguchi et al. [30] 17.9 ± 2.0 8.5 ± 1.1

Table 16.3 AM and PL bundle femoral attachment area

References

Area

AM (mm2) PL (mm2)

Harner et al. [15] 47 ± 13 49 ± 13
Takahashi et al. [31] 66.9 ± 2.3 66.4 ± 2.3
Ferretti et al. [21] 120 ± 19.8 76.8 ± 8.9
Siebold et al. [23] 44 ± 13 40 ± 11
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16.3.1  Femoral Measurements

According to Harner et al. the femoral insertion of 
the ACL was 113 ± 27 mm2. The femoral attach-
ment area of the AM bundle was 47 ± 13 mm2, and 
the correspondent area for the PL bundle was 
49 ± 13 mm2 [15].

Mochizuki et al. reported that the femoral 
attachment of the ACL was composed of two dif-
ferent shapes of fibers: one is the main attach-
ment of the midsubstance of ACL fibers, and the 
other is the attachment of the thin fibrous tissue 
which extends from the midsubstance fibers and 
broadly spreads out like a fan on the posterior 
condyle [19, 32]. In their recent study [33], they 
found that during knee flexion, a fold in the ACL 
femoral attachment was observed at the border 
between the midsubstance and the fanlike 
 extension fibers (Fig. 16.1), because the fanlike 
 extension fibers were adhered to the bone sur-
face, and the fiber location and orientation in 
relation to the femoral surface were constant, 
regardless of the knee flexion angle, while the 
orientation of the midsubstance fibers in relation 
to the femur changed during knee motion [33]. 
The attachment of the midsubstance fibers was 
significantly smaller than the attachment of the 
fanlike extension fibers [33]. The insertion of the 
midsubstance fibers involved cartilaginous zone, 
which is regarded as the direct insertion. On the 
other hand, the fanlike extension fibers directly 
attached onto the bone without forming transi-
tional cartilaginous zone, which is regarded as 
the indirect insertion. Recently, Sasaki et al. [34] 
reported similar observations concerning the 
femoral attachment of the ACL.

Mochizuki et al. [19] could divide the ACL 
into AM and PL bundles. The length of the major 
axis of the AM and PL bundles, parallel to the 

posterior femoral cortex, averaged 9.2 ± 0.7 mm 
and 6.0 ± 0.8 mm, respectively. The length of the 
minor axis of both ACL bundles was 4.7 ± 0.6 mm. 
The distances from the attachment center of AM 
and PL bundles of the ACL to the posterior bor-
der of the lateral femoral condyle averaged 
6.3 ± 0.6 mm and 8.6 ± 0.6 mm, respectively. The 
distances from the center of the AM and PL bun-
dles to the anterior border of the lateral femoral 
condyle averaged 16.0 ± 1.5 mm and 5.8 ± 0.9 mm, 
respectively. When they used the “lateral wall 
clock” technique to describe the center of the AM 
and PL bundles of the ACL, the found the attach-
ments at 01:40 and 03:10 position, respectively, 
for the left knee [19].

Ferretti et al. observed the femoral footprint 
length and width was 17.2 ± 1.2 mm and 
9.9 ± 0.8 mm, respectively. The footprint area 
averaged 196.8 ± 23.1 mm2. The areas of the AM 
and PL bundle attachments were 120 ± 19.8 mm2 
and 76.8 ± 8.9 mm2, respectively [21].

Colombet et al. found that the proximodistal 
diameter of the ACL femoral attachment area 
was 18.3 ± 2.3 mm and its anteroposterior diam-
eter was 10.3 ± 2.7 mm. The distance between the 
center of the AM bundle and the center of the PL 
bundle was 8.2 ± 1.2 mm. The distance between 
the posterior border of the ACL femoral attach-
ment and the adjacent articular surface was 
2.5 ± 1.1 mm [18].

According to Takahashi et al., the distance from 
the center of the AM and PL bundle femoral inser-
tions to the posterior margin of the articular sur-
face of the lateral condyle was 7.6 ± 1.5 mm and 
7.0 ± 1.4 mm, respectively. The long axis of inser-
tion of the AM and PL bundles was 11.3 ± 1.6 mm 
and 11.0 ± 1.7 mm, respectively. The short axis of 
insertion was 7.5 ± 1.3 mm for the AM bundle and 
7.6 ± 1.0 mm for the PL. The footprint area of the 

Table 16.4 Measurements of the ACL AM and PL bundle femoral insertion

References

AM PL

Length (mm) Width (mm) Length (mm) Width (mm)

Mochizuki et al. [19] 9.2 ± 0.7 4.7 ± 0.6 6.0 ± 0.8 4.7 ± 0.6
Takahashi et al. [31] 11.3 ± 1.6 7.5 ± 1.3 11.0 ± 1.7 7.6 ± 1.0
Edwards et al. [29] 7.6 ± 1.5 7.0 ± 1.6 6.2 ± 2.3 5.5 ± 3.1
Siebold et al. [23] 7.2 ± 1.5 7.1 ± 1.5 7.0 ± 1.0 7.0 ± 2.0
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AM and PL bundles was 66.9 ± 2.3 mm2 and 
66.4 ± 2.3 mm2, respectively [31].

They observed the lateral radiographs of the 
femoral condyles and found the center of the AM 
bundle to be, on average, 31.9 % from the poste-
rior margin in the anteroposterior direction and 
26.9 % from the roof in the proximal to distal 
direction, whereas that of the PL bundle was 
located, on average, at 39.8 % from the posterior 
margin and 53.2 % from the roof [31].

In the study of Edwards et al., the ACL attach-
ment was 14.0 ± 2.0 mm long by 7.0 ± 1.0 mm 
wide. In all dissected pieces, the AM bundle 
extended to the posterior-proximal limit of the 
femoral notch, blending with the periosteum of the 
femoral shaft. The width of the AM bundle attach-
ment was 7.6 ± 1.5 mm, and the center of the AM 
bundle was 4.3 ± 1.1 mm from the  posterior edge 
of the notch, both measurements parallel to the 
femoral axis. The diameter of the AM bundle fem-
oral insertion parallel to the femoral roof 
(Blumensaat’s line) was 7.0 ± 1.6 mm, and the dis-
tance between the center of the AM bundle and the 
posterior outlet was 4.6 ± 1.2 mm [29].

The width of the PL bundle attachment was 
6.2 ± 2.3 mm, and the center of the PL bundle was 
8.9 ± 2.1 mm from the posterior edge of the notch, 
both measurements parallel to the femoral axis. 
The diameter of the PL bundle femoral insertion 
parallel to the femoral roof (Blumensaat’s line) 
was 5.5 ± 3.1 mm, and the distance between the 
center of the AM bundle and the posterior outlet 
was 7.3 ± 1.8 mm [29].

According to Siebold et al., the femoral ACL 
insertion area was 83 ± 19 mm2, with a mean width 
of 8 ± 2 mm and a mean length of 15 ± 3 mm. They 
found the mean insertion area in men was signifi-
cantly larger (98 ± 22 mm2) than in women 
(76 ± 13 mm2). The mean femoral insertion area of 
the AM bundle was 44 ± 13 mm2 (52 % of the fem-
oral insertion), with a mean width and length of 
7.2 ± 1.5 mm and 7.1 ± 1.5 mm, respectively. The 
mean femoral insertion area of the PL bundle was 
40 ± 11 mm2 (48 % of the femoral insertion), with 
a mean width and length of 7.0 ± 1.0 mm and 
7.0 ± 2.0 mm, respectively. They found the mean 
femoral ACL insertion area of right knees was sig-
nificantly smaller compared with left knees [23].

Kai et al. [35] pointed out that the AM bun-
dle was not attached on a flat aspect of the femur 
but on a cylindrical surface of the femoral inter-
condylar notch around the proximal outlet. 
Therefore, they suggested that three-dimen-
sional clock system is needed to measure the 
center of the femoral attachment of the AM 
midsubstance fibers. They showed that the aver-
aged center of the direct attachment of the AM 
bundle midsubstance fibers was located on the 
cylindrical surface of the femoral intercondylar 
notch at 10:37 (or 01:23) o’clock orientation in 
the distal view and at 5.0 mm from the proximal 
outlet of the intercondylar notch in the lateral 
view [35].

Kawaguchi et al. found the length of the femo-
ral ACL attachment was 17.9 ± 2.0 mm. The 
width of the femoral attachment of the anterior 
fanlike extension was 4.3 ± 0.9 mm, the width of 
the central direct attachment was 8.5 ± 1.1 mm, 
and the width of the posterior fanlike extension 
was 5.7 ± 1.6 mm [30].

Iwahashi et al. evaluated the position and area 
of direct insertion of the ACL and found that the 
footprint length was 17.4 ± 0.9 mm and its width 
was 8.0 ± 0.5 mm. The ACL insertion area was 
128.3 ± 10.5 mm2.

Recently Śmigielski et al. found that the mid-
substance portion of the ACL has a ribbonlike 
structure from its femoral insertion, and the liga-
ment fibers are in continuity with the posterior 
femoral cortex. They could find no clear separa-
tion into two bundles [10].

16.3.2  Osseous Landmarks

Hutchinson and Ash described a distinctive 
change in the slope of the femoral notch roof that 
occurs just anterior to the femoral attachment of 
the ACL. They named it as the “resident’s ridge” 
[36]. A different osseous landmark also called 
resident’s ridge was described by William Clancy 
Jr. (direct communication), and it is a thick ridge 
in the medial wall of the lateral femoral condyle 
that runs through the entire ACL footprint, reach-
ing the articular cartilage, with no ACL attached 
anterior to this ridge.
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Ferretti et al. performed a 3D assessment and 
arthroscopic study of the ACL femoral attach-
ment. They studied the “resident’s ridge” first 
described by Clancy. However, to avoid discor-
dance, they called it the lateral intercondylar 
ridge [21] (Fig. 16.3).

Farrow D. et al. studied the morphology of the 
intercondylar femoral notch and found the lateral 
intercondylar ridge in 194 of the 200 specimens 
[37]. Tsukada et al. [38] observed a great degree 
of positional and dimensional variation in the lat-
eral intercondylar ridge, specifically concerning 
the distal part and slightly differences between 
men and women. They found that although the 
proximal part of the lateral intercondylar ridge 
(LIR) almost corresponded to the anterior margin 
of the ACL attachment, the anterior margin of the 
ACL attachment was commonly located anterior 
to the middle and distal parts of the LIR, having 
the greatest margin-ridge distance averaged 
4.2 mm [38].

There is another ridge or a change of slope of 
the lateral femoral condyle that separates the AM 
and PL bundle insertions. This ridge, described 
as lateral bifurcate ridge, supports the concept 
that the ACL has two bundles, each one with dis-
tinct attachments. This is an important landmark 
to guide knee surgeons during the anatomic 
reconstruction of the ACL [21].

To facilitate the understanding, the authors 
prefer to name lateral intercondylar ridge to 
describe the anterior limit of the ACL femoral 
insertion and the lateral bifurcate ridge referring 
to the slope modification between the AM and PL 
bundles.

16.4  Tibial Attachment

A wide variation of the shape and size of tibial 
ACL attachment has been described in the litera-
ture [14, 26], and it is known that the variation is 
related to the size of tibial plateau [26]. The tibial 
attachment has a more consistent size and appear-
ance than those of the femoral insertion [18], and 
the femoral ACL insertion is smaller than the tibial 
one. Harner et al. described that the tibial attach-
ment is 120 % of the femoral insertion area [15].

The tibial insertion area of the ACL is greater 
than the femoral attachment, 114–136 mm2 
(Table 16.5) [15, 39]. The ACL tibial attachment 
length measures 14.0–18.0 mm, except for the 
work of Girgis. The ACL tibial attachment width 
measures 9.0–12.7 mm (Table 16.6) [6, 18, 24, 
26, 39–41].

The tibial attachment of the AM bundle is 
greater than the PL one. The ACL. The area of 
the tibial insertion of the AM bundle varies from 
56 to 67 mm2, and the tibial footprint area of the 
PL bundle is from 52 to 53 mm2 (Table 16.7) [15, 
31, 39] (Fig. 16.4).

Fig. 16.3 The lateral wall of intercondylar notch. When 
the axis of the femur is parallel to the floor, the lateral 
bifurcate ridge runs anteroposterior, dividing the postero-
lateral and anteromedial femoral attachments, whereas the 
lateral intercondylar ridge runs proximodistal along the 
entire anterior cruciate ligament attachment [21]

Table 16.5 ACL tibial insertion area

References Tibial area (mm2)

Harner et al. [15] 136.0 ± 33
Siebold et al. [39] 114.0 ± 36

Table 16.6 ACL tibial insertion measurements

References Length (mm) Width (mm)

Girgis et al. [6] 30.0 –
Morgan et al. [24] 18.0 10.0
Cuomo et al. [40] 17.0 ± 2.0 9.0 ± 2.0
Colombet et al. [18] 17.6 ± 2.1 12.7 ± 2.8
Edwards et al. [26] 18.0 ± 2.0 9.0 ± 2.0
Siebold et al. [39] 14.0 ± 2.0 10.0 ± 2.0
Ferretti et al. [41] 18.1 ± 2.8 10.7 ± 1.9
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16.4.1  Tibial Measurements

Girgis et al. found the average distance between 
the anterior border of the superior tibial articular 
surface and the anterior attachment of the ACL 
was 15 mm and the anteroposterior length of the 
ACL tibial attachment averaged 30 mm [6].

According to Edwards A. et al., the anteropos-
terior length of the ACL tibial attachment was 
18 ± 2 mm (11–23) and the mediolateral width of 
the ACL tibial attachment was 9 ± 2 mm (7–14). 
Both measurements correlated to the size of the 
tibial plateau. The center of the ACL attachment 
was 35 ± 5 mm (26–57) anterior from the poste-
rior tibial border, 15 ± 2 mm (11–18) anterior 
from the “over-the-back” ridge, and 5 ± 1 (3–7) 
mm lateral from the medial tibial spine border. 
They described the “over-the-back” ridge as a 
transverse interspinous ridge on the apex of the 
posterior slope of the tibial plateau, just anterior 
to the posterior cruciate ligament [26].

The center of the AM bundle was 17 ± 2 mm 
(13–19) anterior to the “over-the-back” ridge, 
37 ± 3 mm (31–44) anterior from the posterior 

 tibial axis, 12 ± 2 mm (7–17) posterior from the 
anterior tibial axis, and 5 ± 1 mm (3–8) lateral from 
the lateral border of the medial tibial spine [26].

The center of the PL bundle was 10 ± 1 mm 
(8–13) anterior to the “over-the-back” ridge, 
28 ± 3 mm (24–35) anterior from the posterior tib-
ial axis, 21 ± 3 mm (13–26) posterior from the 
anterior tibial axis, and 4 ± 1 mm (3–5) lateral from 
the lateral border of the medial tibial spine [26].

The authors observed that the “over-the-back” 
ridge and the lateral face of the medial tibial spine 
could be useful to locate the center of ACL attach-
ment and the center of AM and PL bundles [26].

Colombet et al. found that the anteroposterior 
diameter of the ACL tibial attachment area was 
17.6 ± 2.1 mm and the mediolateral diameter of 
the ACL tibial attachment area was 12.7 ± 2.8 mm. 
They located the curved eminence that lay just 
anterior to the anterior extent of the tibial attach-
ment of the posterior cruciate ligament and named 
as retroeminence ridge [18]. This landmark is 
described as the “over-the-back ridge” by other 
authors [26]. The distance between the center of 
the AM bundle and the retroeminence ridge was 
17.5 ± 1.9 mm. The distance between the center of 
the AM and the PL bundle was 8.4 ± 0.6 mm. 
Consequently, the distance between the center of 
the PL and the retroeminence ridge was 9.1 mm, 
but this distance was not measured on this study. 
The distance between the anterior border of the 
ACL tibial attachment area and the anterior bor-
der of the tibial plateau was 13.1. ± 1.6 mm and 

Table 16.7 AM and PL bundle tibial attachment area

References

Area

AM (mm2) PL (mm2)

Harner et al. [15] 56.0 ± 21.0 53.0 ± 21.0
Takahashi et al. [31] 67.0 ± 18.4 52.4 ± 17.6
Siebold et al. [39] 67.0 ± 31.0 52.0 ± 20.0

a b

Fig. 16.4 Different tibial insertion pattern of ACL by: (a) oblique orientation, (b) the different findings by Edwards 
et al. [26]
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between the posterior border of the ACL tibial 
attachment area and the posterior border of the 
tibial plateau was 24.9 ± 2.7 mm [18].

Morgan et al. found the anteroposterior diame-
ter of the ACL tibial insertion averaged 18 mm 
(14–21). The mediolateral ACL tibial insertion 
averaged 10 mm (8–12). The sagittal distance 
between the center of the ACL tibial attachment 
and the anterior edge of the PCL averaged 7.1 mm 
(7–8) and it was independent of the knee size [24].

Siebold et al. found the average tibial insertion 
of the ACL was 114 ± 36 mm2 (67–259). The 
average width of the ACL insertion was 
10 ± 2 mm (7–15) and the average length of ACL 
footprint was 14 ± 2 mm (9–18). In their report, 
the average male tibial ACL insertion was larger 
than that of female knees, 130 ± 45 mm2 and 
106 ± 29 mm respectively. The ACL tibial inser-
tion width was similar for both genders, but the 
length was smaller in female knees than in males, 
14 ± 2 mm and 15 ± 2 mm, respectively [39].

The average tibial insertion area of the AM 
bundle was 67 ± 31 mm2 (32–152) with an average 
width and length of 5 ± 1 mm (3–9) and 12 ± 2 mm 
(8–17), respectively. The average male tibial 
insertion area of the AM bundle was 72 ± 30 mm2 
versus 65 ± 31 mm2 in female knees. The average 
width of the tibial insertion of the ACL AM bun-
dle was similar for both genders and the average 
length was smaller in females knees (11 ± 2 mm) 
than in males (13 ± 2 mm) [39].

The insertion area of the PL bundle averaged 
52 ± 20 mm2 (22–90) with an average width and 
length of 4 ± 1 mm (2–7) and 10 ± 2 mm (7–14) 
respectively. The average male tibial PL bundle 
insertion area was bigger than that of the female 
knees, 55 ± 16 mm2 and 51 ± 22 mm2, respec-
tively. The average width of the ACL PL bundle 
was 4 ± 1 mm, similar for both genders, and the 
average length of the ACL PL bundle was smaller 
in females than in male knees, 10 ± 1 mm and 
11 ± 1 mm, respectively [39].

The tibial insertion area of the AM bundle was 
12 % larger than that of PL bundle. The center if 
the AM bundle was 1 ± 2 mm anterior and 
4 ± 1 mm medial to the center of PL bundle. The 
distance between both centers of the bundles was 
5 mm [39].

According to Harner et al., the tibial insertion 
of the ACL was 136 ± 33 mm2. The tibial attach-
ment area of the AM bundle was 56 ± 21 mm2 and 
the correspondent area for the PL bundle was 
53 ± 21 mm2 [15].

Cuomo et al. used 21 fresh-frozen knee 
cadaver specimens and found the anterior and 
posterior limits of the ACL tibial attachment at 
22 ± 3 mm (16–27) and 6 ± 2 mm (2–8) from the 
over-the-back position, respectively. The tibial 
attachment was on averaged 17 ± 2 mm (12–19) 
long and 9 ± 2 mm (7–16) wide [40].

Takahashi et al. examined 31 tibial plateaus of 
cadaver knees (32 femur and 31 tibia) and found 
that the distance from a line between the anterior 
margin of the articular cartilage of the medial and 
lateral tibial condyles to the centers of the AM 
and PL bundle was 13.0 ± 2.3 and 14.7 ± 2.8 mm, 
respectively. On the sagittal plane, the AM bun-
dle was 28.6 ± 5.3 % from the anterior limit of the 
tibial plateau and the PL bundle was 32.1 ± 5.9 %. 
Mediolaterally, the AM and the PL bundle was 
44.2 ± 2.4 % and 52.4 ± 2.2 % respectively from 
the medial border of the tibial plateau. The tibial 
attachment area of the AM bundle was 
67.0 ± 18.4 mm2, whereas that of the PL bundle 
was 52.4 ± 17.6 mm2 [31].

Ferretti et al. found that only the anterior root 
of lateral meniscus may not be always used as a 
landmark for tibial tunnel drilling; the authors 
suggested also to use bony landmarks as the 
medial tibial spine. They studied eight cadaveric 
knees and found the length and width of the ACL 
tibial insertion were 18.1 ± 2.8 mm and 
10.7 ± 1.9 mm, respectively. The width of the AM 
bundle was 11.1 ± 2.1 mm and the PL bundle was 
7.9 ± 2.0 mm. The ACL center was 9.1 ± 1.5 mm 
posterior to the intermeniscal ligament and 
5.7 ± 1.1 mm anterior to a projected line from the 
apex of the medial tibial eminence. The center of 
the AM bundle was at 4.6 ± 0.7 mm posterior to 
the intermeniscal ligament. The center of the PL 
bundle was 1.4 ± 0.7 mm anterior to the medial 
tibial eminence [41].

Hara et al. [32] first reported that, in histologi-
cal evaluation of the tibial attachment, there was 
no fibrous insertion in the center of the posterior 
portion of the ACL tibial attachment. The small 
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bundles of the distal portion of the posterolateral 
bundle on the femur were found separately 
attached to the medial and lateral portions of the 
tibial attachment. In the bare area, there were fat 
tissue and vascular bundles [32]. Recently, 
Siebold et al. described the tibial insertion of the 
ACL has a “C” shape from along the medial tibial 
spine to the anterior aspect of the anterior root of 
the lateral meniscus with a mean width of 
12.6 mm and thickness of 3.3 mm. They observed 
that there are no central fibers on the ACL tibial 
footprint and no PL insertion. They affirmed that 
the posterior fibers of the “C” are inserting medi-
ally along the medial spine, and these fibers were 
named posteromedial fibers. According to the 
authors, there is a structure like a belt over the 
tibial plateau, including the anterior horn of the 
lateral meniscus, the “C”-shaped insertion of the 
ACL, and the posterior horn of the lateral menis-
cus. These elements, together, form a “raindrop- 
like ring structure.” Macroscopically, they 
divided the tibial insertion of the ACL into two 
parts. The direct one, which corresponds to the 
“C”-shaped midsubstance insertion, and the indi-
rect part, which is the anterior and broader attach-
ment of the “fanlike” extension. The direct and 
indirect insertions together were form a “duck- 
foot- like” footprint [42].

16.5  Biomechanical 
of the Anteromedial 
and Posterolateral Bundles

It is well established that the AM and PL bundles 
of the ACL have different strains during the range 
of motion of the knee.

According to Kurosawa et al. [11], the AM 
bundle is stretched in the full extension position, 
relaxed at 20–60° of knee flexion and again 
stretched in a flexion position of more than 90°. 
The PL bundle is stretched in the full extension 
position, whereas it becomes slack in a flexion 
position, in response to an anterior tibial load [11].

Sakane et al. showed that the magnitude of the 
force in the PL bundle in response to anterior 
tibial loading was greater than that in the AM 
bundle, especially when the knee was near exten-

sion. Changes in the PL bundle during knee 
flexion- extension revealed trends similar to those 
for the whole ACL. Moreover, the forces in the 
AM bundle remained relatively constant during, 
being unaffected by changes in flexion angle and 
only minimally affected by changes in applied 
anterior tibial load [43].

Gabriel et al. [44] described that, under a com-
bined rotatory load, the PL bundle is as important 
as the AM bundle, especially when the knee is in 
the near extension position.

Recently, Zantop et al. [13] showed that iso-
lated resection of the PL bundle significantly 
increases anterior tibial translation at 30° of knee 
flexion and combined rotation at 0° and 30°, as 
compared with the intact knee and isolated resec-
tion of the AM bundle. That is, rupture of the 
ACL increases both anterior translation and inter-
nal rotation, resulting in a large movement of the 
mobile lateral tibial plateau.

Mochizuki et al. [33] reported that, during 
knee flexion, a deep fold in the ACL femoral 
attachment was observed at the border between 
the midsubstance and the fanlike extension fibers. 
This observation suggested that the fanlike exten-
sion fibers may have a limited role in resisting 
tibial displacement. Based on Mochizuki’s study, 
Kawaguchi et al. [30] conducted a sequential cut-
ting study of the femoral attachment of the ACL, 
when tibial anteroposterior 6-mm translations 
were applied at 0–90° of knee flexion. The mid-
substance fiber attachment area resisted 82–90 % 
of the anterior drawer force, while the posterior 
fanlike extension fiber attachment area resisted 
11–15 %. These results showed that the fanlike 
extension fibers contributed very little. They sug-
gests that, in ACL reconstruction, the most 
important area on the femur, in terms of resisting 
displacement of the tibia, was in the central ante-
rior part of the femoral ACL attachment, near the 
roof of the intercondylar notch [30].

Kato et al. studied the biomechanics of the 
human triple-bundle ACL. They showed that the 
intermediate (IM) bundle can be divided from the 
AM and PL bundle not anatomically but func-
tionally. The AM bundle stabilizes the knee 
against both anterior and rotatory loads, that the 
PL bundle stabilizes the knee specially near full 
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extension, and that IM bundle plays a supplemen-
tal role to the AM and PL bundles through all 
flexion angles, especially from 30 to 45°, against 
rotatory load [45].

16.6  The Triple Bundle Concept

In many mammals, a triple-bundle structure of 
the ACL is clearly discernible [46, 47]. Norwood 
et al. [8] first reported that the ACL can be divided 
into three bundles [anteromedial (AM), interme-
diate (IM), and posterolateral (PL)] [8]. Moreover, 
Amis and Dawkins [7] reported that the ACL can 
be divided into three bundles using cadaveric 
knees to show the changes in the length of each 
ACL fiber bundle.

Otsubo et al. [9] were able to identify the three 
ACL bundles in all knees dissected. At 0° and 30° 
of knee flexion, the three bundles ran parallel to 
each other. At 90° and 120°, the IM bundle became 
anterior and ran more vertically than the AM bun-
dle. In addition, the PL bundle was arranged verti-
cally relative to the AM and IM bundles. The 
bundles had a tendency to twist around each other 
as knee flexion increased (Fig. 16.5).

The PL bundle occupied the distal-posterior 
half of the femoral insertion area, whereas the 
AM and IM bundles were attached to the proxi-
mal anterior half (Fig. 16.6). The IM bundle 
attachment was located anterior and inferior to 
the area of the AM bundle. On the tibia, the AM, 
IM, and PL bundles were attached to the antero-
medial, anterolateral, and posterolateral portions 

0 30° 60° 90° 120°

Fig. 16.5 Sagittal and frontal views of three separated 
ACL bundles. A different-colored thread was wound 
around each fiber bundle. Blue, green, and red threads 

indicate anteromedial, intermediate, and posterolateral 
bundles, respectively [9]
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Fig. 16.6 Attachment areas of anteromedial (blue), inter-
mediate (green), and posterolateral (red) ACL bundles. (a) 
Femur sagittal view from the medial side. (b) Femur 

oblique view from the anteromedial side (arrow: 
Resident’s ridge). (c) Tibia axial view from the proximal 
side
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of the attachment area, respectively, forming a 
triangle [9] (Fig. 16.6).

The average area of the femoral attachment 
was 124.6 mm2 (117.5–130.3 mm2). The propor-
tions of the AM, IM, and PL bundles were 29 %, 
28 %, and 43 %, respectively. The average area of 
the tibial attachment was 119.1 mm2, with the 
proportions of 29 %, 26 %, and 45 % for the AM, 
IM, and PL bundles, respectively [9].

The three bundles in the native ACL were 
visually distinguished with 3D-COSMIC isotro-
pic imaging of 3-T magnetic resonance imaging 
(MRI) (Fig. 16.7) [9].

The ACL could to be macroscopically divided 
into AM and PL bundles at 90° flexion of the 
knee. When the “anteromedial” bundle was 
observed from the front, the existence of a sep-
tum between the medial and lateral fibers was 
confirmed around the tibial attachment. This sep-
tum allowed the authors to divide the “anterome-
dial” bundle into the medial AM and lateral IM 
bundles. The septum was not clearly recognized. 
However, by loading the anterior tibial drawer at 
a 90° flexion of the knee, the septum became evi-
dent. This may suggest a difference in the biome-
chanical roles of the two bundles during the 
anterior translation of the tibia [9].

In response to 100 N of the anterior force, the 
AM and PL bundle forces were slightly higher 
than the IM bundle force at full extension. The 
AM bundle force remained at a high level up to 

90° of flexion, with significant differences com-
pared with the IM bundle forces at 15°, 30°, and 
60° of flexion and the PL bundle force at 90° of 
flexion [9]. The AM bundle is the primary stabi-
lizer to the tibial anterior drawer through a wide 
range of motion, whereas the IM bundle is the 
secondary stabilizer in deep flexion angles. The 
PL bundle is the crucial stabilizer to hyperexten-
sion as well as tibial anterior drawer at full 
extension.
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Anatomy of the ACL Insertions: 
Arthroscopic Identification of the 
Attachments

Jorge Chahla and Robert F. LaPrade

17.1  Relevant Femoral Bony 
Landmarks

Bony landmarks on the lateral femoral condyle, 
including the lateral intercondylar ridge (LIR), 
bifurcate ridge (BR), femoral notch roof, over- 
the- top position (OTP), and the posterior notch 
outlet, have been described as consistent land-
marks for determining anteromedial (AM) and 
posterolateral (PL) ACL bundle tunnel placement 
[1]. For the purpose of description of the land-
marks, proximal/distal will be considered 
cephalic/caudal respectively and anterior/poste-
rior will be ventral/dorsal respectively.

Identification of the LIR and BR has been 
reported to be an accurate and reliable method to 
locate the native ACL femoral insertion site [2] 
(Fig. 17.1). The LIR (commonly known as the 
“resident’s ridge” as described by Clancy [3]) is 
particularly useful because it serves as the ante-
rior margin of both the individual bundles and the 
overall ACL femoral attachment. It has shown to 
be consistent in all specimens in cadaveric and 
arthroscopic studies [1, 4–6]. Moreover, the LIR 
is usually identifiable arthroscopically, whereas 
the BR, which separates the AM and PL bundle 
femoral attachments, is more subtle, difficult to 
locate, and may not always be apparent during 

arthroscopic surgery [1]. Of note, the BR repre-
sents a delicate change of slope resembling a 
ledge rather than a convex ridge. Identification of 
the BR may be difficult arthroscopically, espe-
cially when using motorized shavers or curettes 
to clean off the lateral femoral wall. When the 
BR is visible and palpable, it has the potential to 
serve as a useful surgical landmark, especially for 
single- and double-bundle ACL reconstructions.

Landmarks from the distal and posterior articu-
lar cartilage margins, the proximal point, and the 
posterior point can also serve as references to guide 
ACL femoral reconstruction tunnel placement [1]. 
In particular, the perpendicular intersection of a line 
extending proximally from the distal articular carti-
lage margin and a line extending anteriorly from the 
posterior articular cartilage margin may be useful 
for locating the center of the ACL attachment [1]. 
For the reasons mentioned above, a patient’s native 
anatomy should be carefully preserved by dissec-
tion (with mechanized shavers or thermal devices) 
of the anatomical insertions in order to leave more 
intact landmarks to guide tunnel placement.

17.2  Femoral Footprint 
Morphology and Location

The femoral insertion site of the ACL is described 
as either circular or oval shaped and similar in 
size between the two bundles (AM and PL). The 
areas of the entire ACL insertions are 113 ± 27 mm2 
and 136 ± 33 mm2 for the femur and tibia, respec-
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tively [7]. Hensler et al. [8] reported that only 
61 % of the femoral insertion is reconstructed 
with standard tunnel reaming. The overall ACL 
attachment center is 6.1 mm posterior to the lat-
eral intercondylar ridge, 1.7 mm proximal to the 
bifurcate ridge, 14.7 mm proximal to the distal 
cartilage margin, and 8.5 mm anterior to the pos-
terior cartilage margin [1]. The footprint of the 
AM bundle is approximately 52 % of the total 
femoral ACL insertion area, and that of the PL 
bundle is approximately 48 % [9]. The AM bundle 
femoral attachment center is 7.1 mm posterior to 
the lateral intercondylar ridge, 4.8 mm proximal 
to the bifurcate ridge, 18.6 mm proximal to the 
distal cartilage margin, and 11.7 mm anterodistal 
to the proximal point. The PL bundle attachment 
center is 3.6 mm posterior to the LIR, 5.2 mm dis-
tal to the bifurcate ridge, 10.7 mm proximal to the 
distal cartilage margin, and 5.7 mm anterior to the 
posterior cartilage margin [1]. Slight ACL size 
variations may exist depending on the age, gen-
der, or size of the specimen under study.

The AM and PL bundle attachments appear dif-
ferently as the knee flexion angle changes 
(Fig. 17.2). Therefore, the knee flexion angle has 
been assumed to be the most powerful and modifi-
able factor influencing the arthroscopic view [10].

17.3  Relevant Tibial Bony 
and Soft Tissue Landmarks

Specific bony landmarks assessed for the ACL 
tibial attachment include the lateral and medial 
tibial eminences, the medial and lateral tibial pla-
teau articular cartilage borders, the ACL ridge, the 
ACL tubercle, the anterolateral fossa, and the ret-
roeminence ridge [1]. Relevant soft tissue land-
marks are the anterior horn of the lateral meniscus 
and the anterior intermeniscal ligament (AIL).

The anterolateral fossa is a bony depression 
immediately medial to the lateral tibial plateau 
articular cartilage border and anterior to the lateral 
tibial eminence, which corresponds to the attach-
ment of the anterior horn of the lateral meniscus. 
The ACL ridge is an anterior bony elevation that 
courses between the anterolateral fossa and the 
medial tibial plateau articular cartilage border. The 
ACL tubercle defines the lateral- most aspect of the 
ACL ridge. The ACL ridge and tubercle serves as 
a landmark for the anterior- most border of the 
ACL tibial attachment. The retroeminence ridge 
(“over-the-back” ridge) is a transverse ridge 
located at the apex of the posterior slope of the 
tibial plateau in close relationship with the antero-
superior aspect of the PCL tibial attachment [1].

Fig. 17.1 Lateral view of 
a hemi-sectioned right 
knee illustrating relevant 
femoral bony landmarks. 
The lateral intercondylar 
ridge (LIR) represents the 
most anterior femoral 
attachment for both bun-
dles (18 mm average 
length) and the subtler 
bifurcate ridge (BR), which 
extends from the LIR to the 
posterior cartilage 
(11.6 mm average length)
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17.4  Tibial Footprint Morphology 
and Location

Harner et al. [7] reported that the tibial insertion of 
the ACL is 120 % of the area of the femoral inser-
tion site. Kopf et al. [11] showed that with standard 
drilling, only 57 % of the native tibial insertion is 
reproduced. The tibial insertion site of the ACL has 
been described as having a duck- foot shape [5]. The 
division between the attachments of the AM and PL 
bundles on the tibia is obliquely oriented and courses 
in a posteromedial- to- anterolateral direction, with 
an average distance between the bundle centers of 
10.1 mm. The distinctive contour of this division 
imparts a convex, comma-shaped appearance to 
the AM bundle footprint, enveloping the medial 
convex contour of the PL bundle [1]. The ACL 
center is 10.5 mm posterior to the ACL ridge, 13 mm 
anterior to the retroeminence ridge, and 7.5 mm 
medial (and slightly anterior [7]) to the anterior 
horn of the lateral meniscus [1] (Figs. 17.3 and 17.4).

Fibrous connections extending from the ante-
rior horn of the lateral meniscus attachment to the 
ACL bundles are constant (the anterior aspect of 
the anterior horn of the lateral meniscus attach-
ment is aligned with the AM bundle, whereas the 
posterior aspect fibrous attachments are aligned 
with the PL bundle) [1] (Fig. 17.5).

In regard to the tibial eminences, no ACL inser-
tion is located posterior to the lateral tibial emi-
nence [7]. The medial tibial eminence has less 
variability, having a constant relationship with the 
center of the ACL and its bundles [7]. Harner [7] 
reported the AIL as a reliable landmark (center of 

Fig. 17.2 Lateral view of a hemi-sectioned right knee 
demonstrating changes in bundles and femoral insertion 
sites with progressive knee flexion (extension, 60° of flex-

ion and 120° flexion). This relationship is essential to 
understand for the arthroscopist in order to perform an 
anatomical reconstruction

Fig. 17.3 Superior view of a right tibia depicting dis-
tances between the most reliable tibial bony landmarks. 
The average distance of the tibial footprint is indicated 
with their respective standard deviations. An important 
anatomic fact is that none of the ACL tibial insertion is 
posterior to the lateral eminence

Fig. 17.4 Superior (axial) view of a right tibia showing 
the relationship between the lateral meniscus anterior root 
attachment (LARA) and the ACL
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the tibial ACL attachment is 9.1 ± 1.5 mm posterior 
to the posterior edge of the AIL) [7]. However, a 
recent study by Kongcharoensombat [12] reported 
that the AIL coincides with the anterior edge of the 
ACL tibial footprint in the sagittal plane.

The posterior cruciate ligament (PCL) has his-
torically been used as a landmark (ACL tibial 
attachment is approximately 7 mm anterior) [7, 13]. 
However, the utility of this landmark depends on 
which aspect of the PCL is used as a reference, if the 
PCL is injured, and whether the tibia is anteriorly 
subluxed on the femur. It is now recognized that 
tibial tunnel positioning based on the PCL is located 
too posterior to the native ACL tibial attachment. 
Thus, the anterior root of the lateral meniscus and 
the retroeminence ridge are more reliable landmarks 
for referencing the ACL tibial attachment site [1].

17.5  Positioning and Essential 
Arthroscopic Landmarks

Several cadaveric and clinical studies have assessed 
ACL tunnel positioning [14–17]. However, 
10–40 % of tunnel placements in ACL reconstruc-
tions are reportedly malpositioned [10], compris-
ing the main reason (52 %) for ACL revision 
surgery [18]. The high rate of tunnel misplacement 
can be attributed to the position of the portals, the 
degree of flexion during identification of the foot-
prints, anatomical variation [10], or arthroscopic 
image distortion [19, 20]. Hoshino [19] reported 

that the knee should be positioned at 90° when 
determining graft  placement because the accuracy 
of the footprint placement could be reproduced 
more accurately than in a hyperflexion state. 
Moreover, there was a tendency of distal misplace-
ment of the tunnels with the knee at 110° [10]. 
Conversely, surgeons can identify osseous land-
marks more easily with a more flexed position 
(110–120°) as the lateral femoral condyle acquires 
a lower and shallower position in the arthroscopic 
view [19, 21]. Some surgeons prefer a more flexed 
position [22, 23] because that has less risk of blow-
ing out the posterior wall of the lateral femoral con-
dyle, making a tunnel with insufficient length or 
damage to the lateral structures [24]. Therefore, we 
recommend 90° of knee flexion to choose tunnel 
position and flexion of 110° or more for improved 
consistency in tunnel creation in order to prevent 
cortex fracture and also to maximize tunnel length.

Another risk factor for tunnel malpositioning 
is the image distortion since peripheral regions 
may be altered, especially when viewing angle is 
not straight [19]. Therefore, when reaming the 
femoral tunnel, initial visualization through the 
anteromedial portal is preferred [19, 21].

The most accurate anatomic landmark for 
arthroscopic ACL reconstruction is the native ACL 
remnant [6, 9, 25]. However, in a chronic setting or 
in a revision surgery, this may not be visible [9]. 
Therefore, for the femoral tunnels, the OTP and the 
LIR remain the most reliable osseous landmarks 
and are the senior author’s (RFL) preferred method. 
For this purpose, a 7 mm offset guide can be uti-
lized to place the tunnel anterior to the posterior 
margin of the femoral condyle [13]. A motorized 
burr or an awl can be used to demarcate the desired 
area. With regard to the lateral femoral condyle 
clock face position, it differs among surgeons [9, 
26, 27] and has not shown to be a reliable method.

For identifying the tibial ACL attachment, the 
remnant fibers should be left intact in order to 
have a reliable landmark of the previous ACL 
insertion site. For cases in which the ACL tibial 
stump is not visible, placing a tibial single- bundle 
tunnel medial to the midpoint of the anterior horn 
of the lateral meniscus attachment may be a use-
ful arthroscopic landmark for single-bundle ACL 
reconstructions (Fig. 17.6).

Lastly, careful attention must be paid in order to 
preserve the meniscal root insertions because 

Fig. 17.5 Superolateral view of a right tibia demonstrat-
ing the most widely used soft tissue landmarks. From 
anterior to posterior, the relationship between soft tissue 
landmarks is illustrated. Note the fibrous tissue connect-
ing the anterolateral root (LARA) to the ACL
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 iatrogenic anterior medial meniscus root [28–30] 
and posterior lateral meniscus root [31] avulsion 
can occur due to malposition of the tibial tunnel(s) 
during ACL reconstruction. Anatomic and 
 biomechanical studies have reported that the 
 attachment fibers of the anterolateral meniscal root 

course deep to a significant portion of the ACL’s 
tibial attachment fibers [32, 33], and therefore, even 
an anatomically placed tibial tunnel can disrupt the 
AL root attachment. AM root attachment was not 
significantly affected by anatomical ACL tunnel 
placement in a biomechanical study [30] (Fig. 17.7).

Fig. 17.6 Arthroscopic images of a left knee demonstrat-
ing (a) the tibial footprint of the ACL and its relationship 
to the lateral meniscus anterior root attachment (LARA) 

and (b) the external femoral condyle in 110° of flexion 
depicting the lateral intercondylar ridge (LIR) and the 
bifurcate ridge (BR)
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AL root
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Fig. 17.7 A diagrammatic 
representation of the 
danger zone created using 
the quantified overlap of 
the anterolateral (AL) 
meniscal root with the 
anterior cruciate ligament 
(ACL) superimposed over a 
qualitative illustration of 
the tibial plateau (right 
knee). High frequencies 
represent areas in which 
the ACL and AL root were 
found to overlap in all 12 
tested specimens 
(Reproduced with 
permission from LaPrade 
et al. [33])
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Functional Analysis of ACL 
Insertion Site

Jelle P. van der List, Danyal H. Nawabi, 
and Andrew D. Pearle

18.1  Introduction

Each year more than 100,000 anterior cruciate 
ligament (ACL) reconstructions are performed in 
the United States [35]. Failure of single-bundle 
ACL reconstruction is reported in 11–12 % of all 
surgeries [13, 71]. Most of these failures are 
caused by technical errors of which malposition-
ing of the femoral tunnel is considered as the 
most common technical error [3, 41, 67, 73]. As 
a result, there has been an increased focus in the 
literature on the topic of anatomic ACL recon-
struction, with special attention to the femoral 
tunnel [46, 51].

Several locations and techniques for placement 
of the ACL graft on the lateral wall of the inter-
condylar notch have been proposed. Some authors 
have advocated that complete filling of the femo-
ral footprint is the optimal technique for ACL 
reconstruction [59, 60]. They have suggested that 
single-bundle reconstruction is indicated in 
patients with small femoral footprints and double-
bundle reconstruction in patients with larger fem-
oral footprints, with the hypothesis that filling the 
footprint restores “a maximum amount of stabil-
ity and function” [30, 60]. Other authors have 

suggested that a more central position within the 
femoral footprint is better at restoring native knee 
kinematics [46, 51, 74]. When translated to a 
practical setting, in single- bundle reconstruction, 
the femoral tunnel should be placed centrally 
between the anteromedial (AM) and posterolat-
eral (PL) bundle, whereas in double-bundle 
reconstruction, the centers of both bundles are 
used.

The strategy for filling the entire femoral 
footprint is, however, difficult when considering 
the shape of the native ACL. The femoral foot-
print is 3.5 times larger than the midsubstance of 
the ACL [17]. Anatomical dissection studies 
have shown that the shape of the ACL is very 
different to a tubular ACL graft [43, 56]. At the 
femoral origin, the ACL has a firm but thin band 
of fibers attaching perpendicularly to the lateral 
intercondylar ridge. Further posteriorly at the 
femoral origin, a fanlike extension of the liga-
ment can be seen that blends with posterior fem-
oral condylar articular cartilage [43, 56]. A few 
millimeters away from femoral attachment, the 
ACL is a wide but flat and ribbon-like structure 
[61, 63, 66]. Because in full extension the poste-
rior cruciate ligament (PCL) occupies the largest 
part of the intercondylar notch, the flat shape of 
the ACL prevents impingement on either the lat-
eral femoral condyle or the PCL [24, 25, 66]. 
Therefore, the technique of filling the entire 
 femoral footprint could cause problems with 
 overstuffing of the intercondylar notch and sub-
sequent impingement. Furthermore, it is not 
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 possible to restore the three-dimensional ribbon-
like shape of the ACL with a tubular graft.

With different single-bundle ACL reconstruc-
tion techniques, the coverage of the femoral foot-
print by the ACL graft is 30–54 % [54]. Therefore, 
the specific location of a graft within the larger 
native footprint may be important. The consider-
ations for the most optimal position of the femo-
ral tunnel are discussed in this book chapter. 
Finally, the identification of the proposed optimal 
femoral tunnel position at arthroscopy is 
discussed.

18.2  Considerations

The central position within the femoral ACL 
footprint, as has been previously proposed by 
others, may not be the optimal location for graft 
positioning. The rationale for our proposed femo-
ral tunnel location is discussed with reference to 
isometry, anatomy, and histology of the native 
ACL.

18.2.1  Isometry

Isometry is defined as the minimization of elon-
gation of the ACL graft during knee motion. In 
1911, Rudolf Fick described in detail the ten-
sion pattern of the ACL and found that parts of 
the ACL were tensioned during range of motion 
[16]. This finding is known as one of the foun-
dations of the later concept of graft isometry. In 
1974, Artmann and Wirth were the first to iden-
tify the location at the femoral condyle where 
the ACL is the most isometric [7]. They sug-
gested that the femoral tunnel should be placed 
anterior- proximal within the femoral footprint 
in order to simulate graft isometry [51]. In the 
following years, ACL graft isometry became 
considered as one of the most important indica-
tors of a successful ACL reconstruction [57]. 
Moreover, several instruments, such as the 
Isometer®, were designed to measure and opti-
mize graft isometry [14].

An isometric graft is thought to result in 
optimal function and minimizes the risk of 

graft rupture. Conversely, a nonisometric 
graft is slack during parts of knee motion and 
therefore loses its capacity to prevent ante-
rior-posterior laxity [5, 47, 75]. If a noniso-
metric graft is fixed at the wrong angle or is 
fixed too anteriorly at the femoral condyle, 
the graft can cause overconstraint of the knee 
as the knee is flexed. This overconstraint can 
cause excessive tension and eventually graft 
failure [47, 75].

The role of the femoral tunnel position is 
considered to be of more importance in repro-
ducing isometry than the tibial tunnel position 
[18]. Many studies have confirmed the impor-
tance of the femoral tunnel position in the 
isometry of the ACL [47, 75, 76]. An anterior 
(or high) position of the femoral tunnel is con-
sidered more isometric than a central or poste-
rior femoral tunnel position (Figs. 18.1 and 
18.2) [18, 49, 50]. It has been quantified in bio-
mechanical studies that a graft in an anterior 
position lengthens up to 4 mm, whereas more 
graft elongation is seen with a central (up to 
8 mm) or posterior position (up to 10 mm) [49]. 
Zavras et al. confirmed these findings and also 
showed that the most isometric tunnel position 
is also located proximally in the footprint [76]. 
The two most distal positions in the footprint 
showed the most length change (up to 4–5 mm) 
during high flexion, whereas more proximal 
tunnel positions showed only length changes up 
to 1.5 mm.

The importance of isometry in vivo has been 
shown by Beynnon et al. [10]. The authors 
measured the isometry of the graft intraopera-
tively and divided the patients into a group that 
did not show graft elongation and a group that 
did show graft elongation. Immediately after 
reconstruction, they found no difference 
between the groups. However, at 5-year fol-
low-up, the group with graft elongation showed 
more anterior- posterior laxity. These studies 
made it clear that an isometric position is 
important in achieving a stable ACL recon-
struction without the risk of increased laxity 
and subsequent graft failure.

Several factors were responsible for the subse-
quent shift in attention away from isometry, as 
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the primary goal of ACL reconstruction. Some 
studies assessed the role of isometry in the native 
ACL and showed that the ACL is not an isometric 
structure [6, 31, 37]. Markolf et al. showed with a 
trial wire that during the last 30° of extension, the 
length of the ACL increased by approximately 
3 mm [37]. In addition, other studies showed that 
the ACL fibers do not insert at the most isometric 
point but at the anatomical footprint [4, 31]. It 
was believed that these anatomical fibers contrib-
uted to rotational stability and therefore were of 
significant importance. These findings resulted in 
the search for a compromise between a position 
within the anatomical footprint and a position 
with isometric characteristics, the so-called 
 anatometry [44]. Although the attention partially 
shifted toward an anatomic reconstruction, isom-
etry remains an important goal of ACL recon-
struction. The more isometric position is located 
proximal (deep) in the femoral condyle and more 
anterior (high) [75, 76].

Fig. 18.1 Anisometry profiles of anteromedial (AM), pos-
terolateral (PL), central, and conventional single- bundle fibers 
are shown at different flexion angles. Fiber lengths were 

 normalized to zero at full extension for the flexion/extension 
cycles (Reprinted from Pearle et al. (2008) with kind permis-
sion of American Journal of Sports Medicine [49])

High

Low

Deep Shallow

Fig. 18.2 This figure shows the terminology used for the 
navigation of the femoral footprint. The high position is 
also called anterior and low position is also called poste-
rior, while the deep location is sometimes referred to as 
proximal and shallow as distal (Reprinted from Amis 
et al. (1998) with kind permission of Springer Science and 
Business Media [5])
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18.2.2  Anatomy

Ernest William Hey Groves (1872–1944) is 
believed to be the first surgeon who performed a 
complete ACL reconstruction with the use of a 
tibial and femoral tunnel [20, 57]. He used the 
fascia lata as a graft and threaded it through new 
canals in the femur and tibia. Hey Groves empha-
sized the role of anatomic reconstruction in 
proper restoration of knee joint kinematics. In the 
following decades, more attention was directed 
toward conservative treatment, primary ACL 
repair, and isometric tunnel position, and there-
fore anatomic reconstruction became less impor-
tant [57].

Over the last decade, however, anatomical 
femoral tunnel positioning gained popularity, due 
to recently published data. First of all, the afore-
mentioned studies identified that several ACL 
fibers inserted within the anatomical footprint 
and were considered to play an important role in 
kinematics [4, 31]. Furthermore, the nonana-
tomic but isometric vertical graft orientation seen 
with transtibial drilling techniques provided good 
anterior-posterior stability but suboptimal rota-
tional stability [34, 55, 58]. Finally, in 2005 
Musahl et al. compared knee kinematics between 
an anatomic femoral tunnel position and an iso-
metric femoral tunnel position outside the ana-
tomic footprint in a biomechanical study [45]. 
Although none of the tunnels fully restored the 
kinematics to those of a native ACL, they found 
that the anatomic tunnel position better restored 
knee kinematics compared to the isometric  tunnel 
position in a simulated Lachman and simulated 
pivot shift.

In order to determine the anatomy of the foot-
print, bony landmarks of the femoral ACL inser-
tion have been identified [51]. The lateral 
intercondylar ridge is an important bony 
landmark that is located just anterior to the ACL 
footprint. Clancy Jr. described this bony land-
mark as the resident’s ridge because it can be 
mistaken for the over-the-top position by inexpe-
rienced surgeons [22]. This could result in an 
anterior positioning of the graft and subsequently 
failure of the graft [28]. Another osseous land-
mark, which more recently has been described, is 

the lateral bifurcate ridge [15]. This ridge con-
nects anteriorly with the lateral intercondylar 
ridge and posteriorly with the posterior aspect of 
the femoral cartilage and separates the anterome-
dial and posterolateral bundles of the ACL [72]. 
The lateral intercondylar ridge is arthroscopically 
identified in 88–100 % of the cases, while it is 
more difficult to identify lateral bifurcate ridge 
arthroscopically (48–82 %) [15, 70].

These bony landmarks identify the anatomical 
footprint of the ACL fibers. The anatomical foot-
print is crescent shaped with the lateral intercon-
dylar ridge as a straight anterior border and the 
lateral femoral condyle as a convex posterior bor-
der [63]. The surface area of the femoral ACL 
attachment site varies in different studies between 
70 and 200 mm2 [23, 30] and is thought to cover 
approximately 18 % of the lateral wall of the inter-
condylar notch [23]. The length of the anatomical 
footprint varies in several studies between 14 and 
18.5 mm and the width between 7 and 11 mm [30].

The shape of the native ACL is more tubular at 
the midsubstance and is flat, ribbon-like at the 
femoral end with a thickness of 2–4 mm and 
width of 10–16 mm (Fig. 18.3) [63]. It is not sur-
prising that with single-bundle reconstruction, 
the ACL graft can only cover 30–54 % of the 
femoral footprint [54]. Therefore, some thought 
must be given to positioning of the ACL graft 
within the large area of the footprint. With time 

Fig. 18.3 The ribbon shape of the ACL after careful 
removal of the synovial tissue is shown. The ACL fibers 
form a flat ribbon 2 mm from its femoral attachment to 
midsubstance (Reprinted from Śmigielski et al. (2014) 
with kind permission of Springer Science and Business 
Media [63])
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zero biomechanical studies showing superiority 
of an anatomic tunnel position [34, 45, 55, 58], it 
would appear beneficial to place the femoral tun-
nel within the confines of the footprint in the 
most isometric location, as opposed to an isomet-
ric position that is nonanatomic. Several studies 
have shown that the region that is both anatomic 
and isometric is located proximal (deep) and 
anterior (just posterior of the lateral intercondylar 
ridge) within the anatomic footprint [76].

18.2.3  Direct Fibers

Over the last few years, there has been an increas-
ing interest in the histological characteristics of 
the ACL following a study of Iwahashi et al. [27]. 
The authors in this study identified two categories 
of fiber insertions at the femoral side of the ACL, 
with different histological and biomechanical char-
acteristics. The authors described these fibers as 
the direct and indirect insertions (Fig. 18.4). The 
direct insertion has a transitional zone between 

the ligamentous tissue and the femoral insertion, 
while the indirect insertion lacks this zone. This 
transitional zone consists of ligamentous tissue, 
noncalcified cartilage, and calcified cartilage and 
enables the distribution of loads. Therefore, many 
authors considered the direct fibers to be biome-
chanically more important [8, 9, 27]. The indirect 
fibers are thought to play a role in resisting shear 
movements by functioning as a dynamic anchor-
age of soft tissue to the bone [56].

It was noted that the location and orientation of 
the indirect or “fanlike” fibers did not change 
through the flexion arc, while the direct fibers did 
change in location [43]. Pathare et al. examined 
the biomechanical role of both fiber insertions 
[48]. They assessed the kinematics of knees with 
an intact ACL and compared these kinematics 
with knees in which the indirect fibers were 
removed. They found that knee kinematics 
between the intact ACL and the transected indirect 
fibers did not significantly differ in the simulated 
Lachman, anterior drawer, and pivot shift test. 
Upon transection of the direct fibers, a large 
increase in anterior tibial translation and internal 
tibial rotation was noted. Another study showed 
that the direct fibers carry approximately 82–90 % 
of the load when an anterior drawer force is 
applied, while the fanlike fibers only contributed 
to a minor part of the overall load [29]. These stud-
ies suggest that the indirect fibers have a much 
smaller load-bearing function compared to the 
direct fibers. Therefore, it may be beneficial to aim 
the femoral tunnel in the region of the direct fibers. 
Furthermore, it has recently been shown that graft 
impingement was not significant when placing the 
femoral tunnel in the direct insertion [69] although 
this has also been shown in a cadaveric study [26].

The direct fibers form a narrow, linear band 
zone that inserts just posteriorly to the lateral 
intercondylar ridge, which means they are located 
anteriorly within the anatomical femoral foot-
print [27, 48, 56]. The anterior-posterior thick-
ness of the direct fibers is 5.3 mm (±1.1) [56] and 
covers approximately 36 % of the anatomical 
femoral footprint [43]. The indirect fibers insert 
between the direct fibers and the posterior femo-
ral condylar cartilage, which means a posterior 
location inside the anatomical femoral footprint. 

Fig. 18.4 The oval ACL insertion is shown. The direct 
insertion was located at the anterior of the ACL insertion 
(shaded portion). The width of the direct insertion was 
narrow. The posterior of the ACL insertion was the indi-
rect insertion (dotted portion) (Reprinted from Sasaki 
et al. (2012) with kind permission of Elsevier [56])
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The anterior-posterior thickness of the indirect 
fibers is approximately 4.4 mm (±0.5) [56], and 
they cover approximately 64 % of the surface of 
the femoral anatomical footprint [43].

Sasaki et al. observed that the direct and indi-
rect fibers are both microscopically and macro-
scopically identifiable with the positions as 
described above [56]. Indirect fibers do not con-
tribute much to knee kinematics and load carry-
ing and lack a transitional zone. Therefore, we 
recommend targeting the region of the direct 
fibers that consists of a 5 mm thick linear zone 
bordering the lateral intercondylar ridge and thus 
anteriorly within anatomical footprint.

18.2.4  Tension Pattern

Another possible explanation for higher failure 
rates of ACL reconstruction is the tension on the 
ACL graft. It has been suggested that a higher force 
on the ACL graft can cause graft failure, loss of 
fixation, or limited motion [21, 37, 38]. Several 
studies have shown that the largest tension on the 
ACL takes place during extension and hyperexten-
sion [21, 36]. As the knee moves through the flex-
ion arc, the tension decreases. Markolf et al. 
compared the forces on the native ACL with forces 
on the ACL graft and found higher forces on the 
ACL graft (Fig. 18.5) [36]. They specifically found 
that in the native ACL, the tension decreased as the 
knee moves through the flexion arc, but this decline 
was less pronounced in the ACL graft. The authors 
found similar results in a second study using differ-
ent ACL reconstruction techniques [40].

The position of the femoral tunnel is known to 
play a role on the forces on the ACL graft [21, 32, 
38]. Increased graft force can cause overconstraint; 
posterior, lateral, and external subluxation; and 
eventually slackening and failure of the graft [42]. 
Zavras et al. assessed the tension on the ACL graft 
and the anterior-posterior laxity in different femo-
ral tunnel positions [75]. They compared different 
tunnel positions in the proximal isometric zone 
and found that the femoral tunnel location that 
imparted the lowest tension on ACL graft was 
located at the anterior- proximal corner inside the 
anatomical footprint. This position correlates with 

the previously stated position that is both isometric 
and anatomic. They found that a more anterior 
position of the femoral tunnel caused an increased 
tension pattern in knee flexion and subsequently 
can cause overconstraint. A more posterior posi-
tion of the femoral tunnel can cause high tension 
in extension and slackening of the graft during 
flexion and thus an increased anterior-posterior 
laxity. Other studies have confirmed the correla-
tion between several femoral tunnel positions and 
the tension in the graft [36, 37, 62]. In addition, as 
stated in the isometry discussion, placing the fem-
oral tunnel more distal would cause an increased 
length change compared to proximal positioning 
within the anatomical footprint [76].

Markolf et al. assessed the tensioning of the 
ACL graft in different ACL reconstruction tech-
niques [40]. They compared the intact ACL with 
single-bundle ACL reconstruction and with the 
“fill-the-footprint” ACL reconstruction. Their 
results showed that the single-bundle technique 
better restored the graft tension than the fill-the- 
footprint technique. These biomechanical studies 
show that the graft tension most optimally approx-
imates the intact ACL graft tension when the fem-
oral tunnel is placed in the anterior- proximal zone 
of the anatomical footprint.
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Fig. 18.5 This graph shows the graft tension of the dif-
ferent femoral tunnel position grafts. The pp position indi-
cates the proximal position within the anatomical 
footprint, while the pd position indicates the distal posi-
tion within the anatomical footprint. The two anterior 
positions (ap and ad) were positioned outside the anatomi-
cal footprint and show a higher graft tension pattern. The 
tunnels positioned within the anatomical footprint (pp and 
pd) and the isokinetic position showed the least graft ten-
sion (Reprinted from Zavras et al. (2005) with kind per-
mission of Springer Science and Business Media [75])
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18.3  Guidelines for Arthroscopic 
Surgery

During arthroscopic surgery, it can be challenging 
to identify the anatomical landmarks and subse-
quently place the graft in an anatomic and isomet-
ric position within the anatomical  footprint. To 
locate the position within the anatomical foot-
print, we provide some guidelines that can be 
used during arthroscopic surgery.

18.3.1  Eccentric Position

Several studies have advocated a central position 
for the ACL within the femoral footprint [19, 34, 
58, 74]. Wilson et al. recently advocated a central 
position of the femoral tunnel [74] in order to 
capture the function of the anteromedial and pos-
terolateral bundles. However, as previously dis-
cussed, there are different loading characteristics 
for different regions of the femoral footprint. 
Because of these considerations, we advocate 
that the femoral tunnel insertion should be placed 
eccentrically within the anterior-proximal region 
of the footprint rather than in a more central posi-

tion. We discussed that a graft in a central posi-
tion showed more elongation (up to 8 mm) 
compared with a more anterior position within 
the footprint (up to 4 mm) and has lower tension 
in the graft than a central location. Furthermore, 
this position also occupies the region of the direct 
ACL fibers. Thus, a central position for the graft 
would not be optimal with respect to isometry, 
tension patterns, and biomechanics. Therefore, 
after identification of the native ACL footprint 
during arthroscopic surgery, an eccentric anterior- 
proximal location is recommended to prevent 
these risk factors of graft failure (Fig. 18.6).

18.3.2  Equidistant

The other guideline that can be used to check 
whether the proposed femoral tunnel is correctly 
positioned is the equidistance between anatomical 
landmarks. The anterior-proximal femoral tunnel 
position within the anatomical footprint is roughly 
equidistant between the top of the femoral notch 
and the bottom of the notch or the most posterior 
aspect of the femoral cartilage. This point can be 
easily identified and functions as a last check 

Anterior
(High)

IDEAL

Isometric

Direct Fibers

Anatomic

Proximal
(Deep)

Distal
(Shallow)

Posterior
(Low)

Fig. 18.6 This figure 
summarizes the ideal 
tunnel position (black 
circle) since this is in the 
anatomical footprint and 
captures both the direct 
fibers and the most 
isometric position 
(Reprinted from Pearle 
et al. (2015) with kind 
permission of The 
American Journal of 
Orthopedics [48])
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before the femoral tunnel is drilled. Moreover, the 
bony anatomy of the femoral footprint is not 
always clear [15, 70]. This equidistant position 
halfway between the top of the notch and the most 
posterior aspect of the femoral cartilage can be 
identified when the osseous landmarks of the ana-
tomical footprint are not entirely clear since these 
landmarks are outside the footprint (Fig. 18.7).

18.3.3  Transtibial and Anteromedial 
Technique

There has been much debate about whether the 
transtibial technique (TT) or the anteromedial 
(AM) technique should be used for the drilling of 
the femoral tunnel. With the use of the transtibial 
technique (TT), the tibial tunnel dictates the fem-
oral tunnel position and can result in a more ver-
tical graft [1, 64, 65]. A more vertical graft is 
correlated with an increased graft tension [62] 
and rotational instability [34, 55, 58] although 
this latter finding has been questioned [39]. With 
the AM portal drilling technique, also referred to 
as independent drilling technique, a good identi-
fication of the anatomy of femoral footprint is 
necessary in order to identify the position of the 
femoral tunnel [68].

Many systematic reviews and meta-analyses 
have lately been published to determine which 
technique is superior [2, 12, 33, 52, 53]. The 
general conclusion is a good femoral tunnel 
position is possible with both techniques 
although some studies showed a small prefer-
ence for the AM or independent drilling tech-
nique [2, 12, 33]. However, a Danish 
registry-based study showed that the revision 
rate of the AM technique (5.2 %) is higher than 
the revision rate of the TT technique (3.2 %) 
[52]. Their explanation was that the introduction 
of this new and more complex AM technique 
causes more technical failures, while it is also 
possible that the femoral tunnel position plays a 
role. A retrospective in vivo MRI comparison 
performed by Bowers et al. found no differences 
between the positions of the femoral tunnel at 
the femoral condyle [11]. However, a more pos-
terior position of the tibial tunnel in the tibial 
footprint was necessary to ensure femoral inser-
tion at the anatomical footprint, and therefore 
the graft obliquity in the sagittal plane was more 
vertical with the TT technique. This finding is 
similar to earlier reports [1, 64, 65].

Taking the systematic reviews and meta- 
analyses into consideration, it seems that an 
acceptable femoral tunnel position can be 
achieved with both techniques. Some studies 
suggest that an AM technique will result in better 
functional outcomes and a better tunnel positions 
although the Danish registry showed that the 
revision rate could be slightly higher with the 
AM technique.

 Conclusion

Due to the large surface area of the anatomic 
femoral ACL footprint and the inability of a 
tubular ACL graft to fill the footprint, some 
thought must be given to positioning of an 
ACL graft within the confines of the native 
footprint. Based on the critical review of the 
literature that we have presented in this chap-
ter, we recommend an anterior (high) and 
proximal (deep) position within the anatomi-
cal femoral footprint. With the femoral tunnel 
in this location, the graft (I) remains ana-
tomic, (II) is relatively isometric, (III) has low 

Fig. 18.7 An arthroscopic view of the femoral footprint 
is shown with the intercondylar ridge (upper black line), 
bifurcate ridge (lower line between two colored dots), and 
the centers of the anteromedial (red) and posterolateral 
(blue) bundle
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tension, and (IV) is located in the biomechan-
ically advantageous direct insertion.

This position can be identified reliably at 
arthroscopy and is located just posterior to the 
lateral intercondylar ridge and proximal 
(deep) to the lateral bifurcate ridge. Further 
studies are needed to clarify whether the posi-
tion we propose in this chapter results in clini-
cally superior outcomes.
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19.1  Introduction

Complete anterior cruciate ligament (ACL) rup-
ture can lead to recurrent knee instability, menis-
cal tears, articular cartilage degeneration, and 
subsequent osteoarthritis [4, 42, 44]. The ACL 
does not normally heal when torn, so surgical 
reconstruction is the standard treatment for phys-
ically active patients [6, 15]. Reconstruction of 
the ACL has become a commonly performed pro-
cedure, with over 100,000 cases per year in the 
USA [40]. The objective of ACL reconstruction 
is to reestablish knee function and prevent future 

meniscal and chondral damage, which can lead to 
degenerative changes [7, 29].

The native ACL is composed of the function-
ally distinct anteromedial (AM) and posterolat-
eral (PL) bundles [12, 19, 48]. Biomechanically, 
the AM and PL bundles function together to pro-
vide stability throughout knee range of motion. 
The bundles are parallel in extension and cross 
each other during flexion. The AM bundle is pri-
marily responsible for stabilization of the knee 
in the anterior-posterior direction, whereas the 
PL bundle provides rotational support [73]. 
While single-bundle (SB) reconstruction restores 
the ACL as one bundle, double-bundle (DB) 
reconstruction restores both the AM and PL 
bundles.

Anatomy is the basis of orthopedic surgery. 
The approach to ACL reconstruction surgery is 
governed by this principle, and the restoration of 
normal anatomy is necessary to restore normal 
function of the knee. The concept of anatomic 
ACL reconstruction is based on four fundamental 
principles: (1) restore the two functional bundles 
of the ACL; (2) restore the native insertion sites 
of the ACL by placing the tunnels in the true ana-
tomic positions; (3) correctly tension each bun-
dle; and (4) individualize surgery for each patient, 
so tunnel diameter and graft size are dictated by 
native insertion sites.

DB ACL reconstruction is one application of 
the anatomic reconstruction concept. SB recon-
struction can also be performed in an anatomic 
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fashion by following the well-defined soft tissue 
and osseous landmarks and restoring the native 
insertion site.

Biomechanical studies have demonstrated that 
while transtibial, nonanatomic ACL  reconstruction 
techniques are successful in limiting anterior tibial 
translation, they are ineffective for restoring rotatory 
laxity [10, 11, 49, 70]. In addition, a critical review 
of the literature reveals that the success rates of ACL 
reconstruction surgery vary between 69 % and 95 % 
[6, 8, 17, 75]. The high number of patients who do 
not return to their previous level of sports activities 
after surgery further confirms this [11, 13, 15, 18, 
76]. This suggests that there remains considerable 
room for improvement in ACL reconstruction.

19.2  Biomechanical Studies

Biomechanical studies have shown that anatomic 
DB reconstruction restores knee laxity closer to 
normal than transtibial SB reconstruction [16, 17, 
50, 52, 70, 73, 74, 79].

In a cadaveric study, Musahl et al. [52] found 
that DB reconstruction offers better anterior and 
rotational laxity than transtibial SB reconstruc-
tion or anatomic SB reconstruction. A mecha-
nized pivot-shift test showed that for intact knees, 
anterior tibial translation was 1.7 ± 3.0 mm, and 
for ACL deficient knees, it was 9.7 ± 3.8 mm. 
After ACL reconstruction, transtibial SB proce-
dure showed an anterior tibial translation of 
4.4 ± 1.0 mm, while anatomic SB procedure was 
much closer to an intact knee at 1.8 ± 1.5 mm. 
These anatomic and biomechanical consider-
ations have sparked an interest in DB reconstruc-
tion techniques following the anatomic ACL 
reconstruction concept, in which special atten-
tion should be given to the restoration of the 
native insertion site [12, 28, 47, 55, 68].

Morimoto et al. [47] found that DB recon-
struction led to increased tibiofemoral contact 
areas and lower contact pressures than SB proce-
dures. Similarly, Tajima et al. [65] found that DB 
reconstruction restored patellofemoral contact 
area and pressure more closely to normal than did 
SB reconstruction. Some authors have since con-
cluded that DB reconstruction may lead to a 
lower incidence of osteoarthritis in the injured 
knee as opposed to SB reconstruction, but this 
has yet to be determined [62, 80].

Key Concepts

Single-bundle ACL reconstruction: surgi-
cal technique that restores the ACL using a 
single graft in the form of a single bundle.

Double-bundle ACL reconstruction: 
surgical technique that restores the ACL 
using two separate grafts to restore each 
bundle individually.

Transtibial ACL reconstruction: surgi-
cal technique in which the femoral tunnel is 
drilled through the tibial tunnel. It can be 
used for single- or double-bundle ACL 
reconstruction.

Anteromedial portal ACL reconstruc-
tion: surgical technique in which the femo-
ral tunnel is drilled inside out through an 
accessory anteromedial portal, allowing to 
more accurately reach the femoral insertion 
site compared to the transtibial technique. 
It can be used for single- or double-bundle 
ACL reconstruction.

Two-incision ACL reconstruction: surgi-
cal technique in which the femoral tunnel is 
drilled outside-in through a mini-open inci-
sion on the lateral side of the distal femur, 
also allowing to more accurately reach the 
femoral insertion site compared to the 
transtibial procedure. It can be used for sin-
gle- or double-bundle ACL reconstruction.

Anatomic ACL reconstruction concept: 
restoration of the ACL to its native dimen-
sions, collagen orientation, and insertion 
sites. It is a concept that can be applied to 
different surgical techniques including SB 
reconstruction, DB reconstruction, aug-
mentation, and ACL revision surgery.

Individualized ACL reconstruction: part of 
the anatomic ACL reconstruction concept, in 
which the surgical technique (SB or DB) and 
graft size is chosen depending on preoperative 
(MRI) and intraoperative measurements of 
the patient’s native ACL and bony anatomy.

S. Irarrázaval et al.
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19.3  Clinical Studies

Several prospective comparative clinical studies 
with level I or II evidence have reported superior 
results of anatomic DB compared with SB recon-
struction [2, 3, 6, 26, 29, 31–34, 37, 43, 49, 61, 
72, 73, 75, 77]. On the other hand, some studies 
reported that there is no difference between SB 
and DB reconstructions [1, 54, 57, 64]. However, 
for several of the mentioned studies, it remains 
unclear whether both the SB and DB reconstruc-
tions performed were anatomic, restoring the 
native ACL insertion site.

Some studies have shown that using transtib-
ial drilling leads mostly to nonanatomic, anteri-
orly positioned femoral tunnels [2, 36, 59, 63]. 
Furthermore, some studies showed that using the 
“o’clock” method of femoral tunnel positioning 
can often lead to misalignment because of the 
three-dimensional nature of the intercondylar 
notch [22, 36, 59].

For example, several studies have compared 
transtibial SB reconstruction with anatomic DB 
reconstruction [2, 3, 6, 29, 31–34, 43, 49, 61, 68, 
69, 72, 75, 77]. In some, transtibial drilling was 
used for the femoral tunnels in the SB reconstruc-
tions and for the AM bundle in the DB recon-
structions, with both resulting in tunnel placement 
outside of the native insertion site [61].

A nonanatomic ACL reconstruction has been 
related with abnormal knee kinematics, limited 
range of motion, higher than physiologic graft 
tension, and, ultimately, graft failure [5, 20, 21, 
36, 59, 63, 68, 78].

Kondo et al. [34], in a prospective, comparative 
study of 328 patients, reported that anatomic DB 
was superior to SB. The DB group had  significantly 

better results in anteroposterior (AP) and pivot-
shift restoration. The anterior laxity was signifi-
cantly less in the DB reconstruction than in the SB 
reconstruction (mean 1.2 and 2.5 mm, respec-
tively). In the pivot-shift test, the DB was signifi-
cantly better than the SB (19 % vs. 49 %, 
respectively). But there were no significant differ-
ences in terms of IKDC, subjective scores, range of 
knee motion, muscle torque, and the rate of return 
to sports activities between the two procedures. In 
this study, however, the patients were not randomly 
allocated to the different treatment groups.

Ibrahim et al. [26], in a randomized study, 
reported that there were no significant differences 
concerning time between injury, range of move-
ment, and Lysholm knee scores between SB and 
DB reconstruction. However, the DB group 
showed significantly better results for the Knee 
Ligament Arthrometer (MEDmetric, San Diego, 
CA) KT-1000 measurements, Lachman, anterior 
drawer test, and pivot-shift test. These results 
show that in some studies, significantly better 
results in laxity tests are not necessarily corre-
lated with significantly better clinical outcomes.

Hofbauer et al. [23], in a retrospective study, 
investigated 55 consecutive patients who underwent 
SB or DB computer-navigated ACL reconstruction 
and found that the DB group had significantly better 
results for rotational laxity, IKDC score, and 
Lysholm score, but not for AP laxity. These results 
should consider the retrospective design of this 
study, the relatively small number of patients, and 
the associated cost and time of the computer-navi-
gated ACL reconstruction technique.

In a prospective comparative study, Yasuda 
et al. [75] analyzed anatomic DB, SB, and non-
anatomic DB procedures in a total of 72 patients. 
They reported that the results of anatomic DB 
were significantly better than SB based on AP 
and rotational laxity, using KT-2000 and the 
pivot-shift test, respectively (P < 0.05). There 
were no significant differences between the SB 
and nonanatomic DB groups. Also, they found no 
significant difference between the three groups 
with regard to International Knee Documentation 
Comittee (IKDC) evaluation, range of motion, 
and muscle torque. This emphasizes that in terms 
of AP and rotational laxity, anatomic DB 

Fact Box: Biomechanical Studies

 1. DB reconstruction restores knee kine-
matics closer to the intact ACL knee 
than SB reconstruction.

 2. DB reconstruction restores the in situ 
forces of the knee closer to normal than 
SB reconstruction.
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 reconstruction shows superior results than non-
anatomic DB or SB ACL reconstruction.

In a randomized single-blinded study with a 
minimum follow-up of 24 months, Aglietti et al. 
[3] reported that DB showed significantly better 
results than SB reconstruction in terms of AP lax-
ity measured with the KT-2000, visual analog 
scale, and objective IKDC. But there were no sig-
nificant differences between the two groups in 
the pivot-shift and subjective measurements. As 
with all other studies, nonsignificant results in the 
pivot-shift measurements should consider the 
subjectivity of this test, so standardized testing is 
highly recommended [51].

Park et al. [54], in a prospective study with 
113 patients, found that DB reconstruction of the 
ACL showed no differences in laxity measures, 
or any other clinical measures of patient satisfac-
tion, when compared with SB reconstruction. 
However, they used a transtibial technique and 
the “o’clock” method to place the femoral tun-
nels. As mentioned before, these methods can 
lead to nonanatomic reconstruction, making the 
results discordant with other studies [22, 36, 59].

In contrast with the last study, Hussein et al. 
[25] looked at the results of the transtibial SB 
reconstruction group separately from the ana-
tomic SB group and compared them with each 
other and with those of an anatomic DB group. 
The femoral tunnels in the anatomic DB group 
were drilled freehand, independent of the respec-
tive tibial tunnel position, and without the use of 
the “o’clock” reference. They compared AP and 
rotational laxity (KT-1000 and pivot-shift, 
respectively), Lysholm score, and IKDC. Results 
showed that anatomic DB ACL reconstruction is 
significantly superior to conventional SB ACL 
reconstruction and better than anatomic SB 
reconstruction. Also, anatomic SB reconstruction 
was superior to conventional SB reconstruction. 
Average side-to-side difference for anterior tibial 
translation was 1.2 mm in the anatomic DB 
group, 1.6 mm in the anatomic SB group, and 
2.0 mm in the nonanatomic SB group (p = 0.002). 
Negative pivot shift was 93.1 %, 66.7 %, and 
41.7 %, respectively (p ≤ 0.003). This suggests 
that it is most important to perform ACL recon-
structions anatomically, and the addition of a second 

bundle may provide closer to normal knee laxity. 
Lysholm score and IKDC didn’t show differ-
ences between anatomic DB and anatomic SB, 
but anatomic DB reconstruction had significantly 
better Lysholm scores compared to transtibial SB 
reconstruction.

In another study, Hussein et al. [24] compared 
the results of SB and DB reconstruction using an 
individualized anatomic technique, which means 
that during the procedure, the decision for sin-
gle- or double-bundle reconstruction was made 
based on the size of the native ACL insertion 
site. The results showed no significant differ-
ences between the groups in terms of Lysholm 
score (93.9 vs. 93.5), subjective IKDC (93.3 vs. 
93.1), anterior tibial translation (1.5 vs. 1.6-mm 
side-to-side difference), and pivot shift (92 % vs. 
90 % negative pivot-shift examination). So they 
concluded that anatomic DB reconstruction is 
not superior to anatomic SB reconstruction when 
an individualized ACL reconstruction technique 
is used. Given the individualized methodology, 
nonrandomization should be considered as a 
limitation in this study. However, the individual-
ized method is a promising technique aimed to 
achieve the anatomic ACL reconstruction con-
cept, considering the variability of the ACL 
insertion site area [60].

Recently, in a comparative study of 16,791 
patients from the Swedish National Knee Ligament 
Register, Björnsson et al. [9] compared revision 
rates and patient-reported outcomes between SB 
and DB reconstructions. No differences were found 
in revision rates, Knee injury and Osteoarthritis 
Outcome Score (KOOS), and EuroQol five dimen-

Fact Box Clinical Studies

 1. Different studies have shown no differ-
ence in clinical outcomes between SB 
and DB reconstructions; however, many 
of the surgical techniques used were not 
uniform.

 2. An anatomic or individualized approach 
to ACL reconstruction has been shown 
to have excellent outcomes, whether 
performed using a SB or DB technique.
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sions questionnaire (EQ-5D) between the two tech-
niques over the 7-year observation period. 
However, these large series have many limitations 
as lost follow-up, lack of objective outcome mea-
sures, selection bias, and variability of reconstruc-
tion techniques between surgeons.

19.4  Systematic Reviews 
and Meta-analysis

Given the evolution of clinical studies comparing 
SB to DB reconstruction, multiple authors have 
conducted systematic reviews and meta-analyses 
comparing both techniques [14, 35, 38, 39, 41, 
43, 66, 67, 71, 81]. The results of the meta- 
analyses have been divergent in their findings 
regarding the clinical outcomes and knee stabil-
ity provided by these techniques.

Meredick et al. [43] conducted the first meta- 
analysis in 2008, finding a small but statistically 
significant improvement in knee laxity as deter-
mined by KT arthrometry in favor of DB recon-
struction (0.52-mm side-to-side difference; 
p < 0.05). There were no other statistically signifi-
cant quantitative or subjective clinical differences 
between the patients treated with either method.

Tiamklang et al. [66] conducted a meta- 
analysis that reported no significant difference 
between DB and SB reconstruction in the subjec-
tive IKDC score, Tegner activity score, Lysholm 
score, adverse effects, or complications, includ-
ing graft failure (DB: 1.8 %; SB: 2.4 %). However, 
they found significant differences favoring DB in 
return to pre-injury level of activity (91 % vs. 
82 %), long-term follow-up IKDC (94 % normal 
vs. 90 % normal), knee laxity measured with 
KT-1000 arthrometry (mean difference 
−0.74 mm), and rotational knee laxity tested by 
the pivot-shift test (normal or nearly normal: 
98 % vs. 92 %). There were also significant dif-
ferences in favor of DB reconstruction for newly 
occurring meniscal injuries (3.75 % vs. 6.7 %) 
and traumatic ACL ruptures (0.8 % vs. 5.4 %).

Van Eck et al. [67] reported data from a meta- 
analysis in favor of DB reconstruction regarding 
anterior and rotational laxity. KT arthrometer dif-
ference was −0.6 mm; there was 64 % risk reduction 

of positive Lachman, and 69 % risk reduction of 
positive shift. Similar results were found for the 
subgroup with more than 2 years’ follow-up and 
anatomic reconstructions. There were no differ-
ences in range of motion, Lysholm scores, or 
complications when compared to SB and DB 
reconstruction. Most of the included studies were 
found to have at least one serious limitation in 
study design.

In another meta-analysis, Li et al. [39] reported 
that pivot-shift grading, KT grading, and IKDC 
grading favored DB reconstruction over SB 
(P < 0.05). However, the results didn’t reveal dif-
ferences in other outcomes (IKDC score, KT 
arthrometer testing, Lysholm score, Tegner score, 
and complication rate).

Recently, Mascarenhas et al. [41] evaluated 
the nine available overlapping meta-analyses of 
SB vs DB reconstruction in an attempt to recon-
cile conclusions from these meta-analyses. Three 
of the meta-analyses included level I evidence 
only [35, 38, 43], and six included level I and 
level II evidence [14, 39, 66, 67, 71, 81]..Using 
quality assessment tools for meta-analyses 
(QUOROM, Oxman–Guyatt scores, and Jadad 
algorithm) [30, 46, 53, 56], the current highest 
level of evidence suggests that DB reconstruction 
provides improved postoperative knee laxity 
compared with SB reconstruction, as measured 
by KT arthrometry and pivot-shift testing, 
although the effect on clinical outcomes and risk 
of graft failure were not found to be significant.

Of the nine studies included in this review, 
three of them had high scores, indicating no 
major flaws with their methodology. These meta- 
analyses, described previously in this chapter, are 
the highest current level of evidence available on 
the subject of SB vs DB ACL reconstruction [39, 
66, 67].

Although the best evidence from the highest- 
quality meta-analyses suggests that DB recon-
struction yields superior postoperative knee 
laxity (based on KT arthrometry and pivot-shift 
testing), the results should be interpreted cau-
tiously. The KT differences between SB and DB 
reconstruction may have questionable clinical 
significance, as the observed difference ranged 
from 0.56–0.74 mm [66, 67], and there were no 
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significant differences in functional outcome 
scores or graft failure rates [39, 66, 67] (Figs. 19.1 
and 19.2).

Recently, clinical practice guidelines for 
management of ACL injuries were published 
according to the results of a systematic review 
[58]. Considering “high strength” studies with 
consistent findings, Carey et al. reported that 
there is no statistically significant difference 
between SB and DB reconstruction in postopera-
tive pain, Lysholm score, or IKDC subjective 
knee score [58]. The clinical practice guideline 
recommends strongly that the surgeon should 
use either SB or DB technique, because of the 
similarity of measured clinical outcomes [58].

a

c

b

Fig. 19.1 Anatomy of the ACL. (a) Anterior view of the 
knee. Both bundles are shown (AM anteromedial, PL pos-
terolateral, PCL posterior cruciate ligament). (b, c) ACL 
femoral (b) and tibial (c) insertion site. The anatomic 
femoral insertion site has a deep and low position. ACL 

insertion site size can vary from individual to individual. 
Black line demarcates lateral intercondylar ridge (“resi-
dent’s ridge”). Asterisk shows insertion sites approximate 
center (Reprinted with permission from Iriuchishima 
et al. [27] and Middleton et al. [45])

Fact Box: Systematic Reviews and 

Meta-analysis

 1. The best evidence from the highest- 
quality meta-analyses suggests that DB 
reconstruction yields superior postoper-
ative knee laxity (based on KT arthrom-
etry and pivot-shift testing).

 2. Most recent clinical practice guidelines 
recommend strongly that the surgeon 
use either SB or DB technique, because 
of the similarity of measured clinical 
outcomes.
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Fig. 19.2 Clinical case. A 23-year-old male sustained a 
right knee injury during basketball. Physical exam 
revealed a 2B Lachman, +2 pivot shift, and 5-mm 
KT-1000 side-to-side difference. (a) The sagittal and cor-
onal MRI showed a complete ACL tear. Preoperative mea-
surements showed a large insertion site (tibial sagittal 
length >18 mm). DB ACL reconstruction was indicated. 
(b) Intraoperative measurements, following the anatomic 

individualized ACL reconstruction concept, confirmed a 
large ACL insertion site (tibial sagittal length >18 mm). 
(c) Hamstrings autograft for DB ACL reconstruction D: 
DB ACL reconstruction (views from lateral, central and 
anteromedial portals). (e) Postoperative 3D reconstructed 
CT showing the anteromedial (AM) and posterolateral 
(PL) tunnel location (left: tibia; right: femur)

b

a
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19.5  Limitations of This Review

The analysis comparing SB and DB reconstruc-
tion studies is limited based on the data from the 
included studies. The statistical power can be 
affected by small sample size studies, so in this 
case a small clinical effect may not be statisti-
cally significant. Also, much of the available lit-
erature comparing SB and DB reconstruction 
consists of relatively short-term follow-up, such 
that a significant difference that only manifests 
itself in long-term follow-up would be missed in 
this analysis. An additional limitation lies in the 
heterogeneity of the included studies. These stud-
ies combined the analysis of anatomic and non-
anatomic ACL reconstruction techniques. This 
could potentially alter the laxity measures, in par-
ticular, rotational laxity [33].

 Conclusions

The current highest level of evidence suggests 
that DB ACL reconstruction provides better 
postoperative knee laxity by KT arthrometry 
and pivot-shift testing when compared with 
SB ACL reconstruction. The effect on clinical 
outcomes and risk of graft failure have not 
found to be significantly different in the sys-
tematic reviews and meta-analysis. However, 
heterogeneity of studies, including tunnel 
positioning and relatively short-term follow-
up, is a limitation to be considered when inter-
preting this evidence.

Future biomechanical and long-term clini-
cal cohort studies with anatomic ACL recon-
struction are needed to further examine the 
improvement in knee laxity and clinical out-
comes afforded by DB reconstruction.

d

e

c

Fig. 19.2 (continued)
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Single Bundle Reconstruction  
is Preferred to Double Bundle

Benjamin Leger-St-Jean 
and Robert A. Magnussen

20.1  Introduction

Anterior cruciate ligament (ACL) reconstruction 
is a common procedure in the USA, with approx-
imately 250,000 reconstructions performed 
annually [1]. The objective of ACL reconstruc-
tion is to restore knee stability by controlling 
pathologic tibial anterior translation and internal 
rotation. Historically, the first ACL reconstruc-
tions were extra-articular and mainly focused on 
reducing rotational laxity [2]. The poor results of 
these isolated extra-articular procedures led to 
the development of intra-articular ACL recon-
struction techniques [3]. As arthroscopy was 
developed and subsequently utilized in ACL 
reconstruction, many practitioners began to uti-
lize transtibial femoral tunnel drilling technique, 
which provided excellent control of AP transla-
tion, but offered less effective rotational control 
[4]. More recently, intra-articular techniques 
have focused on restoration of native ligament 

anatomy through the use of independent femoral 
and tibial tunnel drilling techniques with the goal 
of restoring better control of both tibial rotation 
and anterior translation [5]. Double-bundle ACL 
reconstruction techniques have been developed 
to further improve control of knee laxity and 
mimic native anatomy [6]. While this technique 
makes anatomical and intuitive sense, it has yet 
to be shown that this translates to improved func-
tional outcomes. The current literature does not 
definitively support the need for a double-bundle 
ACL reconstruction.

20.2  ACL Anatomy and Its 
Restoration

The recent examination of ACL anatomy has not 
only focused on the origin and insertion of the 
ligament but also evaluated the functional anatomy 
of the ligament itself. The concept of the ACL as 
two functional bundles has been particularly use-
ful in improving our understanding of ligament 
function [7]. The anteromedial bundle has been 
described as mostly isometric and functions pri-
marily to control anterior tibial translation through-
out knee range of motion, while the smaller 
posterolateral bundle functions primarily to con-
trol tibial internal rotation near full knee extension 
[8]. This improved understanding of anatomy and 
function led to the development of double-bundle 
ACL reconstruction techniques with the hope of 
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restoring better knee  biomechanics and providing 
more rotational control, ultimately leading to bet-
ter patient function.

It is important to consider that the anatomic 
double-bundle framework is not the only 
approach to the anatomy of the ACL. Recent 
work by Smigielski and colleagues has described 
the ACL as a ribbonlike structure without a clear 
anatomical demarcation between the function 
bundles [9, 10]. These data should not been seen 
as in conflict with the double-bundle functional 
concept, but rather represent a different under-
standing of the anatomy that contributes to its 
function. The concept that two distinct anatomi-
cal structures are not necessarily required to 
restore the multiple functions of the ACL is not a 
new one. Shino et al. described the use of a single 
graft with rectangular bone blocks to reproduce 
ACL anatomy and function years ago [11]. Jacobi 
et al. described this same concept in a cadaveric 
model with similar findings [12]. These studies 
show that rotational control may be achievable 
with a single ACL graft, allowing continued 
application of the double-bundle functional con-
cept without a strict replication of the double- 
bundle anatomy. These anatomic studies do not 
provide direct evidence for which reconstruction 
method should be used, rather they provide a 
framework from which new techniques can be 
developed and subsequently evaluated through 
biomechanical and clinical studies.

20.3  Biomechanical Studies

Several biomechanical studies have been con-
ducted in order to determine which reconstruc-
tion technique provides the best control of AP 
and rotational knee laxity. Numerous authors 
have demonstrated that nonanatomic reconstruc-
tion techniques with a vertical femoral tunnel 
result in poorer control of tibial internal rotation 
[6, 13, 14]. A particularly well-done study by 
Musahl et al. evaluated laxity following an ana-
tomical single-bundle (ASB) reconstruction of 
the anteromedial bundle and a nonanatomical 
single-bundle (NASB) ACL reconstruction tech-
nique and compared these results to those 
obtained following an anatomical double-bundle 

(DB) reconstruction [15]. No difference was 
found between the intact ACL, DB, and ASB 
groups for the Lachman test or the pivot-shift 
test. In terms of better reproducing the intact 
ACL biomechanics, the ASB was nearly identical 
to the intact ACL for both the Lachman and 
pivot- shift test, whereas the DB slightly overcon-
strained the knee (Lachman anterior translation 
IACL 5.3 mm, ASB 5.2 mm, DB 4.8 mm; pivot- 
shift anterior translation IACL 1.7 mm, ASB 
1.8 mm, DB −1.7 mm; pivot-shift rotation IACL 
5.9°, ASB 4.2°, DB 4.1°). Of note, the NASB 
technique provided significantly less AP and 
rotational control than either of the anatomic 
techniques. This study demonstrates that anatom-
ical tunnel placement has a much larger effect on 
the restoration of knee kinematics than the num-
ber of bundles that are reconstructed.

Another biomechanical study by Markolf et al. 
demonstrated that a single-bundle reconstruction 
can restore normal knee kinematics during a sim-
ulated pivot-shift test [16]. They also noted that 
while the addition of a posterolateral bundle fur-
ther decreased tibial internal rotation near full 
knee extension, this was achieved at the expense 
of higher graft forces in the posterolateral bundle 
and less physiologic kinematics. If not properly 
tensioned, the double-bundle reconstruction led to 
overconstraint of the knee in external rotation.

It is important to note that all biomechanical 
studies, regardless of the quality of design, have 
significant limitations. First, they are unable to 
truly replicate the loading conditions seen in the 
living, functioning knee. These studies therefore 
may not be able to detect differences in the tech-
niques that could be clinically important for 
patients. Further, they only represent time-zero 
data. It is unknown what effects graft stretching 
and remodeling will have on the biomechanics of 
each graft over time. The best insights into these 
questions come from clinical outcome studies.

20.4  Clinical Studies

Many prospective, randomized studies (RCT) 
have compared double-bundle reconstruction to 
single-bundle reconstruction with a mix of results. 
Some have demonstrated improved Lachman, 
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pivot-shift, KT-1000, and objective IKDC results 
with double-bundle techniques, but patient-
reported outcome measured generally identifies no 
differences between the two techniques. The issue 
with interpretation of the findings of these studies 
is that many different reconstruction techniques 
were used, especially in the single-bundle groups. 
Some authors used patellar tendon grafts [17, 18], 
some used hamstring grafts [11, 19–28], and oth-
ers used allografts [29]. Most studies chose trans-
tibial drilling techniques [17, 21–24, 26, 27, 29], 
while some studies used independent tunnel drill-
ing [19, 20, 25, 30]. Although these are all well- 
described and accepted techniques for ACL 
reconstruction, it is hard to truly compare ana-
tomic single- and double-bundle reconstructions 
given the variability of the literature. Most of these 
studies failed to demonstrate significant clinical 
differences between single- and double- bundle 
techniques, and one must consider the small size 
of many of these studies, leading to the potential 
for type 2 error [17, 21, 22, 24, 25, 27, 29].

In a recent 2015 high-quality double-blind 
RCT, Mohtadi et al. analyzed the results of 330 
patients divided in three groups: patellar tendon 
single-bundle reconstruction (PT), hamstring 
single-bundle reconstruction (HT), and double- 
bundle reconstruction (DB) [1, 31, 32]. Anatomic 
tunnel placement was performed in each of the 
three groups using the same methods. The 2-year 
follow-up rate was 97.5 %. The authors stratified 
their randomization by chronicity to avoid selec-
tion bias. The surgery was blinded to the patient 
by using the same anteromedial incision regard-
less of technique. In this study, the PT group had 
significantly less anterior translation than the HT 
and DB groups (1.9 mm vs. 3.0 mm for HT and 
2.7 mm for DB), but there was no difference in 
terms of the pivot shift. There were no differ-
ences in any of the functional outcome scores 
(ACL-QOL, IKDC, Tegner, Cincinnati). The PT 
group had significantly less traumatic re-injuries 
when combining partial and complete re-ruptures 
(3 % vs. 11 % for HT and 10 % for DB). The 
study also looked at atraumatic graft failures 
defined as the presence of a grade 2 or 3 pivot 
shift or at least 6 mm of AP translation. There 
were no significant differences between the 
groups in the incidence of atraumatic failures, 

and there was no significant difference in terms 
of complications. There was significantly more 
kneeling pain in the PT group (17 % vs. 9 % for 
HT and 4 % for DB). The DB technique took sig-
nificantly more time (mean 88 min vs. 68 min for 
HT and 75 min for PT). Ultimately, none of the 
outcome measures in this high-quality study 
demonstrated improved clinical outcomes with a 
double-bundle reconstruction technique.

20.5  Meta-analysis

In a 2012 Cochrane review comparing double- 
bundle to single-bundle reconstruction, 17 RCTs 
and quasi-randomized studies were included 
involving 1433 patients [33]. Most studies had an 
average 2-year follow-up. According to the 
authors of the review, all trials had methodologi-
cal weaknesses and were at risk of bias due to 
poor randomization strategy and lack of alloca-
tion concealment. Data for pooling individual 
outcomes were only available for 54 % of the par-
ticipants, leaving 774 patients from nine studies 
for meta-analysis. In addition, many of the stud-
ies utilized different surgical techniques, with the 
majority using a transtibial drilling technique 
[17, 21–24, 26, 27, 29]. There were no significant 
differences between the two groups at a 2-year 
follow-up for IKDC score, Tegner activity score, 
Lysholm score, or Cincinnati knee score. There 
were no statistically significant differences in 
terms of graft failure or any other adverse events. 
The return to pre-injury level of activity favored 
the double-bundle group in five studies [20, 21, 
23, 30, 34, 35]. The pooled difference effect of 
patients having normal or nearly normal IKDC 
knee examination was significantly in favor of 
the double-bundle group at more than 2-year 
 follow- up. At 5-year follow-up, however, the dif-
ference was not statistically significant [18]. 
Knee anterior laxity, as measured by the KT-1000, 
was significantly in favor of DB in pooled data 
from eight studies [11, 20–22, 26, 27, 30]. 
However, in pooled data from five studies using 
the KT-2000, there was no significant difference 
[18, 19, 24, 34, 35]. There was no significant dif-
ference in the Lachman test, but there was a sig-
nificant difference in favor of the DB group for 
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the pivot shift. Because of conflicting data and 
risk of bias, the authors of the study concluded 
that there was insufficient evidence to determine 
the relative effects of double- vs single-bundle 
ACL reconstruction.

 Conclusion

Even though double-bundle reconstructions are 
an attractive option from a conceptual stand-
point, many biomechanical studies suggest that 
an anatomic single-bundle reconstruction can 
reliably restore knee stability similar to an 
intact ACL. The decreased tibial internal rota-
tion noted in some studies with double-bundle 
reconstructions may actually overconstrain the 
knee and does not correlate with better func-
tional outcomes. Much of the literature favor-
ing double-bundle reconstructions has been in 
comparison to nonanatomic single-bundle 
reconstructions. Moving forward, more data is 
required specifically focusing on long-term 
outcomes of anatomic single-bundle and dou-
ble-bundle reconstructions to determine if there 
is indeed an advantage to reconstructing both 
bundles. Considering that double-bundle recon-
structions are more costly, take more time, and 
involve a significant learning curve, single- 
bundle reconstructions remain the standard of 
care (Table 20.1).
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Outside-in Creation 
of the Anatomical Femoral 
Tunnel(s)

Konsei Shino and Luigi Adriano Pederzini

21.1  Introduction

While lateral femoral incision(s) are required, 
the outside-in technique is the gold standard 
for creating anatomical femoral tunnel during 
the anatomical ACL reconstruction (ACLR) 
because of the following reasons: (1) it is 
applicable to any knees and to any types of 
graft, (2) good view is consistently obtained on 
the ACL femoral attachment site while drilling, 
(3) good fixation is achieved with an interfer-
ence screw or cortical fixations, (4) there is no 
risk of damage to the articular cartilage of the 
medial femoral condyle, and (5) no deep flex-
ion is required.

It is one of the authors (KS)’s policy to create 
the tunnel(s) inside the femoral attachment area 
located far back in the lateral wall of the notch to 
make the aperture(s) robust [1–3]. Thus, a big 
round tunnel of 10 mm or greater which destroys 
border of the attachment area or resident’s ridge 

is not created [4, 5] but a single rectangular  
tunnel or two continuous round tunnels inside the 
area [6, 7]. However, the other author (LP) pre-
fers to create round tunnels.

21.2  Set-Up, Portals, Exposure 
of the Femoral 
Attachment Area

The distal thigh is kept horizontal using a leg 
holder with the calf hung down with gravity 
(Fig. 21.1). In addition to the routine anterolat-
eral (AL) and anteromedial (AM) portals, the far 
anteromedial (FAM) portal which is 2–2.5 cm 
posterior to the anteromedial portal and just 
above the medial meniscus is created [8] 
(Fig. 21.2). This portal makes it possible for 
instruments to get more perpendicular access to 
the ACL femoral attachment area on the lateral 
wall of the notch while viewing around the area 
through the AM portal.

The fibrous tissues including ACL stump on 
superior-posterior half of the lateral wall of the 
intercondylar notch is thoroughly removed 
using a radiofrequency device through the FAM 
portal while viewing via the AM portal. 
Mechanical shavers may not be utilized in order 
to preserve subtle undulation of the bony sur-
face around the attachment area. After cleaning 
up, the crescent- shaped attachment area is 
clearly delineated by the resident’s ridge,  
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anteriorly; proximal cartilage margin, superi-
orly; and posterior cartilage margin, posteriorly 
[1, 2, 9] (Fig. 21.3).

21.3  Creation of Two Femoral 
Tunnels for Hamstring 
Tendon Graft

The outside-in technique is suitable for cortical 
fixation, because the buttons could sit on the 
harder distal femoral cortex and because the tun-
nels are longer.

After exposure of the ACL femoral attach-
ment area, the area is transversely divided into 
two portions: upper proximal portion for the 
anteromedial (AM) graft and lower posterior 
portion for the posterolateral (PL) graft. The 
centers of the two parts are marked with an awl 
(Fig. 21.4a). With the anterolateral entry femo-
ral guide (Smith&Nephew # 6901189, or 
7210984) through the AL portal, two guide pins 
are drilled from the lateral cortex to the marked 
centers through small skin incisions of 1 cm in 
length.

The two pins are overdrilled with cannulated 
drill-bits of diameter matched with the grafts’ 
diameter in outside-in fashion through a 7-mm 
skin-muscle protecting cannula (Smith & 
Nephew #6901106) [6] (Fig. 21.4b).

Fig. 21.1 Positioning. The distal thigh is kept horizontal 
using a leg holder with the calf hung down by gravity

AM portalAL portal 

FAM portal 

Fig. 21.2 Three arthroscopic portals. In addition to the 
routine anterolateral (AL) and anteromedial (AM) portals, 
the far anteromedial (FAM) portal which is 2–2.5 cm pos-

terior to the anteromedial portal and just above the medial 
meniscus is created
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21.4  Femoral Tunnel Creation 
for 10-mm Wide Bone- 
Patellar Tendon-Bone Graft

21.4.1  Rectangular Tunnel (KS)

This approach is especially recommended for the 
knee with passive flexion of less than 140°to 
avoid blowout of the tunnel. Viewing the ACL 
femoral attachment area via the AM portal, two 
points are marked with a 5-mm distance in the 
center of the attachment area along its long axis 

to the resident’s ridge using RF device or a 
micro- fracture awl. A central guide pin is drilled 
through a small lateral femoral incision into the 
center of the area from the lateral femoral cortex 
with the antero-lateral entry femoral guide 
(Smith&Nephew # 6901189, or 7210984) via the 
AL portal (Fig. 21.5). A 11-mm skin protection 
cannula is installed over the guide pin via 2-cm 
lateral femoral incision (Fig. 21.6a). With the aid 
of a 10-mm in-line offset drill guide, two guide 
pins are drilled parallel to the central pin along 
the long axis of the attachment area or the  

Resident’s ridge 

Proximal 
Cartilage Margin

Posterior Cartilage 
Margin

a b

Fig. 21.3 Visualization of the ACL femoral attachment 
area. (a) The femoral attachment area covered with fibrous 
tissues viewed through the anteromedial portal. (b) The 

femoral attachment area with fibrous tissues thoroughly 
removed. The area is delineated by the resident’s ridge, 
proximal cartilage margin, and posterior cartilage margin

AM guide pin  

AL portal 

AM portal 

PL guide pin  

AM

PL

a b

Fig. 21.4 Creation of two femoral tunnel in outside-in 
fashion. (a) Two guide pins are drilled into the center of 
anterior and posterior halves of the ACL attachment area 
from the lateral femoral cortex with the anterolateral entry 

femoral guide (Smith & Nephew # 6901189, or 7210984) 
via the anterolateral portal. (b) Created two tunnel aper-
tures inside the femoral attachment area
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resident’s ridge that forms an angle of 30° to the 
femoral axis (Fig. 21.6b). After the central pin is 
removed, two guide pins are over-drilled with 
5-mm drill-bit. With the dilator of 5 × 10 mm 

(Smith&Nehew, # E0014050-2) from the lateral 
femoral cortex, the two drill holes are dilated 
into one rectangular tunnel in outside-in fashion 
[4, 5] (Fig. 21.7).

Resident’s ridge 
a b

Fig. 21.5 Outside-in drilling of a guide pin to the center 
of the ACL attachment area. (a) A central guide pin is 
drilled into the center from the lateral femoral cortex with 
the anterolateral entry femoral guide (Smith&Nephew # 

6901189, or 7210984) via the anterolateral portal. (b) 
Drill guide tip at the center of the ACL femoral attach-
ment area viewed via the anteromedial portal

Resident’s ridge a b

Fig. 21.6 Rectangular femoral tunnel creation in outside-
 in fashion. (a) A 11-mm skin protection cannula is installed 
over the guide pin via 2-cm lateral femoral incision. (b) 

Two guide pins are drilled parallel to the central pin along 
the long axis of the attachment area or the resident’s ridge 
with the aid of a 10-mm in-line offset drill guide
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Interference Screw

Guide Pin for Interference Screw 

a b

Fig. 21.7 Created rectangular tunnel aperture inside the femoral attachment area. (a) Arthroscopic view through the 
anteromedial portal. (b) 3-D CT view

a b

Fig. 21.8 Use of using PIN POINT Guide (S&N 
Corporation, Andover, MA, USA) for outside-in femoral 
tunnel creation. Created rectangular tunnel aperture inside 
the femoral attachment area. (a) PIN POINT Guide is 

introduced through the AL portal. (b) Extrarticulary, a 
1 cm incision is performed on the lateral thigh, posteriorly 
to LCL, keeping the guide 20–30° elevated from a plane 
passing on the transcondylar axis

21.4.2  Round Tunnel (LAP)

The femoral tunnel is drilled from outside to 
inside using PIN POINT Guide (S&N 
Corporation, Andover, MA, USA), positioned in 
the notch, 5 mm posterior to the resident’s ridge 
and 3 mm anterior to the shallow cartilage. 

Extrarticularly, a 1 cm incision is performed on 
the lateral thigh, posteriorly to LCL, keeping the 
guide 20–30° elevated from a plane passing on 
the transcondylar axis (Fig. 21.8a, b). Based on 
the PIN POINT Guide, we routinely drilled 
8–10 mm tunnel at the time of using patellar 
BTB. The drill diameter is suggested by the 
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dimension of insertional area calculated by the 
circled guide (7, 8, 9, 10 mm circled guide avail-
able) (Fig. 21.9a, b).
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Fig. 21.9 The guide tip and the pin inside the joint. (a) The circled guide tip in the right position; (b) The guide pin in 
the right position
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Transtibial Technique

Kazunori Yasuda, Myung Chul Lee, 
and Mark Clatworthy

22.1  Introduction

Appropriate femoral tunnel creation at an ana-
tomic position is critical to successfully restore 
normal knee function after anterior cruciate liga-
ment (ACL) reconstruction [17, 27, 48]. Namely, 
the femoral tunnel having an appropriate length 
must be created at an appropriate location and 
direction in the lateral femoral condyle, avoiding 
tunnel wall breakage, nerve injuries, and trou-
bles in graft fixation. The femoral tunnel cre-
ation techniques are classified into three types, 
transtibial (TT) technique, anteromedial portal 
(AMP) technique, and outside-in (OI) technique, 
according to the approach into the joint cavity. It 
is important to recognize that, in each technique, 
a surgeon must make sufficient effort with vari-
ous ideas and techniques, including location and 
direction of the tibial tunnel, location of the por-
tal, intraoperative leg position of the patient, 

forces exerted to the tibia by a surgeon, develop-
ment of useful guide instruments, etc., to create 
the appropriate femoral tunnel [38]. For exam-
ple, in the AMP technique, a surgeon must man-
ually flex the patient’s knee as much as possible 
during creation of the femoral tunnel to avoid 
breakage of the femoral tunnel wall and damage 
to the peroneal nerve [38]. In addition, the sur-
geon must invent various techniques to solve 
some problems that occur due to the knee flexion 
position, as described in the Discussion section. 
In the OI technique, a surgeon must make effort 
to develop a useful guide to precisely insert a 
guidewire, to lessen the degree of surgical inva-
sion to the quadriceps muscle, and to reduce 
graft abrasion at the rough intra-articular edges 
of the tunnel [38].

The TT technique, in which a femoral tunnel 
is created through a tibial tunnel, has a relatively 
long history, and it has been widely carried out 
in the clinical field. In traditional TT techniques, 
however, the femoral tunnel was created in a 
position that was more anterior and superior to 
the native femoral attachment of the ACL, 
resulting in vertical graft placement that led to 
residual rotational laxity [1, 27, 42]. Therefore, 
many laboratory studies reported that the ana-
tomic femoral tunnel could not be created with 
the TT technique [8, 37, 41, 44]. However, we 
should note that these studies evaluated only 
 traditional TT techniques, in which surgeons  
did not make sufficient effort using useful 
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 procedures to create the anatomic femoral tun-
nel in the TT technique. Recently, several stud-
ies demonstrated that the anatomical tunnels for 
single-bundle (SB) and double-bundle (DB) 
ACL reconstructions could be successfully cre-
ated with the “modified” TT procedures includ-
ing some devices. For instance, Yasuda and his 
colleagues [16, 18, 19, 47] reported that the ana-
tomical femoral tunnels could be created with 
the modified TT technique in anatomic DB 
reconstruction. They safely created two rela-
tively thin tibial tunnels, the axis of which 
passed through the center of the femoral attach-
ment of the anteromedial (AM) and posterolat-
eral (PL) bundles, respectively. They also 
emphasized that the leg position of the patient, 
such as the “leg-hanging” and “figure 4” posi-
tions, was additionally critical to successfully 
perform this modified TT technique. Recently, 
Lee et al. [25] also reported that anatomic SB 
ACL reconstruction could be successfully per-
formed with the use of their modified TT tech-
nique, in which an anterior drawer force, a varus 
force, and an external rotation force are applied 
to the proximal aspect of the tibia. They also 
recommended that an offset guide should be 
externally rotated for a guidewire insertion. 
Therefore, these facts suggest that the clinical 
utility of the TT technique should be reevalu-
ated, taking the recent progression into account.

We believe that it is important for orthopedic 
surgeons to precisely understand the essence of 
the TT technique in order to make further pro-
gression in the ACL reconstruction hereafter. In 
this chapter, we first review the history of biome-
chanical and clinical evaluation studies of the TT 
technique for SB and DB reconstructions, spe-
cifically in comparison with the AMP technique. 
Second, we explain about the necessity of reeval-
uation on the utility of the modern TT techniques 
and that a fundamental problem exists in reevalu-
ating the TT technique in comparison with the 
AMP and OI techniques. Third, we summarize 
the essence of the TT technique and the theory of 
the anatomic femoral tunnel creation and intro-
duce practical TT techniques for anatomic single- 
bundle (SB) and double-bundle (DB) ACL 
reconstructions, respectively.

22.2  History of Evaluation Studies 
of the TT Technique

22.2.1  Biomechanical Evaluations 
of the TT Technique in SB 
Reconstruction

To our knowledge, Beck and his colleagues [2] 
first described an article on the TT technique in 
1992. Harner [11] described that there were no 
significant differences between the TT and OI 
techniques in the clinical and radiological evalu-
ations, while the TT technique was superior con-
cerning the surgical invasion and the cosmesis. In 
this technique, femoral tunnels were created at 
the high-noon orientation through a tibial tunnel 
created vertically, because a concept of anatomic 
ACL reconstruction did not exist in those days. 
Howell et al. [14] modified the TT technique so 
that an intra-articular outlet of the tibial tunnel 
was created at the posterior part of the tibial ACL 
footprint in order to avoid the notch impingement 
of the graft. They also emphasized the impor-
tance of a horizontal tibial tunnel in the coronal 
plane to achieve graft obliquity [15]. It was easy 
to create a femoral tunnel at such targeted points 
through a thick (approximately 10-mm) tibial 
tunnel. Therefore, these TT techniques were 
widely performed in the clinical field. However, 
because the tunnel outlet locations in these tech-
niques were not anatomical, the reconstructed 
ACL could not sufficiently constrain the rotatory 
laxity [27, 45].

In 2004, Yasuda et al. [47] reported the first 
practical “anatomic DB reconstruction” proce-
dure, which anatomically reconstructs both the 
AM and PL bundles of the ACL, using the TT 
technique. In this procedure, two femoral tunnels 
were created at the center of the mid-substance 
fiber attachments of the AM and PL bundles, 
respectively. This surgical theory significantly 
affected the femoral and tibial tunnel locations in 
the SB procedure, and a concept of “anatomic SB 
reconstruction,” in which the tibial and femoral 
tunnels were placed at the center to their respec-
tive tibial and femoral ACL footprints, was inves-
tigated by several cadaveric studies [12, 13, 39]. 
Then, many studies were conducted to evaluate 
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whether the appropriate femoral tunnel for ana-
tomic SB ACL reconstruction could be accurately 
created with the TT technique. For example, 
Heming et al. [12] reported a descriptive labora-
tory study with cadaveric knees in 2007. They 
secured the knee in 70° and 90° of flexion and 
drilled a guide pin from the central femoral ACL 
attachment site through the central tibial ACL 
attachment site to the anterior aspect of the tibia. 
They concluded that the TT technique could pro-
duce tunnels centered in the ACL footprints, but 
a starting point close to the tibial joint line was 
required. This important fact shows a major part 
of the essence of the TT technique. Hereafter, 
several laboratory studies have reported that the 
anatomic femoral tunnel could be created with 
the TT technique using a commercially available 
7-mm offset guide inserted through a 10- to 
11-mm tibial tunnel that was created from the 
point just anterior to the medial collateral liga-
ment [29, 34, 39], although there was a contro-
versy [42]. These cadaveric studies showed that it 
is possible to create the anatomical femoral tun-
nel with the TT technique if the prepared tibial 
tunnel is appropriately created. However, these 
studies also pointed out that such horizontal tibial 
tunnels might lead to other problems, such as a 
shorter tibial tunnel and an intra-articular ellipti-
cal aperture of the tibial tunnel [4, 12]. Therefore, 
surgeons must invent additional procedures to 
avoid these problems, as similarly made in the 
AMP technique.

Then in the 2010s, the AMP technique 
attracted great notice, and many laboratory stud-
ies were conducted to compare the accuracy of 
the femoral tunnel creation between the tradi-
tional TT technique and the AMP technique. 
Bedi et al. [3] compared the obliquity and length 
of femoral tunnels between the TT technique, 
which was performed using the 6-mm offset 
guide inserted through the laterally created 
10-mm tibial tunnel, and the AMP technique 
performed using the same offset guide at various 
knee flexion angles. They reported that the AMP 
technique allowed for slightly greater femoral 
tunnel obliquity compared with the TT tech-
nique, but that there was a substantially increased 
risk of critically short tunnels and posterior tun-

nel wall blowout in the AMP technique. 
Hereafter, many laboratory studies reported sim-
ilar results, while they concluded that it was 
impossible to create the anatomical femoral tun-
nel using the TT technique, while it was possible 
with the AMP technique [8, 36, 41, 44]. However, 
we should note that, in the traditional TT tech-
niques evaluated in these studies, a femoral tun-
nel was instrumentally created using a 
commercially available 7- to 7.5-mm offset 
guide inserted through an 8-mm tibial tunnel 
created with a conventional tibial tunnel guide. 
Namely, in the traditional TT techniques, sur-
geons did not make a sufficient effort to create 
the anatomic femoral tunnel with some useful 
additional procedures, although such an effort 
was made in the compared AMP technique. As 
described above, the previous studies simply 
concluded that it was impossible to create the 
anatomical femoral tunnel with the TT tech-
nique. However, the conclusion is considered to 
be logically incorrect, because some useful addi-
tional procedures may make it possible. Actually, 
Lee et al.[25] demonstrated that anatomic single- 
bundle ACL reconstruction could be accurately 
performed with the use of the “modified” TT 
technique, in which they applied an anterior 
drawer force, a varus force, and an external rota-
tion force to the proximal aspect of the tibia and 
externally rotated an offset guide. However, sci-
entific studies to compare such “modified” TT 
techniques with the AMP or OI technique have 
not been conducted as of yet.

Concerning the postoperative knee stability 
after the TT and AMP techniques, there has been 
a controversy. Bedi et al. [4] described that the 
AMP technique controlled tibial translation sig-
nificantly more than the TT technique, in which a 
6-mm femoral tunnel was created at the center of 
the ACL footprint through the laterally created 
10-mm tibial tunnel. On the other hand, Sim et al. 
[41] reported that ACL reconstructions per-
formed by the TT, AMP, and OI techniques were 
biomechanically comparable with each other in 
restoring normal knee joint laxity and in situ 
ACL forces and that technical perils and pearls 
should be carefully considered before choosing a 
tunnel creating technique.
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22.2.2  Clinical Evaluations of the TT 
Technique in SB 
Reconstruction

A meta-analysis and meta-regression study 
reported by Riboh et al. [36] showed that there 
were no significant differences in the clinical 
results and failure rates among the three 
groups. This current evidence shows that the 
TT, AMP, and OI techniques have equivalent 
clinical outcomes at short-term to midterm 
follow-up.

Concerning the graft failure rate after ACL 
reconstruction, some clinical studies have com-
pared the TT technique with the AMP tech-
niques. In a MOON group study [6], 229 ACL 
reconstructions with the TT technique were 
compared with 209 ACL reconstructions with 
the AMP technique. There was no difference in 
the revision rate. However, the Danish ACL 
Reconstruction Registry [35] has shown a lower 
failure rate for patients who underwent ana-
tomic ACL reconstruction with the TT tech-
nique. Namely, in 9,239 patients followed for 
4 years, the revision rate for the AMP group 
was 5.2 % and 3.2 % in the TT group. Recent 
unpublished data from the Danish ACL 
Reconstruction Registry have demonstrated 
that the initial increase in revision rate found 
when anatomic ACL reconstruction techniques 
were introduced has improved. However, the 
TT technique continues to demonstrate a 
decreased revision rate compared with recent 
anatomic ACL reconstructions with the AMP 
technique.

Recently, Clatworthy et al. [5] reported a 
prospective sequential single-surgeon study. 
He compared the revision rate between 1,016 
hamstring ACL reconstructions with the TT 
technique (followed for 6–15 years) and 464 
ACL reconstructions with AMP technique (fol-
lowed for 2–6 years). His TT technique utilized 
a short oblique tibial tunnel which enabled the 
femoral tunnel to sit within the anatomical 
footprint in a high AM position. Then, he 
changed to an AMP technique to enable a cen-
tral femoral tunnel. This resulted in a more for-
ward (distal) and lower (posterior) femoral 

tunnel position. Sex, age, graft size, time to 
surgery, meniscal repair, and meniscectomy 
data were collected and evaluated as contribut-
ing factors for ACL graft failure to enable a 
multivariate analysis. His revision rate was 
5.1 % (52 revisions) in 1,016 ACL reconstruc-
tions with the TT technique and 6.9 % (32 revi-
sions) in 464 ACL reconstructions with the 
AMP technique. Utilizing a single-variate 
analysis, the AMP technique had a hazard ratio 
which was significantly higher (2.4×) than the 
TT technique (p < 0.001). There was no differ-
ence in sex, age, or lateral meniscal repair rates 
between the two groups. There were differ-
ences in graft size, time to surgery, medial 
meniscal repair rates, and medial and lateral % 
meniscus remaining. Adjusting for all these 
factors, the multivariate hazard ratio was sig-
nificantly higher (2.3×) for the AMP technique 
(p < 0.001). The AMP technique group had a 
shorter follow-up period. Therefore, the revi-
sion rate was also determined per 100 graft 
years to determine the relative risk of failure 
between the two techniques. The revision rate 
in the AMP technique group was 0.14 failures 
per 100 graft years, while that in the TT tech-
nique group was 0.04 failures per 100 graft 
years. Thus, the ACL grafts placed more cen-
trally in the footprint had a significantly higher 
(3.5×) revision rate than the grafts placed in a 
high AM position per 100 graft years 
(p < 0.001). In the AMP technique group, 61 % 
of the graft failures occurred in the first year 
post surgery. In the TT technique group, 27 % 
of the graft failures occurred in the first year. 
The failure rate in the early period after ACL 
reconstruction was significantly higher 
(p < 0.001) in the AMP technique group than in 
the TT technique group. Thus, he concluded 
that placement of the ACL graft in a more cen-
tral femoral footprint position had a higher and 
earlier revision rate than an ACL graft placed 
in a high femoral AM position. As will be dis-
cussed later in this chapter, the central foot-
print ACL reconstruction is less isometric. The 
resultant higher graft strains with central femo-
ral footprint placement are the likely explana-
tion for the increased revision rate.
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22.2.3  Evaluations of the TT 
Technique in DB 
Reconstruction

Yasuda et al. [47] reported the first practical 
arthroscopic procedure to anatomically recon-
struct the mid-substance fibers of the anterome-
dial (AM) and posterolateral (PL) bundles of the 
ACL in 2004 and introduced the TT technique to 
create two femoral tunnels at the center of the 
mid-substance fiber attachments of the AM and 
PL bundles, respectively. To successfully per-
form this TT technique, they developed two spe-
cial procedures [16, 21, 51]. One procedure was 
concerning tibial tunnel placement. Namely, they 
created relatively thin, horizontal, and lateral tun-
nels in the tibia using a specially designed guide. 
The other procedure was concerning utilization 
of the physiological knee laxity. They performed 
the TT technique in the “leg-hanging” or “figure 
4” positions, which could apply distraction, 
varus, and internally rotatory forces to the tibia. 
Then, a number of clinical studies have been con-
ducted to evaluate the clinical utility of the ana-
tomic DB reconstruction. In these studies having 
Evidence Level I or II, the TT technique was used 
in almost all AM bundle reconstructions and in 
half of the PL bundle reconstructions [50]. These 
facts show that the TT technique has been suc-
cessfully used for anatomic DB ACL reconstruc-
tion. However, Giron et al. [9] reported that all 
TT techniques cannot be successfully applied to 
the anatomical femoral tunnel creation. They 
described that they could not insert femoral wires 
at the anatomical positions with their TT tech-
nique, in which the tibial AM and PL tunnels 
were created with Howell’s guide and a specially 
designed device attached to this guide, 
respectively.

There were only a few studies to compare 
the TT technique with the AMP technique in 
anatomic DB reconstruction. A laboratory 
study by Otani et al. [33] showed that a guide-
wire could be anatomically drilled through 
either the tibial AM or PL bundle insertion site 
to either the femoral AM or PL insertion site. 
They also pointed out that the AMP technique 
had a higher risk of peroneal nerve injury in 

comparison to the TT technique and that it 
should be undertaken carefully at a higher knee 
flexion angle in order to avoid this risk. On the 
other hand, two clinical studies [28, 43] con-
cluded that the TT technique was less accurate 
in terms of creating the anatomic femoral tun-
nels than the AMP and OI techniques. In these 
studies, however, the researchers did not clarify 
whether their targeted points for the femoral 
tunnel were really anatomical, although they 
cited some previous numerical data. We should 
recognize that there have been controversies 
concerning the anatomical femoral tunnel loca-
tion to date, as will be explained later. The 
accuracy on tunnel creation with each tech-
nique is calculated from the difference between 
a created tunnel and a targeted point. Therefore, 
if their targeted points on the femur would not 
be anatomical, the reversed conclusion might 
be obtained from the same results. Therefore, it 
is urgently required to decide where the most 
appropriate tunnel location is on the femoral 
condyle in order not only to reevaluate the pre-
vious conclusions but also to conduct new com-
parative studies.

Additionally, a clinical study by Nakamae 
et al. [32] reported that both the TT and AMP 
techniques were clinically effective in terms of 
restoration of joint stability and knee scores, 
although femoral tunnel length in the AMP tech-
nique was shorter and position of the EndoButton 
was more infero-posterior than that in the TT 
technique.

22.3  Necessity of Reevaluation 
on the Utility of the TT 
Technique

22.3.1  Criticism to the Previous 
Evaluation of the TT 
Technique

From the logical viewpoint, there are three prin-
ciples to conduct a scientific study to compare the 
clinical utility of the TT, AMP, and OI techniques. 
Firstly, before starting a comparative study, 
researchers should clearly define the most appro-
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priate point for the femoral tunnel creation, and 
this point must be recognized as only one  targeted 
point in each technique. Secondly, in each tech-
nique, a surgeon must make sufficient effort to 
insert a guidewire at this targeted point in the 
femoral tunnel creation, using some useful proce-
dures. Thirdly, researchers should select the most 
useful modified technique in the TT, AMP, or OI 
technique and compare those representative tech-
niques concerning not only the accuracy but also 
the merits and demerits of each technique.

Based on these principles, we should verify 
whether the conclusions given in the previous 
comparative studies were logically appropriate. In 
those studies, firstly, researchers did not clearly 
decide only one targeted point for each femoral 
tunnel creation, before starting the comparative 
studies. Specifically in their TT techniques, the 
surgeons did not intentionally aim a guidewire at 
the targeted point. Secondly, the surgeons must 
make sufficient effort to insert a guidewire at this 
targeted point in the TT technique, although such 
effort was made in the AMP and OI techniques. 
Thirdly, the researchers did not compare the most 
useful TT technique with the AMP and OI tech-
niques, because they used the conventional TT 
techniques. These are logical flaws in the previous 
conclusions. Therefore, we have to say that the 
conclusions given in the previous comparative 
studies were not logically appropriate. Currently, 
the TT technique has been much improved, as 
described below [25, 47]. Therefore, it is neces-
sary to conduct new comparative studies to 
reevaluate the utility of the modern TT technique, 
based on the above-described three principles.

22.3.2  Fundamental Problem 
in Conducting New 
Comparative Evaluation 
Studies

To conduct a new comparative study, however, 
we should recognize that there has been a funda-
mental problem concerning the first principle that 
the most appropriate point to create a femoral 
tunnel outlet must be definitely decided before 
starting a comparative study, although a number 
of anatomical and biomechanical studies have 

investigated about this issue. Namely, in the clini-
cal field, there have been controversies about an 
answer to the following question: where are fem-
oral tunnel outlets created in anatomic SB and 
DB ACL reconstructions? For example, in the 
field of SB reconstruction, many studies recom-
mended that a femoral tunnel outlet should be 
created at the center of the direct attachment of 
the ACL mid-substance fibers [12, 13, 39]. 
However, some other studies reported that a fem-
oral tunnel outlet should be created at the center 
of the direct attachment of the mid-substance 
fibers of the PL bundle [46] or at the center of the 
fanlike extension fiber attachment on the most 
posterior part of the lateral condyle [40]. 
Regarding DB reconstruction, there are also 
some controversies. Yasuda and his colleagues 
[23, 47–49] recommended to create two femoral 
tunnels at the center of the direct attachment of 
the AM and PL bundle mid-substance fibers, 
based on the basic studies [18, 20, 31]. On the 
other hand, some other studies reported to create 
an AM tunnel in the fanlike extension fiber 
attachment [7, 28, 43]. Which is the most appro-
priate tunnel location for SB or DB reconstruc-
tion? The answer to this question will directly 
affect the decision that the accuracy of the TT 
technique is inferior or superior to that of another 
technique, because the decision on the accuracy 
of the tunnel creation will be made by measuring 
the difference between the most appropriate tun-
nel location and the created tunnels. Therefore, it 
is urgently required for future studies to decide 
where the most appropriate tunnel location is on 
the femoral condyle.

22.4  Useful TT Techniques 
for Anatomic SB and DB 
Reconstructions

22.4.1  Essence of the TT Technique

To reevaluate the utility of the TT technique in 
comparison with the other two techniques, we 
summarize about the essence of the TT technique. 
The above-described history has shown that the 
TT technique does not mean a simple technique in 
which a surgeon creates a femoral tunnel through 
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a tibial tunnel created independently to the femoral 
tunnel. The TT technique is a technique to create 
the anatomical femoral tunnel through a tibial tun-
nel using two types of special procedures per-
formed by a surgeon. First, a surgeon must create 
a tibial tunnel that goes to the most appropriate 
point to create an anatomical femoral tunnel [51]. 
Such a tibial tunnel becomes more horizontal than 
a conventional tunnel [12]. Secondly, the surgeon 
should apply an adequate amount of distraction, 
varus, and rotatory forces to the tibia to utilize the 
physiological knee laxity in the femoral tunnel 
creation through such a tibial tunnel [16, 25, 47, 
51]. It should be emphasized that these special 
procedures should be complementarily performed. 
For instance, if a surgeon creates a 7-mm tibial 
tunnel that accurately goes to the most appropriate 
point to create an anatomical femoral tunnel in 
anatomic PL bundle reconstruction, this tibial tun-
nel may have a risk of joint surface destruction in 
the tibia. In such cases, the surgeon must create the 
tibial tunnel more vertically to avoid the joint sur-
face destruction. However, the TT technique can 
be successfully performed by using the “figure 4” 
position of the knee, in which varus and internally 
rotatory forces are applied to the knee. Also in ana-
tomic SB reconstruction, because an oblique10-
mm tibial tunnel may lead to other problems, such 
as a shorter tunnel and widening of the intra-artic-
ular aperture [4, 12], Lee et al. [25] successfully 
performed the TT technique through a relatively 
vertical tibial tunnel by applying an anterior 
drawer force, a varus force, and an external rota-
tion force to the proximal aspect of the tibia and 
externally rotating an offset guide used for a guide-
wire insertion. These facts show that the combined 
effect from the two special procedures is essential 
to lead the TT technique to success.

22.4.2  Theory on the Anatomic 
Femoral Tunnel Creation

Where should each tunnel be created on the femo-
ral condyle in anatomic SB and DB ACL recon-
structions? It is essential to answer this question 
in order to evaluate each technique. However, 
there have been some controversies on the answer, 
as described above. Therefore, we must first 

explain about the theory of our anatomic femoral 
tunnel creation, before introducing useful TT 
techniques for SB and DB reconstructions. The 
broad femoral attachment of the ACL is com-
posed of the direct attachment of the mid- 
substance fibers and the fanlike extension fibers 
[30]. The former is relatively narrow and long, 
with its long axis inclined toward the posterior 
direction by 30° to the long axis of the femur [10, 
26, 47]. The latter fibers extend from the mid- 
substance fibers and broadly spread out on the 
posterior condyle. Recently, we found out that a 
deep fold is formed at the border between the 
mid-substance and the fanlike extension fibers 
during knee flexion [31] (Fig. 22.1). This fact sug-
gested that a force from the ACL mid- substance 
might not be distributed to the fanlike extension 
fibers over this fold. Most recently, our biome-
chanical study demonstrated that, in anterior tibial 
displacement, the attachment of the mid-sub-
stance fibers resisted 82–90 % of the anterior 
drawer force, while the fanlike extension fibers 
contributed very little [20] (Fig. 22.2). These facts 
suggest that it is of less value to reconstruct the 
fanlike extension fibers in ACL reconstruction. 
Based on the anatomical and biomechanical 
knowledge, we can confirm that what should be 
“anatomically” reconstructed in the anatomic SB 
and DB ACL reconstructions is not the whole 
structure of the ACL including the fanlike exten-
sion fibers but the mid-substance fibers of the 
ACL or the AM and PL bundles including the 
direct attachment. Therefore, in anatomic SB 
reconstruction, we should create a femoral tunnel 
at the center of the direct attachment of the ACL 
mid-substance fibers. Also in anatomic DB recon-
struction, two femoral tunnels should be created 
at the center of the direct attachment of the AM 
and PL mid-substance fibers, respectively.

22.4.3  A Useful TT Technique 
for Anatomic SB 
Reconstruction

Lee et al. [25] reported a useful TT technique for 
SB reconstruction. In creating the tibial tunnel, 
the knee was flexed to 90°, and the entry point 
was set 4–5 cm distal to the joint line, 2–3 cm 
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a b c
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Fig. 22.1 Dynamic observation of the mid-substance and 
fanlike extension fibers during flexion-extension motion 
of the knee. At 15–30° of flexion (b, c), the mid-substance 
fibers were found to slightly curve (black arrowhead) 
approximately at the postero-proximal edge of the direct 

attachment of the mid-substance fibers. At 45° (d), the 
curving of the ACL fibers was an obvious fold. At 60° (e), 
the mid-substance fibers started to become twisted, and 
the fold became deep specifically at the postero-distal por-
tion (From [31] with permission)
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Fig. 22.2 Partition of femoral ACL attachment on lateral 
wall of intercondylar notch. Areas A, B, C, and D comprise 
the posterior fanlike extension; areas E, F, G, and H com-
prise the central direct attachment area; and areas I, J, K, 
and L comprise the anterior fanlike extension. The percent-
age contribution of each area to a 6-mm anterior transla-

tion of the tibia was calculated, when the force of the 
anterior cruciate ligament in the intact knee condition was 
considered 100 %. The mid-substance fibers (E, F, G, and 
H) transmitted 82–90 % of the resistance to tibial displace-
ment, while the fanlike extension fibers contributed only 
10–15 % of the resistance (From [20] with permission)
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posteromedial to the tibial tuberosity, 1 cm supe-
rior to the attachment site of the pes anserinus, 
and just anterior to the medial collateral ligament 
(MCL). A guide pin was then inserted at an angle 
of 60° to the tibial plateau with the use of a tibial 
drill guide (Acufex, Andover, Massachusetts) 
aimed midway between the ACL footprints of the 
anteromedial and posterolateral bundles. A 
10-mm tibial tunnel was drilled. In creating the 
femoral tunnel, a 7-mm offset femoral drill guide 
(Acufex) was aimed at the lateral bifurcate ridge 
on the medial wall of the lateral femoral condyle 
with the knee flexed to 90° and an anterior drawer 
force, a varus force, and an external rotation force 
applied to the proximal aspect of the tibia while 
externally rotating the guide. The anterior drawer 
force enables more inferior positioning of the 
femoral tunnel; the varus force, posterior posi-
tioning of the femoral tunnel; and the external 
rotation force and external rotation of the guide, 
both inferior positioning and posterior position-
ing of the femoral tunnel. A femoral tunnel guide 
pin was then inserted through the guide, and a 
10-mm femoral tunnel was drilled through the 
tibial tunnel.

Lee et al. [25] radiologically and clinically 
evaluated this TT technique in comparison with 
the AMP technique. Two- and three-dimensional 
images of CT scans showed that there were no 
significant differences concerning not only the 
graft obliquity in the coronal and sagittal planes 

but also the femoral tunnel position, as evaluated 
with the use of the quadrant method, between the 
two groups (Fig. 22.3a). This femoral tunnel 
position was identical to the anatomic point 
(Fig. 22.3b), which was shown in the previous 
anatomical study [26]. In addition, there were no 
significant differences in the clinical results 
between the two groups in terms of manual laxity 
tests, arthrometric analysis, and several clinical 
scores.

22.4.4  A Useful TT Technique 
for Anatomic DB 
Reconstruction

Yasuda et al. [47] reported the first practical pro-
cedure to reconstruct the mid-substance fibers of 
the AM and PL bundles using the TT technique. 
To create the tibial tunnels for the PL and AM 
bundles, they developed an arthroscopy-assisted 
guidewire navigation device (Guidewire 
Navigator III, Smith and Nephew Endoscopy 
Japan, Tokyo, Japan). The surgeon holds the 
tibia at 90° of knee flexion, keeping the femur 
horizontal, and placed a tip of this device at the 
center of each bundle footprint on the tibia 
(Fig. 22.4). Then, after they aimed the femoral 
indicator in the tip at the center of each footprint 
on the femur, the extra-articularly located wire 
sleeve was fixed on the anteromedial aspect of 

a

a

b

c

b

Fig. 22.3 (a) A three-dimensional reconstructed CT 
image of the femoral tunnel aperture created with the 
modified TT technique (From [25] with permission). (b) 

This femoral tunnel position was identical to the anatomic 
point, which was shown in the cadaveric study (From [26] 
with permission)
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the tibia. Thus, the location and direction of the 
wire sleeve were automatically determined on 
the tibia, depending on the direction of the intra-
articular navigator tip. A Kirschner wire of 2 mm 
in diameter is drilled through the sleeve in the 
tibia. The first tunnel is made for the PL bundle 
reconstruction with a cannulated drill which cor-
responds to the measured diameter of the pre-
pared substitute (commonly 6 mm). Then, the 
second tunnel is drilled for the AM bundle recon-
struction in the same manner (commonly 7 mm). 

In the patients successfully operated with this 
TT technique, the tibial tunnel angles of the pos-
terolateral bundle averaged 41° in the anteropos-
terior view and 35° in the lateral view [21]. The 
tibial tunnel angles of the anteromedial bundle 
averaged 16° in the anteroposterior view and 41° 
in the lateral view.

Concerning the femoral tunnel creation for the 
AM bundle reconstruction, our anatomical study 
[18] demonstrated that the averaged center of the 
direct attachment of the AM bundle mid- 

a b

c d

Fig. 22.4 A guidewire navigation device is composed of 
a Navi-tip (a) and a Wire-sleeve (b). The Navi-tip consists 
of a tibial indicator (c) and femoral indicator (d). The axis 
of the Wire-sleeve passed through the tip of the tibial indi-
cator. The direction and position of the Wire-sleeve were 
automatically decided, independent of those of the Navi- 

tip. (b) Placement of the Navi-tip of the Wire-navigator to 
create the posterolateral bundle. (c) Placement of the 
Navi-tip to create the anteromedial bundle. (d) Two 
Kirschner wires were drilled through the sleeve in the 
tibia. Note the difference in the direction between the two 
wires (From [47] with permission)
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substance fibers was located on the cylindrical 
surface of the femoral intercondylar notch at 
“10:37” (or “1:23”) o’clock orientation in the 
distal view and at 5.0 mm from the proximal out-
let of the intercondylar notch (POIN) in the lat-
eral view (Fig. 22.5). To insert a guidewire into 
this point, we developed the following quantita-
tive method: through the tibial tunnel, we intro-
duced a 5-mm offset guide (Twisted Offset 
Guide, Smith and Nephew Endoscopy Inc., 
Tokyo, Japan) into the joint cavity and set the 
hook-shaped tip of this guide at the POIN at 
90–100° of knee flexion. Keeping the hook at this 
point, we aimed a guidewire at the “1:30” or 

“10:30” o’clock orientation, an eighth of a circle, 
in the arthroscopic visual field. Thus, in actual 
operations, a surgeon inserted a Kirschner wire to 
the femur using this quantitative technique. Our 
clinical study [18] to evaluate the accuracy of this 
technique showed that the average location of the 
AM tunnel actually created in the ACL recon-
struction was at “10:41” (or “1:19”) o’clock ori-
entation and at 5.0 mm from the POIN (Fig. 22.5). 
There was no significant difference between the 
averaged center location of the native AMB 
attachment and that of the actually created tun-
nels. The results suggested that the above- 
described quantitative technique is useful to 

a

b

c

d

Fig. 22.5 On a photograph taken in the axial view (a), the 
center of the AM bundle attachment (a red marker) was 
measured with the so-called “clock” system. On a photo-
graph taken in the lateral view (b), we measured “Distance 
D” from the POIN. Three-dimensional CT images taken 

in the axial view (c) and the lateral view (d) demonstrated 
that the center of an actually created AM tunnel was iden-
tical to the center of the AM bundle attachment (From 
[18] with permission)
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insert a guidewire into the averaged center of the 
native AM bundle attachment.

Regarding the femoral tunnel creation for the 
PL bundle reconstruction, we reported a geomet-

ric method to estimate the averaged center of the 
direct attachment of the PL bundle mid-substance 
in the original procedure [47]. In an arthroscopic 
visual field, we could draw an imaginary vertical 
line through the contact point between the lateral 
femoral condyle and the tibial plateau at 90° of 
knee flexion. This line and the long axis of the 
ACL remnant were crossed at the point 5–8 mm 
anterior to the edge of the joint cartilage 
(Fig. 22.6). The averaged center of the normal 
attachment of the PL bundle was located approxi-
mately at this crossing point. In actual operation, 
a surgeon observed the lateral condyle with a 30° 
arthroscope inserted through the medial infrapa-
tellar portal, keeping the femur horizontal at 90° 
of knee flexion. The surgeon held a guidewire 
manually and aimed it at the crossing point on the 
femur through the tibial tunnel. To adjust the 
guidewire at this point, a surgeon must utilize the 
physiological knee laxity. Namely, the “leg- 

hanging” position is commonly necessary, and 
the “figure 4” position is needed in some cases. 
Thus, two anatomical femoral tunnels were cre-
ated on the lateral condyle (Fig. 22.7a).

5~8 mm

AM

F

PL
C

VL

AX

AFS

Fig. 22.6 On a schematic picture of the attachment of the 
mid-substance fibers of the ACL (dotted line) drawn at 
90° of flexion, we drew a vertical line (VL) through the 
contact point (C) between the femoral condyle and the 
tibial plateau line and a long axis line of the ACL attach-
ment (AX). The two lines crossed at the point (PL) on the 
vertical line 5–8 mm anterior to the edge of the joint carti-
lage. The center of the attachment of the PL bundle was 
located approximately at this crossing point (From [47] 
with permission)
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Fig. 22.7 The anatomical femoral tunnel outlets created 
for anatomic DB reconstruction with the TT technique (a) 
(From [51] with permission). Transparent 3D CT images 

show that four tunnels were appropriately created with 
this TT technique (From [16] with permission)
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To evaluate this TT technique, several radio-
logical, biomechanical, and clinical studies have 
been conducted. Inoue et al. [16] radiologically 
evaluated the accuracy of this TT technique 
(Fig. 22.7b) and reported that it is useful for clini-
cal use. Biomechanically, the tunnel positions 
created with this TT technique could restore the 
knee functions close to that of the normal knee 
[23, 49]. The clinical results of this anatomic DB 
reconstruction procedure are significantly better 
that the conventional SB reconstruction [22, 48]. 
In addition, recently, this TT technique has been 
successfully performed in remnant tissue- 
preserving anatomic DB reconstruction.

22.5  Discussion

The review has showed that, although the con-
ventional TT techniques had obvious disadvan-
tages, many “modified” TT techniques have 
recently been reported to improve them. This 
chapter has explained that the anatomic tunnel 
creation can be successfully performed with the 
modern TT techniques in both SB and DB ACL 
reconstructions, although there are some contro-
versies concerning the anatomic femoral point on 
the femoral condyle. Then, we should recognize 
that, not only in the AMP and OI techniques but 
also in the TT technique, a surgeon must use 
some additional procedures to precisely or safely 
insert a guidewire at the anatomical point on the 
femur. In the future studies to compare the TT 
technique with the other two techniques, 
researchers should evaluate not only the accuracy 
of the tunnel location and direction but also all 
merits and demerits of the additional 
procedures.

At this time, the TT, AMP, and OI techniques 
have their own set of advantages and disadvan-
tages [38]. Concerning the TT technique, the 
advantages include less surgical pain and mor-
bidity, better cosmesis with no lateral incision, 
reduced surgical time, parallel bone tunnels, 
technically familiar and less demanding, lower 
risk of revision, and beneficial to place the graft 
penetrating the remnant ACL tissue [24, 51]. The 
disadvantages involved elliptical tunnel outlet on 
the lateral condyle, inability to freely position 

femoral tunnel, fluid leakage through the tibial 
tunnel, and an increased cost due to special 
devices [38]. On the other hand, the AMP tech-
nique has the following advantages and disad-
vantages [38]. The advantages include 
independent placement of femoral and tibial 
 tunnels, ease of approach to the femoral targeted 
point, tunnel placement independent of tunnel 
guides, and allowing parallel placement of inter-
ference screws. The previous studies pointed out 
the following disadvantages: technically demand-
ing (difficulty visualizing instruments due to lim-
ited visibility in hyperflexion, inability to 
maintain aimer in hyperflexed knee, difficulty 
passing instruments due to portal tightening in 
hyperflexion, difficulty seating endoscopic aimer), 
challenges with graft fixation device passage, 
short or bicortical sockets which may limit fixa-
tion options, potential damage to common pero-
neal nerve, posterior-wall blowout and potential 
damage to posterior articular cartilage, iatrogenic 
damage to cartilage of medial femoral condyle, 
low portal placement which may injure anterior 
horn of medial meniscus, higher graft failure 
rates, and increased risk of revision. Concerning 
the OI technique, the following advantages and 
disadvantages have been described in the previ-
ous reports [38]. The advantages include less risk 
of bone tunnel divergence, ease of approach to 
the targeted point, avoidance of posterior-wall 
blowout, and ease of use for revision ACL proce-
dures. The disadvantages involve greater surgical 
morbidity with lateral incision, greater abrasion 
of the graft at the intra-articular edges of the 
 tunnel, increased operative time, worse cosmesis, 
and increased cost due to special devices.

Finally, appropriate femoral tunnel creation at 
an anatomic position is critical to successfully 
restore normal knee function after ACL recon-
struction [17, 27, 48]. However, there are no sim-
ply easy techniques in the TT, AMP, and OI 
techniques. In each technique, a surgeon must 
make effort with some special ideas and proce-
dures to create the appropriate femoral tunnel. 
Therefore, it is important for orthopedic surgeons 
to understand the essence of the TT, AMP, and OI 
techniques and to train their skill for each tech-
nique, in order for the ACL reconstruction to 
become a success.
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23.1  Introduction

Anterior cruciate ligament (ACL) reconstruction 
is one of the most frequent procedures in ortho-
pedic sports medicine. Epidemiological studies 
estimate that more than 100,000 cases are done 
yearly in the USA [32, 33]. The single incision, 
or transtibial (TT), technique in which the femo-
ral tunnel is drilled by passing the drill-bit 
through the tibial tunnel was widely used by 
orthopedic surgeons since the implementation of 
arthroscopic ACL reconstruction in the 1980s. 
Although very practical, the vertical non- 
anatomical orientation of the ACL graft achieved 
by this technique did not provide restoration of 
intact knee kinematics and joint stability [40, 52, 
53, 58]. In the early 2000s, aiming for better 
long-term outcomes, the anatomy of the ACL 
was revisited. The ACL was shown to be non- 
isometric throughout the knee range of motion, 
and much emphasis was given to the presence of 
two synergistic, functional bundles: the antero-
medial (AM) and posterolateral (PL) bundles 

[62]. The primary goals of ACL reconstruction 
were restoration of the native knee’s complex 
biomechanics, particularly the knee’s intrinsic 
rotational stability, and the prevention of early- 
onset degenerative changes [30, 35]. The percep-
tion that the ACL AM and PL bundles could be 
anatomically reconstructed by the use of the 
double- bundle ACL reconstruction emerged as a 
valuable option for surgeon to better restore knee 
anatomy and function [1, 57, 63]. Concurrently, 
many shifted from the TT to anatomic single- 
bundle (SB) ACL reconstruction, encouraged by 
its relative simplicity when compared to the 
steeper learning curve of the double-bundle (DB) 
technique. The continuously evolving anatomical 
reconstruction concepts have recently given rise 
to the individualized anatomic ACL concept. By 
respecting the multitude of anatomic variations, 
surgeons can match the graft characteristics, the 
surgical technique (SB or DB), and the tunnel 
diameter, position, orientation, and length to the 
individual bony and ligamentous anatomy of 
each patient to achieve the best possible out-
comes [11, 17, 26, 31, 34, 61].

Using the best available evidence, this chapter 
reviews current concepts regarding the native 
ACL anatomy, the advantages of independently 
drilling the femoral tunnel, and technical notes 
given by three experts on how to achieve an ana-
tomical femoral tunnel position with the use of 
three different accessory anteromedial portals.
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23.2  Native ACL Femoral 
Insertion Site

The native anatomy of the ACL has been exhaus-
tively studied in an effort to achieve more anatomi-
cal reconstructions. The native femoral insertion 
site shape and size are of particular interest 
because, as opposed to the tibial insertion site, 
there is much controversy on where and how to 
properly position the femoral tunnel aperture for 
better anatomical positioning of the graft. In the 
mid-1970s, Dr. William Clancy Jr. described the 
“resident’s ridge,” a bony ridge on the lateral fem-
oral condyle that delineates the anterior and supe-
rior edges of the ACL’s anatomic insertion on the 
femur [20, 21, 42]. The lateral femoral condyle 
notch’s bony anatomy was further dissected by 
Ferreti et al. who described the bifurcate ridge, a 
bony ridge that divides the ACL’s femoral inser-
tion into its AM and PL attachments [9]. Studies 
have shown that as time elapses between injury 
and reconstruction, less ACL remnant remains to 
aid femoral guide pin placement [49, 60]. Thus, 
the bony landmarks of the femoral insertion site 
should be well understood by any surgeon attempt-
ing an ACL reconstruction; Piefer et al. performed 
a systematic review of the literature trying to better 
define the position and area of the ACL native 
femoral footprint [41]. The 20 studies included in 
the final sample were divided into three subgroups: 
radiographic, arthroscopic, and morphologic 
descriptions. The radiographic analysis results 
showed that the average center of the ACL is 
located 43 % from proximal to distal in a line par-
allel to the long axis of the femoral shaft and 
2.5 mm anterior to the posterior part of the lateral 
femoral condyle. Kopf et al. performed another 
systematic review of anatomical studies done in 
cadaveric specimens, concluding that for the 
establishment of consistent reconstruction tech-
niques, instead of relying on numeric descriptions 
or schematics extracted from the literature, it is 
better to combine an individualized analysis of 
both remnant and bony landmarks [24].

Additionally, the 10× magnification achieved 
by the modern arthroscope is an invaluable tool 
for defining the center of the native ACL foot-
print. Specifically, a 30° scope passed through 
the AM or central portal best visualizes the ACL 

femoral footprint with the least possible distor-
tion [18, 19, 50]. Lateral portals may not give the 
surgeon a clear, frontal view of the femoral foot-
print. Their use is associated with additional dis-
ruption of the native anatomy by notchplasty and 
the use of 70° scopes that intrinsically distort 
images when compared with 30° scope on a low 
inclination view.

Finally, much emphasis in preserving the ACL 
remnant is given in the literature. Although only 
a minority of cases have viable ACL remnant 
fibers for ACL augmentation techniques, even a 
small contingent of preserved ACL remnant 
fibers can help to better evaluate each patient’s 
unique native insertion shape and size (Fig. 23.1). 
Further, the presence of mechanoreceptors and 
innervation in the remnants of the ACL could 
provide a relevant biological benefit to graft heal-
ing and proprioception [14, 28].

23.3  The Use of Anteromedial 
Portals for the Femoral 
Tunnel Creation

Choosing appropriate portals is a key step in the 
planning of every arthroscopic surgery. When 
attempting to execute an anatomic ACL reconstruc-
tion, it is imperative to attain optimal visualization 
of the native anatomy with unrestrained scope 

Fig. 23.1 ACL femoral remnant (dotted lines). AM ACL 
anteromedial bundle footprint, PL ACL posterolateral 
bundle footprint
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movement. Below are the descriptions of three dif-
ferent techniques to reach anatomic positioning of 
the femoral tunnel using independent drilling 
through different accessory anteromedial portals.

23.4  Dr. Freddie Fu: High 
Anterolateral Portal, Central 
Anteromedial Portal, 
and Accessory Anteromedial 
Portal for Anatomic Double- 
or Single-Bundle ACL-R

The three-portal technique, which is described 
below, employs the high anterolateral portal (LP), 
the central anteromedial portal (CP), and the 
accessory anteromedial portal (AMP) (Fig. 23.2). 
It is best suited for anatomic SB or DB ACL 
reconstruction allowing an excellent balance 
between adequate three-dimensional visualiza-
tion of the knee structures and optimal angle of 
attack for the instruments used for placing ana-
tomic femoral tunnels [4].

23.4.1  Technical Note (Description)

The arthroscopic step of ACL reconstruction 
begins with the LP incision using a #11 scalpel 
localized 1 cm lateral to the patellar ligament at 
the height of the distal border of the patella with 
the knee flexed to 90°. The incision is made by 
pointing the cutting surface proximally to avoid 
iatrogenic damage to the cartilage or the anterior 
horn of the lateral meniscus. Through this high 
anterolateral point of view, it is possible to have a 
clear view of the ACL tibial insertion site, as well 
as the medial, lateral, and patellofemoral com-
partments, without piercing the Hoffa fat pad.

With the knee flexed to 90°, the CP incision is 
then made with the assistance of a spinal needle 
inserted into the articular capsule, immediately 
above the joint line, through the medial third of 
the patellar tendon, under arthroscopic visualiza-
tion through the LP. The correct position of the 
needle is in the distal third of the joint space, cen-
tralized to the intercondylar notch in the frontal 
plane. If the position is correct, it should be pos-
sible to orient the needle parallel to the ACL fibers 

(Fig. 23.3). When the proper position is reached, 
an incision with a #11 blade scalpel, with the cut-
ting edge pointed proximally, is made carefully to 
avoid accidental damage to the intermeniscal liga-
ment or the articular cartilage. The CP is of utmost 
importance, both for the direct visualization of the 
femoral origin of the ACL’s bony and remnant 
landmarks and for the passage of the ACL tibial 
guide and associated instruments.

The last portal is once again made with the 
knee flexed to 90° and with the assistance of a 
spinal needle slowly advanced into the joint line. 
The position is approximately 2 cm medial to the 
medial border of the patellar ligament and should 
be placed slightly above the anterior horn of the 
medial meniscus. When pointing to the femoral 
origin of the ACL, the needle should be far 
enough from the medial femoral condyle to 
ensure no damage is done to the articular carti-
lage when drilling the tunnels (Fig. 23.4). The 
AMP is also used to place the tibial PL guide, set 
at 45°, when DB reconstruction is chosen. The 

Fig. 23.2 Dr. Freddie Fu portals. Thigh placed in a 
holder. Ink shows the patellar border and the portals. PL 
high anterolateral portal, CP anteromedial central portal, 
AMP accessory anteromedial portal
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measurement of the femoral ACL footprint is 
made using the AMP as the visualization portal, 
while the LP portal is used for ruler insertion. 
The final visualization of the femoral tunnel posi-
tion, integrity, and lateral cortex with the guide 
pins in position through the AMP can be achieved 
by the CP (Fig. 23.5).

23.5  Dr. William Clancy Jr.: 
Anterolateral Portal, 
Anteromedial Portal, 
and Superior Accessory 
Medial Portal in Figure 4 
Position

An accessory medial portal gives the arthrosco-
pist a better viewing angle of the resident’s ridge, 
the bifurcate ridge, and the posterior wall of the 
lateral femoral condyle. However, both the lateral 
and medial portals can have limited viewing 
when one has to flex the knee past 90° vertical.

There is a third viewing option that overcomes 
the limitations as presented for lateral and medial 
viewing portals. This is a superior accessory antero-
medial portal (SAM) first described by Dinesh Patel 
in the 1980s. The knee is placed in a figure four 
position, placing the operative leg over the contra-
lateral leg. The borders of the medial aspect of the 
inferior patella and the superior medial femoral 
condyle are palpated. Just below, one can readily 

palpate a soft spot in the capsule. The scalpel blade 
is then gently directed inferolaterally, and the scope 
is introduced into the knee joint. This superior 
placement allows for a second lower medial portal 
that can be made in a horizontal fashion, for drilling 
of the ACL femoral tunnel (Fig. 23.6).

This portal essentially gives one an axial view 
of the entire lateral femoral condyle, particularly 
the relationship of the bifurcate ridge, the resi-
dent’s ridge, and the posterior wall of the lateral 

Fig. 23.3 Arthroscopic view of the creation of the CP 
viewed by the LP. The needle was advanced parallel to the 
ACL in the correct position for the creation of the CP

Fig. 23.4 Arthroscopic view of the creation of the AMP 
viewed by the LP. The needle is positioned just above the 
anterior horn of the medial meniscus and distant enough 
from the medial femoral condyle to allow femoral tunnel 
drilling without damaging the articular cartilage

Fig. 23.5 Arthroscopic view of the DB femoral tunnels 
with flexible guide pins in place viewed by the CP. AM 
anteromedial tunnel, PL posterolateral tunnel
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femoral condyle (Fig. 23.7a–c). This allows for 
greater accuracy of k-wire placement than any of 
the two other portals. Further with a little varus 
pressure, one can flex the knee more than 90° 
without compromising the view during k-wire 
placement and drilling of the tunnel.

When the knee is placed in 70–90° of knee 
flexion in a vertical position, the SAM provides 
an axial view of the tibial plateau where the rela-
tionship between the base of the tibial spine and 
the anterior aspect of the tibia and the menisci 
can be far more accurately assessed.

If one desires to be as objective as possible, I 
believe that the SAM provides better opportunity 
to achieve this.

23.6  Dr. Konsei Shino: 
Anterolateral Portal, 
Anteromedial Portal, and Far 
Anteromedial Portal 
for Inside-Out Rectangular 
Femoral Socket

This inside-out technique is not applicable to the 
knee without passive flexion over 140°, as less 
flexion results in blowout of the tunnel. In this 
deep flexion, reduced joint cavity volume may 
disturb view to the attachment area. Care must be 

taken to avoid damage to the articular cartilage of 
the medial femoral condyle.

Good fixation may be achieved with an inter-
ference screw, but not with a button around the 
tunnel opening on the lateral cortex because of 
softer bone quality and shorter tunnels in the phy-
sis. Thus, it is our opinion that this technique is 
applied for the anatomical rectangular tunnel 
ACL reconstruction with a bone-patellar tendon- 
bone graft or bone-quadriceps tendon graft, not 
for a round tunnel reconstruction with soft tissue 
graft [47, 48].

The distal thigh is kept horizontal using a leg 
holder with the calf hanging. In addition to the 
routine anterolateral (AL) and anteromedial 
(AM) portals, the far anteromedial (FAM) portal 
is created 2–2.5 cm posterior to the AM portal 
and just above the medial meniscus (Fig. 23.8) 
[46]. This portal makes it possible for instru-
ments to get more perpendicular access to the 
ACL femoral attachment area on the lateral wall 
of the notch.

The fibrous tissue, including the ACL stump, 
on the superior-posterior half of the lateral wall 
of the intercondylar notch is thoroughly removed 
using a radiofrequency device through the FAM 
portal, while the posterior third of the lateral wall 
of the notch is simultaneously viewed via the AM 
portal with a 45° oblique arthroscope. Mechanical 

Fig. 23.6 Dr. William Clancy Jr. portals. The leg is 
placed in a figure 4 position. SAM. The superior acces-
sory anteromedial portal is located just inferior to the infe-

rior medial edge of the patella and the superior edge of the 
medial femoral condyle. AMP anteromedial portal
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shavers may not be utilized in order to preserve 
subtle undulation of the bony surface around the 
attachment area. After cleaning up, the attach-
ment area is clearly delineated by the resident’s 
ridge, anteriorly; upper cartilage margin, superi-
orly; and posterior cartilage margin, posteriorly 
(Fig. 23.9) [23, 42, 49].

Two points are marked with a 5-mm distance 
in the center of the attachment area along its long 
axis to the resident’s ridge using radiofrequency 
device and a microfracture awl.

With the knee deeply flexed over 140° while 
viewing with the arthroscope via AM portal, two 
guide pins are drilled from the marked points to 

the lateral femoral cortex via the FAM portal and 
then overdrilled with a 5.0-mm cannulated acorn 
drill bit (Fig. 23.10). The two round holes are 
dilated into one parallelepiped socket with the 
5 × 10-mm cannulated dilator (Figs. 23.11a, b and 
23.12).

23.7  Accessory Anteromedial 
Portal in the Literature

Many authors experimentally studied the use of 
the AMP for the execution of the femoral socket 
in ACL reconstruction. Cadaveric specimens, 

a

c

b

Fig. 23.7 Arthroscopic view of the lateral notch by the 
SAM. The SAM provides a more axial view of the land-
marks of the lateral notch. (a) The lateral notch and its 

posterior edge. (b) The probe depicts the bifurcate ridge. 
(c) The probe denotes the insertion of the PL fibers of the 
ACL
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synthetic knee models, and computational knee 
models were evaluated with regard to the optimal 
knee flexion angle to achieve anatomic position-
ing of the guide pin for preparing the femoral 
socket [3, 5, 8, 15, 16, 36, 37, 39, 44, 55, 64]. 
Zantop et al. used 60 bone models to recreate the 
drilling of the PL bundle tunnel using three dif-
ferent simulated knee flexion angles at 70°, 90°, 

and 110°, in combination with either a low or a 
high AMP, to define which was the safest choice 
to avoid lateral femoral condyle cartilage damage 
[64]. The findings suggest that flexing the knee 
110° and using the low AMP minimize the risk of 
cartilage damage. Nakamura et al. tested the 
same knee flexion angles in ten cadaveric speci-
mens in combination with a FAM portal, also 
finding that higher knee flexion angles better 
avoid cartilage damage [37]. Farrow et al. uti-
lized seven fresh frozen cadaveric knees to drill 
guide pins in the anatomical AM and PL bundle 
positions using an accessory anteromedial 
approach with 90°, 110°, and 130° of knee flex-
ion [8]. The exit of the guide pins in the lateral 
femoral cortical bone was identified, and the dis-
tance between each pin and lateral gastrocne-
mius, articular cartilage of the lateral femoral 
condyle, and lateral collateral ligament were 
measured. Again, safer distances were achieved 
when the knee was flexed more than 110°. To bet-
ter understand the influence of the knee flexion 
angle and the resulting tunnel length and inclina-
tion, Badeski et al. used nine cadaveric speci-
mens with the knee flexed at 90°, 110°, and 130° 
to find increasingly horizontal PL bundle femoral 
tunnels and decreasing risk of femoral tunnel 
blowout when increasing knee flexion angles [5]. 
There is no clear consensus, but the majority of 
studies conclude that within a range of 100–130°, 
the resulting tunnels will have sufficient length to 
allow graft bone interface for proper fixation and 
graft healing. Lower flexion angles increase the 
odds of the guide pin hitting lateral structures like 
the common peroneal nerve, iliotibial tract, 
biceps tendon, popliteal tendon, lateral collateral 
ligament, and the lateral gastrocnemius. The risk 
of tunnel blowout and subchondral damage to the 
posterior aspect of the lateral femoral condyle 
was also associated with lower flexion angles. 
The optimal knee flexion angles vary with the 
shape and size of the ACL footprint that is being 
reconstructed. Higher flexion angles result in lon-
ger tunnels in comparison to decreased flexion 
angles. Controlling all of these variables to pro-
vide the best individualized treatment for every 
patient is challenging and requires meticulous 
planning and accomplishment.

Fig. 23.8 Dr. Konsei Shino portals. Three arthroscopic 
portals: anterolateral (AL), anteromedial (AM), and far 
anteromedial (FAM) which is 2–2.5 cm posterior to the 
AM portal and just above the medial meniscus. The FAM 
portal makes it possible for instruments to get more per-
pendicular access to the ACL femoral attachment area

Fig. 23.9 Exposed ACL femoral attachment viewed 
through the AM portal, delineated by the “resident’s 
ridge,” by upper cartilage margin (UCM) and posterior 
cartilage margin (PCM). Two points (*) are marked with 
5-mm distance in the center of the attachment area along 
its long axis or the resident’s ridge using RF device and a 
microfracture awl
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Fig. 23.10 Inside-out femoral tunnel drilling through the 
FAM portal in deep flexion of the right knee. With the 
knee flexed over 140°, drilling from the femoral attach-
ment area to the lateral femoral cortex via the FAM portal 

is performed. Left. Instruments including drill bit are 
introduced through the FAM portal to the femoral attach-
ment area. Right. Arthroscope is introduced through the 
AM portal

Fig. 23.11 Creation of the rectangular tunnel inside the femoral attachment area. Left. Two continuous round holes 
inside the attachment area. Right. The cannulated rectangular dilator in situ

Fig. 23.12 Created rectangular tunnel aperture inside the femoral attachment area. Left. Arthroscopic view through the 
anteromedial portal. Right. 3D CT view
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Comparison of the AMP techniques with the 
TT technique was also studied experimentally. 
Bedi et al. used 18 cadavers to compare the fem-
oral tunnel length and obliquity at 100°, 110° 
and 120° of knee flexion, concluding that the 
higher the flexion angle, the more oblique the 
tunnels. This could lead to shorter tunnels and 
posterior cortical wall blowout [6]. The same 
author showed that at time zero, the AMP tech-
nique  better restored the Lachman and pivot-
shift test, while TT approach leads to enlargement 
of the tibial tunnel aperture due to the eccentric 
position and over-reaming in the posterolateral 
direction when trying to recreate the anatomic 
position [7]. Tudisco et al., on the other hand, 
found no significant difference on anteroposte-
rior (AP) translation at time zero, but again 
found lower pivot shift with the AMP group than 
the TT group [2]. Many other studies found 
experimentally that the femoral tunnels were 
drilled closer to the anatomic position with ade-
quate coverage of the footprint area by the use of 
the AMP technique as compared to the TT tech-
nique [12, 13, 54, 56].

Koutras et al. and Franceschi et al. showed 
that although the AMP techniques lead to more 
anatomical femoral sockets than the TT tech-
nique, no significantly better clinical outcomes 
were found [10, 27]. Noh et al. in a randomized 
controlled trial found that the Lysholm score and 
the AP translation were significantly improved in 
the AMP group in comparison to the TT group, 
while International Knee Documentation 
Committee (IKDC) and Tegner activity scale had 
no significant difference [38]. The Danish ACL 
Reconstruction Registry, a large prospective 
cohort, identified a higher rate of ACL re-tear 
with the use of the AMP technique explaining 
that higher in situ forces are experienced by the 
anatomically placed graft in comparison to a 
more vertical graft and that surgeons likely 
encounter a steep learning curve when shifting to 
an anatomical technique after years of using a TT 
technique [43]. To better understand the learning 
curve associated with transition from TT to AMP 
technique, Inderhaug et al. demonstrated signifi-
cant improvement with regard to anatomical 
positioning of the femoral tunnel in a surgeon 
transitioning from TT to anatomical technique by 
providing post-op feedback by 3D CT scan after 

a first series of surgeries [22]. The assessment of 
the tunnel position by 3D CT scan regularly dem-
onstrated that AMP and outside-in had similar 
results, both superior to TT groups [45, 51] 
(Takeda and Shin).

Although not always feasible, it is possible 
to achieve an anatomic femoral tunnel aperture 
position by the use of TT technique. Kopf et al. 
used the tibial tunnels created for a DB ACL 
reconstruction and the AMP in 113 patients to 
check if they could get guide pins to the center 
of the native femoral footprint and found that 
by the use of the AM tibial tunnel only, 4 % of 
the center of femoral footprints could be 
reached by the guide pin, followed by 64 % 
when using the PL tibial tunnel and 100 % 
using the AMP [25].

Biomechanically, Wang et al. demonstrated 
that SB ACL-R using an AMP better restored 
AP translation and rotational stability of the 
knee while limiting full extension in late stance 
phase of the gait when compared to TT  
technique [59].

Liu et al. performed a systematic review com-
paring TT and AMP techniques for the femoral 
socket creation, including three randomized con-
trol trials and six retrospective comparative stud-
ies, to further analyze both techniques’ outcomes 
[29]. They found significantly better results in the 
AMP group on the basis of Lysholm, IKDC, and 
Visual Analogue Scale scores, although the dif-
ferences were small and perhaps not clinically 
significant.

 Conclusion

Anatomic positioning of the femoral tunnel is 
a crucial step in providing the best clinical 
outcomes following ACL reconstruction. This 
position makes it possible to choose between 
the different grafts, the different techniques 
(single bundle, double bundle, single-bundle 
augmentation, remnant preservation), the use 
of  rectangular femoral socket for BPTB grafts, 
and different fixation devices. Good frontal 
visualization of the femoral footprint is invalu-
able for anatomic tunnel positioning. This 
multitude of possible technical combinations 
makes an AMP drilling technique the most 
versatile available technique for individualiz-
ing the treatment for every single patient.
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Current systematic reviews show that the 
use of an AMP has better objective and 
patient- reported outcomes. However, the clin-
ical relevance of this difference has yet to be 
proven. In the future, prospective, long-term 
studies are warranted to clarify which anatom-
ical ACL reconstruction technique can give 
our patients the desirable outcome of joint sta-
bility, functional recovery, and prevention of 
early-onset degenerative joint changes.
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Press-Fit ACL Reconstruction

Gernot Felmet, Ashish Soni, Roland Becker, 
and Volker Musahl

24.1  Introduction

Several factors, such as timing of surgery, graft 
choice, tunnel positioning, graft tensioning, graft 
fixation methods, and the postoperative rehabili-
tation protocols, play a very important role in a 
successful ACL reconstruction [1]. PBTB and 
hamstring are the most commonly used grafts 
with equally successful long-term results [2]. 
Quadriceps tendon is emerging as an attractive 
alternative because of its predictable thickness 
and less donor site morbidity [3].

Stable graft fixation is paramount for a suc-
cessful outcome as the graft relies on its initial 
stability for the first 6–8 weeks. Various absorb-
able and nonabsorbable implants in the form of 
screws, stables, pins, and buttons have been used. 
Although, these implants provide good initial sta-
bility for accelerated rehabilitation, they can be 

associated with implant migration, osteolysis, 
and soft tissue irritation. They can also increase 
the complexity of revision surgery. Cost is 
another important issue and implants can pro-
duce signal interference during subsequent MRI 
imaging. To avoid all these issues with nonbio-
logical implants, Peter Hertel [4] introduced a 
novel concept of press-fit PBTB graft fixation in 
1987.

Initial description of this technique was for 
mini-open ACL reconstructions, but over the last 
two decades, its use has been extended to all 
arthroscopic, different graft types, and other liga-
ment reconstructions. Biomechanical strength 
testing results have been promising and various 
authors have published good long-term clinical 
results [4–6]. This chapter will discuss the his-
tory, biomechanical evidence, surgical tech-
niques, and results of press-fit ACL 
reconstruction.

24.2  History and Surgical 
Techniques

Peter Hertel originally developed this technique 
for femoral-sided press-fit fixation [4] of patellar 
BTB graft, but in 1989, he extended it to tibial- 
sided fixations as well. This technique uses the 
bone plugs on either end of patellar tendon graft 
for press-fit fixation in slightly undersized bony 
tunnels. He used medial third of the patellar 
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 tendon. Patellar bone plug was harvested in the 
form of shallow disk 5 mm in depth and tibial 
bone block in almost square cross section about 
0.5 mm wider than the diameter of the femoral 
tunnel. A mini-arthrotomy was made through 
donor site defect. Femoral tunnel was drilled 
with 8 mm hollow reamer from inside out and 
dilated to 9 mm with tunnel dilator. A tibial bone 
plug of 9.5 mm is then tapped into femoral tunnel 
from inside out, until flush with joint surface. A 
tibial tunnel was drilled in a standard fashion 
with the same hollow reamer. A 5 mm bone block 
was cut out above the tibial drill hole. The tibial 
trough was deepened with a chisel. Then, the 
patellar bone block was driven into the gap of the 
chisel securing the graft [4].

In 1993, Boszotta et al. developed an 
arthroscopic technique using an oscillating hollow 
saw for rapid and standardized harvesting of cylin-
drical bone plugs, ensuring safe and adequate fem-
oral press-fit fixation [7]. An analogous technique 
was used for quadriceps and later published in a 
variation by Barie et al. [8] and Akoto et al. [9]. 
Gobbi created a single femoral conical press-fit 
fixation as an outside in implantation in 1994 [10].

G. Felmet developed his own patellar BTB 
“all press-fit” technique in 1995 [11, 12]. He used 
self-adapted bottom to top (BTT) fixation and 
tensioning. This allowed a press-fit fixation near 
the original insertion on both tibial and femoral 
side. In 1998, he introduced different diameter 
hollow reamers to harvest different sized bone 
cylinders in a precise and reproducible manner 
[13] (Figs. 24.1, 24.2, and 24.4).

From 1997 onwards, G. Felmet used quadri-
ceps tendon as a bone-tendon graft for revision 
surgery. He filled the tunnel defect on both sides 
with bone cylinder and fixed simultaneously the 
graft press fit in self-adapted BTT fixation [13]. 
A similar method was developed later by Huber J 
using a oscillating saw [8]. Simultaneously and 
independently, A. Halder developed his double 
press-fit fixation with patellar tendon BTB graft 
commonly fixed and tensioned top down [14].

In 1998, H. Pässler and Mastrokalos described 
the first material-free ACL reconstruction with 
hamstring autograft [15]. Semitendinosus and 
gracilis tendons both were tied together with a 

simple knot. A bottleneck-like tunnel is created 
on the femoral side, in which the knot of the ten-
don loop is firmly secured just proximal to the 
cortex of notch wall at the anatomical insertion, 
hence avoiding any bungee effect described with 
suspensory fixation. On the tibial side, the graft 
was fixed with sutures over a bone bridge. A vari-
ation with a supplemented bone cylinder instead 
of the knot has been reported by Liu et al. [16]. 
G. Felmet also developed his press-fit technique 
for hamstring graft, which will be discussed in 
detail later in this chapter [17, 18] (Figs. 24.2, 
24.3, and 24.4).

Hybrid fixation has also been described with 
femoral press-fit and tibial fixation with implants 
[10, 19]. Prado et al. in 2004 created a femoral 
implant-free hamstring double-bundle recon-
struction over a bone bridge inside out and out-
side in which was fixed with an interference 
screw on the tibial side [20].

Studies and results are listed in Table 24.1.

24.3  Stability of Fixation

Biomechanical strength testing of press-fit tech-
niques has been performed by several investiga-
tors. Most of the work has been done on the 
femoral-sided fixation. Rupp et al. compared 
femoral press-fit fixation with biodegradable and 
titanium interference screw in porcine lower 
limbs. He found significantly higher ultimate 
loads in screw compared to press-fit fixation [21]. 
Musahl et al. also compared press-fit femoral 
fixation with interference screw fixation in hind 
limbs of Saanen breed goats. In his analysis, no 
statistically significant difference was found 
between two groups based the cyclic creep tests 
and uniaxial tensile loading. But he also noted 
lower ultimate load for press-fit fixation vs screw 
fixation. Data from their study supported early 
functional post-op rehab regimens but suggested 
tailoring rehab protocols to allow bone healing 
[22]. Seil et al. used a cyclic loading protocol in 
porcine lower limbs. The press-fit group failed in 
five specimens [23]. The authors concluded that 
press-fit fixation is not secure enough for acceler-
ated rehabilitation protocol.

G. Felmet et al.



249

Fig. 24.1 A 9 mm hollow miller is inserted in a flat angle 
over the distal patellar. The so harvested half cylinder with 
the central third of the patellar tendon is given into the 

11 mm miller, and a 2–3 cm bone cylinder is milled out. A 
patellar BTB graft is harvested with a 9 and 11 mm bone 
cylinder on each side

Fig. 24.2 Tubed guiding devices for femur (left) and tibia (right) allow guiding for diamond wet grinding and crown 
cutter hollow miller. Diameters range from 8 to 11 mm

24 Press-Fit ACL Reconstruction
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On the contrary, Lee et al. compared femoral 
press-fit fixation performed with a 1.4 mm over-
sized bone plug to interference screw and 
reported no difference in stiffness and linear load 
or failure mode [24]. Kuhne et al. reported aver-
age primary stability of 570 N (±100 N) for the 
bone-blocking BTB technique and 402 N (±79 N) 
for the interference screw fixation [25]. Mayr 
et al. reported the same fixation properties for 
press-fit dowel (slashed circle 7 mm) with 100 N 
axial load and interference screw [26].

Authors have also investigated effect of vari-
ables like loading direction, the length of bone 

plug, and method of preparation for femoral tun-
nel. Schmidt Wiethoff measured a failure rate of 
333 N for 25 mm length and recommended a 
length of the bone cylinder by 20–30 mm [27]. 
Pavlik et al. measured a ultimate tensile strength 
of 534 N at 45° [28] and Seil et al. at an angle of 
80° between load axis and tunnel axis with 708 N 
(± 211) [19]. Dargel et al. found a higher fixation 
quality for a dilated tunnel up to 1 mm, thereby 
compacting cancellous bone [29]. He also 
reported comparable failure loads for quadriceps 
tendon patellar bone and patellar BTB in a cadav-
eric study. Kilner et al. [30] compared knot/press- 

Fig. 24.3 The femoral tunnel is placed at the original inser-
tion and proved after a probe cutting through the anterome-
dial portal. The tunnel has to overlap the intermediate ridge 

between AM and PL bundle insertion. The individual size 
from 8 to 11 mm can be measured by a ruler. The crescent-
shaped femoral insertion mimics the two bundles

G. Felmet et al.
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fit technique for hamstring with commonly used 
endobutton technique and found no difference in 
anterior tibial translation in response to anterior 
tibial load. Stiffness of the knot/press-fit complex 
was found to be 37.8 N/mm, and the load at fail-
ure was 540 N, which was comparable with other 
devices. Similar findings were noted for knot/
press-fit hamstring by Lin et al. [16].

Press-fit tibial fixation has been compared 
with other commonly used methods. Boszotta 
et al. showed a significantly higher primary sta-
bility of 758 N (range, 513–993 N) for press-fit 
fixation in comparison to interference screw 
572 N (range, 473–680 N), staple 608.4 N (range, 
511–727 N), and suture over a bone bridge 
304.5 N (range, 120–327 N) [31]. Jagodzinski 
et al. found the highest maximum load to failure 
for the extra tape fixed press-fit fixation at 
970 ± 83 N, followed by the interference screw 
fixation with 544 ± 109 N, and the suture press-fit 
fixation with 402 ± 78 N [32]. In a porcine femur 
model, Ettinger et al. found that a tibial press-fit 

technique that uses an additional bone block has 
better maximum load to failure compared to an 
interference screw fixation. But for the bone 
block fixation only technique (author’s tech-
nique), it was found to be 290 ± 74 N only [33]. 
The same group investigated the tibial PCL fixa-
tion. The maximum load to failure was 
518 ± 157 N for the hamstring with a knot, 
558 ± 119 N for the interference screw, and 
620 ± 102 N (541–699 N) for the quadriceps ten-
don bone block [34].

24.4  Techniques for All Press Fit

24.4.1  Patellar Bone-Tendon-Bone 
(BTB)

The use of diamond wet grinding hollow milling 
cutter (Surgical Diamond Instruments, SDI) 
since 1998 gave us a reproducible precision of 
0.2 mm of the bone dowels for the press-fit fixa-

Fig. 24.4 Above: the BTB graft is implanted from distal 
through the tibial tunnel. The distal bone cylinder is 
impacted press fit under the tibial plateau. The proximal 
bone cylinder is impacted in 120° knee flexion into the 
femoral tunnel. The bone cylinder harvested from the 
femoral tunnel is impacted and fixes the graft at the origi-
nal insertion under tension. Below: the hamstring/quadri-

ceps graft is implanted from distal through the tibial 
tunnel. The distal bone cylinder is impacted press fit under 
the tibial plateau (left). The proximal graft is tensioned in 
120° knee flexion. The bone cylinder harvested from the 
femoral tunnel is impacted and fixes the graft at the origi-
nal insertion. In extension the BTT (bottom to top) fixa-
tion is self-adapted tensioning the graft (right)

24 Press-Fit ACL Reconstruction
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tion in different diameters. This was the first time 
that it was possible to harvest the bone-tendon- 
bone patellar ligament with different diameters of 
bone cylinders with a hollow milling cutter sys-
tem. Currently, we use sharper crown cutter as 
hollow reamer, which produces less heat and has 
low-priced disposables.

The patellar bone half cylinder has a diameter 
of 9 mm. This bone cylinder at the central third of 
the patellar tendon is given into the 11 mm hollow 
reamer. The complete graft is harvested with a 
diameter of 9 and 11 mm bone cylinder on each 
side (Fig. 24.1). The tibial 8–9 mm and femoral 
9.5 mm tunnels are made with hollow reamers 
(Fig. 24.2). K-wire guiding devices can be used 
with a central adapter. Special guiding devices 
with tubes for hollow reamer have been developed 
for precise and reliable positioning of the tunnels. 
The femoral guide is placed with the longer tip 
behind the femoral condyle in 9:30 or 2:30 o’clock. 
The correct position in the original insertion is 
proved through the anteromedial portal. It should 
overlap the intermediate ridge between AM and 
PL bundle. Diameter can be measured by a ruler 
and be chosen up to 11 mm in larger knee for indi-
vidual reconstruction. The tibial tube guide is 
positioned in the original insertion. Depending on 
the graft size, an 8 or 9 mm tibia tunnel is milled.

As opposed to common fixation, the graft is 
implanted from distal to proximal. We turned the 
common procedure upside down to the “bottom 
to top” (BTT) implantation (Fig. 24.4).

24.4.1.1  Bottom To Top (BTT) 
Fixation

First the graft is fixed press fit with the tibial bone 
cylinder near the joint. At a 120° knee flexion, the 
9 mm bone cylinder from the patellar is inserted 
with the ligament into the femoral tunnel and 
pressed in. The bone cylinder from this tunnel 
fixes the ligament near the joint (Fig 24.4).

24.4.2  Hamstring

Based on this method, we developed a technique 
for hamstring graft in 2003.

Semitendinosus and gracilis tendon are har-
vested. For a diameter about 8 mm and length of 

70 mm, semitendinosus or both tendons (if 
needed) are folded three or four times.

The femoral tunnel is drilled with the guiding 
device in the anatomical insertion with a 9 mm 
standard and can be individually enlarged up to 
11 mm. The tibial tunnel is drilled by the tibial 
guiding device with the grafts size of 8 or 9 mm. 
Two bone cylinders (femur + tibia) are harvested.

The three or four strand hamstring graft is 
marked at the femoral end with a suture at 10 mm 
(for minimum depth in the femoral tunnel). In a 
distance from 3 to 4 cm, a 10 mm-long bone cyl-
inder from the tibial tunnel is sutured into the 
graft (Fig. 24.5).

In a BTT (bottom to top) fixation, the graft is 
inserted from distal to proximal and first fixed 
directly under the tibial plateau press fit with the 
11 mm bone cylinder. The proximal graft is 
pulled into the femoral tunnel and fixed with the 
8–11 mm bone cylinder (harvested from this tun-
nel) in 120° knee flexion. The diameter depends 
on the individual size of the knee. The intermedi-
ate ridge has to be overlapped anterior and poste-
rior. The bone cylinder press-fit fixation forms a 
crescent shape to imitate the AM and PL bundle 
(Fig. 24.8). The tunnel is closed with the bone 
cylinder from this tunnel (Fig. 24.4).

Similar principles can be applied for PCL 
reconstruction using press-fit hamstring autograft 
(Fig. 24.7). A secondary fixation in the manner of 
suture over a cortical bridge can be used, if bone 
quality is less than ideal.

24.4.3  Quadriceps Tendon (QT)

Quadriceps tendon was used in the past for revi-
sion cases. Today we also use it in primary ACL 
reconstruction. The mid third of the quadriceps 
tendon (QT) is harvested in a size of 10 mm 
width and 4–6 mm thick and a length of 80 mm. 
An attempt is made not to open the knee joint. A 
half bone cylinder can be harvested with a hollow 
reamer (crown cutter, micro crown cutter, or dia-
mond miller) from the proximal patellar con-
nected with the tendon. The bone cylinder can be 
harvested with an inclined cut from distal on to 
the QT. To receive a BTB graft, an 11 mm bone 
cylinder is harvested from the medial tibia and 
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sutured in the bifurcated proximal QT, which is 
analogous to the preparation of the hamstring 

graft. This can be particularly helpful in revi-
sions. In primary reconstruction, we prefer the 

Fig. 24.5 Hamstring graft: the femoral side suture indi-
cates the minimum length in the femoral tunnel. The tibial 
side sutures keep the tibial bone cylinder. With two sack 

and one trans-osseous sutures. The bone window is 
needed for bone-bone healing

a b c

Fig. 24.6 The quadriceps tendon is harvested from the 
central third and the anterior 2/3 of the quadriceps tendon 
with a width of 8–10 mm and a length of about 70 mm. 
Adherent on the ligament, a “half bone cylinder” can be 
harvested with a hollow miller (a). An 11 mm bone cylin-

der from the tibial head analogue of the hamstring graft 
can be sutured in the proximal bisected quadriceps tendon 
for a bone-tendon-bone graft (b) or is only used in this 
way while harvested without patellar bone cylinder (c). 
Implantation follows analogue Fig. 24.4
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free QT graft and use the bone cylinder from the 
proximal tibia (Fig. 24.6). Implantation is done in 

the BTT fixation with self-adapted tensioning 
(Fig. 24.4).

Fig. 24.7 PCL is reconstructed with hamstring prepared 
with the bone dowel from the tibial tunnel (Fig. 24.5) and 
fixed press fit at the posterior tibial head. The graft is 
implanted through a tibial tunnel, cashed and pulled for-

ward into the anteromedial tunnel, and fixed with a bone 
cylinder. A suture over a bone bridge at the medial femo-
ral condyle is necessary

Fig. 24.8 A hamstring tendon is guided through a tunnel of the prox. fibula head and fixed press fit in femoral anchor-
age with the bone dowel from this tunnel. A suture over a bone bridge at the medial femoral condyle is necessary
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24.4.4  Revision

Bone plug fixation can be performed for revision 
surgery as well, usually as a single-stage revision 
surgery. After rerupture of a press-fit ACL recon-
struction, a second reconstruction can be per-
formed with a remaining graft on this side in the 
same technique [39]. Based on the tunnel size, 
different diameters of bone cylinders can be har-
vested (Fig. 24.2). Sizes up to 19 mm cortical- 
cancellous bone cylinders have been harvested 
from the proximal tibia and were sutured to the 
tibial side of the graft. The enlarged tunnel is 
closed and the graft is fixed in one stage. The 
femoral tunnel fixation is treated in the same way 
(Fig. 24.10) [35].

24.4.5  Other Ligaments 
Reconstruction

PCL, LCL, MCL, and MPFL reconstructions 
are performed in the same method of a 
ligament- bone plug press-fit fixation. Because 
of lower bone stability, it is helpful to add a 
suture over a bone bridge at the femoral side of 
fixation for many of these [36] (Figs. 24.7, 
24.8, and 24.9).

24.5  Clinical Outcome

Twelve studies report a total of 1,096 individu-
als with device-free, press-fit fixation [5, 8–10, 
14, 19, 37, 38, 40–42] (Table 24.1). Results 
overall have been good to excellent. Four cases 
of bone block loosening without clinical rele-
vance were described [37, 40]. Patellofemoral 
crepitus was noted in 10–40 % cases. Long-term 
radiological signs of osteoarthritis were 
observed in 17–45 % and were more common in 
patients who had concomitant partial meniscec-
tomy [5, 10, 37, 40, 41].

24.6  Discussion

For accelerated rehabilitation, the initial fixation 
strength should be strong enough to counteract the 
resultant forces. Full extension of the knee by con-
traction of the quadriceps muscle has been shown 
to produce forces up to 200 N on the ACL graft 
[43]. Press-fit fixation for hamstring on both sides 
has the stability of about 300 N at the tibial anchor-
age [44]. Early functional rehabilitation is started 
in the postoperative period. The lower graft stabil-
ity of hamstring in the first 6 weeks has to be 
accounted for in the rehabilitation program [45]. 

Fig. 24.9 A hamstring tendon is guided through a tunnel 
of the medial patellar and fixed press fit in a femoral 
anchorage with the bone dowel from this tunnel. The lat-

eral quadriceps tendon analogous can be used. A suture 
over a bone bridge at the lateral femoral condyle is 
necessary
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Free range of movement is allowed from day 1 in 
individuals with good bone quality. In cases where 
bone quality is questionable, we limit extension/
flexion in 0-20-90 for 3 weeks in a brace. A brace 
is given for 4–6 weeks and full weight bearing is 
possible at 1 week postoperatively. We have shown 
beneficial effects of aquasprint [46] and proprio-
ceptive vibration training on the quadriceps mus-
cle as part of rehabilitation [47]. Proprioceptive 
vibration training (Powerplate assisted proprio-
ception training is started at 3 weeks post surgery) 
is used after 3 weeks post-op two times a week. We 
suggest undertaking clinical measurements of ante-
rior stability with tools like digital Rolimeter and 
muscle function tests after 3 months [46–48].

Most of the biomechanical studies are per-
formed on porcine, bovine, or cadavers, which 
exhibit different osseous properties. Porcine or 
goats have thick nonelastic cortical bone but no 
cancellous bone. Human bone cylinder has stiff 
cortical bone and elastic cancellous bone. The 
behavior of viscoelastic strain and deformation 
can be observed in the fresh harvested cortical- 
cancellous bone cylinder. Cancellous bone swells 

after harvesting and increased bone diameter can 
be noted when it is ready for impaction into the 
tunnel. A similar viscoelastic deformation occurs 
after press-fit fixation inside the tunnel – which 
enhances fixation after implantation [37, 40, 41].

Direct bone contact is necessary for secure 
biological integration of press-fit fixation, which 
takes around 4–6 weeks [49]. It contributes to 
rapid and stable graft healing. If bone contact is 
lacking, atrophy of the tibial bone cylinder can 
be observed. This technique also involves fixa-
tion of graft close to tunnel entrance. It has mul-
tiple advantages. It avoids “bungee effect,” 
whereby graft moves longitudinally within the 
tunnel because fixation is away from the tunnel 
entrance. It also prevents synovial fluid entering 
the tunnel, hence avoiding possible negative 
effects of cytokines [50]. A broad anatomic 
femoral insertion with autogenous bone plugs 
inserted near the cortex seems to improve rota-
tional stability [51, 52].

As with other fixation methods, press-fit fixa-
tion is adaptable to different graft types with 
good results. Latest reports of press-fit hamstring 

Algorithem & Strategy

correctincomplete incorrect

Diameter of the bonecylinder
is oversized to the original tunnel
>harvested from the tibial head

a b

Cross old tunnel near the joint
> Cross Way

incorrect

Position of the Tunnel

Fig. 24.10 The strategy in revision offers (a) the use of a 
bone cylinder from the tibial head only – in a diameter 
“plus 1 mm” of the old tunnel – to fix the graft and close 

the defect in one step. (b) The “crossway” uses a different 
tunnel to avoid the first tunnel
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vs quadriceps tendon demonstrated similar sta-
bility and muscle strength compared to the non-
injured side [53]. In a 10-year prospective 
analysis, no significant difference in stability was 
observed between press-fit quadriceps tendon vs 
patellar BTB [54].

There are two main issues, which makes revi-
sion ACL reconstruction quite challenging, i.e., 
removal of primary fixation device and dealing 
with dilated tunnels. With press-fit fixation, both 
these issues are avoided. If tunnel widening is 
encountered, different diameter harvesters can be 
very useful. A bigger bone cylinder can be har-
vested from the tibia and a dilated tunnel can be 
obliterated, making it possible to do the proce-
dure in single stage. A crossing tunnel technique 
has also been described [35] (Fig. 24.10).

A limitation of this technique is the techni-
cally demanding nature of the procedure as 
tunnel- graft size mismatch can lead to inadequate 
fixation and subsequent failure. Use of different 
sized reamers and tunnel compaction has made 
the procedure more precise and reproducible. 
The other problem is inadequate fixation in 
patients with osteoporotic bone, where secondary 
fixation might be required.

Using this technique, posterior cruciate liga-
ment (PCL), lateral collateral ligament (LCL), 
medial collateral ligament (MCL), and the medial 
patellar-femoral ligament (MPFL) are recon-
structed in a biological manner. The bone dowels, 
which are harvested out of the tunnels, are used 
for fixing the graft in a press-fit manner. Sutures 
over a bone bridge are suggested at anchorage in 
mid or anterior femoral condyle in cases of soft 
bone and/or cases with less primary press-fit 
bone cylinder stability.

 Conclusion

Press-fit fixation has been around for more 
than 25 years. It provides undisturbed bone-
to-bone healing and avoids any problems 
associated with hardware fixation, such as 
graft laceration, biocompatibility, biode-
gradability, and local reactions leading to 
tunnel enlargement. A growing number of 
sports injuries and reruptures have led to 
financial pressures on health-care systems 

and insurances. An incentive by a one 
German insurance company has been offered 
for biological fixation since 2015. Knee 
 surgeons should understand the principles 
and techniques that make implants in liga-
ment surgery nonessential.
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Is Notchplasty Necessary 
for Anatomic ACL Reconstruction?

Takeshi Muneta and Hideyuki Koga

25.1  Introduction

The terms notchplasty, wallplasty, and roofplasty 
refer to the removal of bone from the lateral mar-
gin or roof of the femoral intercondylar notch 
during anterior cruciate ligament (ACL) recon-
struction (Fig. 25.1). Classic papers from the 
1980s by Feagin et al. [2], Kieffer et al. [3], and 
Odensten and Gillquist [4] were among the earli-
est studies to recommend notch enlargement as a 
routine step in ACL reconstruction. The purpose 
of notchplasty was to prevent graft impingement, 
improve visualization, and facilitate graft pas-
sage. Kieffer et al. [3] also hypothesized that the 
exposed cancellous surface following “arthro-
plastic relief of the lateral femoral condyle” may 
facilitate graft vascularization and early healing. 
Over the following decades, as surgical tech-
niques evolved with an increased emphasis on 
“anatomic” ACL reconstruction, surgeons began 
to investigate whether notchplasty was necessary 
or even detrimental. These newer techniques had 
to address how to achieve the purported benefits 
of notchplasty without altering the bony mor-
phology of the intercondylar notch. The purpose 
of this chapter is to address how issues regarding 

the intercondylar notch relate to ACL reconstruc-
tion and whether notchplasty is necessary for 
anatomic ACL reconstruction.

25.2  Indications for Notchplasty 
and Notchplasty Technique

For many years, nonanatomic “isometric” ACL 
reconstruction was the standard of care. The pre-
dominant reasons for employing this technique 
included the technical ease of the arthroscopic 
transtibial approach and the avoidance of graft 
impingement (Fig. 25.2). Concerns regarding 
graft impingement were based on the observation 
that the ACL impinged upon the anterior inter-
condylar notch when the knee was brought into 
full extension and failed when the knee was 
forced into hyperextension [5]. Cadaveric studies 
found that contact pressure between a graft and 
the intercondylar roof increased during passive 
knee extension, that this pressure increased and 
occurred earlier in the knee flexion arc with 
active quadriceps loading, and that notchplasty 
reduced the contact pressure and flexion arc over 
which impingement occurred [6–10]. ACL 
impingement can also occur with tibial external 
rotation and abduction, as may be the case during 
noncontact injuries when the foot lands or is 
planted [11]. The detrimental effects of graft 
impingement were reinforced by studies showing 
a significant relationship between graft 
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 impingement and anterior knee pain, effusions, 
instability, extension deficit, increased graft sig-
nal on magnetic resonance image (MRI), and 
potential graft failure [12–15].

Parallel studies noted significant associations 
between narrower notch morphology and the risk 
or incidence of ACL injury [16–27]. A level-III 
meta-analysis concluded that lower intercondylar 
notch width index (NWI) or intercondylar notch 
width (NW) is a predisposing factor to ACL 
injury [28]. However, other studies failed to cor-

roborate a significant association between notch 
measurements and ACL injury [29–33]. For 
example, Al-Saeed et al. [34] found that a type A 
notch correlated with ACL injury but NWI did 
not. Conversely, Ireland et al. [35] found that 
notch shape was not related to ACL injury status, 
whereas reduced NWI and NW were significant 
risk factors. The work of van Eck et al. [36] found 
that three-dimensional notch volume was greater 
in patients with ACL injuries compared with con-
trols but that it did not correlate with intraopera-
tive two-dimensional notch measurements. These 
differing results may be in part due to the vari-
ability between studies regarding the type and 
method of notch measurements as various dis-
tances, angles, and ratios have been described to 
quantify notch morphology. Other potential con-
founding factors include gender, tibial plateau 
slope, native ACL morphology compared with 
graft morphology, and whether a smaller notch 
itself is not a causative factor for ACL injury but 
rather a surrogate indicator of a smaller and 
potentially weaker ACL [21, 37–39]. Despite 
inconsistent results in the literature, most sur-
geons believe that some relationship exists 
between notch morphology and ACL injury.

Citing these studies that identified significant 
relationships between notch morphology, graft 
impingement, and ACL/graft injury, authors con-
tinued to advocate notchplasty and/or posterior 
tunnel placement during ACL reconstruction 

a b
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2 mm

Fig. 25.1 Illustration and arthroscopic image showing a right knee notchplasty (Reprinted from Koga et al. [1], ©2014, 
by permission of SAGE Publications)

Fig. 25.2 Arthroscopic view of a right knee from the 
anterolateral portal showing the knee in full extension 
with intercondylar notch impingement of the ACL graft 
following primary reconstruction without notchplasty
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[12–17, 40–44]. Howell and Barad [41] found 
that the “unforgiving knee” – a knee that hyper-
extends and has a vertically oriented slope of the 
intercondylar notch – requires a posteriorly posi-
tioned tibial tunnel and extensive notchplasty to 
avoid impingement. Tanzer and Lenczner [43] 
agreed that notch stenosis was an indication for 
notchplasty but also argued that a graft ≥8 mm 
would impinge in a nonstenotic notch and recom-
mended notchplasty in such circumstances.

The recommended notchplasty size varies in 
the literature. Most recommendations range 
2–6 mm, while an early technique by Magill [45] 
recommended removing 30 % the lateral femoral 
condyle [46–50]. Odensten and Gillquist [4] 
measured the notch width to be 21 ± 3 mm in nor-
mal cadaveric knees and thus recommended 
notchplasty to recreate this width during ACL 
reconstruction. To avoid graft–roof contact 
throughout range of motion, Berns and Howell 
[10] found that a 4.6 ± 1 mm roofplasty was 
required with anterior/eccentric tibial tunnel 
placement and that 1.3 ± 1.1 mm roofplasty was 
required with a tibial tunnel oriented 4–5 mm 
posterior and parallel to the intercondylar roof. 
Zuiderbaan et al. [51] evaluated anterior tibial 
translation (ATT) and ligament impingement in 
four states: intact ACL, acute ACL disruption, 
chronic ACL disruption, and failed ACL recon-
struction. The authors found that as ATT varies 
among states, so too does the volume and  location 
impingement. They concluded that the volume 
and location of notchplasty should depend on the 
specific pathoanatomy being addressed.

To evaluate tunnel position, detect impinge-
ment, and determine the need for or size of notch-
plasty, some surgeons suggested inserting an 
impingement rod or drill with the same diameter 
as the proposed graft through the tibial tunnel and 
intercondylar notch [15, 52–54]. With the knee in 
maximum extension, notchplasty was recom-
mended if the rod became obstructed but not if it 
passed easily and without impingement.

Repeat notchplasty at second-look arthroscopy 
has also been described to address delayed 
impingement between the ACL graft and inter-
condylar notch following ACL reconstruction 
[52, 55–57]. A study by Lane et al. [56] included 

six patients with a symptomatic knee “thunk” on 
active extension following ACL reconstruction. 
At an average of 5 months following the onset of 
symptoms, arthroscopy found anterior and/or lat-
eral graft–notch impingement in all patients and 
partial graft tearing at the site of impingement in 
three patients. All patients had resolution of 
symptoms following notchplasty. An MRI study 
of 21 patients following repeat notchplasty found 
continued graft high-signal intensity in 12 patients 
and decreased signal intensity in 9 patients [55].

25.3  Effects of Notchplasty

25.3.1  Notch Reformation

The prevalence of notch reformation varies in the 
literature (Fig. 25.3). In a rabbit model, gross and 
histologic examination found that exposed can-
cellous bone at the notchplasty site became cov-
ered with fibrous scar tissue, but no osteochondral 
reconstitution occurred in any specimen [46]. 
Other animal studies using canine models have 
found significant refilling of the notchplasty site 
with fibrous tissue, fibrocartilage, and bone [58, 
59]. Clinical studies also have found variable 
results. A computed tomography (CT) study of 
patients who had 5-mm notchplasty found no sig-
nificant differences in multiple notch measure-
ments between 1 week and 1 year postoperatively 
[60]. During second-look arthroscopy after a 
mean of 21.2 months, Ahn et al. [61] found 1- to 
3-mm notch reformation in 33 % of knees, 
>3-mm reformation in 7 %, and some degree of 
graft impingement in 26 % regardless of the graft 
type. On MRI 6 months after ACL reconstruc-
tion, including a 3- to 5-mm notchplasty, Bents 
et al. [62] found that 97 % of knees showed 
notchplasty site recortication and 49 % had 
regrowth of 2–3 mm but that clinical evidence of 
graft impingement was found in smaller percent-
ages of knees on MRI (22 %) or physical exami-
nation (11 %). Another MRI study reported that 
6 months following notchplasty, 94 % of patients 
had 0.5- to 1.5-mm recortication overlying the 
notchplasty, site and 64 % of patients had a sec-
ond 1- to 5-mm layer with signal intensity similar 
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to that of hyaline cartilage [63]. While the bio-
logic response to notchplasty appears variable, 
studies have consistently shown that native anat-
omy is not restored following notchplasty.

25.3.2  Patellofemoral Joint

The effect of notchplasty on the articular surfaces 
of the patellofemoral joint has also been investi-
gated. Morgan et al. [64] measured patellofemo-
ral contact areas and pressures in cadaveric knees 
and after 3-, 6-, and 9-mm notchplasties. There 
were no statistical differences between groups at 
90°, 105°, and 120° of knee flexion. On the basis 
of these data, the authors suggested that notch-
plasty up to 9 mm may be performed without 
causing anterior knee pain or patellofemoral joint 
deterioration. Shino et al. [65] evaluated the 
patellofemoral articular surface at the time of 
ACL reconstruction and again during second- 
look arthroscopy at an average of 19 months 
later. They identified patellofemoral articular sur-
face deterioration in 51 % (93/181) of knees. In 
the 101 patients who had arthroscopic recon-
struction, the incidence of joint surface deteriora-
tion was 54 % (13/24) in patients who had 
notchplasty compared to 38 % (29/77) in those 
who did not undergo notchplasty. This difference 
was not statistically significant, and the authors 

concluded that a 4- to 6-mm notchplasty did not 
adversely affect the patellofemoral articular sur-
face [65].

Animal studies have shown that an aggressive 
notchplasty may have an effect on patellofemoral 
articular cartilage. Using a canine model, LaPrade 
et al. [59] compared the effects of sham surgery, 
4-mm notchplasty (correlating with a 6 to 8-mm 
notchplasty in humans), and 7 to 8-mm notch-
plasty (12 to 16-mm notchplasty in humans). 
Compared with the control group, at 6 months 
the notchplasty groups had macroscopic articular 
cartilage changes and significant loss of lateral 
femoral condyle and trochlear groove articular 
surface proteoglycans. The authors noted that 
these histopathologic changes of the articular 
cartilage were consistent with the changes seen 
in early degenerative osteoarthrosis. The authors 
recommended that notchplasty should be as lim-
ited as possible or not performed if avoidable. In 
a similar study using rabbits, Asahina et al. [46] 
compared patellar articular cartilage changes 
among a control group, a 1-mm notchplasty 
group (correlating with a 5-mm notchplasty in 
humans), and a 3-mm notchplasty group (15-mm 
notchplasty in humans). There were no micro-
scopic differences between the control and 1-mm 
notchplasty groups; however, extensive articular 
deterioration was seen in the 3-mm notchplasty 
group. These findings were more common when 

a b

Fig. 25.3 Arthroscopic views of right (a) and left (b) knees from the anterolateral portals showing bony hypertrophy 
and fibrous tissue at the sites of previous notchplasty
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notchplasty was performed in combination with 
bone–patellar tendon–bone autograft harvest. 
Despite these reports, there is a lack of high- 
quality evidence on the effect of notchplasty on 
patellofemoral articular cartilage in humans.

25.3.3  Blood Loss

There is little published data on notchplasty- 
associated blood loss. In a prospective clinical 
study, Pape et al. [66] found that notchplasty with 
a motorized burr resulted in significantly 
increased blood loss and decreased serum hema-
tocrit compared to no notchplasty; however, there 
were no clinical differences between groups at 
12 months postoperatively. Another study 
reported significantly less blood loss when notch-
plasty was performed with a radiofrequency 
device as opposed to a motorized shaver [67]. 
While increased intra-articular bleeding may pro-
mote fat pad fibrosis that could compromise 
range of motion, additional studies would be 
needed to determine the effect of blood loss from 
the notchplasty site [1, 68].

25.3.4  Knee Biomechanics

Markolf et al. [69] conducted the first study on 
the biomechanical effects of notchplasty. They 
found that 2- and 4-mm notchplasties resulted in 
abnormal graft laxity patterns, greater graft 
excursion, greater graft forces, and higher preten-
sion requirements to restore normal laxity. In a 
porcine model, Keklikci et al. [70] compared the 
intact ACL, an ACL-deficient knee, anatomic 
single-bundle ACL reconstruction, and anatomic 
single-bundle ACL reconstruction with a 5-mm 
notchplasty. They found significant differences in 
the notchplasty group, including greater ATT at 
30° and 60° of knee flexion; lower in situ graft 
force with ATT at 30°, 60°, and 90° of knee flex-
ion; and greater internal rotation tibial torque at 
60° of knee flexion. Hame et al. [48] conducted a 
cadaveric study to determine the effects of vary-
ing femoral tunnels before and after 2-mm notch-
plasty. They found no difference in bone–patellar 

tendon–bone graft excursions prior to notch-
plasty but significantly greater graft tightening 
during 20–90° of knee flexion for all femoral tun-
nel positions.

Seo et al. [71] used a porcine model to investi-
gate the effects of notchplasty on femoral tunnel 
diameter and orifice area following ACL recon-
struction with suspensory fixation and cyclic 
loading. In the notchplasty group following test-
ing, there was significantly increased mean lon-
gest tunnel diameter, area of the intra-articular 
orifice, and volumetric bone loss at the anterior 
margin of the tunnel compared with before test-
ing. In the non-notchplasty group, there were no 
significant differences in tunnel morphology 
before and after testing. The authors hypothesize 
that even with anatomic femoral tunnel place-
ment, removing harder cortical bone during 
notchplasty exposes softer cancellous bone that 
may be more susceptible to deformation with 
cyclic loading. Such alterations in tunnel geom-
etry could result in graft–tunnel mismatch and 
affect graft position, biomechanics, and laxity.

Fu et al. [72] argue that notchplasty laterally 
displaces the femoral graft insertion and can result 
in abnormal knee kinematics. Other studies agree 
with this hypothesis and contend that observed 
biomechanical differences may be due to altered 
tibial–femoral kinematics or because notchplasty 
recesses the femoral tunnel aperture, effectively 
altering tunnel length and/or graft length, orienta-
tion, loading, and function. Brown et al. [73] sug-
gest that if notchplasty is required, it should be 
performed after femoral tunnel drilling to avoid 
lateral displacement of the femoral tunnel. In gen-
eral, these studies conclude that as little bone as 
possible should be removed from the intercondy-
lar notch during ACL reconstruction.

25.3.5  Clinical Outcomes

Koga et al. [1] conducted the first clinical study on 
the effect of notchplasty following anatomic dou-
ble-bundle ACL reconstruction (Tables 25.1, 25.2, 
25.3, and 25.4). They found significantly greater 
objective and subjective loss of extension in the 
notchplasty group, with six of those patients requir-
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Table 25.1 Demographic and preoperative data of patients

Parameters Without NP With NP P value

Age at surgery (years) (average; range) 23 (14–48) 26 (14–56) 0.18
Gender, male/female 31/41 21/41 0.31
Pre-op period (month) (average; range) 23 (1–360) 28 (1–276) 0.44
Pre-op Tegner score (average; range) 7.0 (3–9) 6.9 (3–9) 0.48
  KT-1000 arthrometer (mm) (average +/− SD) 6.8 ± 2.2 6.1 ± 2.0 0.10
  Lachman test (number) 0.41
   1+ 5 1
   2+ 56 57
   3+ 11 3
  Anterior drawer test (number) 0.64
   1+ 30 26
   2+ 38 35
   3+ 4 0
  Pivot-shift test (number) 0.18
   1+ 4 5
   2+ 57 54
   3+ 11 2
Combined meniscal injuries (number) 37 20 0.031
  MM (repair, partial removal) 22 (21, 1) 10 (8, 2)
  LM (repair, partial removal) 15 (11, 4) 10 (7, 3)

Table 25.2 Clinical findings and evaluation at 2-year follow-up

Parameters
Without NP 
(n = 72) With NP (n = 61) P value

Thigh girth (cm) (Average ± SD) 0.5 ± 1.1 0.6 ± 1.0 0.87

Patellofemoral pain (number) 0.69
  Negative 68 59
  Positive 4 2
Patellofemoral crepitation (number) 0.99
  Negative 70 59
  Positive 2 2
Post-op. knee laxity results
  KT measurements (mm) (average ± SD) 1.2 ± 1.3 0.4 ± 1.3 0.0017
  KT measurements < −2 mm (number) 1 6 0.048
  Lachman test (number) 0.55
   Negative 68 56
   1+ 4 5
  Anterior drawer test (number) 0.13
   Negative 63 58
   1+ 9 3
  Pivot-shift test (number) 0.98
   Negative 56 48
   1+ 16 11
   2+ 0 2
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ing additional arthroscopic synovectomy for pro-
longed extension deficit (compared to no patients 
in the control group). The authors suggested that 
notchplasty site bleeding caused infrapatellar pad 
fibrosis and subsequent extension deficit. There 
were no differences between groups regarding 
muscle strength, patellofemoral findings, Lysholm 
or Tegner scores, Lachman or pivot-shift tests, 

graft failure, or return to sport. ATT as measured 
by KT-1000 was significantly less in the notch-
plasty group (0.4 versus 1.2 mm, P = 0.002); how-
ever, this was attributed to knee over-constraint in 
the six notchplasty patients with extension deficit 
compared to only one in the control group. This 
study concluded that anatomic double-bundle ACL 
reconstruction without notchplasty allowed for 

Table 25.4 Subjective and objective findings with regard to knee extension

Follow-up 
period Findings

Without NP 
(n = 72) With NP (n = 61) P value

6 months Extension deficit (average ±) 0.8 ± 0.9 1.4 ± 1.3 0.012
Subjective limited extension feeling 0.015
  Negative number (%) 57 (79) 57 (79)
  1+ 13 (18) 13 (18)
  2+ 2 (3) 2 (3)
Pain at passive full extension 0.39
  Negative number (%) 62 (86) 50 (82)
  1+ 6 (8) 9 (15)
  2+ 4 (6) 2 (3)

1 year Extension deficit 0.6 ± 0.8 1.1 ± 1.4 0.0054
Subjective limited extension feeling 0.03
  Negative number (%) 65 (90) 47 (77)
  1+ 6 (8) 8 (13)
  2+ 1 (1) 6 (10)
Pain at passive full extension 0.57
  Negative number (%) 57 (79) 65 (90)
  1+ 13 (18) 6 (8)
  2+ 2 (3) 1 (1)

2 year Extension deficit 0.4 ± 0.7 0.9 ± 1.2 0.0053
Subjective limited extension feeling 0.011
  Negative number (%) 70 (97) 52 (85)
  1+ 2 (3) 4 (7)
  2+ 1 (1) 5 (8)
Pain at passive full extension 0.83
  Negative number (%) 68 (94) 57 (93)
  1+ 3 (4) 4 (7)
  2+ 1 (1) 0 (0)

Table 25.3 General evaluation and sports recovery status at 2-year follow-up

Parameters
Without NP 
(n = 72) With NP (n = 61) P value

Lysholm knee scale (average ± SD) 96 ± 5 94 ± 7 0.55
Patient satisfaction (percent) (average ± SD) 89 ± 10 89 ± 12 0.99
Sports performance recovery (percent) (average ± SD) 87 ± 13 88 ± 14 0.71
Tegner score (average; range) 6.7 (3–9) 6.6 (3–9) 0.59
Time to return to sports (month) (average ± SD) 8.7 ± 2.9 9.3 ± 3.6 0.46
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physiologic graft–roof impingement without 
extension deficit. In a retrospective review of 75 
patients, Muneta et al. [42] found no statistical dif-
ferences in radiographic or clinical outcomes 
between notchplasty and non-notchplasty groups 
but reported that postoperative chronic synovitis 
occurred only in two patients in the non- notchplasty 
group. A recent case series found that smaller 
intercondylar notch dimensions were not a risk fac-
tor for graft failure following anatomic single- or 
double-bundle ACL reconstruction, and the authors 
did not endorse the use of notchplasty in conjunc-
tion with these reconstruction techniques [74].

25.4  A Paradigm Shift in ACL 
Reconstruction

In the 2000s, the technique of nonanatomic iso-
metric ACL reconstruction utilizing notchplasty 
and posterior tibial tunnel placement was recon-
sidered due to an improved understanding of ACL 
anatomy and native ligament footprints [75]. 
“Anatomic” ACL reconstruction has been defined 
by van Eck et al. [76] as “the functional restora-
tion of the ACL to its native dimensions, collagen 
orientation, and insertion sites… to replicate nor-
mal anatomy, restore normal kinematics, and pro-
tect long-term knee health.” Restoration of the 
anatomic ACL footprints was shown to result in 
more favorable knee kinematics and improved 
function [77–81]. However, with anatomic recon-
struction, moving the tibial tunnel to a more ante-
rior position raised concerns regarding notch 
impingement. Bedi et al. [82] used a cadaveric 
model to show that “over-the- top” and anterior 
tibial tunnel placements are better than posterior 
tunnel placement with respect to navigated 
Lachman and mechanized pivot- shift examina-
tions; however, these positions increased the risk 
and magnitude of graft impingement with knee 
extension. The authors acknowledge that placing 
the tibial tunnel quite anteriorly may necessitate 
notchplasty and suggest that tunnel placement in 
the central aspect of the ACL footprint may con-
fer the best balance between restoration of favor-
able knee kinematics and avoidance of graft 
impingement. Scheffel et al. [83] found that the 
tibial footprint does not vary according to inter-

condylar roof angle and concluded that it is a reli-
able landmark for tibial tunnel placement. Maak 
et al. [84] found that although graft impingement 
occurred with central, anteromedial, and postero-
lateral femoral tunnel positions, the risk and mag-
nitude of impingement may be reduced by tunnel 
position in the center of the femoral ACL foot-
print. Issues and questions regarding tunnel place-
ment are beyond the scope of this chapter; 
however, in contrast to the techniques advocated 
in the late twentieth century, these studies and 
many others showed that an anatomically placed 
ACL graft is not destined to impinge in the 
absence of notchplasty (Fig. 25.4).

A series of animal, cadaveric, and clinical studies 
by Iriuchishima and colleagues [85–89] has shown 
that impingement-free anatomic single- bundle and 
double-bundle ACL reconstruction is possible with-
out notchplasty. In a porcine model, there were no 
significant differences in impingement pressures 
between nonanatomic and anatomic single-bundle 
reconstructions; however, there was a biomechanical 
advantage in ATT in the anatomic group [88]. In a 
cadaveric model, the authors evaluated impingement 
pressures for anatomic and nonanatomic tunnel 
positions on the tibia and femur [89]. Compared 
with the native ACL, there were no increased 
impingement pressures in either of the anatomic 
reconstruction groups. The authors acknowledge 

Fig. 25.4 Arthroscopic view of a right knee from the 
anterolateral portal showing the knee in full extension 
without intercondylar notch impingement of the ACL 
graft following primary reconstruction without 
notchplasty
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that while natural contact may occur between the 
native ACL and the notch, the magnitude of this con-
tact distinguishes it from pathologic impingement. 
Clinical studies using postoperative 3D-CT and 
MRI also showed that anatomic  double- bundle ACL 
reconstruction could be performed without subse-
quent roof impingement [85, 87].

While some surgeons feel that notchplasty 
allows for a better view of the posterolateral mar-
gin of the intercondylar notch, others argue that 
the obliteration of osseous landmarks makes ana-
tomic reconstruction and tunnel placement more 
difficult (Fig. 25.5) [46, 73, 76, 90, 91]. As part of 
their “footprint” technique, Bedi and Altchek [91] 
state that precise lateral portal placement 1–2 mm 
adjacent to the patellar tendon at the inferior 
patellar pole allows for visualization of the lateral 
wall of the notch and femoral ACL footprint with-
out excessive notchplasty. Brown et al. [73] 
describe their “medial portal technique” in which 
the femoral ACL footprint is viewed from an 
anteromedial portal, eliminating the need for rou-
tine notchplasty for visualization. To achieve an 
unobstructed view of the lateral intercondylar 
notch, Cohen and Fu [92] describe using a central 
anteromedial viewing portal and an accessory 
anteromedial working portal for femoral tunnel 
drilling during double-bundle ACL reconstruc-
tion. However, in cases of revision surgery or 
chronic ACL deficiency in which the notch may 
be excessively stenotic due to bony hypertrophy 

or notch osteophyte formation, a modest and shal-
low notchplasty may be indicated to restore native 
notch geometry and adequately visualize the fem-
oral footprint (Fig. 25.6) [73, 91, 93]. Even in 
cases of chronic ACL insufficiency in which the 
femoral footprint may be more difficult to iden-
tify, Shino et al. [94] were able to arthroscopically 
identify bony landmarks within the intercondylar 
notch that allowed for anatomic tunnel placement 
without the need for notchplasty.

a b

Fig. 25.5 Arthroscopic views of a right knee from the anteromedial portal showing clear visualization of the ACL 
femoral footprint, without prior notchplasty, before (a) and after (b) femoral tunnel drilling

Fig. 25.6 Arthroscopic view of a left knee from the 
anteromedial portal during revision ACL reconstruction 
showing bony hypertrophy at the previous notchplasty site 
resulting in significant narrowing of the intercondylar 
notch
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25.5  Author’s Personal 
Experience and Indication 
for Notchplasty

Routine notch pasty is not recommended based 
on the results of our cohort study comparing with 
or without notchplasty (With-NP and Without-NP 
groups) in an anatomic double-bundle ACL 
reconstruction. Secondary arthroscopic proce-
dures were necessary to improve extension limi-
tation and pain induced by forced extension 
maneuver in six patients of the With-NP group 
and none of the Without-NP group. The second- 
look arthroscopy suggested that graft impinge-
ment could occur even if the correct anatomic 
ACL reconstruction was performed because the 
posterior tibial attachment of the normal ACL is 
narrow. Moreover, graft tissue runs straight 
between the tibial and femoral tunnels in the 
ACL reconstruction, which is different from the 
meticulous fiber arrangement of the normal 
ACL. The area of the ACL midsubstance is 
smaller than both tibial and femoral attachment 
areas, which also indicates the possibility of 
notch impingement in anatomic ACL reconstruc-
tion. In fact, from the findings of 42 second-look 
arthroscopies (24 cases of the Without-NP and 18 
cases of the With-NP groups), tension and/or vol-
ume of the PL graft was insufficient in 10 cases 
of the Without-NP and in 1 of the With-NP 
groups. Selective performance of 2–3 mm wide 
notchplasty could be valuable to a patient with 
suspected poor healing and/or major instability 
and to a patient with graft–notch size mismatch 
after a usual anatomical graft placement.

25.6  Conclusions: Is Notchplasty 
Necessary for Anatomic ACL 
Reconstruction?

Preventing graft–notch impingement in ACL 
reconstruction is of paramount importance for 
avoiding postoperative graft abrasion and associ-
ated symptoms. Earlier strategies of posterior 
tibial tunnel placement and notchplasty have 
fallen out of favor given evidence that graft 
impingement can be avoided with anatomic ACL 

reconstruction without a notchplasty (Fig. 25.7). 
Notchplasty is antithetical to anatomic ACL 
reconstruction as it modifies native anatomy. 
Restoration of native ACL obliquity and foot-
print anatomy, though technically demanding, 
appears to be the most important factor for 
achieving favorable biomechanical and clinical 
outcomes. While surgeons must remain cogni-
zant of the risk of graft impingement, utilizing 
meticulous  anatomic reconstructive techniques 
appears to be sufficient to mitigate this risk. 
Nonanatomic tunnel position and notchplasty 
should not be used as the primary techniques for 
avoiding graft impingement.
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Pros and Cons of Different ACL 
Graft Fixation Devices

Paul K. Herickhoff, Marc R. Safran, Patrick Yung, 
and Kai-Ming Chan

26.1  Introduction

The primary goal of graft fixation in ACL recon-
struction (ACLR) is to provide strength and stiff-
ness sufficient for rehabilitation and activities of 
daily living during the early postoperative period 
until biologic fixation has taken place in the bone 
tunnel. Many different devices have been 
designed to accommodate this goal. Although the 
mechanical properties of these devices is the 
focus of the majority of the published research on 
this topic, other important considerations include 
effects on graft healing within the tunnel, artifact 
on postoperative imaging, biologic reactions, 
need for hardware removal, and ease of revision 
ACL reconstruction. Although it is beyond the 
focus of this chapter and may vary in relation to 
market forces, cost is another important factor 
each surgeon should weigh when choosing a par-
ticular device.

The two predominant grafts used in ACL 
reconstruction are the bone-patellar tendon-bone 

(BPTB) and the semitendinosus and gracilis 
hamstring tendons (HT). These two grafts have 
different modes of healing – an important consid-
eration when choosing a fixation device. The 
most common method of fixation of BPTB grafts 
is an interference screw in both the femoral and 
tibial tunnels. For HT grafts, a cortical button is 
most commonly used on the femoral side and an 
interference screw or other interference fixation 
is most commonly used on the tibial side. These 
well-established methods of fixation provide 
valuable benchmarks for biomechanical, clinical, 
and animal studies of new devices.

We begin our chapter with a brief review of 
the biomechanics and biology of ACL grafts and 
rehabilitation after ACL reconstruction, which 
will provide important context for the main focus 
of this chapter: the pros and cons of different 
ACL graft fixation devices.

26.2  Biomechanics

Biomechanical testing has shown that the BPTB 
and double-looped HT grafts show higher initial 
strength than the native ACL. The native ACL has 
an ultimate load to failure between 1,730 and 
2,160 N [43, 67]. The corresponding values for a 
10 mm BPTB graft and HT graft, by contrast, are 
2,977 N [15] and over 4,000 N [22]. Therefore, 
the competence of the ACL graft construct imme-
diately after surgery depends on the surgical fixa-
tion technique.
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The amount of force seen by the ACL graft 
after surgery is determined by the postoperative 
rehabilitation protocol. Escamilla and others 
recently reviewed cruciate ligament loading dur-
ing common rehabilitation exercises. Early phase 
rehabilitation exercises including weight-bearing 
(WB), or closed kinetic chain, and non-weight- 
bearing (NWB), or open kinetic chain exercises, 
produce less than 4 % of peak ACL strain and 
peak ACL forces under 396 N. Level ground 
walking, which often is allowed immediately 
after surgery, places a peak anterior shear force of 
355 N on the ACL. Explosive, plyometric exer-
cises typically performed in later phases of ACL 
rehabilitation, such as single-leg landing and rap-
idly coming to a stop, on the other hand, produce 
ACL forces of approximately 1,300 N [17].

26.3  Biologic Healing of the ACL 
Graft

The ACL graft fixation is intended for immediate 
stability to allow early rehabilitation. The fixa-
tion device should provide an optimal healing 
environment for the graft to heal in the tunnels. 

Biodegradable devices must allow for an appro-
priate period of time to allow initial fixation and 
gradual degradation in order to enhance the even-
tual tunnel healing (Fig. 26.1). Animal studies 
have shown the fixation device is the weak link in 
ACL construct until 6 weeks after surgery for 
BPTB autografts [44] and 12 weeks after surgery 
for HT autografts [21, 51].

There are three distinct phases of graft healing 
in ACLR, including cell repopulation to the graft, 
proliferation phase, and remodeling phase. It is 
generally agreed that the graft undergoes necrosis 
and shows hypocellularity, especially in the cen-
ter of the graft. Cytokines like TNF-α and inter-
leukin 1-β are released as a consequence of 
necrosis, which then trigger growth factors for 
cell migration, proliferation, extracellular matrix 
(ECM) synthesis, and revascularization [36]. 
Maximum cellularity is observed during the pro-
liferation phase and the cell number surpasses 
that of the intact ACL in numerous animal models 
[62]. Mesenchymal stem cells and activated fibro-
blasts can be found at the periphery of the graft in 
bone tunnel region and the mid-substance region 
[33]. Cell numbers regress toward the intact ACL 
cellularity at the end of the proliferation phase. 

Fixation device at
graft tunnel

interface

Fixation device
anchored into
bone around the
tunnel

Peri-tunnel bone
quality that bone
graft incorporation

Tissue damage during
Inflammatory phase

Re-organization of 
collagen matrix
during
ligamentization

Exposure of collagen fibrils for 
graft incorporation

Degradation products of fixation device

Fig. 26.1 Interactions of ACL fixation devices and graft healing
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The tissue remodeling phase is started with cell-
mediated restructuring of extracellular matrix as 
an adaptive response to mechanical loading on 
the tendon graft. Fixation devices inevitably 
affect these processes, and enhancement of graft 
healing could be achieved by introducing bioac-
tive substances compatible to the surgical proce-
dure. For examples, adding vitamin C into 
surgical irrigation saline can reduce graft necrosis 
and promote restoration in knee laxity in a rat 
model [19]. Intraoperative implantation of cells 
[37] or biomaterials [66] and postoperative injec-
tion of bioactive substances [20] can also promote 
graft healing in ACLR. These biological enhance-
ments need to be compatible to the fixation device 
in use, and some bioactive substances could be 
engineered into the fixation device for a better 
outcome. Thus, fixation devices that enhance 
ACL biological healing may be the limelight of 
future development.

26.4  Femoral Versus Tibial 
Fixation

There are two key differences between femoral 
and tibial fixation. First, the bone mineral den-
sity of the proximal tibia is less than the distal 
femur. Bone mineral density has been shown to 
be directly related to interference screw fixation 
strength. Second, the line of force on the graft is 
directly in line with the tibial tunnel while it is 
obliquely oriented to the femoral tunnel in the 
weight-bearing position of extension [9]. For 
these reasons, the tibial graft fixation site is con-
sidered the weakest point in ACL reconstruc-
tions [1].

26.5  Pros and Cons of Different 
ACL Fixation Devices

ACL graft fixation devices can be broadly cate-
gorized as intratunnel, cortical button (“suspen-
sory”), or extratunnel fixation depending on 
where the ACL graft is fixed (Fig. 26.1). In the 
next section, we will examine the issues related 
to the location of graft fixation, then review the 

merits and drawbacks of specific types of ACL 
graft fixation devices. A summary of the pros and 
cons of different graft fixation devices can be 
found in Table 26.1.

26.5.1  Graft Motion: Location 
of Graft Fixation

The motion of the ACL graft within a bone tunnel 
has been shown to be detrimental to graft healing 
[52] and may lead to tunnel widening [27]. Two 
types of graft-tunnel motion have been described, 
the “bungee effect” due to longitudinal graft 
motion and the “windshield wiper effect” due to 
transverse graft motion in the tunnel.

Rodeo and others used micro-CT to measure 
graft-tunnel motion in a rabbit model. They found 
graft-tunnel motion was greatest at the tunnel 
aperture and least at the tunnel exit. There was an 
inverse correlation between graft-tunnel motion 
and healing in the femoral tunnel [52]. 
Biomechanical studies have shown that aperture 
fixation reduces anteroposterior translation com-
pared with suspensory fixation in BPTB grafts 
[29] and in HT grafts [61]. However, a study of 
HT and BPTB ACL reconstructions in cadavers 
found no significant difference in graft-tunnel 
motion between aperture and suspensory fixation 
[11].

Clinical studies have not shown an advantage 
of aperture fixation over suspensory fixation and 
no correlation between tunnel widening and 
functional outcome. A prospective study compar-
ing HT and BPTB ACL reconstructions showed 
that despite increased tunnel widening in the HT 
cohort compared to the BPTB cohort, there was 
no significant difference in functional outcomes 
[14]. In a level 2 randomized controlled trial, 
Lubowitz and colleagues compared aperture fixa-
tion of the femoral and tibial tunnels with a can-
nulated retrograde screw to suspensory fixation 
with cortical buttons in all-inside allograft ACL 
reconstruction. At 2 years follow-up, there was 
no difference in knee stability, functional out-
come scores or radiographic analysis for tunnel 
widening [38]. A meta-analysis of stability after 
ACL reconstruction as a function of fixation type 
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concluded that there is no stability advantage of 
aperture fixation compared with femoral suspen-
sory fixation when using second-generation tibial 
fixation devices [50]. Based upon the currently 
available literature, the location of graft fixation 
has no correlation with clinical outcome (Figs. 
26.2 and 26.3).

26.5.2  Interference Screws

Interference screws achieve aperture intratunnel 
fixation by stabilizing the graft close to the joint 
line. Interference screws have a long history of 
clinical success for both BPTB and HT autograft 
fixation [48]. One concern with interference 

Classification of ACL graft fixation

• Screw and spiked-washer

• Screw post and sutures

• Staples

C) Extra-tunnel

B) Cortical buttons

4. Transfermoral suspensory
    pins

3. Cross Pins

2. Screw and Sheath

1. Interference Screw

A) Intra-tunnel

Fig. 26.2 Classification of ACL graft fixation by location

NO

Tunnel fixation

significant difference in
clinical assessment

Extra-tunnel
fixation

(Suspensory) (Cortical)(Aperture) (Non-aperture)

Fig. 26.3 Location of ACL  
graft fixation does not  
affect functional outcomes
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screws for soft tissue grafts is that compressing 
the graft may affect its mechanical properties and 
biologic incorporation. In a sheep model of ACL 
reconstruction with autograft Achilles tendon 
fixed with biodegradable screws, the site of failure 
of all the grafts at 6 and 9 weeks postoperatively 
was the screw insertion site [65].

The ultimate load to failure of interference 
screws has been reported in several studies and 
ranges between 390 N [42] and 790 N [31]. 
However, many different parameters may influ-
ence fixation by interference screws, including 
the length and diameter of the screw, the position 
of the screw, its divergence, the size of the gap 
between the graft and tunnel diameter, the rela-
tive difference between tunnel size relative to 
screw size, corticocancellous versus cancellous 
fixation, and the torque of insertion of the screw.

26.5.2.1  Length of the Screw
The significance of the length of the screw in 
interference fixation is uncertain. In a study com-
paring the strength of endoscopically inserted 
interference screws for BPTB ACL reconstruc-
tion, there was no significant difference between 
20 and 25 mm screw lengths [10]. Black and col-
leagues showed no significant differences in dis-
placement, load to failure and stiffness between 
12.5, 15, and 20 mm long interference screws of 
the same diameter for BPTB fixation in porcine 
tibias [8].

For soft tissue fixation, Harvey and colleagues 
showed a trend toward better fixation with longer 
metal interference screws [24]. Another study 
found similar results with bioabsorbable screws 
[64]. However, Stadelmaier and colleagues 
showed that there is no difference in strength 
between the screws of different lengths when the 
screw was advanced, so the tip of the screw was 
flush with the tibial plateau [58].

26.5.2.2  Diameter of the Screw
Increasing the diameter of the screw increases 
the fixation strength for both BPTB and HT 
ACL reconstruction. Kohn and Rose compared 
7 and 9 mm metal interference screws in tibial 
and femoral tunnels for a 10 mm BPTB plug 
and showed superior fixation of the 9 mm screw 

on both sides [31]. The diameter of the screw 
may be more important for BPTB fixation 
strength when there is a larger gap between the 
bone block and tunnel wall. In a study of por-
cine tibias, no advantage was conferred by 
using a 9 mm screw compared with a 7 mm 
screw with gap sizes of 1–2 mm. When the gap 
was 3–4 mm, however, the 9 mm screw gave 
superior fixation [12].

For HT ACL reconstruction, Weiler et al. 
showed that tendons placed in tunnels of the 
same diameter and fixed by bioabsorbable screws 
of equal size had a lower strength of fixation than 
when fixed with screws oversized by 1 mm [64]. 
The downside to using an interference screw 
which is excessively large, however, is that it may 
lacerate the graft during screw insertion.

26.5.2.3  Position of the Screw
Central placement of an interference screw 
between the four limbs of a hamstring graft 
increases the area of bone-tendon contact avail-
able for healing in the tunnel [25]. A study of 
human cadaver knees conferred no advantage 
over eccentric placement, regarding load to fail-
ure and slippage at time zero, but did result in 
superior stiffness [54]. An experiment performed 
in a polyurethane foam model, however, showed 
no compromise in fixation with central compared 
with eccentric placement of the screw [55].

26.5.2.4  Divergence of the Screw
Angular deviation of the interference screw from 
the bone tunnel may occur during screw inser-
tion, particularly on the femoral side. Divergent 
angles over 20° have been shown to reduce the 
strength of fixation in BPTB ACL reconstruction 
[25]. Screw divergence may be reduced by using 
a two-incision method using cannulated screws 
or by inserting the femoral screw through the 
same portal used to ream the femoral tunnel [25]. 
When using cannulated screws, the guidewire 
itself may diverge from the tunnel into the can-
cellous bone, a problem that may be corrected by 
using larger diameter guidewires. It is important 
to note, however, that no clinical studies have 
shown a correlation between screw divergence 
and laxity or clinical outcome [25].

P.K. Herickhoff et al.



283

26.5.2.5  Corticocancellous 
Versus Cancellous Fixation

Since cortical bone is stronger than cancellous 
bone, the pullout strength of the graft construct is 
increased by achieving corticocancellous fixa-
tion. In a study of calf bone, fixation with 
cancellous- only interference screw fixation dem-
onstrated significantly lower load to failure and 
more slippage compared to corticocancellous 
fixation under cyclic loading [24].

26.5.2.6  Insertion Torque
The insertion torque of an interference screw has 
been shown to predict load to failure in both 
BPTB and HT grafts (Brown et al. 1996) [9]. For 
a given gap and screw size, the mean insertion 
torque for a metal screw is significantly higher 
than a bioabsorbable screw [45].

26.5.2.7  Bioabsorbable Versus Metal 
Interference Screws

Metal interference screws promote early inte-
gration into bone with high initial fixation 
strength and a higher load to failure than bioab-
sorbable screws in biomechanical studies [45]. 
Metal interference screws have afforded posi-
tive clinical outcomes and low complication 
rates and prevented excessive laxity. Drawbacks 
to using metal interference screws include com-
plicated hardware removal during revision sur-
gery and the creation of artifact on postoperative 
MRI [41].

Bioabsorbable interference screws, on the 
other hand, dissolve after 2–3 years, simplifying 
revision surgery, and do not cause artifact of 
postoperative MRI. However, complications have 
been reported with bioabsorbable screws, includ-
ing breakage during surgery, bone tunnel widen-
ing, intra-articular screw migration, and foreign 
body reactions [41].

Several randomized controlled trials have 
been performed comparing metal and bioabsorb-
able interference screws. A recent systematic 
review of overlapping meta-analyses found simi-
lar clinical and functional outcomes between 
metal and bioabsorbable screws for BPTB and 
HT grafts. However, prolonged knee effusion, 
femoral tunnel widening, and screw breakage 

were more common with using bioabsorbable 
screws [41].

26.5.3  Screw and Sheath Devices

Combination screw and sheath devices have been 
designed for HT grafts to separate the grafts, 
secure concentric placement of the screw, and 
provide homogeneous friction between the ten-
don and the bone [1]. Biomechanical testing of 
these devices has shown varying results. A por-
cine study of six hamstring tendon graft fixation 
devices showed the screw and sheath device to 
have the highest load to failure (1,332 N) and 
lowest residual displacement [32]. In contrast, 
another biomechanical study of five different 
tibial fixation devices in a calf model showed the 
screw and sheath device to have the second low-
est load to failure at 543 N [16]. In a bovine study, 
Smith and colleagues compared the radial force 
and pullout strength of two interference screws 
with two screw and sheath devices and found 
superior performance of screw and sheath devices 
for both measures [57]. Another biomechanical 
study in a porcine model comparing three inter-
ference screws and five screw and sheath devices 
showed no significant differences for ultimate 
failure load and cyclic displacement between the 
two fixation types, although the highest ultimate 
failure loads and least amount of cyclic displace-
ment were observed for combination devices [1].

Clinical studies of screw and sheath devices 
are limited. One prospective clinical study com-
paring screw and sheath fixation, bioabsorbable 
interference screws, and cross-pins randomized 
into four groups showed no statistically or clini-
cally relevant difference between the groups at 
2 years of follow-up [23].

26.5.4  Cross-Pins

Cross-pin fixation achieves intratunnel fixation 
using biodegradable pins which pass through the 
substance of the graft. Cross-pins have been used 
for both BPTB and HT grafts on both the tibial 
and the femoral side and have the advantage of 

26 Pros and Cons of Different ACL Graft Fixation Devices



284

simplifying revision ACL reconstruction. Over 
50 % of cross-pins may break; however, this has 
not been shown to affect clinical outcomes [3].

The load-to-failure of cross-pin fixation was 
868 N and 994 N in two different biomechani-
cal studies using porcine knees [31, 42]. Zantop 
and colleagues compared cross-pins with bio-
absorbable interference screws in an ovine 
model of ACL reconstruction with an autograft 
Achilles tendon. At 6 weeks, the stiffness of the 
cross-pin group had improved by 52 % com-
pared with the interference screw group, which 
decreased by 67 %. The strength of the interfer-
ence screw constructs decreased by 81 % at 
6 weeks, while the cross-screw group deterio-
rated only 48 % [68]. A biomechanical study of 
four different femoral soft tissue fixation 
devices in a porcine model, however, showed 
increased slippage of cross-pins and interfer-
ence screws compared with cortical buttons and 
transfixation devices [2].

A small number of clinical studies have shown 
equivalent results using cross-pins compared to 
other ACL graft fixation devices. In a prospec-
tive, randomized trial of double-bundle ACL 
reconstruction with hamstring autograft, cross- 
pins were compared with cortical buttons. At a 
mean follow-up of 30 months, there was no sta-
tistically significant difference in subjective or 
objective outcomes, except for the KT-1,000 
value, which was 1.30 mm in the cross-pin group 
versus 1.95 in the cortical button group [28]. 
Three studies have compared cross-pins with bio-
absorbable interference screws and found no sig-
nificant differences at 1, 2 and 5 years after 
surgery [18, 60, 63]. Bjorkman and colleagues 
showed no difference at 5 year follow-up between 
cross-pin fixation and metal interference screws 
in clinical or radiographic outcomes [7].

26.5.5  Transfemoral Suspensory 
Fixation Devices

Soft-tissue grafts may be fixed within the femoral 
tunnel by wrapping the grafts 180° around a 
metal or bioabsorbable transfixation pin. 
Bioabsorbable pins have the advantage over 

metal pins for revision ACL reconstruction; how-
ever, they also may break in 20 % of patients, can 
migrate out of the bone leading to iliotibial band 
irritation, and may cause femoral tunnel widen-
ing [13]. Complications have been reported dur-
ing graft passage and fixation using this device 
[35].

Biomechanically, transfixation pins were 
found to have the highest load to failure (over 
1,400 N) and greatest stiffness when compared 
with nine different femoral fixation devices tested 
[42]. Clinically, transfixation pins have shown 
90 % satisfactory results at mid- to long-term 
follow-up [4]. Two prospective randomized stud-
ies comparing femoral transfixation pins with 
bioabsorbable interference screws and cortical 
buttons showed no difference in clinical out-
comes at 1 and 2 years postoperatively [49, 53]. 
A recent registry study on revision rates of HT 
autograft ACL reconstructions performed in 
Norway from 2004 to 2013 showed that, among 
the devices used, the group with the lowest revi-
sion rate used a metal transfixation pin on the 
femur and metal interference screw on the tibia 
[46].

26.5.6  Cortical Buttons

Cortical buttons achieve suspensory fixation of 
HT and BPTB grafts on both the femoral and 
tibial sides. Although concerns have been raised 
that cortical buttons allow excessive movement 
of HT grafts in the tunnel leading to tunnel wid-
ening [27], one study which evaluated tunnel 
widening using four different fixation techniques 
showed the least amount of widening in the corti-
cal button group [6].

Cortical buttons have shown excellent strength 
in biomechanical studies, with a load to failure of 
1,086 N [31]. Several clinical studies have shown 
excellent stability and functional outcomes using 
cortical buttons [50]. Revision ACL reconstruc-
tion is simplified when cortical buttons were used 
in the primary surgery. Either a fixed-length or 
adjustable loop of fabric or braided, non- 
absorbable suture fastens the graft to a metal 
button.
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26.5.6.1  Fixed-Length 
Versus Adjustable Loop 
Cortical Buttons

Fixed-length cortical buttons present some tech-
nical challenges during surgery [5]. Because the 
loop length is predetermined, the surgeon must 
drill the tunnel to a specific depth then select a 
corresponding device of appropriate length. An 
error in measurement can lead to an inability to 
pass the button through the cortex or limit the 
length of the graft in the tunnel. Adjustable loop 
devices allow greater ease of insertion, allow 
complete fill of the femoral tunnel, obviate the 
need to calculate the loop length, and allow the 
same implant to be used regardless of tunnel 
placement or depth. Biomechanical testing has 
shown adjustable loop devices to have adequate 
load to failure testing (above 780 N); however, 
one concern is that cyclic loading results in 
lengthening of the loops, potentially leading to 
loosening of the graft or surgical failure [5, 30, 
47].

26.5.7  Staples

Staples provide extra-tunnel fixation for HT 
grafts or BPTB grafts when there is a mismatch 
between the length of the graft and the tunnel. A 
biomechanical study comparing different meth-
ods of fixation of BPTB graft showed an inferior 
ultimate load to failure of staples compared with 
interference screw and screw-post fixation [34]. 
Another biomechanical study evaluated six tibial 
fixation methods using double-looped bovine 
tendon. Staples were found to have a load to fail-
ure of 705 N but 3.3 mm of slippage with 500 N 
load testing [39]. Staples may require later hard-
ware removal for kneeling pain. A randomized 
controlled trial of HT ACL reconstruction in 
female patients compared metal interference 
screw fixation on the tibial side with metal inter-
ference screw plus supplementary staple fixa-
tion. At 2 years follow-up, the group with 
supplementary tibial fixation with staples had 
smaller side- to- side difference in KT-1,000 mea-
surements but a higher incidence of kneeling 
pain [26].

26.5.8  Screw and Spiked Washer

Screw and spiked washer devices achieve extra- 
tunnel fixation of HT grafts by compressing the 
graft against the cortical bone on the tibia. 
Biomechanical testing of screw and spiked wash-
ers specially designed for ACL reconstruction 
has shown ultimate load to failure between 765 N 
and 945 N [31, 56]. In a sheep model, Singhatat 
and colleagues compared screw and spiked 
washer with bioabsorbable interference screw 
fixation of a digital extensor tendon transplanted 
into a bone tunnel. After 4 weeks of implantation, 
the strength and stiffness of the complex fixed 
with interference screws deteriorated 63 and 
40 %, while the strength of the screw and spiked 
washer group at 4 weeks was similar to time zero 
and the stiffness improved 136 % [56]. 
Disadvantages of screw and spiked washer 
devices are the possible need to remove symp-
tomatic hardware and may remove cortical bone 
attached to the device and a scarcity of clinical 
studies supporting their use.

26.5.9  Screw Post and Sutures

The free limbs of sutures attached to either HT or 
BPTB grafts may be secured by tying them 
around a screw, which is used as a post. 
Biomechanical testing of HT secured with suture 
and post showed a load to failure of 573 N [59]. 
A biomechanical study comparing different 
methods of fixation of BPTB grafts, however, 
showed an inferior ultimate load to failure of 
screw post fixation compared with interference 
screws [34]. Similar to screw and spiked washer 
devices, clinical studies of screw post and sutures 
are limited, and the prominent screw head may 
necessitate later hardware removal.

26.6  Summary

The primary goal of graft fixation in ACL recon-
struction is to provide strength and stiffness suf-
ficient for early rehabilitation and activities of 
daily living until biologic fixation has taken place 
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in the bone tunnel. BPTB grafts require 6 weeks 
and HT grafts require 3 months of healing before 
adequate biologic fixation has taken place. Future 
improvements in fixation devices and techniques 
may improve the biologic healing of ACL grafts 
within the bone tunnel. No ACL graft fixation 
device is perfect. The surgeon must consider the 
advantages and disadvantages of the different 
ACL graft fixation devices before deciding which 
device to use for a particular patient.
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ACL Graft Tensioning

Tatsuo Mae and Braden C. Fleming

27.1  Introduction

There are several variables under the control of 
the surgeon at the time of surgery that will 
influence the biomechanical behavior of the 
graft including graft type, graft position, graft 
tension, and the angle at which the tension is 
applied [2, 9–10, 17, 47, 48]. All of these vari-
ables will influence the loads in the graft post-
surgery as well as the loads across the joint 
during activities of daily living. The initial ten-
sion at the time of graft fixation is one of the 
key factors for successful ACL reconstruction. 
While several studies have investigated the 
effect of initial graft tension on outcomes after 
ACL reconstruction, the optimal initial tension 
at graft fixation remains controversial. 
Excessively low initial graft tension may lead 
to a lax knee immediately after fixation, result-

ing in an unsatisfactory outcome and an increase 
in the risk of arthritis. Fleming et al. reported 
that anterior tibial displacement decreased dur-
ing anterior tibial loading with an increase in 
initial graft tension in a cadaveric model of 
ACL reconstruction, and showed that higher 
initial graft tensions increased anterior knee 
stability [28]. Therefore, it could be reasonably 
assumed that it is important to apply a greater 
initial graft tension than what is required to set 
the physiological tension of the normal ACL for 
restoration of knee stability after ACL recon-
struction to account for the stress relaxation, 
cyclic creep, and graft remodeling that occur 
after graft fixation. On the other hand, some 
investigators warn that excessive initial graft 
tension may lead to loss of extension, graft fail-
ure, and abnormal tibiofemoral positioning, 
also leading to cartilage degeneration [17, 25, 
54, 55, 59, 76]. For example, Yoshiya et al. 
reconstructed the ACL in a canine model using 
a medial one-third patellar tendon autograft 
with initial graft tensions of 1 and 39 N [76]. 
Their results suggested that minimal graft ten-
sion should be applied, as poor vascularity and 
focal myxoid degeneration were found at 
3 months when the grafts were tensioned to 
39 N. When taken together, these studies sug-
gest excessively low or high initial graft tension 
should be avoided. More studies are needed to 
determine the optimal initial graft tension at 
fixation during ACL reconstruction.
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27.2  Effect of Initial Graft Tension 
on Tibiofemoral Position 
Relationship

A properly positioned ACL graft courses from 
the supero-posterior margin of the lateral wall of 
the intercondylar notch to the anteromedial por-
tion of the tibial plateau [23]. Due to the orienta-
tion of the ACL graft relative to the knee joint, an 
increase in initial graft tension applied to the dis-
tal end of the graft in the tibia will shift the tibia 
posteriorly, laterally, and proximally during the 
tensioning process of ACL reconstruction [4, 10, 
25, 47] (Fig. 27.1). The proximal translation 
increases the tibiofemoral compressive forces in 
the medial and lateral compartments [10, 47], 
and it has been hypothesized that the posterior 
and lateral shift moves the tibiofemoral contact 
point to a location where the cartilage is thinner 
and less able to support the load [42, 65]. These 
findings suggest a potential mechanism to explain 
the onset and progression of posttraumatic osteo-
arthritis in the ACL-reconstructed knee [64]. An 
excessively large initial graft tension at the time 
of fixation may have a deleterious effect on the 
articular surface, leading to cartilage degenera-

tion and/or a graft tear. An initial graft tension 
strategy that would restore the neutral tibiofemo-
ral joint alignment could potentially lower the 
progression of posttraumatic osteoarthritis, yet 
such a system has not been introduced to date.

27.3  Viscoelastic Creep 
After Graft Fixation

Loss of tension during graft fixation [58, 75], the 
effects of cyclic loading [8, 13, 15, 36, 57, 61], 
and graft preconditioning [13, 26, 36, 61] are 
important factors that affect the outcome of ACL 
reconstruction surgery. Using a porcine cadaver 
model, Yoshihara et al. [75] showed that the 
residual loads following graft fixation were sig-
nificantly different among fixation methods. 
They found that the maximum initial graft ten-
sion when applied manually by the surgeon 
resulted in mean graft tension values equal to 
116, 54, and 25 N after interference screw, post, 
and button techniques, respectively. Whether the 
tension was objectively measured or applied by 
the surgeon, which have been shown to be equiv-
alent [70], would not change these findings.  

a b

Fig. 27.1 Change of 
tibial position relative to 
femur with an increase in 
the initial graft tension. 
The initial position of the 
tibia without graft tension 
is illustrated by the 
solid line. When the graft 
is tensioned, tibia moves 
posteriorly, laterally, and 
proximally as indicated 
(by the dashed line).  
(a) Coronal plane and 
(b) sagittal plane
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In a human cadaver study, an initial graft tension 
of 80 N was applied to soft tissue grafts fixed 
with interference screws with no precondition-
ing, cyclic preconditioning or isometric precon-
ditioning applied to the graft prior to fixation 
[58]. A steady decrease of approximately 60 % 
occurred over 60 min. Likewise, Howard et al. 
measured the length change of bone-patellar ten-
don-bone graft during 4-min preconditioning and 
reported the graft length increased from 43.6 to 
49.6 mm (a 14 % increase) [34].

Several investigators have shown that once the 
graft is fixed in the knee, anterior-posterior knee 
laxity increases with subsequent cycling. It has 
been reported that the tension in bone-patellar 
tendon-bone grafts dropped by 46 % at full exten-
sion after 1,500 cycles and that anterior-posterior 
knee laxity increased by 100 % after only 500 
cycles [8]. This cyclic creep phenomenon is due 
in part to the viscoelastic behavior of ligament 
tissue [24], which appears to get worse in the 
days following ligament reconstruction, possibly 
due to enzymatic digestion [14]. Therefore, pre-
conditioning the graft prior to implantation has 
been recommended to reduce stress relaxation 
and/or cyclic creep and to preserve graft tension 
following fixation.

27.4  Animal Studies

Translational animal models provide researchers 
the opportunity to evaluate graft healing in 
response to different treatment strategies includ-
ing the effects of initial graft healing. The first 
landmark animal study of initial graft tension was 
performed by Yoshiya et al. [76]. Using the 
canine model, ACL reconstruction surgery was 
performed in both knees using the medial one- 
third of the patellar tendon as a graft. The graft in 
one knee was fixed under an initial graft tension 
of 1 N, while the other was fixed with an initial 
graft tension of 39 N. The investigators found 
that the high-tensioned grafts exhibited poor vas-
cularity and focal degeneration.

In an effort to control the many different vari-
ables that could affect graft healing in an animal 
model, Katsuragi et al. then designed a bilateral 

canine model in which they first devitalized the 
ACLs via freezing and then cored out the tibial 
insertions [38]. In the right knee, an initial “graft” 
tension of 20 N was applied to the distal bone 
block while the bone block in the left knee was 
anatomically reduced. Significant reductions in 
the tensile strength and tangent modulus of the 
grafts were found in the grafts tensioned to 20 N 
after 12 weeks of healing. Histology revealed 
focal degeneration in the grafts tensioned to 
20 N. These studies demonstrate that minimal 
tension should be applied to the graft materials 
during graft fixation in ACL reconstruction and 
that overtensioning may be deleterious to healing 
in this highly controlled setting.

Several subsequent animal studies of initial 
graft tension have been reported. Using initial 
graft tensions of 1 N, 7.5 N, and 17.5 N with 
patellar tendon grafts, it was shown that the high- 
tension grafts were superior both biomechani-
cally and histologically to the low-tension grafts 
after 32 weeks of healing in the rabbit model 
[41]. To the contrary, a goat study comparing lax 
bone-patellar tendon-bone grafts to those ten-
sioned to 44 N found that anterior-posterior knee 
laxity values between the two groups were not 
significantly different after 2 weeks of healing 
[19] and that the failure properties measured after 
6 months were not significantly different [20]. 
These results were supported by another goat 
study in which patellar tendon grafts were ten-
sioned to 5 N and 35 N [1]. While there were 
significant differences between the two initial 
graft tensions of 5 and 35 N at Time Zero, no sig-
nificant differences in anterior-posterior knee 
laxity or graft failure properties were found after 
6 weeks of healing. A recent rat study [31] com-
paring graft tensions of 2 N and 4 N also found 
no significant differences in the failure properties 
after 6 weeks of graft healing, though they pre-
sented qualitative histological evidence that the 
grafts of the high initial graft tension group was 
of higher integrity.

From the above review, the interpretations of 
the animal model results are conflicting with 
some studies showing that low tension is better 
and that high tension is superior,and the majority 
showing that there are no differences between 
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high and low initial graft tensions. Unfortunately 
the use of animal models to evaluate the effects 
of initial graft tension is limited as a model for 
the human condition due to differences in joint 
anatomy, ranges of joint motion, and limb 
 alignment [62] and because quadrupeds are more 
dependent on the ACL than humans [12]. Also, 
it is difficult to precisely control other surgical 
parameters, such as graft positioning, and post-
operative rehabilitation, factors that will also 
affect graft integrity and outcomes. The novel 
model proposed by Katsuragi et al. was designed 
to eliminate some of these confounding vari-
ables [38], and their results clearly show that ini-
tial graft tension is an important factor to 
understand. While animal models provide 
insight into the effects of initial graft tension on 
graft healing, clinical studies are required to val-
idate the findings of animal models and to ulti-
mately determine which factors will ultimately 
affect clinical practice.

27.5  Clinical Studies

There are several clinical studies evaluating the 
effects of initial graft tension on clinical out-
comes after ACL reconstruction. Yasuda et al. 
compared three different initial tensions at graft 
fixation (20, 40, and 80 N) with single-bundle 
ACL reconstruction using autogenous hamstring 
tendon graft in line with polyester tape. They 
reported that the postoperative side-to-side dif-
ference in anterior knee laxity was significantly 
less in the 80 N group compared to the 20 N 
group 2 years or more after surgery [73]. Thus 
they concluded that relatively high initial graft 
tensions reduced the postoperative anterior knee 
laxity after ACL reconstruction. Using patellar 
tendon autografts, Nicolas et al. reported signifi-
cant differences in anterior-posterior knee laxity 
when initial graft tensions of 45 and 90 N were 
applied and that a graft tension of 45 N was not 
sufficient for restoring knee stability [56].

In contrast, Yoshiya et al. who reconstructed 
the ACL with patellar tendon autografts using 
two different initial tensions (25 and 50 N) [77] 
and Kim et al. who compared three initial tension 

levels (78, 117 and 147 N) with autogenous ham-
string tendon grafts [39] reported no significant 
differences in clinical outcomes at final follow-
 up. Similarly, van Kampen et al. compared clini-
cal outcomes 2 years after patellar tendon ACL 
reconstruction using initial graft tensions of 20 
and 40 N, and they found no significant differ-
ences in outcomes between the two initial graft 
tension levels [71]. They also argued that the ini-
tial graft tension of 20 N seemed to be sufficient 
without the risk of over-constraining the knee 
joint. In an evidence-based review of the random-
ized control trials of initial graft tension, it was 
concluded that “there is no clear trend in terms of 
statistically significant or clinically relevant dif-
ferences in terms of the amount of tension to 
apply to the graft during graft fixation” [5].

More recently, Mae and Shino previously per-
formed 33 isometric Rosenberg bi-socket ACL 
reconstructions with hamstring tendon graft via 
three different amount of initial tension of 60, 80, 
and 100 N as a pilot study, and compared the side-
to-side difference with KT Knee Arthrometer at 
2-year follow-up among the three initial graft ten-
sion groups. The average side-to-side difference 
was 2.0 mm for 60 N, 1.1 mm for 80 N, and 1.6 mm 
for 100 N, respectively. While there were no sig-
nificant differences between the initial tension con-
ditions, they showed that the variation associated 
with the grafts tensioned to 100 N was the largest 
among three groups (Fig. 27.2). These results sug-
gest that excessively high initial graft tensions may 
be unnecessary for improved ACL outcomes.

27.6  Laxity-Based Initial Graft 
Tension

Alternatively “laxity-based” initial graft tension 
protocols that restore or modulate anterior- 
posterior knee laxity at the time of surgery have 
also been recommended [3, 29, 30]. A “laxity- 
based” initial graft tension technique would pro-
vide benefits because it does not require the use 
of a tension measuring device, only an assess-
ment of anterior-posterior knee laxity during the 
graft fixation procedure [29]. When using a laxity 
matching protocol, the initial graft tension can be 
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adjusted to produce an anterior-posterior knee 
laxity value that is equal to or less than that of the 
contralateral normal knee [30], depending on the 
surgeon’s preference. Laxity could either be 
objectively measured intraoperatively using an 
arthrometer [30] or subjectively using the 
Lachman and drawer test. In a cadaver study, it 
was determined that the laxity-based approach 
better restored normal knee laxity than the force- 
based approach at Time Zero [29]. However, in a 
recent prospective randomized clinical trial, it 
was determined that the setting the anterior- 
posterior knee laxity to be equal to that of the 
contralateral uninjured knee at the time of sur-
gery resulted in equivalent outcomes when com-
pared to over-constraining anterior-posterior 
knee laxity by 2 mm [30]. These data suggest that 
setting the anterior-posterior knee laxity within 
this laxity window at the time of surgery is a rea-
sonable target.

27.7  Laxity-Matched Initial Graft 
Tension

The standard of tension required to determine the 
optimal initial tension is not known. However, a 
review of the literature suggests that a laxity- 
matched pretension (LMP), which is the graft 

tension required to obtain the normal anterior- 
posterior knee laxity in ACL reconstruction, may 
serve as a useful standard. One of the first cadaver 
studies evaluating the LMP was performed by 
Burks and Leland [16]. They measured the LMP 
for several graft materials in single-bundle ACL 
reconstruction and reported that the LMP value 
was 16 N for bone-patellar tendon-bone graft, 
38 N for doubled semitendinosus graft, and 61 N 
for iliotibial band graft. They demonstrated that 
the required tension varied among graft materi-
als. Other cadaver studies supported the general 
finding that graft type is a primary factor that 
must be accounted for when evaluating optimal 
initial graft tension strategies [2, 25, 37]. Surgical 
technique, including tunnel position and the 
number of tunnels, is also an important factor for 
determining the LMP in ACL reconstruction. The 
LMP value was 25 N for the conventional iso-
metric Rosenberg technique with twin femoral 
tunnels and smaller than that using the same tech-
nique with a single femoral tunnel (44 N), while 
the LMP value for anatomic twin-tunnel tech-
nique (7.3 N) was smaller than that for the iso-
metric Rosenberg twin femoral tunnel technique 
(25 N) [45, 46]. Therefore, the optimal graft ini-
tial tension should be determined, based on the 
graft materials and the operative techniques 
assuming no changes occur postoperatively.

Fig. 27.2 Side-to-side 
difference using 
KT-1000 Knee 
Arthrometer 2 years 
after conventional ACL 
reconstruction with 
hamstring tendon graft 
via three different 
amounts of initial graft 
tension. The variation 
associated with the 
grafts tensioned to 
100 N was the largest 
among three groups
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27.8  Optimal Initial Graft Tension

27.8.1  Single-Bundle Reconstruction

The optimal initial graft tension should be slightly 
larger than the LMP to achieve good clinical 
 outcomes, as the graft tension after fixation 
decreases because of stress relaxation or creep of 
the graft- fixation construct. Many cadaver stud-
ies have been performed to determine the optimal 
initial graft tension conditions that best restore 
normal knee joint laxity for single-bundle ACL 
reconstruction of various graft types [2, 4, 8–10, 
15–17, 25, 28, 29, 32, 37, 44, 47, 48, 52, 57, 68, 
70, 72, 78]. In summary, these studies report that 
initial graft tensions should be set anywhere 
between 0 and 60 N when performed between 
full extension and 30° flexion in an effort to best 
match the anterior-posterior laxity measurements 
of the ACL-intact knee.

27.8.2  Double-Bundle 
Reconstruction

A number of in vivo [21, 40, 74] and ex vivo [18, 
33, 44, 63] Time Zero studies have also been per-
formed to evaluate the initial graft tensions 
required to optimize double-bundle ACL recon-
struction. These studies suggested that the ten-
sions in each bundle were lower than that required 
for single-bundle ACL reconstruction. For ana-
tomic double-bundle ACL reconstruction with 
hamstring tendon graft, Mae et al. reported 20 N 
of initial graft tension at 20° of knee flexion 
resulted in satisfactory clinical outcomes includ-
ing KT side-to-side differences and second-look 
arthroscopic findings at 2 years postoperatively, 
while initial graft tensions less than 20 N were 
enough to provide satisfactory outcomes in a 
triple- bundle technique [49, 50, 67]. Markolf 
et al. measured the tension of the normal ACL in 
cadaveric knees, and these data serve as a bench 
mark for cadaver studies of initial graft tension. 
They reported that the ACL tension at 20° was 
nearly 0 N [51]. Thus if the initial graft tension-
ing is performed at 20°, a minimal initial graft 
tension level should be used to restore the tension 

pattern of the native ACL. An additional advan-
tage of a lower initial graft tension magnitude is 
that less stress is imposed on the graft, its fixation 
sites, and the articular cartilage.

27.9  Effect of Graft Fixation

When fixing a hamstring tendon graft to the tibia, 
sutures are typically tied to a fixation post screw 
with manually applied “maximum” tension. 
However, the suture-post method includes some 
indefinite factors: (1) variability between surgeons, 
(2) risk of loosening or breakage of the sutures dur-
ing knot tying, and (3) stress relaxation of the graft-
suture fixation construct after fixation. Double 
staple techniques combined with polyester tape 
and spike washer with a screw for soft tissue grafts 
are also available to control tension with a tensioner 
[53]. However, these fixation techniques still run 
the risk of graft slippage, resulting in a loss of graft 
tension. With interference screw fixation, it is dif-
ficult to control the initial graft tension as the ten-
sion changes substantially during screw insertion. 
The double- spike plate (Meira Co., Nagoya, Japan) 
was developed for secure graft fixation with the 
intended tension (Fig. 27.3). Shino et al. reported 
that the graft tension after fixation with the double- 
spike plate temporarily increased while the base 

Fig. 27.3 Radiographic view of graft fixation with the 
double-spike plate and screw at tibia
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spikes were hammered in place, but the intended 
tension was maintained even 5 min after fixation 
[66]. They showed the high reliability in initial 
fixation using the Double Spike Plate.

In the situation where the graft is tensioned 
with a tensioner, the tension is typically mea-
sured when the graft is manually pulled by the 
surgeon and is not adequately referenced to the 
tibia. While the manual technique is quite simple, 
the graft tension after fixation is likely to be vari-
able because the position of the tibia relative to 
the femur is not controlled and because the ten-
sion measurement is referenced to the surgeon’s 
hand which may not be transferred directly to the 
tibia. In this case, the tension in the graft when it 
is fixed may immediately decrease after fixation 
due to the subsequent posterior and proximal 
translation of tibia. A metal shell boot with ten-
sioners connected to grafts (tensioning boot sys-
tem; Meira Co., Nagoya, Japan) makes it possible 
to tension the grafts relative to the tibia, as the 
boot is fixed to the calf with a bandage (Fig. 27.4). 
It may be expected that the intended tension will 
remain in the graft after fixation using this 
 tensioning boot system assuming no changes 
occur during the healing process.

27.10  Effect of Knee Flexion Angle

The initial graft tension does not change the 
shape of the graft tension versus flexion angle 
curve during passive flexion extension motion, 

but only shifts the entire curve up or down [17, 
28, 52]. Given that the tension in the ACL graft 
after fixation is dependent on the knee flexion 
angle, it becomes clear that the knee flexion angle 
at which the tension is applied is extremely 
important. The tension in the ACL when the knee 
is at full extension is high, drops to a minimum or 
becomes slack at about 20–30°, and then 
increases with further flexion [11, 51]. If a graft is 
tensioned when the knee is at 30° of flexion, the 
entire tension-flexion curve is shifted upward 
increasing the tensions across the entire range of 
motion, particularly high at full extension. This 
effect of flexion angle on graft force in anatomic 
graft position can be larger than that in isometric 
graft position, as the graft length change in the 
former is larger than that in the latter [69]. In a 
cadaver study, Bylski-Austrow et al. demon-
strated that an increase in knee flexion angle from 
0 to 30° when the initial graft tension was applied 
increased the forces in the ligament across the 
entire range of motion [17]. As previously men-
tioned, an excessively large graft tension during 
range of motion may lead to abnormal tibiofemo-
ral positioning, resulting in cartilage degenera-
tion and a graft tear. This finding was verified by 
several other investigators [28, 60] and empha-
sized by Gertel [32]. Therefore, the knee flexion 
angle at which the initial graft tension is applied 
is an important parameter that must be designated 
and/or controlled when performing ACL recon-
struction surgery.

27.11  Limitations of Biomechanical 
Studies

There are several limitations inherent to all Time 
Zero studies that must also be considered [27] 
when developing recommendations for optimal 
tension strategies for either single or double- 
bundle ACL reconstruction procedures. While 
cadaver experiments and Time Zero human exper-
iments permit the use of tightly controlled experi-
mental protocols and accurate data collection, the 
conclusions drawn may be limited in clinical rele-
vance. While these studies provide important 
information of performance at the time of the ACL 

Fig. 27.4 Setting the initial graft tension using the metal 
shell boot (tensioning boot), which utilized two tensioners 
connected to the grafts via double-spike plates
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reconstruction, they do not take into account the 
changes that may occur during graft healing, such 
as tunnel enlargement [35, 43], viscoelastic 
changes [8, 13], graft remodeling [22], histologic 
degeneration and decreased vascularity [76], and 
the long-term consequences of cyclic creep even 
with graft preconditioning [13]. It is important to 
remember that the graft first undergoes a period of 
necrosis, followed by cell infiltration, revascular-
ization, and then remodeling [6]. It is very likely 
that the initial graft tension condition at the time of 
surgery is not maintained. Translational and clini-
cal studies that include the temporal effects of 
healing are paramount to determining the rele-
vance of different initial graft tension strategies. 
While biomechanical and translational studies are 
important to understand the interactions between 
the initial parameters, only through carefully con-
trolled, prospective randomized controlled trials 
will we better understand which initial graft ten-
sion parameters really matter.

27.12  Summary

Based on a review of the biomechanical, transla-
tional, and clinical studies on initial graft tension 
during ACL reconstruction surgery, the optimal 
initial graft tension strategies for different graft 
types remain unknown. It is clear from the animal 
studies that too much initial graft tension may be 
harmful to graft healing and promote cartilage 
degeneration, while too low of an initial graft ten-
sion must lead to the lax knee. However, the clini-
cal studies, while varied, generally suggest that 
applying an initial graft tension slightly higher 
than the tension required to restore the normal 
anterior-posterior knee laxity may be optimal. In 
other words, the ideal initial graft tension might 
be set so that the laxity of reconstructed knee is 
within the window of 0–2 mm of over constraint.

We prefer to fix graft in anatomic ACL recon-
struction with 10–20 N of initial tension using the 
tensioning boot, based on our previous studies of 
laxity-matched pretension [46, 49, 50]. Regarding 
the flexion angle at time of fixation, the graft 
when it is fixed in knee extension sometimes 
becomes slack in flexion because the knee angle 

of “extension” varies from individual to individ-
ual. Thus 20° of flexion is our preference, as the 
tension of normal ACL around 20° is minimal 
and has little variation.

References

 1. Abramowitch SD, Papageorgiou CD, Withrow JD, 
Gilbert TW, Woo SL (2003) The effect of initial graft 
tension on the biomechanical properties of a healing 
ACL replacement graft: a study in goats. J Orthop Res 
21(4):707–715

 2. Amis AA (1989) Anterior cruciate ligament replace-
ment: knee stability and the effects of implants. 
J Bone Joint Surg Br 71(5):819–824

 3. Amis AA, Jakob RP (1998) Anterior cruciate liga-
ment graft positioning, tensioning, and twisting. Knee 
Surg Sports Traumatol Arthrosc 6(Suppl 1):S2–S12

 4. Andersen HN, Jorgensen U (1998) The immediate 
postoperative kinematic state after anterior cruciate 
ligament reconstruction with increasing perioperative 
tension. Knee Surg Sports Traumatol Arthrosc 
6(Suppl 1):S62–S69

 5. Arneja S, McConkey MO, Mulpuri K, Chin P, Gilbart 
MK, Regan WD, Jeith JM (2009) Graft tensioning in 
anterior cruciate ligament reconstruction: a systematic 
review of randomized controlled trials. Arthroscopy 
25(2):200–207

 6. Arnoczky SP, Tarvin GB, Marshall JL (1982) Anterior 
cruciate ligament replacement using patellar tendon. 
An evaluation of graft revascularization in the dog. 
J Bone Joint Surg Am 64(2):217–224

 7. Arnold MP, Verdonschot N, van Kampen A (2005) 
The normal anterior cruciate ligament as a model for 
tensioning strategies in anterior cruciate ligament 
grafts. Am J Sports Med 33(2):277–283

 8. Arnold MP, Lie DT, Verdonschot N, de Graaf R, Amis 
AA, van Kampen A (2005) The remains of anterior 
cruciate ligament graft tension after cyclic knee 
motion. Am J Sports Med 33(4):536–542

 9. Austin JC, Phornphutkul C, Wojtys EM (2007) Loss 
of knee extension after anterior cruciate ligament 
reconstruction: effects of knee position and graft ten-
sioning. J Bone Joint Surg Am 89(7):1565–1574

 10. Brady MF, Bradley MP, Fleming BC, Fadale PD, 
Hulstyn MJ, Banerjee R (2007) Effects of initial graft 
tension on the tibiofemoral compressive forces and 
joint position following ACL reconstruction. Am 
J Sports Med 35(3):395–403

 11. Beynnon BD, Fleming BC (1998) Anterior cruciate 
ligament strain in-vivo: a review of previous work. 
J Biomech 31(6):519–525

 12. Boguszewski DV, Shearn JT, Wagner CT, Butler DL 
(2011) Investigating the effects of anterior tibial trans-
lation on anterior knee force in the porcine model: is 
the porcine knee ACL dependent? J Orthop Res 
29(5):641–646

T. Mae and B.C. Fleming



297

 13. Boguszewski DV, Joshi NB, Wang D, Markolf KL, 
Petrigliano FA, McAllister DR (2015) Effect of 
 different preconditioning protocols on anterior knee 
laxity after ACL reconstruction with four commonly 
used grafts. J Bone Joint Surg Am 97(13): 
1059–1066

 14. Boorman RS, Thornton GM, Shrive NG, Frank CB 
(2002) Ligament grafts become more susceptible to 
creep within days after surgery; evidence for early 
enzymatic degradation of a ligament graft in a rabbit 
model. Acta Orthop Scand 73(5):568–574

 15. Boylan D, Greis PE, West JR, Bachus KN, Burks RT 
(2003) Effects of initial graft tension on knee stability 
after anterior cruciate ligament reconstruction using 
hamstring tendons: a cadaver study. Arthroscopy 
19(7):700–705

 16. Burks RT, Leland R (1988) Determination of graft 
tension before fixation in anterior cruciate ligament 
reconstruction. Arthroscopy 4(4):260–266

 17. Bylski-Austrow DI, Grood ES, Hefzy MS, Holden P, 
Butler DL (1990) Anterior cruciate ligament replace-
ments: a mechanical study of femoral attachment 
location, flexion angle at tensioning, and initial ten-
sion. J Orthop Res 8(4):522–531

 18. Chen CH, Gadikota HR, Gill TJ, Li G (2011) The 
effect of graft fixation sequence on force distribution 
in double-bundle anterior cruciate ligament recon-
struction. Knee Surg Sports Traumatol Arthrosc 19(5): 
712–718

 19. Cummings JF, Grood ES (2002) The progression of 
anterior translation after anterior cruciate ligament 
reconstruction in a caprine model. J Orthop Res 
20(5):1003–1008

 20. Cummings JF, Grood ES, Levy MS, Korvick DL, 
Wyatt R, Noyes FR (2002) The effects of graft width 
and graft laxity on the outcome of caprine anterior 
cruciate ligament reconstruction. J Orthop Res 20(2): 
338–345

 21. Cuomo P, Rama KR, Bull AM, Amis AA (2007) The 
effects of different tensioning strategies on knee laxity 
and graft tension after double-bundle anterior cruciate 
ligament reconstruction. Am J Sports Med 35(12): 
2083–2090

 22. Deehan DJ, Cawston TE (2005) The biology of inte-
gration of the anterior cruciate ligament. J Bone Joint 
Surg Br 87(7):889–895

 23. Dodds JA, Arnoczky SP (1994) Anatomy of the ante-
rior cruciate ligament: a blueprint for repair and 
reconstruction. Arthroscopy 10(2):132–139

 24. Donahue TL, Gregersen C, Hull ML, Howell SM (2001) 
Comparison of viscoelastic, structural, and material 
properties of double-looped anterior cruciate ligament 
grafts made from bovine digital extensor and human 
hamstring tendons. J Biomech Engin 123(2):162–169

 25. Eagar P, Hull ML, Howell SM (2004) How the fixa-
tion technique stiffness and initial tension affect ante-
rior load-displacement of the knee and tension in 
anterior cruciate ligament grafts: a study in cadaveric 
knees using a double-loop hamstrings graft. J Orthop 
Res 22(3):613–624

 26. Elias JJ, Kilambi S, Ciccone WJ 2nd (2009) Tension 
level during preconditioning influences hamstring 
tendon graft properties. Am J Sports Med 37(2): 
334–338

 27. Fleming BC (2014) Time zero. Am J Sports Med 
42(7):1531–1533

 28. Fleming BC, Beynnon BD, Howe JG, McLeod WD, 
Pope MH (1992) Effect of tension and placement of a 
prosthetic anterior cruciate ligament on the anteropos-
terior laxity of the knee. J Orthop Res 10(2):177–186

 29. Fleming BC, Brady MF, Bradley MP, Banerjee R, 
Hulstyn MJ, Fadale PD (2008) Tibiofemoral com-
pression force differences using laxity- and force- 
based initial graft tensioning techniques in the anterior 
cruciate ligament-reconstructed cadaveric knee. 
Arthroscopy 24(9):1052–1060

 30. Fleming BC, Fadale PD, Hulstyn MJ, Shalvoy RM, 
Oksendahl HL, Badger GJ, Tung GA (2013) The 
effect of initial graft tension after anterior cruciate lig-
ament reconstruction: a randomized clinical trial with 
36-month follow-up. Am J Sports Med 41(1):25–34

 31. Fu SC, Cheng WH, Cheuk YC, Mok TY, Rolf CG, 
Yung SH, Chan KM (2013) Effect of graft tensioning 
on mechanical restoration in a rat model of anterior 
cruciate ligament reconstruction using free tendon 
graft. Knee Surg Sports Traumatol Arthrosc 21(5): 
1226–1233

 32. Gertel TH, Lew WD, Lewis JL, Stewart NJ, Hunter 
RE (1993) Effect of anterior cruciate ligament graft 
tensioning direction, magnitude, and flexion angle on 
knee biomechanics. Am J Sports Med 21(4):572–581

 33. Hoshino Y, Kuroda R, Nagamune K, Nishimoto K, 
Yagi M, Mizuno K, Yoshiya S, Kurosaka M (2007) 
The effect of graft tensioning in anatomic 2-bundle 
ACL reconstruction on knee joint kinematics. Knee 
Surg Sports Traumatol Arthrosc 15(5):508–514

 34. Howard ME, Cawley PW, Losse GM, Johnston RB 
3rd (1996) Bone-patellar tendon-bone grafts for ante-
rior cruciate ligament reconstruction: the effects of 
graft pretensioning. Arthroscopy 12(3):287–292

 35. Jagodzinski M, Foerstemann T, Mall G, Krettek C, 
Bosch U, Paessler HH (2005) Analysis if forces of 
ACL reconstructions at the tunnel entrance: is tunnel 
enlargement a biomechanical problem. J Biomech 
38(1):23–31

 36. Jisa KA, Williams BT, Jaglowski JR, Turnbull TL, 
LaPrade RF, Wijdicks CA (2015) Lack of consensus 
regarding pretensioning and preconditioning protocols 
for soft tissue graft reconstruction of the anterior cruci-
ate ligament. Knee Surg Sports Traumatol Arthrosc (in 
press) 2015 Feb 26. [Epub ahead of print]

 37. Karchin A, Hull ML, Howell SM (2004) Initial ten-
sion and anterior load-displacement behavior of high- 
stiffness anterior cruciate ligament graft constructs. 
J Bone Joint Surg Am 86(8):1675–1683

 38. Katsuragi R, Yasuda K, Tsujino J, Keira M, Kaneda K 
(2000) The effect of nonphysiologically high initial 
tension on the mechanical properties of in situ frozen 
anterior cruciate ligament in a canine model. Am 
J Sports Med 28(1):47–56

27 ACL Graft Tensioning



298

 39. Kim SG, Kurosawa H, Sakuraba K, Ikeda H, 
Takazawa S (2006) The effect of initial graft tension 
on posteoperative clinical outcome in anterior cruci-
ate ligament reconstruction with semiteninosus ten-
don. Arch Orthop Trauma Surg 126(4):260–264

 40. Koga H, Muneta T, Yagishita K, Watanabe T, 
Mochizuki T, Horie M, Nakamura T, Otabe K, Sekiya 
I (2015) Effect of initial graft tension on knee stability 
and graft tension pattern in double-bundle anterior 
cruciate ligament reconstruction. Arthroscopy. 
doi:10.1016/j.arthro.2015.03.012

 41. Labs K, Perka C, Scheneider F (2002) The biological 
and biomechanical effect of different graft tensioning 
in anterior cruciate ligament reconstruction: an exper-
imental study. Arch Orthop Trauma Surg 122(4): 
193–199

 42. Li G, Moses JM, Papannagari R, Pathare NP, Defrate 
LE, Gill TJ (2006) Anterior cruciate ligament defi-
ciency alters the in vivo motion of the tibiofemoral 
cartilage contact points in both the anteroposterior 
and mediolateral directions. J Bone Joint Surg Am 
88(8):1826–1834

 43. L’Insalata JC, Klatt B, Fu FH, Harner CD (1997) 
Tunnel expansion following anterior cruciate liga-
ment reconstruction: a comparison of hamstrings and 
patellar tendon grafts. Knee Surg Sports Traumatol 
Arthrosc 5(4):234–238

 44. Luites JW, Wymenga AB, Blankevoort L, Kooloos 
JM, Verdonschot N (2012) Computer-assisted ana-
tomically placed double-bundle ACL reconstruction: 
an in vitro experiment with different tension angles 
for the AM and the PL graft. Med Eng Phys 34(8): 
1031–1036

 45. Mae T, Shino K, Miyama T, Shinjo H, Ochi T, 
Yoshikawa H, Fujie H (2001) Single- versus two- 
femoral socket anterior cruciate ligament reconstruc-
tion technique: biomechanics analysis using a robotic 
simulator. Arthroscopy 17(7):708–716

 46. Mae T, Shino K, Matsumoto N, Hamada M, Yoneda M, 
Nakata K (2007) Anatomical two-bundle versus 
Rosenberg’s isometric bi-socket ACL reconstruction: a 
biomechanical comparison in laxity match pretension. 
Knee Surg Sports Traumatol Arthrosc 15(4):328–334

 47. Mae T, Shino K, Nakata K, Toritsuka Y, Otsubo H, 
Fujie H (2008) Optimization of graft fixation at the 
time of anterior cruciate ligament reconstruction. Part 
I: effect of initial tension. Am J Sports Med 36(6): 
1087–1093

 48. Mae T, Shino K, Nakata K, Toritsuka Y, Otsubo H, 
Fujie H (2008) Optimization of graft fixation at the 
time of anterior cruciate ligament reconstruction. Part 
II: effect of knee flexion angle. Am J Sports Med 
36(6):1094–1100

 49. Mae T, Shino K, Matsumoto N, Natsu-ume T, Yoneda 
K, Yoshikawa H, Yoneda M (2010) Anatomic double- 
bundle anterior cruciate ligament reconstruction using 
hamstring tendons with minimally-required initial 
tension. Arthroscopy 26(10):1289–1295

 50. Mae T, Shino K, Matsumoto N, Yoneda K, Yoshikawa 
H, Nakata K (2013) Immediately postoperative ante-

rior knee stability: double- versus triple-bundle ante-
rior cruciate ligament reconstructions. Arthroscopy 
29(2):213–219

 51. Markolf KL, Gorek JF, Kabo M, Shapiro MS (1990) 
Direct measurement of resultant forces in the anterior 
cruciate ligament. An in vitro study performed with a 
new experimental technique. J Bone Joint Surg Am 
72(4):557–567

 52. Markolf KL, Hame S, Hunter DM, Oakes DA, Zoric B, 
Gause G, Finerman GA (2002) Effects of femoral tun-
nel placement on knee laxity and forces in an anterior 
cruciate ligament graft. J Orthop Res 20(5):1016–1024

 53. Magen HE, Howell SM, Hull ML (1999) Structural 
properties of six tibial fixation methods for anterior 
cruciate ligament soft tissue grafts. Am J Sports Med 
27(1):35–43

 54. Melby A III, Noble JS, Askew MJ, Boom AA, Hurst 
FW (1991) The effects of graft tensioning on the lax-
ity and kinematics of the anterior cruciate ligament 
reconstructed knee. Arthroscopy 7(3):257–266

 55. Nabors ED, Richmond JC, Vannah WM, McConville 
OR (1995) Anterior cruciate ligament graft tensioning 
in full extension. Am J Sports Med 23(4):488–492

 56. Nicolas SJ, D’Amato MJ, Mullaney MJ, Tyler TF, 
Kolstad K, McHugh MP (2004) A prospectively ran-
domized double-bundle study on the effect of initial graft 
tension on knee stability afer anterior cruciate ligament 
reconstruction. Am J Sports Med 32(8):1881–1886

 57. Numazaki H, Tohyama H, Nakano H, Kikuchi S, 
Yasuda K (2002) The effect of initial graft tension in 
anterior cruciate ligament reconstruction on the 
mechanical behaviors of the femur-graft-tibia com-
plex during cyclic loading. Am J Sports Med 30(6): 
800–805

 58. Nurmi JT, Kannus P, Sievanen H, Jarvela T, Jarvinen 
M, Jarvinen TL (2004) Interference screw fixation of 
soft tissue grafts in anterior cruciate ligament recon-
struction: part 2: effect of preconditioning on graft 
tension during and after screw insertion. Am J Sports 
Med 32(2):418–424

 59. O’Donoghue DH, Rockwood CCA Jr, Frank GR, Jack 
SC, Kenyon R (1966) Repair of the anterior cruciate 
ligament in dogs. J Bone Joint Surg Am 48(3):503–519

 60. Pena E, Martinez MA, Calvo B, Palanca D, Doblare 
M (2005) A finite element simulation of the effect of 
graft stiffness and graft tensioning in ACL reconstruc-
tion. Clin Biomech (Bristol, Avon) 20(6):636–644

 61. Pilia M, Murray M, Guda T, Heckman M, Appleford 
M (2015) Pretensioning of soft tissue grafts in ante-
rior cruciate ligament reconstruction. Orthopedics 
38(7):e582–e587

 62. Proffen BL, McElfresh M, Fleming BC, Murray MM 
(2012) A comparative anatomical study of the human 
knee and six animal species. Knee 19(4):493–499

 63. Sasaki Y, Chang SS, Fujii M, Araki D, Zhu J, Marshall 
B, Linde-Rosen M, Smolinski P, Fu FH (2015) Effect 
of fixation angle and graft tension in double-bundle 
anterior cruciate ligament reconstruction on knee bio-
mechanics. Knee Surg Sports Traumatol Arthrosc 
16:28

T. Mae and B.C. Fleming

http://dx.doi.org/10.1016/j.arthro.2015.03.012


299

 64. Scanlan SF, Lai J, Donahue JP, Andriacchi TP (2012) 
Variations in the three-dimensional location and ori-
entation of the ACL in healthy subjects relative to 
patients after transtibial ACL reconstruction. J Orthop 
Res 30(6):910–918

 65. Scanlan SF, Favre J, Andriacchi TP (2013) The rela-
tionship between peak knee extension at heel-strike of 
walking and the location of thickest femoral cartilage 
in ACL reconstructed and healthy contralateral knees. 
J Biomech 46(5):849–854

 66. Shino K, Mae T, Maeda A, Miyama T, Shinjo H, 
Kawakami H (2002) Graft fixation with predeter-
mined tension using a new device, the double spike 
plate. Arthroscopy 18(8):908–911

 67. Shino K, Nakata K, Nakamura N, Mae T, Otsubo H, 
Iwahashi T, Nakagawa S (2005) Anatomic anterior 
cruciate ligament reconstruction using two double- 
looped hamstring tendon grafts via twin femoral and 
triple tibial tunnels. Oper Tech Orthop Surg 15: 
130–134

 68. Simmons R, Howell SM, Hull ML (2003) Effect of 
the angle of the femoral and tibial tunnels in the coro-
nal plane and incremental excision of the posterior 
cruciate ligament on tension of an anterior cruciate 
ligament graft: an in vitro study. J Bone Joint Surg Am 
85(6):1018–1029

 69. Take Y, Mae T, Nakata K, Nakagawa S, Tachibana Y, 
Shino K (2015) Excursion of bone-patellar tendon- 
bone grafts during the flexion-extension movement in 
anterior cruciate ligament reconstruction. Comparison 
between isometric and anatomic reconstruction tech-
niques. Asia Pacific J Sports Med Arthosc Rehabil 
Technol 2(3):85–89

 70. Thompson DM, Hull ML, Howell SM (2006) Does a 
tensioning device pinned to the tibia improve knee 
anterior-posterior load-displacement compared to man-
ual tensioning of the graft following anterior cruciate 
ligament reconstruction? A cadaveric study of two tib-
ial fixation devices. J Orthop Res 24(9):1832–1841

 71. van Kampen A, Wymenga AB, van der Heide HJ, 
Bakens HJ (1998) The effect of different graft ten-
sioning in anterior cruciate ligament reconstruction: 
a prospective randomized study. Arthroscopy 
14(8):845–850

 72. Yagi M, Wong EK, Kanamori A, Debski RE, Fu FH, 
Woo SL (2002) Biomechanical analysis of an ana-
tomic anterior cruciate ligament reconstruction. Am 
J Sports Med 30(5):660–666

 73. Yasuda K, Tsujino J, Tanabe Y, Kaneda K (1997) 
Effects of initial graft tension on clinical outcome after 
anterior cruciate ligament reconstruction. Autogenous 
doubled hamstring tendons connected in series with 
polyester tapes. Am J Sports Med 25(1):99–106

 74. Yasuda K, Ichiyama H, Kondo E, Miyatake S, Inoue 
M, Tanabe Y (2008) An in vivo biomechanical study 
on the tension-versus-knee flexion angle curves of 2 
grafts in anatomic double-bundle anterior cruciate 
ligament reconstruction: effects of initial tension and 
internal tibial rotation. Arthroscopy 24(3):276–284

 75. Yoshihara Y, Yoshiya S, Kurosaka M, Yamamoto T, 
Kuroada R, Muratsu H (2005) The load of an 
implanted graft during and after fixation in anterior 
cruciate ligament reconstruction. Knee Surg Sports 
Traumatol Arthrosc 13(2):101–106

 76. Yoshiya S, Andrish JT, Manley MT, Bauer TW (1987) 
Graft tension in anterior cruciate ligament reconstruc-
tion. An in vivo study in dogs. Am J Sports Med 
15(5):464–470

 77. Yoshiya S, Kurosaka M, Ouchi K, Kuroda R, Mizuno 
K (2002) Graft tension and knee stability after ante-
rior cruciate ligament reconstruction. Clin Orthop 
Relat Res 394:154–160

 78. Zavras TD, Race A, Amis AA (2005) The effect of 
femoral attachment location on anterior cruciate liga-
ment reconstruction: graft tension patterns and restora-
tion of normal anterior-posterior laxity patterns. Knee 
Surg Sports Traumatol Arthroscopy 13(2):92–100

27 ACL Graft Tensioning



301© ISAKOS 2017 
N. Nakamura et al. (eds.), Controversies in the Technical Aspects of ACL Reconstruction, 
DOI 10.1007/978-3-662-52742-9_28

Diagnosis of Partial ACL Rupture

Mitsuo Ochi, David Dejour, Atsuo Nakamae, 
and Panagiotis G. Ntagiopoulos

28.1  Clinical Examination

Proper clinical examination is very important in 
the early identification of partial ACL tears. Two 
main clinical tests help the surgeon to determine 
if the patient has a complete or partial ACL 
rupture.

The clinical exam must be evaluated in the 
setting of the MRI, laximetry, and radiographic 
findings. It is a compilation of all of the informa-
tion which will lead to a precise diagnosis of a 
partial tear functional or not functional and then 
help in the final surgical decision.

28.1.1  The Lachman Test

The traditional Lachman test in 20–30° of knee 
flexion provides valuable information regarding 
the integrity of the ACL. Three major points must 
be emphasized for the evaluation of this test: (a) 
the amount of anterior tibial translation is calcu-
lated and is considered abnormal when it is over 
10 mm. In cases of partial ACL tears, this transla-
tion can be less and may not be observed by an 
inexperienced surgeon. A firm, repetitive, and 
cautious application of the Lachman test is 
advised. (b) The presence of a firm endpoint is 
crucial to be noted. A solid ACL prevents tibia 
from excessive anterior translation but also 
results in an abrupt endpoint, which may also be 
felt by the patient. A complete tear will result in 
excessive anterior translation that also ends more 
smoothly, while a partial tear will also lack of this 
abrupt feeling of a stop. (c) Very important is also 
to perform the Lachman test on the contralateral 
knee. The comparison of the injured with the 
healthy knee provides very useful information 
about the pre-injury status of the ACL and the 
patient’s native anterior tibial translation, the lat-
ter of which is variable among individuals. In the 
case of an injured or previously operated contra-
lateral knee, this test has reduced value, and cau-
tion is advised in the interpretation of the results.

It is very important to note that both clinical 
tests, Lachman and pivot-shift, may have falsely 
negative results in the case where a concomitant 
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bucket-handle meniscus injury prevents exces-
sive anterior or rotatory tibial translation. Imaging 
findings of such injury (MRI) help the surgeon to 
be aware of these cases.

The use of Lachman test with stress x-rays 
and rolimeter for the diagnosis of partial versus 
complete ACL tears has been recently published 
by Panisset et al. (a comparison of Telos™ stress 
radiography versus Rolimeter™ in the diagnosis 
of different patterns of anterior cruciate ligament 
tears), where the authors showed that partial ACL 
tears have positive Lachman test and side-to-side 
difference of anterior tibial translation of less 
than 5 mm, in comparison to complete ACL tears 
where grossly positive Lachman test was 
recorded, with no firm endpoint and difference 
greater than 5 mm.

28.1.2  The Pivot-Shift Test

The pivot-shift test (PST) is pathognomonic for 
ACL tear. When positive, it demonstrates that the 
ACL is nonfunctional [1]. The PST seems to be 
the most reliable testing maneuver in the identifi-
cation of posterolateral bundle tears according to 
Petersen and Zantop [2]. This is supported by 
other authors who recorded increased positive 
PST results in cases of posterolateral bundle rup-
tures, while the anterior drawer test and the 
Lachman test may remain negative [3]. On the 
contrary, there is limited data that the less fre-
quent anteromedial bundle tears result in greater 
laxity in Lachman test and minor laxity or even 
negative results in PST [4]. But Petersen indi-
cated that a clinical study validating the PST and 
the LT in cases of isolated PL and AM bundle 
ruptures has not been performed [2].

More recently, Dejour et al. performed a study 
comparing PST results in complete versus differ-
ent types of partial ACL tears [5]. They showed 
that laxity in the PST (+2 and +3) was the most 
consistent clinical finding in identifying com-
plete ACL tears (86.4 %) vs. partial tears (23.6 %, 
p < 0.0001), yet it was not useful to distinguish 
between the different types of partial ACL tear 
(30.3 % in PL-intact and 19 % in AM-intact tears, 
p: NS). Lachman test was of similar diagnostic 

value and it recorded severe laxity (+2) in 99 % of 
complete tears vs. 32.6 % (p < 0.001) in all types 
of partial ACL tears. The different subgroups of 
partial ACL tears showed 2+ Lachman laxity in 
33.3 % of AM tears vs. 25.7 % of PL tears 
(p < 0.01 when compared to LT +1).

28.2  MRI

The use of MRI in the diagnosis of partial ACL 
tears has been focused on finding specific imag-
ing patterns according to the type of rupture [6]. 
In a recent study by Van Dyck et al., the authors 
did a retrospective study in the MRI images of 51 
patients with arthroscopic confirmation of partial 
ACL tear. They concluded that MRI has a low 
level of accuracy in the identification of such 
injuries, mainly because of the significant over-
lap of the imaging findings between partial tears 
and complete tears and mucoid degeneration of 
ACL and the presence of the initial posttraumatic 
hematoma [7]. Whenever a partial ACL tear was 
diagnosed, identification of which bundle was 
torn was not possible. In a recent study by Dejour, 
300 cases of partial and complete ACL tears 
where included [5]. MRI findings showed signifi-
cant overlap among the different injury types; 
they were mostly classified as the “absence or 
severe distortion of ACL fibers” for all types of 
ACL tears, with nonsignificant difference 
between complete (96 %) and all types of partial 
tears combined (73 %, p: NS). In the cases of par-
tial tears, it was generally not possible to locate 
tears in the AM or PL bundle of the ligament, and 
there was no correlation between the preopera-
tive MRI findings and the arthroscopic type of 
ACL tear. The only significant pattern was 
recorded between the diagnoses of “absence or 
severe distortion of ACL fibers” with complete 
ACL tears (96 %, p < 0.0001).

28.3  Instrumented Laxity

The preoperative diagnosis or the suspicion of 
partial ACL tear based on the preoperative clini-
cal tests, laxity measurements, and MRI findings 
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is important because even under arthroscopy, it is 
not always easy to decide whether the remaining 
bundle represents a partial ACL rupture or a par-
tial synovial healing after complete ACL rupture. 
In addition, as stated by Dejour et al. [5], the pre-
operative diagnosis or the suspicion of partial 
ACL tear could affect the type of treatment (con-
servative or surgical), the steps of the surgery 
(choice of graft, diagnostic arthroscopy before 
graft harvesting), and the surgical technique 
(standard ACL reconstruction or ACL augmenta-
tion). In standard single- or double-bundle ACL 
reconstruction, the ACL remnant is generally 
completely debrided in order to enable clear 
visualization for making the bone tunnels. 
However, several surgeons reported advantages 
of ACL augmentation (remnant-preserving ACL 
reconstruction) from the point of view of knee 
stability, proprioception of the knee, MRI find-
ings, bone tunnel widening, or better synovial 
coverage of the graft [8–16].

Objective quantification of anterior tibial 
translation is a decisional aid for surgeons in 
identifying a partial or complete ACL tear 
because clinical examination is examiner depen-
dent. Quantitative measurement of knee laxity 
after ACL injury has been performed clinically 
with several types of laximetry devices.

28.3.1  Laximetry Device

Several arthrometers are available for measure-
ment of anterior tibial translation. The KT-1000™ 
(MEDmetric®, San Diego, California, USA), 
developed by Daniel et al. [17, 18], is the first and 
the most widely used knee ligament testing sys-
tem because it is an easy-to-use device and has 
been a reference instrument in the many pub-
lished scientific papers. The KT-1000 has allowed 
orthopedic surgeons to document the extent of 
knee injury by measuring in mm of the degree of 
side-to-side differences between normal and 
injured knees. The KT-2000 uses the same com-
ponents as the KT-1000 with added feature of 
graphic documentation. The Rolimeter™ 
(Aircast, Summit, USA) is as reliable as the 
KT-1000™ and simple. The radiological Telos™ 

stress device (Metax, Hungen, Germany) is 
widely used in Europe. The GNRB® system 
(Genourob, Laval, France) has been recently 
developed in an attempt to improve intra- and 
inter-examiner reproducibility. The Kneelax 
(Monitored Rehab Systems, Netherlands) is sim-
ilar in size and shape to the KT-1000 but updates 
the recording procedure by the use of user- 
friendly computerized software. Reproducibility 
of the laximetry devices depends on the examin-
er’s experience, the type of laximetry device, the 
ability of the patient to relax, and the quality of 
patient’s positioning.

Using 300 consecutive ACL-deficient patients 
with isolated ACL tears, Dejour et al. tested the 
hypothesis that complete and partial ACL tears 
demonstrate different patterns in clinical testing 
combined with instrumented laxity tests [5]. All 
patients were tested clinically with the Lachman 
test and the pivot-shift test. In addition, preopera-
tive objective evaluation included bilateral stress 
radiography with the Telos™ stress device using 
15 kg. In their study, instrumented laxity results 
showed a significant difference in side-to-side 
difference of anterior tibial translation in com-
plete tears (9.1 ± 3.4 mm) versus partial tears 
(5.2 ± 2.9 mm). Partial ACL tears with functional 
remaining fibers had pivot-shift grades of 0 or +1 
and less than a 4 mm side-to-side difference in 
stress radiographs.

Lefevre et al. [19] and Robert et al. [20] used 
GNRB® arthrometer to evaluate the partial ACL 
injury. Lefevre et al. compared the results of the 
GNRB® arthrometer to those of Telos™ in the 
diagnosis of partial ACL injury in 139 patients 
[19]. ACL surgery was performed in 109 patients, 
97 ACL reconstruction for complete ACL injury 
and 12 single-bundle ACL augmentation for par-
tial ACL injury. Conservative treatment was indi-
cated in 30 patients with partial ACL injury. 
Conservative treatment was proposed for cases of 
partial ACL tear without pain or instability 
according to the patient, an ACL which appeared 
to have healed on MRI, and laxity of less than 
5 mm with the Telos™ device and/or less than 
3 mm with GNRB®. They showed that the side- 
to- side anterior instrumented laxity of full and 
partial thickness tears were significantly different 

28 Diagnosis of Partial ACL Rupture



304

with the two tests. The differential laxity thresh-
old for partial ACL tear with GNRB® at 250 N 
was 2.5 mm with a sensitivity of 84 % and a spec-
ificity of 81 % and with the Telos™ device at 
250 N was 3.6 mm with a sensitivity of 81.5 % 
and a specificity of 59.5 %.

Nakamae and Ochi et al. investigated the rela-
tionship between morphological pattern of ACL 
remnant and anterior knee laxity using the 
KT-2000 arthrometer [21]. In their study, instru-
mented laxity results showed a significant differ-
ence in side-to-side difference of anterior tibial 
translation in complete tears (6.5 mm) versus 
partial tears (3.2 mm). They concluded that par-
tial rupture of the ACL should be suspected when 
the side-to-side difference in the anterior dis-
placement of the tibia was less than 5 mm and a 
delayed firm endpoint was noted. They also 
described that the decision of whether the remain-
ing bundle represents partial rupture or complete 
rupture of the ACL was made on the basis of 
physical, MRI, and arthroscopic findings in a 
comprehensive manner.

Sonnery-Cottet et al. showed that preoperative 
side-to-side anterior instrumented laxity was less 
than 6 mm in all patients in partial ACL rupture 
group compared with 60 % in complete ACL rup-
ture group [22]. The preoperative differential 
instrumented laxity was measured in all patients 
with the Rolimeter arthrometer. On average, pre-
operative side-to-side difference of knee laxity 
was 7.5 mm in complete ACL rupture group and 
4.8 mm in partial ACL rupture group. They con-
cluded that partial rupture of the ACL should be 
suspected when the differential instrumented lax-
ity is equal to or less than 6 mm with a typical 
delayed firm anterior endpoint during the 
Lachman test.

In summary, several clinical reports on preop-
erative evaluation of ACL injury have shown the 
different instrumented laxity measurements 
between arthroscopically confirmed complete 
and partial ACL tears. Objective quantification of 
anterior tibial translation is a decisional aid for 
surgeons in identifying a partial or complete ACL 
tear. The knees with complete ACL tear seem to 
have higher anterior tibial translation and also 
have greater laxity with the Lachman and pivot- 

shift tests when compared with the knees with 
partial ACL tears. When preoperative side-to- 
side difference of anterior knee laxity is relatively 
small (less than 3–6 mm), arthroscopy may dem-
onstrate a thick and abundant ACL remnant, 
maintaining a bridge between the tibia and the 
intercondylar notch.

28.3.2  Navigation System

A computer navigation system for ACL recon-
struction is not used only to improve the accu-
racy of the ACL reconstruction procedure but 
also to enable researchers to collect objective 
and quantitative data of biomechanical function 
of the knee. Intraoperative arthrometry with a 
navigation system before and immediately after 
resection of the ACL remnant in cases of partial 
ACL rupture is an ideal approach to evaluate the 
biomechanical function of the ACL remnant. 
This procedure can directly measure the func-
tion of the preserved bundle after ACL injury. 
With a navigation system, Nakamae and Ochi 
et al. evaluated the biomechanical function of 
ACL remnants in anteroposterior and rotational 
knee stability in patients with ACL injury [21]. 
In the study, they found that ACL remnants con-
tributed to anteroposterior knee stability evalu-
ated at 30° knee flexion for up to 1 year after 
injury, beyond which this biomechanical func-
tion was lost. The authors also found that ACL 
remnant had no contribution to rotational knee 
stability at any stage after injury. However, they 
evaluated biomechanical function of the ACL 
remnant only in patients with a complete ACL 
rupture (the femoral attachment of the ACL 
remnant was positioned abnormally). They 
could not evaluate the function of the ACL rem-
nant in patients with a partial ACL rupture 
because in such cases, they performed an ACL 
augmentation procedure that preserves the rem-
nant. Another limitation of the study was that 
they did not compare the stability of injured and 
uninjured knees, because the use of 2.4 mm 
K-wires to fasten transmitters to the femur and 
tibia of the uninjured leg was deemed to be 
overly invasive.
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Maeda et al. also evaluated the biomechanical 
function of ACL remnants using a navigation sys-
tem [23]. They concluded that although ACL rem-
nants bridging the lateral wall of the intercondylar 
notch to the tibia significantly decreased anterior 
knee laxity in knee extension, the knee stability 
provided by the ACL remnants was not adequate. 
However, in their study, there was no category of 
partial ACL tear in their classification. Nakase 
et al. also evaluated knee laxity in anterior tibial 
translation and rotation following removal of ACL 
remnants using a computer navigation system 
[24]. They reported that ACL remnants contrib-
uted to anteroposterior and rotatory knee laxity 
evaluated at 30° knee flexion and concluded that 
their type 3 remnant (remnant bridging between 
the anatomical insertions of the ACL on the lateral 
wall of the femoral condyle and the tibia) should 
be preserved as much as possible when ACL 
reconstruction surgery is performed. Although 
there was no category of partial ACL tear in their 
classification, they described that the patients with 
a partial tear of the ACL may have been included 
in type 3 and may have influenced the results.

28.3.3  Electromagnetic 
Measurement System

Arthrometers have been used in order to evaluate 
almost mainly anteroposterior translation and not 
dynamic rotation as is seen in the pivot-shift test. 
Although the computer navigation system can 
evaluate anterior knee laxity and tibial rotation, it 
cannot be utilized in the outpatient clinic because 
K-wires must be inserted into the tibia and femur 
in order to fasten transmitters to the bones. Based 
on the background, noninvasive measurement 
systems have been developed. Recently, a three- 
dimensional electromagnetic measurement sys-
tem (EMS) has been used to quantitatively 
evaluate knee laxity during the Lachman test and 
the pivot-shift test [25–27].

Araki et al. investigated the biomechanical 
function of ACL remnants in ACL-deficient 
knees with both partial and complete tears using 
an EMS [28]. They evaluated 20 knees of partial 
ACL injury, 20 knees of complete ACL injury, 

and 40 intact knees. In order to measure the bio-
mechanical function of the knee, the side-to-side 
difference of anteroposterior tibial translation 
during the Lachman test and the acceleration dur-
ing the pivot-shift test were calculated using the 
EMS. According to quantitative assessment using 
the EMS, mean side-to-side differences during 
the Lachman test were 3.1 ± 2.1 mm in the partial 
ACL rupture group and 7.2 ± 3.2 mm in the com-
plete ACL rupture group. In the quantitative mea-
surements of pivot-shift test, the mean 
acceleration of the sudden reduction of the tibia 
in the knees with the intact contralateral ACL was 
–632.7 ± 254.5 mm/s2, whereas it was 
−1107.5 ± 398.9 mm/s2 in partial rupture group 
and −1652.2 ± 754.9 mm/s2 in complete rupture 
group. Significant differences were detected 
between the three groups. In KT-1000 measure-
ments, the mean side-to-side differences of ante-
rior tibial translation were 3.8 ± 2.4 mm in the 
partial rupture group and 5.4 ± 2.3 mm in the 
complete rupture group. These investigators con-
cluded that the quantitative assessments of knees 
with partial ACL injuries during the Lachman 
test and the pivot-shift test using the EMS showed 
less laxity than did knees with complete ACL 
injuries, whereas the knee laxity with partial ACL 
injuries was greater than the contralateral knees 
with intact ACLs. With respect to the function of 
the ACL remnant and the diagnosis of partial 
ACL injury, several remaining questions may be 
answered in the future with the use of EMS.

28.4  Arthroscopy

There are different diagnostic tools available in 
identifying a partial or complete ACL. However, 
exact injury pattern of anteromedial (AM) or pos-
terolateral (PL) bundle tear can only be deter-
mined arthroscopically.

28.4.1  Evaluation by Arthroscopy

 1. Arthroscopic intra-articular inspections is per-
formed through the standard anteromedial 
portal or anterolateral portal. A thorough 
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arthroscopic probing is needed to precisely 
assess the ACL remnant patterns. Careful 
probing on the femoral side is important 
because most ACL ruptures occur in the prox-
imal half of the ACL. An isolated PL bundle 
tear can easily be missed when viewing with 
standard arthroscopic visualization [2, 29, 
30]. In this position, the PL bundle can only 
be seen by retraction of the AM bundle with a 
probe. In order to evaluate ACL remnant pre-
cisely, arthroscopic examination should be 
performed not only with standard arthroscopic 
visualization (90° of knee flexion) but also in 
a figure-of-4 position and also at various knee 
flexion angles [2, 4, 22, 30]. When the knee is 
placed in the figure-of-4 position, the PL bun-
dle can be easily recognized [30, 31]. Evidence 
of bleeding and discontinuity are signs of rup-
ture [2].

In patients with ACL injury, arthroscopic 
examination occasionally demonstrates a rela-
tively thick and abundant ACL remnant main-
taining a bridge between the tibia and either the 
intercondylar notch or posterior cruciate liga-
ment (PCL). Even when the substantial remnant 
maintains a bridge between the intercondylar 
notch and the tibia, the femoral attachment of 
the ACL remnant is often positioned abnor-
mally. These cases can represent a functionally 
complete ACL tear. However, sometimes there 
may be a preserved AM or PL bundle including 
an attachment of the anatomical femoral origin. 
Although these cases probably represent a par-
tial rupture of the ACL, there is still controversy 
regarding the occurrence or definition of a par-
tial rupture among arthroscopic surgeons. 
Partial rupture of the ACL has been recognized 
for many years [32, 33]. Noyes et al. [33] inves-
tigated 32 patients of partial ACL tear. Their 
definition of partial ACL tear was based on the 
percentage of ACL fibers torn. They excluded 
ACL tears involving more than 75 % of the liga-
ment. In their study, 50 % of the patients with 
one-half of ligament fibers torn progressed to 
complete ACL tear, and 86 % of the patients 
with three-fourths of ligament fibers torn pro-
gressed to complete ACL tear. Lefevre et al. 

[19] reported that the ACL tear was defined as 
partial in case of a tear of one of the bundles on 
visual inspection and a remaining ligament 
which was still taut. We suspect partial ACL tear 
when the AM or PL bundle is preserved between 
the tibia and the anatomical femoral insertion of 
the ACL [11, 34].

A partial rupture of the ACL is observed in 
10–28 % of isolated ACL lesions [6, 8, 21, 22, 
29]. Colombet and Dejour et al. [6] reported that 
27 % of their ACL injury cases showed partial 
rupture of the ACL. Zantop et al. [29] found a 
complete rupture of both the AM and PL bundles 
in 75 % of patients and a partial rupture of either 
the AM or PL bundle in 25 %. They not only 
examined the arthroscopic view of the injury pat-
tern but also tested the functionality of the 
remaining ligament fibers. Sonnery-Cottet et al. 
reported that there were 21.2 % partial tears of 
the ACL, with 8.6 % being tears of the PL bundle 
and 12.6 % being tears of the AM bundle [22]. In 
our previous studies, the frequency of partial 
ACL tear was 10 % during the study period 
between 2002 and 2005 [8] and 20 % between 
2006 and 2008[21]. After partial ACL tear, the 
ruptured bundle seems to retract toward the tibia 
over time [22, 35]. Sonnery-Cottet et al. [22] 
showed that individual PL bundle tears of the 
ACL retract with time. This retraction of the rup-
tured bundle appears to be a normal biologic 
reaction after ACL injury [36].

28.4.2  Classification of the ACL 
Remnant

A number of studies have classified the ACL 
remnant. Most of the studies concluded that the 
ACL remnant can contribute to biomechanical 
stability of the knee [5, 6, 21, 22, 24, 37]. Crain 
et al. [37] investigated a relationship between 
morphological pattern of ACL remnant and ante-
rior laxity in 48 patients. The ACL remnants 
were divided into four categories according to 
ACL remnant morphology: ACL remnant scar-
ring to the PCL (Group 1, 38 % of patients), ACL 
remnant scarring to the roof of the notch (Group 
2, 8 %), ACL remnant scarring to the lateral wall 
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of the notch in a position anterior and distal to 
the anatomic footprint of the ACL (Group 3, 
12 %), and no identifiable ligament tissue 
remaining (Group 4, 42 %). The greatest increase 
in anterior laxity following resection of the rem-
nant was observed in Group 3 (4.3 mm). It was 
also found that changes in anterior laxity were 
not related to time from injury to surgery. 
However, in their prospective study, there were 
no cases of partial ACL rupture in their 48 con-
secutive patients. It is possible they included 
patients with partial rupture of the AM or PL 
bundle in Group 2 or Group 3. Sonnery-Cottet 
et al. also commented that stump scarring to the 
lateral notch (Group 3, 12 % of the patients in the 
study be Crain et al.) may have been isolated 
bundle tears [22].

We also investigated morphological pattern of 
ACL remnant and knee laxity in 100 patients 
[21] (Fig. 28.1). This classification included par-
tial rupture of the ACL. The ACL remnants were 
classified into five morphological patterns (Type 
1, ACL remnant bridging the PCL and tibia; 
Type 2, ACL remnant bridging between the 
intercondylar notch and tibia; Type 3, partial 
rupture of the posterolateral bundle; Type 4, par-
tial rupture of the anteromedial bundle; Type 5, 
no substantial ACL remnants). The percentage 
of patients in each ACL remnant pattern group 
was 18 %, 12 %, 14 %, 6 %, and 50 % for Groups 
1, 2, 3, 4, and 5, respectively. The mean values of 
side-to-side difference in the KT-2000 arthrom-
eter test were 6.1 mm, 5.7 mm, 3.3 mm, 3.0 mm, 
and 6.8 mm for Groups 1, 2, 3, 4, and 5, respec-
tively. There was a statistically significant differ-
ence between partial rupture groups (Groups 3 
and 4) and complete rupture groups (Groups 1, 
2, and 5).

Colombet and Dejour et al. performed 
arthroscopic evaluation of the ACL rupture (a 
continuous series of 418 patients) [6]. They also 
included partial ACL tear in their classification. 
The ACL remnants were divided into four cate-
gories: totally disappeared ACL (50 %), postero-
lateral bundle conservation (16 %), healing on 
PCL (23 %), and anteromedial bundle conserva-
tion (11 %). In addition to the above classifica-
tion, Dejour et al. subdivided the groups of partial 

ACL injury [5]. In the case of a partial ACL 
injury, further dynamic evaluation of the mechan-
ical integrity of the remaining bundle was per-
formed by palpation with a probe. The remaining 
bundle was classified as functional or nonfunc-
tional, depending on the presence of mechani-
cally solid fibers or the ability of the examiner to 
further stretch them, respectively. If the remain-
ing bundle resisted further stretching, they were 
classified as functional. If the remaining bundle 
was lax and the examiner could stretch them sig-
nificantly further, they were classified as non-
functional. The authors found a significant 
difference between the occurrence of a functional 
remnant in the PL-intact group (functional, 67 %; 
nonfunctional, 33 %) and the occurrence of func-
tional remaining fibers in the AM-intact and 
PCL-healing groups (functional, 17 %; nonfunc-
tional, 83 %).

In order to determine the treatment strategy, 
Kazusa and Ochi et al. [34] classified the ACL 
remnant pattern as follows. Group 1 is partial 
rupture of the ACL (Group 1a, partial rupture of 
the PL bundle; Group 1b, partial rupture of the 
AM bundle; and Group 1c, partial rupture of the 
ACL but the remaining bundle could not be 
ascribed to either the AM or PL bundles). Group 
2 is complete rupture of the ACL (Group 2a, 
ACL remnant bridging the PCL and tibia; Group 
2b, ACL remnant bridging the roof of the inter-
condylar notch and tibia; Group 2c, ACL rem-
nant bridging the lateral wall of the intercondylar 
notch and tibia; and Group 2d, no substantial 
ACL remnants bridging the tibia and either the 
femur or the PCL). Group 1a and Group 1b are 
indications for the single-bundle ACL augmenta-
tion. Group 1c, 2a, 2b, and 2c are indications for 
the single- or double-bundle ACL augmentation. 
Currently, we do not perform ACL augmentation 
for Group 2a.

In summary, although the diagnosis of a par-
tial versus a complete ACL tear can be made with 
greater accuracy during arthroscopy, the decision 
as to whether the ACL remnant is preserved and 
ACL augmentation performed should be made 
after thorough consideration of clinical tests, lax-
ity measurements, MRI, and arthroscopic 
findings.
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Fig. 28.1 Classification of the ACL remnant [21]. (a) 
Type 1: ACL remnant (black arrow) bridging the PCL 
(white arrow) and tibia. Normal attachment of the ACL to 
the femur was entirely lost. (b) Type 2: ACL remnant 
(arrow) bridging between the intercondylar notch and 
tibia. Normal attachment of the ACL to the femur was 
entirely lost. (c) Type 3: partial rupture of the posterolat-
eral bundle (black arrow). The anteromedial bundle (white 
arrow) of the ACL has an attachment of femoral origin 

and is well preserved. (d) Type 4: partial rupture of the 
anteromedial bundle (black arrow). The posterolateral 
bundle (white arrow) of the ACL has an attachment of 
femoral origin and is well preserved. (e) Type 5: no sub-
stantial ACL remnants bridging the tibia and either the 
femur or PCL. The diameter of the proximal ACL remnant 
is attenuated to less than one-third of its original size, and 
the tension of the remnant is accordingly loose (arrow)

a

b

c
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ACL Augmentation

Mitsuo Ochi, Anastasios D. Georgoulis, 
and Atsuo Nakamae

29.1  Roles of Preserved ACL 
Remnant

There are three distinct reasons for which the 
preservation of ACL remnants may be beneficial 
for a successful ACL reconstruction.

The first reason is the biomechanical stability 
that may be enhanced by the presence of rem-
nants. ACL remnants contribute to anteroposte-
rior knee stability for up to 1 year after injury; 
however, beyond this time point, biomechanical 
function is lost [1].

Another reason that ACL should be retained 
during ACL reconstruction is the possible posi-
tive effect on the revascularization process. The 
vascular supply of the knee joint has been well 
described [2, 3]. The major supplying vessel of 
the intercondylar notch area, the human cruciate 
ligaments, and surrounding structures is the mid-
dle genicular artery [2, 3]. Prior studies have 

shown that the vascularization phase is one of the 
most important and sine qua non step in the liga-
mentization process [4, 5]. Revascularization of 
the substitute ACL graft occurs gradually along 
its length, with the intra-articular site being the 
first and the faster part to complete this phase, 
while both the intraosseous sites are still in prog-
ress throughout the first postoperative year [4]. 
Up to the second postoperative year, the intra- 
articular graft site reflected intense revasculariza-
tion while a slower revascularization progress 
was noticed at the other two intraosseously 
enclosed sites [5]. Therefore the revasculariza-
tion of the intra-articular part is an important link 
at the intrinsic healing chain of the ACL graft [4, 
5]. In this context, the less damage of the ACL 
remnants that represent one of the important sites 
of the intra-articular native ACL part may be ben-
eficial for the revascularization process.

The third reason for remnant preservation is 
the proprioception. It has been shown that in 
patients with ACL remnants adapted to the PCL, 
mechanoreceptors exist even 3 years after injury 
[6]. Since the restoration of proprioception is the 
result of reinnervation of the ACL, the preserva-
tion of ACL remnants as a source, if this is surgi-
cally possible without risk of a cyclops lesion, 
may be beneficial for the patient [6]. Actually, 
proprioceptive function was proved superior for 
patients with single-bundle (SB) augmentation 
reconstruction as compared to SB reconstruction 
at 6 and 12 months after surgery [7].
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Taken as a whole, relevant studies suggest that 
remnant-preserving ACL reconstruction would 
be favored for clinical and functional outcome 
since preservation of the ACL remnant may be 
beneficial in terms of proprioception, biome-
chanical functions, and vascularization of the 
graft. This evidence has influenced surgical tech-
niques and remnant-preserving ACL reconstruc-
tion is used not only for partial rupture of the 
ACL but also for complete rupture.

29.2  ACL Augmentation 
Technique

29.2.1  Indications for ACL 
Augmentation

The decision as to whether the ACL remnant 
should be preserved and ACL augmentation per-
formed is made after thorough consideration of 
clinical tests, laxity measurements, MRI, and 
arthroscopic findings [1, 8, 9]. Quantitative eval-
uation of anteroposterior knee laxity can aid in 
this decision. The patients are considered candi-
dates for remnant-preserving ACL reconstruction 
when the side-to-side difference in the anterior 
displacement of the tibia is approximately less 
than 5 mm. MRI also provides important infor-
mation regarding the condition of the proximal 
attachment of the ACL remnant. However, the 
final decision should be made after arthroscopic 
confirmation of the status of the injured ACL.

As stated in the former chapter (Diagnosis of 
Partial ACL Rupture), sometimes we encounter a 
partial rupture of the AM or PL bundle of the 
ACL during arthroscopy. Partial rupture of the 
ACL is an ideal indication for ACL augmenta-
tion. In these cases, single-bundle reconstruction 
of the ruptured bundle is desirable to preserve the 
femoral attachment of the remaining ACL bun-
dle. In 2008, we began performing ACL augmen-
tation even in patients with a continuous thick 
ACL remnant between the intercondylar notch 
and the tibia after complete rupture of the ACL. In 
this complete rupture group, the diameter of the 
proximal ACL remnant was greater than one- 
third of the original size and the femoral attach-

ment of the ligamentous remnant was positioned 
abnormally. Anatomic central single-bundle or 
double-bundle [10] ACL reconstruction with the 
remnant-preserving technique is performed for 
the patients in this complete rupture group.

29.2.2  Surgical Technique

In this section, we describe surgical techniques of 
the single-bundle ACL augmentation as a stan-
dard procedure of remnant-preserving ACL 
reconstruction (Figs. 29.1 and 29.2). A four- 
strand gracilis and semitendinosus tendon or a 
quadrupled semitendinosus tendon is desirable as 
the graft for the augmentation. A three-portal 
technique (the anterolateral portal, the anterome-
dial portal, and the far-anteromedial portal) is 
used. The far-anteromedial portal is placed as 
inferior (close to the anterior portion of the 
medial meniscus) as possible, approximately 
2.5 cm medial to the medial border of the patellar 
tendon.

29.2.2.1  Femoral Bone Tunnel
For femoral bone tunnel preparation, we regu-
larly use the far-anteromedial portal technique, 
because this technique allows more flexibility in 
accurate anatomical positioning for femoral tun-
nel drilling than the transtibial technique. 
Excision of the femoral stump using a motorized 
shaver system is minimized. A delicate debride-
ment and bone tunnel placement is important to 
minimize damage to the ACL remnant. It may be 
true that the main part of the femoral attachment 
of the ACL is on the resident’s ridge from the bio-
mechanical point of view, and the remaining part 
(fan-like extension fibers) is attached to the pos-
terior portion of the ridge. However, we think that 
the center of the femoral tunnel opening should 
not be on the resident’s ridge but should be placed 
just behind the resident’s ridge when using the 
hamstring tendon for ACL reconstruction [9]. 
This is because the graft is pulled and shifts to the 
anterodistal side of the femoral tunnel opening in 
knee extension and mild flexion position. The 
center of the bone tunnel opening is not the cen-
tral point of the application of force.
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In cases of PL bundle rupture, the central 
portion of the femoral tunnel is aimed at the 
clock position between 2 o’clock and 2:30 (left 
knee) or between 9:30 and 10 o’clock (right 
knee). At this position, approximately three-
quarters of the femoral tunnel opening is occu-
pied by the femoral attachment of the PL bundle 
and approximately one-quarter by the femoral 
attachment of the AM bundle. This is because 
we think that the remaining bundle is not intact 
and that the biomechanical function of the 

remaining bundle probably declines to some 
extent. In cases of AM bundle rupture, the cen-
tral portion of the femoral tunnel was aimed at 
the clock position between 1:30 and 2 o’clock 
(left knee) or between 10 o’clock and 10:30 
(right knee). In patients with a continuous thick 
ACL remnant between the intercondylar notch 
and the tibia after complete ACL rupture, the 
positions of the femoral bone tunnels is the 
same as used for standard anatomic single- 
bundle ACL reconstruction.

a b

Fig. 29.1 (a) Partial rupture of the posterolateral (PL) 
bundle (white arrow). The anteromedial (AM) bundle 
(black arrow) of the ACL was well preserved although the 
remaining AM bundle is not completely intact. (b) AM 

bundle preserving ACL augmentation for the PL bundle 
rupture (white arrow, grafted tendon; black arrow, pre-
served AM bundle)

a b

Fig. 29.2 (a) Partial rupture of the anteromedial (AM) bun-
dle (black arrow). The posterolateral (PL) bundle (white 
arrow) of the ACL was preserved although the remaining PL 

bundle was not completely intact. (b) PL bundle preserving 
ACL augmentation for the AM bundle rupture (black arrow, 
grafted tendon; white arrow, preserved PL bundle)

29 ACL Augmentation



316

29.2.2.2  Tibial Bone Tunnel
In most cases, the tibial attachment of ACL remnant 
is normal. First, a longitudinal slit is made at the 
center of the ACL remnant through the anterome-
dial portal. The tip of the tibial drill guide, which is 
inserted through the anteromedial portal, is placed 
through the slit of the ACL remnant at an angle of 
60–65° to the tibial plateau to allow visualization of 
the tip of the guide pin or Kirschner wire.

In cases of PL bundle rupture, the tip of the drill 
guide is positioned in the center of the tibial inser-
tion of the whole ACL. In cases of AM bundle rup-
ture and complete rupture, the tibial tunnel opening 
should be positioned as anterior as possible within 
the tibial footprint of the ACL. We recommend to 
check the position of the guide pin with the knee 
extended to see if the guide pin impinges on the roof 
of the intercondylar notch. When the position of the 
guide pin is satisfactory, the guide pin is advanced 
by a cannulated drill to create a tibial bone tunnel.

29.2.2.3  Graft Passage and Fixation
For cases such as the PL bundle rupture, if the graft 
passes above the ACL remnant, the positional rela-
tionship is anatomically incorrect. In such cases, 
pathologic impingement between the graft and the 
ACL remnant may occur. Therefore, in cases of PL 
bundle rupture and complete rupture, the graft should 
pass through the slit of the ACL remnant. As for the 
cases of AM bundle rupture, the graft should pass 
above the ACL remnant. The graft composites are 
introduced from the tibial tunnel to the femoral tun-
nel, and the proximal side of the graft is fixed to the 
lateral femoral cortex by flipping the endobutton. For 
graft fixation, we apply a tension force of 50 N to the 
distal endobutton tape connected to the graft and 
secure it with two staples at 30° of knee flexion.

29.3  Clinical Outcomes

29.3.1  Early History of ACL 
Augmentation

As detailed above, preserving the ACL remnant has 
great potential to contribute to knee function from 
several points of view. Therefore, in 1992, Ochi 
started performing ACL  augmentation, when 

 indicated, without sacrificing ACL remnant by 
using an autogenous hamstring tendon under 
arthroscopy. In 2000, Adachi et al. [11] reported 
that the proprioceptive function and joint stability of 
40 patients who underwent arthroscopy- assisted 
ACL augmentation from 1992 to 1997 were supe-
rior to those of 40 patients who underwent standard 
single-bundle ACL reconstruction during the same 
period. However, in the early surgical procedure of 
ACL augmentation, the graft was passed through 
the over-the-top route for the femoral side. 
Therefore, the surgical technique needed two inci-
sions at the medial aspect of the proximal tibia and 
also at the lateral femoral condyle. For this problem, 
Ochi started performing ACL augmentation with 
the one-incision technique using endobutton-CL 
and femoral bone tunnel and documented it as a 
report in 2006 [12]. The major indication for ACL 
augmentation was partial ACL rupture during the 
study period. In 2008, he started performing ACL 
augmentation even for patients with continuity of 
the ACL remnant between the femur and the tibia 
after complete ACL rupture. Anatomic central sin-
gle-bundle ACL augmentation has been carried out 
for patients in this group.

29.3.2  Clinical Studies of ACL 
Augmentation

ACL augmentation has attracted much attention in 
the field of ACL reconstruction for this 10 years. 
Especially since 2006, a number of reports with 
regard to ACL augmentation has been published 
(Table 29.1) [13]. Several remnant- preserving tech-
niques, including the remnant re-tensioning tech-
nique, selective AM or PL bundle reconstruction, 
and preservation of the ACL tibial remnant, have 
been described. To summarize the clinical results of 
ACL augmentation, we have reviewed the previous 
literature on ACL augmentation using a PubMed 
(1983–2014) and reported [13]. The review 
excluded case reports, literature review, animal 
studies, or current concepts. Table 29.1 [13] shows 
studies reporting arthroscopic remnant-preserving 
augmentation in ACL reconstruction. There are five 
different surgical techniques for ACL remnant  
preservation: (1) anatomic single-bundle ACL  
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Table 29.1 Studies reporting remnant-preserving augmentation in ACL reconstruction [13]

Study Study design
Patient 
numbera

Patient’s age 
(years)a

Time from injury to 
reconstruction 
(months)a

Mean 
follow-up 
(months)a

Adachi and Ochi 
et al. (2000) [11]

Retrospective 
comparative study

40 25.8 4.2 38

Ochi et al. (2006) 
[12]

Technical note 17 31 Not reported Not reported

Lee BI et al. 
(2006) [14]

Technical note Not reported Not reported Not reported Not reported

Buda et al. 
(2006) [15]

Case series 47 23.3 4.5 (More than 60)

Gohil et al. 
(2007) [16]

Randomized 
controlled trial

22 30.5 2 12

Buda et al. 
(2008) [17]

Case series 28 32.3 Not reported 27

Lee et al. (2008) 
[18]

Case series 16 35.1 5.5 35.1

Ochi et al. (2009) 
[8]

Case series 45 22 7.9 35

Yoon et al. 
(2009) [19]

Retrospective 
comparative study

82 28 7 24

Ahn et al. (2009) 
[20]

Technical note 65 Not reported Not reported Not reported

Kim et al. (2009) 
[21]

Technical note 21 Not reported Not reported 12

Ahn et al. (2010) 
[22]

Cohort study 41 29.2 36.1 6.3

Sonnery-Cottet 
et al. (2010) [23]

Case series 36 32 6.6 24

Serrano- 
Fernandez et al. 
(2010) [24]

Case series 24 25 3 74

Ahn et al. (2011) 
[25]

Case series 53 32.2 28.2 27.7

Jung et al. (2011) 
[26]

Retrospective 
comparative study

76 32 2.5 31

Ochi et al. (2011) 
[10]

Technical note Not reported Not reported Not reported Not reported

Pujol et al. 
(2012) [27]

Randomized 
controlled trial

29 31.24 5.3 (More than 12)

Hong et al. 
(2012) [28]

Randomized 
controlled trial

39 34 10.3 25.8

Ohsawa et al. 
(2012) [29]

Case series 19 (15–57) 4.8 40.2

Yasuda et al. 
(2012) [30]

Case series 44 29 4 16.6

Park et al. (2012) 
[31]

Retrospective 
comparative study

55 30.4 7.0 34.1

Demirağ et al. 
(2012) [32]

Randomized 
controlled trial

20 28 2.3 24.3

Sonnery-Cottet 
et al. (2012) [33]

Case series 168 30 3 26

(continued)

29 ACL Augmentation



318

Table 29.1 (continued)

Study Study design
Patient 
numbera

Patient’s age 
(years)a

Time from injury to 
reconstruction 
(months)a

Mean 
follow-up 
(months)a

Cha et al. (2012) 
[34]

Retrospective 
comparative study

100 31.9 Not reported Not reported

Muneta et al. 
(2013) [35]

Cohort study 88 22.1 6.7 (More than 24)

Kazusa and Ochi 
et al. (2013) [9]

Technical note Not reported Not reported Not reported Not reported

Maestro et al. 
(2013) [36]

Retrospective 
comparative study

39 28.1 1 31.7

Buda et al. 
(2013) [37]

Case series 52 23.3 4.3 (Up to 60)

Abat et al. (2013) 
[38]

Case series 28 30.4 2 37.3

Nakamae and 
Ochi et al. (2014) 
[39]

Retrospective 
comparative study

73 26.6 Not reported 28.9

Zhang et al. 
(2014) [40]

Randomized 
controlled trial

27 23.5 12.7 24.4

Lee et al. (2014) 
[41]

Retrospective 
comparative study

16 30.6 Not reported 29.5

Ahn et al. (2014) 
[42]

Technical note Not reported Not reported Not reported Not reported

Noh et al. (2014) 
[43]

Technical note Not reported Not reported Not reported Not reported

Sonnery-Cottet 
et al. (2014) [44]

Technical note Not reported Not reported Not reported Not reported

Muneta et al. 
(2014) [45]

Cohort study 200 Not reported Not reported Not reported

Kim et al. (2014) 
[46]

Retrospective 
comparative study

66 30 3 27

Taketomi et al. 
(2014) [47]

Technical note 47 31 4 Not reported

aAugmentation group only

augmentation preserving ACL  remnant for com-
plete rupture, (2) anatomic double-bundle ACL 
augmentation preserving ACL remnant for com-
plete rupture, (3) single-bundle ACL reconstruction 
with remnant-tensioning technique, (4) selective 
AM or PL bundle augmentation for partial rupture, 
and (5) standard ACL reconstruction plus tibial 
remnant sparing. The ACL remnant in (1) and (2) 
maintains a bridge between the tibia and the inter-
condylar notch.

29.3.3  Clinical Outcomes of ACL 
Augmentation

Although there has been a growing interest in the 
potential advantages of ACL augmentation, a 

 significant controversy remains regarding the use 
of remnant preservation techniques in ACL recon-
struction. Thirteen clinical studies (Tables 29.2 
and 29.3) [13] which compared the outcomes of 
ACL augmentation with those of the standard 
ACL reconstruction technique were selected from 
among studies in Table 29.1. Table 29.2 shows the 
characteristics of ACL remnant and type of graft in 
each study. Table 29.3 [13] shows clinical out-
comes in each study. Several studies demonstrated 
favorable results using the ACL augmentation 
technique. Nakamae et al. report on the clinical 
outcomes and second-look arthroscopic findings 
of 216 patients who underwent ACL reconstruc-
tion (single or double bundle) or augmentation 
[39]. They concluded that patients in the ACL aug-
mentation group exhibited better synovial 
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 coverage of the graft upon second-look arthros-
copy than those in the single- and double-bundle 
reconstruction groups. Improvement in proprio-
ceptive function was observed in patients with 
good synovial coverage of the graft. With regard to 
the mean side-to-side difference measured using 
the KT-2000 arthrometer, a significant difference 
was found between the augmentation group 
(0.4 mm) and the single- bundle group (1.3 mm). 
However, three studies concluded that ACL aug-
mentation had no evident advantage in clinical 
outcome over the standard single-bundle ACL 
reconstruction [19, 28, 40]. One of these studies 
used allografts from the tibialis anterior or ham-
string tendon. Furthermore, in these three studies, 
the average preoperative side- to- side difference in 
anterior knee laxity in the augmentation group was 
relatively large and almost same with those in the 
standard single- bundle reconstruction group. 
Indications for and concept of ACL augmentation 
may have differed from studies.

Among the 13 clinical studies, ten studies [11, 
16, 19, 27, 28, 31, 36, 39–41] evaluated the side- 
to- side difference in instrumented anterior knee- 
laxity testing. Three studies concluded that 
patients in the ACL augmentation group exhib-
ited better anterior knee stability than those in the 
single-bundle reconstruction group [11, 27, 39]. 
The remaining seven studies reported that there 
was no significant difference between the groups 
of surgical technique at final follow-up. Out of 
the seven studies, two studies showed similar 
anteroposterior knee stability between the ACL 
augmentation group and double-bundle recon-
struction group [31, 41]. Lee et al. [41] concluded 
that selective bundle ACL reconstruction could 
be performed instead of double-bundle ACL 
reconstruction if some intact bundle exists. Nine 
studies evaluated results of the pivot shift test, 
and ten studies reported data on the clinical 
scores. With regard to the pivot shift test and clin-
ical scores, none of the studies indicated that 
there were significant differences between the 
groups at final follow-up.

The currently available evidence suggests that 
clinical outcomes of patients with the ACL aug-
mentation technique are comparable with that of 
patients who underwent double-bundle ACL 

reconstruction. A significant controversy still 
remains regarding the clinical superiority of ACL 
augmentation compared to standard single- 
bundle ACL reconstruction. Although longer 
follow- up studies and further comparative clini-
cal studies with a sufficient number of patients 
are necessary before a definitive conclusion can 
be reached, we think that ACL augmentation is a 
reasonable treatment option for patients with 
favorable ACL remnants.
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Allografts in Anterior Cruciate 
Ligament Reconstruction
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30.1  Introduction

Injuries to the anterior cruciate ligament (ACL) 
are common with a reported case load of over 
200,000 reconstructions performed in the United 
States annually [1]. Reconstruction of the ligament 
is frequently performed to restore anterolateral 
stability to the knee in order to prevent further 
intraarticular damage from repeated pivoting epi-
sodes and to return athletes to competitive play [2, 
3]. Typical choices for grafts that are used for 
reconstruction purposes are autografts which 
include bone-patellar tendon-bone, hamstring, and 
quadriceps tendons and allografts which come 
from a variety of sources. Examples of allograft 
materials are patellar tendon (with and without 
bone blocks), Achilles tendon, tibialis anterior, 
tibialis posterior, and quadriceps tendons.

Traditionally, allograft tissue has been favored 
for ACL reconstruction because it allowed for a 
much more rapid and easier procedure. In addition, 
due to the absence of donor site morbidity that is 
inherent with the use of autograft materials, the 

patient is likely to experience much less pain subse-
quent to surgery which may in turn accelerate prog-
ress during rehabilitation. However, a majority of 
studies investigating the long-term viability of 
allograft tissue have demonstrated a significant fail-
ure rate in the younger population [4, 5]. Evidence 
from basic science investigations have revealed that 
allografts undergo a similar “ligamentization” pro-
cess as autografts when implanted into the knee. 
However, the replacement of the donor tissue with 
host synovial cells is much slower when compared 
with reconstructions using autografts, which may 
help to explain the fact that allografts typically dem-
onstrate inferior biomechanical properties as auto-
grafts during the healing phase [6]. These findings 
have limited the use of allografts in this patient 
population, and most surgeons now prefer to utilize 
allografts in the older, less active population among 
whom the risk of graft rupture is comparatively less.

Despite these concerns, allografts remain a popu-
lar choice for ACL reconstruction in the proper set-
ting. The following chapter will detail the common 
indications and methods of processing for allografts 
and review the current literature regarding the out-
comes related to their use.

30.2  Indications

The prevailing concept that allograft tissue is 
significantly weaker than autograft tissue has led 
to a decrease in the use of this graft choice in the 
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younger, athletic population. Nevertheless, the 
choice of allograft may be considered in the set-
ting of primary ACL reconstruction. Older 
patients electing to proceed with ACL recon-
struction are more likely to receive allografts as 
it is generally believed that these patients will 
progress more slowly through the rehabilitation 
phases, thereby reducing the stress on the 
implanted graft and allowing for additional time 
for healing. This trend is supported by the 2013 
AOSSM report on allograft usage in ACL sur-
gery, which revealed that the allocation of 
allografts by surgeons is predominantly aimed at 
patients in the 35–40 year range [7].

The choice to utilize allografts for the pur-
pose of reconstruction may also be influenced 
by settings in which there is insufficient auto-
graft tissue for harvest, such as in cases that 
require the surgeon to address multiple injured 
ligaments, cases where the intended autograft 
harvested is too small for use, or in cases of 
revision ACL reconstruction. When address-
ing multiligamentous knee injuries, the need 
for additional collagen often makes the use of 
autograft tissue impractical given the significant 
morbidity inherent in extracting graft mate-
rial as well as the scarcity of available tissue. 
Multiligamentous knee injuries may include 
ruptures to the posterior cruciate ligament and 
posterolateral corner. While repair of the pos-
terolateral corner remains an accepted form of 
treatment during acute intervention, the stability 
of direct repair has been questioned, and evi-
dence has suggested that more reliable stability 
can be obtained by augmentation with allograft 
[8, 9]. In such cases, to reduce the morbidity to 
the knee that has already experienced significant 
injury and to reduce overall surgical time, the 
surgeon may be more inclined to reconstruct the 
ACL with allograft tissue.

Another common scenario that may require 
allograft use is under circumstances when the 
intended autograft tissue is estimated to be too 
small to effectively reconstruct the ACL. This is 
often encountered during the use of hamstring 
autografts. Past studies have noted that the thresh-
old diameter for the hamstring graft that is 
 associated with lower rerupture rates is approxi-

mately 8 mm [10, 11]. Not infrequently, the 
diameter of the hamstrings may be smaller than 
this threshold. For this reason, allograft material 
may be combined with the hamstring autograft to 
create a composite graft. This technique can sig-
nificantly enhance the diameter of the graft above 
the 8 mm threshold, increasing the stability of the 
soft tissue reconstruction.

Finally, it is common for consideration to be 
given to allograft material when performing 
revision ACL reconstruction. Due to tunnel dila-
tion that may occur as a consequence of the pri-
mary ACL reconstruction, the tissue available 
for autograft may be insufficient to accommo-
date the larger tunnel diameter, particularly if the 
intended graft is bone-patellar-tendon-bone or 
hamstring tendon. In addition, if the primary sur-
gery was performed using autograft material, the 
preferred autograft may not be present for use 
during the revision surgery. Allografts provide a 
solution to both problems by providing the sur-
geon with a variety of graft types with a wide 
range of dimensions to fit bone tunnels that have 
expanded since the index operation. The use of 
allografts also affords flexibility in terms of graft 
size during revision cases, with larger allografts 
granting the advantage of favorable time-zero 
strength when stability of the graft is a concern. 
Because of these properties intrinsic to allograft 
materials, studies have supported the idea that a 
greater proportion of surgeons do elect to utilize 
this type of graft for revision ACL reconstruc-
tion. According to a report by the Multicenter 
ACL Revision Study group, approximately 54 % 
of surgeons participating in the study chose to 
perform a revision ACL reconstruction with an 
allograft compared to 27 % of surgeons who 
used allograft for primary ACL reconstruction 
[12].

30.3  Procurement

The handling of allogeneic material is overseen 
by the combined effort of both the organ procure-
ment organizations (OPOs) and the tissue banks. 
In North America a nationwide network of OPOs 
acts as central coordinating agency for tissue 
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donation. The OPOs, as members of the Organ 
Procurement Transplant Network, are responsi-
ble for tissue and organ recovery and distribution 
within a predefined service area. After evaluation 
and screening for potential donors, the OPOs 
arrange the surgical removal of the donated tis-
sue. The tissue banks on the other hand are pri-
marily responsible for the tissue procurement 
process. The tissue banks follow the quality 
instructions and standards of the Food and Drug 
Administration (FDA) and American Association 
of Tissue Banks (AATB). A trained donor coordi-
nator obtains consent from the patient or the fam-
ily and provides information how the donated 
tissue is going to be used [13].

Great care is taken to ensure that maximum 
sterility of grafts is achieved once they are con-
sidered ready for use. Most tissue banks mandate 
that grafts be harvested no more than 24 hours 
from death for refrigerated grafts and no more 
than 12 hours from death for cadavers stored at 
room temperature [14]. Prior to harvest, the tis-
sue donor must be screened for human immuno-
deficiency virus (HIV), hepatitis B, and 
hepatitis C. Frequently, the tissues are aseptically 
harvested in the operating room or morgue. 
However, the tissue extracted in this manner 
should not be considered sterile, since aseptic 
processing minimizes but does not obviate tissue 
contamination [13, 15]. The grafts are then 
passed through a process of decontamination.

Understanding the phases of procurement 
requires an awareness of the meaning behind dis-
infection, which is interpreted as the elimination 
of contamination, and sterilization, which is 
interpreted as the total extermination of all life 
forms [16]. The FDA currently does not require 
sterilization of medically appropriate grafts. In 
fact, a sterility assurance level (SAL) of 10−6 is 
recommended during the decontamination pro-
cess to maximally reduce the risk of disease 
transmission. This threshold level is understood 
to mean that the risk that a microorganism might 
survive the decontamination process is less than 
1 in 1,000,000.

In order to attain this quality of sterilization, 
different mechanical and chemical processes have 
been developed over the years. The use of gaseous 

ethylene oxide as sterilizing agent has been aban-
doned due to its immunogenic effects, reported 
adverse events, and poor tissue penetration [13]. In 
general, initial graft treatment typically consists of 
chemical decontamination with a series of antibi-
otic solutions. This method however does not lead 
to sterilization of the graft. A very common method 
of mechanical sterilization is the use of ionizing 
radiation (gamma irradiation). To eliminate HIV 
an irradiation dose of 35–40 kGy is required. 
However, this dosage leads to collagen breakdown 
with significant deterioration of the biomechanical 
and structural properties of the processed graft 
properties [17]. Therefore, many tissue banks use 
lower irradiation doses between 10 and 25 kGy 
[18]. However, these irradiation doses are effective 
against bacteria but less effective against viruses 
[13]. Because of the disadvantages of both 
mechanical and chemical treatments, modern 
methods for graft decontamination elect to utilize 
a hybrid approach to achieve a level close to steril-
ization as possible. The combination of both 
chemical and mechanical processing methods 
(i.e., BioCleanse®, Allowash®) showed initially 
promising results [19], but a cohort study with 
more than 5,000 participants found a significantly 
increased risk of graft failure and subsequent revi-
sion surgery when the graft was treated with 
BioCleanse® [20].

The use of nonirradiated allografts is becom-
ing more popular due to their superior biome-
chanical and biological properties. Many recent 
studies have demonstrated the clinical effective-
ness of nonirradiated allografts, particularly in 
reducing the incidence of graft rupture [21, 22]. 
One example is the use of freeze-dried grafts 
(lyophilized tissue). During the lyophilization 
process, the moisture content of the graft is 
reduced to less than 5 % and needs therefore to be 
rehydrated before use. In the recent years, 
 fresh- frozen allografts have been most com-
monly used. After sterile tissue harvesting and 
culturing, the graft is frozen while serologic tests 
performed. Before packaging the graft is soaked 
in an antibiotic solution and can be stored at 
−80 °C for 3–5 years [16, 23].

It is clear that the procurement process plays a 
vital role in the overall clinical performance of 
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ACL reconstruction with allograft materials. 
However, a majority of orthopedic surgeons who 
perform this procedure remain unaware of the 
graft processing methods for the allografts they 
utilize. A survey of 236 hospitals in the United 
States reported that only 34 % of orthopedic sur-
geons performing allograft-related surgeries were 
familiar with the tissue processing history [24]. In 
addition, in only 15 % of the facilities surveyed did 
the orthopedic surgeon directly contribute to the 
type of allograft selected. This data highlights a 
significant problem in the use of allografts for sur-
gery, particularly in the case of ACL reconstruc-
tion in which the concerns regarding graft 
longevity may be profoundly influenced by the 
variability in procurement methods.

30.4  Clinical Outcomes

There have been many studies comparing the 
short-term outcomes of ACL reconstruction with 
autografts and allografts in patients. Early studies 
were favorable toward the use of allografts. Shino 
et al. published a study with 84 patients after 
ACL reconstruction with allografts with an aver-
age follow-up of 57 months [25]. The patient 
population was relatively young with an average 
age of 22 years old and there was no evidence of 
immunologic rejection. Subjective and functional 
outcomes were good with 57 % of patients having 
“excellent” outcomes, 37 % with “good” out-
comes, and only 2 % with “fair” outcomes [25]. 
Objective physical exams also found that 88 % of 
patients had satisfactory anterior stability, though 
3 % of patients did have a reinjury. Noyes et al., 
while preferring autografts, also found allografts 
to be a justifiable substitute since they could find 
no significant difference in anterior-posterior dis-
placement, patellofemoral crepitus, pain, jump-
ing score, or overall knee rating [26].

Other studies directly compared allografts to 
autografts. While allografts were rarely shown to 
perform better than the gold standard autograft, 
there was evidence to show that outcomes following 
surgery with each type of graft were comparable. 
Rihn et al. found no significant differences in 
 average International Knee Documentation 

Committee (IKDC) subjective knee scores between 
patients who received irradiated bone-patellar ten-
don-bone allografts (BTB) and BTB autografts 
(P = 0.65) [27]. There were also no significant dif-
ferences in the percentage of patients in each cohort 
that reported a normal/nearly normal overall IKDC 
physical examination rating (P = 0.37) or that 
returned to the same or more strenuous level of 
sports (P = 0.25) [27].

Stringham et al. also reached a similar conclu-
sion that allografts are a suitable substitute for 
autografts [28]. They compared 47 patients with 
BTB autografts and 31 patients with BTB 
allografts who were evaluated at an average of 
34 months post-surgery. There were no signifi-
cant differences in subjective outcomes (mea-
sured using Lysholm and Tegner knee scores), 
patellofemoral signs and symptoms, laxity differ-
ences, single-leg hop scores, or isokinetic results 
[28]. However, there was a significantly greater 
number of ruptures in the allograft group. 
Stringham et al. had four allograft ruptures an 
average of 11 months following surgery and no 
autograft ruptures [28].

Several other studies comparing autograft and 
allograft cohorts also found few significant differ-
ences in subjective and objective outcomes follow-
ing surgery with allografts and autografts [29–33]. 
A meta-analysis by Krych et al. also found no sig-
nificant differences between the two groups for 
many measures including pivot shift test, patello-
femoral crepitus, return to pre-injury activity level, 
and IKDC scores [34]. They did, however, find a 
significantly higher incidence of graft ruptures in 
the allograft group [34]. A second meta- analysis, 
from Prodromos et al. found that allografts were 
less stable than autografts and had higher rates of 
failure, a conclusion that aligns with the conclu-
sions in Barrett et al.’s study that found greater lax-
ity in allografts [35, 36].

Finally, Bottoni et al. recently published a ran-
domized controlled trial with 10-year follow-up 
comparing treatment with allografts to treatment 
with autografts [37]. Patients were randomized to 
either the hamstring autograft group or the tibia-
lis posterior allograft group. Similar to Stringham 
et al. and Prodromos et al., Bottoni et al. found a 
greater than three times higher rate of graft  failure 
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in the allograft group compared to the autograft 
group [37]. However, functional outcomes mea-
sured using the single assessment numeric evalu-
ation, Tegner, or IKDC scores were similar 
between the two groups.

Overall, the studies lead to the conclusion that 
while reconstruction with autografts may be the 
preferred treatment, allografts are still an accept-
able substitute, especially since results have been 
shown to be comparable between the two. 
However, the literature also demonstrates a few 
key differences that are important to note and 
consider when choosing a graft.

30.4.1  Graft Rupture and Failure

The most significant concern about allograft usage 
would be the evidence of a greater risk of graft 
rupture and failure. It has already been noted that 
Stringham et al., Prodromos et al., and Bottoni 
et al. all found a higher rate of failures in allografts 
[28, 35, 37]. Chang et al. also found the same 
trend, reporting three ruptures in the allograft 
group and none in the autograft group [29].

Other recent studies have also focused on the 
issue of higher failure rates in allografts, especially 
in a young, athletic patient population [38]. A mul-
ticenter prospective cohort study by Kaeding et al. 
found graft type to be a significant predictor of 
graft failure. The odds of an allograft rupturing 
were four times greater than those for an autograft 
[4]. Furthermore, the risk of graft rupture increased 
2.3 times for each 10-year decrease in age. This is 
likely at least in part due to younger patients being 
more active. Lenehan’s study came to similar con-
clusions and recommended that patients less than 
25 years of age should not receive allograft recon-
structions [39]. Finally, Tejwani et al.’s study, nota-
ble for its very large sample size of 5,968, also 
found that younger patients were at greater risk of 
revision [20].

30.4.2  Pain and Recovery

Since allografts do not need to be harvested from 
the patient, this technique results in less pain for 

the patient. Poehling et al. conducted a prospective 
comparative case series that compared 41 patients 
who received an Achilles tendon allograft to 118 
patients who underwent BTB autograft recon-
struction [40]. The patients were followed for 
5 years, and it was found that autograft patients 
reported significantly more pain for the first 
6 weeks according to both the RAND 36-Item 
Health Survey and the McGill Pain Scale [40]. A 
higher proportion of patients in the allograft group 
also reported normal or nearly normal knee func-
tion at 3 months (P = 0.0558), fewer activity limi-
tations at 6 months (P = 0.0014), and more laxity 
in KT-1000 measurements (P = 0.0520) [40].

Barrett et al. found no significant difference in 
pain between allograft and autograft groups, but 
they did find that patients who received allografts 
returned to sport sooner, with 57 % of patients in 
the allograft group returning to sport in 6 months 
compared to only 25 % of the autograft group 
[36]. Though allografts may be more likely to 
rupture than autografts, these findings indicate 
that it may still be a good choice for an individual 
who is not very active, and therefore has a lower 
risk of graft rupture, since they will have less pain 
and can resume activities faster.

30.4.3  Logistical Benefits

The cost of allograft relative to the cost of an auto-
graft is also greater, as the autograft is free of 
charge. However, the overall cost of allograft 
reconstructions has actually been found to be 
lower than costs for autograft reconstructions [34]. 
Cole et al. found that the average cost for an 
allograft procedure in a sample of 122 patients 
treated at a hospital in the Southern United States 
was $4,622, while the average cost for an autograft 
procedure was $5,694 (P < 0.0001) [41]. The 
authors attributed the decreased cost of allograft 
reconstructions to shorter operating room time and 
a greater likelihood of overnight hospitalization 
for patients who had autograft procedures [41].

However, Nagda et al. also performed a cost 
analysis of both graft types for ACL reconstruc-
tion and concluded that if all surgeries were com-
pleted in an outpatient setting, such as an 
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ambulatory care center, autograft surgeries would 
be cheaper ($4,872 for autograft versus $5,465 
for allograft) [42]. They determined that the 
higher cost of supplies for allograft procedures 
exceeds the cost saved by shorter operating times.

Depending on the setting, whether outpatient 
or inpatient, the cost of the procedure is another 
consideration to take into account when deciding 
on graft choice. However, it should be noted that 
these two studies did not look at the lifetime cost 
of each procedure, which would also take into 
account rehabilitation costs and the higher risk of 
rupture and revision for allografts.

 Conclusion

Allografts are an attractive option for ACL 
reconstruction because of clinical benefits such 
as the lack of donor site morbidity, multiple 
options for sizing, and diminished pain follow-
ing surgery. In some cases where redundant 
collagen is required, such as in revision ACL 
reconstruction or treatment of multiligamen-
tous knee injuries, the use of allograft is ideal. 
However, evidence continues to suggest that 
the risk of rerupture after ACL reconstruction 
for patients receiving allografts remains higher 
than if the reconstructions were performed with 
autograft tissue, making the choice of allograft 
a secondary option for primary ACL recon-
struction in the younger population. When 
electing to use allografts, orthopedic surgeons 
should consider the source of the tissue at their 
disposal as processing methods may influence 
the clinical effectiveness of the implanted graft.
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Synthetic Ligaments for ACL 
Reconstruction

Shiyi Chen, Tianwu Chen, Fang Wan,  
Jia Jiang, and Julian A. Feller

31.1  Introduction

The clinical application of artificial ligaments in 
the anterior cruciate ligament (ACL) reconstruc-
tion is controversial. The potential advantages 
include a lack of graft harvest morbidity and the 
potential for the patient to make an early return to 
activity, including sports. For the athlete, the pos-
sibilities offered by a synthetic ligament appear 
attractive. Although first tried more than 
100 years ago [14], there have essentially been 
two waves of publications regarding the use of 
artificial ligaments. The first related to devices 
implanted in the late 1970s and 1980s and 
reported poor outcomes including high failure 
rates and significant complications such as syno-
vitis, osteolysis, and osteoarthritis. In recent 

years, there have been numerous publications 
regarding one specific and more modern device, 
with a number reporting satisfactory outcomes in 
the short- to midterm.

31.2  Early Synthetic Ligament 
Devices

31.2.1  Carbon Fiber

A number of carbon fiber devices were developed 
in the late 1970s, and there was considerable 
interest in the potential of carbon fiber as a scaf-
fold for ligament regeneration [5, 8, 13–15]. 
However, high failure rates, synovitis, and dis-
semination of carbon fiber to regional lymph 
nodes [15, 18, 32] lead to the abandonment of 
carbon fiber as a basis for synthetic ligaments.

31.2.2  Dacron

The Dacron artificial ligament was made of poly-
ester and designed as an augmentation. It was 
nonetheless used by some surgeons as a pros-
thetic ligament in “salvage” cases. Despite initial 
promising results, longer-term follow-up showed 
high failure rates, osteolysis, synovitis, and high 
rates of osteoarthritis [1, 2, 19], and the device 
was subsequently withdrawn from the market.
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31.2.3  Gore-Tex

The Gore-Tex artificial ligament was made of 
expanded polytetrafluoroethylene. As a permanent 
implant, an important property was its ultimate ten-
sile strength of approximately 5,300 N, higher than 
any other counterparts. However, once again initial 
promising results were overtaken by poor out-
comes in the midterm, with ligament failure and 
effusion being the predominant adverse findings 
[6, 20, 27, 28, 36]. Importantly, positioning of the 
graft was recognized as important with regard to 
the risk of graft abrasion and failure. The device 
was eventually withdrawn from the market.

31.2.4  Kennedy Ligament 
Augmentation Device

The Kennedy Ligament Augmentation Device 
(LAD) a ribbonlike construct made from polypro-
pylene yarn was conceived and sutured to an auto-
graft to form a composite graft. It was supposed that 
the LAD could protect the autograft during its 
remodeling, and it was assumed that potential stress 
shielding of the autograft would be minimized by 
the relatively low tensile strength of the LAD and 
the fact that only one end of device was fixed. 
Studies failed to show any advantage over auto-
grafts alone, and failures with intra-articular debris 
and effusions were reported [7, 11, 21]. As a result, 
usage of the Kennedy LAD ceased.

31.2.5  Leeds-Keio

The Leeds-Keio synthetic ligament was woven 
from polyester and was intended to serve as a 
scaffold for ingrowth of ligamentous tissue. 
Conflicting results with regard to ingrowth and 
clinical outcome were reported, and concerns 
were raised about the presence of foreign body 
giant cells containing polyester debris [17, 23, 
30]. Like other synthetic ligaments, the Leeds- 
Keio ligament fell into disuse.

31.3  Current Synthetic Ligament 
Devices

There are two currently available synthetic liga-
ment devices. One is the Ligament Augmentation 
Reinforcement System (Surgical Implants and 
Devices, Arc-sur-Tille, France), and the other is 
the JewelACL (Neoligaments, Leeds, England), 
for which there is currently no published 
literature.

The Ligament Augmentation Reinforcement 
System (LARS) is made from polyethylene tere-
phthalate (PET) (Fig. 31.1). During manufactur-
ing it is subjected to a cleaning process designed 
to remove residues and oils and thereby reduce 
the risk of synovitis and encourage tissue 
ingrowth. The intra-articular portion of the LARS 
is woven parallel to PET fibers that are  pre- twisted 

a b c

Fig. 31.1 ACL reconstruction with LARS device. (a) 
The ACL stump is intact. (b) The reconstruction is com-
plete, with the LARS device is inside the stump. Some 

fibers of the LARS ligament are still exposed proximally. 
(c) 1-year postoperative second look, the LARS ligament 
is totally covered with soft tissue
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to 90° (Fig. 31.2). The remainder of this chapter 
will largely focus on the use and results of the 
LARS device.

31.4  Systematic Reviews

In 2011 Mulford et al. evaluated the efficacy of 
PET artificial ligaments in the ACL reconstruc-
tion [22]. A total of 23 papers published between 
1970 and 2010 were included. Twelve papers 
were related to the LARS, and the remaining 11 
focused on the long-term outcomes of other PET 
ligaments. In studies of the LARS, the mean fol-
low- up period was 28 months (range 
4–60 months). In 655 cases, documented graft 
rupture occurred in 14 cases (2 %). However, the 
poor methodological quality of the included stud-
ies was of concern.

In a 2013 systematic review that included 
many of the papers included in the review by 
Mulford et al., Newman et al. evaluated studies 
related to the ACL reconstruction with the LARS 
device [24]. There were nine papers, including 
one randomized control trial, and all were pub-
lished between 1990 and 2010. The outcome 
demonstrated a similar failure rate of 2.5 %. Most 
failures were attributed to tunnel malposition. 
Again, only one case of synovitis was reported. 
Return to sports took 2–6 months, earlier than 
that for patients having an autograft procedure. 
However, the poor methodological quality of the 

papers and the need for high-quality longer-term 
studies were once again highlighted.

More recently, Batty et al. systematically 
reviewed the reports related to the clinical appli-
cation of artificial ligaments in the cruciate liga-
ment surgery [3]. With regard to the ACL, the 
highest failure rate was observed with the Dacron 
device with a cumulative failure rate of 33.6 %. 
Noninfective synovitis and effusion were most 
frequently seen with the Gore-Tex artificial liga-
ment (up to 27.6 %). In contrast, the reported out-
comes of the LARS device appeared 
encouraging.

Thirteen LARS ACL patient cohorts were 
identified, with 19 documented failures in 736 
patients (2.6 %). In those studies, which reported 
Lysholm scores, the mean postoperative score 
was 88, compared to a mean preoperative score 
of 54. KT-1000 arthrometer side-to-side differ-
ence was measured in seven studies in 394 knees 
with a mean side-to-side difference of 2.2 mm 
(range, 1.2–4.2 mm). Pivot shift was recorded for 
497 patients in four studies with a grade 2 pivot 
(clear shift and visible reduction) present in 
6.4 %. There was only one reported case nonin-
fective effusion or synovitis (Figs. 31.3, 31.4, 
31.5, and 31.6).

In terms of comparative studies, the one RCT 
compared 26 LARS devices with 27 patellar ten-
don autografts. At 24 months there was no sig-
nificant difference between the groups in terms of 
IKDC or KOOS scores. One retrospective study 
compared 30 patellar tendon autografts with 32 
LARS reconstructions with a minimum follow-
 up of 4 years. There was no difference between 
the groups in terms of Lysholm, Tegner, IKDC, 
and KT-1000 assessments. In a second retrospec-
tive study, 32 four-strand hamstring ACL recon-
structions were compared with 28 LARS ACL 
reconstructions, also with a minimum follow-up 
of 4 years. Again, there was no difference in 
Lysholm, IKDC, or Tegner scores, but the LARS 
group had significantly less anterior displace-
ment as measured by KT-1000.

In the Batty et al. review, the MINORS score 
was used to assess the methodological quality of 
included studies. The ideal score was 16 points 
for non-comparative studies and case series and 

Fig. 31.2 The LARS device showing the pre-twisted par-
allel fibers of the intra-articular portion (Source: http://
www.coringroup.com)

31 Synthetic Ligaments for ACL Reconstruction
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24 points for comparative studies. The mean 
MINORS score for the included non-comparative 
LARS studies was only 7.6 points (SD, 1.2 
points) and 17.3 points (SD, 1.5 points) for the 
comparative studies. The authors noted that in 
view of the low levels of evidence, the findings of 
the systematic review should be interpreted with 
caution. In addition, the potential for publication 
bias – whereby poor outcomes are less likely to 
be reported – should also be noted.
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Fig. 31.3 Change in graft length of four specimens over a 
90° flexion cycle, red is J. P. Laboureau, green is Bernard 
Hertel, and blue is Charlie Brown. Different GTM is noticed 

in different specimens. J. P. Laboureau’s femoral point is the 
most isometric (Source: Danè Dabirrahmani et al. Computers 
in Biology and Medicine 43(2013)2287–2296)

Fig. 31.4 A color contour plot showing regions on the 
Bernard Hertel grid where graft would undergo potential 
tension (red regions) and laxities (blue regions). Red dot is 
J. P. Laboureau, green dot is Bernard Hertel, and blue dot is 
Charlie Brown. J. P. Laboureau’s point is the closest one to 
the isometric region (Source: Danè Dabirrahmani et al. 
Computers in Biology and Medicine 43(2013)2287–2296)
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31.5  Conflicting Results

In spite of the generally satisfactory results 
reported for the LARS in the above systematic 
reviews, questions remain about its role. Indeed, 
in many countries it has either not been approved 
for use, is not available, or has fallen from favor. 
In the following section, selected longer-term 

studies of the LARS are critically evaluated to 
highlight the varied results.

Parchi et al. reported on 26 of 29 patients a 
mean follow-up of 7.9 years [26]. The mean 
age of the patients at the time of follow-up was 
38.5 years. Joint stability and range of motion 
were reported to be satisfactory in 24 patients. 
For the KOOS score, 11 patients (42.3 %) rated 
optimal (>90) and 13 (50 %) good [25–33]. 
However, there was a wide range of scores, 
from 10 to 100. Similar findings were found 
for the Cincinnati knee-rating scale with 
92.3 % rating optimal (61.5 %) or good 
(30.8 %). Again, there was a wide range from 
22 to 100.

The salient points for this study are that there 
was no control group; the patients were relatively 
older compared to the usual group reported in the 
follow-up of ACL reconstruction and elected to 
have a LARS procedure (potential for selection 
bias); despite generally satisfactory outcomes, 
some patients did badly, and no data regarding 
return to pre-injury activities was provided. It is 
to be noted that the authors conservatively con-
cluded that the LARS device might be a “suitable 
option for ACL reconstruction in carefully 
selected cases, especially for older patients need-
ing a fast functional recovery.”

However, in a more recent study, Tiefenboeck 
et al. came to the conclusion that the LARS 
device should “not be suggested as a potential 
graft for the primary reconstruction of the 
ACL” [33]. Twenty-six patients underwent pri-
mary isolated ACL reconstruction with the 
LARS between 2000 and 2004. The final evalu-
ation was completed in 18 at the mean age of 29 
years, with a mean follow-up period of 
151 months. The high failure rate was the 
authors’ principal source of concern. Eleven 
patients had either KT-2000 side-to-side differ-
ence in anterior knee laxity of more than 5 mm 
(four patients) or a revision procedure due to 
reinjury (five patients) or revision due to deep 
infection (two patients).

Hamido et al. reported on the use of the LARS 
as an augmentation for small diameter or short- 
hamstring tendon autografts in 112 patients with 
a mean age of 26 years at the time of surgery 

Fig. 31.5 The medial aspect of the femoral lateral con-
dyle is shown on sagittal view. The bony mark of resident 
ridge which is the elongation of the posterior cortical line 
can always easily be exposed. The bifurcation ridge is 
sometimes visible around the middle point of the resident 
ridge. The femoral tunnel was positioned on the residen-
tial ridge and 1 mm posterior to the bifurcation ridge (blue 
dot). The red circle is the aperture of the femoral tunnel

Fig. 31.6 The superior aspect of the tibial plateau is shown 
on axial view. The real ACL tibial footprint is usually C-shape 
(blue area). The tibial isolike point (blue dot) is 2 mm poste-
rior to the middle point of the remnant in center of the 
“C-arm.” The red circle is the aperture of the tibial tunnel

31 Synthetic Ligaments for ACL Reconstruction
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[12]. The follow-up period was 45 months. 
Relatively little detail about postoperative 
 assessment is provided. However, on IKDC eval-
uation 67 % patients rated normal and 28.6 % 
rated nearly normal. Eighty-two percent of 
patients returned to their pre-injury sports activi-
ties. No patient had a graft rupture, synovitis, 
screw loosening, or bone tunnel enlargement on 
radiological examination.

31.6  Synovitis

Synovitis was a major concern with earlier syn-
thetic grafts and was associated with osteoarthri-
tis in the longer term [27, 31, 34] Klein. It was 
attributed to abrasion and breakage of the syn-
thetic devices resulting in free debris and parti-
cles within the joint [Greis, Olsen]. It was felt 
that malposition of bone tunnels would hasten 
this process [Olsen]. There was a concern that 
because of the nonabsorbable nature of the syn-
thetic ligaments, there was an increased risk of 
developing osteoarthritis.

It is therefore important to note that many 
studies of the LARS device report minimal or no 
problems with synovitis [3]. However, some 
instances of disabling synovitis have nonetheless 
been reported [10].

31.7  The Chinese Experience

Chinese surgeons did not experience the wave of 
enthusiasm for nor the subsequent failures and 
complications of the early synthetic ligaments. In 
China the LARS device was approved by the 
State Food and Drug Administration (SFDA) in 
2004, and it has since been used on an ongoing 
basis. It has been estimated that more than 10,000 
cases were performed. More than 100 papers on 
the results of LARS ACL reconstruction have 
been published in Chinese, with some studies 
also being published in English in international 
journals. Some of these studies are discussed in 
the following section.

31.7.1  Outcomes

In 2010, Gao et al. reported a multicenter study 
of 159 procedures performed in August 2004 and 
July 2006 [9]. The mean follow-up was 
50 months. There were three graft ruptures, and 
one of these patients developed synovitis. 
Excessive anterior knee laxity was observed in 
another four cases, giving an overall failure rate 
being 4.4 %. Ninety-three percent of patients 
were satisfied with the outcome of their 
procedure.

In another midterm follow-up, a study by Liu 
et al. retrospectively compared LARS ACL 
reconstructions with four-strand hamstring auto-
grafts at a minimum of 4 years [16]. Anterior 
knee laxity was slightly but significantly greater 
in the hamstring group, but no other differences 
were seen between the two groups. The mean age 
of the patients at surgery was 33.9 years.

Pan et al. compared LARS and patellar tendon 
autograft ACL reconstructions in 62 patients at a 
minimum of 4 years [25]. No significant differ-
ences were seen between the two groups with 
respect to Lysholm, Tegner, and IKDC scores and 
anterior knee laxity. Once again, it should be 
noted that the mean age of patients at surgery was 
34.9 years.

In a prospective randomized study, Chen et al. 
compared acute and delayed ACL reconstruction 
with a LARS device. Patients selected LARS 
their preferred graft before being enrolled in the 
study. Their mean age at surgery was 30.7 years. 
At 5 years, anterior knee laxity was decreased, 
and quadriceps muscle strength was increased in 
the acute group. There were no statistically sig-
nificant differences in Lysholm, Tegner, or IKDC 
scores between the two groups.

In a longer-term follow-up, Wang et al. 
reported on a group of 38 patients who under-
went ACL reconstruction with a LARS device. 
Twenty-eight patients were available for review 
at a minimum of 8 years (mean 11.4 years). The 
mean age at surgery was 36.1 years. There were 
six failures (21.4 %) due to graft rupture (two) or 
laxity (four). There was a significant improve-
ment in the Lysholm and Tegner scores compared 
to preoperatively.

S. Chen et al.
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As with the general literature, the reported 
results of the LARS for ACL reconstruction show 
considerable variability. It is noteworthy that the 
average age of the patients in these is often older 
than typically reported in studies of ACL recon-
struction. This may imply a reduced physical 
demand and therefore a likelihood of satisfaction 
with a degree of laxity that might not be tolerated 
in a younger and more active patient population.

31.8  Future Directions

The fundamental requirements of a synthetic lig-
ament include (1) appropriate mechanical prop-
erties (high tensile strength, elasticity in keeping 
with the native ACL, and fatigue resistance), (2) 
biocompatibility including being hydrophilic and 
fostering fibrous ingrowth, (3) osteoconductive 
and osteoinductive capability to achieve better 
graft-bone healing, and (4) appropriate fixation 
methods.

To this end some of the areas of current and 
future research are listed below.

31.8.1  Improvements of Materials

Various coatings have been applied to the intra- 
articular and extra-articular portions of PET 
ligaments to encourage fibrous and bony 
ingrowth, respectively. Animal models using a 
coating of the intra-articular fibers with fibroin, 
the core protein of silk, have been encouraging 
[37]. Various coatings of the extra-articular 
component, including bioglass, hydroxyapatite, 
and silicon dioxide, have also been shown to 
improve osseointegration, again in animal mod-
els [38, 39].

Other non-resorbable materials such as niti-
nol, carbon nanotubes, and ultrahigh molecular- 
weight polyethylene are also being investigated 
as alternatives to PET.

An alternative strategy is to use other materi-
als to create a biodegradable scaffold. Regenerated 
silk is one such material that has shown improved 
osteoinductivity and osteoconductivity of mesen-
chymal stem cells [40].

31.8.2  Alternative Fixation Methods

The LARS ligament was initially fixed with 
interference screws at both ends. However, these 
may reduce the porous nature of the ligament and 
thereby inhibit tissue ingrowth. Alternative fixa-
tion methods such as suspensory fixation may 
offer adequate fixation but at the same time allow 
for tissue ingrowth.

31.8.3  Optimization of Surgical 
Technique

As with all types of ACL reconstruction, a better 
understanding of the ideal bone tunnel locations 
and a precise and reproducible method for identi-
fying these locations intraoperatively are likely to 
lead to improved outcomes.

 Conclusion

While most synthetic grafts for ACL recon-
struction have been abandoned, one device 
(LARS) continues to be used, particularly in 
China. The reported results are variable, but it 
has been associated with good outcomes in 
patients aged over 30 years. Synovitis appears 
to be less of a problem than with earlier syn-
thetic grafts. Further research is required to 
delineate the role of synthetic ligaments in 
ACL reconstruction, and the use of alterna-
tive materials, other fixation methods, and 
biological coatings may all improve 
outcomes.
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Xenograft Ligaments

Kevin R. Stone and Uri Galili

32.1  Introduction

Effective off-the-shelf natural ligament devices for 
cruciate ligament reconstruction represent the ideal 
solution to the problem of ligament rupture. This 
chapter will focus on xenograft tissues as they rep-
resent the possibility of a natural tissue graft which 
can be sourced from a young healthy source and 
remodel into the recipient’s own tissue. The basic 
science and clinical trials of the first successful 
xenograft ligament device will be discussed.

32.2  Background: Why an Off-the- 
Shelf Ligament?

The anterior cruciate ligament (ACL) is the key 
stabilizer of the knee joint and is frequently 
injured in athletic activities. Over 350,000 
patients with damaged ACLs undergo inpatient 
or outpatient surgical intervention in the USA 
each year [38]. Current surgical techniques 
 consist of either the use of the patient’s own 

 tissue to reconstruct the ACL (autologous harvest 
procedures) or, less frequently, cadaveric tissue 
grafts (allografts). Grafts used to reconstruct the 
ACL include constructs of the bone-tendon-bone, 
bone-tendon, and soft tissue tendon. All grafting 
techniques have disadvantages and risks. 
Reconstruction utilizing an autologous harvest 
procedure involves two surgical sites, the pri-
mary operative site and the additional harvest 
site. The harvest procedure for reconstruction 
often results in larger or additional incisions, 
increased pain, longer recovery periods, and 
increased morbidity [5, 16, 17]. Adverse effects 
from the harvest procedure may include patellar 
fracture, patellar tendon rupture with scar forma-
tion, and muscle weakness [2, 22, 35]. Cadaveric 
tissue allografts offer a limited source of ACL 
replacement tissue due to the scarcity of available 
tissue from young healthy donors. Variability in 
tissue quality and performance is also an issue 
between donors. The risk of transmission of 
adventitious disease has been another obstacle to 
the acceptance of cadaveric tissue [25].

Clinical ACL reconstruction (ACLR) with syn-
thetic and nonhuman tissue-based devices has led 
to failure due to a range of factors including mate-
rial property mismatch, fatigue, abrasion, particu-
late shedding, poor fixation, anatomical placement, 
and immunological rejection [6, 10, 19, 29, 36]. 
The cause of immunological rejection when trans-
planting animal tissues into humans was identified 
in multiple studies as a reaction to the carbohydrate 
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antigen called “α-Gal epitope” present in high con-
centration on animal tissues but completely absent 
in humans [1, 13, 32, 37]. In contrast, humans, 
apes, and old-world monkeys (monkeys of Asia 
and Africa) produce large amounts of a natural 
antibody called “anti-Gal” that binds effectively to 
α-gal epitopes [14]. Stone and coworkers demon-
strated the utility of treating porcine tissues with 
the glycosidase enzyme, α-galactosidase, effec-
tively attenuating graft-to-host immune recogni-
tion by α-Gal epitope cleavage [3, 13, 24, 31]. The 
objective of these investigations was to develop an 
immunocompatible, dynamic bioimplant xenograft 
for ACL reconstruction with characteristics match-
ing homologous human tissue.

32.3  Creation of a Chronic 
Xenograft Rejection Model

Transplantation of discordant xenograft organs 
such as the heart or kidney into monkeys results in 
a hyperacute antibody-mediated rejection response 
and likely due to the anti-Gal-mediated destruction 
of endothelial cells and collapse of the vascular 
bed. The resulting graft destruction is evident 
within 30 min to a few days after implantation. 
Since cartilage has limited vascularity, there is less 
potential for hyperacute rejection. It had been spec-
ulated that articular cartilage might be immuno-
privileged and therefore xenograft cartilage might 
be immunocompatible [20]. Xenograft porcine and 
bovine meniscal and articular cartilage tissues were 
transplanted into the suprapatellar pouches of non-
human primates (old-world monkeys producing 
anti-Gal) for 1 or 2 months postoperatively [33]. 
The results suggested that xenograft cartilage tis-
sue was not as immunocompatible as reported and 
was determined to be unsuitable for human implan-
tation due to a chronic rejection mechanism which 
was evident within 1 month after transplantation. 
The rejection mechanism was due to the detrimen-
tal effects of the natural anti-Gal antibody and to 
the production of antibodies directed against non 
α-gal porcine antigens (porcine proteins that are 
immunogenic in primates, called anti-non-Gal 
antibodies). Histologically, the rejection response 
was characterized by a strong cellular inflamma-

tory response of T lymphocytes and macrophages 
within the implants. Clearly, xenografts would 
need to be modified in order to decrease or elimi-
nate the robust rejection response that results in 
premature graft destruction.

32.4  Changes in Anti-Gal 
Response During Chronic 
Rejection

Following the development of the xenograft rejec-
tion model [33], Galili et al. published a study of 
the characteristics of the immune response in cyno-
molgus monkeys implanted with porcine or bovine 
cartilage for up to 2 months [13]. The study found 
that within 2 weeks after transplantation, the anti-
Gal IgG titer in all implanted primates increased by 
20–100 times at the baseline preimplantation serum 
level. Complement-mediated cytotoxicity also 
increased by two to eight times after transplanta-
tion. This elevated activity of anti-Gal was main-
tained for the 2-month period during which the 
grafts were kept in the primates and returned to the 
preimplantation level 6 months after graft removal. 
Previous studies in humans reported that about 1 % 
of B cells in humans are capable of producing the 
anti-Gal antibody; however, most of these B cells, 
referred to as anti-Gal B cells, are quiescent, and 
only those along the gastrointestinal tract produce 
the antibody [12]. The increase in anti-Gal titers in 
cynomolgus monkeys implied that the α-gal epit-
opes released from porcine xenografts induce rapid 
activation of anti-Gal B cells, resulting in marked 
elevation in anti-Gal titers. Galili et al. concluded 
that the elicited anti-Gal will further exacerbate the 
immune rejection of xenografts in primate recipi-
ents and directed further research efforts to devel-
oping a reliable method for elimination of the α-gal 
epitope from orthopedic porcine xenografts.

32.5  Implantation of α-Gal- 
Deficient Porcine Cartilage

Stone et al. studied the possible elimination of 
α-gal epitopes from xenograft cartilage by the 
use of recombinant α-galactosidase [31]. This 
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enzyme cleaves terminal galactosyl unit from the 
α-gal epitope (Gal α1-3Galβ1-4GlcNAc-R) into 
the carbohydrate structure Galβ1-4GlcNAc-R 
which is also present on human cells and cannot 
bind the anti-Gal antibody. Porcine meniscus and 
articular cartilage specimens treated for 12 h with 
recombinant α-galactosidase were confirmed to 
completely lack this epitope. This was demon-
strated by the inability of a monoclonal anti-Gal 
antibody to bind to these treated specimens in 
comparison to the extensive binding of the anti-
body to untreated specimens. The α-galactosidase- 
treated cartilage specimens were implanted into 
the suprapatellar pouch of cynomolgus monkeys, 
and the immune response to cartilage was moni-
tored by serum evaluation and histology 2 months 
post-implantation.

The results of this study demonstrated no sig-
nificant increase in anti-Gal activity after enzy-
matic elimination of α-gal epitopes from the 
treated grafts. The inflammatory response 
within the α-galactosidase-treated xenografts 
was lower by ~95 % than that in untreated carti-
lage, and the proportion of T lymphocytes 
within the cellular infiltrates was greatly reduced 
[31]. However, the removal of α-gal epitopes 
did not eliminate the immune response to non-
Gal antigens. Most monkeys produced anti-non-
Gal antibodies to non-Gal antigens in porcine 
cartilage. The reason for this anti-non-Gal anti-
body response is that most porcine proteins dif-
fer from homologous proteins in monkeys (as 
well as in humans); therefore, they elicit anti-
body response against differences. The produc-
tion of anti-non-Gal antibodies resulted in 
induction of a reduced inflammatory response 
consisting primarily of macrophages infiltrating 
into the cartilage. These macrophages bind via 
their Fc receptors to anti- non- Gal antibodies 
immunocomplexed with the immunogenic por-
cine cartilage proteins and are likely to cause 
destruction of the xenograft, albeit at a pace that 
is much slower than the destruction in the pres-
ence of α-gal epitopes. The anti-non- Gal-
mediated destruction of orthopedic xenografts 
led to developing methods to attenuate this 
immune response, increasing the clinical utility 
for using xenograft devices.

32.6  Development of a Xenograft 
for ACL Reconstruction

32.6.1  Immunological 
and Biomaterial 
Considerations

Several strategies have been used for transplanta-
tion into humans of devices prepared from ani-
mal tissues. Below are models describing 
strategies for the following devices and tissue 
types: (i) vascular grafts and heart valves and (ii) 
soft tissue augmentation devices. These models 
were used to create an understanding of the 
design constraints for xenograft device develop-
ment and clinical performance.

Porcine Heart Valves and Vascular 
Graft Vascular bioprosthetics are heavily pro-
cessed to eliminate any live cells in the tissue and to 
blunt any immunological response to the implant. 
The processing required also renders the implant 
virtually inert, with little to no cellular ingrowth 
into the device. The implanted device is subject to 
cumulative wear and fatigue similar to artificial 
material-manufactured devices. Porcine- derived 
heart valve prostheses exemplify this approach to 
the use of animal tissue for functional reconstruc-
tion [8, 15]. Porcine heart valves are treated with 
high levels of glutaraldehyde for extended periods, 
rendering a device which is highly cross-linked. 
The glutaraldehyde treatment blocks host cellular 
repopulation and proliferation but does not com-
pletely alleviate peripheral immunological recog-
nition [18]. The potential for a lifetime duty cycle 
of the device is limited by a combination of cumu-
lative mechanical fatigue, surface defect propaga-
tion, and subsequent calcification. These constraints 
make a bioprosthetic valve suitable for older 
patients, but not generally suitable for younger, 
more  immunologically active. Figure 32.1 pro-
poses a model for processing and long-term host 
response to a porcine vascular tissue.

Soft Tissue Augmentation Devices Recent 
developments in orthopedic soft tissue recon-
struction have involved the development of xeno-
graft tissue augmentation devices. These materials 
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are subjected to a rigorous washing process that 
strips the tissue of many cellular components; 
however, the process does not remove α-Gal epit-
opes. They are designed to augment existing 
structures and are subsequently replaced by host 
tissue in a relatively short time frame. Upon 
implantation, the device elicits a robust foreign 
body reaction, both to the α-Gal epitope and other 
proteins, resulting in an inflammatory process and 
replacement with fibrotic (scar) tissue that does 
not replicated the normal tissue [1, 23]. The clini-
cal utility of the device is limited by the short resi-
dence time of the material mediated by 
inflammation and rapid post- implantation decline 
in device mechanical integrity. Figure 32.2 illus-
trates soft tissue augmentation device treatment 
and host response.

More current treatments with α-galactosidase 
enzyme are used permanently to remove α-Gal 
from porcine connective tissues. Studies in pri-
mates showed a >95 % reduction in immunologi-
cal response through removal of the α-Gal epitope 
[13, 31]. Enzymatic elimination of the α-Gal 

 epitope is not effective in the living organs fre-
quently studied for transplantation due to the 
continual synthesis of the epitope by transplanted 
cells. However, since treated devices do not con-
tain any live cells, the enzymatic depletion of 
α-Gal epitopes is permanent.

There are many secondary epitopes that elicit 
a low-level immune response. The immune- 
mediated destruction of the devices depleted of 
α-Gal epitopes is further minimized by treatment 
including glutaraldehyde cross-linking followed 
by end-capping, freezing, and irradiation. 
Because primary host immunological response 
has been attenuated by the use of the enzymatic 
treatment, we were able to use significantly lower 
glutaraldehyde treatment levels than those used 
in other devices.

The devices that result from this combination 
of treatments are very different from traditional 
static bioprosthetics. The reduced processing 
provides a device that is more biocompatible 
and biomechanically superior. Most importantly, 
the low-level treatments do not block migration 
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of host cells into the device, gradually replacing 
the implanted device with a new tissue. Thus, as 
described below, macrophages can penetrate the 
device, albeit at a slow enough pace that enables 
the remodeling by host cells (e.g., blood vessels 
and fibroblasts) that infiltrate via the pathways 
formed by these macrophages. Reestablishment 
of original tissue morphology is a tremendous 
advantage since the patient’s own body repairs the 
graft from cumulative wear. Immunochemically 
modified tissue-derived devices provide biome-
chanical support and functionality to the patient 
immediately upon implantation and throughout 
the period of regrowth of the patients’ own tissue 
(ligamentization) [11, 21].

32.6.2  Xenograft Processing 
Overview

Based on the considerations above, a focused 
effort was undertaken to develop a xenograft lig-
ament device from a section of the porcine patel-
lar tendon with bone blocks and based on the 

immunogenicity mechanisms learned from the 
previous series of primate studies. Grafts were 
sourced from a porcine stifle and processed into a 
bone-tendon-bone (BTB) configuration. The 
graft was exposed to a series of chemical treat-
ments. First, decellularization treatment to 
remove intact porcine cells and cellular compo-
nents, followed by exposure to recombinant 
α-galactosidase enzyme solution to cleave α-gal 
epitopes from the graft. Removal of these α-gal 
epitopes was confirmed by ELISA testing with a 
monoclonal anti-Gal antibody that demonstrated 
that essentially 100 % of these epitopes were 
removed from the tendon portion of the con-
struct. Following enzyme treatment, low-level 
glutaraldehyde cross-linking treatment was 
employed, with the intention of attenuating the 
anti-non-Gal-mediated destruction by the host 
immune system. We determined empirically 
incubating tendons in low-level glutaraldehyde 
followed by glycine quench of aldehyde yields 
for optimal conditions for macrophage infiltra-
tion allowing for the gradual remodeling of 
implants.
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The final stage of treatment included packag-
ing and exposure of the hydrated graft to 17.8 kGy 
of e-beam irradiation, a low level of irradiation 
intended to provide graft sterility while minimiz-
ing the degradative effects of radiation.

32.6.3  Biomechanical Evaluation

In order to mechanically characterize treated and 
sterilized porcine grafts, we used clinically rele-
vant controls for comparative biomechanical 
evaluations and used standardized static testing 
methods. The two test groups included treated 
porcine device (pPT) and human bone-patellar 
tendon- bone allograft (hPT) cut to 9-mm width. 
Ten grafts were used in each assessment group. 
All testing used fresh-frozen grafts stored frozen 
and thawed just before testing. Porcine ligament 
graft specimens were immunochemically pro-
cessed, while human patellar tendon grafts were 
sourced from accredited tissue banks as humans 
use graded specimens.

Structural properties were determined from 
load displacement curves: ultimate load, yield 
load, ultimate displacement, yield displacement, 
and axial stiffness. Axial stiffness was calculated 
from linear slope. Conversion of these tensile 
properties was accomplished by normalization of 
stress vs. strain plots and specimen cross- 
sectional area. Structural and material properties 
were derived for all specimens. A retrospective 
comparison of our porcine and human patellar 
tendon results from Noyes 1976 study evaluating 
young and old human anterior cruciate ligaments 
is shown for physical, structural, and material 
properties [27]. The biomechanical characteriza-
tion of the specimens compared processed 

 xenograft with human allograft. Human ACL 
construct groups are presented from Noyes 1976 
study. Cross-sectional area and bone-to-bone 
length of the tested graft groups closely approxi-
mate the ACL. The structural properties of ulti-
mate load, yield load, ultimate displacement, 
yield displacement, and stiffness in ten grafts are 
presented in Table 32.1.

No significant differences were found between 
xenograft device and human patellar tendon test 
groups in the structural parameters of yield load, 
ultimate displacement, yield displacement, stiff-
ness, or yield strength. No significant differences 
were found between these test groups in the mate-
rial parameters of ultimate strain, yield strain, or 
modulus. The xenograft device exhibited signifi-
cantly greater ultimate load, ultimate strength, 
and yield strength as compared to human patellar 
tendon grafts. Xenograft device material property 
results compare favorably to ACLs of young 
donors as reported in the literature and resulted in 
an activity force limit 1.3 times the ultimate 
strength of young donor ACLs [26].

32.6.4  Primate Anterior Cruciate 
Ligament Reconstruction

An ACL reconstruction study in primates was 
performed in 20 rhesus monkeys to evaluate the 
feasibility of the graft as an ACL reconstruction 
graft [34]. Testing involved a unilateral primate 
ACL reconstruction model with 2-, 6-, and 
12-month sacrifice time points and clinical, his-
tological, and biomechanical assessments. 
Control groups included primates implanted with 
an unprocessed porcine graft and allograft- 
implanted primates. Evaluation methods included 

Table 32.1 Structural properties of biomechanical tensile test groups

Porcine patellar 
tendon treated 
(pPT) (n = 10)

Human patellar 
tendon (hPT) 
(n = 10)

Human ACL 
(16–26 years)  
(n = 6) [26]

Human ACL 
(48–86 years) 
(n = 20) [26]

Ultimate load (N) 1,889 ± 252 1,387 ± 299 1,730 ± 660 734 ± 266
Yield load (N) 1,437 ± 256 1,101 ± 397 1,170 ± 750 622 ± 283
Ultimate displacement (mm) 20.5 ± 5.5 15.1 ± 4.5 11.8 8.3
Yield displacement (mm) 14.0 ± 4.3 11.7 ± 3.6 6.9 6.0
Stiffness (N/mm) 184.2 ± 34.8 181.9 ± 79.5 182 ± 56 129 ± 39
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objective functional assessment in life, radiology, 
serological testing of anti-Gal and anti-non-Gal 
antibody response, and clinical and serum chem-
istry. Post-sacrifice assessments included gross 
pathology, organ histopathology, implant histol-
ogy, and postmortem biomechanics. All animals 
returned to normal function by 7 weeks postop-
eratively. Range of motion and laxity were 
assessed at 6 and 12 months by manual manipu-
lation and comparison to contralateral,  unoperated 
limbs. All range of motion and laxity measure-
ments were considered to be clinically acceptable 
considering the surgical and anatomical com-
plexities of the small primate knee. No clinically 

significant differences between allograft and 
treated porcine grafts were noted in either clini-
cal end point. Two-month histology presented in 
Figs. 32.3, 32.4, 32.5, and 32.6 demonstrated 
parallel development between rhesus autograft 
and treated porcine groups in contrast to frank 
rejection in the untreated porcine group.

Postmortem ex vivo biomechanical properties 
of the ligamentized treated xenograft after 6 and 
12 months were not significantly different com-
pared to the primate allograft cohort and com-
pared favorably with various published values for 
autograft reconstructions in animals. The liga-
mentized treated xenograft either equaled or 
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Fig. 32.3 Treated porcine ACL reconstruction device

a b c

Fig. 32.4 (a–c) Rhesus allograft histology, 2 months. (a) 
Intra-articular portion of the graft showing peripheral 
synovial formation and collagen fiber alignment (H&E, 
10×). (b) Fibroblastic reorganization of graft with modest 

fibrohistiocytic infiltration (H&E, 40×). (c) Femoral bone 
tunnel showing graft integration and host bone remodel-
ing (toluidine blue, 10×)
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exceeded the published strength of these auto-
graft reconstructions performed in various ani-
mal models including primates [4, 7, 9, 28].

32.7  Human Clinical Evaluation: 
The US Pilot Study

Based on the preclinical studies in primates, an 
FDA-approved single-center feasibility clinical 
study of the treated xenograft was performed in 
ten subjects, all of whom received the treated 
xenograft [30]. Primary study end points were 
knee stability and effusion. Secondary end points 
of the study involved study participants who 
rated subjective evaluations through specific 
standardized reporting tools. In addition, each 
patient’s radiograph and MRI were assessed by 
an independent musculoskeletal radiologist; 
blood chemistry, urine chemistry, and serum anti-
body levels were studied at various time points 
throughout the study. Of six evaluable subjects, 

five presented with functional grafts at the 
24-month postoperative time point and satisfied 
all study success criteria including effusion, 
KT-1000, pivot shift, and Lachman and Anterior 
Drawer tests. The remaining subject presented 
with tibial bone plug loosening at 15 months post 
ACL reconstruction and had his xenograft 
removed and tibial tunnel grafted with cancellous 
allograft. Four subjects were non-evaluable due 
to non-device-related complications during the 
study due to trauma and very early return to 
sports. There was only one serious adverse event 
(SAE) that was determined to be graft related. 
The other four SAEs were reported in the four 
non-evaluable subjects, each of whom experi-
enced a non-graft-related SAE during the study. 
The anti-Gal IgG antibody response correspond-
ing to α-gal epitope recognition elevated postop-
eratively to a low peak at 2 months and then 
decreased to preimplant range over the period 
from 2 to 12 months. Anti-non-Gal response 
peaked at approximately 6 months and resolved 

a b c

Fig. 32.5 (a–c) Untreated porcine patellar tendon histol-
ogy, 2 months. (a) Granular organization of the native 
intra-articular graft periphery without residual identifiable 
porcine elements (H&E, 20×). (b) Cellular infiltrate of 

lymphocytic cells (H&E, 20×). (c) Femoral bone tunnel 
showing considerable graft resorption by numerous giant 
cells and plasma cells with original tunnel margins indi-
cated by the dotted red line (toluidine blue, 10×)

a b c

Fig. 32.6 (a–c) Xenograft device histology, 2 months. 
(a) Peripheral synovial formation and fibrovascular orga-
nization of the graft (H&E, 20×). (b) Fibroblastic remod-
eling in alignment with the collagen fibrils (H&E, 40×). 

(c) Femoral bone tunnel showing graft-to-host bone inte-
gration and new bone formation around the edge of the 
tunnel (toluidine blue, 10×)

K.R. Stone and U. Galili



351

to preimplant range by 24 months suggesting that 
most of the porcine tissue in the subjects had 
been replaced by the host and that the implant 
had regenerated into a de novo ACL while main-
taining all that time its structural integrity.

Porcine tendon implants explanted by sec-
ondary surgical interventions from five of the 
patients, due primarily to sports injuries, provided 
a better understanding of the ligamentization 
process. Prior to implantation, the processed por-
cine tendon contains primarily the collagen fiber 
bioscaffold and the associated matrix  proteins. 
Anti-non-Gal antibodies are likely to contribute 
to the observed infiltration of macrophages into 
the transplanted porcine tendon. These infiltrating 
macrophages secrete cytokines, including VEGF, 
that induce vascularization of the implant. The 
recipient’s fibroblasts infiltrate the implant via 
newly formed blood vessels and align with the 
collagen fiber scaffold. These fibroblasts secrete 
their own collagen fibers and thus convert the 
implanted tendon into a viable ACL.

None of the histology indicated significant 
inflammatory, immunological, or other destruc-
tive rejection response, other than normal liga-
mentization process. The cell populations of 
biopsies were consistent with expected phases of 
healing and supported host cell-mediated remod-
eling of the xenograft. Synovial biopsies exhib-
ited no signs of synovitis. Blood chemistry, urine 
chemistry, and serology results were within nor-
mal ranges at the 24-month time point.

MRI results in all five patients with xenograft 
reconstructions indicated contiguous reconstruc-
tions with maturing graft and normalizing signal 
intensity. The variability observed in the healing, 
the technical errors, and the early traumatic rup-
tures of these xenografts were similar to the clinical 
experience with allografts and the experience 
reported in the literature. At 12-year follow-up 
each of the five evaluable patients continued to par-
ticipate in sports with stable knees. This safety 
study tested the xenograft in a niche subject popu-
lation, as a worst-case scenario, including those 
with high Tegner activity scores (average score of 
7.4, competitive sports level), who were aggressive 
in rehabilitation and rapidly returned to full sports 
participation early in the postoperative period. 

Moreover, enrolled subjects included those with 
clinically significant concomitant injuries as well 
as those who were undergoing revision surgeries; 
these are well-known risks to outcomes following 
ACL reconstruction. In summary, the xenografts 
were well tolerated without observation of a nega-
tive immunogenic response. In five of six evaluable 
subjects, the xenograft satisfied functional stability 
assessments and continue to function in the most 
recent 12-year follow-up evaluations.

The study feasibility objectives of surgical 
implantability, safety, and preliminary efficacy 
were demonstrated. The FDA subsequently 
approved an Investigational Device Exemption 
(IDE) allowing xenograft evaluation in a multi-
center pivotal trial in the USA.

32.8  Further Research

Following the completion of the pilot clinical trial 
described above, a pivotal study clinical study was 
conducted in seven centers in the European Union 
and South Africa. This clinical study is an ongoing 
evaluation of the long-term safety and perfor-
mance of the xenograft for the treatment of rup-
tured ACL of the knee compared to allograft. The 
trial was designed as a prospective, randomized, 
double-blind, multicenter noninferiority clinical 
trial in 66 subjects. Sixty-six patients with acute or 
chronic ACL ruptures undergoing ACL 
Reconstruction were randomized 1:1 to receive 
the xenograft or allograft device. At the time of 
writing, 24-month data has been collected on all 
patients, and the subsequent analysis is pending 
publication. A review of the data presented to the 
notified body led to a CE mark approval for sale of 
the xenograft ligament devices in CE mark coun-
tries. Future research into novel techniques for the 
removal of the non- Gal epitopes will likely 
improve device remodeling after implantation.

32.9  Summary

Basic science and clinical data appear to demon-
strate efficacy of treated xenograft tissues in pri-
mates and a number of patients to date. The 
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treatments strip the critical antigens and block 
the remaining antigens sufficiently to allow 
remodeling of the tissues. In the “do no harm” 
state of medicine, the development of off-the- 
shelf xenograft devices for ruptured cruciate liga-
ments as an alternative to both allografts and 
autografts is warranted. The immunogenicity 
reduction process may provide surgeons with a 
consistent supply of high-quality nonhuman tis-
sue grafts.
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33.1  Introduction

The aim of surgical management of the anterior 
cruciate ligament (ACL)-deficient knee is to 
restore knee stability, allowing return to activity 
and preventing secondary injury. While modern, 
intra-articular reconstruction techniques achieve 
good results for the majority of patients, they fail 
to restore normal knee biomechanics, particu-
larly with regard to tibial rotation [1–5]. Residual 
pivot shift, a clinical manifestation of internal 
rotational laxity, is associated with poor  outcomes 

and reduced patient satisfaction [6–8], and such 
altered kinematics may further contribute to the 
development of osteoarthritis [9–11].

ACL injury rarely occurs in isolation, and 
associated meniscal, chondral, and ligamentous 
lesions all influence the outcome of treatment 
[12]. Adding to this complexity, not all ACL- 
deficient knees will demonstrate symptomatic 
instability [13], and some knees may demon-
strate a positive pivot shift despite an intact 
ACL [14].

Recently, there has been significant interest 
in the anatomy of the anterolateral structures 
of the knee and their role in the control of tibial 
internal rotation [15–21]. This, in turn, has led 
to renewed interest in the concept of lateral 
extra-articular reconstruction.

Lateral extra-articular procedures were 
designed to control anterolateral rotatory insta-
bility. Initially performed as isolated proce-
dures, they were subsequently combined with 
intra- articular reconstructive techniques. Over 
time, they were largely abandoned due to con-
cerns regarding their biomechanics and per-
ceived non- anatomical nature, equivocal results, 
and the large-scale uptake of arthroscopic tech-
niques. Today, the role of lateral extra-articular 
augmentation techniques is again being investi-
gated, with the aim of reducing the failure rate 
of ACL reconstruction and improving rotational 
control.
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33.2  Historical Rationale 
for Extra-articular 
Reconstruction

Damage to the lateral structures of the knee in 
association with ACL injury was first described 
by Ségond in 1879 [22]. Working prior to the 
invention of radiographs, he noted an avulsion 
fracture of the anterolateral proximal tibia during 
cadaveric experiments to reproduce ACL inju-
ries. He described a pearly, fibrous band attach-
ing to this fragment, which detached from just 
behind the insertion of the iliotibial band (ITB).

In 1968, Slocum and Larson introduced the 
concept of rotatory instability in the ACL- 
deficient knee [23]. While their work primarily 
concerned external rotational abnormalities asso-
ciated with combined medial injuries, other 
authors recognized the importance of abnormal 
internal rotation associated with lateral-sided 
injuries. Hughston, in 1976, described anterolat-
eral rotatory instability and determined it to be 
caused primarily by a tear of the middle one-third 
of the lateral capsular ligament [24]. He noted 
that this instability may be accentuated by other 
ligament tears, in particular a tear of the ACL. In 
six acute cases, five were noted to have tears of 
this middle third of the capsular ligament at oper-
ation, with only one concurrent ACL tear. In 20 
chronic cases, all had demonstrable laxity of the 
middle one-third capsular ligament at operation, 
and 15 had concurrent ACL tears. In 1979, 
Norwood reported the incidence of ligament 
injuries associated with anterolateral rotatory 
instability in 36 knees [25]. In six knees, there 
was an isolated injury to the anterolateral capsu-
lar ligament, in 26 a combined ACL and addi-
tional lateral injury (to the lateral capsular 
ligament, the iliotibial tract, or both), and in only 
four knees an isolated ACL injury identified. 
Jakob, in a cadaveric experiment, found the pivot 
shift in the ACL-deficient knee to be amplified by 
division of the middle third of the lateral capsular 
ligament [26]. As highlighted by Kennedy, the 
contemporary literature was flooded with con-
flicting reports as to the interpretation and man-
agement of acute and chronic ligamentous 
injuries, leading to “widespread debate and much 

confusion about the clinical manifestations and 
pathogenesis of anterior subluxation of the lateral 
tibial plateau” [27, 28].

Lateral extra-articular procedures were popu-
larized around this time to address this anterolat-
eral rotatory laxity or anterior subluxation of the 
lateral tibial plateau. As peripheral soft tissue 
injury was associated with anterolateral rotatory 
instability with or without a concurrent injury to 
the ACL [14, 24, 25], these techniques were 
believed to address the essential lesion of the 
condition. Furthermore, they were considered to 
have a clear biomechanical advantage over intra- 
articular reconstructions in controlling rotation, 
due to the longer lever arm of a peripherally 
based reconstruction to resist torque. Ellison 
described the ACL as “the hub of the wheel” and 
noted, “it is easier to control rotation of a wheel 
at its rim than at its hub” [29].

33.3  Extra-articular Procedures

The first lateral extra-articular procedure was 
described by Strickler in 1937 [30]. This com-
bined intra- and extra-articular procedure utilized 
a loop of ITB routed through the knee and back 
over the anterolateral capsule and was used for 
both anterior and posterior cruciate insufficien-
cies. It was not for another 30 years that isolated 
lateral procedures would be introduced. Many 
procedures were described, with most being vari-
ations and modifications of the Lemaire and 
MacIntosh procedures [31].

33.4  Lemaire

In 1967, Marcel Lemaire of Paris published on 
the clinical presentation and treatment of chronic 
ruptures of the anterior cruciate ligament [32]. 
This article contained an accurate description of 
the pivot shift, as well as a description of an 
extra-articular procedure which he attributed to 
Cabot. In this procedure, a strip of posterior ITB 
was harvested and left attached distally at Gerdy’s 
tubercle. The strip was then wrapped around a 
nylon band, which was sutured into bone tunnels 
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at Gerdy’s tubercle and just proximal to the  origin 
of the lateral collateral ligament (LCL). Lemaire 
felt this operation was ideal to prevent the cou-
pled anterior translation and internal rotation 
seen in the ACL-deficient knee, as intra- articular 
techniques were too difficult, available graft 
materials inadequate, and the results of such 
operations mediocre.

In 1975, Lemaire published the first descrip-
tion of his own extra-articular technique [33]. A 
15 cm by 12 mm strip of the posterior ITB was 
harvested, again left attached distally at Gerdy’s 
tubercle (Fig. 33.1). Just distal and deep to the 
origin of the LCL, an osseous tunnel was drilled, 
exiting on the posterior surface of the condyle 
very close to the capsular attachment. The ITB 
was passed through this tunnel and then back 
under the proximal LCL and sutured onto itself. 
The graft was secured with the knee held in full 
external rotation.

33.5  MacIntosh

At the Canadian Orthopaedic Association meet-
ing in 1971, Galway and MacIntosh presented 
their description of the pivot shift, considered by 
many the first description of this phenomenon 
[34]. Included in this paper was a brief descrip-
tion of an extra-articular technique, using a strip 
of ITB routed under the LCL (Fig. 33.2). In 1976, 
MacIntosh presented the results of 90 cases 

 operated using his technique [35]. Termed the 
“lateral substitution reconstruction for the ante-
rior cruciate ligament,” this procedure utilized a 
20 cm strip of ITB, left attached at Gerdy’s tuber-
cle, which was routed under the LCL, through a 
subperiosteal tunnel and around the insertion of 

a b

Fig. 33.1 The original Lemaire procedure. (a) Passing the the slip of ITB under LCL and through a bone tunnel poste-
rior and proximal to the LCL origin, (b) folding the ITB slip back and suturing on to itself

Fig. 33.2 The MacIntosh procedure
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the lateral intermuscular septum, and finally back 
under the LCL. A combined intra- and 
 extra- articular variant, with an intra-articular 
limb created by routing the graft “over the top” 
and through the knee, was also described. This 
procedure was later known as the MacIntosh 
II. A third procedure, the MacIntosh III, used a 
graft formed from the quadriceps tendon, prepa-
tellar periosteum, and patellar tendon, in continu-
ity and left attached distally. The graft was passed 
over the top from inside out.

33.6  Ellison

Ellison presented a description of his extra- 
articular procedure at the American Orthopedic 
Society for Sports Medicine meeting in 1975, 
before formally publishing the technique and 
results of his distal iliotibial band transfer in 1979 
[36]. In his technique, the ITB was elevated from 
Gerdy’s tubercle with a button of bone, routed 
under the proximal LCL, and reattached at or just 
anteriorly to Gerdy’s tubercle with a staple. He 
also advocated plication of the middle third cap-
sular ligament using a double breasted repair 
beneath the LCL (Fig. 33.3).

33.7  Current Techniques

Most modern techniques are modifications of the 
Lemaire and MacIntosh procedures. In general, 
these techniques do not double the graft back to 
the tibia and thus use a shorter ITB graft and 
require a shorter skin incision [37]. The graft 
may be passed over or under the LCL and affixed 
to the femur using a variety of methods, includ-
ing a staple or interference screw.

Neyret has described a technique using a 
patellar tendon intra-articular graft and a graci-
lis tendon graft for the extra-articular compo-
nent [38]. The gracilis is threaded through a 
drill hole in one of the bone blocks, creating 
one continuous graft. The patellar tendon graft 
is passed in an anterograde fashion, locking the 

gracilis tendon in the femoral tunnel with press 
fit of the bony block (Fig. 33.4). The two free 
limbs are then passed deep to the LCL and 
through either end of a bony tunnel through 
Gerdy’s tubercle.

Fig. 33.3 The Ellison procedure

Fig. 33.4 The modified Lemaire procedure as described 
by Neyret et al.
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33.8  Results for Isolated Lateral 
Extra-articular Procedures

The reported results for isolated extra-articular 
procedures are generally poor. Neyret reported 
the outcomes for an isolated Lemaire procedure 
in amateur skiers [39]. Of the 33 knees operated 
in 31 patients, only 16 were satisfied with the 
result. The pivot shift was positive in 9 of 18 at 
1 year and 12 of 15 at final follow-up after 
4.5 years. The outcome was noted to be depen-
dent on the status of the medial meniscus, espe-
cially in those aged under 35 years.

Ireland and Trickey reported their results with 
the MacIntosh procedure in 50 knees at 2 years 
follow-up [40]. Anterolateral jerk was abolished 
in 42 of the 50 knees; however, less than half of 
their excellent and satisfactory results were able 
to return to sports at their previous level. Amirault 
reported the long-term results for this procedure, 
examining 27 patients at over 11 years follow-up 
[41]. Using their own 50-point scoring system 
based on patient function and clinical examina-
tion, 52 % of patients were rated as good or 
 excellent. This report highlights the difficulty in 
comparing results from a period where many, 
predominantly non-validated outcome measures 
were used [42].

Ellison reported good or excellent results in 
15 of 18 knees using his procedure with up to 
41 months follow-up [36]. Other authors were 
unable to reproduce these results. Kennedy 
reported only 57 % good or excellent results with 
the procedure [28]. Twenty-four of 28 had a posi-
tive pivot shift at 6 months postoperatively, and 
all patients had a persistent anterior drawer. Fox 
reported 63 % fair or better results in 76 knees 
using a modification of Ellison’s technique [43]. 
Reid reported the long-term results of the Ellison 
procedure in 32 patients with a mean follow-up 
of 11 years [44]. Seventy-five percent had a posi-
tive pivot shift, 56 % reported symptoms with 
activities of daily living, and only 24 % reported 
a good subjective outcome.

In addition to these poor clinical results, there 
were concerns regarding the biomechanics of 
these reconstructions. Several laboratory studies 
identified over-constraint of the lateral 

 compartment, with the tibia held in an abnormal, 
externally rotated position at rest [45–47]. It was 
felt that this over-constraint would lead to either 
stretch of the graft over time or an increased rate 
of lateral compartment osteoarthritis. While graft 
elongation may certainly have contributed to the 
suboptimal clinical results, there is little evidence 
of increased lateral compartment degenerative 
change in the literature.

33.9  Current Evidence

33.9.1  Anatomy

Since Paul Ségond’s description of a pearly band 
attaching to his eponymous fracture, numerous 
anatomical and radiological studies have described 
structures connecting the lateral femoral condyle, 
the lateral meniscus, and the lateral tibial plateau 
on the anterolateral aspect of the knee [22, 24, 
48–53]. These structures have been described as 
capsular thickenings, components of the iliotibial 
tract, or ligaments in their own right and have been 
variously referred to as the “middle one-third of 
the lateral capsular ligament” or simply the “lat-
eral capsular ligament” [24], the “capsulo-osseous 
layer of the iliotibial tract” [49], the “anterior 
oblique band” [51], and the “lateral femorotibial 
ligament” [52]. This non- standardized nomencla-
ture and vague anatomical descriptions have con-
tributed to ongoing confusion regarding the 
anatomy of the anterolateral knee.

The term “anterolateral ligament” (ALL) was 
probably first used by Kaplan in his 1962 study 
of the iliotibial tract [54]. The term was subse-
quently used by Terry to describe the function of 
the capsulo-osseous layer of the iliotibial tract 
[49] and again by Vincent to describe a structure 
running from the lateral femoral condyle to the 
lateral meniscus and anterolateral tibia, demon-
strated by dissection from the intra-articular 
aspect of the joint capsule during total knee 
arthroplasty [53].

In 2013, Claes and colleagues published their 
landmark description of the anterolateral liga-
ment (ALL) [15]. Identified in 40 of 41  specimens, 
this extra-capsular structure was found to 
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 originate just anterior to the LCL, posterior and 
proximal to the popliteus tendon insertion, and to 
insert onto the proximal tibia roughly midway 
between Gerdy’s tubercle and the fibula head. 
The structure had a strong connection to the body 
of the lateral meniscus, but lacked attachments to 
the ITB.

Subsequently, a number of authors have con-
tributed to our understanding of this structure 
with further anatomical and histological studies 
[16, 18, 20, 55] and descriptions of radiological 
landmarks [17, 19, 55]. While the tibial insertion 
is relatively constant in these descriptions, varia-
tion has been reported in the femoral attachment. 
Some studies have described the origin as being 
proximal and posterior to the LCL [20, 55], some 
anterior and distal [15, 16], while Caterine identi-
fied both variants [18]. Caterine also identified a 
peripheral nervous innervation, suggesting a role 
in proprioception.

These recent anatomical studies have helped 
to clarify the complex anatomy of the anterolat-
eral knee and would suggest that lateral extra- 
articular procedures may be more anatomical 
than previously believed.

33.10  Native Knee Biomechanics

The anterior cruciate ligament is the primary 
restraint to anterior tibial translation. A number 
of structures contribute to the control of internal 
tibial rotation at the knee, including the ACL, the 
anterolateral ligament, the iliotibial band, the lat-
eral meniscus [56], and the medial meniscotibial 
ligament [57].

Despite current interest in the ALL, to date 
relatively few biomechanical studies have been 
published. Kennedy examined the biomechani-
cal properties and failure mechanism of the ALL 
[55]. They determined a mean maximum load of 
175 N and stiffness of 20 N/mm. In 12 speci-
mens, they identified four mechanisms of fail-
ure, ligamentous tear at the femoral attachment 
in four specimens, at the tibial insertion in one, 
in the mid-substance in four, and by a bony avul-
sion (i.e., Ségond fracture) in six, although it 
should be noted that the line of pull in these 

experiments was nonphysiologic. Regarding 
function, Dodds determined the ligament to be 
isometric from 0 to 60° of flexion and to lengthen 
with internal tibial rotation, strongly suggesting 
a role in rotational control [20]. Kittl studied the 
isometry of the native anterolateral structures as 
well as potential points for the fixation of an 
extra-articular reconstruction [58]. He found an 
ALL with an origin posterior and proximal to the 
LCL to be relatively isometric, while an ALL 
with a distal and anterior origin was lax 
approaching extension and unlikely to be effec-
tive in controlling the pivot shift [58]. Monaco 
examined the effect of cutting the ACL and lat-
eral capsular ligament using a navigation system 
and manually applied forces [59]. His descrip-
tion of division of the lateral capsular ligament 
would have involved division of the ALL. He 
found an increase in internal rotation in all knee 
flexion angles in the ACL-deficient knee follow-
ing division of the lateral capsular ligament, 
which was significant at 30° with an increase in 
internal rotation of 5.5°. Spencer investigated 
both sectioning and reconstruction of the ALL 
using navigation and manually applied forces. 
He measured an increase in internal rotation in 
extension of 2° after division of the ALL in the 
ACL-deficient knee while performing a simu-
lated pivot shift [60]. Lording, in a cadaveric 
experiment using a robotic knee examination 
device, found division of the ALL in the ACL 
intact knee increased internal rotation at 30° of 
knee flexion by 2.4° [61]. However, there was 
wide variation in the effect of ALL sectioning 
between specimens, which in some specimens 
was not significant. Parsons, using a six degree 
of freedom robot, found the ALL to be the pri-
mary restraint to internal rotation at knee flexion 
angles greater than 35°, with the ACL providing 
the greatest restraint closer to extension [21]. It 
should be noted that the ITB was removed from 
all specimens in this study prior to testing. In 
contrast to Parsons, Kittl found the ALL played 
no significant role in internal rotational control 
[62]. In a similar robotic experiment, he deter-
mined the superficial and deep components of 
the ITB to be the primary restraints to internal 
rotation from 30 to 90°, with the ACL having a 
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 significant contribution at 0° only. Interestingly, 
the ACL provided no restraint to the pivot shift.

The finding of a role for the ITB in the control 
of internal tibial rotation is important but not 
new. Fetto was able to induce a pivot shift by 
division of the ITB in an ACL intact knee [14]. 
Jakob noted increased internal rotation but a par-
adoxical decrease in the pivot shift after division 
of Kaplan’s fibers, reflecting the complex and 
multifactorial nature of these rotational abnor-
malities [26]. When he released the ITB distally 
by osteotomy of Gerdy’s tubercle, the pivot shift 
became so marked in the ACL-deficient knee that 
the subluxation did not reduce before 60° of flex-
ion. Gadikota, in a robotic study investigating the 
effect of increasing ITB load, found that internal 
rotation was significantly reduced between 20 
and 30° of knee flexion with an ITB load of 50 N 
and from 15 to 30° with a load of 100 N [63]. 
Lording measured an increase in internal rotation 
of 2.6° in the ACL intact knee after division of 
the ITB at Gerdy’s tubercle, slightly greater than 
that noted for the ALL and consistent across 
specimens [61].

33.11  Current Rationale for Lateral 
Extra-articular Procedures

Despite many advances in the evolution of ante-
rior cruciate ligament surgery, failure remains an 
issue. While failure rates as high as 24 % have 
been reported [64], recent large-scale cohort 
studies, systematic reviews, and registry reports 
would suggest a rate between 3.5 % and 7 % [65–
67]. There is no universally accepted and applied 
definition of failure, however, and studies report-
ing failure rates using hard end-points such as 
revision reconstruction likely underestimate the 
true clinical burden. Pain, stiffness, ongoing 
instability, and an inability to return to sports 
may all signify a failed procedure, particularly as 
they relate to patient satisfaction.

It is now well understood that intra-articular 
ACL reconstruction does not restore normal knee 
biomechanics with regard to rotational control 
[1–5] and that this in turn has a negative impact 
on patient outcomes [6–8]. In an effort to better 

restore normal kinematics, various modifications 
of intra-articular techniques have been used.

In the double-bundle technique, the postero-
lateral bundle is intended to better restrain inter-
nal rotation and the pivot shift [68]. While 
time-zero biomechanical testing has suggested 
this technique offers superior rotational control 
than single-bundle techniques [69–71], clinical 
superiority has not been demonstrated [72–74].

In “anatomical” single-bundle reconstruction, 
the femoral tunnel is placed in the footprint of the 
native ACL, rather than the more vertical position 
seen in traditional techniques. This creates 
greater graft obliquity [75], which should theo-
retically better resist rotation and improve stabil-
ity, although the results of biomechanical studies 
have been mixed [76–79]. While “anatomical” 
single-bundle techniques have demonstrated 
improved patient-reported outcomes compared to 
traditional techniques [80, 81], these more 
oblique grafts are subjected to higher in situ 
forces than more vertical grafts [82], which may 
lead to a higher graft failure rate [83].

Regardless of graft obliquity, the ACL is 
poorly positioned to resist internal rotation and 
probably contributes relatively little to rotational 
stability [62, 84]. As outlined above, recent ana-
tomic and biomechanical data support the role of 
the anterolateral peripheral structures in rota-
tional control. It is likely that damage to these 
peripheral restraints contributes to the variation 
in clinical laxity seen in the ACL-deficient knee 
[85, 86] and that failure to address these associ-
ated injuries contributes to residual rotatory lax-
ity and poor outcomes [87]. In this light, repair or 
reconstruction of these structures could be con-
sidered more “anatomical” than intra-articular 
reconstruction alone.

Some biomechanical data is available to assess 
the effect of extra-articular augmentation on rota-
tional control. Draganich studied the effect of 
both an isolated extra-articular reconstruction 
and a combined approach in a cadaveric model 
[88]. The isolated lateral procedure was found to 
over-constrain tibial internal rotation; however, 
when the lateral procedure was performed after 
an intra-articular reconstruction and care was 
taken not to tension the tenodesis with the knee in 
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external rotation, both anterior translation and 
rotation were restored to that of the intact knee. 
In an in vivo study using intraoperative naviga-
tion, Monaco demonstrated reduced internal 
rotation after the augmentation of an intra- 
articular graft with a lateral extra-articular recon-
struction [89]. This combination also showed 
improved rotational control compared to a 
double- bundle technique. Spencer examined the 
effect of an anatomical ALL reconstruction and a 
modified Lemaire extra-articular procedure in the 
ACL-deficient knee [60]. The anatomical ALL 
reconstruction, based on the landmarks of Claes 
[15], was ineffective in controlling internal rota-
tion or anterior translation in an early phase pivot 
shift test, supporting the isometry findings of 
Kittl [58]. With the modified Lemaire reconstruc-
tion, however, there was a trend toward reduced 
internal rotation and a significant reduction in 
anterior translation.

One concern regarding extra-articular proce-
dures is that this improved internal rotational 
control comes at the expense of over-constraint 
of the lateral compartment. While early studies of 
isolated procedures would support this [45–47], 
these techniques often called for graft fixation 
with the knee in maximal external rotation, and 
this finding was not borne out by Draganich for 
combined reconstructions [88]. In Kittl’s recent 
study, graft passage deep to the LCL and attach-
ing proximal to the lateral femoral condyle dem-
onstrated near isometric behavior [58]. Both the 
MacIntosh and modified Lemaire demonstrated 
favorable length change behavior. Similarly, 
there is no evidence that lateral extra-articular 
procedures cause increased lateral compartment 
osteoarthritis. Zaffagnini, in a randomized trial 
comparing patellar tendon, four-strand ham-
string, and Marcacci’s combined technique, 
noted no differences in radiological outcomes at 
5 years [90].

Lateral extra-articular procedures may also 
work synergistically to reduce the failure rate for 
ACL reconstructions. Terry described the ACL 
and the capsulo-osseous layer of the ITB as form-
ing an “inverted U” behind the lateral femoral 
condyle, supporting the condyle and preventing 
posterior subluxation on the stabilized tibia [85]. 

Draganich demonstrated load sharing between 
intra-articular and extra-articular reconstructions 
in a cadaveric model [88]. Similarly, Engebretsen 
found that an iliotibial tenodesis reduced the 
forces seen in an ACL graft by 43 % [47]. These 
studies suggest that the addition of an extra- 
articular procedure could shield an intra-articular 
reconstruction from excessive forces during the 
healing phase, potentially protecting it from early 
stretch or fixation failure and reducing the rate of 
re-injury in the long term. This may be of particu-
lar importance for more grafts likely to see higher 
forces, such as more oblique single-bundle grafts 
and patients after medial meniscectomy [91], as 
well as patient groups at higher risk of failure, 
such as younger and female patients [66, 92, 93].

33.12  Results for Combined  
Intra- and Extra-articular 
Procedures

The first combined procedures were performed 
soon after the emergence of lateral extra-articular 
techniques. Some, such as the MacIntosh II, were 
inherently combined procedures, while others 
involved the augmentation of an intra-articular 
reconstruction with a separate lateral procedure.

The early results for combined procedures 
were encouraging. Bertoia reported good or 
excellent results in 31 of 34 knees using the 
MacIntosh lateral substitution over-the-top repair 
(MacIntosh II), with the pivot shift abolished in 
91 % [94]. Zarins and Rowe described a modifi-
cation of MacIntosh’s over-the-top procedure, 
with an ITB graft passing from outside in supple-
mented by the addition of a distally based semi-
tendinosus graft passing from inside out [95]. 
Eighty-eight of 100 patients reported good or 
excellent satisfaction with the procedure, with 
pivot shift reduced to grade 0 or 1+ in 91.

Augmentation procedures also showed prom-
ising results. Dejour studied 251 cases operated 
with a patellar tendon intra-articular reconstruc-
tion augmented with the Lemaire procedure [96]. 
Eighty-three percent had good or excellent func-
tional results, although the pivot shift was 
described as equivocal in 24 %. Rackemann 
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reported the results of 714 knees treated with a 
medial third patellar tendon reconstruction aug-
mented with a MacIntosh procedure [97]. At 
6 years, results were satisfactory in 93 %, with 
only one positive pivot shift.

The first comparative study of intra- and extra- 
articular reconstruction versus intra-articular 
reconstruction alone was published by Jensen in 
1983 [98]. In this retrospective study, he found the 
combined procedure group showed the most 
marked reduction in anterolateral laxity. 
Subsequent studies, however, challenged the supe-
riority of combined procedures. Strum reported no 
benefit of combined procedures over isolated 
intra-articular reconstructions, stressing the impor-
tance of a well-performed intra- articular proce-
dure [99]. O’Brien found no difference in clinical 
stability for those treated with a central third patel-
lar tendon intra-articular graft with or without the 
addition of a lateral extra-articular sling proce-
dure; however, 40 % of the extra- articular group 
had chronic pain or swelling associated with the 
additional procedure [100]. In the first English lan-
guage, randomized, prospective study, Anderson 
compared patellar tendon, hamstring, and ham-
string combined with lateral extra-articular proce-
dures and found no benefit to the addition of the 
extra-articular reconstruction [101].

By this stage, lateral extra-articular recon-
structions had been largely abandoned, although 
a number of centers, particularly in Europe, con-
tinued to utilize the technique. Some long-term 
case series are available from these institutions.

In Lyon, France, both Lerat and Neyret have 
published long-term results for combined proce-
dures. Lerat reported the results for 138 patients 
at a mean follow-up of 11.7 years [102]. Patients 
were treated with a “MacInJones” procedure, in 
which an intra-articular patellar tendon graft was 
augmented by an extra-articular reconstruction 
performed with a strip of quadriceps tendon in 
continuity with the patellar tendon graft. 
International Knee Documentation Committee 
(IKDC) functional results were good or excellent 
in 60 %. The pivot shift was negative in 66 %, 
grade 1+ in 30 %, and grade 2+ in 4 %. There 
were 12 graft failures. Pernin and Neyret reported 
the long-term outcomes of 100 patients treated 

by Henri Dejour with a patellar tendon intra- 
articular reconstruction and a modified Lemaire 
procedure, at a mean follow-up of 24.5 years and 
with particular respect to the risk factors for the 
development of osteoarthritis [103]. The intra- 
articular reconstruction was performed in an 
open fashion through an anteromedial arthrot-
omy. Seventy-four percent reported their out-
come to be good or excellent, with IKDC 
assessment normal or near normal in 46 %. The 
pivot shift was negative in 77 %, with 17 % hav-
ing a moderate pivot (2+) and 6 % a gross pivot 
(3+). Radiographically, the percentage of knees 
without degenerative changes was stable from 
11.5 years (41 %) to 24.5 years (39 %); however, 
among those with degenerative changes, the pro-
portion with severe osteoarthritis increased from 
10 % to 27 %. Both medial meniscectomy and 
medial articular cartilage lesions at the time of 
surgery were predictive of the development of 
osteoarthritis, as were increased age at operation 
and increased delay between injury and surgery. 
Residual laxity was not found to correlate with 
the radiological outcome; however, only anterior 
translation and not rotatory laxity was assessed.

In Italy, Marcacci described a technique not 
dissimilar to the hamstring arm of the Zarins- 
Rowe procedure [104]. The gracilis and semiten-
dinosus tendons are harvested with their tibial 
insertions maintained. The graft is passed through 
a tibial bone tunnel and then over the top of the 
lateral condyle from inside out. The tendons are 
affixed in a groove on the lateral femur with two 
staples, and the remaining graft passed deep to 
the LCL and attached at Gerdy’s tubercle. At 
11-year follow-up in 54 knees in high-level sports 
participants, 90.7 % achieved good or excellent 
International Knee Documentation Committee 
(IKDC) scores, with three knees showing a slight 
residual pivot shift [105]. No increase in 
 osteoarthritis was noted for this combined proce-
dure compared to historical controls.

A number of small, randomized studies com-
paring combined versus isolated intra-articular 
reconstruction have been published [90, 101, 106–
111]. These are summarized in Table 33.1. Ait Si 
Selmi evaluated the outcomes of 120 patients 
 randomized to receive either a patellar tendon 

33 Extra-articular Plasty with ACL Reconstruction: Long-Term Results of Associated Procedure
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intra-articular reconstruction or Neyret’s com-
bined procedure [106]. The combined group 
showed improved satisfaction, IKDC subjective 
scores, and improved control of the pivot shift, 
although these differences did not reach statistical 
significance. The study of Giraud reports the 
medium-term results of 63 patients treated with 
either the “MacInJones” or a patellar tendon 
reconstruction at 7 years [108]. While there was a 
trend toward improved IKDC scores and a reduc-
tion in pivot shift seen in the extra-articular group, 
this did not reach statistical significance in this 
small trial.

A recent systematic review and meta-analysis 
by Hewison found a significant reduction in the 
pivot shift for combined procedures compared to 
intra-articular reconstruction alone, although this 
did not translate into improved IKDC scores 
[112]. The quality of included studies, however, 
was poor, with an unclear to high risk of bias for 
most articles. In a similar meta-analysis, Rezende 
found improved pivot shift and Lachman test 
results for combined procedures, with no differ-
ence in functional outcomes [113].

Currently, a large, multicenter, prospective 
randomized trial is underway, comparing intra- 
articular versus combined intra-and extra- 
articular reconstruction in a young, high-risk 
population (Getgood et al. ISAKOS Multicentre 
Grant Award 2013).

33.13  Indications for Extra- 
articular Reconstructions

The results of intra-articular reconstruction are sat-
isfactory for the majority of patients, and as such 
extra-articular reconstruction should be reserved 
for those most likely to benefit from the additional 
intervention. This may include those at higher risk 
of failure, such as younger patients [93] and those 
returning to pivoting sports [114]. A high degree of 
clinical laxity, associated ligamentous or meniscal 
injury patterns, and revision reconstruction may 
also be appropriate indications.

Clinical, radiological, and even intraoperative 
navigation-based criteria have been proposed to 
help identify patients based on their degree of lax-

ity [108, 115, 116]. It is likely, however, that some 
of the variation in clinical laxity seen in the ACL-
deficient knee is related to associated injuries [85]. 
LaPrade achieved 95 % accuracy in diagnosing 
injury to the meniscotibial portion of the mid-third 
lateral capsular ligament using magnetic resonance 
imaging [50], and Claes has also identified a high 
rate of ALL abnormalities in association with ACL 
injury [86]. Advances in imaging techniques and 
technology may allow for accurate diagnosis and 
targeted treatment strategies for these injuries.

Another associated injury that may be an 
appropriate indication is medial meniscal lesions 
requiring meniscectomy. Loss of the medial 
meniscus increases graft forces by up to 50 % 
[91] and is associated with reduced IKDC scores 
and inferior pivot shift control after ACL recon-
struction [117].

The results for revision ACL reconstruction 
are generally inferior to those for primary proce-
dures this may also be an indication for extra- 
articular augmentation. Trojani reported a 
multicenter series of 189 revision procedures, of 
which 26 included a lateral extra-articular recon-
struction [118]. While the pivot shift was better 
controlled and there was a trend toward a lower 
failure rate in the extra-articular group, there was 
no difference in IKDC scores.

 Conclusion

Lateral extra-articular procedures are effective 
in controlling internal rotation at the knee, 
with recent anatomical and biomechanical 
studies supporting the rationale for their use in 
selected cases. In combination with intra-
articular reconstruction, these procedures may 
have a role in specific high-risk and/or revi-
sion scenarios; however, further research is 
needed to better clarify these indications.
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34.1  Introduction

Combined injuries of the anterior cruciate liga-
ment (ACL) and medial collateral ligament 
(MCL) are the most common multi-ligament 
injuries of the knee [1]. A concomitant injury is 
present in 78 % of grade III MCL injuries [2], 
with the ACL being involved in 95 % of cases [2].

The extra-synovial location of the MCL, with 
its abundant vascular supply, provides it with a 
much higher healing capacity [3–6]. In most 
instances, nonoperative management of isolated 

MCL injuries is sufficient, including injuries in 
high-performance athletes [7]. However, this 
does not appear to be the case for combined inju-
ries [8], where chronic anteroposterior, valgus, 
and rotatory instability can develop [9]. If certain 
MCL injuries are not addressed at the time of 
ACL reconstruction, increased stresses on the 
graft can lead to higher rates of failure [8, 10–
13]. The increased laxity of concomitant ACL 
tears can lead to certain MCL tears healing with 
lower biomechanical strength [14].

In particular, the treatment of an associated 
grade III MCL tear is the subject of much debate 
[6, 12, 15, 16]. In-depth evaluations of injury pat-
terns, biomechanics, and anatomical repair tech-
niques have shown a wider spectrum of medial 
and posteromedial corner structures that impart 
valgus and rotational stability to the knee [17–21]. 
This realization has challenged the traditional con-
servative management strategies of combined 
injuries, justifying a more aggressive surgical 
approach in certain situations [5, 15, 18, 22].

Proponents exist for isolated MCL repair or 
reconstruction [12, 16, 23] versus more complex 
MCL and posterior oblique ligament (POL) 
reconstructions (anatomic and nonanatomic) [18, 
24–26]. Many questions still remain about the 
timing of surgery, as well as the best methods for 
fixation and graft tensioning [5, 27–30]. These 
factors remain important areas for basic science 
and clinical investigation.
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34.2  History and Physical 
Examination

The common factor of combined injuries is likely 
to be a combination of valgus, external rotation, 
and hyperextension [31–33]. Patients either pres-
ent with pain and swelling (<3 weeks) or instabil-
ity (>3 weeks). To compensate for medial 
instability, the patient may walk with a vaulting 
gait and, if swollen, with a slightly flexed knee 
[34, 35]. Point tenderness at the level of the prox-
imal tibia could represent an underlying “Stener- 
like” lesion-guiding management toward primary 
repair [36]. Proximal tears are more likely to go 
on to heal themselves. Mid-substance tears can 
be mistaken for meniscal tears. Lateral meniscal 
tears, osteochondral fractures of the lateral femo-
ral condyle, or lateral tibial plateau can occur in 
contrecoup injuries.

The American Medical Association’s grading 
scale is most commonly used to classify the 
severity of MCL tears (see Table 34.1) [37]. 
Valgus stress testing applied at 30° of flexion 
remains the gold standard for assessing isolated 
MCL tears [38]. To improve the accuracy of clin-
ical gapping [39], LaPrade et al. have quantified 
damage to individual medial structures to joint 
space widening seen on stress radiographs (see 
Table 34.2) [40].

In combined injuries, valgus stress testing at 0° 
of flexion is more informative [41]. Excessive lax-
ity on valgus stress will indicate injuries to the 
MCL and secondary stabilizers of the knee [42]. 
With the anterior drawer, MCL and ACL tears 
together may result in greater anteroposterior 
(AP) translation [8, 10]. The Slocum-modified 
anterior drawer test is a way to identify PMC inju-
ries. An external rotation anterior drawer test, per-
formed in 10–15° of external rotation of the tibia, 
exposes PMC injuries [43]. External rotation 
stress is thought to be applied in the following 
order: PMC, anterior MCL, and ACL. Conversely, 
intact lateral-sided ligaments will prevent an ante-
rior drawer of the tibia on the femur when per-
formed in 30° of internal rotation even if the MCL 
and ACL are torn.

The dial test, more commonly used to detect 
posterolateral corner (PLC) and PCL injuries, 

can also show increased external rotation at 30 
and 90° of flexion with medial-sided injuries [14, 
41]. Performing the examination in both the 
supine and prone position can be used to distin-
guish the difference between anteromedial and 
posterolateral tibial rotation, using a combination 
of visualization and palpation [14].

Laterally displaceable patellae and extensor 
mechanism damage have been variably reported in 

Table 34.1 American Medical Association’s grading 
scale

American Medical 
Association grading 
scale

Clinical 
laxity 
(mm) [39]

Radiographic 
widening (in 
20° flexion) 
[40]

Grade I Localized 
tenderness but 
no instability

3–5 mm 3.2 mm 
difference 
compared to 
contralateral 
side

Grade II Localized 
tenderness 
and a partial 
tear of the 
MCL and 
POL

6–10 mm –

Grade III Complete 
disruption and 
instability 
with valgus 
stress testing

>10 mm 9.8 mm 
difference 
compared to 
contralateral 
side

Table 34.2 Average gapping increase compared to nor-
mal knee

Protocol

Medial joint 
gapping (mm) in 
0° knee flexion

Medial joint 
gapping (mm) in 
20° knee flexion

Intact 7. ± 0.7 7.4 ± 0.7
Proximal 
sMCL

9.4 ± 1.0 10.6 ± 1.9

MF 9.9 ± 1.2 12.2 ± 2.0
POL 12.2 ± 1.5 14.1 ± 2.1
Distal sMCL 13.2 ± 2.6 15.3 ± 2.3
MT 14.1 ± 2.8 16.2 ± 2.8
ACL 15.9 ± 3.9 21.2 ± 3.9
PCL 21.6 ± 4.2 27.8 ± 4.7

Adapted from Laprade et al. [40]
sMCL superficial medial collateral ligament, MT menis-
cotibial, MF meniscofemoral, POL posterior oblique liga-
ment, PCL posterior cruciate ligament, ACL anterior 
cruciate ligament
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the literature to occur in 9–59 % of combined liga-
ment injuries [44, 45]. While these injuries rarely 
have been found to cause instability, the literature 
that examines their relative contribution is poor, 
and careful examinations should be performed to 
identify potentially aggravating injuries.

34.3  Imaging

Acutely, static widening of the medial joint space 
on plain radiographs can indicate a medial-sided 
injury or structure incarceration, e.g., medial cap-
sule or MCL (≥5 mm). The “irreducible” knee 
dislocation can present this way following 
 posterolateral joint subluxation or vastus media-
lis entrapment [46, 47]. Valgus stress radiographs 
can confirm suspicions of medial-sided injury 
[14, 17]. LaPrade et al. quantified side-to-side 
differences of 1.7 mm and 3.8 mm at 0° and 20°, 
respectively, in isolated MCL tears and 6.5 mm 
and 9.8 mm at 0° and 20°, respectively, in com-
bined MCL and posteromedial corner disruption 
[40]. Otherwise, an examination under anesthetic 
can be used to detect rotatory injuries not previ-
ously detected by preoperative imaging or exami-
nation [42].

Chronically, radiographic changes can pro-
vide clues to the pattern of underlying injury. A 
Pellegrini-Stieda lesion, an ossified posttraumatic 
avulsion lesion of the MCL from the medial epi-
condyle of the femur [48], a deep femoral notch 
sign, peaked tibial spines, or cupula lesions can 
indicate long-standing MCL and ACL injuries.

MRI without contrast remains the gold stan-
dard where the diagnosis of medial-sided knee 
injuries can be performed with an accuracy of 
87 % [49]. Its greatest advantages are in sus-
pected complete MCL tears, suspected ACL 
tears, persistent clinical instability, and identify-
ing the location of tear where surgery is required 
[50]. Individual medial-sided structures and the 
exact location of the injury can be visualized (see 
Fig. 34.1) [51]. MRI arthrograms enhance the 
identification of PMC injuries. Kimori et al. 
found arthrography to be more useful than 
arthroscopy and clinical examination in detecting 
tears, but interpretation can be difficult [51–53].

Nakamura et al. (contributing author) developed 
a new classification for MCL injuries based on the 
appearance of the superficial medial collateral liga-
ment (sMCL) on MRI: femoral insertion site injury 
(type I), tibial insertion site injury (type 2), or injury 
throughout the length of the MCL (type 3) [53]. All 
five of their type 3 injuries required MCL recon-
struction and there were no type 2 injuries. No 
differences were observed in IKDC sagittal laxity 
or valgus stability in all injuries.

Ligament discontinuity, subcutaneous edema, 
internal (ligament) change of signal intensity, and 
contrecoup bipolar bone bruises have all been 
associated with MCL tears [54–56]. When the 
pivot-shift mechanism does not dissipate all the 
deforming forces of certain high-energy injuries, 
varus, the internal rotation impaction on the ante-
riorly subluxated proximal tibia, is thought to 
lead to central medial femoral condyle and poste-
rior tibial plateau contusion [57, 58].

The recently described “wave sign” indicates 
a distal tibial avulsion injury (Fig. 34.2a–c) [36]. 
This is thought to occur because the distal end of 
the ligament is not tethered to other soft tissue 
structures locally and takes on a serpiginous 
appearance when it retracts proximally. Taketomi 
et al. described three types: an avulsion injury 
where the distal end of the torn ligament remains 
under pes anserinus, the so-called “Stener” lesion 
of the knee where the distal end of the ligament 
sits outside pes anserinus [59], and MCL incar-
ceration within the joint. They make the argu-
ment that potentially all of these types of MCL 
tears require surgical intervention.

34.4  Pathoanatomy and Applied 
Anatomy Relating 
to Combined ACL/MCL Injury

LaPrade et al. have extensively described (1) 
bony landmarks, (2) ligaments, and (3) tendons 
(adductor magnus, medial head of the gastrocne-
mius, semimembranosus, and the pes anserinus) 
of the medial side of the knee [21]. The MCL 
complex is made of the sMCL, the deep medial 
collateral ligament (dMCL), and POL (part of 
PMC) [23]. The other constituent components of 
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the PMC are the semimembranosus tendon (and 
its multiple reflections), the oblique popliteal 
ligament, posterior horn of the medial meniscus, 
and medial joint capsule [60]. The sMCL has 
one femoral and two tibial attachments (proxi-
mal and distal). The femoral attachment is 
located 3.2 mm proximal and 4.8 mm posterior 
to the medial epicondyle [21]. Many reconstruc-
tion techniques incorrectly identify the medial 

epicondyle as the attachment site of the MCL 
[15, 26, 61–64]. The tibial insertion is broader, 
attaching primarily to soft tissues proximally 
and to bone distally, 60 mm from the joint line 
[65]. The dMCL is a vertical thickening of the 
medial joint capsule and consists of the MF 
(attaching 15.1 mm posterior and distal to the 
medial epicondyle) and MT ligaments (3.2 mm 
from medial tibial plateau) [65].

a b

c d

Fig. 34.1 Coronal images of type I (a, b) and type III  
(c, d) MCL injuries. The superficial fiber, which is 
depicted as low-signal image on spin echo (a, arrow) and 
gradient echo (b, arrow) images, is interrupted by 

 high-signal image at the femoral attachment site in type I 
MCL injury. In contrast, interruption of the superficial 
fiber by high- signal image is observed throughout the 
length of the fiber in type III MCL injury (Ref. [53])
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The posterior oblique ligament (POL) arises 
from behind the medial femoral epicondyle, 
7.7 mm distal and 6.4 mm posterior to the adduc-
tor tubercle [65]. It fans out from its origin with 
three fascial arms: superficial, central, and cap-
sular [21, 61]. The central arm is the largest, 
inserting near the margin of the tibial articular 
surface, the capsular arm reinforces the PM joint 
capsule, and the superficial arm blends with 
semimembranosus.

The MCL complex is a primary restraint to 
direct valgus stress. It also secondarily contrib-
utes to external rotation and anteroposterior sta-
bility [23]. The sMCL provides the majority of 
this stability in all degrees of flexion; the dMCL 
only providing secondary stability. The distal 
division of the sMCL is a primary stabilizer for 
external rotation and the POL, the primary stabi-
lizer for internal rotation, highlighting its impor-
tance in counteracting AMRI [41].

The PMC provides one third of the restraint to 
valgus stress in full extension, slackening off in 
flexion [66]. It has a secondary role in the preven-
tion of posterior translation of the tibia. However, 
in the context of combined injuries, it has a more 
important role in the resistance to external rota-
tion. When damage to the PMC is combined with 
an MCL tear, external rotation is increased by 
30° [42]. Failing to address the rotational compo-
nent of this injury is what is thought to lead to 

residual laxity and functional compromise and 
the main source of controversy surrounding 
repair or reconstruction techniques.

Pes anserinus tendons and semimembranosus 
have a role in tightening medial structures in 
external rotation and flexion. In the context of 
damage to medial structures, utilization of these 
tendons to reconstruct MCL or POL may com-
promise the results of surgery inadvertently. 
Avoiding the harvest of hamstring autograft may 
be preferable, instead of favoring other graft 
options in these cases.

34.5  Treatment

ACL reconstruction and nonsurgical treatment of 
grade I and II MCL injuries have outcomes simi-
lar to that of isolated ACL injury reconstructions 
[67, 68]. Based on this, many authors propose 
protection of the MCL with a knee brace and 
delaying ACL reconstruction surgery [1, 69, 70]. 
Usually a period of 6–8 weeks is required for 
MCL injuries to heal.

The abovementioned approach can be utilized 
with grade III MCL injuries even among profes-
sional athletes with successful results [7]. However, 
the persistent valgus and/or AMRI of certain 
MCL tears can compromise ACL reconstructions 
if the medial side is not addressed [8, 11–13]. 

a b c

Fig. 34.2 (a) “Wave sign”: the waving of the superficial layer (triangle). (b) The distal end of the superficial MCL 
(arrow). (c) The entrapment of the distal end of the superficial layer into the medial knee joint (arrow head) (Ref. [36])
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Both of these situations of compromised stability 
can prevent athletes from returning to pivoting 
sports [1, 2, 17].

34.5.1  Nonoperative Management 
of MCL Injuries

The indications for the nonoperative management 
of both ACL and grade III MCL tears are rare 
[71], with very little published on the topic [72, 
73]. A higher rate of instability and a lower rate of 
return to sport make this a less desirable option. A 
number of studies have evaluated the nonopera-
tive treatment of grade III MCL tears with concur-
rent reconstruction of the ACL [3, 28–30, 74–76]. 
Halinen et al. found that nonoperative MCL man-
agement regained ROM and quadriceps strength 
faster [28]. Petersen and Laprell compared early 
and late ACL reconstruction and reported signifi-
cantly higher reoperation rates for stiffness and 
lower Lysholm scores with early ACL reconstruc-
tion [30]. Nonoperative management of MCL 
injuries is not as much of an issue as early ACL 
reconstruction. The vast majority of surgeons pre-
fer not to operate in the acute phase for this reason 
[68, 76]. However, these studies also do not con-
firm superiority of nonoperative MCL manage-
ment. Although sagittal and valgus stability is 
generally restored [3, 28–30], regaining ROM can 
still be an issue [28, 30, 74, 76].

Many authors have recommended a “wait and 
see” approach [1, 2, 33, 69, 77], bracing patients 
to resist coronal plain movement while permit-
ting weight bearing and ROM for 6–8 weeks [1, 
17, 78, 79]. At the time of ACL reconstruction, 
radiography can be used for an examination 
under anesthesia and valgus stress views obtained 
on the table [53]. Residual valgus instability after 
ACL reconstruction, illustrated by the medial 
joint space opening up more than 7–10 mm in 
30° of flexion compared to the other side, should 
be an indication to proceed onto MCL recon-
struction [33, 53, 69]. Significant residual insta-
bility can also be confirmed with arthroscopic 
valgus stress testing. Eight to 10 mm of opening 
of the medial compartment suggests persistent 
instability.

34.5.2  Operative Management 
of MCL Injuries

34.5.2.1  MCL Repair
Different treatment combinations reflect changing 
trends in management over time [1, 17–19]. Opinion 
has shifted from early repair of the MCL and recon-
struction of the ACL to delayed reconstruction of 
both ligaments when needed [1, 27, 33, 77].

Proponents of MCL repair report relatively 
good correction of valgus laxity with the advan-
tage of avoiding complicated reconstruction 
options [68, 80–82]. Many reconstruction options 
are nonanatomic and only address the anterior 
portion of the superficial MCL [25, 26, 63]. 
Surgery in the acute phase is facilitated by more 
pliable tissue and more easily identifiable ana-
tomical structures [25, 26]. The trade-off is a 
reduction in range of motion and possibly rota-
tory stability. Postoperative stiffness has proven 
to be a problem with early surgery, with 19–38 % 
MUA rates [28, 30, 68, 70, 76, 81–83]. Older 
rehabilitation protocols have been suggested as a 
possible cause for these findings.

Doubt has also been cast over the rotational sta-
bility of MCL repairs [63]. A recent study by 
Dong et al. looked at a triangular-vector recon-
struction technique versus an anatomic repair 
technique of the MCL (See Fig. 34.3a–c) [63]. 
Both treatment methods effectively treated valgus 
instability, but medial pain and rotational instabil-
ity were higher in the repair group. Repaired 
oblique fibers of the middle of the MCL and POL 
were not able to restore the medial structures to 
their original level of function [12, 84].

Although MCL repair in the acute phase is not 
typically offered, severe valgus alignment, large 
bony avulsions, and sMCL tibial avulsions that 
get incarcerated in the joint or displaced to the 
other side of the pes anserine tendons (“Stener- 
like” lesion of the knee) are all indications for 
acute MCL repair [33]. Although there is no 
high-level evidence to support the acute fixation 
of these lesions, much like the Stener lesion of 
the thumb, it is unlikely that the distally avulsed 
end of the sMCL will heal to its anatomic foot-
print if there is interposition of the sartorius fas-
cia and hamstring tendons [59, 68].
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Our preferred approach for repair is through a 
medial-sided 4 cm incision centered over the 
medial femoral epicondyle down to the crural 
fascia. Under fluoroscopic control, the isometric 
point of the proximal sMCL insertion is found as 
described by Wijdicks et al. [20]. The injured 
structures are repaired from the deepest struc-
tures outward. A peripheral tear of the medial 
meniscus is commonly seen (33 %) and repaired 
with an open technique. An MF ligament tear can 
be directly repaired using sutures alone or suture 

anchors. Suture anchor fixation is preferred for 
MT ligament tears.

For proximal avulsions of the sMCL, its 
attachment site is found and a 3.2 mm drill is 
inserted to a depth of approximately 35–40 mm. 
The MCL is prepared with a modified running 
locking stitch up each side. A small slit is then 
made proximally, and a 4.5 mm screw with a soft 
tissue spiked washer is placed through the slit 
(see Fig. 34.4) [85]. Sutures from the free end are 
also tied around the screw. Final tensioning is 

a

b c

Fig. 34.3 (a) Photograph of triangular reconstruction technique. (b) Illustration of same technique. (c) Illustration of 
MCL repair using suture anchors (Ref. [24])
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performed with the leg in about 20–30° of flexion 
and slight varus.

Distal sMCL avulsions can be approached 
through an anteromedial incision midway 
between the PM border of the tibia and the tibial 
tubercle. The sartorius expansion is incised over 
the top of the pes tendons and the tendons 
retracted distally. Most distal avulsions occur dis-
tal to the level of the pes tendons. The sMCL can 
be retracted proximally some distance. Two 
anchors are used to reattach the proximal sMCL 
1 cm below the joint line. These sutures are then 
weaved through the proximal MCL fibers but not 
tied. Then similar to the proximal MCL attach-
ment, after lock stitching the distal ligament is 
split and the limbs tied around and secured by a 
screw and washer construct [86]. Tensioning is 
performed with the leg in about 20–30° of flexion 
and slight varus. Once the distal avulsion has 
been repaired, the leg is placed in full extension 
and the proximal anchors are sutured securely.

Whelan et al. (senior author) recently showed 
the biomechanical reliability of a “double row” 
repair of distal sMCL avulsion injuries (suture- 
bridge repair technique) [87]. Double row repair, 
in the shoulder, has shown greater healing and 
lower re-rupture rates, encouraging its applica-
tion in the knee [88, 89]. Double-loaded suture 
anchors are placed at the proximal aspect of the 

sMCL anatomic insertion on the tibia and passed 
through the ligament tissue and tied but not cut. 
“Press fit” suture anchors are then placed at the 
distal aspect of the sMCL anatomic insertion site 
on the tibia to secure the retained sutures from 
the proximal anchors. The proximal sutures are 
“crossed over” before being secured distally as 
per standard suture-bridge configuration (see 
Fig. 34.5a, b).

If required, posteromedial structures can be 
tightened to improve resistance to AMRI. Two 
methods have been described by Jackson et al. 
[90]. The first of these is based on a technique 
described by Hughston et al. [91]. Laxity is 
removed by increasing the distance between the 
origin and insertion of the lax structure. The Lax 
segments are attached to surrounding intact struc-
tures, increasing the distance the ligament or ten-
don travels, increasing its tension. This is then 
followed by mattress stitch imbrication of the 
body of the structure. Alternatively, the posterior 
medial capsule can be released from the menis-
cus and re-sutured to it in a more advanced posi-
tion in a “pants-over-vest” fashion. Both of these 
procedures are best performed with the patient 
supine, the hip in external rotation, and the knee 
positioned in 30° of flexion, internally rotated 
and under gentle varus stress.

34.5.2.2  MCL Reconstruction
Chronic valgus laxity resulting in symptomatic 
instability unresponsive to conservative treat-
ment is an indication for MCL reconstruction 
[17, 69]. Abnormal shear stresses and load pat-
terns in an unstable knee can lead to degenerative 
change [92]. To avoid this, addressing all injured 
medial knee structures by restoration of native 
anatomy and insertion sites are recommended 
[17–19, 93]. Reconstruction techniques differ in 
graft choice, fixation method, tensioning method, 
number of bundles, and the medial structures 
they aim to reconstruct. No true consensus on the 
optimal method of reconstruction exists at the 
current time.

Reconstruction techniques can be split into 
three categories: anatomic, nonanatomic, and non-
anatomic tendon transfer reconstructions [77]. 
LaPrade et al. described an anatomical reconstruction 

Fig. 34.4 An MCL repair using the suture post and liga-
ment washer construct [85]
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of MCL and POL to their precise, native attach-
ment sites using hamstrings double- bundle auto-
grafts (see Fig. 34.6) [18]. Medial joint space 
gapping was <3 mm in all 24 of their patients. 
Accurate restoration of anatomic attachment sites, 
with independent ligament tensioning, may explain 
these good results. However, the extensive approach 
and requirement for multiple tunnels add complex-
ity to the operation. Inadvertent disruption of bone 
tunnels created for other ligament reconstructions 
can lead to graft failure of either or both ligaments. 
Concerns have also been raised about stress shield-
ing and altered knee mechanics that results from 
significantly over-tensioned grafts [94].

Significant heterogeneity exists among non-
anatomic reconstruction techniques [12, 16, 26, 
63, 95–97]. Single- and quadruple-bundle ham-
string autografts appear to perform equally well, 

with minimal medial joint gapping on valgus 
stress [16, 26, 95]. Tendo-Achilles (T-A) allograft 
is also a popular choice of graft, avoiding further 
compromise of medial stability through the sacri-
fice of hamstring autografts. Both single- and 
double-bundle techniques have achieved good 
resistance to medial gapping [12, 97]. Quadriceps 
tendon and bone-patella-tendon-bone techniques 
have also been described [16].

Dong et al.’s nonanatomic triangular-ligament 
reconstruction with a single-bundle semitendino-
sus allograft appeared to show superior control of 
rotatory instability compared to anatomic repair. 
Their graft was fixed into both ends of an anterior 
to posterior drilled tibial tunnel [63]. The inter-
vening tendon is fixed at the apex of the construct 
in a single femoral tunnel at the level of the 
medial epicondyle of the femur (see Fig. 34.3).

a b

Fig. 34.5 (a) sMCL suture-bridge repair technique. 
Double-loaded suture anchors are placed at the proximal 
aspect of the sMCL anatomic insertion on the tibia, and 
the sutures are passed through the ligament tissue and tied 
but not cut. (b) “Press fit” suture anchors placed at the 

distal aspect of the sMCL anatomic insertion on the tibia 
to secure the retained sutures from the proximal anchors. 
The proximal sutures are “crossed over” before being 
secured distally as per standard suture-bridge configura-
tion (Ref. [87])
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Allograft, however, is not as readily available 
in all hospitals making this a potentially expen-
sive option with an inherent risk of disease trans-
mission and biomechanical compromise. 
Complex reconstruction techniques requiring 
multiple bone tunnels and points of fixation stand 
to interfere with tunnels needed for ACL recon-
struction [97]. They also may not fully restore the 
functions of the sMCL and POL. A number of the 
abovementioned techniques use a single femoral 
tunnel as representative of the proximal insertion 
sites of the sMCL and POL, when in fact their 
insertion site is not the same [20, 24, 26, 64]. The 
medial epicondyle is often quoted as the site used 
for assessing isometry [61, 62]. The correct prox-
imal femoral attachment of the sMCL is 3.2 mm 
proximal and 4.8 mm posterior to the medial epi-
condyle [20, 21].

Nonanatomic tendon transfer preserves the 
distal attachment of the hamstrings (see 

Fig. 34.7). Proximal fixation of the graft usually 
occurs into a single femoral tunnel in the medial 
femoral epicondyle, and a posterior limb repli-
cates the POL. Variants of this last feature have 
been described that either interact with the semi-
membranosus tendon or fit into a posterior tibial 
tunnel [15]. This has included suturing the semi-
tendinosus tendon to itself [5] or passing the free 
end of the graft posterior to anterior through a 
tibial tunnel [25]. Minimal differences in side-to- 
side joint space widening under valgus stress 
have been reported with the majority of these 
techniques. However, in Lind et al.’s study, 50 % 
of patients had >3 mm medial widening [25].

In tendon transfer, maintaining the insertion 
site of the hamstrings anteriorises the position of 
the reconstructed sMCL. This is thought to be bio-
mechanically inferior [18]. These techniques also 
use a single femoral insertion point to represent 
sMCL and POL.

POL

sMCL
(graft)

sMCL
(distal)

sem
im

em
branosus

POL
(graft)sMCL

(proximal)

Fig. 34.6 A diagram of a right knee illustrates the superficial medial collateral ligament (sMCL) and posterior oblique 
ligament (POL) reconstruction grafts (Ref. [93])
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Our preferred technique is tendon transfer using 
hamstring autografts. The distal insertions of these 
tendons are left intact, but the tendons are rerouted 
around a 4.5 mm screw suture post and ligament 
washer construct at the distal anatomical footprint 
of the sMCL. The exact location of the distal foot-
print and proximal insertion point is determined by 
the technique described by LaPrade et al. [20]. A 
25 mm femoral tunnel is created. The graft is cut to 
the appropriate length and a whipstitch run along 
the free end of both tendons. Using a beath pin, the 

sutures from the free end of the graft are passed 
through the femur at the anatomical insertion site 
of the sMCL and out through the skin on the lateral 
side, pulling the graft along with it into the tunnel. 
The ACL is usually fixed at this stage (often using 
BTB autograft) in full extension. The MCL is ten-
sioned in 30° with a slight varus moment (slight 
“figure-of- four” position) and fixed with a biocom-
posite interference screw. We also then often back 
the fixation up by tying the sutures over a button on 
the lateral side of the femur.

a b

c d

Fig. 34.7 (a) Illustration of Lind’s technique. (b) The 
tendon loop is armed in a baseball suture fashion, passed 
into the tunnel, and fixed with an interference screw. (c, d) 

The free end of the graft is passed through the posterior 
tibial tunnel opening and fixed here with an interference 
screw [33]
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If allograft is required or desired for a particu-
lar patient, we prefer the nonanatomic recon-
struction of the sMCL described by Marx et al. 
[97]. The three-point sMCL fixation principle 
described by LaPrade et al. is used for fixation: 
the proximal isometric insertion site in the femur 
just proximal and posterior to the medial epicon-
dyle (T-A bone plug with interference screw), the 
proximal tibia 1.5 cm below the joint line (with 
suture anchors), and distal to the pes tendons 
6 cm distal to the joint line [20, 21]. The proximal 
suture anchors are tied with the knee in full exten-
sion. A suture post and ligament washer con-
struct, as previously described, using a large 
3.5-mm bicortical screw and 18-mm spiked 
washer is used for distal fixation.

34.5.2.3  Graft Tensioning
Correct tensioning of ligaments in reconstruction 
is dependent on choosing the correct location of 
ligament insertion, understanding the mechanical 
properties of the graft, the chosen fixation, and 
tensioning method [98]. On the basis of Wijdicks 
et al.’s study, the sMCL is the primary restraint to 
valgus stress throughout the full range of knee 
flexion [19]. The distal portion of the sMCL pri-
marily resists external rotation with increasing 
knee flexion. The ACL is tensioned and fixed first 
before the medial structures are fixed [99]. Most 
techniques describe tensioning the sMCL in 30° 
of flexion and varus [15, 26, 93, 100, 101].

The POL, on the other hand, has been shown 
to be most important in counteracting valgus 
stress and internal rotation in full extension [19]. 
There does not appear to be one consistent trend 
in the way the POL is tensioned, with variations 
in position of flexion, internal rotation, and pres-
ence or absence of varus stress. Recent recom-
mendations have suggested tensioning in full 
extension to avoid over-constraint of the postero-
medial capsule [12, 93].

34.5.3  Postoperative Rehabilitation

In the context of combined injuries, ACL reha-
bilitation takes precedence over medial-sided 
repair [78]. The general goal of prehabilitation is 

to allow sufficient healing of medial structures, 
restoration of ROM, quadriceps strength, and 
reduction in swelling before proceeding to an 
ACL reconstruction within 5–7 weeks after 
injury [14, 17].

A hinged brace is useful at this stage to control 
valgus and rotational stress. Weight bearing, 
ROM, and eccentric quadriceps and hamstrings 
strengthening exercises are encouraged as early 
as comfort allows. The ROM achieved on a sta-
tionary exercise bike is thought to provide the 
same stimulus for healing as the use of a constant 
passive motion machine in animals, accelerating 
the healing of grade III MCL tears [14]. Side-to- 
side exercises and activities should be avoided to 
prevent applying any unnecessary stresses on the 
collaterals [17].

Our postoperative rehabilitation protocol is 
performed as described by LaPrade et al. [14]. 
After surgery, ACL rehabilitation takes prece-
dence over medial-sided repair [78]. ROM exer-
cises are initiated within the “safe zone” 
determined intraoperatively, the range that does 
not put excessive strain on the MCL repair or 
reconstruction. Ideally, we aim for a passive or 
passive-assisted ROM from 0° to 90° immedi-
ately after surgery to minimize the risk of arthro-
fibrosis. If a bone-tendon-bone (B-T-B) autograft 
has been used, we do not permit our patients to 
weight bear for the first 2 weeks. Aggressive 
patella-femoral mobilization, quadriceps reacti-
vation, straight leg raises in the knee brace, and 
hip extension and abduction exercises are encour-
aged immediately after surgery.

After 2–4 weeks range of motion is increased 
as tolerated with a target of 0–130° by 6 weeks. 
This rehabilitation is performed with the knee in 
a hinged brace. Progression to weight bearing as 
tolerated is likely to be between 2 and 6 weeks 
postoperatively when a normal gait without 
immobilizer or crutches has been achieved. It is 
important for the patient to be able to ambulate 
without effusions developing as this can affect 
both ROM and quadriceps strength.

At 6 weeks when good quadriceps control can 
be demonstrated, the hinged brace is discontin-
ued. Closed chain exercises can be instituted 
alongside stationary bike usage with light resis-
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tance. Hamstring curls and double-leg presses to 
a maximum of 70° knee flexion are also permit-
ted but no open chain exercises at this stage.

Over the next 8–10 weeks, the patient will 
progress through a number of strength, motion, 
and balance exercises, consistent with the stan-
dard goal-based rehabilitation of an ACL recon-
struction. Prior to a return to full sporting 
activities, the patient should have a full ROM, no 
instability, muscle strength that measures 85 % of 
the contralateral side, satisfactory proprioceptive 
ability, no MCL tenderness, and no effusion [78]. 
Consideration should be paid to the usage of knee 
bracing during sport if required.

34.5.4  Role of Osteotomy

Long-standing knee instability adds an additional 
degree of complexity to ligament reconstruction 
surgery. It can be accompanied by bony abnor-
malities and joint degeneration caused by joints 

that drift into either excessive varus or valgus 
over time [102]. An additional high tibial osteot-
omy (HTO) combined with soft tissue recon-
struction can often mean the difference between 
success and failure in cases like these [103, 104].

The larger proportion of the literature on this 
topic exists for genu varum or hyperextension and 
varus thrust where HTO has been shown to halt the 
progression of arthritis in the medium term [103, 
105–107]. Comparatively, very little has been writ-
ten on the use of HTO to correct valgus malalign-
ment that may be the result of medial-sided soft 
tissue injuries. Nevertheless, varus osteotomies are 
an option in the setting of chronic medial-sided lax-
ity and valgus malalignment (see Fig. 34.8) [108]. 
HTO or distal femoral osteotomies (DFO-lateral 
opening wedge or medial closing wedge) may be 
performed for a weight-bearing line that falls lateral 
to the lateral tibial spine in the lateral compartment 
and beyond or a mechanical axis of 10° valgus. Due 
to the concern of joint obliquity of varus-producing 
HTOs, a DFO is often utilized [109].

a b
Fig. 34.8 Distal  
femoral osteotomy used 
to correct valgus 
malalignment, taken 
8 months postoperatively  
(Ref. [109]). (a) antero-  
posterior plain radiograph 
view of distal femoral 
osteotomy plating. (b) 
Lateral plain radiograph 
view of distal femoral 
osteotomy plating
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Very few reports exist on the use of varus oste-
otomy to address ligamentous laxity. Cameron and 
Saha treated 37 patients with chronic MCL instabil-
ity with distal femoral osteotomy [110]. An 
improvement in gait pattern was observed in 34 
patients. Although laxity in the MCL remained 
even after osteotomy, this did not result in a func-
tional deficit in being able to conduct daily activi-
ties. Phisitkul et al. described a similar experience 
where they felt in active patients or athletes that a 
second-stage procedure to reconstruct the ligaments 
was often required to address residual laxity [109].

34.6  Summary

High-level evidence does not exist in the literature 
to instruct us on how to manage combined injuries 
of the ACL and MCL. However, there appears to 
be no benefit to the repair or reconstruction of the 
MCL and ACL in the acute phase. From our own 
experience, we have seen that acutely presenting 
grade III MCL injuries often heal after 4–6 weeks 
of protection or at worst have residual grade II  
laxity that does not require operative attention. A 
“Stener lesion of the knee” (ligament tear from its 
tibial insertion) is an indication for acute MCL 
repair. A “wait and see” approach is the preferred 
strategy taken by the vast majority of surgeons. If 
valgus instability is present after ACL reconstruc-
tion, MCL reconstruction is indicated using 
allograft or autograft. A superficial MCL recon-
struction or a superficial MCL plus posterior 
oblique ligament (POL) reconstruction technique 
can be used. Clinically, both techniques provide 
equally good results. Important technical points to 
all reconstructions include anatomic tunnel place-
ment at the femur and tibial insertions and fixing 
the superficial MCL graft at 30° of flexion with 
varus stress.
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ACL Reconstruction 
in the Multiligament Knee

Michael D. Hendel, Joseph N. Liu, Bruce A. Levy, 
Bent Wulff Jakobsen, and Robert G. Marx

35.1  Multiligament Injury 
and Patient Selection

While multiligament knee injuries are rare, fail-
ure to diagnose and treat them properly can 
potentially lead to devastating outcomes. These 
knee injuries are usually the result of high-energy 
trauma, and knee dislocation and other associated 
injuries should be considered and evaluated as 
such. Initial evaluation and management include 
detailed history and physical examination, begin-
ning with a complete neurovascular examination 
including ankle-brachial index, assessment of the 
soft tissues, and determination of the instability 
pattern. Imaging should include plain radio-
graphs, stress views if necessary, and computed 
tomography if suspicion for fracture. Magnetic 

resonance imaging is modality of choice for 
detailed evaluation of the soft tissues. Once eval-
uation is complete, the decision to proceed with 
operative versus conservative management is 
made.

We favor surgical reconstruction of the anterior 
cruciate ligament (ACL) in most patients with 
more than one ligament injured, but not all patients 
are appropriate candidates. Some relative contra-
indications include advanced age, medical contra-
indications, morbid obesity, and limited functional 
demand prior to injury. These patients can initially 
be treated conservatively with immobilization, 
bracing, and rehabilitation. Surgery can be a viable 
option in a delayed fashion if patients are experi-
encing chronic instability.

35.2  Timing of Surgery

The optimal timing of surgery varies considerably 
depending on nature of the injury, vascular status 
of the affected extremity, degree of swelling, soft 
tissue and condition of the skin, degree of insta-
bility, and surgeon preference. Some surgeons 
prefer early operative intervention at approxi-
mately 1–2 weeks to allow for repair of injured 
structures [1]. However, early surgery can be 
associated with arthrofibrosis. A recent system-
atic review of the literature suggested that delayed 
reconstruction of severe  multiple- ligament knee 
injuries resulted in equivalent stability outcomes 
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and resulted in lower rates of knee flexion loss 
after surgery, when compared to acute surgery 
(within 3 weeks) [2]. Ultimately, the timing 
of surgical management of the multiligament 
injured knee is controversial and debatable, and 
currently there is little evidence to suggest any 
differences between early versus delayed inter-
vention. Further research is needed to provide 
definitive recommendations on timing of surgical 
management, and the decision on timing must be 
individualized for each patient.

35.3  ACL Graft Selection: 
Autograft Verses Allograft

In uni-cruciate reconstructions, hamstring or 
patellar tendon autografts are most frequently 
used to eliminate the potential risk of graft-
host response and disease transmission and 
have excellent clinical outcomes [3]. However, 
when considering reconstruction in the multi-
ligament knee, specifically in the three or four 
ligament injury, we prefer using allograft tis-
sue to reduce donor site morbidity. Allograft 
tissue provides many benefits over autograft, 
which include absence of donor site morbidity, 
less operative time, and multiple graft size 
options [4]. Fanelli et al. demonstrated that 
there was no difference in outcomes in patients 
with autograft versus allograft [1, 5]. However, 
age remains an important consideration as 
recent studies have demonstrated that ACL 
allografts have higher rate of failure (as high as 
25 %) when used in patients less than 25 years 
old [6].

Our preferred graft for the ACL in the multi-
ligament knee is the Achilles, patellar or tibialis 
anterior tendon allograft. It is important to note 
that the allograft quality can be heterogeneous. 
For surgeons in the USA, the supplier should be 
chosen carefully with adherence to the US Food 
and Drug Administration/American Association 
of Tissue Bank guidelines. We have reported no 
instances of known disease transmission from 
allograft usage at our institution.

35.4  Surgical Techniques

Prior to surgery, a detailed and thorough ligament 
examination under anesthesia should be per-
formed, including Lachman, pivot shift, reverse 
pivot shift, posterior drawer, external rotation 
drawer, dial test, as well as the degree of varus and 
valgus opening. If preoperative workup has ruled 
out vascular injury, we recommend use of a thigh 
tourniquet during the open part of the procedure.

ACL reconstruction in the multiligament knee is 
complex for several reasons. Absence of the poste-
rior cruciate ligament (PCL) makes identification of 
anatomic ACL footprints more difficult. Without 
the PCL, accurate placement of the notch on the 
tibia and femur is challenging, and the use of ana-
tomic landmarks to find correct placement and ori-
entation is recommended. Furthermore, when 
performing transtibial ACL and PCL reconstruc-
tions, it is important to leave an adequate bone 
bridge when drilling the PCL tunnel. Additionally, 
it is important to leave room for tibial fixation of the 
ACL on the tibia to avoid overcrowding on the 
proximal media tibia when doing ACL reconstruc-
tion in conjunction with PCL and medial collateral 
ligament (MCL) reconstructions.

We perform ACL and PCL reconstructions 
arthroscopically, striving for anatomic recon-
struction of both the ACL and the PCL footprints. 
For the ACL reconstruction, a transtibial or 
anteromedial portal approach can be utilized 
depending on whether the transtibial approach 
can recreate the anatomic femoral footprint. For 
the PCL, we use a transtibial, single-bundle 
approach to reproduce the anterolateral bundle 
(ALB).

We prefer the patient positioned supine on a 
table with a knee post. Double-bundle ACL 
reconstruction is contraindicated due to increased 
risk of tunnel convergence. First, it is helpful to 
clear anatomic femoral and tibial footprints 
arthroscopically. Next, a posteromedial acces-
sory portal is established under direct visualiza-
tion. Then, the shaver and thermal ablation device 
can be used to debride the tibial stump of the PCL 
via the posteromedial portal.
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Surgeon preference will guide whether one 
addresses the ACL or the PCL first. We prefer 
placing the ACL wire in the tibia first, followed by 
placing the PCL wire in the tibia, with approxi-
mately 2 cm between the wires. By placing the 
ACL pin first, we eliminate the risk that the PCL 
tunnel will be too proximal on the anterior tibial 
cortex, which limits the room available for the 
ACL tunnel. Transtibial PCL tunnel creation is a 
technically demanding step as optimal pin 
 placement is critical for anatomic restoration of 
ligaments, and one must carefully avoid the neuro-
vascular structures at risk. When placing the PCL 
tibial pin, it is important to ensure that an adequate 
bone bridge is left intact. Once the pins are placed, 
one can drill the PCL tibial tunnel while fluid pres-
sure is maintained to optimize visualization (and 
confirm with intraoperative fluoroscopy if needed). 
This is usually done with visualization through the 
posteromedial portal, and we recommend using a 
protector for the reamer. For the femoral PCL tun-
nel, we attempt to recreate the anterolateral bundle 
of the PCL using an outside-in minisubvastus 
approach or an inside-out technique. The femoral 
PCL tunnel is created at the center of the ALB, 
approximately 1–2 mm away from the articular 
margin. The femoral tunnels are drilled last, start-
ing with the ACL and then the PCL. This is also 
technically challenging as appropriate scope ori-
entation is critical with limited native anatomy to 
help orient the surgeon. We then ream the ACL 
tibial tunnel. After both tunnels have been reamed, 
the ACL and PCL grafts can be passed through 
their respective tunnels and fixed on the femoral 
side. A switching stick is used in the posterome-
dial portal to act as a pulley and facilitate graft 
passage.

35.5  Fixation

We prefer fixation of the allografts first on the 
femoral side with interference screws, followed 
by metallic interference or bioabsorbable screws 
on the tibial side. We prefer metallic interference 
screws as they avoid suspensory fixation, are 

cheaper than bioabsorbable screws, obtain a 
robust fixation in the cancellous bone, are visible 
on x-ray, and have minimal bone lysis or inflam-
matory reactions that can lead to tunnel expan-
sion. After fixation on the femoral side, fixation 
of the grafts on the tibial side can be done in the 
following order: the PCL at 90° of flexion, 
 followed by the ACL in full extension, the pos-
terolateral corner, and lastly the medial collateral 
ligament if indicated.

35.6  Postoperative Rehabilitation

We usually use a post-op hinged knee brace for 
6–8 weeks and then transfer patients into a cus-
tom brace thereafter for 9–12 months post-op. 
We allow TTWB for the first 6 weeks then prog-
ress to FWB thereafter. We usually lock the brace 
in full extension for the first week, some of us up 
to 4 weeks depending on the case, then unlimited 
ROM thereafter.
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Technique for Iliotibial Band 
Tenodesis Combined with ACL 
Reconstruction
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Joanna Stephen, Hadi El-Daou, Andy Williams, 
and Andrew A. Amis

36.1  Introduction

Although symptomatic instability of the knee fol-
lowing anterior cruciate ligament (ACL) rupture 
has been known and treated for at least a century 
[23, 33], the title of this book shows that the best 
method to treat this complaint remains unre-
solved, despite a concentrated effort to under-
stand the consequences and treatment of ACL 
rupture in the last 30 years or so.

It has become clear with hindsight that there 
have been fundamental shifts of emphasis regard-
ing the treatments used, between lateral extra- 
articular and central intra-articular procedures. 

Although there were results of intra-articular 
ACL reconstruction in response to many injuries 
occurring during the 1914–1918 war [23], the 
technical challenges of this surgery and the risk 
of infection in the joint meant that it was never 
used widely in that era. Instead, the most com-
mon method was to employ a lateral extra- 
articular tenodesis. The basis for this method was 
that patients with ACL injury often presented 
with symptoms of the knee ‘giving way’. (This 
was known as ‘slipping knee’ prior to the intro-
duction of the term ‘pivot shift’ by Galway and 
MacIntosh [13].) The giving-way event was 
related to abnormal mobility of the lateral com-
partment, and so it seemed logical to treat the lat-
eral aspect of the knee.

The results of lateral extra-articular proce-
dures, most commonly a lateral extra-articular 
tenodesis of the iliotibial band (ITB), often left 
residual instability and measureable anterior 
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draw laxity. It may be argued that the biomechan-
ics of the ACL restraint could not be replicated 
via a lateral extra-articular procedure. It was also 
the case that surgical methods and rehabilitation 
protocols were not what they are now. There 
were historical concerns about ‘stretching out’ of 
lateral tenodeses, and the resulting residual insta-
bility was addressed by prolonged immobilisa-
tion in plaster of Paris, usually with the knee held 
in flexion and external rotation while the tenode-
sis healed. Unsurprisingly, this led to ongoing 
problems, and those led to a move back towards 
intra- articular ACL reconstruction.

The development of arthroscopic procedures, 
along with dedicated instruments such as drill 
guides, empowered surgeons to visualise their 
intra-articular work with unprecedented clarity. 
The literature moved towards concerns regarding 
the best graft and intra-articular graft tunnel posi-
tions to use on the femur and tibia, with concerns 
about aspects such as graft isometry [36, 47] and 
impingement [18].

It may be argued that intra-articular 
arthroscopic procedures led to a form of ‘tunnel 
vision’ amongst ACL surgeons, because there 
have been many studies which attempted to elim-
inate residual traces of rotational instability post- 
ACL reconstruction (the ‘pivot glide’) by small 
changes of intra-articular graft tunnel position, 
graft tension, or attempts to cover more of the 
native attachment areas by the use of double- 
bundle grafts, while ignoring the peripheral 
structures. There remain some patients whose 
knees are not restabilised by intra-articular ACL 
reconstruction alone [22]. It is clinically apparent 
that not all ACL injuries or knees are the same 
and that there is a spectrum of severity of soft tis-
sue damage. In fact, given that ACL injury often 
includes a rotational mechanism, it would be sur-
prising if the peripheral structures were to remain 
normal. This leads to the conclusion that it may 
be appropriate, in selected cases, to add a lateral 
extra-articular procedure to augment the restraint 
provided by the intra-articular ACL graft.

Clinical studies have evaluated the effect of a 
combined surgical approach, with mixed results. 
Some studies suggest that there is a clinical benefit 
of adding a lateral procedure. Using intraoperative 
kinematic analysis. Bignozzi et al. [3] found better 

knee stability with a combined procedure than 
with an isolated intra-articular procedure – both 
using hamstring autografts. At the time of surgery, 
the stabilising effect of the combined procedure 
was significant on translation of the lateral com-
partment during Lachman testing and AP transla-
tion in 90° of flexion. Using a similar combined 
technique, Zaffagnini et al. [48] found better sub-
jective outcomes and faster return to sports when 
compared to a sole intra- articular reconstruction. 
Vadalà et al. [45] randomised 55 patients to recon-
struction with and without an additional MacIntosh 
tenodesis. At a mean of 44 months after surgery, 
the group with the tenodesis had significantly less 
residual rotational laxity – 18 % pivot glide com-
pared to 57 % in the group without a tenodesis. A 
systematic review has reported significantly less 
prevalence of residual pivot shifts after combined 
procedures than isolated ACL reconstructions 
[41]. Therefore, there is clinical evidence to sup-
port the use of a combined procedure, even if the 
indications are not yet agreed.

This chapter provides a review of the relevant 
anatomy and biomechanics, leading to a surgical 
technique for lateral iliotibial band tenodesis.

36.2  Anatomy

There have been differing descriptions of the 
anatomy of the soft tissue structures at the lateral 
aspect of the knee, due to the inherent complexity 
and variability of the anatomy here and perhaps 
also due to the effects of different dissection 
approaches and interpretations. It is perhaps best 
to describe the structures in terms of tissue lay-
ers, from superficial to deep.

The iliotibial band (ITB) is a wide fascial band 
passing along the lateral aspect of the thigh. As it 
approaches the knee, the ITB spreads out anteriorly, 
as a lateral retinacular sheet of fascia which sweeps 
onto the lateral aspect of the vastus lateralis, patella, 
and patellar tendon. Posterior to this area, the prin-
cipal fibres of the superficial ITB pass directly to 
their tibial attachment at Gerdy’s tubercle. The ITB 
is not completely free to move across the lateral 
aspect of the knee when it flexes and extends, 
because it is tethered by further deep attachments. 
Proximally, there are fibres linking the ITB to the 

C. Kittl et al.



395

linea aspera of the femur (lateral intermuscular sep-
tum). As the femur reaches the metaphyseal zone, 
the deep fibres condense into distinct structures – 
Kaplan’s fibres – which act as restraints to move-
ment of the ITB (Fig. 36.1). It is clear that they are 
arranged in slanting orientation to resist axial move-
ment, in addition to limiting anterior- posterior 
movement with knee extension-flexion. There are 
further deep attachments as the ITB reaches the 
level of the patella: this is where the lateral retinacu-
lar fibres which are most commonly released pass 
in a lateral direction from the lateral edge of the 
patella to the deep aspect of the ITB [32].

If the ITB is split along its fibres, on the ante-
rior edge of the band which passes to Gerdy’s 
tubercle, the cut edge may be reflected posteri-
orly, and that manoeuvre reveals the deep struc-
ture of the ITB, which has been referred to as the 
capsule-osseous layer of the ITB [43]. There is 
effectively a strong link from its attachment at 
Gerdy’s tubercle and posterior to it (which is the 
area of the Segond avulsion), along the deep 
aspect of the ITB, to the Kaplan fibre attachments 
to the lateral side of the femoral metaphysis. This 
band is obviously tightened by tibial internal 
rotation. This band is functionally distinct from 

the superficial layer of the ITB, due to its attach-
ments to the distal-lateral femur, and is not a dis-
tinct tissue layer which may be separated from 
the superficial layer of the ITB.

Removal of the ITB exposes the capsular and 
other deep structures. There has been much recent 
interest in the anterolateral ligament (ALL), 
which has been described by Claes et al. [6] and 
others [9, 16, 46], with differing interpretations. 
The present authors have consistently found an 
ALL which has a femoral attachment that is a 
mean of 8 mm proximal and 4 mm posterior to 
the lateral epicondyle [9], although it should be 
noted that these measurements are variable 
between knees, with attachments varying from 
proximal to posterior to the epicondyle [7]. The 
ALL then passes over (superficial to) the lateral 
(fibular) collateral ligament (LCL) and courses 
down to a distal attachment to the tibia, midway 
between the distal fibular attachment of the LCL 
and Gerdy’s tubercle, approximately 10 mm 
below the joint line. This is the area from which a 
bone fragment may be avulsed during ACL rup-
ture – the Segond fracture [40]. In its distal part, 
the ALL passes over the anterolateral aspect of 
the lateral meniscus, and the ALL has proximal 
and distal attachments to the rim of the meniscus, 
leaving a tunnel through which the inferior lateral 
branch of the genicular artery passes [6, 9].

There has been widespread agreement regard-
ing the distal attachment of the ALL, but the fem-
oral attachment has been subject to debate. 
Vincent et al. [46] described the ALL as seen via 
an arthrotomy during knee replacement when, 
with the patella reflected laterally, a fibrous cap-
sular band was seen, passing antero-distally from 
the anterior/distal aspect of the epicondyle. Claes 
et al. [6] also showed their ALL attaching ante-
rior/distal to the epicondyle and described it as a 
capsular ligament, with no mention of it passing 
superficial to the LCL. The attachment described 
by Dodds et al. [9] has been confirmed recently 
[25], and there is an accumulation of evidence to 
support this description, although the exact point 
may vary from proximal to posterior to the epi-
condyle [7, 25, 38]. This is an important point, 
because, as with the ACL, the isometry with knee 
flexion depends principally on the femoral attach-
ment site, and for the ALL to resist the pivot shift, 

Fig. 36.1 Lateral aspect of a left knee. The superficial 
layer (1) of the iliotibial band (ITB) has been flapped 
down, revealing the Kaplan fibres. The lateral superior 
genicular artery (5) passes through the lateral intermuscu-
lar septum (9) between the proximal (2) and supracondy-
lar insertion (3). The retrograde insertion (4; 
capsulo-osseous layer) forms a sling around the postero-
lateral femur and inserts distally somewhat posterior to 
Gerdy’s tubercle (8). Lateral collateral ligament (6); fibu-
lar head (7) (Reprinted from [26], with permission from 
Sage Publications)
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it needs to be tight near to knee extension [27]. 
This condition is met by an attachment proximal/
posterior to the lateral epicondyle, whereas an 
anterior/distal attachment leads to graft slacken-
ing when the knee is extended [9, 27].

The anatomy of the fibrous structures which 
reinforce the joint capsule remains poorly 
defined, and this capsular complex has received 
many names across the years, perhaps most com-
monly being called the ‘mid-third capsular liga-
ment’ [19], and has been associated with the 
avulsion fracture of Segond [40]. Further studies 
that include transillumination may build on the 
work of Dodds et al. [9] to provide a more com-
plete understanding of whether the capsular 
fibres are a significant structure (see biomechan-
ics, below), but recent findings have suggested 
that the overlying structures may be more impor-
tant for resisting the pivot shift.

A concluding observation is that some of the 
variation in the literature regarding the impor-
tance of the ALL appears to have originated from 
differing interpretations of the anatomy, such that 
several of the structures and layers of tissue 
described above may have been conflated into 
‘the ALL complex’, and then it appears that what 
may be loosely termed ‘the ALL’ is actually a 
bulkier and stronger structure than the isolated 
ALL [7, 26].

36.3  Biomechanics

Several studies have investigated the biomechan-
ical rationale for adding a lateral tenodesis to a 
modern ACL reconstruction. Samuelson et al. 
[39] found that an intra-articular ACL recon-
struction was unable to restore normal stability to 
an injured knee when a combined simulated 
anterolateral plus ACL rupture was present. If an 
extra- articular tenodesis was added, using a strip 
of the ITB, the rotational instability was elimi-
nated. The converse of this was a cadaver study 
of isolated ACL injury, which did not find a bio-
mechanical advantage of adding an extra-articu-
lar tenodesis to the intra-articular ACL 
 reconstruction [1]. Engebretsen et al. [10] found 
a load sharing between the extra- and intra-artic-

ular structures, suggesting that the load on the 
ACL graft would be reduced by using such a 
combination.

Biomechanically, the principal reason to use 
a lateral extra-articular procedure is to have the 
best chance to control abnormal tibial internal 
rotation laxity, which is an important compo-
nent of the pivot shift [5]; reviews of the results 
of ACL reconstruction typically report 15 % of 
cases having residual ‘pivot-glide’ laxity [12]. 
The reason for going to the lateral aspect of the 
knee is that, when the knee is intact, the axis of 
tibial internal-external rotation is close to the 
centre of the knee: Kaneda et al. [24] showed 
that, although the axis moved across the range 
of knee flexion, on average it was at the tip of 
the medial tibial intercondylar spine. This 
means that neither of the cruciate ligaments has 
sufficient moment arm to control tibial internal-
external rotation effectively, and there have 
been differing conclusions as to whether iso-
lated ACL injury has a significant effect of tibial 
rotation. In a real injury, the lateral compart-
ment becomes far more mobile than the medial, 
and so the axis of rotation shifts medially, 
sometimes beyond the medial border of the 
knee [4] (Fig. 36.2). This movement of the axis 
of rotation means that the lateral aspect of the 
ACL-injured knee moves anteriorly far more 
than normal in an anterior draw test, giving rise 
to the descriptive term ‘anterolateral rotatory 
instability’ (ALRI), even though the magnitude 
of the rotation may not be much more than 
normal.

A corollary of the large moment arm of the 
lateral extra-articular structures about the axis of 
tibial internal-external rotation is that they may 
act as restraints with relatively low tensions. 
Recent work on the ALL [25, 50] reported that it 
had a mean tensile strength of only 50–175 N, 
and so it may not act as a significant restraint in 
isolation. Conversely, past work on the use of 
strips of the ITB as an ACL graft [34] showed 
that it has much greater strength and stiffness, as 
expected from its large cross-sectional area.

It was noted above that it is important for the 
lateral extra-articular tenodesis to be relatively 
tight (i.e. elongated) when the knee is near to 
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extension, in order to restrain the pivot-shift 
instability. In general, graft isometry is controlled 
mainly by the femoral attachment, with posterior 
points causing tightening in extension, and ante-
rior points causing slackening [49]. The transi-
tion between these behaviours lies close to the 
lateral epicondyle, so that the LCL, for example, 
slackens slowly with knee flexion [42]. The prox-
imal/posterior attachment of the ALL identified 
by Dodds et al. [9] was found to cause the ALL to 
be tight from 0 to 60° knee flexion and then to 
lead to slackening. Similar findings came from 
the more complete study by Kittl et al. [27], who 
also examined several lateral extra-articular teno-
deses. In particular, they showed that grafts 
passed deep to the LCL, which is not an anatomi-
cal path, could be attached proximally/posteri-
orly to the femur and have consistent behaviour 
with slow tightening of approximately 3 mm as 
the knee extended, the LCL proximal attachment 

acting like a pulley to control isometry (Fig. 36.3). 
That appears to be a good surgical method to 
adopt, because the graft elongation behaviour 
was insensitive to the site of bone attachment.

A key biomechanical question is ‘which struc-
tures are the primary restraints to tibial internal 
rotation?’ In order to answer this, it is necessary 
to perform what is known as a ‘cutting study’, in 
which the movement being restrained – in this 
case tibial internal rotation – is repeated exactly, 
while the possible restraining structures are cut 
sequentially. This is an ideal application for a 
robot, which records the path of motion of the 
native knee and can repeat it and then measure the 
drop in load caused by cutting each structure. This 
method has been used to show that the primary 
restraint to tibial internal rotation was the ITB, 
with varying contributions from the deep and 
superficial layers as the knee flexed, but with a 
combined restraint of approximately 75 % of the 
total torque imposed [26] (Fig. 36.4). The ACL 
was a significant restraint only in full knee exten-
sion. When all of the structures which have been 
identified as the ALL and related capsule were 
examined, their total contribution to  resisting 

Intact

a

b Axis of rotation

acl-deficient

Fig. 36.2 (a) The axis of rotation in an ACL intact knee 
is located at the medial intercondylar spine. (b) The axis 
shifts medially in an ACL-deficient knee, causing a more 
mobile lateral tibial plateau (Reprinted from [2], with per-
mission from Elsevier)
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Fig. 36.3 Isometry measurements, expressed as % length 
change during the range of 0–90° knee flexion, for lateral 
extra-articular reconstructions. Total strain range (TSR) 
values were plotted onto the femur. Low values indicate 
near-isometry and high values show larger length changes. 
Reconstruction guided deep to the LCL and fixed proxi-
mal/posterior to the lateral femoral epicondyle showed 
favourable graft behaviour (Reprinted from [27], with 
permission from Sage Publications)
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internal rotation was approximately 10 % and not 
statistically significant. Other robotic studies [35, 
37] came to a different conclusion, but had either 
removed the ITB prior to starting their measure-
ments or did not distinguish between the ALL and 
the capsulo-osseous fibres of the ITB inserting at 
the same tibial attachment site.

It should be noted that the method described 
above is measuring the load required to create a 
given tibial displacement and thus allows the 
restraining load in each structure to be found. 
The structure carrying most of the load is the 
primary restraint. That method is not the same 
as in clinical examination, when the examiner 
usually imposes a standard load and measures 
the change of displacement, or laxity. In the lat-
ter design, the primary restraint may be rup-
tured, but the knee may remain close to normal 
laxity under the relatively small forces imposed 
by hand, and the result will be cutting sequence 
dependent. Thus, if all structures other than the 
ALL have been cut, there will be a large increase 
in laxity when it is finally cut, but that does not 

mean that it carried much load when acting in 
concert with the other structures, particularly 
the overlying ITB, pre-injury.

36.4  Surgical Procedures

Historical descriptions of extra-articular surgi-
cal treatment for ACL insufficiency included 
various techniques that involved the use of the 
ITB. The idea behind these reconstructions is to 
reduce the anterior subluxation of the lateral 
tibial plateau. Therefore, a strip of the ITB was 
passed deep to the LCL and fixed on the lateral 
femur. This tethered the ITB posterior to the 
flexion-extension axis in order to control the 
anterolateral rotatory instability. This reduction 
of the anterior subluxation of the lateral tibial 
plateau has been shown in an experiment, when 
inserting a K-wire into the femur anterior to the 
‘Kaplan fibres’ (i.e. femoral attachments of the 
capsulo-osseous ITB) kept the ITB posterior 
throughout the range of motion. Conversely, 
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controlling a 5 Nm internal rotation torque at 0°, 30°, 60°, 
and 90° knee flexion. Solid columns are data with ACL 
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results from the ACL-deficient knee (n = 8). Together the 
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rotation at 30–90° flexion. Conversely, the anterolateral 
ligament (ALL) and the anterolateral capsule (Cap) show 
a non-significant contribution in restraining internal rota-
tion. Medial collateral ligament (MCL; n = 4); posterome-
dial capsule (PMC; n = 4) (Reprinted from [26], with 
permissions from Sage Publications)
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when the K-wire was inserted posterior to the 
Kaplan fibres, the subluxation was still present 
[15] (Fig. 36.5).

Isolated lateral extra-articular procedures have 
largely been left behind due to poor patient out-
comes and residual laxity in anterior translation, 
since the intra-articular ACL deficiency was 
unaddressed. For a while they were combined 
with intra-articular ACL reconstructions, but in 
time due to the success of intra-articular ACL 
reconstruction, the added extra-articular proce-
dure was abandoned by most surgeons as it was 
thought superfluous and a source of morbidity. 
There have, however, been more recent attempts 
to combine intra-articular ACL reconstruction 
with anterolateral procedures. Although results 
have been mixed, some studies suggest a positive 
effect on knee rotational stability and patient- 
related outcomes [3, 41, 45, 48].

A recent biomechanical comparison of antero-
lateral procedures combined with ACL recon-
struction compared modern modifications of the 
ITB- based MacIntosh and Lemaire procedures 
with an anatomic ALL reconstruction using a 
hamstrings autograft [20]. A combined anterolat-
eral and intra-articular ACL lesion was created in 
the knees to simulate the combined injured state 
that is likely to be present in a knee with a signifi-
cant anterolateral rotatory laxity [31, 44]. A sub-
sequent ACL reconstruction using an AM-portal 
technique and a patellar tendon graft placed via 
the centre of the tibial ACL attachment and the 
AM-bundle position in the femoral attachment 
was unable to restore the intact knee biomechan-
ics, leaving residual laxity for anterior translation 
and internal rotation. An ALL reconstruction, 
based on the anatomic findings of Dodds et al. 
[9], was added as a conjunct procedure, but only 
showed a minor additional effect on knee laxity. 
When instead combining the ACL reconstruction 
with either a modified MacIntosh or a Lemaire 
procedure, both utilising a mid-strip of the ITB, 
residual laxities from ACL reconstruction alone 
were normalised. In the following section we will 
therefore elaborate on these two techniques.

The MacIntosh procedure, probably the most 
well-known lateral tenodesis in the English- 
speaking world, was credited to MacIntosh and 
described by Galway et al. [14] in 1972. In a later 
thorough description of the technique, a 15-cm- 
long strip of the ITB was left attached at Gerdy’s 
tubercle, while the free proximal end was passed 
deep to the LCL and placed under a periosteal 
flap that was created in the proximal part of the 
lateral epicondyle [21]. The strip was further 
passed around the bony insertion of the intramus-
cular septum and twisted several times before it 
was sutured back onto the soft tissue. The modi-
fied MacIntosh procedure used in the above bio-
mechanical study, and in clinical practice by the 
authors, is based on an approximately 12-cm- 
long and 10–15-mm-wide central strip of the ITB 
left attached to Gerdy’s tubercle that is carefully 
dissected and elevated from the underlying tis-
sue. It is important to be aware of the close rela-
tions to the femoral insertions of the ITB, the 
so-called Kaplan fibres, and care should be taken 

a

b

Fig. 36.5 (a) When a K-wire was inserted anterior to the 
Kaplan fibres, the iliotibial band (ITB) reduced the pivot- 
shift phenomenon, as it provided a posterior vector 
throughout the range of motion. (b) Conversely, when 
inserting it posterior to the Kaplan fibres, the reduced 
anterior force vector of the ITB could not reduce the sub-
luxation, even at 80° flexion (Reprinted from [15], with 
permission from Springer)
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not to injure any remaining parts of these while 
performing the surgery [30]. The ITB strip is then 
passed deep to the LCL and attached to the distal 
area of the femoral shaft at the posterior/lateral 
aspect. The authors prefer fixation using a staple, 
so that the remaining part of the graft can be 
‘doubled back’ and sutured back onto itself, rein-
forcing the construct. Finally the graft-harvesting 
defect in the ITB should be closed to avoid any 
herniation of the vastus lateralis muscle.

In the original description of the MacIntosh 
procedure, the graft was pulled ‘as tight as pos-
sible’ and the knee was held in external rotation 
at final graft fixation [21]. Thereafter a plaster of 
Paris cast was applied to the knee, keeping it in 
30° of external rotation for 6 weeks before 
removal. An AOSSM consensus meeting in 1989 
(at the end of the era of extra-articular ACL sur-
gery) mentioned a perceived risk of lateral 
 osteoarthritis (OA) and over-constraint of the 
knee that was held by knee surgeons of that time 
[11]. Given the above description, where the graft 
was pulled ‘as tight as possible’ at final fixation 
and the knee was immobilised in external rota-
tion, it would not be surprising if OA of the lat-
eral compartment was seen secondary to 
over-constraint and fixed external rotation. Also 
at the time, many knees had had prolonged peri-
ods of instability and had lost their lateral menis-
cus. Furthermore, it seems logical that an 
unsuitable graft positioning (i.e. anterior/distal to 
the femoral LCL insertion site for the anterolat-
eral ligament reconstruction when a graft is not 
taken deep to the LCL) or graft over-tensioning 
may over- constrain the lateral compartment of 
the knee. Thus, surgeons should be careful to 
avoid over- constraining the knee when perform-
ing these techniques. There is, however, very lim-
ited hard evidence to link lateral procedures to an 
increase in the risk of OA [11, 17].

In light of the fear of over-constraint and OA 
related to the lateral procedures, there is a sur-
prising paucity of literature investigating such 
potential adverse effects. The only study that has 
investigated the effect of varying graft tension 
[39] used both 0 N and 22 N for tensioning the 
graft, and the kinematic pattern of the knee was 
recorded. With 22-N tension, both anterior trans-

lation and internal rotation were over-constrained. 
In light of the lack of evidence, the present 
authors performed a study evaluating both the 
kinematic effects and intra-articular pressure 
changes of varying (1) graft tension and (2) the 
rotational position of the leg at the time of graft 
fixation (unpublished). When a simulated antero-
lateral lesion was created, significant increases 
were found in both anterior tibial translation and 
internal rotation. A significant drop in lateral tib-
iofemoral compartment pressure was recorded – 
representing the loosening of the anterolateral 
aspect of the knee. A MacIntosh tenodesis per-
formed both with 20-N and 80-N graft tensioning 
with the knee held in neutral rotation at final graft 
fixation restored intact knee kinematics and left 
normal tibiofemoral contact pressures. However, 
when the knee was left free hanging during graft 
fixation, when it could move into external rota-
tion, 80 N of graft tensioning led to over- 
constraint of internal rotation and increased the 
lateral tibiofemoral contact pressures. It therefore 
seems that controlling the tibial position at the 
time of graft fixation is the key to avoiding over- 
constraining the knee at the time of surgery – 
more so than the force used for tensioning the 
graft.

The Lemaire extra-articular technique from 
1967 [28] used a 10-mm-wide strip of the ITB 
that was dissected out and reinforced with a 
nylon band before it was sutured in place using a 
drillhole in the posterior part of the lateral epi-
condyle. This description involved an ITB path 
superficial to the LCL, while later publications 
referencing the work of Lemaire describe the 
graft passing deep to the LCL [8, 29]. The latter 
technique, also used in the biomechanical study 
above, is like the MacIntosh procedure in many 
aspects. A 6–8-cm-long central strip of the ITB 
left attached at Gerdy’s tubercle will usually be 
sufficient for this procedure and can therefore be 
utilised as a minimally invasive procedure using 
a 3–4 cm skin incision to provide a ‘mobile win-
dow’ for surgical exposure (Fig. 36.6). After 
careful dissection and passing a scissor deep to 
the LCL without opening the joint cavity nor 
damaging the popliteus, in our technique a suture 
anchor is placed in a point just proximal and pos-
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terior to the lateral epicondyle so that the graft 
can be tensioned and fixed to this point once 
passed deep to the LCL. Alternatively, an inter-
ference screw may be used in a tunnel. However, 
this may risk a tunnel conflict with the intra- 
articular ACL reconstruction. In both the modi-
fied MacIntosh and modified Lemaire procedures, 
once the graft has been fixed to the bone, the 
excess graft is turned back and sutured to itself. 
Graft fixation is undertaken with the knee at 30° 
flexion and with neutral tibial rotation. The graft 
will then be oriented approximately parallel to 
the ACL in the sagittal plane (Fig. 36.7), so it can 
be expected to act synergistically with it. Since 
the graft spans the growth plate, the MacIntosh 
cannot be used in the skeletally immature patient 
as it will cause growth arrest by a tethering effect. 
However using intra-operative X-ray, the suture 
anchor for the modified Lemaire technique can 
be placed distal to the growth plate.

Little is known about patient selection for 
these combined procedures. The question arises 
as to which patients should have additional lat-
eral tenodeses, as many will not need them. There 
is no evidence-based decision-making process as 
yet, and therefore our strategy is to add a tenode-
sis whenever there is perceived higher-than-usual 
risk of intra-articular graft re-rupture. Skeletally 

immature ACL reconstruction cases have a much 
higher intra-articular graft re-rupture rate than 
skeletally mature cases in our experience, and so 
extra-articular tenodesis is a useful addition to 
the intra-articular procedure. As well as the skel-
etally immature, it may be favourable to use an 
additional lateral extra-articular soft tissue recon-
struction in revision ACL surgery, as it shares the 
load with the intra-articular graft. Another possi-
ble utilisation would be chronic ACL injuries, 
which display excessive anterolateral rotatory 
instability due to long-term stretching out of 
these anterolateral structures. An acute ACL/
anterolateral structure rupture, which presents a 
high-grade pivot shift, and others such as hyper-
extenders, those with a small pivot shift in the 
uninjured knee, valgus limb malalignment, and 
excessive general ligament laxity may benefit 
from this additional extra-articular procedure. 
MRI signs for an acute anterolateral injury may 
include a pronounced lateral femoral condylar 
notch fracture or haematoma in the tissues deep 
to the ITB, indicating a severe internal tibial rota-
tion trauma. However, the lack of definitive stud-
ies means that there remains a lack of agreement 
for diagnostic purposes and, hence, a lack of data 
on the prevalence of these injuries.

Fig. 36.6 View of the lateral aspect of a right knee at 90° 
flexion: the femur is to the left and the tibia towards the 
bottom, right of the picture. A 60–80-mm-long strip of the 
ITB, left attached on Gerdy’s tubercle, is guided deep to 
the lateral collateral ligament (LCL) and attached proxi-
mal and posterior to the femoral LCL insertion site using 
a suture anchor

Fig. 36.7 Sagittal plane MRI showing that the modified 
MacIntosh procedure graft is oriented approximately par-
allel to (i.e. synergistically to) the ACL as it crosses the 
lateral joint line, proximal to the head of the fibula
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Unlike the historic postoperative regimes 
including lengthy periods in a cast, if a tenodesis 
is added, we do not change the post-op rehabilita-
tion from that following simple intra-articular 
ACL reconstruction. Full active extension is 
sought as soon as possible with full passive 
extension until this time, flexion increases as tol-
erated, no immobilisation/bracing, and full 
weight bearing from the outset (unless there are 
other reasons for restricted weight bearing).

 Conclusions

 1. Due to the complex anatomy of the anterolat-
eral structures and their varying description, 
to date a standardised classification/nomen-
clature of these structures does not exist. It 
seems, however, best to describe these in 
terms of tissue layers from superficial to deep.

 2. The ITB is the primary restraint in control-
ling internal tibial rotation. In particular the 
deeper iliotibial tract fibres imply a potent 
role in restraining the subluxation process of 
the lateral tibial plateau in the pivot-shift 
phenomenon.

 3. The ALL was originally described as a 
capsular thickening and may have been 
overestimated in its role of restraining 
internal rotation.

 4. The restraint provided by the anterolateral 
structures may be restored by a nonanatomi-
cal ITB tenodesis, using a strip of the ITB, 
left attached at Gerdy’s tubercle, tunnelled 
deep to the LCL, and attached proximal/
posterior to the lateral femoral epicondyle.
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Anterolateral Ligament 
Reconstruction: Anatomy, 
Rationale, Technique, 
and Outcome

Steven Claes, Robert LaPrade, Peter Verdonk, 
and Bertrand Sonnery-Cottet

37.1  Anatomical Properties 
of the Anterolateral 
Ligament

The first description of the existence of a knee 
ligamentous structure between the lateral femur 
and anterolateral tibia was made by Dr. Paul 
Segond in 1897 [38] when he noticed ‘a pearly, 
resistant, fibrous band’ as being attached to the 
eponymous fracture on the anterolateral tibial 
rim. In the following decades, the notion of this 
structure became largely forgotten, until Jack 
Hughston published his findings on rotatory knee 
instability patterns in the late 1970s [20, 21]. He 
described a ‘mid-third lateral capsular ligament’ 
intimately attached to the lateral meniscus and 
divided the structure into meniscofemoral and 
meniscotibial portions. According to Hughston, 
this capsular ligament was ‘strong and supported 

superficially by the iliotibial band’ [20]. It was 
thought to play an important role in the so-called 
‘anterolateral instability’ (ALRI) pattern of the 
knee [21, 33]. However, this clinical term has 
become obsolete in the last few decades, most 
likely due to the advent of arthroscopic knee sur-
gery and its inherent predominance for intra- 
articular pathology just a few years after its 
description. Although the term ‘mid-third lateral 
capsular ligament’ can be sporadically encoun-
tered in later literature [16, 25, 31], no further ana-
tomical characterisation, drawings, or photographs 
were provided. More recently, Vincent et al. [50] 
reported on their observations during total knee 
arthroplasty procedures, when the authors noticed 
‘a relatively consistent structure in the lateral 
knee, linking the lateral femoral condyle, the lat-
eral meniscus, and the lateral tibial plateau’ [50]. 
The structure was termed the ‘anterolateral liga-
ment’, a name which has originally been used by 
Terry et al. [48] in 1989 and later by Vieira et al. 
[49] in 2007 while describing the ‘capsulo-osse-
ous’ layer of the iliotibial band (ITB).

In 2013, Claes et al. [8] reported their results of 
41 anatomical dissections in search of this pre-
sumed anterolateral ligament (ALL) in the human 
knee joint. The ligament was present in 97 % of the 
studied knees, coursing in an oblique course from 
the lateral femur near the lateral epicondyle in the 
direction towards the anterolateral tibia, attaching 
roughly at a point midway between Gerdy’s tuber-
cle and the fibular head (Fig. 37.1). In brief, the 
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ALL was found to be a rather thin ligament (mean 
thickness 1.3 ± 0.6 mm), with a mean length of 
41.5 ± 6.7 mm and a width of 6.7 ± 3.0 mm (in 90° 
of flexion). Since then, numerous studies have 
confirmed the existence of the ALL as being a dis-
tinct ligamentous structure at the anterolateral side 
of the human knee [6, 13, 18, 28, 44].

Recently, a study by Kennedy et al. [23] pro-
vided a comprehensive quantitative characterisa-
tion of the native ALL with regard to anatomy, 
radiographic landmarks, and biomechanical 
properties. This study clarifies previous anatomic 
studies of the ALL that have disagreed regarding 
the location of its femoral attachment [6, 18], 
demonstrating that the origin was consistently 
located ‘posterior and proximal to the attachment 
of the fibular collateral ligament (FCL) and the 
lateral femoral epicondyle’. Furthermore, the 
authors defined radiographic attachment loca-
tions for eventual surgical ALL reconstruction 
guidance. At the same time, the biomechanical 
results of this study found an average maximum 
load of 175 N for the native ALL thus providing 
the rationale for the use of standard soft tissue 
grafts when considering ALL reconstruction as 
both single-looped semitendinosus and gracilis 
tendons have been shown to easily exceed this 
value (1,216 N and 838 N, respectively) [17].

37.2  The Function 
of the Anterolateral 
Ligament and the Rationale 
for Its Reconstruction

37.2.1  The ALL in Rotational Knee 
Laxity and the Pivot Shift

The pivot shift is a complex, multiplanar phe-
nomenon consisting of a coupled anterior tibial 
subluxation and excessive internal tibial rotation 
[4]. To date, the pivot shift is considered the most 
specific clinical test to assess pathological knee 
joint rotatory laxity following anterior cruciate 
ligament (ACL) injury [46], although the decon-
struction of the pivot shift in its precise patho-
logical motions has proved amazingly difficult 
[24]. Furthermore, the pivot shift has been shown 
to better correlate with functional instability and 
patient outcomes than any other clinical test [24].

From its first description by Paul Segond in 
1879, the ALL has already been associated with 
rotational control of the knee [7], as he briefly 
noticed the structure showing ‘extreme amounts 
of tension during forced internal rotation’ [38]. 
Later on, Jack Hughston speculated that ‘antero-
lateral rotatory instability of the knee is caused 
by a tear of the middle one-third of the lateral 

Popliteus Tendon

Gerdy’s Tubercle

LCL

Anterolateral Ligament
(ALL)

Popliteofibular Ligament

Fig. 37.1 Photograph of 
a typical right knee after 
complete dissection of the 
ALL, popliteus tendon, 
popliteo-fibular ligament, 
and lateral collateral 
ligament (Reused with 
permission from Claes 
et al. [8])
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capsular ligament’ [21], thus minimising the 
 traditional role of the ACL in the pivot-shift 
phenomenon.

Intuitively, a centrally located cord-like struc-
ture like the ACL would indeed be less suited to 
control the inward rotation of the tibial plane in 
relation to the femur following the biomechani-
cal principle of the ‘wheel and axle’. Given the 
anatomical course and location of the ALL, one 
could hypothesise that the ALL functions as a 
restraint to internal rotation of the tibia relative to 
the femur and accordingly would play a role in 
the occurrence of the pivot-shift phenomenon.

In this view, Sonnery-Cottet et al. [41] studied 
the involvement of the anterolateral knee struc-
tures, including the iliotibial band (ITB), the 
ALL, and the ACL, in internal rotational control 
of the knee utilising a navigational system for 
kinematic analysis (Praxim, La Tronche, France). 
In short, the authors performed a selective liga-
ment sectioning study while analysing internal 
tibial rotation under a controlled load as well as a 
standardised pivot-shift test. Their results indeed 
confirmed that the ALL, as well as the ITB, is 
involved in rotational control of the knee at vary-
ing degrees of knee flexion and during a simu-
lated pivot shift.

Similar findings were previously reported by 
Monaco et al. [30] who concluded that no signifi-
cant rotational instability was seen in the ACL- 
deficient knee until after the lesion to the lateral 
capsular ligament (i.e. anterolateral ligament) 
and suggests that ‘rotational instability may be 
due to secondary injuries in conjunction with 
injuries to the ACL’.

Several authors have further confirmed the 
restraining effect of the ALL with respect to 
excessive internal rotation [34, 43].

Rasmussen et al. [35] were the first to expand 
on the ALL’s contribution to the pivot-shift phe-
nomenon utilising a robotic set-up for a simu-
lated clinical examination of the ACL- and 
ALL-deficient knee. A combined injury to the 
ACL and ALL resulted in a significant increase in 
axial plane translation and internal rotation rela-
tive to both the intact and ACL-deficient knee. 
Although this study exhibited some limitations 
inherent to the biomechanical testing set-up, it 

concluded that the results regarding the pivot- 
shift test could explain why a clinically unrecog-
nised injury to the ALL could account for selected 
cases of residual rotatory instability after an ACL 
reconstruction.

Most recently, Nitri et al. [32] were the first to 
perform a biomechanical study on the effect of 
anatomic ALL reconstruction (ALLR) in the set-
ting of ACL reconstruction. Ten fresh-frozen 
cadaveric knees were evaluated with a 6° of free-
dom robotic system performing a simulated 
pivot-shift test, internal rotation torque, and an 
anterior tibial load. The authors conclude that ‘in 
the face of a combined ACL and ALL deficiency, 
concurrent ACLR and ALLR significantly 
improved the rotatory stability of the knee com-
pared with solely reconstructing the ACL’.

37.2.2  The Rationale for ALL 
Reconstruction

For a long time, the ACL has been considered as 
a restraint to both anterior translation and (inter-
nal) tibial rotation [10] with the most obvious 
clinical presentation of ACL-associated rota-
tional instability being the pivot-shift test. 
According to Tanaka et al. [46] however, ‘there is 
still a paucity of knowledge about the anatomical 
and morphological features responsible for a 
high-grade pivot shift’. The pivot shift has been 
intimately linked with ACL injury since its first 
description [15], and a positive pivot-shift test 
result has been shown to carry a specificity of 
98 % in detecting ACL lesions [5]. Furthermore, 
the pivot-shift test result bears a high correlation 
with final functional outcome after ACL recon-
struction [4]. In fact, the presence of a positive 
pivot-shift test and a rupture of the ACL have 
almost been considered as synonymous.

With excessive tibial rotation being a quintes-
sential step in producing the pivot shift on one 
hand, and the notion of the pivot shift being so 
highly specific for ACL injuries on the other 
hand, one could indeed deduce that the ACL must 
control tibial rotation. As explained above, recent 
information however has demonstrated that the 
restraining effect of the human ACL on tibial 

37 Anterolateral Ligament Reconstruction: Anatomy, Rationale, Technique, and Outcome



408

rotation might be relatively negligible [35], a 
finding actually already published by Wroble 
et al. [52] in 1993.

The aim of ACL reconstruction lies in elimi-
nating the pivot-shift phenomenon, but the per-
sistence of a positive pivot shift after surgery 
nowadays remains a significant issue after both 
single- and double-bundle ACL reconstructions 
[29, 45]. It is speculated that this persistent rota-
tional laxity, amongst other causes, may explain 
why only 45–65 % of athletes will return to pre- 
injury activity levels after reconstruction [3]. 
With the ALL being clearly attributed to the con-
trol of internal rotation of the tibia and the pre-
vention of the pivot-shift phenomenon in the 
ACL-deficient knee [35, 41, 47], concomitant 
treatment of ALL injuries consequently has 
become a significant subject of interest in an 
attempt to improve outcomes after ACL 
reconstruction.

37.3  ALL Reconstruction: History, 
Indication, Technique, 
and Results

37.3.1  The History of ALL 
Reconstruction: Extra- 
articular ACL Reconstruction

Confronted with subjects demonstrating post- 
traumatic anterolateral knee laxity in an era 
before the advent of knee MRI or arthroscopy, 
many authors in the 1970s published surgical 
techniques as a proposed treatment for anterolat-
eral tibial subluxation. These so-called ‘extra- 
articular’ techniques in ACL reconstruction were, 
for example, popularised by MacIntosh [9, 22], 
Losee [26], Ellison [14], and Andrews [2] but 
have largely been abandoned because of the 
inconsistency in the reported results. Strikingly, 
although some of these techniques seemed to 
adequately address the rotational issue [1], no 
clearer description or characterisation than 
‘anterolateral capsular structures’ was at hand to 
designate the ligamentous structure they were 
assumed to reconstruct [12]. In this view, the 
increasing knowledge surrounding the ALL 

therefore has the potential to deliver the rationale 
behind some of these ‘empirically’ extra-articular 
reconstructions from the past.

37.3.2  Technique and Indications

With increasing knowledge on the ALL, confirm-
ing its role as a controller for internal tibial rota-
tion and the pivot-shift phenomenon, a combined 
treatment regimen for both ACL and ALL has 
become a significant subject of interest when 
considering the issue of persistent rotational lax-
ity after ACL reconstruction [27, 30, 35].

In an attempt to integrate these new insights in 
clinical practice, the authors suggest to consider 
concomitant ACL and ALL reconstruction in the 
following:

 1. IKDC grade III pivot shift
 2. IKDC grade II pivot shift in pivoting 

athletes
 3. Revision ACL surgery, certainly without a 

history of frank re-trauma or manifest techni-
cal errors

As described above, the so-called extra- 
articular ACL reconstruction techniques, which 
typically consist of fixing an ITB strip left attached 
to Gerdy’s tubercle to the lateral femoral metaph-
ysis, might possibly be regarded as ‘nonanatomic 
ALL reconstructions’. Although an (modified) 
ITB tenodesis type of ALL reconstruction might 
indeed restrain excessive internal tibial rotation 
and the pivot shift, emerging knowledge on pre-
cise ALL anatomy and function has driven the 
development of more anatomic ALL reconstruc-
tion techniques as a concomitant procedure to 
ACL reconstruction surgery [36, 39, 42].

Typically, ALL reconstruction initially begins 
with an examination under anaesthesia to con-
firm the presence of rotational instability as dem-
onstrated by a high-grade pivot shift. Basically, 
the procedure itself consists of fixing an auto- or 
allograft gracilis tendon on the anatomical attach-
ment sites of the native ALL in both femur and 
tibia. Both single- and double (‘V’)-strand tech-
niques have been proposed in order to maximally 
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mimic the broader ALL’s native footprint on the 
tibia [39, 40].

The main landmark for the femoral socket is 
the lateral epicondyle, and a mini-incision over 
this area in proximal direction is performed. The 
tibial incision is planned at a point right between 
Gerdy’s tubercle and the fibular head, just distal 
to the tibial joint line. Through the femoral inci-
sion, the IT band is split in line with its fibres, 
and the lateral collateral ligament (LCL) is iden-
tified and protected. For both single- and double-
strand ALL reconstructions, a 2.4 mm guidewire 
is advanced at a point at 8 mm proximal and pos-
terior to the lateral epicondyle right on the femo-
ral origin of the ALL [11, 23]. It is important to 
avoid convergence with the ACL femoral socket, 
so it is suggested to drill the femoral ALL socket 
before ACL graft insertion while aiming some-
what anteriorly and distally. A longitudinal 
mini- incision and soft tissue dissection are then 
made at the site of the tibial fixation socket. The 
2.4 mm guidewire is then placed on the anatomi-
cal insertion of the ALL at about 9 mm distally 
to the tibial joint line. A suture can be passed 
deep to the IT band and passed around the pins 
to check for isometry of the ALL: typically, the 
ALL will be relatively isometric in extension 
and slackens from 60° flexion [13]. If satisfac-
tory, then a single femoral and one or two tibial 
bone sockets are drilled with a 4.5 mm drill to a 
depth of 20 mm [39].

After having finished the ACL reconstruc-
tion procedure, the ALL graft is finally fixed 
into the femoral and tibial bone sockets using 
an appropriate tap and 4.75-mm-diameter 
 bioabsorbable fully threaded knotless anchors 
(SwiveLock BioComposite, Arthrex Inc., 
Naples, USA). The whipstitched end is secured 
into the femoral socket, and then the graft is 
tensioned from the tibial end, after having 
passed the graft deep to the iliotibial band and 
through the distal skin incision. Finally, one or 
more anchors are then used to secure the graft 
on the tibia while tensioning the graft in full 
extension (Fig. 37.2). Different techniques for 
graft fixing might be used with good success as 
long as the surgeon adheres to the same princi-
ples mentioned above.

37.3.3  Clinical Outcomes 
of Anatomic ALL 
Reconstruction

Recently, the clinical results of the first series of 
combined ACL and ALL reconstruction were 
published [42]. In a consecutive series of 396 
ACL reconstructions performed between January 
2011 and January 2012, 92 combined ACL 
 reconstructions with minimally invasive ALL 
reconstructions were carried out.

Indications for a combined procedure were an 
associated Segond fracture, a chronic ACL 
lesion, a grade 3 pivot shift, a high level of sport-
ing activity, participation in pivoting sports, and 
radiographic sign of a lateral femoral notch. The 
patients were assessed pre- and postoperatively 
with objective and subjective International Knee 
Documentation Committee (IKDC) score, 
Lysholm score, and Tegner activity scale. 

Fig. 37.2 Schematic diagram depicting a double- or 
‘V’-strand technique for anatomic ALL reconstruction. 
The gracilis tendon is fixed in a single socket on the femo-
ral origin of the ALL and in two tibial sockets replicating 
its broader tibial attachment (© 2016, Arthrex GmbH, 
image used with permission)
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Objective testing for knee laxity was measured 
with an instrumented knee laxity testing device 
(Rolimeter arthrometer). Amongst other compli-
cations, graft failure and contralateral ACL rup-
ture were recorded.

The mean follow-up was 32.4 ± 3.9 months, 
with 83 patients available for final evaluation. At 
the last follow-up, no patient had restricted range 
of motion. Significant improvement in the 
Lysholm, subjective IKDC, and objective IKDC 
scores was noted (all p < 0.0001). The mean dif-
ferential anterior laxity was 8 ± 1.9 mm before 
surgery and significantly decreased to 
0.7 ± 0.8 mm at the last follow-up (P < 0.0001). 
Preoperatively, 41 patients had a grade 1 pivot 
shift, 23 had grade 2, and 19 had grade 3 accord-
ing to the IKDC criteria. Postoperatively, 76 
patients had a negative pivot shift (grade 0), and 
7 patients recorded grade 1 laxity (P < 0.0001). 
Furthermore, after more than 2 years of follow-
 up, this series shows a contralateral ACL rate rup-
ture (6.6 %) similar to that described in the recent 
literature [19, 37, 51]. Interestingly however, 
over the same time period, the ACL graft rupture 
rate for the combined ACL and ALL reconstruc-
tion group was only 1.1 %, which is definitively 
lower than typically reported.

This pilot study thus demonstrated that a com-
bined ACL and ALL reconstruction can be an 
effective procedure without specific complica-
tions related to the additional ALL reconstruction 
(e.g. lateral knee pain or stiffness) at a minimum 
follow-up of 2 years. Although encouraging, 
more studies are needed to determine whether 
these combined reconstructions improve the 
results of ACL treatment over the longer term.

 Conclusion

The anterolateral ligament is a distinct ana-
tomical structure in the human knee. It has 
been reported to act as a important restraint 
for internal tibial rotation and thus affects the 
pivot-shift phenomenon in the ACL-deficient 
knee. With persistent rotational laxity after 
ACL reconstruction being an incompletely 
solved issue in contemporary knee surgery, 
concomitant anatomic ALL reconstruction 
might have the potential to improve outcomes 

in rotationally unstable ACL and ALL-
deficient knees. Although highly encouraging, 
more studies are needed to determine whether 
these combined reconstructions improve the 
results of ACL treatment over the longer term.
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Instrumented Static Laxity 
Evaluation

Romain Seil, Henri Robert, Daniel Theisen, 
and Caroline Mouton

38.1  Introduction

The majority of anterior cruciate ligament 
(ACL) tears can be diagnosed with a detailed 
patient history, including the injury mechanism, 
in association with a thorough clinical exami-
nation with side-to-side comparisons. For the 
physical examination, experience on the part of 
the examiner is very important. The two most 
frequently encountered clinical situations are 
either an acute ACL injury or a chronic anterior 
laxity. Static laxity measurements are of great 
clinical interest for those cases in which the 
clinical examination is uncertain and in order to 
provide a longitudinal follow-up of patients 
with or without ACL reconstruction. Over the 
last 40 years, several methods have been 

 developed to evaluate static knee  laxity, which 
will be described thereafter. Static laxity is 
evaluated in a single direction after unidirec-
tional force application. Dynamic laxity mea-
surement techniques, which consider knee 
kinematics after the application of a multidirec-
tional force to the knee joint, will be described 
in another chapter.

Instrumented laxity measurements provide 
an objective evaluation of knee laxity, which 
should – in theory – be superior to the results 
obtained by physical examination [68]. In real-
ity, both are complementary, and the final diag-
nosis is a result of multiple sources of 
information, including clinical examination, 
laximetry and imaging [28]. As for the two 
other investigation methods, laximetry may be 
prone to measurement errors. Therefore, sev-
eral conditions need to apply for reliable infor-
mation: the patient needs to be relaxed, and the 
knee should not acutely be injured, swollen and 
painful [25].

38.1.1  Sagittal Laxity Measurements 

Several non-invasive methods have been 
described to evaluate anterior tibial translation or 
sagittal laxity. In this chapter we will describe the 
most used techniques. As a general principle, the 
knee should be examined in a supine position and 
in neutral rotation [26].
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38.1.1.1  KT-1000® and KT-2000® [22] 
(Fig. 38.1)

The KT-1000® was developed in the 1980s by 
Daniel et al. [22]. To date, this is the most com-
mon device to measure anterior knee laxity. 
Subjects are tested supine with both knees rest-
ing on a support at 30° of flexion. The device is 
secured to proximal and distal tibia with two 
Velcro® straps. The KT-1000® measures the 
anteroposterior displacement between two sen-
sors: one is held by the examiner in contact with 
the patella, and the other is placed anterior on the 
tibial tuberosity. The examiner manually applies 
a force of 67, 89 and 134 N or to the maximal 
manual force on the shank. Although this device 
is widely used, its precision and reproducibility 
have been questioned. Several authors reported 
an intraclass correlation coefficient (ICC) above 
0.8 [35, 65]. The reliability of the device how-
ever diminishes if the examiner is not experi-
enced (ICC = 0.65) [14]. In ACL-injured patients, 
the inter-examiner ICC even decreases to 0.55 
[80]. As the force is applied manually, the exam-
iner [11] and its dominant hand [80] seem to 
critically influence laxity measurements. As 
such, in certain conditions, it seems that the reli-
ability of the KT-1000® is lower than for the 
Lachman test [104]. However, with a maximal 

manual force, the sensitivity and specificity of 
the device are excellent (93 %) for the diagnosis 
of ACL  injuries [101].

38.1.1.2  Rolimeter® (Aircast Europa, 
Neubeuern, Allemagne) [10] 
(Fig. 38.2)

The Rolimeter® is light, easily transportable, 
cheap and sterilisable. Force application is not 
calibrated and is done manually. This device is 
similar to the KT-1000®. The Rolimeter® is con-
sidered, along with the KT-1000®, to be the 
device that provides the best results for anterior 
laxity [72]. Furthermore, it is as reliable as the 
KT-1000® [10, 79] even when used by novice 
examiners [63]. Its sensitivity and specificity in 
the diagnosis of ACL injuries are similar to the 
KT-1000® [30] but have been reported to be lower 
in comparison to the Telos® device [70].

38.1.1.3  GNRB® (Genourob, Laval, 
France) [73] (Fig. 38.3)

The GNRB® is the first device that proposes a 
mechanised application of the anterior force 
under standardised and controlled conditions. 
The patient lies on a standard examination table 
in the supine position with the arms placed along 
the body. The lower limb lies on a composite 

Fig. 38.1 Measurement 
of anterior knee laxity 
with the KT-1000®
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thermoformed support, adaptable to leg length, 
with the knee in neutral rotation. The knee is 
placed on the device so that the inferior pole of 
the patella corresponds to the lower border of the 
patellar support. The joint line is palpated and is 
placed between the support and the jack. An elec-
tronic jack applies an anterior force of 67, 89, 
134, 150 or 250 N to the postero-superior part of 
the calf. Two skin electrodes record the ham-
string muscles activity during the test to avoid 

any muscular contraction and exclude false nega-
tive results [25]. A motion sensor (precision: 
0.1 mm) records the relative displacement of the 
anterior tibial tubercle with respect to the femur. 
Data obtained from the displacement sensor are 
collected on a computer. These data include mea-
surement conditions (pressure applied to the 
patellar, forces) and results (differential laxity in 
mm, differential slope in μm/N) to reproduce the 
force-displacement curve (Fig. 38.4).

Fig. 38.2 The Rolimeter®: 
a simple device to measure 
anterior knee laxity

Fig. 38.3 The GNRB®: 
an electric jack applies an 
anteriorly directed force 
while two skin electrodes 
record the activity of the 
hamstrings. Anterior dis-
placement is measurement 
at the tibial tubercle
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The GNRB® has been reported to have a 
greater reliability than the KT-1000® regardless 
of the examiner’s experience [20]. However, 
despite a high intra-examiner ICC, Vauhnik et al. 
reported a weak inter-examiner ICC inferior to 
0.4 which may have been caused by variations in 
patient installation [102, 103]. To measure ante-
rior knee laxity, an anterior force of 134 N has 
usually been advised as this represents the stan-
dard force with the KT-1000® and because it is 
well tolerated in acute injuries. For this amount 
of force and for a side-to-side difference of 3 mm 
between knees, the GNRB® reaches a sensitivity 
of 70 % and a specificity of 99 % to detect com-
plete ACL tears [73]. Sensitivity increases to 
92.2 % to detect complete ACL tears with a force 
of 200 N. A similar specificity of 98.1 % can be 
observed at this force [45]. The GNRB® may also 
be useful to detect partial ACL tears (Fig. 38.5). 
At 134 N and for a side-to-side difference of 
1.5 mm, a sensitivity of 87 % and a  specificity of 

87 % could be observed for ruptures of the antero-
medial bundle of the ACL [73]. For similar tears, 
a sensitivity of 72 % was observed by Di Ioro 
et al. [24]. At 250 N, a side-to-side difference of 
2.5 mm provided a sensitivity of 81 % and a spec-
ificity of 87 % [49]. As such, the diagnostic power 
of the GNRB® seems to be similar, or even better, 
compared to radiographic laxity evaluation meth-
ods [41, 49].

38.1.1.4  Radiostereometric Analysis 
(RSA)

RSA was developed 40 years ago in Sweden by 
Göran Selvik. This technique is both the most 
precise and the most invasive method as it 
requires the surgical implantation of intraosseous 
tantalum beads of a diameter of 0.8–1.6 mm [93]. 
They are implanted into the patient’s knee at the 
distal part of the femur and proximal part of the 
tibia. Two radiographs are performed simultane-
ously, and the anatomical position of the markers 
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Fig. 38.4 Typical force-displacement curve obtained with the GNRB® in the healthy (green) and injured (red) knee of 
an ACL-injured patients with a complete tear
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is determined with the help of a calibration cage. 
This tridimensional technique has a precision of 
0.1 mm [96] and has the advantage not to be 
influenced by skin movement artefacts [95]. It is 
more discriminant than the KT-1000® in the post-
operative follow-up of ACL patients. The 
KT-1000® indeed reported lower side-to-side dif-
ferences than the RSA thus probably overesti-
mating the stabilisation brought by the recon-
struction of the ACL [42].

38.1.1.5  Telos Stress Device® (Telos 
GmbH, Hungen-Obbornhofen, 
Germany) (Fig. 38.6)

The patient is lying on the side to study anterior 
knee laxity and supine to assess varus-valgus. 
The tested leg is placed within two fixed bars 
inducing 25° of knee flexion. An anterior force is 
applied at the proximal posterior part of the 
shank. A dynamometer displays the amount of 
applied force: 9 or 15 kg, and a lateral radiograph 
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Fig. 38.5 Typical force-displacement curve obtained with the GNRB® in the healthy (green) and injured (red) knee of 
an ACL-injured patient with a partial tear (anteromedial bundle)

Fig. 38.6 Knee laxity measurements with the Telos 
Stress Device®. On the picture, analysis of posterior knee 
laxity at 90° of knee flexion
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is realised in this constraint position. Anterior 
displacement is represented by the distance of 
two parallel lines: the first line is tangent to the 
posterior corner of the medial condyle and per-
pendicular to both tibial plateau; the second is 
tangent to the posterior border of the medial tibial 
plateau and perpendicular to both tibial plateau. 
The distance between both lines is measured in 
millimetres by the radiologist. Sensitivity of the 
Telos® is inferior to the KT-1000® (72 % for 
Telos®; 91 % for KT-1000®) [16]. As such, some 
authors do not recommend the use of the Telos in 
the diagnosis and follow-up of ACL injuries [91].

38.1.1.6  Lerat’s Method [50]
Lerat’s method is easy to use and inexpensive. 
The patient is lying supine with the hips at the 
border of a radiological table. The knee is placed 
on an adapted support inducing 20° of knee flex-
ion. A mass of 9 kg is attached to the patient’s 
thigh above his patella to induce a posterior 
translation of the femur compared to the tibia. 
This technique is reliable (intra-tester ICC > 0.9) 
[51]. The method allows for an individual evalu-
ation of the anterior displacement for the medial 
and lateral tibial plateau [51]. This method has 
been reported to be less sensitive than the Telos® 
or the GNRB® to detect the different types of 
ACL remnants [13].

38.1.2  Rotational Laxity 
Measurements

First attempts to measure rotational knee laxity 
were made in the beginning of the 1980s [48, 59, 
67]. Much more complex than anterior knee lax-
ity measurements, rotational knee laxity mea-
surements are not yet used in the daily clinical 
practice and are still at an experimental stage. In 
ACL injuries, internal rotation is of main interest 
even if both internal and external rotations are 
usually measured. Rotational knee laxity is 
highly influenced by the patient’s position and by 
the location of rotation measurement. Knee rota-
tion is higher if the knee is flexed at 90° com-
pared to 20° and if the hip is extended compared 
to flexed at 90° [84]. In ACL injuries, it is usually 

advised to evaluate patients at 30° of knee flex-
ion. Cadaver studies indeed revealed that the 
increase in rotation induced by the ACL tear is 
not detectable anymore above this degree of knee 
flexion [7, 83, 106]. Regarding the location of the 
measure of rotation, if the rotation angle is mea-
sured at the foot, the tibiofemoral rotation will be 
overestimated [3]. Foot rotation can represent up 
to two-thirds of the final measure [84]. To avoid 
these artefacts, some devices use electromagnetic 
sensors placed on the tibia [3], which is the most 
precise method, or assure a good fixation of the 
ankle and foot (Rotam).

38.1.2.1  Rottometer® [4]
The patient is sitting on a modified chair with 
knees and hips flexed to 90°. To target tibiofemo-
ral rotation, the thigh is fixed above the knee with 
clamps. Two screws at the calcaneus and four 
screws placed at the medial and lateral malleoli 
fix the ankle. Rotation is measured at the foot 
with a graduated protractor. A comparative study 
between the Rottometer® with the RSA technique 
showed a systematic overestimation of knee rota-
tion which increases with the applied torque [4]. 
Inter-rater ICC of the Rottometer® reached from 
0.69 for a torque of 9 Nm and a knee flexed at 30° 
[6].

38.1.2.2  Rotameter® [55]
Two prototypes of the Rotameter exist. In both 
versions, the subject is lying prone to reproduce 
the dial test position. Thighs are fixed in half 
cones with two Velcro® strap bands. Hips are 
extended and knees flexed at 30°. The subject is 
wearing boots (home-made boot in the first 
 version and ski boots of appropriate size in the 
second version). They are attached to the handle 
bar that allows both applying the torque and 
measuring the degree of rotation. In vivo, inter-
rater ICC for the first version of the device has 
been reported to be greater than 0.88 [56]. A 
cadaver study comparing the Rotameter with a 
navigation system showed that the Rotameter 
overestimated up to 5, 15 and 25° the total range 
of rotation at 5, 10 and 15 Nm, respectively, but 
was highly correlated to the navigation system 
[54, 55].
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38.1.2.3  Rotam (Genourob, Laval, 
France) [77] (Fig. 38.7)

The Rotam is currently under development. It 
measures knee internal and external rotation 
induced by a motorised torque between 3 and 
10 Nm. The lower limb lies on a composite ther-
moformed support inducing 30° of knee flexion. 
The thigh is fixed with a strap and the clamping 
force is monitored. Foot and ankles are fixed 
together with two straps into a custom-made 
boot, which immobilised them with the tibia. The 
starting position of the knee requires the patella 
to be at the highest, vertical position. The boot is 
adjusted to the patient’s natural position (usually 
slightly in external rotation) and calibrated to 
avoid any constraint on the boot sensors. All 
internal and external measurements are taken 
from this neutral position with the help of a gyro-
scope (precision: 0.1°). Data are acquired con-
tinuously, usually under a torque of 5 Nm, to 
reproduce the torque/displacement curve and cal-
culate the side-to-side differences (Fig. 38.8).

38.1.2.4  Device Presented  
by Branch et al. [17]

This device is motorised with the patient lying 
supine with knees flexed at 25°. Femur and patella 
are stabilised with clamps. The ankle is stabilised 
in pronation and dorsiflexion to limit its rotation 
during the test. This device is  adjustable to the 

natural frontal plane leg alignment. Rotation is 
measured at the foot with an inclinometer. The 
authors showed that only 49 % of the rotation 
measured at the foot corresponded to the tibio-
femoral rotation [17]. ICC for total range of rota-
tion reached 0.97, but was not evaluated for 
internal and external rotation separately [17].

38.1.2.5  Rotational Measurement 
Device [2]

This device consists of three parts: a femoral 
clamp and a tibial splint to which are fixed incli-
nometers to measure rotation and a boot with a 
torque wrench. The rotational measurement 
device allows for a better evaluation of femoro-
tibial rotation compared to a system which mea-
sures the angle of rotation at the foot. The latter 
option multiplies by three the observed values. 
The device only showed slightly increased values 
compared to direct measurements at the tibia 
with electromagnetic sensors [2].

38.1.2.6  Vermont Knee Laxity Device® 
[98]

The Vermont Knee Laxity Device® measures 
anterior, rotational and varus-valgus laxity. The 
subject is lying supine with knees flexed at 20° 
and hips at 10°. The thighs are fixed with clamps 
at the femoral epicondyles. The angle of rotation 
is measured on the tibia through electromagnetic 

Fig. 38.7 The Rotam: the 
torque application is 
motorised, and the rota-
tion is acquired with the 
help of a gyroscope
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sensors. The ICC is above 0.86 for internal, 
external and total range of rotation [89]. Ninety- 
five per cent CI of the absolute measurement 
errors were evaluated to reach 5–7° for internal 
and external rotation, but was not reported for 
anterior displacement [89].

38.1.3  Physiological Knee Laxity 
and Its Role for ACL Injuries 

Physiological knee laxity represents the amount 
of laxity which is considered to lie within the 
“normal” range. It does not represent knee range 
of motion, and hence does not include the recur-
vatum knee in hyperextension, which is often 
cited in the context of ACL injuries and hyperlax-

ity [99]. Although limited data are available 
 comparing recurvatum and laxity, both seem to 
be weakly correlated [53].

Physiological laxity has been more exten-
sively studied due to the recent development of 
specific arthrometers with improved measure-
ment characteristics. Nevertheless, validity, pre-
cision and reference values from a control 
population are seldom reported, and the results 
from one device should not be generalised and 
applied to another one. Still, these aspects are 
critical, since they allow for an evaluation of the 
clinical significance of a particular laxity mea-
surement. Thus, ideally every arthrometer should 
have its own reference values.

Knee laxity is specific to every individual. 
Based on anterior laxity measurements with the 
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KT-1000®, values between 1.5 and 14 mm have 
been reported in the literature in healthy subjects, 
while up to 21 mm has been measured in healthy 
contralateral knees of ACL-injured patients and 
up to 29 mm in patients after ACL injury [81]. 
Thus, anterior laxity in the contralateral knees of 
ACL-injured patients on average is greater than 
the laxity of healthy control individuals [99, 105]. 
These results suggest that increased physiologi-
cal laxity could be a risk factor for ACL injuries. 
The same holds true for rotational knee laxity, 
which seem to play a similar role in this regard 
[17, 62].

Physiological knee laxity is influenced by sev-
eral parameters, which makes it more difficult to 
establish reference values. The characteristic 
which is the most frequently discussed in the lit-
erature is sex, since women have higher laxity in 
general compared to men. However, some studies 
do not confirm this observation, reporting differ-
ences of less than 0.3 mm [78, 82], while others 
do, but based on differences of less than 1.5 mm 
[74, 99, 108]. One study described a difference of 
2.5 mm between men and women [90]. Since the 
measurement precision of the arthrometers used 
is rarely reported, the question remains open. On 
the other hand, sex differences regarding rota-
tional laxity are less controversial [5, 17, 40, 61, 
71]. It has been shown that women have up to 
40 % higher knee rotation compared to men [61, 
71], which could represent a risk factor for the 
higher ACL injury incidence in women.

Other parameters have been shown to influence 
physiological knee laxity. Body mass seems to 
have a considerable impact on rotational laxity 
[61, 85]. Age can also influence the results, with 
the paediatric population showing generally 
greater knee laxity [12, 27, 38]. Similar observa-
tions have been made regarding rotational laxity 
[12]. Knee laxity develops during knee maturation 
and stabilises around 14 years for girls and around 
16 years for boys [12, 27, 38]. No difference has 
been observed in the paediatric population between 
girls and boys [12, 27]. As regards the changes in 
knee laxity at adult age, only limited and inconsis-
tent data exist in the literature [5, 85].

Another factor, which could have an influence 
on the physiological knee laxity, is the menstrual 

cycle, but its role on the ACL injury risk has not 
been clearly established [86, 87]. Lower leg 
alignment has also been considered to impact on 
laxity [85, 88] as well as sport activity that 
increases ACL laxity, while rest decreases it [23]. 
The team of Shultz et al. [85] has studied com-
bined anterior, rotational and varus-valgus laxity, 
as well as recurvatum knee. They have shown 
that healthy individuals with increased frontal 
and transverse plane laxity tend to have lower 
values for body mass index, femoral length and 
muscle force and are generally younger. In this 
population, increased sagittal laxity was corre-
lated with greater hip anteversion and was 
inversely proportional to navicular height. Thus, 
it seems possible to establish knee laxity profiles. 
Since the different laxity types (sagittal and rota-
tional) are weakly correlated [90], they provide 
complementary information and should allow to 
establish more detailed individual knee laxity 
profiles.

Even though the influence of physiological 
knee laxity on knee function has not been clearly 
established, several indicators suggest that it 
could be related to ACL injury risk and that it 
could even determine the outcome of ACL recon-
structive surgery [18, 43, 44]. However, more 
data are required to confirm these preliminary 
conclusions. Recent progress in the area of knee 
laxity measurements suggests that future multidi-
rectional evaluations will provide  complementary 
information which will allow to establish indi-
vidual profiles of the static knee laxity envelope.

38.1.4  Laximetry for the Diagnosis 
of ACL Ruptures

Laxity evaluation in the acute state can be nega-
tively influenced by haemarthrosis, pain and 
insufficient relaxation of the patient. A proper 
diagnostic evaluation of knee laxity is thus pref-
erably performed days or weeks following the 
accident in a non-swollen and non-painful knee. 
The diagnosis is based on the side-to-side differ-
ence between the injured and the healthy knee. 
Laxity differences as scored with the objective 
IKDC (International Knee Documentation 

38 Instrumented Static Laxity Evaluation



422

Committee) score are illustrated in Table 38.1. It 
represents the global reference to describe objec-
tive knee function after injury or surgery. Since 
its last update, this classification has never been 
questioned, although the surgical procedures for 
ACL reconstruction have changed over the years. 
For example, the laxities described under C or D 
have become rare in everyday clinical practice, 
and the reference laxity measurements – initially 
defined by the KT 1000® – are not necessarily 
valid for other arthrometers. However, it is gener-
ally accepted that a laxity difference of 3 mm at 
an applied anterior force of 134 N (KT-1000®, 
GNRB®) or a difference in the laxity slope greater 
than 10 μm/N reflects a complete ACL lesion 
(GNRB®) [49]. Based on the Telos system, the 
threshold of laxity difference at 15 kg is however 
5 mm, yielding a sensitivity of 81 % and a speci-
ficity of 82 %. As well, with the Rolimeter, a 
similar threshold leads to a sensitivity of 67.5 % 
and a specificity of 84 % [70].

Currently, the instrumented diagnosis of ACL 
injury is essentially based on anterior knee laxity. 
However, the combination of anterior and rota-
tional laxity measurements could increase sensi-
tivity. Regarding rotational knee laxity, there is 
not yet a consensus concerning the laxity differ-
ence threshold to define an ACL injury. A cadav-
eric study based on 24 healthy knees in which the 
ACL ligament was sectioned revealed an increase 
of 3.6 ± 1.2° in internal rotation when applying a 
torque of 5 Nm (Robert H, personal communica-
tion, 2015). An older clinical study on patients 
with chronic ACL lesions showed that medial 
tibial rotation of the injured knee was 3.0 ± 6.6° 
using a torque of 10 Nm, the knee being in 20° 
flexion, compared to the healthy side [58]. These 
preliminary results suggest that side-to-side lax-
ity difference may be weak, which highlights 
even more the need for accurate and reproducible 
arthrometers to detect ACL injuries.

Ideally, the best diagnostic capacity is 
achieved by choosing a detection threshold, 
which provides the highest possible sensitivity 
(capacity of detecting an ACL rupture) while at 
the same time yielding the highest specificity 
(capacity of detecting a healthy knee). By privi-
leging the sensitivity, it is possible to detect a 
greater proportion of ACL injuries, but this will 
decrease the specificity, which will yield more 
false-positive cases. Another possibility is to 
choose a detection threshold, which optimises the 
number of correctly classified patients and 
healthy control subjects.

The studies, which have investigated the diag-
nostic capacity of arthrometers, have often 
included patients with complete ACL lesions. 
However, this does not reflect the clinical reality, 
because many ACL lesions are partial ruptures. 
To evaluate the true diagnostic capacity of an 
arthrometer, it is therefore preferable to consider 
all kinds of ACL lesions and to determine if dif-
ferent types can be identified prior to surgery.

Several subtypes of ACL lesions have been 
described in the literature. Based on arthroscopic 
classification, it is possible to distinguish lesions 
of a single bundle (the anteromedial bundle being 
more often concerned than the posterolateral 
one) with or without a functional remnant, com-
plete lesions with total resorption of the ligament 
or with a healed remnant on the notch or the PCL 
[70]. These different scenarios can influence the 
translational or rotational side-to-side laxity dif-
ference [13, 21, 49, 66, 69]. Those lesions where 
the ligament has totally disappeared are the easi-
est to diagnose: they are frequently observed in 
patients with a long-standing lesion, are more 
often associated with meniscal lesions and pres-
ent greater side-to-side laxity differences. A sec-
ond group that can be identified concerns patients 
with a ligament remnant healed on the PCL, with 
a laxity difference close to the one of complete 

Table 38.1 Laxity evaluation as presented in the IKDC knee examination form

A (normal) B (nearly normal) C (abnormal) D (severely abnormal)

Lachman; 134 N <3 mm 3–5 mm (+) 6–10 mm (++) >10 mm (+++)
Lachman; manual 
maximal anterior 
endpoint

<3 mm 3–5 mm 6–10 mm >10 mm
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ruptures. Those lesions with conservation of the 
posterolateral bundle are generally more stable 
anteriorly than the previously described. This is 
in accordance with the fact that the anteromedial 
bundle restraints chiefly anterior translation. 
Those lesions with a healing on the notch pattern 
are the most stable ones [69].

There is more to the complexity of ACL inju-
ries than the different types of lesions described 
in the previous paragraph. From a clinical point 
of view, only 40 % [34] of all cases are isolated 
ACL lesions. Anteromedial and anterolateral 
lesions likely influence laxity measurements, but 
their precise role has not yet been studied in 
detail. A cadaveric study on 24 healthy knees has 
revealed that, after a complete section of the 
ACL, a section of the anterolateral structures 
increased tibial rotation by 6.4 ± 2° when apply-
ing a torque of 5 Nm (Robert H.: personal com-
munication). Therefore, it is recommended to 
take into account previous and concomitant 
lesions when interpreting the laxity measure-
ments to avoid false positives. For example, a 
lesion of the collateral ligaments could influence 
tibial rotation, and a lesion of the lateral menis-
cus could modify the pivot-shift test [64]. A 
medial meniscus lesion could modify anterior 
tibial displacement, due to its stabilising role in 
ACL ruptures [64, 94].

38.1.5  Laxity Measurements 
After ACL Reconstruction

ACL reconstructive surgery aims to restore knee 
laxity, preferably in all directions. Knee laxity 
measurements after ACL reconstruction allow the 
surgeon to detect a graft laxity or a recurrent 
injury. However, if the contralateral knee has been 
injured or reconstructed, it is no longer possible to 
use their measurements as a valid reference value.

Numerous studies reported knee laxity measure-
ments at a specific time point after ACL reconstruc-
tion. Their conclusions are difficult to generalise, 
due to the diversity of surgical techniques (single or 
double bundle), graft types, fixations, associated 
injuries, rehabilitation approaches, but also the 
measurement techniques.

Laxity measurements have often been used to 
compare the outcome of different surgical tech-
niques. For most, the conclusions are not final. 
Many studies have shown no difference in ante-
rior laxity after surgical reconstruction between a 
bone-patellar tendon-bone (BPTB) and a semi-
tendinosus (ST) autograft, be it 2 [36, 37] or even 
7 years after surgery [1]. These results have been 
confirmed in a systematic literature review [92]. 
However, two meta-analyses comparing the two 
graft types have found that a side-to-side laxity 
difference superior to 3 mm was less frequent 
with BTPB compared to ST grafts [29, 33]. Knee 
laxity results after an allograft also show contro-
versial results. While some authors report similar 
outcome than for autografts [9, 31, 57], others 
suggest that they may be inferior [47].

One of the most discussed topics in the litera-
ture is the comparison of reconstructive ACL sur-
gery based on a double-bundle versus a 
single-bundle technique. Branch et al. [18] con-
cluded that the double-bundle reconstruction 
leads to greater knee stability than the single- 
bundle technique both for anterior laxity (1.1 mm; 
95 % CI: 0.8–1.5 mm versus 2.2 mm; 95 % CI: 
1.7–2.7 mm) and rotational laxity (absolute dif-
ferences: 2.1°; 95 % CI: 1.6–2.6° versus 4.7°; 
95 % CI: 3.6–5.8°). Many meta-analyses and sys-
tematic reviews have been published in recent 
years [46, 52, 60, 97, 100, 107]. The results con-
tradictory in general, but the double-bundle tech-
nique seems to be superior in terms of sagittal and 
rotational stability [52, 97, 100, 107]. A detailed 
analysis of each of them would be beyond the 
scope of this chapter. Furthermore, associated 
lesions and their treatment have been rarely inves-
tigated, although it has been shown that a medial 
meniscectomy modifies the side-to- side laxity 
difference [64, 76]. The same conclusion holds 
true for the anterolateral capsule of the knee [19].

There is relatively little information about the 
prospective follow-up of graft laxity over time 
following ACL reconstructive surgery. It has been 
shown that a graft can be stretch after surgery, 
with a change in the side-to-side laxity difference 
from −2.1 mm initially to +2.3 mm 1 year later 
[32]. Repeated laximetry measurements during 
the first year can allow the surgeon to evaluate 
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graft changes and possibly modify the rehabilita-
tion accordingly. Increasing postsurgical knee 
laxity could be caused by rehabilitation- induced 
overload or poor positioning of the graft [75].

The long-term post-operative changes of rota-
tional laxity have not yet been studied. Currently, 
patient follow-up after ACL surgery is essentially 
based on manual clinical tests. More efforts have 
to be done to follow these patients based on regu-
lar arthrometric recordings to quantify the 
changes of knee laxity and the ligamentisation 
process of the graft.

 Conclusion

Since their development in the 1970s and 
1980s, the different laximetry techniques have 
proved useful to complete the preoperative 
diagnosis and to control the postsurgical out-
come. The quantification of sagittal side-to-
side difference is an integral part of the IKDC 
score, the internationally most recognised 
score to evaluate knee function. However, 
arthrometric laximetry is very complex and 
does not merely represent sagittal knee laxity. 
Some precautions are warranted:

• Sagittal laxity measurements in current 
publications do not necessarily correspond 
to those reported some decades ago, because 
surgery is performed in the acute or sub-
acute setting much more commonly now.

• There is no international consensus on the 
methods and the instruments used. 
Yesterday’s standard arthrometers, the KT 
1000® or the KT 2000®, are no longer in 
production. Several alternatives are cur-
rently available, but they show varying 
degrees of correlation with the devices 
used in the past.

• A better understanding of the functional 
anatomy of the knee joint, especially of the 
ACL, has focused the predominant discus-
sion around surgical techniques not only on 
the stabilisation of the knee in the sagittal 
plane but also in other directions, espe-
cially regarding rotation. This opens up a 
whole new field of laxity measurements. 
There are currently new arthrometers in 

development, which allow both for sagittal, 
and rotational laxity evaluations, or both at 
the same time, combined or not with 
dynamic movements or imagery.

• Arthrometry has improved the diagnosis of 
ACL injuries and their surgical treatments 
while at the same time allowing the detec-
tion of pathological laxity with greater pre-
cision. However, the knowledge regarding 
physiological laxity of the knee remains 
insufficient. Future studies should evaluate 
physiological laxity differences related to 
age, body mass and sex. As well, informa-
tion about generalised laxity and knee 
recurvatum may change the surgical deci-
sion algorithm.

• Finally, there is still a lack of information 
regarding post-operative laxity and its 
changes over time. Except for a few studies 
that analysed the effect of different surgical 
techniques at a given moment in time, there 
are no longitudinal results about the laxity 
of operated knees over time.

In summary, knee laxity measurements can 
be used as part of the post-surgery follow-up 
after ACL reconstruction. It is currently not 
clear if static or dynamic evaluations are pre-
ferred. The former do not accurately reflect the 
dynamic properties of the knee joint envelope 
[15], while the latter are technically complex 
and difficult to quantify. Considering the recent 
development of arthrometers and measurement 
procedures and the improved understanding of 
the ligamentous characteristics of the knee joint 
in normal and pathological conditions, knee 
laxity measurements have great potential for 
applications in the era of personalised medicine 
and for future individualised follow-up after 
ACL injury and treatment [8, 39].
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Instrumental Dynamic Laxity 
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39.1  Introduction

The most sensitive test to detect a torn anterior 
cruciate ligament (ACL) is the Lachman test. It 
measures the anterior-posterior displacement of 
the femur with respect to the tibia in the sagit-
tal plane [1]. Unfortunately, this test does not 
evaluate the dynamic laxity. In contrast, pivot 
shift (PS) test analyzes the knee joint under a 
dynamic situation and tests both anterior-pos-
terior and rotational laxity [2, 3]. Moreover, 
the PS test is widely used for objective assess-
ment of the joint laxity in the most common 
clinical scores for ligament laxity such as the 
International Knee Documentation Committee 
score [4]. However, it is well known that the 
pivot shift test seems to be very subjective and 
examiner dependent [5]. Quite complex system 
which needs footplates [6], magnetic resonance 
imaging [7], markers [8], and robotic technology 
[9] has been developed during the last years to 
quantify PS outcome. Also, electromagnetic sen-
sors were dedicated to quantitatively evaluate PS 
test [10–13]; unfortunately, they present a quite 
complicated equipment (wires, specific surgical 
instrumentation, and setup) and costs incompat-
ible with office practice. In particular, Labbe 
et al. in 2010 [2] found that both acceleration 
and velocity during PS test could be an indica-
tive parameter for dynamic laxity which is also 
correlated to clinical grade of PS. Analogously, 
Hoshino et al. in 2007, 2011, and 2012 [3, 14, 
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Fact Boxes

 1. For the diagnosis of the ACL (anterior 
cruciate ligament)-injured and ACL- 
reconstructed knee, it is necessary to 
have valid, reliable, and quantitative 
measures performed by a noninvasive 
device.

 2. There is an overall agreement that a 
dynamic parameter, such as 3D accel-
eration, should represent the dynamism 
of the PS phenomenon and can be 
related with the dynamic instability 
assessed by the PS test.

 3. The current solution represents a valid 
help for the clinical examination allow-
ing to detect and quantify the grade of a 
suspected ACL injury.

mailto:stefano.zaffagnini@unibo.it


430

15] used an electromagnetic device to evaluate 
PS test acceleration. Even the RSA (Roentgen 
stereophotogrammetric analysis) resulted to be a 
very precise system when evaluating in vivo joint 
motion [16]. The procedure involves insertion 
of multiple tantalum markers in the tibia as well 
as the femur bone. Imaging is done with biplane 
radiographs with a sample rate of up to 300 Hz. 
To capture significant events during running 
or jumping, a sample rate of at least 100 Hz is 
required. DSX (dynamic stereo-X-ray) imaging 
is a similar but noninvasive method that evolved 
from RSA. A model-based tracking technique is 
used to align three-dimensional CT scans with 
the radiographic image pairs. Disadvantages for 
RSA as well as DSX include exposure to radia-
tion, high costs, and the need for manual labor- 
intensive analysis for processing the data. Also 
MRI (magnetic resonance imaging) has been 
introduced for the in vivo analysis of knee joint 
kinematics. Disadvantages are low frame rates, 
radiations, and restrictions for functional weight- 
bearing movements. The presence of radiation 
strongly limits the use of the device, previ-
ously reported, for clinical laxity test such as PS 
test, where the presence of a tester is required. 
Recently, a software for computer and tablet 
which quantify anterior translation of the lateral 
knee compartment during the pivot shift test has 
been proposed. It is based on the simple image 
analysis method using the video camera of an 
iPad [17]. Computer-assisted surgery (CAS) has 
been used to assess knee kinematics and laxity. It 
allows the decomposition of the PS and a direct 
feedback on laxity testing. The technique results 
to be highly precise; unfortunately, it results to be 
invasive, limiting the evaluation to the ipsilateral 
side. The CAS system, also defined as navigation 
system, is considered the gold standard for knee 
laxity evaluation. After a long experience in lax-
ity quantification using navigation system, the 
authors of the present chapter decided to move 
toward an innovative and noninvasive approach 
using acceleration signal in order to quantify 
knee joint dynamic laxity for ACL injury diag-
nosis. Similar approaches were subsequently fol-
lowed by different research groups around the 
world.

39.2  The Importance 
of an Automatic 
and Noninvasive Evaluation

ACL tear is one of the most common injuries in 
sports activity and can affect even less active peo-
ple [18]. ACL reconstruction is one of the most 
commonly performed procedures in orthopedics 
[19]. The significance and role of any grading 
method lies on its ability to aid in the decision- 
making process during diagnosis, surgical treat-
ment, and recovery phase after surgery. Moreover, 
an accurate diagnosis may be beneficial to pro-
vide patients with the correct information to help 
manage their expectations. Making an accurate 
diagnosis of the laxity grade is a crucial point to 
choose the appropriate surgical treatment: errors 
in this practice can lead to inadequate surgical 
approach that can also worsen the biomechanics 
of the joint. A surgical procedure that corrects 
only one aspect of the knee laxity has no chance 
to restore normal joint physiology. In particular, 
when it comes to the diagnosis of the ACL- 
injured and ACL-reconstructed knee, it is neces-
sary to have valid, reliable, and quantitative 
measures performed by a noninvasive tool. First 
of all, the quantification of knee laxity level is 
fundamental for an early diagnosis in order to 
determine if surgery is required and which one is 
suitable. Secondly, intraoperatively it is impor-
tant to quantify the laxity level to immediately 
evaluate the improvement achieved during the 
surgery and evaluate the need to perform a sec-
ondary restrain procedure. Moreover, during the 
recovery processes, it is important to follow the 
laxity recovery in order to verify the healing pro-
cess. As previously underlined, there is a lack of 
validated measurement device that can be used to 
assess dynamic laxity of the knee. Further reli-
ability and validation studies are needful to assess 
the use of skin-fixed sensors when evaluating 
dynamic laxity tests such as PS. Reliable meth-
ods to measure dynamic laxity in the clinical set-
ting as well as operating room are warranted. For 
all the previous arguments, the optimal solution 
should be an automatic, simple, reproducible, 
convenient, and quantitative evaluation of the PS 
tests. The current work is based on the hypothesis 
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that a dynamic parameter, such as 3D accelera-
tion, should represent the dynamism of the PS 
phenomenon and can be related to the dynamic 
instability assessed by the PS test. The hypothe-
sis is supported by the analysis of the literature 
that, as previously underlined, considers the 
velocity as well as the acceleration during PS test 
a potential indicator of the phenomenon.

39.3  Acceleration to Quantify PS 
Test: KiRA Device (Orthokey 
LLC, DE, USA)

KiRA (Orthokey LLC, DE, USA) is a medical 
device that supports the analysis of knee laxities, 
providing both real-time graphics and quantita-
tive information about the pivot shift test and in 
its last version the Lachman test, as well. The 
diagnosis of anterior cruciate ligament injury is a 
process that includes a set of complex informa-
tion to be connected, and often, it is difficult to 
carry out a choice especially in the case of partial 
ligament injury. This is especially relevant and 
critical to professional athletes. Clinical rele-
vance, ability to quantify laxity in different con-
ditions, and validation by comparison with the 
navigation system of the device have been the 
subject of previous scientific publications. The 
device represents a useful aid to the clinical 
examination allowing to detect and quantify the 
grade of a suspected ACL injury. Regarding the 
pivot shift analysis, the functioning device is 
based on the hypothesis that a dynamic parame-
ter, such as 3D acceleration, should represent the 
dynamism of the PS phenomenon and can be 
related to the dynamic instability assessed by the 
PS test. The hypothesis is supported by the analy-
sis of the literature [20] that, as previously under-
lined, considers the velocity as well as the 
acceleration during PS test a potential indicator 
of the phenomenon. The sensor must be skin 
fixed on the tibial bone by the provided hypoal-
lergenic strap. The device must be placed between 
the lateral aspect of the anterior tuberosity and 
the Gerdy tubercle to achieve an optimal stability 
and minimize skin artifacts during the maneuver. 
There is no need to shave or clean the skin. 

Analogously, any type of contact paste such as 
gel was used (Fig. 39.1).

The device can be also used during the intra-
operative dynamic laxity evaluation [21]. For this 
specific condition, the sensor needs to be enclosed 
in a specifically developed sterilizable box which 
will be then skin fixed to the patient. No other 
modifications are required (Fig. 39.2).

In order to validate the proposed device, dif-
ferent clinical studies have been carried out [21–
24]. Compared to these works, it is worth noting 
that the easiness of using the purposed device 
does not involve any alteration to the surgical 
procedure or operative setup when the device is 
intraoperatively used. It has been specifically 
designed with material resistant to sterilization 

Fig. 39.1 Positioning of the sensor during PS analysis

Fig. 39.2 Intraoperative setup: trackers of navigation 
system and noninvasive device for dynamic laxity 
evaluation
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which makes cleaning quick, easy, and complete. 
The device shows an ergonomics for simplicity 
of use and easy placement by the surgical team. 
Even the software has been designed in order to 
be easily used even by nontechnical personnel, 
such as the surgeon. The software interface 
(Fig. 39.3) is simple and intuitive, and this ease 
of use is demonstrated by the short time needed 
for learning, which has been proven by using the 
device even by nonspecifically trained surgeons 
[25]. The main limitation of the purposed method 
consisted in the execution way of the maneuver 
which is manually performed without load con-
trol. This limitation is partially compensated by 
the introduction of a standardized test [15]. 
Anyway, the high level of intra- and inter-tester 
repeatability strengthens the validity of the pur-
posed method. Even the different interpretations 
on how to apply and evaluate the PS test among 
the different surgeons represent a criticality in the 
definition of an objective evaluation of the test. 
We also defined a trial study during the Panther 
Global Summit (Pittsburgh, August 2011), where 
12 expert surgeons evaluated the effect of the 
standardization in the PS maneuver [26]. In such 
study, the KiRA device was used to quantify the 
ligament laxity. After watching an instructional 

video, explaining the PS test, the 12 acceleration 
curves look similar, whereas during the surgeons’ 
preferred technique, they did not [15].

39.3.1  Discussion

Instrumental dynamic laxity evaluation during 
pivot shift test, using acceleration sensors, appears 
to be promising at this time. The development of 
such technology has made pivot shift more objec-
tive. The main problem in evaluating PS test was 
reported to lay on the complexity of the maneuver 
which makes it a surgeon- subjective laxity exami-
nation [27–31]. The test was described as depend-
ing also on the patient ability to relax their muscles 
during the examination [32]. Given that, there is 
still a lack of possibility for accurate pivot shift 
test quantification above all in office practice. The 
current solution using acceleration sensor made 
significant contributions to the scientific knowl-
edge on the clinical PS test, introducing a possi-
bility of quantifying the maneuver in a noninvasive 
fashion. ACL reconstruction is currently the sev-
enth most common surgical procedure in the USA 
[33], and during the period 2000–2010, the 
research data in terms of ACL research have more 

Fig. 39.3 KiRA 
software interface for 
pivot shift test 
quantification (Orthokey 
LLC, DE, USA). On the 
left part of the screen, 
there are the 
acceleration values 
acquired both on the left 
(D) and right (S) knee 
joint as well as the 
difference between 
them (T). On the right 
part, there is whole 
acquired signal for the 
left knee
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than doubled [34]. A timely and precise diagnosis 
is certainly the first step to allow a successful 
recovery of the incident. Even if a careful history, 
detailed preoperative MRI, and physical examina-
tion will always remain fundamental for a com-
plete evaluation, the possibility to perform an 
instrumented objective and quantitative evalua-
tion of joint laxity represents a need for the ortho-
pedic surgeon dealing with this issue. Using the 
current device, no anatomical registration phase is 
required before the data acquisition. The analysis 
is based on the definition of few simple parame-
ters that are automatically and real time detected 
by the custom-made software. Moreover, the non-
invasiveness of the presented sensor allows evalu-
ating the side-to-side difference in each patient. 
As the ligament laxity is highly characteristic of 
each single subject, the comparison between the 
two joint results is more suitable for an objective 
diagnosis, deleting the baseline joint laxity [35]. 
Furthermore, since the PS was proved to be 
 variable and difficult to execute [36–38], even 
considering the same surgeon and the same 
patient, the intra-tester repeatability in a con-
trolled setup using the acceleration signal to quan-
tify PS test has been evaluated. The obtained 
reliability was comparable to the results that the 
literature reports for static laxity test [38]. As pre-
viously reported, part of the validation of the pur-
posed method was performed by the comparison 
with the navigation system outcome, which is 
considered the gold standard for intraoperative 
laxity evaluation. Indeed, for the knee laxity eval-
uation, navigation systems represent the gold 
standard. Unfortunately, even if the CAS system 
allows for a reliable and quantitative evaluation, 
being highly invasive, a navigation system 
becomes applicable only during the surgery and 
excludes the possibility to evaluate the contralat-
eral limb and, clearly, its use in ambulatory prac-
tice. In any event, the reproducibility and accuracy 
of the CAS system for ACL laxity evaluation sup-
port its use as the reference gold standard against 
which other devices should be tested. Further 
studies will be dedicated to optimize and simplify 
the developed device making it a universal tool 
that can be used in the clinical practice to assess 
clinical outcome after ACL injury and surgery, as 

well, thus allowing a complete analysis of knee 
joint laxity, providing information not only on the 
acceleration reached during the PS test but also 
quantitative knowledge about translations and 
rotations. In conclusion, the presented device 
could assist orthopedic surgeons in the assess-
ment of the potential ACL injury. Quantification 
of dynamic laxity, following the current method, 
could help the surgeon in determination of surgi-
cal strategies specific for each patient since it is 
independent from the examiner. It would repre-
sent a major breakthrough in the field being the 
first device with such capability. Moreover, the 
noninvasiveness of the device guarantees its use 
during the whole postoperative course and in case 
of sportive patients offers a concrete possibility to 
monitor when the dynamic laxity decreases below 
a threshold which ensures the return to sport in 
complete safety.
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Dynamic Laxity Evaluation

Jelle P. van der List and Andrew D. Pearle

40.1  Introduction

The function of the anterior cruciate ligament 
(ACL) is to prevent multiplanar instability of 
both anterior tibial translation (ATT) and internal 
tibial rotation (ITR). Slocum and Larson were the 
first who recognized this anteromedial instability 
and stated rotational laxity was too often over-
looked by the inexperienced surgeon [85]. 
Galway and MacIntosh considered this paper as a 
major step forward in the biomechanical under-
standing and further assessed the role of rota-
tional laxity [30, 31]. They described the lateral 
pivot shift phenomenon that can simulate the 
complaint of “giving way” of the knee in the 
ACL-deficient knee. They stated that the pivot 
shift phenomenon is a physical sign for knee 
examination and is pathognomonic for ACL defi-
ciency [30, 31]. Besides the diagnostic use of the 
pivot shift test, this test is also correlated with 
functional outcomes of ACL reconstruction [7] 
and useful in comparing different ACL recon-
struction techniques [98]. Several studies have 
shown that ACL reconstruction not fully restores 
knee kinematics in ATT [39, 57] and ITR [39, 57, 
81]. The difference in kinematics between intact 

and ACL-reconstructed knees is thought to con-
tribute to the failure rate (13 %) [91, 96], high 
percentage of patients not returning to their pre-
injury level of sport activity (40 %) [6, 20], and 
early development of osteoarthritis [46, 55].

Dynamic laxity evaluations as the pivot shift 
test are often used to assess knee kinematics in 
ACL-deficient and ACL-reconstructed knees. 
Dynamic laxity evaluations are considered supe-
rior over uniplanar laxity evaluations in several 
ways. Firstly, knee kinematics in the ACL- 
deficient knee are not one-dimensional but multi-
planar with ATT and ITR. Static measurements 
as the KT-1000 arthrometer are uniplanar and do 
not embrace the complex, multiplanar kinematics 
in the ACL-deficient knees. In addition, studies 
have shown that uniplanar measurements are not 
always reliable [25, 42, 82]. Secondly, as already 
described by Galway and MacIntosh, the pivot 
shift test can simulate the “giving way” feeling of 
patients with ACL deficiency and therefore is a 
clinically relevant test [30, 31]. It has been shown 
that the pivot shift test and not the static laxity 
tests (e.g., Lachman test and KT-1000 arthrome-
ter) is correlated with functional outcomes as sat-
isfaction, giving way, activity limitation, and 
sports participation [7, 47]. Moreover, studies 
have shown that the postoperative pivot shift test 
is correlated with osteoarthritis at later follow-up 
[19, 43]. Thirdly, the pivot shift is known for its 
high specificity, especially under anesthesia 
because muscles do not interfere with the pivot 
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shift [50]. A meta-analysis showed a specificity 
of 82 % without anesthesia and 98 % with anes-
thesia [92], whereas specificities of the Lachman 
test are, respectively, 81 % and 78 % and of the 
anterior drawer test are, respectively, 81 % and 
91 %. Taking these arguments into account, there 
are several arguments of using dynamic laxity 
evaluation over static uniplanar evaluations when 
assessing the function of the ACL or ACL graft.

However, there are concerns about the pivot 
shift test regarding the inter-rater reliability. One 
of the reasons is the subjective grading as 
assessed described by Noyes in 1991 [75] and 
later confirmed in other studies [72, 80]. The 
grading was described in a study by Jacob and 
colleagues [41] in which they graded the tibial 
subluxation as normal (grade 0), glide (grade I), 
clunk (grade II), or gross (grade III) although 
others consider grade III locked in subluxation 
[10, 54]. Noyes showed that not only the subjec-
tive grading but also the technique of performing 
a pivot shift test differed among examiners [75]. 
A survey among orthopedic surgeons also 
showed that different techniques of the pivot shift 
were used [51]. Because of these concerns, many 

studies aimed to improve the subjectivity and 
inter-rater reliability by quantifying the pivot 
shift test. Lopomo and colleagues showed that 
the number of in vitro and in vivo studies has sig-
nificantly increased over the past two decades 
and the last few years the amount of in vivo stud-
ies is increasing [59] (Fig. 40.1).

In this book chapter, we discuss (1) the differ-
ent methods of quantifying the pivot shift test 
(how to quantify the pivot shift test), (2) the dif-
ferent tools of measuring the pivot shift test (how 
to measure the pivot shift test), and (3) the differ-
ent methods of performing the pivot shift test 
(how to perform the pivot shift test). Finally, we 
will discuss the future clinical application of an 
objective and highly reliable pivot shift.

40.2  The Pivot Shift Test

The pivot shift test as described by Galway and 
MacIntosh is performed starting with the knee in 
extension [30, 31]. With one hand, the knee is 
rotated internally, while with the other hand, a 
gentle valgus torque is applied. The knee is then 
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moved from extension through the flexion arch, 
while the internal rotation is released. In the ACL-
deficient knee, the tibia will translate anteriorly 
and rotate internally at approximately 10°–15° of 
flexion. When the knee is further flexed, the tibia 
will translate posteriorly and rotate externally 
toward its original position. This so- called reduc-
tion phase usually occurs between 30° and 45° of 
flexion [30, 31, 53]. With this method, the hip 
should be abducted in 45° to optimize the amount 
of tibial translation [8]. When the position of the 
tibia is visualized in the sagittal plane with knee 
flexion on the y-axis and ATT on the x-axis, a  
P angle is noted in ACL- deficient knees as 
described by Lane and colleagues [54, 78]. In the 
next section, we will discuss several methods of 
quantifying the pivot shift.

40.3  Methods of Quantifying 
the Pivot Shift

There are different methods to quantify the pivot 
shift. Some authors advocate quantifying the 
pivot shift by the translation of the entire tibia, 
whereas others only measure ATT of the lateral 
compartment. ITR and the acceleration of the 
reduction phase are also elements of the pivot 
shift phenomenon that could be used to quantify 
the pivot shift. These methods will be discussed.

40.3.1  Anterior Tibial Translation

In the years after the historical articles of Slocum 
and Larson and Galway and MacIntosh, several 
biomechanical studies quantified the anterior- 
posterior translation of the tibia [15, 28, 66]. These 
studies described the ATT in the ACL- intact and 
ACL-deficient knees and found significant results 
between both. Jakob and colleagues described 
the subjective grades of the pivot shift [41]. The 
authors assessed the ATT with anesthesia by 
forcing the tibia in maximal subluxation under 
anesthesia and estimating the  anterior- posterior 
translation by hand. They measured both the 
medial and lateral compartment and found the 
medial compartment was a better predictor for 

pivot shift grading. ATT can be measured either 
by measuring the ATT of both compartments (so-
called coupled ATT or cATT) [37] or by measur-
ing the lateral compartment only.

Bedi and colleagues used a mechanized pivot 
shifter to assess the correlation between different 
pivot shift grades and the ATT of both the medial 
and lateral compartment [10]. They performed 
the pivot shift in 77 cadavers in where they dis-
sected the ACL or a combination of the ACL with 
the medial collateral ligament, medial meniscus, 
lateral meniscus, or a combination of these struc-
tures. This resulted in different pivot shift grades 
in the cadavers. A continuous passive motion 
(CPM) machine was used to mechanize the pivot 
shift test and measured the ATT in both compart-
ments with tracking of reference points in a 
three-dimensional motion path system. Contrary 
to the findings of Jakob and co-workers [41], they 
found that lateral ATT was a better predictor for a 
positive pivot shift (grade 0 vs. grade 1) com-
pared with medial ATT. They found there was a 
threshold of 6 mm of lateral ATT for a positive 
pivot shift, whereas there was no significant dif-
ference between grade 0 and grade 1 in the medial 
compartment. Knees with a grade 0 pivot shift 
had an average (± SD) lateral ATT of −2.1 mm 
(±8.1 mm), with grade 1 an average 11.1 mm 
(±2.2 mm) and with grade 2 correlated with 
19.6 mm (±2 mm) (Fig. 40.2). Therefore, mea-
suring lateral ATT seems useful in the quantifica-
tion of the pivot shift test.

Hoshino and colleagues assessed the lateral 
anterior femoral translation of the reduction 
phase in clinical patients, which is similar to a 
posterior tibial translation since these landmarks 
are relative to each other [35]. Under anesthesia, 
they performed a manual pivot shift test, and the 
movement of the lateral compartment was cap-
tured with skin markers and a standard digital 
camera and was analyzed with a two-dimensional 
software system. They found in 5 ACL-deficient 
patients with a subjective pivot shift grade 1 an 
anterior femoral translation in the reduction phase 
of 3.7 ± 2.1 mm. These authors then developed 
an application for a computer tablet (e.g., iPad) 
and performed a new study where they examined 
20 patients [34]. The patients were scheduled 
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for isolated ACL reconstruction and the pivot 
shift was grade 1 in 10 patients and grade 2 in 
10 patients. With the same method, they mea-
sured the lateral anterior femoral translation in 
the reduction phase and found a significant dif-
ference between grade 1 (2.7 mm ± 0.6 mm) 
and grade 2 (3.6 mm ± 1.2 mm). These studies 
showed that measuring the lateral ATT and pos-
terior translation in the reduction phase are both 
reliable in quantifying the pivot shift.

40.3.2  Internal Tibial Rotation

The role of ITR in quantifying the pivot shift has 
also been extensively assessed [14, 21, 23, 40, 60, 
62]. Bull and colleagues showed a strong correla-
tion between the pivot shift and ITR [14]. They 
described that the tibia during the pivot shift test 
between 0° and 25° flexion showed progressive 
ITR, and this was suddenly reversed during the 
reduction phase starting at 36° (±9°) with external 
tibial rotation. After ACL reconstruction, this 
external rotation in the reduction phase was sig-
nificantly reduced. Colombet and colleagues 
found similar results [17] when they performed 
manual pivot shift tests in four cadavers and mea-
sured the ITR in ACL-intact and ACL-deficient 
knees. They found that internal rotation was larger 
in the positive pivot shift (≥ grade 1) compared to 

the negative pivot shift (27° ± 2° vs. 20° ± 2°). Lane 
and colleagues found an in vivo significant corre-
lation (R2 = 0.77) between pivot shift grades and 
tibial rotation in the reduction phase [54]. Although 
some studies showed a high ICC for measuring 
ITR [62, 84], several authors state that there is a 
lack of validated devices for assessing rotatory 
knee laxity, and these techniques are considered 
complex and invasive and are therefore clinically 
not applicable [2, 3, 5, 21]. Diermann and col-
leagues performed a simulated pivot shift test at 
different flexion angles and compared ACL-intact, 
ACL-deficient, and ACL-reconstructed knees 
[21]. They did not find significant differences in 
ITR between the different knees, but they did find 
significant differences in ATT of the lateral com-
partment when comparing these knees. They sug-
gested using lateral compartment ATT rather than 
internal rotation to assess the integrity of the 
ACL. Hoshino and colleagues also found that tib-
ial rotation is not reliable in differentiating a nega-
tive from a positive pivot shift and recommended 
using lateral ATT or acceleration [36]. Moreover, 
some systematic reviews of rotational laxity are 
not convinced of clinical application of measuring 
internal tibial rotation and state that simple, accu-
rate, and  noninvasive devices are needed [2, 3, 5]. 
It seems there are differences in ITR between dif-
ferent pivot shift grades, but these are not easy 
measurable with the available devices.
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40.3.3  Acceleration

More recently authors have quantified the pivot 
shift by measuring the acceleration of the tibia in 
the reduction phase (Fig. 40.3). Several studies 
have described the acceleration and used accelera-
tion to differentiate between different pivot shift 
grades. Hoshino and colleagues assessed the accel-
eration of the reduction phase in 30 clinical patients 
under anesthesia [37]. They measured the accelera-
tion with an electromagnetic system in a manually 
performed pivot shift. In the negative pivot shift, 
the acceleration was −795 mm2/s, while in grade 1, 
2, and 3 pivot shifts, the accelerations were, respec-
tively, −1247 mm2/s, −2381 mm2/s, and 
−2735 mm2/s. These accelerations were signifi-
cantly different from negative pivot shift, and 
acceleration of tibial reduction was larger in corre-
lation with higher clinical grading (p < 0.01). Other 
authors also assessed the relationship between 
acceleration and pivot shift grades and reported a 
strong correlation between acceleration and differ-
ent pivot shift grades [3, 11, 50, 51, 54, 59–61, 65]. 
Labbe and colleagues assessed different compo-
nents of pivot shift grades (tibial translation, rota-
tion and acceleration) in 127 in vivo pivot shifts 
[52]. They found that acceleration of tibial transla-
tion better distinguished the different pivot shift 
grades than tibial translation and tibial rotation. 
Ahlden and colleagues compared the relationship 
of acceleration and ATT with clinical pivot shift 
grades using electromagnetic sensors and skin sen-
sors [1]. With both methods, the authors found a 

stronger correlation between acceleration and clin-
ical pivot shift grades than ATT with clinical 
grades. Contrary, Lopomo and colleagues showed 
in a linear regression that rotational laxity before 
and after reconstruction is better evaluated by mea-
suring lateral ATT compared with measuring 
acceleration [58]. However, there are many studies 
in the literature that support using both lateral ATT 
and acceleration in quantifying the pivot shift and 
different pivot shift grades. Because several studies 
question the use of tibial rotation in quantifying the 
pivot shift, development of simple devices is neces-
sary before reliable and clinically applicable ITR 
measurements can be performed.

40.4  Tools to Measure the Pivot 
Shift

Jakob and colleagues were the first to quantify 
the pivot shift and measured medial and lateral 
ATT manually [41]. In the same study, they 
aimed to quantify the pivot shift by taking radio-
graphs while forcing the tibia in a maximal sub-
luxed position. In the years that followed, several 
different measurement systems were used and 
these different methods will be discussed.

40.4.1  Six-Degree-of-Freedom Robot

The six-degree-of-freedom robot is used in bio-
mechanical studies. A knee is transected at the 
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Fig. 40.3 This graph shows anterior- 
posterior translation (AP) of the distal 
femur (y-axis) over time (x-axis) during 
a manual pivot shift test. In the 
reduction phase anterior acceleration of 
the distal femur is seen with 5.7 mm in 
0.17 s (arrow) (Reprinted from Hoshino 
et al. [35] with kind permission of 
Springer Science and Business Media)
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proximal tibia and distal femur and the bones are 
mounted to the robot. The robot is a six-joint 
manipulator, which can learn complex multipla-
nar kinematics [27]. The robot can perform a 
combination of movements that simulate the 
pivot shift and register the kinematics and loads 
with the universal force sensor. After ACL dis-
section, the robot can (1) repeat the intact ACL 
kinematics and measure the load carried by the 
ACL and (2) learn the new kinematics in the 
ACL-deficient knee and measure the pathologic 
kinematics. The repeatability of this system is 
very high (within 0.02 mm and 0.02°) [27, 95].

40.4.2  Navigation

With this measurement technique, threaded 
Steinmann pins are drilled in the proximal femur 
and distal tibia. Reflective markers are attached to 
the pins and a sensor can track the position of the 
markers (Fig. 40.4a) [72]. With repetitive cycling 

of the leg, the center of rotation can be deter-
mined, and the reflective markers can measure the 
position of the distal femur and proximal tibia. 
With these positions, a three-dimensional model 
is created, and ATT and ITR can be measured 
when the knee is cycled from extension through 
flexion. This measurement system is accurate 
within 1 mm and within 1° when compared to a 
six-degree-of-freedom robot [18, 79]. A disad-
vantage of this method is the invasive technique 
where pins are drilled in the femur and proximal 
tibia. In order to use this method in the clinical 
setting, noninvasive methods have to be devel-
oped. A study by Russell and colleagues has used 
a noninvasive method by attaching the pins and 
reflective markers to a fabric band that is strapped 
around the femur (Fig. 40.4b) [83]. They showed 
a similar ICC for internal rotation for the noninva-
sive method (0.94) and invasive method (0.93). 
Future studies must show the clinical use of these 
markers in both ATT and acceleration.

40.4.3  Radiological Imaging

Some studies have used radiological imaging tech-
niques to quantify the pivot shift. As previously 
discussed, Jakob and colleagues used radiography 
of the subluxed tibia to measure the ATT [41]. 
More recently, magnetic resonance imaging (MRI) 
is used to quantify the pivot shift [23, 32, 76, 77]. 
Okazaki and colleagues were one of the first to use 
an open MRI for the quantification of the pivot 
shift [76]. Patients with ACL-intact knees or ACL-
deficient knees were scanned with and without 
manual application of anterior drawer force. In the 
ACL-intact knee, the lateral ATT was without 
stress −2 mm ± 1.5 mm and with stress 
8.7 ± 8.0 mm. In the ACL-deficient knee, the lat-
eral ATT was 8.7 mm (±8.0 mm) without stress. 
and with stress the lateral ATT was increased to 
14.4 mm (±5.5 mm). The intra- rater reliability and 
inter-rater reliability for the lateral compartment 
were, respectively, 0.98 and 0.91. Although the 
MRI showed reliable lateral ATT increase in the 
ACL-deficient knee, it is expensive and not appli-
cable in the clinical setting. Furthermore, it is dif-
ficult to use this for dynamic laxity evaluation.

a

b

Fig. 40.4 Two photographs showing different methods 
of using reflective markers for navigation tracking; (a) 
(upper) shows a manual pivot shift with the invasive 
method of two pins in the distal femur and proximal tibia; 
(b) (lower) shows the noninvasive method of a strapping 
and baseplate to which the optical trackers are mounted 
(Reprinted from Russell et al. [83] with kind permission 
of Springer Science and Business Media)
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40.4.4  Radiostereometric Analysis

Radiostereometric analysis (RSA) is an imaging 
technique that can be used to measure knee lax-
ity in a dynamic setting [26]. With this tech-
nique, tantalum beads are implanted in the tibia 
and femur, and with biplanar radiographs, the 
exact amount of ATT can be measured while a 
patient is walking or running. The measurements 
are accurate within 10–250 μm and 0.03–0.06°, 
and an important advantage of this method is the 
possibility to measure the ATT during walking 
or running [26, 89]. To overcome the invasive 
implanting of tantalum beads, Tashman and col-
leagues developed a CT-imaging technique [88]. 
Although RSA can be used noninvasively, these 
measurements are considered expensive and 
labor-intensive, and radiation is used [2]. Some 
authors consider this method as the gold stan-
dard [2], but it is not widely applicable in the 
clinical setting.

40.4.5  Electromagnetic Device

Hoshino and colleagues used an electromagnetic 
device in clinical patients to quantify the pivot 
shift test [37]. This device consists of a transmit-
ter that produces an electromagnetic field and 
three receivers. The receiver is attached to a strap, 
and two receivers are placed 10 cm above the 
patella on the proximal femur and approximately 
10 cm below the patella. A third receiver was 
used to digitize several anatomical landmarks 
(Fig. 40.5). The electromagnetic system has 
gained increased popularity over the last decade 
[1, 4, 22, 56, 59, 90] and is shown to have good 
accuracy for both positioning (0.76 mm) and ori-
entation (0.158°) [74].

40.4.6  Skin Markers

Recently, a measuring system with digital cam-
eras and skin markers has been introduced [34, 
35]. With this technique, three skin markers are 
attached to (1) Gerdy’s tubercle, (2) the fibular 
head, and (3) the lateral epicondyle. The  digital 

camera records the movement of the skin mark-
ers and thus the movement of the lateral femur 
and tibia (Fig. 40.6). The authors showed in 
these two studies that this measuring system is 
able to measure ATT and tibial acceleration in 
the reduction phase. Advantages of this system 
are the low threshold for using skin markers 
and digital cameras in the clinical setting, and 
this could be of value for future clinical appli-
cation. However, some problems have to be 
overcome. First of all, even when the skin 
markers are properly attached, they are less 
accurate because they allow motion artifacts 
between skin and bone [3, 13, 64]. Secondly, 
although this measuring method ensures objec-
tive measurement of the pivot shift test, the 
manual performing of the pivot shift does not 
ensure objective results compared to a mecha-
nized pivot shift test [72]. The different per-
forming techniques of the pivot shift will be 
discussed next.

40.4.7  Inertial Sensor

The use of inertial sensors for the quantification 
of the pivot shift test [61] will be treated deep in 
the dedicated chapter.

Stylus with receiver

Brace with receiver

Transmitter

Fig. 40.5 This photograph shows the electromagnetic 
device that is used to quantify the pivot shift test. A trans-
mitter sends signals to two braces with receivers that are 
strapped around the distal femur and proximal tibia.  
A third stylus with receiver (upper right) is used to acquire 
different anatomical landmarks (Reprinted from Hoshino 
et al. [37] with kind permission of American Journal of 
Sports Medicine)
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40.5  Methods of Performing 
the Pivot Shift

For the purpose of quantification of the pivot 
shift, three general methods are seen in the litera-
ture. In the 1990s, several studies used the biome-
chanical technique of the simulated pivot shift in 
order to quantify the pivot shift [58, 59, 87]. 
Other studies used the manual pivot shift, whereas 
the senior author (AP) used the mechanized pivot 
shifter to quantify the pivot shift. These three dif-
ferent methods of performing the pivot shift will 
be discussed.

40.5.1  Simulated Pivot Shift Test

Many biomechanical studies used the six-degree- 
of-freedom robot with universal force sensor to 
quantify the pivot shift with a simulated pivot 
shift test [22, 29, 44, 45, 48, 49, 59, 67, 97, 99]. 
Matsumoto and colleagues assessed the role of 
several structures in the knee on the pivot shift 
[67], and they found that solitary ACL injury, 
solitary lateral structure injury, and combined 
ACL and lateral structure injury could cause a 
positive pivot shift. With this study, they objec-

tively confirmed the results of other studies that 
used the manual pivot shift [24, 38, 63]. Kanamori 
and colleagues further quantified the ATT in the 
ACL-intact and ACL-deficient knee with the sim-
ulated pivot shift [44]. They reported that differ-
ent ATT between ACL-intact and ACL-deficient 
knees was seen between 0° and 30° of flexion. In 
a follow-up study, they assessed the role of inter-
nal torque and valgus torque on the ATT of the 
pivot shift [45]. They found that a 10 Nm valgus 
torque gave the largest difference in ATT between 
the ACL-intact and ACL-deficient knee, which is 
confirmed by others [29]. The largest difference 
in ATT between the ACL-intact and ACL- 
deficient knee was seen with a 1.6 Nm rotational 
torque and a 10 Nm valgus torque. The authors 
therefore suggested that optimal performance of 
the pivot shift requires a moderate amount of val-
gus force with only a small internal rotation 
torque. Engebretsen and colleagues performed a 
simulated pivot shift test and compared the 
 applying of different torques and forces. The 
authors confirmed that coupled internal rotation 
and valgus torques best recreated the lateral ATT 
that occurs in the simulated pivot shift test [22].

40.5.2  Manual Pivot Shift Test

Many studies used the manual pivot shift to quan-
tify the pivot shift. One of the great advantages of 
the manual pivot shift is the fact that no equip-
ment or additional personal is necessary and 
results are immediately obtained [12]. However, 
one major disadvantage is the difference in 
 technique among examiners. In a survey among 
33 orthopedic surgeons, several differences in 
technique and reporting outcomes were detected 
[51]. More specific, 60 % of the surgeons per-
formed flexion from extended position, whereas 
40 % performed extension from flexed position, 
and 70 % applied internal rotation during the 
pivot shift test, while 30 % applied external rota-
tion. In addition, the authors compared the quan-
tified pivot shift between five examiners with an 
electromagnetic device. They found no differ-
ences in ATT and acceleration between the exam-
iners but did find differences in ITR and when the 

Monotone sheet

Examiner Assistant

Markers

iPad®

Fig. 40.6 The setup of quantifying the pivot shift with 
skin markers is shown in the clinical setting. The three 
skin markers are placed at Gerdy’s tubercle, the fibular 
head, and the lateral epicondyle. An iPad is used to mea-
sure the movement of the skin markers during a manual 
pivot shift, while a sheet is placed at the background to 
minimize interference (Reprinted from Hoshino et al. [34] 
with kind permission of Springer Science and Business 
Media)
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pivot shift was applied in the contralateral knee 
[51]. Because of different surgeon preferences in 
the pivot shift technique, a standardized pivot 
shift test is suggested [33, 71]. In the first step, 
the leg is in extension with slight hip abduction 
and the leg is internally rotated. In the second 
step, gentle valgus stress is applied and the leg is 
brought into flexion. The internal rotation is 
maintained until 20° of flexion and is then 
released when the knee is further flexed. Between 
20° and 40° of flexion, the reduction phase 
occurs, and posterior translation of the tibia along 
with external rotation can be measured. Hoshino 
and colleagues [33] compared the inter-rater vari-
ability among 12 orthopedic surgeons and found 
a smaller variability in the standardized tech-
nique compared to their preferred technique. 
However, it remains difficult to quantify the pivot 
shift with a manual examination since educa-
tional differences and preferences in technique 
exist among orthopedic surgeons.

40.5.3  Mechanized Pivot Shift

The senior author (AP) and colleagues used a 
mechanized pivot shifter in order to quantify the 

pivot shift test in human cadavers. A whole hip- to- 
toe cadaver is mounted to a setup, and a CPM 
machine is secured to the table. The foot is placed 
in a holder and fixed in an internal rotation moment 
at the knee. A valgus moment is applied with a 
three-degree-of-freedom arm, and the leg is moved 
from extension through the flexion arch (Fig. 40.7). 
The mechanized pivot shift test was compared to 
the manual pivot shift test and was found to be 
more accurate in measuring ATT than the manual 
performed pivot shift test (0.92 vs. 0.76, respec-
tively) [72]. A second-generation mechanized tes-
ter was developed which was more accurate than 
the first generation (0.99 vs. 0.92, respectively) 
[16]. With this mechanized pivot shift test, the 
examiners quantified the role of the primary and 
secondary stabilizers on in ATT and ITR [10, 68, 
70, 86, 94]. They were also able to assess the influ-
ence of different tunnel positions on knee stability 
[9, 93] and compared different reconstruction 
techniques in knee stability with the meniscus [73] 
and without the meniscus [69] in situ.

The mechanized pivot shift is shown to have 
high ICC and is able to distinguish different pivot 
shift grades as earlier discussed. However, the 
setup of this method is invasive since Steinmann 
pins are drilled in the distal femur and proximal 

Fig. 40.7 A human cadaver is placed in the mechanized 
pivot shifter, and the examiner pushes the handle of the 
foot driver component while pulling the handle of the base 
plate. This causes flexion of the knee and will induce the 

pivot shift phenomenon. Please note that the foot is in 
external rotation in this photograph (Reprinted from Citak 
et al. [16] with kind permission of Springer Science and 
Business Media)
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tibia. Therefore, this method is not applicable in 
the clinical setting. As previously discussed, 
some studies have examined the application of 
noninvasive reflective markers on Steinmann 
pins [83] and found a high ICC for internal rota-
tion. Further research is needed to show reliabil-
ity in ATT and acceleration. Furthermore, it 
would be of value to further develop the mecha-
nized pivot shifter to a device that can be easily 
used in the clinical setting.

40.6  Clinical Application

Several studies have reported objective measuring 
of the ATT, ITR, or tibial acceleration of the pivot 
shift, and some of these methods have potential to 
be of clinical value. Measuring lateral ATT or 
acceleration is currently the most reliable and 
cost-efficient in quantifying the pivot shift test 
[5]. The use of skin markers seems promising 
since the markers are easy to use, have low costs, 
and can reliably measure the lateral ATT [35]. 
Other measurement methods as electromagnetic 
devices, inertial sensors, and noninvasive reflec-
tive markers also have clinical potential [37, 61, 
83]. However, a problem with noninvasive meth-
ods remains the skin-bone movement and marker-
skin movement, and the test should be corrected 
for these movements [3, 13, 64]. The method of 
performing the pivot shift test can be manual with 
a standardized method or with a mechanized pivot 
shift test. The mechanized pivot shift test is more 
objective than the manual pivot shift since there 
are still differences in performing the pivot shift 
test. However, an easy, smaller, and low-cost 
mechanizer needs to be developed to enable clini-
cal use as is seen with the KT-1000. Over the last 
years, several studies have assessed the role of the 
quantified pivot shift test in the clinical setting. 
Hopefully, this will lead to the ultimate goal of a 
worldwide available and affordable device that 
can be used to diagnose and evaluate the ACL in 
the clinical setting.

 Conclusion

The KT-1000 arthrometer is commonly used 
as clinical evaluation to standardize and quan-

tify the anterior tibial rotation. Dynamic laxity 
evaluations as the pivot shift test are superior 
over static laxity evaluations as the KT-1000 
with regard to the multiplanar kinematics of 
the knee, the simulation of the “giving way” 
feeling of the patient, and the high specificity 
of the test. However, the pivot shift is subjec-
tivity and high inter-rater variability must be 
overcome before the pivot shift test can be 
objectively used in the clinical setting. Several 
studies have tried to objectify and standardize 
the pivot shift test in lateral ATT, ITR, or 
acceleration of the reduction phase. With all 
three methods of quantification, reliable and 
accurate results were found although lateral 
ATT and acceleration seem easier applicable 
in the clinical setting. In vivo measurements 
as navigation systems with three-dimensional 
models, radiostereometric analysis, electro-
magnetic devices, inertial sensors, and skin 
markers are developed to measure the ATT, 
ITR, or acceleration and are proven to have 
high reliability. Especially electromagnetic 
devices, inertial sensors, and skin markers are 
easily applicable in the clinical setting.

It is also important to have a standardized 
method of performing the pivot shift test in the 
clinical setting. Some studies have shown good 
results with a mechanized pivot shift test, 
although this device should be further devel-
oped for clinical use. Until a useful device is 
developed, the standardized method of the 
manual pivot shift test should be used. Many 
studies have contributed to a pivot shift test that 
is more objective and reliable. These studies 
have contributed toward the ultimate goal of 
using an objective and accurate dynamic laxity 
evaluation in the clinical setting.
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The Role of Navigation Systems 
in ACL Reconstruction

Shugo Maeda, Yasuyuki Ishibashi, 
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41.1  History of Computer- 
Assisted Orthopedic Surgery 
for ACL Reconstruction

Computer-assisted orthopedic surgery (CAOS) 
began in the 1990s. Its first application was 
used in spinal surgery to minimize the risk of 

damaging neurovascular structures when pedi-
cle screws were inserted into the vertebra [40]. 
Development of CAOS then expanded into hip 
and knee arthroplasty in order to improve the 
positioning of the implant [1]. CAOS, par-
ticularly in conjunction with a navigation sys-
tem, has also been applied to anterior cruciate 
ligament (ACL) reconstruction since the mid-
1990s [8]. Failure of ACL reconstruction was 
often due to technical errors, such as inappro-
priate tunnel position of the graft. Navigation 
system was introduced in ACL  reconstruction 
to reduce such errors and was focused on 
improving the accuracy and reproducibility of 
the tunnel placement. Since the 2000s, naviga-
tion systems have been used increasingly as a 
quantitative measurement tool to assess ACL 
graft obliquity or for visualization of the pivot 
shift (PS) phenomenon [21]. Not only can the 
surgeon confirm the virtual tunnel position, 
but they can also decipher important infor-
mation such as the risk of graft impingement, 
graft isometricity, and accurate assessment of 
laxity patterns intraoperatively on the naviga-
tion display. Thus, navigation systems have 
the potential to improve outcomes after ACL 
reconstruction by reducing variability in tunnel 
positions and improving their accuracy. To that 
end, a number of investigators have reported 
their experience with navigation-assisted ACL 
reconstruction; we discuss some of their find-
ings in this chapter.
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Fact Boxes

• Navigation in ACL surgery is an impor-
tant tool improving tunnel placement 
and laxity evaluation of injured knees.

• The navigation system can improve clin-
ical outcomes and decrease the failure 
rate of ACL reconstruction.
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41.2  Navigation Types for ACL 
Reconstruction

There are two types of navigation systems for 
ACL reconstruction: image-based (e.g., 
VectorVision ACL 1.0, Brainlab, Heimstetten, 
Germany; Stealth Station iON, Medtronic, 
Louisville, USA) and image-free (e.g., BLU- 
IGS, Orthokey, Lewes, Delaware, USA; 
OrthoPilot, B. Braun Aesculap, Tuttlingen, 
Germany; Medivision Surgelics System, Praxim, 
La Trouche, France). Image-based systems 
require anatomical reference data obtained from 
intraoperative fluoroscopy imaging. Image-free 
systems require no preoperative data, as they are 
able to acquire anatomical landmark and knee 
kinematics information. Image-free systems have 
been used for ACL reconstruction for more than 
10 years. This system uses infrared cameras and 
transmitters with reflective markers attached to 
the femur and tibia to register the precise location 
of the instruments in three-dimensional (3D) 
space. The cameras can track the position of the 
instruments to within <1 mm and <1° with assis-
tance from a computer [7, 54]. At the first step of 
registration, bony landmarks (consisting of the 
tibial tuberosity, anterior edge of the tibia, and 

the medial and lateral points of the tibial plateau) 
and knee kinematics (consisting of the knee posi-
tion at 0° and 90° of knee flexion and consecutive 
knee positions between 0° and 90°) are registered 
(Fig. 41.1).

Next, the navigation computer builds a three- 
dimensional model of the knee joint. The intra- 
articular landmarks (consisting of the anterior 
horn of lateral meniscus, tibial and femoral 
footprint of the ACL, anterior notch outlet, etc.) 
are necessary for the computation of the tibial 
and femoral tunnel aperture. Surgeons can visu-
alize the tibial and femoral tunnel position on 
the navigation display, as well as other valuable 
parameters necessary for creating a suitable tun-
nel such as the angle of the tibial tunnel in the 
sagittal and coronal planes, distance to the PCL 
anterior edge, distance to the posterior cartilage 
border of the lateral femoral condyle, distance 
between tunnels in the double-bundle technique, 
etc. (Fig. 41.2).

Additionally, knee stability test can be per-
formed before and after graft fixation, to quantify 
surgical results, including the pivot shift (PS) test 
(Fig. 41.3). In our experience, the additional time 
required for navigation surgery is approximately 
5–10 min.

Fig. 41.1 Transmitters 
with reflective markers 
were fixed to the femur 
and tibia via a pin 
fixator. The straight 
pointer attached to 
another transmitter is 
used to register the 
intra- and extra-
articular landmarks

41 The Role of Navigation Systems in ACL Reconstruction
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41.3  Accuracy of Tunnel 
Placement in ACL 
Reconstruction

The main object of using the navigation system 
for ACL reconstruction is to improve the preci-
sion of the femoral and tibial tunnel position. 
Several studies compared the accuracy of the 
tunnel position between navigation surgery and 
manual surgery. Regarding the tibial tunnel posi-
tion, the mean position is not altered by the navi-
gation systems but the deviation is significantly 
decreased [22, 47]. As for femoral tunnel place-
ment, most studies show improved positioning 
in navigation-assisted ACL reconstruction on 
radiographic evaluation [22, 42, 46, 48]. Schep 
et al. studied intersurgeon variance during 
computer- assisted planning of ACL reconstruc-
tion and showed that the tunnel position was not 
associated with the experience level of the sur-
geon when using the computer-assisted surgical 
system [47].

There are few studies on the use of navigation 
systems in revision surgery [37, 51]. In revision 
surgery for failed ACL reconstruction, there are 
several types of problems including bone defects, 
primary tunnel malposition, and preexisting 
hardware. Creating an adequate new femoral tun-
nel is difficult in revision ACL surgery because 
of the existence of the primary tunnel. Taketomi 
et al. reported that 3D fluoroscopy-based naviga-
tion systems are especially helpful in this regard, 
because they enable visualization of the entire 
previous tunnel or any preexisting hardware 
inside the femoral tunnel that is not visible 
arthroscopically [51].

Recently, preservation of the ACL remnant 
has been a focus of ACL reconstruction. Remnant 
preservation is expected to accelerate graft matu-
ration. However, it is difficult to confirm the ACL 
femoral footprint because of abundant remnant 
tissue. In such situations, navigation systems 
may be utilized for confirming the ACL footprint 
of the intercondylar lateral wall and for creating 
an adequate tunnel in the ACL footprint. Taketomi 

a

b

Fig. 41.2 Screenshot showing the navigation of the tibial 
drill tunnel (Left) and the navigation of the femoral drill 
tunnel (Right)

Fig. 41.3 Quantification of the PS test before and after 
ACL reconstruction
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et al. described the femoral socket locations that 
were considered to be an anatomical footprint in 
accordance with previous cadaveric studies in 
remnant-preserving ACL reconstruction using 
3D fluoroscopy-based navigation systems [52].

41.4  Knee Laxity and Kinematics 
Measurement

Another important feature of navigation systems 
in ACL reconstruction surgery is the capability to 
perform intraoperative kinematic evaluation of 
the knee joint during ACL reconstruction.

CAOS system for translational and rotational 
joint laxities evaluation under stress has only 
been reported since 2005. Zaffagnini et al. [56] 
and Martelli et al. [31] used the navigation for an 
in vivo setup with a high intersurgeon and intra-
surgeon repeatability of the maneuvers.

With this system, many tests can be performed 
and measured for evaluating both static and 
dynamic instability at the operating room, before 
and after ACL reconstruction.

The static stability corresponds with uniplanar 
laxity (translation or rotation) at determined 
degree of flexion, for example, anteroposterior 
translation at 30° and 90° (Lachman and anterior 
drawer test, respectively), while dynamic 
 corresponds to a complex combination of transla-
tion and rotation during the range of motion.

Since the development of new and easier navi-
gation systems, the interest in computer-assisted 
procedures for clinical outcomes and research 
was increased. Many studies have been published 
since the 2000s to describe knee kinematics to 
enhance the knowledge about it and the effect of 
different techniques achieving static and dynamic 
stability.

Today, the most important clinical exam evalu-
ating dynamic instability of the knee is the pivot 
shift test. For this reason, interest in navigating the 
PS was increased in the last years. Such test has 
been decomposed in many parameters; the most 

important are related with the translation, rotation, 
and acceleration of the lateral tibial plateau when 
the pivot shift maneuver is performed [28].

Some authors have used the navigation system 
in order to document the pre-operatory status and 
compared it with the surgical results of different 
techniques in ACL reconstruction surgery. 
Signorelli et al. in 2013 have shown the impor-
tance of preoperative measurements, especially 
in very unstable knees, in order to suspect sec-
ondary restraint lesions. In fact, higher level of 
preoperative laxities can underline complex inju-
ries, where the isolated ACL reconstruction is not 
able to restore normal kinematics, and the addi-
tion of others procedures may be necessary to 
gain a better stabilization [49].

Others have used this system to assess physi-
ological contralateral knee stability before ACL 
reconstruction. In the 2009, Miura and colleagues 
were the first to perform an in vivo study compar-
ing both contralateral uninjured knee and ACL- 
injured knee [34].

More recently, Imbert et al. evaluated 32 
patients who underwent ACL reconstruction sur-
gery. They also compared with the contralateral 
uninjured joint. In clinical practice, both knees 
have always been evaluated, but in a qualitative 
way. These studies concluded that is important to 
evaluate objectively the healthy knee before sur-
gery. Quantifying patient’s physiological stability 
is very helpful for a better surgical approach [15].

41.5  Intraoperative Protocol

Usually navigation system is moved into the 
operating room and is placed about 2 m away 
from the operating table, after sterile field is pre-
pared. Surgery is performed as usual, and only 
after graft is harvested, the tracking systems are 
fixed into the bones (tibia and femur) and then 
anatomical landmarks are acquired.

After that, different maneuvers are performed. 
Software used for kinematic acquisition (KLEE; 
Orhokey, Lewes, Delaware, USA) evaluates AP 
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translation at 30° and 90° (Lachman and anterior 
drawer test), VV (varus-valgus) rotation at 0° and 
30°, IE (internal-external) rotation at 30° and 
90°, and the pivot shift test. Maneuvers are per-
formed and measured twice, before and after 
graft fixation (Fig. 41.4).

Finally when data is collected, the tracking 
frames are removed and surgery continues nor-
mally. Measurements displayed on screen are 
valuable information for the surgeon about the 
stabilizer effect of the surgical technique just per-
formed (Fig. 41.5).

It is well known that the anteroposterior trans-
lation can be controlled by many different tech-
niques, but achieving it hasn’t to be the main 
objective in ACL surgeries, because rotational 
instability may persist [53, 57, 59].

Literature has shown for many years that the 
rotational stabilization is the principal goal when 
we face to unstable knees. In fact the presence of 
a positive pivot shift test can predict the failure of 
surgery [19, 23, 25, 45].

Concerning research applications, the naviga-
tion system allows to evaluate different recon-
struction techniques.

Most of the studies reported the stabilizing 
effect of double-bundle ACL reconstruction, 
functionality of each bundle in the reconstructed 
ACL, quantification of the pivot shift phenome-
non, and biomechanical function of ACL rem-
nants, using a navigation system [4, 10, 14, 
16–18, 20, 24, 26, 27, 29, 30, 34, 38, 39, 41, 44, 
50, 55, 56, 60].

Ishibashi et al. reported that the posterolateral 
bundle (PLB) plays an important role in the 
extension position of the knee and that the antero-
lateral bundle (AMB) is more important in the 
flexion position [16].

In a recent systematic review performed by 
Björnsson et al. [3], they have found an important 
number of navigated studies comparing the stabil-
ity achieved between anatomic double bundle and 
anatomic single bundle. Seventeen studies have 
compared the results in sagittal plane and they 
didn’t find significant differences between them.

For the rotational instability, navigated anal-
ysis was performed in 20 studies and that only 
has shown a tendency supporting that DB is 
superior to control rotational instability. Further, 
comparisons were performed between anatomic 

Fig. 41.4 Software 
interface (Klee, 
Orthokey) for 
intraoperative laxity 
evaluation. Red curves 
correspond with 
preoperative values 
and green with 
postoperative measures
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and nonanatomic double-bundle techniques, 
and they found that nonanatomic double bundle 
has similar effect in controlling anteroposterior 
translation and the PS test than the anatomical 
technique [60].

Navigation was also used to evaluate the addi-
tion of a lateral extra-articular plasty (LEAP). 
This procedure has been proposed for better con-
trol dynamic instability, because it has better bio-
mechanical properties in terms of rotational 
stabilization.

Colombet et al., Monaco et al., and Zaffagnini 
et al, using similar reconstruction techniques, 
analyzed the rotational controlling effect of the 
addition of LEAP to the intra-articular ACL 
reconstruction. They measured translation and 
rotation in different surgical times: before sur-
gery, between the fixation of the intra-articular 
graft and the LEAP, and a last measure when the 
surgery had finished [2, 6, 36].

The studies comparing the addition of LEAP to 
the single-bundle techniques have shown an 
increased control in translation and rotation espe-
cially in the lateral compartment. There are statisti-
cally significant differences in the anterior 
translation of the lateral compartment at 90° of 

 flexion and less lateral compartment opening in val-
gus at 0–30° of flexion when a LEAP was added.

Related with rotational stability, Zaffagnini 
et al. showed that single-bundle reconstruction 
with the addition of LEAP controls better the 
internal and the external rotation at 90° of  flexion, 
whereas Monaco et al. only reported better results 
when measuring internal rotation, but no signifi-
cant difference in external rotation [11, 35, 58].

That is confirmed by the systematic review 
performed this year by Hewison et al. [13] in 
which they analyzed the effect of LEAP in 29 
articles. They also showed statistically significant 
reduction in pivot shift in favor of the combined 
procedure.

Despite all the studies performed, we are still 
having controversies about which is the best 
technique controlling dynamic instability of the 
injured knee.

Navigation is considered the gold standard for 
laxity quantification, and validation of new non-
invasive devices must be related to it, because it 
has demonstrated to be highly precise and reli-
able quantifying knee laxity after ACL injury.

One of the main advantages is that it allows a 
real-time quantitative evaluation of the knee 

Fig. 41.5 Real-time 
pivot shift comparison 
between preoperative 
laxity and the achieved 
stability
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 conditions at different moments of the surgical 
procedure, and therefore it allows surgeons to 
evaluate the knee status during kinematic maneu-
vers and, with this information given, perform a 
better and individualized approach.

However, navigation systems are difficult to 
use in clinical practice because of the invasive 
nature of the transmitter attachment. To gain wider 
acceptance of the navigation system in the clinic 
as a measurement tool of knee stability and kine-
matics, noninvasive surface markers and the devel-
opment of dedicated software are also desirable.

41.6  Clinical Results 
of Navigation-Assisted ACL 
Reconstruction

The navigation system can improve clinical out-
comes and decrease the failure rate of ACL 
reconstruction by reducing the variability of the 
tunnel position and creating more accurate femo-
ral and tibial tunnels.

There were five randomized controlled studies 
that compared navigation-assisted and conven-
tional ACL reconstruction [5, 12, 32, 33, 43] 
(Table 41.1).

Eggerding et al. [9] reviewed and combined 
the results of the above studies and did not find 
statistically or clinically significant differences 
between navigation-assisted and conventional 
surgery as determined by IKDC subjective score, 
Lysholm score, Tegner activity score, knee stabil-
ity, tunnel placement, or complications. Apart 
from a significantly increased operative time for 
randomized participants using the navigation 
system (between 9.3 and 27 min longer), there 
was no difference in outcome of navigation ver-
sus conventional ACL reconstruction. They con-
cluded that the currently available evidence does 
not indicate any improvement in clinical outcome 
when using navigation systems.

 Conclusion

Experienced surgeons are skilled in accurate 
placement of bone tunnels into the native ACL 
footprint by using a variety of intra-articular 
landmarks (such as the resident’s ridge) as refer-

ence points without employing navigation sys-
tems. Furthermore, randomized trials of ACL 
reconstruction with or without navigation sys-
tems have shown that the clinical outcomes were 
not significantly different between the two 
groups. When using the navigation system, it 
should be noted that placement of the reference 
markers requires additional incisions, and com-
plications such as fracture, wound infection, and 
skin necrosis may occur. Therefore, some sur-
geons are of the opinion that the use of naviga-
tion in ACL reconstruction is not worthwhile. 
However, navigation systems can provide sur-
geons with a wide variety of data in real time that 
cannot be obtained under arthroscopic observa-
tion. Additionally, navigation systems are useful 
for the objective assessment of the tunnel posi-
tion and for the measurement of knee stability 
and kinematics of pre- and postoperative sur-
gery. They also serve as an educational tool for 
less experienced surgeons. Recent developments 
in computer technology will likely lead to fur-
ther improvements in navigation systems. 
Because they allow a wide variety of intraopera-
tive data to be collected, the utility of navigation 
systems in research is also expected to expand.
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Considerations for Treatment 
of Concomitant Cartilage and ACL 
Injury

Jan Harald Røtterud and Lars Engebretsen

42.1  Introduction

The combination of ACL injury and cartilage 
lesions is a serious injury to the knee. Even though 
not as common as concomitant meniscal lesions, 
cartilage lesions (International Cartilage Repair 
Society [ICRS] grades 1–4) [6, 7] are found in 
approximately 27 % of ACL-injured knees at the 
time of ACL reconstruction [25]. It has been shown 
that the presence of a focal full- thickness cartilage 
lesion ([ICRS] grades 3–4) at the time of ACL 
reconstruction leads to impaired short- and midterm 
patient-reported outcome [9, 24, 26] and an 
increased risk of later OA [17, 19]. The combina-
tion of concomitant cartilage lesions being a com-
mon finding and a predictor of poorer outcome 
requires that ACL surgeons have a well- founded 
strategy for treating these cartilage lesions.

42.2  Treatment Decision-Making

There are several factors that have to be consid-
ered when deciding the treatment strategy for a 
concomitant cartilage lesion. At first, it must be 

assessed whether the cartilage lesion is symp-
tomatic or not. This can be difficult, as the clini-
cal picture presented by the patients will be a 
mixture of symptoms from the ACL injury, the 
cartilage lesion, and other possible concomitant 
injuries. Pain and swelling are the most common 
symptoms from cartilage lesions. Furthermore, 
episodes of locking and catching might be pres-
ent. However, cartilage lesions can also be 
asymptomatic or present with more vague symp-
toms. Hence, it can be difficult to distinguish 
ACL-injured patients with symptomatic cartilage 
lesions from patients with asymptomatic lesions 
[13, 16].

If the cartilage lesion is considered as symp-
tomatic, further considerations must include 
whether the cartilage lesion itself and the patient 
are suited for a surgical cartilage procedure or 
not. Several factors are associated with the out-
come after cartilage surgery, and the outcome is 
also related to the type of surgery [3, 4, 20]. 
Factors related to the cartilage lesion are size, 
depth, and location of the lesion. Patient factors 
include sex, age, body mass index, activity level, 
concomitant injuries, and knee alignment.

In general, a cartilage lesion present at the 
time of ACL reconstruction can either be left 
untreated or treated surgically. If left untreated at 
the time of ACL reconstruction, observation, 
rehabilitation, and surgical treatment at a later 
stage are further options. The option of nonoper-
ative treatment by rehabilitation of patients with 

J.H. Røtterud, MD, PhD
Department of Orthopedic Surgery, Akershus 
University Hospital, Lørenskog, Norway 
e-mail: janhrot@medisin.uio.no

L. Engebretsen, MD, PhD (*) 
Department of Orthopedic Surgery, Oslo University 
Hospital, Oslo, Norway 
e-mail: lars.engebretsen@medisin.uio.no

42

mailto:janhrot@medisin.uio.no
mailto:lars.engebretsen@medisin.uio.no


464

focal cartilage lesions has been subject to few 
studies. Some evidence exists in the literature 
that rehabilitation might have a positive effect on 
cartilage metabolism and outcomes in patients 
with focal cartilage lesions [14, 23, 28].

Regarding surgical treatment of concomitant car-
tilage lesions in ACL-injured knees, all surgical treat-
ment options described for isolated cartilage lesions 
are alternatives. However, even though an extensive 
amount of literature have been published on surgical 
treatment of isolated cartilage lesions, few previous 
high-quality studies have focused primarily on the 
treatment of concomitant cartilage lesions in ACL-
injured knees [8]. Regardless if ACL reconstruction 
has been carried out or not, an ACL injury alters the 
biomechanics and biochemistry of the knee joint, 
which in turn can affect the outcome of cartilage sur-
gery. Hence, knowledge from studies on treatment of 
isolated focal cartilage lesions cannot necessarily be 
generalized to ACL-injured patients.

Drilling, microfracture, periosteal flap trans-
plantation, osteochondral autologous transplanta-
tion, and autologous chondrocyte implantation of 
cartilage lesions in combination ACL reconstruc-
tion have shown acceptable and promising results 
in the previous literature [1, 2, 5, 10, 15, 18, 21, 22]. 
However, these studies have been case-series or 
case-control studies with relatively small numbers 
of patients included in the different treatment groups, 
making it difficult to conclude and generalize about 
the treatment of choice. The only randomized trial 
on concomitant treatment of cartilage lesions and 

ACL reconstruction is a recent study by Gudas et al. 
[12], which compared patients receiving debride-
ment, microfracture, and osteochondral autologous 
transplantation of concomitant cartilage lesions at 
3-year follow-up after ACL reconstruction. Gudas 
et al. found that patients treated with osteochondral 
autologous transplantation reported significantly 
better outcome by the IKDC subjective scores 
than patients treated with microfracture or debride-
ment and that there were no significant differences 
between the patients treated with microfracture and 
debridement. However, Gudas et al. did not include 
a control group of patients with cartilage lesions 
left untreated, so it is difficult to evaluate the actual 
treatment effect. In a recent cohort study from the 
Norwegian and Swedish National Knee Ligament 
Registries, our group evaluated 357 patients with 
concomitant full-thickness cartilage lesions with 
KOOS at 2-year follow-up after ACL reconstruc-
tion [27]. In Scandinavia, the majority of concomi-
tant cartilage lesions in ACL-injured patients are 
either left untreated or treated by surgical debride-
ment or microfracture [11].

We found that in comparison to leave the car-
tilage lesions untreated at the time of ACL recon-
struction, MF showed adverse effects on 
patient-reported outcome (KOOS), and debride-
ment showed no effects on patient-reported out-
come (Table 42.1) [27]. Hence, we suggested that 
microfracture of concomitant full-thickness car-
tilage lesions in ACL-injured knees should be 
performed restrictively.

Table 42.1 Adjusted effects of no treatment, debridement, and microfracture of concomitant full-thickness cartilage 
lesions (ICRS grades 3–4) on the Knee Injury and Osteoarthritis Outcome Score (KOOS) at 2-year follow-up after ACL 
reconstruction

Debridement Microfracture

KOOS subscales N β 95 % CI p β 95 % CI p

Pain 332 0.1 (−4.2 to 4.5) ns −4.2 (−8.6 to 0.2) ns
Symptoms 335 1.0 (−3.8 to 5.7) ns −3.3 (−8.2 to 1.5) ns
ADL 333 1.8 (−2.1 to 5.7) ns −2.7 (−6.6 to 1.2) ns
Sport/rec 334 −0.2 (−7.9 to 7.5) ns −8.6 (−16.4 to −0.7) 0.032
QoL 335 2.1 (−4.3 to 8.4) ns −7.2 (−13.6 to −0.8) 0.028

Adjusted for gender, age, previous ipsilateral knee surgery, time from injury to surgery, concomitant ligament injury, 
concomitant meniscal lesion(s), meniscus resection, type of ACL graft, area of cartilage lesion, depth (ICRS grade) of 
cartilage lesion, location of cartilage lesion, and preoperative KOOS scores
No treatment of cartilage lesions used as reference
ADL activities in daily living, QoL quality of life, N number of patients included in the regression analyses, β regression 
coefficient, CI confidence interval, p level of significance, ns not significant
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42.3  Conclusions on Treatment 
Strategies

Since there is no evidence that surgical treatment 
of a concomitant cartilage lesion in ACL-injured 
knees will reduce the risk of later OA, surgical 
treatment of these cartilage lesions should be 
restricted to symptomatic lesions.

Even for symptomatic lesions, to date, none 
of the surgical treatment options for concomitant 
cartilage lesions in ACL-injured knees are 
proven to be superior compared to leaving these 
cartilage lesions untreated. Microfracture of 
concomitant full-thickness cartilage lesions in 
ACL-injured knees should probably be avoided 
until future studies have identified if there are 
any subgroups of patients that might benefit 
from microfracture of cartilage lesions at the 
time of ACL reconstruction.

Some selected ACL-injured patients that are 
well suited for cartilage surgery might benefit 
from surgical treatment of concomitant cartilage 
lesions. For unstable lesions, debridement is a 
simple and easy procedure to perform, which 
might relieve symptoms. However, current evi-
dence suggests that no treatment of the cartilage 
lesions is a safe and sound first-line option in the 
majority of ACL-injured patients.
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43.1  Introduction

Osteoarthritis can occur in young patients fol-
lowing intra-articular pathology such as rupture 
of the cruciate ligaments or a medial meniscec-
tomy with varus malalignment. ACL deficiency 
creates a modification in the biomechanics of the 
knee with an alteration of the rolling-sliding 
motion. The presence of a meniscal lesion at the 
time of the injury or secondary to the laxity 
increases kinematic disorders and contributes to 
cartilage damage and osteoarthritis. Combined 
surgery-associated ACL reconstruction and HTO 
represent an interesting salvage procedure for 
such complex patients who are usually young and 
want relief for both pain and instability. After 
seeing knee modifications after ACL injury and 
the relation between ACL rupture and OA, we 
will deal with diagnostic and therapeutic strategy 
and present a systematic review of HTO with 
ACL reconstruction.

43.2  Knee Biomechanics 
After ACL Injury

Anterior cruciate ligament tear (ACLT) is a com-
mon knee injury and leads to osteoarthritis in 
roughly half of patients within 10 years [46, 47]. 
The high incidence and risk for premature, dis-
abling OA after ACL injury have been consis-
tently reported in athletes and nonathletes of both 
sexes. In young female soccer players with a 
mean age of 31, 82 % showed radiographic 
changes, 75 % had knee symptoms, and 51 % met 
criteria for radiographic OA just 12 years after 
ACL injury [48]. Comparable morbidity was also 
shown for male soccer players [49, 50]. Because 
the highest rates of ACL injury occur in teenagers 
and young adults [51–53], many will be affected 
during their prime years. While the overriding 
immediate concern is that ACL injury removes 
promising athletes from competing for at least a 
full season, the longer-term sequelae of joint 
degeneration and dysfunction are of greater con-
cern. Current treatments to include ACL recon-
struction and rehabilitation permit the majority of 
patients to recover sufficient knee function to 
return to work- and sports-related activities. 
Thus, reducing the risk for premature osteoarthri-
tis after ACL injury and surgery is a clinical 
priority.

Joint injuries result in numerous and varied 
changes to the structural, biological, and biome-
chanical integrity of diarthrodial joints [54]. The 
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structural changes to the ACL injured knee range 
from obvious tears to the ligament that are fre-
quently accompanied by meniscus injuries along 
with bone edema representative of where the 
tibia impacted the femur shortly after failure of 
the ACL. Meniscus tears commonly occur after 
ACL injury and represent a significant structural 
change to the knee [55]. Arthroscopy and MRI 
can sometimes show incident and persistent inju-
ries sustained by the articular cartilage at and sur-
rounding these points of impact [56, 57].

In striving to understand the role of cartilage 
injury in premature OA after ACL tear, one seem-
ing paradox has been that the bone bruises show-
ing impact injury are typically to the lateral 
compartment [57, 58]. Yet, OA is more frequently 
observed to the medial compartment after ACL 
injury [59]. This suggests that other factors aside 
from acute structural changes to articular carti-
lage impact on OA progression after ACL injury. 
What is less obvious and often “invisible” to 
radiographs, conventional MRI, and arthroscopy 
are more subtle subsurface injuries and matrix 
changes to articular cartilage retaining intact sur-
faces occurring as a result of abnormal loading 
patterns and biochemical changes to the joint. 
These injuries can, however, be appreciated by 
histology, optical coherence tomography, and 
quantitative MRI [60, 61].

Quantitative MRI has been increasingly evalu-
ated for its utility as a diagnostic tool to show 
subclinical injury to the articular cartilage after 
ACL injury [62–64]. The novel imaging tech-
nique of ultrashort echo time-enhanced T2* map-
ping has shown elevated MRI UTE-T2* signals 
reflective of matrix changes consistent with 
“bruising” of the deep tissue of still intact articu-
lar cartilage [61, 64, 65] after ACLT. Longitudinal 
MRI UTE-T2* evaluations of the same subjects 
2 years later showed that the UTE-T2* signals 
decreased to a level comparable to that of unin-
jured controls in most but not all subjects [61]. 
This data suggests that deep, subsurface injuries 
to the medial knee cartilage observed acutely 
after ACL injury have a potential to heal in carti-
lage retaining intact articular surfaces. However, 
as this did not occur in all subjects, other factors 
also impact OA risk apart from cartilage injury.

43.2.1  Knee Biomechanics and Knee 
OA Progression

Changes to knee kinematics after ACL injury are 
substantial and have not been shown to be fully 
corrected after reconstructive surgery [66, 67]. 
Changes to rotation frequently remain leading to 
altered contact points on the cartilage surfaces even 
with low-demand activities such as walking [66]. 
When analyzed in relation to graft orientation, 
abnormal rotation after ACLR was related to non-
anatomic vertical graft placements. As well, altered 
gait consisting of reduced knee extension at heel 
strike has also been observed after ACLR [66].

In the evolution of ACL reconstruction surgery, 
joint space narrowing is an important parameter to 
decide which surgical procedure to perform [1–3]. 
The classification of the International Knee 
Documentation Committee (IKDC) [3], for the 
evaluation of patient outcome, describes four stages 
of osteoarthritis: A (normal radiograph), B (remod-
eled joint without pinching), C (space narrowing of 
less than 50 %), and D with more than 50 % of joint 
space narrowing. Pre-osteoarthritis has a radiologi-
cal definition. It was established in 1987 through a 
better knowledge of the natural history of osteoar-
thritis after anterior cruciate ligament injuries 
(ACL) [4, 5]. Four signs are important to relate an 
old ACL injury to osteoarthritis: redesign of 
osteophyte- intercondylar notch which closes pro-
gressively with a hook aspect of the tibial spines, 
femorotibial bicompartimental remodeling with a 
flattening of the condyles, posterior tibial osteo-
phytes, and anterior subluxation of the tibial pla-
teau on the lateral single leg weight-bearing view.

The ACL rupture induces a change in the 
kinematics of the knee with three main conse-
quences: loss of control of the anterior tibial 
translation (primary restraint, an average of 
3 mm), change in the knee rotation axis, and loss 
of synchronization between the lateral femoral 
condyle and the tibial plateau, leading to an ante-
rior positive jerk test.

During gait, anterior tibial translation is a nor-
mal physiological phenomenon. It is facilitated by 
the contraction of the quadriceps. The first obsta-
cle is the ACL, from 0° to 30°. After 30° of flex-
ion, the ACL, the posterior segment of the medial 
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 meniscus, and the tibial slope counteract the ante-
rior tibial translation. The secondary restraint to 
anterior tibial translation is the medial meniscus 
which functions as a rear bumper [2, 6, 7]. The 
occurrence of a meniscal tear is the key prognos-
tic factor in the onset of osteoarthritis. Meniscal 
preservation remains the best way to prevent osteo-
arthritis [2, 8, 9]. The disappearance of the poste-
rior wedge promotes an increase in anterior tibial 
translation, in constraints, and in posteromedial 
cartilage wear [1, 4]. Eventually, a posterior cup 
secondary to medial posterior wear appears and 
posterior tibial osteophytes develop in addition. 
The knee gradually deforms in varus after medial 
meniscectomy in the ACL-deficient knee [1, 4, 10]. 
Additional clinical factors are likely to contribute 
to the development of osteoarthritis. Frontal (genu 
varum) and sagittal (tibial slope) plane alignment 
are important [11]. Patient with preserved medial 
menisci has little osteoarthritis 10 years later 
[12–15]. The detrimental effect of meniscectomy 
is directly influenced by the time from injury to 
surgery [5, 16, 17]. However, the medial meniscec-
tomy alone is not a sufficient condition, because in 
three studies review in Table 43.1, many patients 
who had a medial meniscectomy did not develop 
osteoarthritis. Meniscectomy remains the major 
prognostic factor for the occurrence of osteoarthri-
tis in the long term (Table 43.1).

43.3  Diagnostic and Therapeutic 
Strategy

Several surgical treatment options are available 
in case of ACL injury and mild OA: anterior 
cruciate ligament reconstruction, isolated 

 coronal plane realignment osteotomy, or in 
association with ACL graft, deflection osteot-
omy, and possible associated meniscal trans-
plantation with ACL reconstruction. Evaluation 
of the patient and knee history is essential for 
surgical decision- making. The following 
parameters are relevant for indication: the 
patient’s functional objectives, knee laxity 
evaluation, predominant symptom (pain, insta-
bility or both), meniscal status, and X-ray eval-
uation including long-leg axis.

The objectives of chronic anterior laxity treat-
ment are:

• Stabilize the knee by removing the instability 
and protecting the menisci.

• Prevent osteoarthritis (as possible) and/or, 
hopefully, avoid osteoarthritis progression.

Several situations can arise depending on the 
Dejour laxity classification [1]. We summarized 
this classification and the therapeutic options in 
an algorithm (Fig. 43.1). According to the stage 
of osteoarthritis, treatment is based on a valgus or 
deflection osteotomy. Both corrections are some-
times combined, but one of the two correction 
planes must be favored over the other. Indication 
for osteotomy is malalignment with symptomatic 
osteoarthritis in the overloaded compartment. 
The analysis of alignment in both planes is essen-
tial (long-leg axis, measuring the tibial slope) for 
planning tibial osteotomy (frontal or coronal 
plane).

In the ACL-deficient knee with varus defor-
mity, the biomechanical and surgical objective is 
to restore overcorrection to 3° of mechanical val-
gus, if ACL reconstruction is combined with 
HTO. Correction of the tibial slope may be pro-
posed if anterior or posterior tibial translation is 
excessive or associated with a correction in the 
frontal plane.

In patients with a painful and unstable ACL- 
deficient knee with varus deformity, combined 
surgery including ACL reconstruction and HTO 
represents an interesting salvage procedure for 
such complex patients who are usually young and 
desire improvement in both their stability and 
pain (47 Chatain).

Table 43.1 Frequency of occurrence of osteoarthritis 
according to the medial meniscal status and anterior cruci-
ate ligament

Medial meniscus and ACL Osteoarthritis (%)

Medial meniscectomy/ACL-deficient 
knee nonreconstructed [18]

100

Medial meniscectomy/ACL 
reconstruction [15, 17, 19]

24–45

Medial meniscectomy/ACL intact [20] 16
Intact medial meniscus/ACL 
reconstruction [15, 17, 19]

4–11

43 ACL Reconstruction and Progression of OA
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43.4  Systematic Review

In the recent literature, only 21 publications of 
combined HTO and ACL reconstruction (either at 
the same stage or separately) have been published 
[42]. The main characteristics of the papers are 
summarized in Table 43.2. The number of patient 
in each series is very low from 5 to 51 cases, com-
pared to the number of isolated ACL reconstruc-
tion during the same period. In most cases, these 
young patients (20–25 years old) were sportsmen 
and often competitors. Many had chronic anterior 
laxity with a former long delay between injury and 
surgery (more than 10 years). They also present 
severe cartilage damage, and during this period, 
a medial meniscectomy was very frequently 
observed from 56 to 100 % of medial meniscec-
tomy. Zaffagnini [21] also report a high frequency 
of previous ACL reconstruction (40 %). The mean 
age of this study was 40.1 years; and was older 
than in other previous studies and the mean delay 
from injury to injury was longer 10.4 ± 8.1 years.

At the time of surgery, patients were active 
but present both knee pain and knee instability 

as objective by the instrumental laxity measure-
ment. The main symptoms for indications were 
instability and medial pain. Radiographically, 
there was prearthritic change in most of the 
patients with joint space narrowing less than 
50 %. There was a varus deformity with a global 
hip knee angle in varus (3.8 + 2.7° for Zaffagnini 
[21], 3° for Bonin [22, 23]. The results are inter-
esting with low morbidity and low failure rate at 
femoral follow-up. With a mean 6.5 years of 
follow- up, the failure rate was 6 % for Zaffagnini 
[21] and two cases of stiffness for Bonin [22, 
23]. For the ACL reconstruction, it was both 
intra- articular graft, and in some situation an 
extra- articular tenodesis was added to better 
pivot shift control. However, with the small 
number available, no statistical significant dif-
ference could be shown. An ACL procedure 
could be associated simultaneously as described 
by Elser [24]. Clinically, patients are satisfied or 
very satisfied in 80–90 % of cases. A significant 
number of active patients were able to resume 
sportive activity moderate (44–47 %) [7, 21–
23]. Knee stability was found to be associated 
with improved symptoms of pain [10, 11, 22, 

ACL rupture

No osteoarthritis

Daily instability
Spot discomfort
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ACL
reconstruction

± meniscal 
suture 

No

Medical
treatment 
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Fig. 43.1 Therapeutic options algorithm
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23, 25, 26]. Factors associated with limitations 
in return to sports activities were long term 
between initial injury and surgery, multiple pro-
cedures, cartilage lesion, and residual laxity 
greater than 10 mm [27].

Pain relief was predictable (55–64 % of cases). 
The instability is well controlled: 78–90 % of 
negative Lachman and 88–96 % of negative pivot 
shift. For Bonin [22, 23], the overall results are 
significantly related to the importance of preop-
erative tibial translation and revision. At final 
revision some patients still had relevant anterior 
laxity (27 % grade C for Bonin [22, 23], 2 for 
Zaffagnini [21]).

Radiographically, the midterm (4–5 years) 
evolution of OA medial femorotibial compart-
ment was stabilized. At 8.5 years, Zaffagnini [21] 
found only one increase of one case for grade C 
compared to the preop level (18 versus 17). This 
inhibitory effect on the evolution OA is sustain-
able beyond 10 years. Bonin [22, 23] reviewed 
the patients 11 years later in the same group as 
Dejour [10] found only five cases of aggravation 
of class (17 %).

These results should be compared with the 
isolated ACL grafts with 10 years of follow-up, 
where the rate of change in OA varies between 
15 and 25 % [28, 29]. In case of isolated ACL 
reconstruction without medial meniscectomy, 
the increase in the rate of osteoarthritis is 10 % 
of OA against more than 40 % when a medial 
meniscectomy pre- or intraoperatively was per-
formed [28] [8]. In all these studies, the per-
centage of medial meniscectomy was between 
60 and 100 %.

A controversial topic regarding HTO is the 
relevance of posterior tibial slope and its effect 
on ACL-deficient knee with chronic laxity. Bonin 
[30] showed the important role played by the 
genu varum and tibial slope. When the tibial 
slope exceeds 13°, it is considered excessive, and 
a deflection osteotomy may be associated with 
the ACL graft reconstruction [4, 31]. There is a 
significant correlation between the correction of 
posterior tibial slope and correction of anterior 
tibial translation [30] [31, 32]. The slope should 
be corrected to approximately 4°. The indication 
must be made in a patient with minimal 

 osteoarthritis, anterior tibial translation differ-
ence of more than 10 mm, and a posterior tibial 
slope of more than 13°.

 Conclusion

In some cases, after OA progression in the 
ACL- deficient knee, the combined proce-
dure with HTO and ACL reconstruction is 
indicated to restore alignment and knee sta-
bility and allow for return to recreational 
activities and sports. This is a salvage proce-
dure to improve function and pain in order to 
hopefully avoid a more larger surgical pro-
cedure such as knee arthroplasty in young 
patients.
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Graft Rupture and Failure After 
ACL Reconstruction

Julian A. Feller, Kate E. Webster, Daniel Slullitel, 
and Hernan Galan

44.1  Introduction

Although anterior cruciate (ACL) reconstruction 
is generally regarded as a successful procedure 
with an overall 81 % rate of return to sport [6], 
graft rupture and graft failure are not infrequent. 
In a systematic review, Wright et al. found a 
pooled graft rupture rate of 5.8 % at a minimum 
of 5-year follow-up [68]. A similar graft rupture 
rate of 4.5 % was reported by Webster et al. at a 
mean 4.8 years follow-up [65]. Reinjury and 
graft failure are potentially devastating for the 
patient and it is therefore important to understand 
the causes and risk factors of both entities.

44.1.1  Terminology

The terms “graft rupture” and “graft failure” 
are frequently used interchangeably. Graft fail-
ure is a somewhat nonspecific term. It may be 
used to include graft rupture, graft insuffi-
ciency that may or may not be symptomatic or 
failure of the ACL reconstruction to provide 
the desired level of function. Indeed, there is 
considerable overlap of each of these scenar-
ios. However, for the purposes of this chapter, 
graft failure will be used as a generic term to 
include all three.

Graft rupture will be used to refer to a trau-
matic rupture of a previously well-functioning 
ACL graft. Even so, graft rupture may still be 
contributed to by a poorly performed ACL recon-
struction. For instance, a graft that is impinging 
in the intercondylar notch due to an excessively 
anterior placement of the femoral tunnel may, in 
a sense, be “doomed” from the outset and suscep-
tible to disruption under minimal load. Thus, per-
ceived trauma may play only a small role in the 
failure of such a graft.

On the other hand, early graft failure – for 
instance, due to poor control of rotatory laxity of 
the knee as a result of poor tunnel placement – 
may prevent the patient from returning to a high 
activity level because of giving way episodes, 
which may be perceived as traumatic. To com-
plicate things even further, a patient may func-
tion satisfactorily despite significant graft laxity 
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being present on examination or an MRI demon-
strating a graft rupture. This may be particularly 
so in the setting of osteoarthritic change.

44.1.2  Causes of Failure Versus Risk 
Factors

It is worth distinguishing between causes of graft 
failure and risk factors for reinjury. The cause of 
graft failure may be able to be determined preop-
eratively, but findings at revision surgery may 
also help explain the failure. Graft failure is often 
multifactorial in aetiology, but at times no obvi-
ous cause for failure can be identified. Risk fac-
tors for reinjury on the other hand are factors that 
have been shown to have an association with an 
increased rate of reinjury, without there being 
any compromise of the ACL graft.

Understanding causes of graft failure helps the 
surgeon address them at revision surgery. 
Identification of risk factors, especially those that 
are potentially modifiable, is important in reduc-
ing further reinjury. Identified risk factors may 
not only result in modification of revision surgery 
but also influence the fundamental advice given 
to the patient about return to sport and the criteria 
that need to be met for progression during 
rehabilitation.

44.1.3  Classification of Causes 
of Graft Failure

In broad terms, the causes of failure can be clas-
sified as traumatic, technical and patient related. 
Within each category there are many individual 
factors that may coexist. In a study of findings at 
the time of ACL revision surgery by members of 
the French Arthroscopic Society, technical errors 
accounted for two-thirds of ACL graft failures, 
with trauma accounting for most of the rest [59]. 
The single most common cause of failure was 
femoral tunnel malposition. Causes of graft fail-
ure are discussed in detail later in this chapter.

As mentioned earlier, the role of trauma in 
graft failure can be difficult to determine. Putting 
an unstable knee under load may result in giving 

way, which is perceived by the patient as a traumatic 
episode, even though the graft may have already 
failed before this. It is therefore important to 
establish the level of function that had been 
achieved prior to the knee giving way.

The term “patient-related factors” encom-
passes many entities including generalised liga-
mentous laxity and associated injuries that may 
compromise the stability of the knee. The latter 
may include other ligamentous injuries that have 
not been adequately addressed, meniscal pathol-
ogy or meniscal resection and perhaps chondral 
and osteochondral lesions. Other local factors 
include failure of incorporation and biological 
failure of the graft.

44.2  Risk Factors for Graft Failure 
(See Table 44.1)

44.2.1  Graft Type

44.2.1.1  Autograft Versus Allograft
There has been much literature about the risk for 
graft rupture with autograft compared to allograft 
use, and a number of systematic reviews with 
meta-analyses have been published [11, 17, 31, 
32]. These reviews have compared patellar ten-
don autografts with patellar tendon allografts 
with mixed findings. An early review by Krych 
et al. [32] reported that allograft patients were 
five times more likely to rupture their grafts than 
patients with autografts. However, this difference 
was not present when irradiated or chemically 
treated grafts were excluded from the analysis. 
Subsequent reviews by Carey et al. [11] and 
Foster et al. [17] did not find significant differ-
ences in graft rupture rates between allografts 
and autografts. A more recent review by Kraeutler 
et al. [31] which included 3,013 autograft patients 
and 604 allograft patients reported an overall 
graft rupture rate of 4.3 % for the autograft group 
and 12.7 % for the allograft group. This was sig-
nificantly different and demonstrated a threefold 
increase in graft rupture rates for allografts com-
pared to autografts.

The above reviews do not, however, stratify 
for potentially important reinjury factors such as 
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age or activity level. A number of studies have 
suggested that the failure rate of patellar tendon 
allografts may be greater than patellar tendon auto-
grafts in young patients. In patients 18 or younger, 
Ellis et al. [14] reported a revision rate of 35 % 
with allografts compared to only 3 % for auto-
grafts. Barrett et al. [7] also found a higher fail-
ure rate in high activity patients with an allograft 
compared to low-activity patients. A recently pub-
lished review by Wasserstein et al. [62] specifi-
cally investigated failure rates between allografts 
and autografts in young active patients. Graft 
sources included quadrupled hamstring autografts 
(463 patients), patellar tendon autografts (325 
patients) and various allografts (228 patients). 
The failure rates for hamstring autografts, patel-
lar tendon autografts and allografts were 9.5 %, 
9.8 % and 25 %, respectively. The failure rate for 
allografts was significantly greater than for both 
autografts in combination and alone. Overall, this 
review concluded that allografts perform poorly in 
young active patients.

44.2.1.2  Hamstring Autograft 
Versus Patellar Tendon 
Autograft

A number of studies by the same group have con-
sistently shown no significant differences in rates 
of ACL graft rupture between hamstring and patel-
lar tendon autografts [8, 9, 35, 51, 53]. As the par-
ticipants in these studies were derived from two 
consecutive cohorts, the groups were mixed in 
regard to activity level. However, a large cohort 
study of 298 competitive athletes also showed no 
significant difference between graft rupture rates 
when hamstring and patellar tendon autografts 
were compared [34]. Recent data from the MOON 
cohort similarly shows no difference in the rates of 
revision surgery between hamstring and patellar 
tendon autografts [27]. These studies are in con-
trast to two large registry datasets published by 
Maletis et al. [38] and Persson et al. [50] which 
reported hamstring grafts to have a significantly 
higher risk (1.82 times and 2.3 times, respectively) 
of revision than patellar tendon grafts. As the end 

Table 44.1 Potential risk factors for ACL graft failure

Risk factor Comment

Graft type
  Autograft vs. allograft Patellar tendon (PT) allografts probably have a higher failure rate than PT 

autografts in young patients
  Hamstring vs. patellar tendon 

autograft
Evidence is conflicting. Registry data suggests slightly higher failure rate with 
hamstring grafts, but most other studies showing no difference

Graft size Smaller graft diameter has only been shown to be a relatively small risk factor in 
two studies, with more studies show no effect

Age Younger age at surgery is a strong risk factor, particularly less than 20 years old. 
The reasons for this are unclear

Return to sport A return to cutting and pivoting sports is a risk factor for further injury
  Early return to sport The small amount of data available shows conflicting results
  Contact vs. noncontact injury Initial contact injury associated with higher rates of reinjury, but this may reflect 

the type of sport played
Biomechanics Deficits in hip rotational control, excessive valgus, knee flexor deficits and 

postural control deficits are associated with increased risk of reinjury
Gender No clear evidence to support an effect of gender
Height and weight Increased BMI has not been shown to a risk factor for reinjury
Family history A positive family history has been shown to a risk factor for reinjury, but it is 

unclear whether this is a genetic or environmental factor
Tibial slope Although this has not been extensively investigated, studies from one centre 

show that increased posterior tibial slope is a risk factor for reinjury
Tunnel position Hard to assess because of changing views of what constitutes ideal tunnel position. 

A more vertical alignment has been shown to be a risk factor in one centre
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point for these datasets is revision surgery, the 
number of ruptures that occurred but were not 
addressed surgically is unknown.

A recently published randomised trial by 
Mohtadi et al. [43] compared patellar tendon and 
single-bundle and double-bundle hamstring ten-
don autografts. Significantly less traumatic reinju-
ries were reported in the patellar tendon group 
(3 %) compared to the single-bundle (11 %) and 
double-bundle (10 %) hamstring tendon groups. 
There were no between group differences for 
atraumatic graft failure rates. Younger age was 
also a significant predictor of traumatic reinjuries.

44.2.2  Graft Size

The relationship between graft diameter and subse-
quent graft failure has received attention after the 
publication by Magnussen et al. [37] which showed 
that small hamstring grafts were a predictor of 
early graft failure. However, the odds ratio (OR) for 
patients under 20 years undergoing revision com-
pared to older patients (OR = 18.97) was far greater 
than the odds ratio for patients with smaller grafts 
requiring revision compared to patients with larger 
grafts (OR = 2.2). In patients 20 years or older, 
there was no difference in revision rates between 
those with a graft diameter greater than 8 mm and 
those with a graft diameter of 8 mm or less.

Park et al. [46] also showed greater graft rupture 
rates in patients with a graft size of less than 8 mm 
in a mostly nonathletic population. However, the 
association between graft size and rupture rate was 
not present when a cutoff of 7.5 mm was used 
instead of 8 mm. Webster et al. [65] found no rela-
tionship between graft size and rupture rates using 
a cutoff of 7 mm for graft diameter which is the 
same result as other recent studies by Kamien et al. 
[30] and Bourke et al. [8]. Overall, there is cur-
rently insufficient evidence to conclude that graft 
size is a major risk factor for graft rupture.

44.2.3  Age

There are an increasing number of cohort studies 
which show graft rupture or failure rates to be 

markedly higher in younger-aged patients. In one 
of the earliest and largest cohort studies to dem-
onstrate an association between age and graft 
rupture, Shelbourne et al. [56] reported that the 
5-year ACL rupture rate was 8.7 % for patients 
under 18 years, 2.6 % for 18–25-year-olds and 
only 1.1 % for patients older than 25. Similar rup-
ture rates were subsequently found by Kaeding 
et al. [26] who reported a rate of 8.2 % for patients 
10–19 years compared to a 1.8 % rupture rate in 
patients over 30 years.

More recent cohort studies have shown even 
larger discrepancies between younger and older 
patients. Kamien et al. [30] reported a 25 % graft 
failure rate in patients aged 25 years or younger 
compared with only 6 % for those over 25. In a 
cohort of top-level young athletes (NCCA Division 
1 Sports), Kamath et al. [28] reported a 17.2 % 
rupture rate for patients who injured their ACL 
before entering college compared to a 1.9 % rate 
for those who injured their ACL whilst in college. 
Magnussen et al. [37] and Webster et al. [65] found 
similar rupture rates for patients under 20 years, 
with rates of 14.3 % and 13.6 %, respectively. This 
was notably higher than the respective 0.7 % and 
2.4 % rates found in the over 20-year-old patient 
groups. In the longest follow- up to date, Bourke 
et al. [8] found that 34 % of patients who were 
18 years or younger at surgery had sustained a 
graft rupture by 15 years compared to only 14 % 
who were older than 18 years. In the same cohort, 
young males were found to be the most suscepti-
ble with a rupture rate of 46 % at 15 years com-
pared to 14 % in males older than 18 years.

ACL registry data has also shown age to be a 
risk factor for reinjury. Data from the Danish reg-
istry reported that patients younger than 20 at the 
time of primary surgery had a significantly higher 
risk (adjusted relative risk of 2.58) of revision 
ACL reconstruction than patients older than 20 
[36]. The Norwegian ACL registry [50] similarly 
showed that age was a significant risk factor for 
revision with a hazard ratio of 4.0 for revision in 
the youngest age group (15–19 years) compared to 
the oldest (>30 years). Multiple studies from the 
Swedish ACL registry have been published which 
indicate age as a risk factor for ACL injury [2, 4, 5, 
15, 33]. The most recent work [5] shows that 
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 adolescent patients (defined as 13–19 years) have 
the highest rates of early revision (within 2 years) 
with an overall incidence of 3 % compared to a less 
than 1 % incidence in the over 30 age group.

Data from the Kaiser Permanente ACL regis-
try has similarly shown higher revision rates in 
younger patients with 32 % of all revision surger-
ies performed in patients 21 years of age and 
younger [40]. Recent data from the MOON 
cohort [27] has also shown that younger-aged 
patients have significantly increased odds for 
revision surgery.

When taking all the above data together, it is 
clear that a young age is a significant risk factor 
for ACL graft rupture. The reasons for this are not 
clear, but one contributing factor may be the par-
ticipation of young people in sports that put their 
knees at greater risk of injury. This is explored in 
the next section.

44.2.4  Return to Sport

Returning to sports that involve cutting and pivot-
ing has been shown to significantly increase the 
risk of graft rupture in some studies but not oth-
ers. Webster et al. [65] found that a return to 
strenuous cutting/pivoting sports led to an almost 
fourfold increase in the risk of graft rupture. 
Salmon et al. [53] similarly showed a twofold 
increase in the risk of graft rupture for patients 
who returned to either moderate (i.e. tennis, ski-
ing) or strenuous (i.e. football, basketball) 
 activities. On the other hand, studies by 
Pinczewski et al. [51] and Kamien et al. [30] did 
not find a relationship between activity level and 
graft rupture. Park et al. [46] similarly did not 
find athletic status (athlete vs nonathletes) to be 
associated with graft rupture nor did Bourke et al. 
[9] find a relationship between graft rupture and 
return to pre-injury sport.

The different ways in which activity level has 
been defined make synthesis of this data challeng-
ing. Whilst the above-referenced studies look at 
the risk of returning to different types or levels of 
sport, it is relevant to note that returning to sport 
itself may be one of the most salient factors associ-
ated with subsequent graft injury. To illustrate this, 

Shelbourne et al. [56] noted that in a sample of 
1,415 patients, only 6.6 % of ACL reinjuries 
occurred for reasons other than sport. It is also 
worth noting that few studies account for athletic 
exposure. In one that did, Paterno et al. [48] 
showed that the ACL injury rate was 15 times 
greater in people with a past ACL history com-
pared to a control group.

Indeed, the high reinjury rates reported in 
younger patients may be related to a higher rate of 
returning to pre-injury sport in this age group. 
Webster et al. [65] reported that 88 % of younger 
patients (<20 at surgery) returned to strenuous 
sport following ACL reconstruction, whereas this 
was the case for only 53 % of patients in the over 
20 group. A recent systematic review also reported 
that younger patients were significantly more 
likely to return to their pre-injury sport with the 
patients who had returned being on average 3 years 
younger than those who had not returned [6].

44.2.4.1  Early Return to Sport
There is little empirical data on whether an early 
return to sport is a risk factor for graft rupture. 
Shelbourne et al. [56] reported that over a 5-year 
period, patients who returned to full activity 
before 6 months postoperatively did not have a 
statistically significantly higher incidence of 
graft injury than patients who returned to full 
activity after 6 months. Laboute et al. [34] how-
ever showed that those who returned to competi-
tion within 7 months of surgery had a greater risk 
of reinjury than those returning later. The rupture 
rate was 15.3 % for those who returned early 
compared to 5.2 % for the later return group.

44.2.4.2  Contact vs. Noncontact 
Injury

Patients who sustain a contact mechanism of 
injury appear to be more likely to have a subse-
quent graft rupture than patients who have a non-
contact mechanism of injury. Both Salmon et al. 
[53] and Webster et al. [65] showed threefold 
increases in the risk for graft rupture for patients 
whose initial ACL injury was a contact mecha-
nism. These findings may be reflective to the types 
of sport played; however, the mechanism by which 
a contact injury worsens prognosis is unclear.
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44.2.5  Biomechanics

Abnormal movement strategies when performing 
sports-related tasks have been identified in patients 
who have returned to sports after ACL reconstruc-
tion and have been suggested as another potential 
factor that may increase the risk of ACL reinjury 
[42, 47, 49, 57, 64]. A prospective cohort study by 
Paterno et al. [49] which examined neuromuscular 
and biomechanical factors for second ACL injury 
found four measures of asymmetry that accurately 
predicted second ACL injury risk. These included 
deficits in hip rotational control, excessive frontal 
plane knee mechanics, knee flexor deficits and 
postural control deficits [24]. This study impor-
tantly showed that abnormal movement patterns 
after ACL reconstruction were not isolated to the 
injured knee, which has implications for rehabili-
tation. However, within the context of this chapter, 
it is relevant to note that the majority of patients 
(77 %) in this cohort study sustained second inju-
ries to the contralateral knee rather than sustaining 
a graft rupture.

44.2.6  Gender

Studies which have investigated patient sex as a 
risk factor for graft rupture have either shown no 
influence or have shown male patients, particu-
larly younger males, to be at greater risk [8, 9, 25, 
34, 35, 37, 46, 51, 53, 55, 56, 65]. Data from both 
the Danish [36] and Norwegian [50] ACL regis-
tries as well a data from the MOON cohort [27] 
report no effect of sex on the risk for ACL revi-
sion surgery. Data from the Swedish ACL regis-
try shows higher rates of revision ACL 
reconstruction in young females aged 15–18 years 
compared with males of the same age group [1]. 
It is therefore reasonable to conclude that to date 
there is no clear-cut relationship between sex and 
the risk for graft rupture.

44.2.7  Height and Weight

Although an increased BMI has been shown in 
one study to be a risk factor for noncontact ACL 

injuries in females [60], the influence of height 
and weight has not been extensively investigated. 
In their study of the influence of age and graft 
diameter on the risk of ACL graft rupture, 
Magnussen et al.[37] did not find any association 
between the ratio of graft diameter to patient 
weight, height or BMI and the risk of reinjury. 
Similarly, Park et al. [46] did not find a correla-
tion between graft rupture and patient weight, 
height or BMI. Analysis of data from the Kaiser 
Permanente ACL Reconstruction registry also 
did not demonstrate BMI to be a risk factor for 
revision ACL reconstruction [39].

44.2.8  Family History

Bourke et al. [9] and Webster et al. [65] both 
found a significant relationship between a posi-
tive family history for ACL injuries and graft rup-
ture. In both studies having a first-degree relative 
who also sustained an ACL injury doubled the 
risk for graft rupture. Given the limited number 
of studies, it is difficult to draw firm conclusions 
about the influence a positive family history has 
on graft rupture. It is also difficult to know 
whether an association represents a true genetic 
risk or rather an active family lifestyle.

44.2.9  Tibial Slope

Increased posterior slope of the tibial plateau 
increases anterior tibial translation [20] and has 
been suggested as a risk factor for primary ACL 
injury [10]. However, the data is conflicting and 
has been well summarised in a systematic review 
[66]. Webb et al. [63] investigated posterior tibial 
slope of those in ACL-reconstructed patients who 
had a further ACL injury and found a significant 
association between increased tibial slope and 
further ACL injury, particularly in those patients 
who sustained both an ACL graft rupture and a 
contralateral ACL rupture. The mean posterior 
tibial slope in patients who did not sustain a fur-
ther ACL injury was 8.5°. Patients with a slope of 
12° had a five times increased risk of further ACL 
injury.
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44.2.10  Tunnel Position

The influence of bone tunnel position on graft rup-
ture is difficult to analyse as there is no universally 
agreed method of describing tunnel position and 
no clear consensus on what constitutes good tun-
nel position. Indeed, concepts of ideal tunnel posi-
tion continue to evolve. Nonetheless, there is 
evidence to indicate that tunnel position is impor-
tant and some examples will be provided.

In a 15-year follow-up of patients who had 
undergone hamstring reconstruction for an iso-
lated ACL tear, Bourke et al.[8] found that patients 
who sustained a graft rupture had a significantly 
more posteriorly placed tibial tunnel than those 
who did not, whereas there was no difference in 
femoral tunnel position or graft inclination angle. 
The same group also reported [35] an association 
between graft rupture and nonideal tunnel posi-
tion – using the previously described criteria – for 
both patellar tendon and hamstring grafts.

Over the past decade or so, there has been an 
increased tendency to drill the femoral tunnel via 
the anteromedial portal in an attempt to achieve a 
more anatomic positioning of the graft. Although 
Magnussen et al. [37] did not observe any  difference 
in revision rates based on the technique used to drill 
the femoral tunnel, data from the Danish Knee 
Ligament Reconstruction Register [52] has how-
ever shown a significantly increased cumulative 
revision rate after 4 years for ACL reconstructions 
where the femoral tunnel was drilled via the antero-
medial portal (5.2 %) compared to drilling via the 
tibial tunnel (3.2 %). Whether this reflects uptake 
of a new technique or greater stress being placed on 
a more anatomic graft is unclear.

Apart from its impact on clinical outcome and 
the risk of reinjury, tunnel position is also an 
important consideration in revision surgery and is 
further discussed in the following section.

44.3  Causes of Graft Failure

As mentioned earlier, the classification of causes of 
graft failure is difficult. Precise definitions of the 
potential causes are often lacking. For instance, a 
traumatic event is frequently cited as a cause of 

failure, but there is no consensus as to what consti-
tutes a traumatic event. This is further compounded 
by the overlapping and multifactorial nature of the 
factors involved, well demonstrated in the study 
from the MARS group which reported a combina-
tion of causes of graft failure in 37 % of patients 
undergoing revision ACL reconstruction [22]. Ahn 
et al. [3] reported an even higher number of patients 
(59 %) with multiple causes for their graft failure. 
In addition, different authors may include the same 
entity in different subgroups, making synthesis of 
the literature difficult, or include an “unknown 
cause” category.

Despite these inherent difficulties and limita-
tions, a review of the literature was undertaken to 
identify the reported findings at revision ACL 
reconstruction surgery that may explain the causes 
of graft failure. The results are summarised in 
Table 44.2, which uses the following principal cat-
egories to group the findings: new trauma, techni-
cal issues and patient-related factors.

44.3.1  New Trauma

New trauma is stated as a cause of failure for 
between one-third and two-thirds of patients 
undergoing revision ACL reconstruction, although 
only two papers cited it as the cause of failure in 
more than 50 % of patients [41, 54]. However, it is 
difficult to determine the actual role of the trauma 
when other factors are also identified.

Some authors distinguish between early 
(<6 months) and late failures [29, 54], with the 
implication being that early failures are mainly 
due to factors such as fixation failure and biologi-
cal failure, whereas late failures are more likely 
to be due to trauma and tunnel malposition. 
However, because of the inconsistency of report-
ing of the time from primary surgery to injury, as 
well as of multiple potential causes of failure, it is 
difficult to draw any conclusions about this.

44.3.2  Technical Issues

Technical issues that may have contributed to 
ACL graft failure are typically identified in 
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 one- third of patients undergoing revision ACL 
reconstruction, although Salmon et al. reported 
technical issues in only 24 %, but this was a sin-
gle surgeon series. On the other hand, in a large 
multicentre study the MARS group identified 
technical issues in 53 %. Some of the more fre-
quent technical issues are discussed below.

44.3.2.1  Tunnel Malposition
Although a number of papers describe their tech-
nique of evaluation of tunnel position on plain 
radiographs [18, 29, 54, 58, 59], methods and 
threshold values vary between studies. In addi-
tion, significant intra-observer and interobserver 
variability has been reported [61]. Defining tun-
nel malposition at the time of surgery is even 
more subjective, with no reliable criteria having 
been reported. It should also be recognised that 
concepts of ideal tunnel position have changed 
during the two decades in which the relevant 
studies have been published.

Femoral tunnel malposition is the most fre-
quently identified technical issue. In a small 
series, Garofalo et al. [18] reported that 79 % of 
femoral tunnels were too anteriorly positioned. 
The MARS Group [22] found that 48 % patients 
undergoing revision ACL reconstruction had 
malpositioned femoral tunnels, whilst Trojani 
et al. [59] reported 36 %. In a later report from the 
MARS Group [44] that focused specifically on 
femoral tunnel position, femoral tunnel malposi-
tion alone accounted for 25 % of failures. When 
combined with other causes, it accounted for up 
to 48 %. The most common errors were too verti-
cal (36 %), too anterior (30 %) or both (27 %).

Tibial malposition is less frequent than femo-
ral tunnel malposition and is often reported in 
combination with femoral tunnel malposition or 
other causative factors. Isolated tibial tunnel mal-
position was reported in 20 %, 11 % and 6 % by 
Ahn et al. [3], the report of a French multicentre 
study [59] and a report for the Danish register for 
knee ligament reconstruction [36].

44.3.2.2  Fixation Failure
As with tunnel malposition, fixation failure can 
be hard to define. Whilst it may be possible to 
identify complete loss of fixation, identification 

of fixation failure that allows for minor slippage 
of the graft within a bone tunnel requires specific 
research tools such as radiostereometric analysis, 
which is beyond the scope of the reported studies 
evaluating causes of failure leading to revision. 
Nonetheless, fixation failure appears to be an 
uncommon cause of ACL graft failure with rates 
of 2 %, 4 % and 5 % being reported by Salmon 
et al. [54], the MARS group [22] and Trojani 
et al. [59], respectively.

44.3.3  Patient-Related Factors

44.3.3.1  Biological Failure
The concept of biologic failure remains poorly 
defined. George et al. [19] included immunologi-
cal response, over-tensioning and infection under 
this heading, whilst Harner et al. [23] also 
included aggressive rehabilitation. Except for 
infection, there is no direct evidence, particularly 
at the time of revision surgery, that these are 
causes of graft failure. Denti et al. [12] defined 
biological failure as when “the patient did not 
experience a trauma, and the graft appeared well 
positioned on imaging and arthroscopy” and 
reported a rate of 3 %. In their systematic review, 
Wright et al. [67] reported a similar low rate of 
5 % for failure of the primary reconstruction due 
to a “biological cause”. Interestingly the Danish 
knee ligament register study shows 24 % inci-
dence of unknown causes but makes no reference 
to biological failure [36].

Infection can be considered as a cause of fail-
ure in its own right or as a subcategory of biologi-
cal causes. It is infrequently reported as a cause 
of failure and when reported has a low incidence 
of 2 % [36, 59].

44.3.3.2  Associated Ligamentous 
Pathology

Like many other potential causative factors, asso-
ciated ligamentous pathology is difficult to define 
and may well exist in combination with other fac-
tors. Trojani et al. [59] found untreated laxity in 
5 % and generalised ligamentous laxity in 4 % of 
patients undergoing revision ACL reconstruction. 
The MARS group reported posteromedial and 
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posterolateral laxity as a causative factor in 2 % 
of a similar group of patients [22]. In contrast, 
Noyes et al. reported that 44 % of patients under-
going revision ACL reconstruction with a patellar 
tendon allograft required additional surgery for 
associated ligamentous laxity, particularly on the 
lateral side [45]. However, the overall reporting 
of associated ligamentous pathology as a cause of 
ACL graft failure is low [29].

44.3.3.3  Limb Malalignment
Limb alignment can affect stability at the knee. 
When increased varus or valgus at the knee is 
present, it may exacerbate the effect of collateral 
instability. However, limb malalignment is rarely 
reported as a cause of ACL graft failure [45]. The 
MARS group identified limb malalignment as a 
causative factor for failure in only 3 % of patients 
undergoing revision ACL reconstruction [22].

 Conclusion

Graft failure includes graft rupture, graft 
insufficiency that may or may not be symp-
tomatic and failure of the ACL reconstruction 
to provide the desired level of function. Graft 
failure is often multifactorial in aetiology, and 
there are also identified risk factors for 
reinjury.

A young age is a significant risk factor for 
ACL graft rupture. The reasons for this are not 
clear, but one contributing factor may be a 
higher rate of returning to pre-injury sport in 
this age group. Despite anecdotal examples, 
there is little empirical data on whether an 
early return to sport is a risk factor for graft 
rupture.

Whilst allografts have been shown to per-
form poorly in young active patients, there is 
no consistent data to suggest a difference in 
reinjury rates between the two most common 
autografts, hamstring tendon and patellar ten-
don. Similarly there is currently insufficient 
evidence to conclude that graft size is a major 
risk factor for graft rupture.

There is no clear-cut relationship between 
gender and the risk of graft rupture and BMI 
does not appear to be a risk factor for revision 
ACL reconstruction. However, there is some 

evidence to indicate that patients with an 
increased posterior tibial slope have an 
increased risk of further ACL injury.

Analysis of patients undergoing revision 
ACL reconstruction has shown that the two 
most frequently cited causes of graft failure are 
a further episode of trauma and technical issues. 
However, there are often a number of potential 
causes identified in the same patient. Of the 
technical issues, femoral tunnel malposition is 
the most frequently identified. Tibial malposi-
tion is less frequent than femoral tunnel malpo-
sition and is often reported in combination with 
femoral tunnel malposition. Fixation failure 
appears to be an uncommon cause of ACL graft 
failure. Patient-related issues are infrequently 
cited as a cause of failure, but include so-called 
biological failure, associated ligamentous 
pathology and limb malalignment.

Overall, understanding the role that a 
young age plays in increasing the risk of graft 
failure and eliminating technical issues, par-
ticularly femoral tunnel malposition, appear to 
be the two most important strategies in reduc-
ing the risk of ACL graft failure.
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45.1  Introduction

Anterior cruciate ligament (ACL) reconstruction 
is common after ACL injury, particularly in 
young, active individuals [39]. Anterior cruciate 
ligament (ACL) reconstruction is generally con-
sidered standard of practice in the United States 
for young, active individuals early after ACL 
injuries generally early after injury [4, 9, 11, 12, 
21, 40]. In many other developed countries, 
active individuals are also counseled to have 
ACLR before returning to jumping, pivoting, or 
cutting sports. Athletes are also often informed 
that ACL reconstruction will decrease static knee 
joint laxity, minimize further damage to the 
menisci and articular cartilage, and facilitate their 
return to preinjury level of sport. While it is clear 
that knee joint laxity is reduced by ACLR, a dif-
ferential outcome between those who are man-
aged operatively and nonoperatively is not 

supported [55]. In the last decade, national and 
international ACL reconstruction registries and 
cohorts as well as better tracking overall have 
resulted in a plethora of information about actual 
return to play and reinjury numbers after ACL 
rupture and reconstruction [17, 33, 45, 53, 54, 
57]. In addition, there is evidence that athletes are 
able to return to high-level sports participation 
without ACL reconstruction and with no differ-
ence in clinical, functional, and radiographic out-
comes compared to athletes after ACL 
reconstruction [13, 24–27, 32, 42, 47, 56]. This 
chapter will discuss the controversies and pro-
vide current treatment recommendations for ath-
letes with acute ACL rupture.

45.2  Defining the Problem: 
Outcomes of ACLR

Consensus among sports orthopedic surgeons and 
rehabilitation professionals in North America and 
Europe is that successful outcome after ACL 
injury and reconstruction is return to sports at the 
same level and no reinjury [38]. Does this hap-
pen? In surveys and reports from their own casel-
oads in the 1990s and early 2000s, return to sports 
rates were claimed to be high and reinjury rates 
low. All of this changed in the mid-2000s with the 
advent of national and multinational joint regis-
tries (notably the Scandinavian knee ligament 
registries) and the beginning of several multisite 

L. Snyder-Mackler (*) • A. Arundale • M. Failla  
E. Wellsandt 
Department of Physical Therapy and Graduate 
Program in Biomechanics and Movement Science, 
University of Delaware, Newark, DE, USA
e-mail: smack@udel.edu 

H. Grindem • M.A. Risberg 
Musculoskeletal and Sport Medicine Clinic,  
NIMI and the Norwegian Research Center  
for Active Rehabilitation, Oslo, Norway 

M. Ricci • S.D. Villa 
The Isokinetic Medical Group, Bologna, Italy

45

mailto:smack@udel.edu


492

cohorts (e.g., Multicenter Orthopedic Outcomes 
Network (MOON)) in the United States and sev-
eral in Australia [17, 33, 45, 53, 54, 57].

What are the outcomes of ACLR? Not all or 
even most athletes return to play. In the MOON 
cohort, 63 % of college and 69 % of high school 
American football players returned to play foot-
ball [41]. Forty-three percent of the players were 
able to return to play at the same self-described 
performance level. Approximately 27 % felt they 
did not perform at a level attained before their 
ACL rupture, and 30 % were unable to return to 
play at all [41]. Seventy-two percent of soccer 
players in the MOON cohort returned [10]. 
Ardern et al. in a 2011 meta-analysis reported 
63 % return to preinjury level of sports, with only 
44 % to competitive sports, and more recently 
reported only 55 % return [5, 6]. Shah reported on 
a 10-year cohort where 61 % (31/49 players) 
returned to the NFL a mean of 11 months after 
surgery [52], and 86.1 % returned to play in the 
NBA after ACL reconstruction in another case 
series, although playing time, games played, 
player efficiency ratings, and career lengths were 
significantly and negatively impacted by the 
injury/surgery [30]. This reality needs to be con-
trasted with patient expectations. Feucht et al. 
studied patient perceptions and found that 94 % of 
primary ACLR and 84 % of revision ACLR expect 
to return to the same level of activity with no or 
only slight restrictions [19]. Clearly, the actual 
data about outcomes are not getting to the patients.

What about reinjury? A very recent meta- 
analysis concluded that athletes younger than 
18 years who return to sport have a secondary 
ACL injury rate of 23 % [63]. Both younger age 
and return to high-level sports activity are inde-
pendent risk factors for a second ACL injury [61]. 
These injuries generally occur early in the return-
to-play period. The high rate of secondary injury 
in young athletes who return to sport after ACLR 
equates to a 30–40 times greater risk of an ACL 
injury compared with uninjured adolescents [63]. 
These numbers are not isolated and are remark-
ably similar around the world. Reinjury rates for 
soccer in the MOON cohort are 20 % in women, 
20–30 % in young athletes in the Hewett preven-
tion cohort, and 17 % in the Shelbourne cohort in 

those college age and younger [49, 53, 64]. For 
the Pinczewski cohort in those aged 18 and 
younger, a further ACL injury occurred in one of 
three patients over 15 years within the first 5 years 
after index surgery [8, 45]. A family history of 
ACL rupture significantly increases the risk for 
ACL graft ruptures [45]. In addition, osteoarthri-
tis risk is 45–70 % 15 years after ACLR, higher in 
those who returned to strenuous sports, yet here 
too, 98 % of patients believe they have no or only 
slight increased risk of OA [19, 47]. So a signifi-
cant percentage of athletes do not return to play at 
the preinjury level after ACLR, and those who do 
have a high risk of second ACL injury and osteo-
arthritis development.

45.3  Outcomes of Nonoperative 
Management

The biggest concern for surgeons is that patients 
will burn bridges by delaying ACLR. Does surgi-
cal delay help, hurt, or make no difference? The 
existing registries cannot currently shed light on 
this question. Patients who do not receive surgical 
treatment for their ACL injury are not included in 
the registries. Thus, no data on the outcome of 
nonoperatively treated ACL injuries can be 
obtained via these registries. Frobell and col-
leagues’ RCT of delayed or no reconstruction ver-
sus immediate reconstruction in athletes at 5 years 
shows that there is no difference in any outcome 
between those who were operated on straight-
away, those who were operated on later, and those 
who did not have an operation at all [24, 25]. 
Eitzen et al. and the Delaware-Oslo ACL Cohort 
demonstrated that a 5-week progressive exercise 
therapy program in the early stage after ACL 
injury led to significantly improved knee function 
before the decision making for reconstructive sur-
gery or further nonoperative management [16, 
44]. The compliance to and tolerance for the pro-
gram was high, with few adverse events.

Quadriceps weakness persists after ACL 
injury and/or reconstructions and is a strong pre-
dictor of outcome [14, 35, 36, 48]. Two method-
ologically strong studies found no differences in 
quadriceps strength between operatively and 
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nonoperatively managed patients 2–5 years after 
ACL injury [2, 3, 18]. Grindem et al. reported at 
2-year follow-up that 33 % of athletes who under-
went reconstruction had strength deficits greater 
than 10 % compared to 23 % of athletes managed 
nonoperatively [25]. ACLR, therefore, is not a 
prerequisite for restoring muscle function.

Grindem et al. compared IKDC scores 
between athletes managed nonoperatively or 
with reconstruction at baseline and 2 years later. 
There were no significant differences between 
groups at baseline or at 2-year follow-up [26]. 
Using the Knee Injury and Osteoarthritis 
Outcome Score (KOOS), Frobell et al. compared 
patient-reported outcomes at 5 years after ACL 
injury and found no significant differences in 
change score from baseline to 5 years in those 
managed with early reconstruction versus those 
managed nonoperatively or with delayed recon-
struction [25]. Outcomes after ACL injury, 
whether managed nonoperatively or with ACLR, 
have similar patient-reported outcome scores [32, 
34]. Similar findings are reported for functional 
performance measures such as hop tests [15, 43].

45.3.1  Return to Sports

Despite common misconceptions, nonopera-
tively managed athletes can return to sport with-
out the need for reconstruction. Fitzgerald et al. 
reported a decision-making schema for returning 
ACL-deficient athletes to sport to complete a 
competitive season, without further of meniscal 
or articular cartilage injury. Grindem et al. com-
pared return to sport in operatively and nonopera-
tively managed athletes after ACL injury. They 
found no significant differences between groups 
in level I sports participation and higher level II 
sports participation in the nonoperative group in 
the first year after injury [27]. Case reports and 
reports in the lay press are rampant [62, 65]. 
Regardless, therefore, of the evidence, high-level 
athletes can and do return to full activity without 
ACLR, at least temporarily [23, 28, 62, 65].

In the only study in which the reduction in 
sport participation can be related to a control 
group, Roos et al. reported on elite soccer players 

3–7 years after the ACL injury [51]. They 
found that only 30 % were still active in soccer 3 
years after injury compared with 80 % in an unin-
jured control population. In addition, they showed 
that, after 7 years, none of the injured elite play-
ers were active regardless of the type of treatment 
[51]. Recent data from US professional athletes 
after ACLR show a profound effect on career lon-
gevity [30, 53]. Regardless of treatment, there-
fore, previously injured athletes retire at a higher 
rate than athletes without ACL injuries.

45.3.2  Subsequent Surgery/Reinjury

Sixty-one (51 %) knees, 29 treated with early ante-
rior cruciate ligament reconstruction and 32 
treated with initial rehabilitation with the option of 
a later reconstruction, had meniscus surgery over 
the 5-year follow-up period of the Frobell study 
[25]. When they accounted for repeated surgery on 
the same meniscus, there was a lower frequency of 
meniscus surgery procedures in patients treated 
with rehabilitation plus early anterior cruciate liga-
ment reconstruction compared with those treated 
with initial rehabilitation with the option of having 
a later reconstruction [25]. Of 59 assigned to reha-
bilitation plus optional delayed ACL reconstruc-
tion, 23 underwent delayed ACL reconstruction; 
the other 36 underwent rehabilitation alone [24, 
25]. Grindem et al. reported their ACLR-treated 
patients were significantly younger, more likely to 
participate in level I sports and less likely to par-
ticipate in level II sports prior to injury than the 
nonoperatively treated patients [26]. Patients man-
aged with ACLR were more likely to sustain a 
knee reinjury and to participate in level I sports in 
the second year of the follow-up period. After 
2 years, 20 % had experienced knee reinjury. 
Overall, the incidence of late reconstruction in the 
nonoperative group was low [26].

45.3.3  Osteoarthritis

A recent systematic review compared operatively 
and nonoperatively treated patients at a mean of 
14 years after ACL injury and found no  significant 
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differences between groups in radiographic osteo-
arthritis [7]. In the Frobell study, at 5 years, there 
was no difference in the radiographic develop-
ment of tibiofemoral osteoarthritis treated with 
reconstruction, done early or as delayed proce-
dures, and those knees that were treated with 
rehabilitation alone [25]. Fink found return to 
sports moderated OA development after ACL 
injuries managed operatively or nonoperatively. 
Return to sports may be the most important vari-
able [20]. The prevalence of OA does not seem to 
depend on whether an ACL reconstruction was 
performed or not. von Porat et al. reported 78 % 
OA prevalence in both groups after 14 years, Fink 
et al. reported 78 %–83 % after 10–13 years, and 
Neuman et al. in a prospective cohort and Oiestad 
in her systematic review and Tsoukas and col-
leagues report overall rates that are similar regard-
less of management strategy [20, 46, 47, 59, 60]. 
Thus, there is no evidence to suggest that liga-
ment reconstruction prevents future OA [29, 42].

45.4  Clinical Recommendations

45.4.1  Rehab in the Acute Phase

After acute ACL rupture, early treatment should 
aggressively resolve all impairments. Treatments 
to decrease effusion like cold, compression, ele-
vation, and especially active motion are sup-
ported. Treatments to restore/preserve passive 
and active knee extension such as stretching and 
patellar mobilization are critical to outcome long 
term [1, 37]. Rehabilitation to increase/maintain 
quadriceps strength must include progressive 
resisted exercise in a structured program [1, 37, 
58]. Neuromuscular electrical stimulation at high 
intensity also has strong evidence for effective-
ness after ACL rupture [1, 37]. Rehabilitation to 
restore normal movement patterns/gait should be 
a component of all early rehab programs. Criteria 
for completion of the impairment resolution 
phase that should be achieved are minimal joint 
effusion, full range of motion, quadriceps con-
traction including SLR without a lag, and walk-
ing without a limp [1].

Just achieving a quiet knee, however, is not 
sufficient prior to surgery. Virtually across all 
studies, poor physical performance and residual 
impairments at the end of rehabilitation predicted 
worse patient-reported outcomes at 2–5 years 
regardless of whether patients are managed oper-
atively or nonoperatively [18]. Short-term pro-
gressive exercise therapy programs should be 
incorporated in the early stage after ACL injury, 
to optimize knee function as a first step in the 
preparation to return to previous activity (or not) 
with (or without) surgery [16].

The evidence suggests that a 5-week period of 
progressive rehabilitation including neuromuscu-
lar training as described by Eitzen (which has 
previously been described in detail, including an 
appendix presenting the specific exercises, pro-
gression, and exercise dosage) results in better 
outcome [16]. The rehabilitation program con-
sisted of heavy resistance strength training, plyo-
metrics, and neuromuscular exercises and is 
initiated as soon after injury as impairments are 
resolved.

Return to activity should also follow a criterion- 
based progression. All active patients returning to 
sports after ACL injury, except skiers, should per-
form a running progression (Table 35.1). The run-
ning progression begins as a two-mile (3.2 km) 
activity with alternating jogging and walking. The 
ratio of run to walk distance is gradually increased 
and eventually increases to the patient’s preferred 
total mileage [1].

The rehabilitation specialist should incorpo-
rate agility drills; sport-specific activities, such 
as changing directions, accelerating, and decel-
erating; and plyometrics to train skills in a reha-
bilitation program that will transfer to return to 
competitive play [28]. All patients should pass 
strenuous return to activity sport (RTS) like 
those presented in Table 35.2. Once cleared, 
patients should not directly return to competi-
tion. Athletes begin with lower-level sports par-
ticipation in practice following recommendations 
of Fitzgerald et al. and gradually build up back 
to competition with monitoring of pain, effu-
sion, and ROM [22]. We recommend a system-
atic approach for return to sport participation 
that accounts for a patient’s level of pain and 
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apprehension. Attention to factors such as confi-
dence and motivation for return to sports also 
needs to be considered [50]. Late rehabilitation 
should also incorporate exercise and postures 
for secondary prevention.

45.4.2  Counseling Patients

So what should we be counseling to patients? Not 
all active patients with ACL injury need ACLR to 
return to an active lifestyle. Just because you 
have ACLR doesn’t mean you will return to 
sports at all and most likely not at the same level 
of performance. Risk of reinjury is high in the 
near term, higher for those who are younger, for 
both reinjury of the original knee and also new 
injury of the contralateral knee [61]. Regardless 
of surgery, the risk of OA is high in the long term. 
If you need revision surgery, the risk of OA is 
higher. When current data are used, there is no 
economic benefit of early ACLR [31]. Best out-
comes are achieved by a comprehensive, 
criterion- based, rehabilitation program before the 
decision to undergo ACLR or proceed with non-
operative management.

 Conclusions

Nonoperative management of ACL rupture 
in active individuals is, based on the evi-
dence, an option that merits discussion with 
patients. The literature identifies few differ-
ences in clinical, functional outcome short 
and long term between people managed with 
ACLR or nonoperatively after ACL rupture. 
While conventional wisdom is that those 
who return to play without a reconstruction 
will extend their injuries and develop osteo-
arthritis earlier or more severely than those 
who undergo reconstruction, the literature is 
not supportive. Counseling of patients and 
other stakeholders (e.g., parents and coaches) 
must include clear explanation of the evi-
dence about outcomes of ACLR and nonop-
erative management as well as risks of 
returning to jumping, pivoting, and cutting 
sports. The best evidence suggests that active 
individuals with ACL rupture should 

undergo a  protracted period of progressive 
rehabilitation before the decision for or 
against early ACLR is made.
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Osteotomies in the ACL-Deficient 
Knee

Alberto Grassi, Ronald van Heerwaarden, 
and Annunziato Amendola

46.1  Introduction

Anterior cruciate ligament (ACL) reconstruction 
is widely accepted as the standard of treatment 
for ACL injury, but excellent results are not uni-
versal. Failure or poor outcomes have been 
reported to occur in around 6.2–11.9 % of cases 
[14]. Numerous factors have been well described 
as to the etiology of recurrent instability includ-
ing osseous joint deformity or limb malalign-
ment. In these specific conditions, additional 
procedures such as osteotomies may be of value 
in addressing the bony deformity.

Historically, osteotomies have been used for 
localized medial and lateral compartment gonar-
throsis with varus and valgus malalignment, due 

to their ability to redistribute the mechanical 
force across the joint. The classical indications 
for high tibial osteotomy (HTO) [13] included 
stable knees with no subluxation or thrust, good 
range of motion (ROM) of at least 15–100°, 
localized medial compartment OA, minimal or 
no patellofemoral symptoms, and age younger 
than 65 years. However, over the last several 
years, the indications for HTO have expanded to 
include cases of concomitant varus malalignment 
with ACL insufficiency [19]. More recently, 
because of the role of posterior tibial slope in 
ACL failure [10, 53], HTO correcting the sagittal 
plane was proven to be of value in certain cases 
as an option to address recurrent ACLR failure 
[18, 49].

46.2  ACL Injury and Bone 
Geometry

Normal anatomic lower limb alignment on the 
coronal plane is somewhat variable but falls 
within 5° and 7° of valgus [25]. Similarly, also 
the posterior tibial slope presents a wide range of 
values mostly due to different radiographic tech-
niques and is estimated to range between 6 and 
11° on the medial compartment and between 9 
and 11° in the lateral compartment [32, 57]. 
These parameters have been demonstrated to 
play an important role in ACL injury and failure 
of ACL reconstruction.
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46.3  Varus Malalignment

Combined varus malalignment and ACL laxity 
represent a complex scenario from a biomechani-
cal and biological point of view. ACL injury has 
been shown to correlate with development of 
knee osteoarthritis, especially in the medial com-
partment leading to a secondary degenerative 
varus deformity. Ajuied et al. [2] demonstrated a 
fivefold risk to develop severe knee OA after 
ACL injury compared to the contralateral healthy 
knee. In addition, there is an increased risk of 
medial meniscus injury in unstable knees, thus 
aggravating the progression of degenerative 
changes [19, 50] and deformity.

ACL reconstruction, despite good early clinical 
and functional results, has been unable to com-
pletely avoid or delay degenerative changes of the 
knee joint. Claes and colleagues [12] reported a 
long-term incidence of knee OA in around 30 % of 
patients undergoing ACL reconstruction, espe-
cially those with concomitant meniscal injury. The 
scenario is even worse after revision ACL recon-
struction, where signs of advanced knee OA were 
reported in more than 60 % of the cases with 
involvement of the medial compartment in around 
45 % of the cases [22]. Unicompartmental early or 
advanced medial OA, resulting in varus deformity, 
represents therefore a common situation in both 
chronic ACL insufficiency and postoperative ACL 
reconstruction (Figs. 46.1 and 46.2).

On the other hand, in the case of ACL deficiency 
and underlying varus morphotype, with the loss of 
neuromuscular control, the knee is more likely to 
progress into increased varus and overload the 
medial compartment. The varus knee with radio-
graphic separation of the lateral tibiofemoral com-
partment and increased external rotation and 
hyperextension with an abnormal varus recurvatum 
position is referred to as a triple- varus knee [8, 40]. 
The medial compartment tends to have a posterior 
medial tibial plateau wear pattern in triple-varus 
knees due to the chronic anterior subluxation of the 
tibia with respect to the femur [7] (Fig. 46.3).

Finally, an underlying varus morphotype 
could itself represent a biomechanically unfavor-
able condition for ACL function, as it has been 
reported in vitro that [52] varus malalignment 

produces higher forces on the ACL or ACL 
graft, especially for higher varus degree associ-
ated with varus thrust. This could explain the 
presentation of both chronic ACL insufficiency 
in the varus knee, and the tendency of ACL to 
fail if coexisting varus alignment is not 
addressed [42].

In summary, one could conclude that isolated 
ACL reconstruction may not be sufficient to 
break the vicious circle of anteroposterior insta-
bility, varus deformity, and medial osteoarthritis 
and that an osseous procedure to redistribute the 
forces across may be of value.

Fig. 46.1 Long-leg standing radiography of a 21-year- 
old female with a previous failed ACL reconstruction and 
medial meniscectomy at the right knee. It is possible to 
note the varus alignment compared to the contralateral 
healthy side
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46.4  Sagittal Plane Deformity: 
Posterior Tibial Slope

Although its role was elucidated several years ago, 
the posterior tibial slope and its relationship to 
ACL injury and instability have become increas-
ingly recognized in importance more recently. A 
steep posterior tibial slope, especially in the lateral 
side, is an accepted risk factor for noncontact ACL 
injury, both in males, females, and pediatric and 
adolescent populations [15, 23, 48, 55]. Despite a 
cutoff value for “at-risk” conditions has not been 
universally established also due to the different 
measurement methods, a value >12° is generally 
considered pathological [24]. Recently, the role of 

posterior slope has been questioned by Blanke 
et al. [5]. They reported no significant differences 
in bony anatomical features of nontraumatic ACL-
injured patients compared to a control population. 
However, the latter study was performed on recre-
ational alpine skiers, thus representing a select sub-
population which may exhibit injury mechanisms 
that are different from the general population.

The biomechanical background of the correla-
tion between slope and ACL injury relies on the 
evidence that on the posterior tibial slope, an 
impulsive compression force (i.e., increased 
 vertical ground-reaction force) during landing 
generates an anterior shear force [21]. Therefore, 
a greater posterior tibial slope increases this ante-

a b c

Fig. 46.2 Anteroposterior and lateral radiographs of a 
21-year-old female with a previous failed ACL reconstruction 
and medial meniscectomy at the right knee. Anteroposterior 
bilateral view (a) shows medial joint line narrowing and initial 

formation of osteophytes. Lateral view (b) shows anterior 
subluxation of the tibia, with posteromedial wearing. The 
hyperextension (c) represents a contraindication to a deflec-
tion osteotomy to reduce the posterior tibial slope

a b c

Fig. 46.3 Arthroscopic presentation of a 21-year-old 
female with a previous failed ACL reconstruction and 
medial meniscectomy at the right knee. Chronic ACL 
deficiency is conformed by the ligament absence within 

the notch that appears narrowed by the presence of osteo-
phytes (a). Posteromedial wear of the tibial plateau (b) 
and damage of the corresponding femoral condyle (c) are 
common findings in these patients
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rior tibial shear force [37], anterior tibial 
 acceleration and translation, and ACL strain dur-
ing jump landing activities [28, 35]. Moreover, 
Dejour and Bonin [16, [34]] in a clinical series 
demonstrated that increased anterior tibial trans-
lation on monopodal stance views correlated with 
increased posterior tibial slope in patients with 
intact ACL as well as in those with chronic ante-
rior laxity. Slope has been proposed to play a role 
also in rotational laxity, as Song et al. [47] corre-
lated a high pivot-shift grade in ACL-deficient 
patients with the time from injury, anterolateral 
capsule disruption, lateral meniscus lesion, and 
also with lateral posterior slope >10.6° measured 
on MRI according to Hudek et al. [26]. A rota-
tional laxity is also found in patients diagnosed 
with a so-called bony pivot shift [47] caused by a 
malunited lateral tibial plateau fracture. The 
increased slope in the depressed lateral plateau 
causes symptoms of ACL deficiency in the pres-
ence of an intact ACL (Fig. 46.4 bony pivot shift).

The unfavorable effect of an increased poste-
rior tibial slope has been shown to be a risk factor 
also for revision ACL reconstruction [10, 53]. 
Webb et al. [53] followed prospectively 181 
patients after ACL reconstruction, reporting a sig-
nificant difference between the radiographically 
measured medial tibial slope of patients with intact 
ACL graft (8.5°) and those with both reinjury and 
contralateral injury (12.9°). The authors quantified 
the risk of further ACL injury as fivefold com-
pared to patients with medial tibial slope <12°, as 
this event was reported in 59 % of patients with a 
value >12°. Similarly, Christensen et al. [10] ana-
lyzed the MRI features of 35 patients with suc-
cessful ACL reconstruction and 35 patients with 
early graft failure. They reported a higher lateral 
slope in patients with failed reconstruction (8.4°) 
compared to intact graft (6.5°) and estimated an 
odd ratio for graft failure of 1.6, 2.4, and 3.8 for a 
lateral slope increase of 2°, 4°, and 6°, respectively 
(Fig. 46.5, failed ACLR).

Thus, in case of failed ACL reconstruction 
with a posterior tibial slope >10–13° and no evi-
dence of technical errors of the previous 
 reconstructions, a corrective osteotomy could be 
considered as an option to restore a correct knee 
biomechanics and avoid further failures.

46.5  Indications and Evaluation 
for Osteotomy

There are various scenarios of ACL insufficiency 
that could benefit from a corrective osteotomy, 
with or without combined ACL reconstruction:

 1. Chronic anterior laxity with varus malalign-
ment and unicompartmental medial OA

 2. Chronic anterior laxity with varus malalign-
ment and thrust

 3. Failed ACL reconstruction with posterior tib-
ial slope >10–13± varus deformity

46.6  Patient Evaluation

Patient selection is one of the most important fac-
tors that determine outcome from surgery. The 
surgeon must determine whether he or she is suf-
fering from underlying instability or if the com-
plaints are caused by degenerative joint disease. 
The surgeon can differentiate between the two by 
determining which activities cause symptoms. It 
is important to distinguish whether the patient is 
complaining of pain with aggressive activities 
and pivoting types of movement, indicating insta-
bility, or of pain with activities of daily living, 
indicating arthrosis.

If the patient is diagnosed with chronic ACL 
deficiency with early medial compartment 
arthritis and varus malalignment with over-
load, the physician should optimize conserva-
tive care, including unloader bracing, physical 
therapy, and activity modification. Patients 
who are  experiencing arthritis-type symptoms 
related to previous meniscectomy, mechanical 
axis deviation into the medial compartment, 
and early medial compartment degenerative 
changes may benefit from a medial or lateral 
HTO to correct the varus malalignment and 
unload the medial compartment. The painful 
symptoms from degenerative joint disease sec-
ondary to  underlying instability and previous 
injury are termed pseudoinstability. In the set-
ting of previously failed soft tissue reconstruc-
tion, one must consider malalignment as a 
contributing factor.
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a

c d e

b

Fig. 46.4 Bony pivot shift. Left knee of a 38-year-old 
patient presenting with knee instability after a lateral tibial 
plateau fracture malunited with posterolateral depression  

(a, b), intact cruciate ligaments (c), meniscus and cartilage 
(d), and severe downslope of posterolateral plateau (e)
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In the setting of a younger patient who is 
experiencing symptoms of instability with under-
lying malalignment and other meniscal or chon-
dral pathology, the surgeon could consider ACL 
reconstruction in addition to an osteotomy. 
Surgeons are currently pushing the envelope for 
ACL reconstruction in older yet active patients 
with complaints of instability.

To determine whether an ACL reconstruction 
is indicated in addition to HTO, the physician 
must consider the patient’s complaints at the time 
of initial presentation. If an older or less active 
patient is suffering from mechanical overload 
and pain, they will likely respond to the osteot-
omy alone. It is important to assess the entire 
clinical picture and differentiate pseudoinstabil-
ity from true instability. If the patient continues 

to complain of instability after HTO, ACL recon-
struction can be considered as a secondary proce-
dure. However, ACL reconstruction alone in the 
face of malalignment is doomed for continuing 
symptoms of compartment overload and early 
failure of the ACL surgery.

Opening- or closing-wedge osteotomy can be 
performed in the varus knee with an alteration or 
decrease in slope. The senior authors utilize an 
OWO to correct varus, but can also decrease 
slope if required in the ACL-deficient knee. 
Finally, an anterior closing-wedge osteotomy to 
decrease the posterior tibial slope has been suc-
cessfully suggested for the treatment of failed 
ACL reconstruction, with normal coronal align-
ment but posterior tibial slope >12–13° [18, 49]. 
Therefore, this option should be always consid-

a bFig. 46.5 Long-leg anteroposterior (a) and lateral 
(b) radiographs of a 35-year-old male patient with 
two previous failed ACL reconstruction. The coronal 
alignment appears neutral, while an increased 
posterior tibial slope is present
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ered in patients that sustain multiple ACL inju-
ries, usually undergoing several unsuccessful 
ACL reconstructions that do not present evidence 
of technical errors, concomitant ligamentous lax-
ities, or coronal malalignment. However, as knee 
instability represents the major complaint of 
these patients, the osteotomy should be combined 
with ACL reconstruction. Not much evidence 
exists to accurately assess these situations other 
than surgeon experience.

46.7  Surgical Techniques

Since this is not a surgical technique-focused 
chapter but rather an evidence-based review, we 
will discuss preoperative planning and briefly the 
surgical technique principles involved. A more 
detailed description of the techniques can be 
found in other publications [6, 8, 49].

An accurate preoperative planning is manda-
tory in order to achieve the adequate correction, 
both on sagittal and coronal plane. Radiographic 
evaluation begins with assessment of the extent 
of knee arthrosis and lower extremity alignment 
with bilateral standard weight-bearing long-leg 
(hip to ankle) anteroposterior views, standard 
anteroposterior views in full extension, bilateral 
weight-bearing posteroanterior tunnel views in 
30° of flexion, and lateral and Merchant patellar 
views (figure X-rays). MRI evaluation is helpful 
for preoperative planning, as it provides addi-
tional information that is often useful in deter-
mining soft tissue repair and reconstruction in 
addition to the osteotomy, such as chondral, 
meniscal, and soft tissue injury.

46.8  Opening-Wedge High Tibial 
Osteotomy and ACL 
Reconstruction

We prefer the medial opening-wedge osteotomy to 
the lateral closing-wedge osteotomy because, in 
our experience, precise correction is more likely 
and overcorrection is less likely. Although this 
approach increases the stability of a malaligned 
knee, it also avoids osteotomy of the proximal 

fibula, thereby avoiding potential instability 
through the tibiofibular joint and posterolateral 
corner structures and injury to the peroneal nerve 
[11, 30, 51]. Amendola and colleagues [2] have 
shown that by avoiding osteotomy of the proximal 
fibula, as with a lateral closing-wedge technique, 
the tibial slope will be forced to decrease because 
of hinging at the proximal tibiofibular joint.

The amount of axial correction is measured 
according to Dugdale et al. to avoid overcorrec-
tion [20]. The aim of correction may differ depen-
dent of the underlying pathology. In ACL-deficient 
patients with varus malalignment and thrust, the 
correction may be aimed at a neutral leg align-
ment, whereas in patients with varus malalign-
ment and unicompartmental medial OA, the aim 
is often to correct into valgus leg alignment to 
unload the damaged medial part of the joint. In 
the latter group of patients, we plan the osteot-
omy so that it will place the weight-bearing 
line—as measured from the center of the femoral 
head to the center of the tibiotalar joint to pass 
just lateral to the lateral tibial spine (or 62 % of 
the width of the tibial joint surface referenced 
from the medial side). In active patients who 
hope to return to a high activity level, the goal of 
correction may be a weight-bearing passing 
through the center of the knee joint at 50–55 %, 
even in the presence of medial cartilage damage, 
because an overcorrected leg would interfere 
negatively with their athletic abilities. In the set-
ting of an arthritic knee with ACL insufficiency, 
the additional goal of the osteotomy is to achieve 
the desired posterior tibial slope in the sagittal 
plane to enhance stability of the knee [1, 17, 21, 
44]. The surgeon must exercise caution in the set-
ting of severe deformity, because the accuracy of 
correction may be more difficult to determine. 
Patients with osteoporosis present challenges in 
obtaining suitable fixation and can require pro-
longed periods for healing. Other considerations 
must be given to risk factors for failure, including 
smokers, prolonged dependency of corticoste-
roids, immunosuppressants, and chronic illness.

The senior authors do not perform any exten-
sive articular cartilage resurfacing procedures 
such as autologous chondrocyte implantation 
(ACI) or meniscal transplantation at the time of 
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this surgery. If they are required, surgery is usu-
ally staged; the osteotomy is performed first, fol-
lowed by soft tissue reconstruction once the 
patient has recovered from the osteotomy.

As regards accuracy of correction, the wedge 
base length resulting from preoperative planning 
is intraoperatively measured and verified [8]. 
Intraoperative femorotibial alignment can also be 
verified by fluoroscopy, and an extramedullary 
alignment rod is used to ensure that the weight- 
bearing axis is passing through the center of the 
knee joint. Sabharwal and Zhao [45] have 
recently cautioned that for obese patients or those 
with substantial malalignment, supine fluoros-
copy alignment measurements without loading of 
the knee joint do not reflect the axis as accurately 
as preoperative standing films. In such cases, we 
believe careful scrutinizing of the preoperative 
weight-bearing films and the intraoperative fluo-
roscopic images can still lead to favorable results.

The posterior tibial slope is also assessed 
intraoperatively and can be changed in opening- 
wedge valgization HTO by distracting the oste-
otomy more anteriorly or posteriorly if the patient 
has any symptomatic cruciate deficiency or 
excessive anteroposterior translation preopera-
tively. To allow for this correction in two planes, 
the hinge point must be cut and afterward com-
pressed or separately fixed (Fig. 46.6 valgus- 
extension HTO). However, significant corrections 
of a highly pathological posterior slope cannot be 

obtained with this technique, and therefore if the 
major deformity to be corrected is in the sagittal 
plane, an anterior closing-wedge osteotomy 
should be preferred. When the desired opening 
has been achieved, the osteotomy is secured with 
a plate and, depended on personal preference the 
gap can be filled with bone graft.

In combined HTO and ACL reconstruction, an 
arthroscopy and preparation of the notch and 
femoral tunnel are performed prior to the osteot-
omy. The osteotomy is performed prior to drill-
ing the tibial tunnel for ACL reconstruction to 
prevent the creation of a possible stress riser 
through the ACL tunnel. Arthroscopically 
assisted ACL reconstruction is done using stan-
dard technique with the following considerations. 
We drill the tibial tunnel anterior and superior to 
the osteotomy site. The ACL graft is passed 
through the tibial tunnel and out the femoral tun-
nel. The senior author’s preferences are to use 
extracortical button fixation. A tibial side inter-
ference screw can be placed for primary fixation 
proximal to the osteotomy site. Secondary fixa-
tion can be placed below the osteotomy site, if 
desired. Bone grafting of the osteotomy site is 
performed to accelerate bone healing.

Following surgery, the patient is allowed toe- 
touch weight-bearing with ROM performed 
within a 0–90° arc for 6 weeks. It is important to 
begin early postoperative range of motion to pre-
vent stiffness in the knee joint. Radiographs are 

a b c d

Fig. 46.6 Intraoperative views of valgus-extension oste-
otomy surgical technique details. (a) Hinge at lateral cor-
tex is intentionally broken with osteotome. (b) Gap 
opened with bone spreader, plate positioning, instable 

hinge. (c) Hinge stabilization through compression screw 
insertion. (d) Final configuration after plate fixation and 
removal of compression screw
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obtained at the 6-week postoperative appoint-
ment. If there is evidence of consolidation, the 
brace is discontinued and full weight-bearing is 
initiated with a strengthening program. At the 
10-week postoperative appointment, radiography 
is repeated. If osseous consolidation has been 
achieved, sport-specific rehabilitation is initiated.

46.9  Closing-Wedge Anterior 
Deflection High Tibial 
Osteotomy and ACL 
Reconstruction

Knee arthroscopy and preparation of the notch 
are performed including the femoral tunnel using 
a rear entry guide or anteromedial portal. The 
tibial tunnel is performed after the osteotomy. An 
anterior longitudinal incision centered on the 
anterior tibial tubercle is utilized. The tibial 
tubercle is detached from the intended tibial oste-
otomy site as a 6-cm bone block. The closing- 
wedge osteotomy is performed according to the 
preoperative calculation. Under fluoroscopic 
control, one or two K-wires are inserted from 
anterior to posterior to mark the osteotomy site, 
starting about 3–4 cm distal to the joint line, par-
allel to the posterior tibial slope (PTS) 
(Fig. 46.7a). Keeping an intact posterior bony 
bridge is critical to protect the popliteal struc-

tures and limits the risk of secondary displace-
ment or pseudarthrosis (Fig. 46.7b). The aim is to 
obtain a PTS of between 0 and 10° depending on 
the severity of the deformity and the knee motion. 
The anterior closing-wedge osteotomy is fixed 
with two staples or two “8” epiphysiodesis plates 
positioned medially and laterally with respect to 
the tibial tubercle. The tibial tubercle is reposi-
tioned by translating it distally with an amount 
equal to the thickness of the removed bony frag-
ment to prevent postoperative change of patellar 
height, and it is fixed with two anteroposterior 
cortical screws: one above and the other below 
the osteotomy site (Fig. 46.7c). The tibia tunnel 
is then drilled in the standard fashion. Graft is 
passed from distal to proximal and secured with 
suture button fixation or screws (Fig. 46.8). 
Rehabilitation is similar to what is stated above.

46.10  Outcomes of Osteotomy 
for ACL Instability

Isolated HTO for the treatment of ACL instability 
has been rarely described. In 1993, Noyes et al. 
[41] reported the outcomes of closing-wedge lat-
eral HTO for the treatment of 41 complex patients 
with chronic ACL deficiency and varus malalign-
ment, mostly with medial joint degeneration or 
failed previous ACL reconstruction. Eleven of 

a b c

Fig. 46.7 Principal steps of a deflection anterior closing- 
wedge HTO. To guide the osteotomy cut after tibial tuberos-
ity detachment, 1 or 2 K-wires are positioned, under 
fluoroscopic control, from anterior to posterior starting about 
3–4 cm distal to the joint line, parallel to the posterior tibial 
slope (a). A posterior bony bridge is kept intact to  protect the 

popliteal structures and limits the risk of secondary displace-
ment or pseudarthrosis (b). After the planned resection have 
been performed, the osteotomy is fixed with 2 “8” epiphysio-
desis plates and the anterior tibial tubercle translated distally 
and fixed with two anteroposterior cortical screws, one above 
and the other below the osteotomy site (c)
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them, mostly those with advanced medial OA and 
lower functional requests, reported satisfactory 
results with isolated HTO and activity modifica-
tion. However, the more active patients required a 
staged stabilizing procedure to overcome the giv-
ing-way sensation. A few years later, Latterman 
and Jakob [31] treated 30 patients with chronic 
anterior instability, varus malalignment, and 
medial OA. The decision to perform isolated HTO 
or combined/staged ACL reconstruction was 
based on the patient’s level of pain, degree of 
instability, age, type of previous operative proce-
dures, and amount of activity. Generally, a high 
patient activity and high degree of instability- 
related  symptoms (i.e., giving way) and younger 
age (<40 years) were predominant factors for a 
decision toward a combined treatment. The 11 
patients that underwent isolated procedure had 
significant improvement of pain and symptoms, 

with anteroposterior and rotatory instability in 
only two and three cases, respectively, probably 
due to the stabilizing effect of the degenerative 
joint condition in these cases. Those treated with a 
combined procedure however did not show supe-
rior outcomes, but rather presented a noticeable 
rate of complications. These results allowed the 
authors to suggest the following: primarily con-
sider HTO and combined ACL reconstruction 
only if instability is the main symptom, while if 
giving way is not the major complaint, HTO alone 
could suffice.

Despite these cautious approaches, combined 
HTO and ACL reconstruction is currently a rather 
common procedure. A recent systematic review 
[9] indicated 13 case series describing the out-
comes of this surgical approach for 321 patients 
with anterior laxity and varus osteoarthritis. At a 
pooled follow-up of almost 5 years, significant 

a b c

Fig. 46.8 Anteroposterior and lateral radiographs of a 
16-year-old male patient with ACL tear. Preoperative lat-
eral radiography shows an increased posterior tibial slope 
with evident anterior tibial subluxation (a). After deflec-

tion anterior closing-wedge HTO and ACL reconstruc-
tion, it is possible to appreciate the correction of tibial 
slope and tibial subluxation (b), with no alteration of cor-
onal alignment (c)

A. Grassi et al.



509

improvement of pain and function was reported, 
with return to various grades of physical activity 
in 50–60 % of the cases. Complications were reg-
istered in 18 % of cases, mostly due to stiffness, 
necessity of re-osteotomy, or deep venous 
 thrombosis. Good control of anteroposterior lax-
ity was obtained with the procedure, as the mean 
postoperative side-to-side difference was 2.4 mm 
and the failure rate was 6 %. Despite the load 
redistribution, progression to severe medial knee 
OA was noted in almost 10 % of the patients. 
Marriott et al. [36] reported the change in gait 
biomechanics after concomitant HTO and ACL 
reconstruction, comparing the surgical cases to 
the nonoperative ones. After 5 years from sur-
gery, patients showed substantial changes during 
walking, with a substantial decrease in the knee 
adduction moment in the surgical limb and a 
slight increase in the nonsurgical limb, together 
with a decrease in the knee flexion moment for 
both the surgical and nonsurgical limbs. Since the 
external knee adduction moment is considered an 
index for the medial-lateral load distribution 
across the knee [27, 29], and the knee flexion 
moment represents the flexor-extensor muscle 
contraction [46], results from this study are 
 consistent with a load shift toward the lateral 
compartment without increasing the total load.

Regarding the patients with ACL deficiency 
and double- or triple-varus deformity, satisfac-
tory results were presented by Noyes et al. [40] 
and Badhe et al. [4] with HTO and staged or 
combined ACL reconstruction. However, those 
with severe deformity and posterolateral insuffi-
ciency required a subsequent posterolateral 
plasty or reconstruction.

The choice for a closing or opening-wedge 
osteotomy technique in the case of ACL defi-
ciency and varus malalignment can be viewed 
from an anatomical and biomechanical stand-
point. Due to the cross-sectional triangular shape 
of the proximal tibia, it is intuitive to realize how 
the removal of a bone wedge from the anterolat-
eral side of the tibia in a closing-wedge osteot-
omy would decrease the posterior tibial slope, 
while the distraction in an anteromedial opening- 
wedge osteotomy would increase the posterior 
tibial slope. This effect, demonstrated by large 

case series [19], could therefore suggest a 
closing- wedge lateral HTO as more suitable in 
case of a concomitant anteroposterior laxity. 
However, a recent meta-analysis of 27 studies 
[39] showed how posterior slope is increased by 
only 2.02° with an opening-wedge HTO and 
decreased by only 2.35° with a closing-wedge 
HTO, thus suggesting that the small magnitude 
of changes may have little effect on the biome-
chanics of the cruciate ligaments. In addition, 
technical precautions to minimize slope changes 
have been discussed by many authors. As the 
anteroposterior position of the wedge, the lateral 
hinge axis, and the ratio between anterior and 
posterior distraction have been correlated to 
slope changes [38, 43], a posterior placement of 
bone spreaders intraoperatively and posterior 
positioning of wedges which may be used for gap 
filling is recommended to avoid increasing the 
slope magnitude. Similarly, the complete osteot-
omy of posterior cortex and the distraction of the 
posterior gap have been demonstrated effective in 
maintaining the tibial slope in both uni- and 
biplanar opening-wedge HTO [33, 54].

Regarding the treatment of ACL deficiency 
through slope correction, the available clinical 
evidence is scant. Although the aim of Arun et al. 
[3] was not to primarily correct posterior tibial 
slope, but rather to correct valgus malalignment 
with medial OA and ACL deficiency, they 
reported a certain degree of posterior slope 
decrease with an opening-wedge HTO placing 
the iliac crest graft and the plate posteriorly, com-
bined with quadrupled hamstring ACL recon-
struction. They reported a higher improvement of 
subjective IKDC and Lysholm score and signifi-
cantly higher postoperative values in patients 
with a slope decrease >5° compared to those with 
a minimal slope correction. Similarly, Zaffagnini 
et al. [56] reported a significant direct correlation 
between posterior tibial slope and anteroposterior 
knee laxity measured with KT-1000 after a 
closing- wedge HTO and ACL reconstruction in 
32 varus-angulated ACL-deficient knees, sug-
gesting a higher postoperative laxity in patients 
with and a steeper posterior tibial slope. Sonnery- 
Cottet et al. [49] conversely reported the results 
of an ACL revision combined with an HTO, pri-

46 Osteotomies in the ACL-Deficient Knee



510

marily aimed to correct pathological posterior 
tibial slope in patients with multiple previous 
failures of ACL reconstruction, neutral align-
ment, and no concomitant injuries of other liga-
ments. The five patients, all with a posterior tibial 
slope >13° and a mean side-to-side difference at 
knee laxity of 10.4 mm, underwent an anterior 
deflection closing-wedge HTO using the tech-
nique described above, and the surgery was com-
pleted with a revision ACL reconstruction with 
an available graft. The authors, at a mean follow-
 up of 31 months, reported a significant decrease 
of posterior tibial slope to a mean value of 9.2°, a 
decrease of anterior laxity to a mean value of 
2.8 mm, and no high-grade rotatory instability 
and improvement of subjective scores, which 
allowed the patients to even return to sporting 
activity. Similar results at 4-year follow-up were 
obtained by Dejour et al. [18] on nine patients 
treated with second ACL revision reconstruction 
and an anterior deflection closing-wedge HTO 
performed above the patellar tendon insertion 
without tibial tubercle detachment. The authors, 
which reported a higher slope correction from 
13.2 to 4.4°, were able to obtain good subjective 
results, no anteroposterior or rotatory laxity, and 
an improvement of side-to-side difference at 
KT-1000 from 11.7 to 4.3 mm with only minimal 
changes of patellar height and OA progression.

 Conclusion

Based on the current anatomical, biomechani-
cal, and clinical evidence, HTO represents an 
evidence- based option for the treatment of 
ACL instability and varus malalignment with 
or without medial knee OA, in order to mini-
mize the risk of failure of isolated ACL recon-
struction and persistent postoperative 
symptoms. A general consensus on what is the 
optimal surgical technique is difficult to deter-
mine from the literature. However, there is 
consensus that the osteotomy should provide 
an accurate coronal and sagittal correction 
with stable fixation, while preventing an unin-
tended alteration of the posterior tibial slope.

Deflection anterior closing-wedge HTO 
with or without tibial tubercle detachment, 
combined with revision ACL reconstruction, 

is an option that should be considered for the 
treatment of multiple-failed ACL reconstruc-
tion with no bony or ligamentous abnormali-
ties other than posterior slope >10–13°. 
However, due to the technical complexity of 
the surgical procedure and the lack of solid 
clinical evidence, it should be performed care-
fully only after accurate patient selection and 
counseling, preoperative planning, intraopera-
tive technical caution, and careful follow-up.
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and Rick Joreitz

47.1  Introduction

Postoperative rehabilitation of anterior cruciate 
ligament reconstruction (ACLR) progresses in 
five phases from the time of surgery up to clear-
ance for return to preinjury activity. Every 
patient will complete the first phase of rehabili-
tation to resolve impairments and return to nor-
mal activities of daily living. Patients may then 
progress through phases focused on more 
demanding activities to include running, jump-
ing, hopping, and rotational activities including 
sports-specific skills based on strict criteria. Not 
every patient will have the same goals for their 
postoperative rehabilitation. Therefore, it is the 
responsibility of the orthopedic sports medicine 
team, including the surgeon and rehabilitation 
professional, to determine the ultimate phase of 
rehabilitation that needs to be completed by 
each patient. Ultimately, success must be judged 

on an individual level, specifically based on the 
desires of the patient.

This chapter will present the protocol 
 developed at the University of Pittsburgh Medical 
Center (UMPC) Center for Sports Medicine for 
rehabilitation and return to sports after ACL 
reconstruction. Recommendations for the return- 
to- sports phase and prevention of second injury 
were based on the literature, where available. The 
clinical decision-making process for return to 
sports emphasizes structured objective clinical 
and functional tests and patient-reported outcome 
measures with associated criteria [4, 21, 41]. 
While this protocol is evidence based as possible, 
further research regarding reinjury and success-
ful return to sports is needed to determine the 
extent of rehabilitation after ACLR [25].

These guidelines are unique in their structured 
progression of rehabilitation after the immediate 
postoperative phase, using quantitative and quali-
tative criteria to progress sports activities. The 
rehabilitation principles remain the same through-
out the rehabilitation process – mastery of basic 
tasks and progressive demands for demonstrating 
muscle strength and neuromuscular control. 
Patients must meet all criteria to progress to the 
next phase. Exercise selection matches the 
demands of the current stage and builds upon pre-
vious exercises. Balance, proprioception, motor 
control, agility, and plyometrics training are 
encouraged to improve performance and limit the 
risk of secondary injury [8, 15, 16, 26, 28, 36]. 
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This protocol can be followed in nearly every 
clinical setting with slight modifications by the 
physical therapist. No special equipment or facili-
ties are needed for this rehabilitation.

47.2  Assessment of Mastery

Patients must demonstrate mastery of the current 
phase before progressing to ensure that aberrant 
and deleterious movement patterns are resolved 
before beginning more demanding activities. 
This assessment is qualitative while the patient 
attempts maximum effort while completing the 
task, but quantitative measures are included when 
possible. Based on the visual assessment, patients 
are given remedial activities and deliberate prac-
tice to improve performance.

47.3  Strength Measurement

Adequate quadriceps strength is a critical compo-
nent of recovery and a predictor of performance in 
dynamic activities after ACLR [38, 39]. Quadriceps 
muscle strength deficits may be one of many com-
ponents to increase risk of a second knee injury 
after returning to sports participation. When avail-
able, isometric or isokinetic dynamometry should 
be used to measure quadriceps strength, as it iso-
lates the musculature and provides reliable objec-
tive measures. In our clinic, quadriceps and 
hamstrings strength are measured with a maxi-
mum volitional isometric contraction for 5 s on an 
electromechanical dynamometer. To reduce the 
risk of patellar fractures after patellar or quadri-
ceps graft harvest, isometric strength testing with a 
dynamometer is delayed until 4 or 5 months post-
op, and the knee is positioned at 60° of knee flex-
ion to reduce bending forces across the patella.

In cases where dynamometry is not available, 
strength testing is recommended using a 1 repetition 
max (1-RM) on a knee extension machine [3, 30]. 
For the 1-RM leg extension, the individual is posi-
tioned with the hip and knee at 90° of flexion, with 
the resistance pad placed proximally to the malleoli. 
The individual extends their knee to 45° of knee flex-
ion. If a patient has postoperative restrictions for 
range of motion (ROM) due to a concomitant injury 

or surgical procedure, strength testing should not be 
completed until these restrictions are lifted.

A limb symmetry index (LSI) is calculated as 
the 1-RM load of the involved limb divided by 
the 1-RM load of the uninvolved limb multiplied 
by 100. The leg extension 1-RM test has not been 
validated compared to isometric dynamometry to 
measure limb symmetry; however, this testing 
may be done easily in a clinical setting with stan-
dard equipment. The leg extension test is pre-
ferred because it isolates the quadriceps 
musculature and more closely simulates isomet-
ric dynamometry testing. Strength testing should 
occur serially to ensure strength is maintained at 
the least and ideally progressing.

47.4  Neuromuscular Control

Neuromuscular control is tested with three basic 
tests with progressive criteria for each phase of 
rehab. The step and hold is a low-level approxi-
mation of running to screen for abnormal mechan-
ics and pain. The patient steps from the uninjured 
limb onto the injured limb on a flat surface, at 
least the distance of the individual’s normal stride 
length. The individual must land with a heel-toe 
gait pattern to simulate walking. The distance is 
progressed to prepare for running. Individuals 
must complete 30 step and holds without loss of 
balance, excessive knee stiffening, or excessive 
knee flexion (Fig. 47.1: Step and Hold). The 
 single-leg squat is performed for ten consecutive 
repetitions to 45° or greater of knee flexion 
(depending on the phase of rehabilitation) to 
screen for deviations (Fig. 47.2: Single-Leg 
Squat). Deviations are operationally defined as 
the use of compensatory patterns including loss of 
balance, contralateral hip drop, excessive femoral 
abduction or adduction, excessive femoral inter-
nal rotation, or abnormal trunk movement [33].

The Y-balance test is a measure of stability 
between limbs that correlates with injury risk [12, 
34]. The individual stands facing the stem of a “Y” 
made of tape on the floor, with two arms extending 
posterior at 135° clockwise and counterclockwise 
from the stem. While maintaining single-leg 
 balance and not shifting weight to the opposite 
limb, the patient reaches as far along each point as 
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 possible with the opposite leg limiting gross 
 compensatory patterns (Fig. 47.3: Y-balance test). 
Two practice trials and four measured trials are 
completed for each direction. The distance is mea-

sured from the center of the Y in centimeters to the 
 position of maximum reach. Performance is 
 normalized to leg length measured from the 
 inferior aspect of the anterior superior iliac spine 

Fig. 47.1 Step and hold. Patients must perform 30 step and holds without loss of balance or excessive motion in the 
frontal or transverse plane

Fig. 47.2 Single-leg squat. This task is performed to the appropriate prescribed angle of knee flexion for ten repetitions 
to screen for deviations

Y − =
+ +

balancecompositescore
anterior reach posteromedial reach poosterolateral reach

limb length)

( )
×(3
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to the most prominent aspect of the lateral malleo-
lus. Comparisons between limbs are made for 
each reached distance and a composite score.

47.5  The UPMC Center for Sports 
Medicine Functional Training 
and Return to Sports 
Rehabilitation Protocol

47.5.1  Phase 1: Immediate 
Postoperative Rehabilitation

The immediate postoperative rehabilitation 
begins 2–7 days after surgery depending on the 
amount of preoperative rehabilitation and educa-
tion provided. The goals of phase 1 are to (1) pre-
vent ROM loss, (2) promote activation of the 
quadriceps, (3) reduce the inflammatory process 
in the knee (swelling and pain), and (4) ensure 
safe and effective ambulation. Once these pri-
mary goals have been achieved, postoperative 
physical therapy aims to normalize ROM, 
strength, and daily activity.

After ACLR, the knee joint is significantly 
inflamed, as evidenced by swelling and postop-
erative pain. Swelling is associated with both 
impaired quadriceps activation and limited flex-

ion ROM. Slight knee joint flexion is the position 
of minimal joint contact and is typically the pre-
ferred position of comfort for individuals with 
pain and swelling. Therefore, patients after 
ACLR may be unable to achieve full active exten-
sion due to poor quadriceps activation and 
discomfort.

The initial focus of rehabilitation is to achieve 
active knee joint extension to neutral (0°) with a 
quadriceps contraction that produces a superior 
patellar glide. The patient should be positioned 
sitting on the ground (or a long table) with their 
legs straight in front of them and nothing under-
neath the knee joint. The heel may be propped to 
allow for full extension or mild joint hyperexten-
sion. Patellar mobilizations are effective in 
increasing the available ROM of the patellofemo-
ral joint. Quadriceps activation can be facilitated 
with simultaneous contraction of the contralat-
eral quadriceps, manual facilitation of a superior 
patellar glide, or neuromuscular electrical stimu-
lation (NMES) [11]. Care should be taken to 
avoid common compensations for an inability to 
activate the quadriceps. Compensations include 
contraction of the gluteus maximus to extend the 
femur or dorsiflexion of the ankle joint to create a 
sensation of tension across the posterior capsule 
(i.e., perceived stretch by the patient). Low-load, 

a b c

Fig. 47.3 Y-balance test. The individual stands with the 
toe of the testing foot at the center of the Y and reaches as 
far along each point as possible without transferring 

weight to the reach limb. (a) Anterior reach on the right 
leg; (b) posteromedial reach on the right leg; (c) postero-
lateral reach on the right leg
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prolonged stretch exercises may be of benefit to 
the patient who struggles with extension 
ROM. These exercises may include prone 
 positioning with a weight on the heel to promote 
extension or a long sitting position (as described 
above) with the heel propped on a bolster. These 
exercises may be used but care should be taken to 
ensure that the patient is able to relax enough to 
allow extension to occur. Patients who do not 
achieve neutral extension by the end of postop-
erative week 2 or extension within 3° of the con-
tralateral limb by 4 weeks postoperative should 
be referred back to their treating surgeon for 
evaluation.

Flexion ROM can be increased with active 
ROM exercises and active assisted ROM exer-
cises (e.g., heel slides). For individuals with ham-
string autograft ACLR, care should be taken early 
after surgery to avoid resisted or strenuous acti-
vation of the hamstrings while healing occurs. 
For individuals who are unable to increase ROM 
independently with active and active assisted 
ROM exercises, patellofemoral joint mobiliza-
tions are beneficial. Specifically, inferior joint 
mobilizations replicate the normal arthrokinema-
tics of knee joint flexion. Medial patellar joint 
mobilizations may also be helpful when knee 
joint effusion forces the patella to deviate later-
ally during knee joint flexion. Patients who do 
not achieve 90° flexion by the end of postopera-
tive week 2 or 120° by 4 weeks postoperative 
should be referred back to their treating surgeon 
for evaluation, if a regularly scheduled appoint-
ment does not already exist.

To promote increases of ROM, it is also 
important to reduce the overall amount of swell-
ing in the knee joint. Aside from potential phar-
macological intervention from the medical 
provider, the rehabilitation professional can assist 
the process through the application of compres-
sion and elevating the limb. Cryotherapy is also 
of benefit to decrease inflammation and control 
pain. Effusion should be tracked with the modi-
fied stroke test [40], with an expectation that the 
patient achieve a grade of 2+ between weeks 2 
and 4 postoperative and a 1+ by week 8.

Patients with noncomplicated ACLR (i.e., no 
meniscus repair or chondral surgery) should be 
encouraged to assume a normal gait as soon as 

possible after surgery. Depending on surgeon 
preference and recommendation, patients may be 
issued a postoperative brace and/or assistive 
device. To initiate the normal gait cycle, exer-
cises such as terminal knee extension to simulate 
the midstance phase of gait and weight shifts to 
simulate initial contact and weight acceptance 
can be implemented. As the patient demonstrates 
a consistent, normal step through gait without 
pain or excessive aberrant movements, they can 
discontinue crutch use. Until gait is completely 
normal, they should use the crutches with weight 
bearing as tolerated to practice a normal walking 
pattern. Patients are recommended to use the 
postoperative brace in crowded or uncertain situ-
ations (e.g., inclement weather).

The primary strength focus of postoperative 
rehabilitation is for the quadriceps muscle in both 
weight-bearing and non-weight-bearing exer-
cises. Non-weight-bearing exercise is crucial to 
isolate the quadriceps muscle. There is concern 
that non-weight-bearing knee extension exercises 
may put excess stress on the reconstructed ACL 
due to anterior tibial shear. However, limiting the 
ROM to between 90 and 45° of knee flexion lim-
its that anterior strain [9]. Weight-bearing exer-
cises in the 45° to 0° ROM also produce limited 
strain on the graft. Therefore, these range restric-
tions are imposed for the first 8–12 weeks after 
ACLR, after which the ranges of motion are 
slowly increased. Weight-bearing exercises typi-
cally reflect the demands of daily activities to 
improve performance in those tasks (e.g., step- 
ups, step-downs, sit to stand). Various versions of 
squats and leg presses may also be used. Any irri-
tation to the patellofemoral joint should be treated 
with specific patellar mobilizations to increase 
mobility, stretching exercises for the quadriceps 
especially the rectus femoris, and additional 
strengthening of the quadriceps. All exercises 
should be pain-free, and the patient should not 
complain of pain after therapy.

In addition to the quadriceps, the other lower- 
extremity muscles affecting the knee joint should 
be strengthened as needed. The hip abductors, 
external rotators, and extensors are important for 
dynamic control of the femur. The calf muscles, 
especially the muscles to dynamically support 
the arch of the foot, are also important to control 
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the tibia. As a general treatment approach, 
abdominal and lumbar strength should be tar-
geted with specific exercise to limit aberrant 
trunk motions which influence the demands on 
the knee joint.

47.5.2  Phase 2: Running

Running on a treadmill or track provides controlled 
environment to systematically increase the load 
placed on the knee joint between 3 and 5 months 
after ACLR. Progression to the running phase is 
only allowed after mastery of phase 1 has been 
determined. This includes symmetrical ROM, trace 
or less knee joint effusion, and minimal gait devia-
tions during fast treadmill walking. Gait deviations 
including decreased stride length, contralateral pel-
vic drop, femoral internal rotation, and medial col-
lapse of the knees while walking indicate the 
patient is not ready for running. The patient must 
then complete a Y-balance test composite score of 
at least 90 %, 30 step and holds, and 10 consecutive 
single-leg squats on the involved leg to at least 45° 
of knee flexion without compensatory patterns. 
Finally, the individual must demonstrate 80 % 
quadriceps muscle strength symmetry.

When the patient achieves the criteria without 
increased pain or inflammation, a run-walk pro-
gression is implemented with progressive increases 

in distance (see example in Adams et al. [1]). The 
authors advocate a distance-based progression 
rather than a time-based progression to more accu-
rately monitor knee joint loading during this phase. 
When an appropriate running gait pattern is con-
sistently observed, the individual can complete the 
running progression independently.

47.5.3  Phase 3: Basic Agility Drills

To demonstrate mastery of phase 2, the individ-
ual must be able to run 2 miles continuously 
without any complaints of pain, signs or increased 
swelling, and without gait deviations. 
Neuromuscular control is tested with 10 consecu-
tive weighted single-leg squats to 45° of knee 
flexion without aberrant movements with a limb 
symmetry index of greater than or equal to 75 % 
and a Y-balance test with a composite score of at 
least 100 %. Individuals must also demonstrate 
greater than or equal to 85 % LSI for quadriceps 
strength.

Once these tests are passed, the individual can 
begin agility training. Basic agility drills include 
straight plane movements (anteroposterior and 
lateral), such as shuttle running, side shuffling, 
carioca (lateral shuffling while crossing your trail 
leg over the lead leg), and agility drill ladder 
exercises or small agility hurdles in forward and 

Criteria to Start Jogging at 4–6 Months 

Post-Op

• No abnormal gait patterns while walk-
ing as fast as they can on the treadmill 
for 15 min

• Thirty step and holds without loss of 
balance or excessive motion outside of 
the sagittal plane

• Ten consecutive single-leg squats to 45° 
of knee flexion without deviation

• ≥80 % 1-repetition maximum (1-RM) 
on the knee extension machine 
(90–45°)

• ≥90 % composite score on Y-balance test

Criteria to Start Agility Training

• Be able to run 2 miles continuously 
without pain, swelling, warmth, or gait 
deviations

• Ten consecutive single-leg squats >45° 
of knee flexion without deviation while 
holding ≥75 % extra weight compared 
to the other side (dumbbells, weight 
vest, etc.)

• ≥85 % 1-RM on the knee extension 
machine (90–45°) or Biodex testing if 
available

• One hundred percent composite score 
on Y-balance test
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lateral directions. Direction changes with appro-
priate hip and knee flexion to absorb the load are 
emphasized. To promote safe movements, effort 
begins at approximately 50 % speed and pro-
gresses as performance improves. Compensatory 
patterns should be quickly resolved with cueing 
from the physical therapist.

47.5.4  Phase 4: Double-Limb 
Jumping

To demonstrate mastery of phase 3 (low-level agil-
ity drills), the patient must complete forward/back-
ward shuffling, side shuffling, carioca, and ladder 
drills at full speed without compensation patterns. 
Individuals must also demonstrate adequate neuro-
muscular control by performing ten consecutive 
weighted single-leg squats to at least 60° of knee 
flexion with a limb symmetry index of at least 85 % 
and demonstrate quadriceps muscle strength sym-
metry of greater than or equal to 90 % LSI.

Phase 4 of rehabilitation includes double-limb 
jumping, in which the individual begins with for-
ward jumps, lateral jumps, and rotational jumps. 
Progression to ascending and descending box 
jumps is at the discretion of the physical therapist. 
Rebounding jumps and combination movements 
are the final stage of progression. The patient 
must avoid abnormal frontal and transverse plane 
movements (dynamic valgus) and should be cued 
to exaggerate hip and knee flexion with a soft and 
quiet landing with equal weight distribution for 
takeoff and landing [8, 15, 26, 32].

47.5.5  Phase 5: Single-Limb Hopping 
and Cutting and Sports- 
Specific Drills

The patient must demonstrate mastery of rebound 
and combination jumps without compensations. 
To demonstrate neuromuscular control, individu-
als must perform ten consecutive weighted 
single- leg squats to at least 60° of knee flexion 
with a limb symmetry index of greater than or 
equal to 90 % and demonstrate quadriceps mus-
cle strength symmetry of greater than or equal to 
90 % LSI (Table 47.1).

In phase 5, hopping drills follow the same 
progression as jumping drills in phase 4. 
Rotational demands are added with cutting and 
pivoting drills including running in an “S” pat-
tern or a figure of 8, progressing to 45° cuts, and 
then to sharper angle cuts. Pivoting should begin 
when the individual is competent with cutting at 
sharp angles. Similar to phases 2–4, confidence 
and performance dictate the speed of cutting and 
pivoting drills, and the individual should not 
progress to high-level cutting and pivoting drills 
if they demonstrate compensatory patterns or 
poor confidence [7]. The final aspect of these 
drills is to perform unanticipated cutting, pivot-
ing, and hopping (i.e., reactionary drills). Once 
the individual performs these drills with confi-
dence and at pace, rehabilitation will solely 
focus on the specific demands needed to return 
to sports.

Criteria to Start Jumping

• No compensation patterns with deceler-
ation during agility drills performed at 
near 100 % effort.

• Ten consecutive single-leg squats to 60° of 
knee flexion without deviation while hold-
ing ≥85 % extra weight compared to the 
other side (dumbbells, weight vest, etc.). 
Body weight is not part of the equation.

• ≥90 % 1-RM on the knee extension 
machine (90–45°) or Biodex testing if 
available.

Criteria to Start Hopping and Cutting

• No display of medial collapse of the 
knees when loading into or landing from 
jumps and equal weight distribution 
when initiating and landing the jumps.

• Ten consecutive single-leg squats to 60° 
without deviation while holding ≥90 % 
extra weight compared to the other side 
(dumbbells, weight vest, etc.). Body 
weight is not part of the equation.

• ≥90 % 1-RM on the knee extension 
machine (90–45°) or Biodex testing if 
available.

47 Criterion-Based Approach for Rehabilitation After ACL Reconstruction



520

Table 47.1 Criteria to advance to each new phase

Criteria to enter phase 2 – running:
Phase 1 mastery Symmetrical ROM, minimal knee joint effusion (trace or less)

Maximal treadmill walking ×15 min without deviationsa

Neuromuscular control Step and hold 30 repetitions without deviationa

Single-leg squats 10 repetitions to 45° of knee flexion without 
deviationa

Y-balance testb ≥90 % composite score
Quadriceps strength Strength battery Leg extension ≥80 % 1-RM LSI (90–45°)

OR
Isometric dynamometry ≥80 % limb symmetry index

Criteria to enter phase 3 – low-level agility drills:
Phase 2 mastery Run 2 miles continuously without pain, swelling, warmth, or gait deviations
Neuromuscular control Single-leg squatsc 10 repetitions to >45° of knee flexion without 

deviationa and 75 % LSI
Y-balance testb ≥100 % composite score

Quadriceps strength Strength battery Leg extension ≥85 % 1-RM LSId (90–45°)
OR
Isometric dynamometry ≥85 % limb symmetry index

Criteria to enter phase 4 – double-leg jumping:
Phase 3 mastery No compensation patterns with deceleration during phase 3 agility drills 

performed at full speed
Neuromuscular control Single-leg squatsc 10 repetitions to 60° of knee flexion without 

deviationa and 85 % LSI
Quadriceps strength Strength battery Leg extension ≥90 % 1-RM LSI (90–45°)

OR
Isometric dynamometry ≥90 % limb symmetry index

Criteria to enter phase 5 – single-leg hopping and cutting:
Phase 4 mastery No deviations when initiating and landing jumps
Neuromuscular control Single-leg squatsc 10 repetitions to 60° of knee flexion without 

deviationa and 85 % LSI
Quadriceps strength Strength battery Leg extension ≥90 % 1-RM LSI (90–45°)

OR
Isometric dynamometry ≥90 % limb symmetry index

aDeviations include loss of balance, excessive motion outside of the sagittal plane, abnormal trunk movement, contra-
lateral pelvic drop, femoral internal rotation, and medial collapse of the knees
bY-balance test composite score: Anterior reach posteromedial reach posterolateral reach

limb

+ +
´3 llength

´100%

cSingle-limb squat limb symmetry index: 
External load during involved limb single leg squat

External load durring uninvolved limb single leg squat
´100%

d1-RM LSI: 
Inovolved limb RM

Uninvolved limb RM

1

1
100

−
−

× %

47.6  Return-to-Practice Testing 
and Return to Sports

Return-to-practice testing occurs when the indi-
vidual can run and perform all agility, plyomet-
rics, and sports-specific drills without any 
hesitation and compensatory patterns and with no 

complaints of pain, instability, or signs or symp-
toms of inflammation. The battery of return-to- 
sports testing (Table 47.2) includes a strength 
assessment, functional testing for symmetrical 
performance, and functional testing for running 
situations. Individuals must demonstrate greater 
than or equal to 90 % quadriceps LSI to pass the 
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return-to-sports testing. Once adequate strength 
is determined, functional testing is completed.

47.7  Objective Functional 
Symmetry Testing

Functional testing batteries are becoming more 
prevalent [13, 14, 23, 24, 29, 41, 42]. Unilateral 
hop tests correlate with quadriceps strength mea-

sures [23, 24], but do not eliminate the need for 
isolated testing of the quadriceps [39]. Early 
functional testing with hop tests can be predictive 
of self-reported normal knee function at 1 year 
after ACLR [23]. Unilateral hop test batteries are 
used to challenge strength and stability in a 
repeatable manner in the clinic, using the oppo-
site limb as a benchmark [13, 14, 23, 24, 29, 31, 
41]. Limb symmetry indexes of greater than or 
equal to 85 % [5], 90 % [13, 14, 23, 24, 29], and 

Table 47.2 Post-op ACL reconstruction return-to-sports test

Post-op ACL reconstruction return-to-sports testing

Quadriceps 
strength

Involved limb Uninvolved limb Limb symmetry index Passing score

1-RM on the knee 
extension machine 
or Biodex testing

≥90 %

Hop tests Involved limb 
performance

Uninvolved limb 
performance

Limb symmetry index

Single-leg forward 
hop

≥90 %

Single-leg triple hop ≥90 %
Single-leg triple 
crossover

≥90 %

Timed 6-m single 
leg

≥90 %

Single-leg vertical 
hop

≥90 %

Functional runs Patient performance Recommended range 
for males

Recommended range 
for females

10-yard lower- 
extremity functional 
testa

18–22 s 20–24 s

Trial 1
Trial 2
10-yard pro-agility 
runb

4.5–6.0 s 5.2–6.5 s

Toward injured limb
Toward uninjured 
limb

aLower-extremity functional test
 Sprint/back-peddle, shuffle, carioca, sprint
 Must perform at perceived full speed and not display hesitation or compensation strategies when decelerating
b10-yard pro-agility test
 Must perform at perceived full speed and not display hesitation or compensation strategies when decelerating
Criteria to Return to Practice
 MD clearance
 Pass return-to-sports test with ≥90 % results for each test
Criteria to Return to Competition
 MD clearance
 Tolerate full practice sessions with opposition and contact (if applicable) performed at 100 % effort without any 
increased pain, increased effusion, warmth, or episodes of giving way
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95 % to 100 % [41, 42] have been used to indicate 
“normal” or symmetrical performance and used 
for clearance to return to sports. These cutoffs 
have not been validated as predictors of safe 
return to play. The authors recommend the use of 
greater than or equal to 90 % limb symmetry of 
hop test measures as an adequate cutoff for clear-
ance to return to sport. A LSI threshold of 90 % is 
used as opposed to 95 or 100 % as recommended 
by the European Sports Rehabilitation Board 
[41] as these thresholds may be too stringent and 
unattainable for some individuals.

The Noyes’ hop series has been well described 
and involves four tests: the single hop for distance, 
the triple hop for distance, the triple crossover hop 
for distance, and the timed 6 m hop [6, 10, 31, 35]. 
All takeoffs and landings must occur in single-
limb stance without excessive trunk or arm 
motions for balance. As noted above, involved 
limb performance is normalized to the uninvolved 
limb and expressed as a limb symmetry index. 
Because the uninvolved limb is expected to move 
the individual more rapidly down the line during 
the 6 m timed hop, the uninvolved limb is expressed 
as a percentage of the involved limb to maintain 
the convention that scores less than 100 % indicate 
superior performance of the uninvolved limb.

Muscular power is tested with a single-limb ver-
tical hop test. The individual stands next to a wall 
and jumps as high as possible from one limb, using 
their preferred countermovement strategy. The 
landing is uncontrolled, but monitored for compen-
sations. The individual attempts to jump as high as 
possible, measured by either having the individual 
put a piece of tape on the wall or using a Vertec 
System (Gill Athletics, Champaign, IL). Limb per-
formance is expressed as a ratio of the best recorded 
jump height of three trials on the reconstructed 
limb compared to the contralateral limb.

47.8  General Functional Agility 
Testing

Bipedal agility tests are not sufficient to identify 
asymmetries between limbs [29]. To provide a 
consistent method for assessing movement 
 quality in bipedal tasks, patients complete two 
functional runs that focus on quickness and con-

fidence when making direction changes. The 
lower- extremity functional run (Fig. 47.4a) is set 
up on a 10-yard (30 ft) course. The athlete begins 
sprints 10 yards, back pedals 10 yards, plants on 
the involved limb and shuffles 10 yards in each 
direction, followed by a 10-yard carioca in each 
direction, and ends with a final 10-yard sprint. 
The pro-agility test (Fig 47.4b) involves com-
plete direction changes on both limbs. The ath-
lete begins straddling the center line of a 10-yard 
course. The athlete must sprint 5 yards and touch 
the cone, change direction, sprint back 10 yards 
and touch the cone, change direction, and sprint 
back through the center line. This is completed in 
both directions.

After successful completion of the return-to- 
sports test, the athlete brings the test results to 
their physician for final clearance. The return to 
practice should begin with individual drills, fol-
lowed by controlled contact drills, and eventually 
team scrimmages. The athlete, coach, physical 
therapist, and surgeon should be in contact about 
performance and modifications. Individuals 
return to their physician for full return-to- 
competition clearance when they can practice at 
100 % effort (with contact if applicable) and have 
no complaints of pain or signs and symptoms of 
inflammation.

47.9  Patient-Reported Outcome 
Measures

Patient-reported outcome measures (PROs) are 
important measures of patient perception of knee 
function, activities of daily living, sports perfor-
mance, and fear of reinjury and movement. The 
international medical community agrees that 
PROs are an important component of measuring 
success after ACLR; however, consensus on 
which specific measure to use has not been 
reached [25]. The authors recommended the 
International Knee Documentation Committee 
(IKDC) 2000 subjective knee form due do its 
comprehensive qualities and normative database 
[2]. The IKDC 2000 is a valid and reliable mea-
sure of knee symptoms, knee function, and sports 
activity in patients with a variety of knee injuries 
[17]. A relationship has been established between 
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the IKDC and measures of quadriceps muscle 
strength [23, 39], single-leg hop tests [13, 23], 
and return-to-activity testing [22]. These studies 
have identified that the IKDC is highly specific, 
and therefore a lower score on the IKDC is indic-
ative of lower performance on functional testing 
measures. The IKDC should not be used in place 
of functional testing; however, a lower score on 
the IKDC suggests poorer functional perfor-
mance and should be used as an indicator to fur-
ther evaluate performance [14].

Increased fear of movement and reinjury have 
been identified as reasons for not returning to 
preinjury activities after ACLR [18, 20, 37, 44]. 
The Tampa Scale for Kinesiophobia (TSK-11) is 
a pain-related questionnaire used to measure fear 
of movement and reinjury in patients with chronic 

musculoskeletal pain [37, 44]. Worse reports on 
the TSK-11 in ACL-reconstructed individuals 
were seen in patients who had not returned to 
their previous level of function [19, 20], com-
pared to those who had returned to activities. The 
Anterior Cruciate Ligament-Return to Sport after 
Injury scale (ACL-RSI) was developed to quanti-
tatively evaluate emotions, confidence in perfor-
mance, and risk appraisal of returning to sports 
after ACLR [43]. Similar to the TSK-11, individ-
uals who returned to activities report significantly 
better scores compared to those who do not return 
to activities [18, 27]. Failing to identify individu-
als with increased fear of reinjury prior to return-
ing to preinjury activities may put these 
individuals at increased risk of second knee 
injury.
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Fig. 47.4 General functional agility runs. (a) Lower- 
extremity functional run. (b) Pro-agility test. Patients will 
sprint 10 yards, then backpedal to the starting line, side 
shuffle 10 yards and back, carioca 10 yards and back, and 
finally sprint 10 yards to the finish line. To pass this test, 
patients must run and change direction at full speed with-
out any compensation patterns. Patients will start facing 

the tester straddling cone 1. When indicated, they will turn 
and sprint 5 yards and touch cone 2, then sprint 10 yards 
and touch cone 3, and finally, sprint 5 yards past cone 1. 
They will then repeat this test in reverse order (cone 1–3 
to 2–1). To pass this test, patients must run and change 
direction at full speed without any compensatory patterns
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 Conclusion

These guidelines provide a structure for 
returning the patient from surgery through 
rehabilitation. Constant communication and 
logical decision making are crucial to the suc-
cess of this protocol and the athlete. 
Rehabilitation may be stopped at any of the 
phases if the patient does not need to progress 
further to meet the demands of their sport or 
desired level of activity. This guideline for 
functional testing and rehabilitation progres-
sion has been developed to be patient specific 
with criterion-based milestones.
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