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v

Total knee arthroplasty is one of the most successful procedures in orthopedic sur-
gery. However, about 20% of patients are not satisfied with the results of knee 
arthroplasty. Factors affecting clinical results include soft tissue balancing, knee 
alignment, implant design, and fixation. Although every surgeon understands that 
soft tissue balancing is very important during knee arthroplasty, it has been difficult 
to accurately evaluate, intraoperatively. Moreover, questions remain regarding 
appropriate soft tissue conditions needed to improve clinical results.

Extensive anatomical, clinical, and biomechanical studies have enabled more 
accurate evaluation of soft tissue conditions, and we are getting closer to achieving 
“appropriate soft tissue balancing” based on clinical evidence. This book provides 
an excellent summary of the current knowledge regarding soft tissue balancing in 
total knee arthroplasty, focusing on primary knee arthroplasty.

In this book, experts from around the world, including members of the ISAKOS 
Knee Arthroplasty Committee, offer clear, up-to-date guidance on all aspects of soft 
tissue or ligament balancing during primary knee arthroplasty, with the aim of enabling 
the reader to achieve optimal patient outcomes. The book has seven sections, with an 
introduction explaining the normal soft tissue conditions and knee kinematics in the 
native knee, followed by descriptions of surgical procedures, including cruciate-retain-
ing, cruciate-substituting, and bicruciate-retaining total knee arthroplasty. In the next 
section, techniques for the management of severe deformity are introduced, including 
tips for increasing range of motion. The most striking feature of the book is the many 
pages devoted to the accurate evaluation and clinical relevance of ligament balancing. 
Different techniques and devices for intraoperative soft tissue assessment are discussed, 
highlighting, for example, the use of gap-measuring devices or trial liners with load-
bearing sensors to achieve more objective evaluation. Above all, special attention is 
devoted to the crucial issue of the impact of intraoperative soft tissue balance on post-
operative results. In the closing section, highly experienced surgeons introduce intraop-
erative troubleshooting to assist successful completion of arthroplasty.

Many thanks to all our contributors for their efforts, with the hope that knee sur-
geons truly gain from the text and updates in this book.

Kyoto, Japan � Shuichi Matsuda 
Cape Town, South Africa � Willem van der Merwe
Lyon, France � Sébastien Lustig

Preface



vii

Contents

Part I  Native Knee

	 1	� Anatomy and Biomechanics of the Native Knee and Its Relevance 
for Total Knee Replacement�������������������������������������������������������������������������   3
Kyle Muckenhirn, Jorge Chahla, and Robert F. LaPrade

	 2	� Soft Tissue Balance of the Native Knee Provides Guidance  
for Balancing a Total Knee Arthroplasty�������������������������������������������������   17
Joshua D. Roth and Stephen M. Howell

	 3	� Kinematics of the Normal Native Knee����������������������������������������������������   29
Jan Victor

Part II  Operative Procedure 1: Primary TKA

	 4	� Primary Principles in Soft Tissue Balancing�������������������������������������������   41
Jacobus H. Müller and Willem van der Merwe

	 5	� Measured (Anatomical Reference) Resection Technique  
for Cruciate-Retaining Total Knee Arthroplasty�������������������������������������   49
Shaw Akizuki and Hiroshi Horiuchi

	 6	� PS: Gap Technique�������������������������������������������������������������������������������������   59
Myung Chul Lee

	 7	� Bicruciate-Retaining TKA: How to Achieve  
Near-Normal Kinematics���������������������������������������������������������������������������   65
Rob Middleton and Andrew Price

	 8	� Five Quality Assurance Steps for Balancing a Kinematically  
Aligned Total Knee Arthroplasty �������������������������������������������������������������   79
Stephen M. Howell and Alexander J. Nedopil



viii

Part III  Operative Procedure 2: Primary TKA

	 9	� Operative Procedure: Varus Knee�������������������������������������������������������������   99
David Figueroa and Francisco Figueroa

	10	� Valgus Knee: Severe Cases Included�������������������������������������������������������   107
Jaroslaw Czekaj, Timothy Lording, and Sébastien Lustig

	11	� Complicated Cases: Recurvatum and Severe Contracture�������������������   127
Ricardo Varatojo, Ricardo Telles de Freitas, and Mário Vale

	12	� Operative Procedure for Primary TKR: How to Increase ROM���������   139
Samih Tarabichi, Ahmed El-Naggar, and Mohamed Adi

Part IV  Assessment in Primary TKA

	13	� Assessment in Primary TKA: Intraoperative Assessment Tensor�������   153
Tomoyuki Matsumoto, Hirotsugu Muratsu, and Ryosuke Kuroda

	14	� Intraoperative Assessment with Computer Navigation������������������������   171
Gianmarco V.M. Regazzola and Myles R.J. Coolican

Part V  Clinical Relevance: Primary TKA

	15	� Postoperative Changes in Soft Tissue Balance���������������������������������������   183
Hitoshi Sekiya

	16	� Intraoperative Soft-Tissue Balance and Clinical Results (ROM, 
Function) ���������������������������������������������������������������������������������������������������   195
Eun-Kyoo Song, Jong-Keun Seon, Young-Joo Shin,  
and Hong-Ahn Lim

	17	� Soft Tissue Balance, Kinematics, and Patient Satisfaction�������������������   205
Shuichi Matsuda

Part VI  Patella

	18	� Surgical Techniques to Avoid Patellar Maltracking in Total Knee 
Arthroplasty ���������������������������������������������������������������������������������������������   219
Kelly Vince

Part VII  Trouble Shooting� 

	19	� Trouble Shooting: Intraoperative MCL Injury�������������������������������������   243
Carlos Eduardo Silveira Franciozi, Rogério Teixeira de Carvalho, 
 Yasuo Itami, and Marcus Vinicius Malheiros Luzo

	20	� Extensor Mechanism Rupture�����������������������������������������������������������������   253
Nicolaas C. Budhiparama, Nadia N. Ifran, Sébastien Lustig,  
Michel Bonnin, and Sebastien Parratte

Index�������������������������������������������������������������������������������������������������������������������   269

Contents



ix

Contributors

Mohamed Adi  Strasbourg University, Strasbourg, France

Shaw Akizuki, MD  Center for Joint Reconstruction, Nagano-Matsushiro General 
Hospital, Nagano, Japan

Michel Bonnin  Centre Orthopedique Santy, Lyon, France

Nicolaas  C.  Budhiparama  Nicolaas Institute of Constructive Orthopaedic 
Research & Education Foundation, Jakarta, Indonesia

Jorge Chahla  Steadman Philippon Research Institute, Vail, CO, USA

Myles R.J. Coolican, FRACS, FAOrthA  Sydney Orthopaedic Research Institute, 
Chatswood, NSW, Australia

Jaroslaw Czekaj  Albert TRILLAT Center, Lyon North University Hospital, Lyon, 
France

Carlos  Eduardo  da Silveira  Franciozi, PhD, MD  Federal University of São 
Paulo, São Paulo, Brazil

Rogério Teixeira de Carvalho, MD  Federal University of São Paulo, São Paulo, 
Brazil

Ricardo Telles de Freitas, MD  Knee, Ankle and Sports Trauma Unit, Orthopedic 
Department, Hospital Cuf Descobertas, Lisbon, Portugal

Ahmed El-Naggar  Dubai Hospital, Dubai, United Arab Emirates

David  Figueroa, MD  Facultad de Medicina Clínica Alemana, Universidad del 
Desarrollo, Concepción, Chile

Francisco Figueroa, MD  Facultad de Medicina Clínica Alemana, Universidad del 
Desarrollo, Concepción, Chile

Hiroshi Horiuchi, MD, PhD  Center for Joint Reconstruction, Nagano-Matsushiro 
General Hospital, Nagano, Japan

Stephen  M.  Howell  Biomedical Engineering Graduate Group, University of 
California, Davis, CA, USA



x

Nadia  N.  Ifran  Nicolaas Institute of Constructive Orthopaedic Research & 
Education Foundation, Jakarta, Indonesia

Yasuo Itami, PhD, MD  Osaka Medical College, Takatsuki, Japan

Ryosuke Kuroda, MD, PhD  Department of Orthopaedic Surgery, Kobe University 
Graduate School of Medicine, Kobe, Japan

Robert F. LaPrade  Steadman Philippon Research Institute, Vail, CO, USA

The Steadman Clinic, Vail, CO, USA

Myung Chul Lee  Department of Orthopaedic Surgery, Seoul National University 
Hospital, Seoul, South Korea

Hong-Ahn  Lim, MD  Department of Orthopaedic Surgery, Kyoto University 
Department of Orthopaedic Surgery, Kyoto, Japan

Timothy Lording  Melbourne Orthopaedic Group, Melbourne, VIC, Australia

Sébastien Lustig  Albert TRILLAT Center, Lyon North University Hospital, Lyon, 
France

Marcus Vinicius Malheiros Luzo, PhD, MD  Federal University of São Paulo, 
São Paulo, Brazil

Shuichi Matsuda  Department of Orthopaedic Surgery, Kyoto University, Kyoto, 
Japan

Tomoyuki  Matsumoto, MD, PhD  Department of Orthopaedic Surgery, Kobe 
University Graduate School of Medicine, Kobe, Japan

Rob Middleton  Nuffield Orthopaedic Centre, Nuffield Department of Orthopaedics 
Rheumatology and Musculoskeletal Science, University of Oxford, Oxford, UK

Kyle Muckenhirn  Steadman Philippon Research Institute, Vail, CO, USA

Jacobus  H.  Müller, MD, PhD  Biomedical Engineering Research Group, 
Department of Mechanical and Mechatronic Engineering, Stellenbosch University, 
Stellenbosch, South Africa

Hirotsugu  Muratsu, MD, PhD  Department of Orthopaedic Surgery, Steel 
Memorial Hirohata Hospital, Himeji, Japan

Alexander  J.  Nedopil  Department of Orthopaedics, University of California, 
Sacramento, CA, USA

Sebastien  Parratte  Institute for Locomotion, Sainte Marguerite Hospital, Aix-
Marseille University, Marseille, France

Andrew Price  Nuffield Orthopaedic Centre, Nuffield Department of Orthopaedics 
Rheumatology and Musculoskeletal Science, University of Oxford, Oxford, UK

Contributors



xi

Gianmarco  V.M.  Regazzola, MD  Sydney Orthopaedic Research Institute, 
Chatswood, NSW, Australia

Joshua D. Roth  Biomedical Engineering Graduate Group, University of California, 
Davis, CA, USA

Mechanical Engineering Department, University of Wisconsin-Madison, Madison, 
WI, USA

Hitoshi Sekiya  Department of Orthopaedic Surgery, Shin-Kaminokawa Hospital, 
Kaminokawa-town, Tochigi, Japan

Jong-Keun  Seon, MD  Department of Orthopaedic Surgery, Kyoto University 
Department of Orthopaedic Surgery, Kyoto, Japan

Young-Joo  Shin, MD  Department of Orthopaedic Surgery, Kyoto University 
Department of Orthopaedic Surgery, Kyoto, Japan

Eun-Kyoo  Song, MD  Department of Orthopaedic Surgery, Kyoto University 
Department of Orthopaedic Surgery, Kyoto, Japan

Samih  Tarabichi  Burjeel Hospital for Advanced Surgery, Dubai, United Arab 
Emirates

Mário Vale, MD  Knee, Ankle and Sports Trauma Unit, Orthopedic Department, 
Hospital Cuf Descobertas, Lisbon, Portugal

Willem  van der Merwe  Sports Science Institute of South Africa Orthopaedic 
Clinic, Cape Town, South Africa

Ricardo  Varatojo, MD  Knee, Ankle and Sports Trauma Unit, Orthopedic 
Department, Hospital Cuf Descobertas, Lisbon, Portugal

Jan Victor, MD, PhD  Ghent University, Ghent, Belgium

Kelly  Vince, MD FRCS(C)  Department of Orthopedic Surgery, Whangarei 
Hospital, Northland District Health Board, Whangarei, New Zealand

Contributors



Part I

Native Knee



3© ISAKOS 2017
S. Matsuda et al. (eds.), Soft Tissue Balancing in Total Knee Arthroplasty, 
DOI 10.1007/978-3-662-54082-4_1

K. Muckenhirn • J. Chahla
Steadman Philippon Research Institute, Vail, CO, USA

R.F. LaPrade (*) 
Steadman Philippon Research Institute, Vail, CO, USA

The Steadman Clinic, Vail, CO 81657, USA
e-mail: drlaprade@sprivail.org

1Anatomy and Biomechanics 
of the Native Knee and Its Relevance 
for Total Knee Replacement

Kyle Muckenhirn, Jorge Chahla, and Robert F. LaPrade

1.1	 �Introduction

The knee is a complex joint that primarily allows the leg to flex and extend while 
also accommodating rotational, angular, and translational forces. Structurally, the 
femoral and tibial bony articulation surfaces offer little inherent stability. The inti-
mate relationship between the ligaments, capsule, and muscles surrounding the joint 
is required to reinforce it. If any of these structures are compromised, the subse-
quent biomechanical imbalance can increase the likelihood of additional injury or 
increased joint loading, making it essential to recognize and treat these pathologies. 
Nonetheless, a history of knee trauma or reconstructive surgery significantly 
increases the likelihood of developing osteoarthritis [1], which is one of the leading 
causes of chronic disability [2]. In cases of severe pain and debilitation along with 
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1.5	� Medial/Posteromedial Structures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          	 9
1.6	� Conclusions and Future Perspectives. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                       	 10
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                                	 11

mailto:drlaprade@sprivail.org


4

joint osteoarthritis, total knee arthroplasty (TKA) can be indicated. However, up to 
one-quarter of patients have reported dissatisfaction following TKA [3, 4], often as 
a result of anterior knee pain, stiffness, unexplained swelling, loss of range of 
motion, changes in proprioception, or loss of preoperative function mainly in the 
younger and more active population [1]. Poor outcomes can also stem from improper 
TKA alignment, leading to increased wear, poor functionality, and early failure 
[5–10], which advocates more closely reproducing the native kinematics which 
requires a detailed knowledge of the anatomy and biomechanics. Thus, the purpose 
of this chapter was to perform a detailed description of the ligamentous anatomy of 
the knee and the most important bony and soft tissue landmarks to consider for a 
total knee replacement.

1.2	 �Anterior Cruciate Ligament

The anterior cruciate ligament (ACL) is an intra-articular ligament mainly com-
posed of type 1 collagen that receives its blood supply from the middle genicular 
artery [11]. There are two functional bundles of the ACL, an anteromedial bundle 
(AMB) and posterolateral bundle (PLB), named for the relationship of their inser-
tion on the tibial plateau [11, 12]. Both bundles also attach to the posteromedial 
aspect of the lateral femoral condyle, with reliable bony landmarks providing useful 
references for identification at both attachments. The bifurcate ridge (BR) separates 
the proximal AMB and the distal PLB, while the lateral intercondylar ridge (LIR) or 
“resident’s ridge” serves as the anterior femoral margin of both bundles. Coursing 
anteromedially from the femoral attachment, the anterior-most border of the ACL 
tibial attachment is demarcated by the ACL ridge [13]. In close proximity is also the 
anterior root attachment of the lateral meniscus, with consequent overlap reported 
between the deep anterolateral meniscal root fibers and the broad tibial ACL attach-
ment [14, 15].

The role of the cruciates in TKA is debated with most prosthetic designs requir-
ing complete excision of the ACL. One exception is unicompartmental knee arthro-
plasty (UKA), which requires an intact ACL and has been reported to produce 
worse outcomes in ACL-deficient knees (survival rate of 95% versus 81% at 9 years 
follow-up) [17, 18]. UKA offers several potential advantages to TKA [19] when 
indicated, but as a prerequisite, the ACL may need to be reconstructed concurrently 
or in a staged fashion in some cases requiring a thorough understanding of its anat-
omy to best restore its overall function (Fig. 1.1).

Biomechanically, the ACL is the primary static stabilizer to anterior tibial trans-
lational forces [20–26], and it resists internal and external tibial rotation in flexion 
and extension [16, 27]. Cadaveric studies have demonstrated that in extension the 
PLB is taut and experiences the greatest force, whereas the AMB is taut in flexion 
with the highest transmission of forces at 60° [23]. In addition to resisting external 
forces, sensory and mechanoreceptors within the ligament contribute to propriocep-
tion and also assist in initiating important secondary stabilizing muscular reflexes 
[28, 29].

K. Muckenhirn et al.
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Loss of proprioception following TKA is one factor contributing to patient dis-
satisfaction [1], which may be avoided in cruciate-retaining knee implants. 
Furthermore, sagittal plane kinematics have been preserved in 10-year follow-up 
studies after UKA [30], which contrasts with many current TKA designs that can 
result in anterior tibial subluxation in full extension [31–33] and paradoxical ante-
rior femoral translation during flexion [34].

1.3	 �Posterior Cruciate Ligament

The posterior cruciate ligament (PCL) is an intra-articular, extra-synovial [35] liga-
ment comprised of two bundles. There is a larger anterolateral bundle (ALB) and a 
smaller posteromedial bundle (PMB) [16, 36–38], which are named for their respec-
tive attachments onto a depression on the posterior aspect of the tibia. An important 
landmark of the tibial PCL attachment is an anterior relation with the shiny white 
fibers of the posterior horn of the medial meniscus [39]. The center is located 1.3 ± 
0.5 mm proximal to the bundle ridge, which is a bony prominence separating the 
ALB and PMB with an average distance of 8.9 ± 1.2 mm between their individual 
centers [39]. At the posterior aspect of the tibial plateau, a bony ridge marks the 
distal border of the PCL [40]. The two PCL bundles can often be distinguished more 
easily at their attachment to the lateral aspect of the medial femoral condyle, adja-
cent to the articular cartilage margin. The ALB is 12.1 ± 1.3 mm proximomedial to 
[39] and twice the size of the PMB [41]. Additionally, there are two meniscofemoral 
ligaments, an anterior (Humphry) and posterior (Wrisberg) that can often be found 
adjacent to the PMB at its femoral attachment [42]. Both of these structures may be 
present in up to 60% of knees, while 95% contain at least one [43].

The anatomy of the posterior cruciate ligament is relevant for cruciate-retain-
ing prosthetic designs for which potential advantages are preservation of bone 

a b

Fig. 1.1  (a) Anterior view of a right cadaveric knee demonstrating the anterior cruciate ligament 
(ACL), posterior cruciate ligament (PCL), and lateral meniscal anterior root attachment (LARA). 
(b) Sagittal cross section of a right femur demonstrating the anteromedial (AM) and posterolateral 
(PL) bundle of the ACL in relation to resident’s ridge

1  Anatomy and Biomechanics of the Native Knee and Its Relevance
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stock, knee kinematics that better resemble the native, improved proprioception, 
femoral rollback on the tibia during extension, and better prosthesis stabilization, 
with the PCL preventing anterior translation of the femur on the tibia. In this 
regard, when performing the tibial cut, the surgeon should be extremely diligent 
not to damage the PCL attachment which may be spared in the majority of patients 
by performing a tibial bony cut of 4 mm or less when a posterior slope of 3–5° is 
used [44] (Fig. 1.2)

Biomechanically, the two bundles of the PCL provide codominant posterior 
translational stability [45, 46]. Secondarily the PCL resists rotational forces, par-
ticularly internal rotation between 90° and 120° [47, 48]. The individual bundles 
behave complementary at all flexion angles, demonstrating relative reciprocal 
changes in length, tension, and fiber orientation. At full extension, the PMB is taut 
and provides greater resistance to posterior tibial translational force [47, 49], becom-
ing shorter and more horizontal with flexion [50]. Conversely, the ALB is longer 
and taut in 90° of flexion [51–54], but is also more vertical [50].

Understanding this relationship between tension, length, and orientation is the 
basis for codominant force resistance throughout knee motion [55] and helps elu-
cidate the need for an anatomic double-bundle PCL when a reconstruction is 
needed. In cases where the cruciates are sacrificed in a TKA, the posterior cam-
post-stabilization creates equivalent but nonanatomic medial and lateral femoral 
condyle posterior translation, which increases wear at the post and decreases 
internal tibial rotation [34]. A PCL-retaining TKA can lead to paradoxical ante-
rior translation of the femoral condyles in flexion, which may be due to the verti-
cal position the PCL adopts in the absence of the ACL [56]. Bicruciate-retaining 
TKA has shown good midterm results, and as acute injury reconstruction has 
shown, a shift toward more anatomic reconstruction leads to better results and 
improved kinematics.

a b

Fig. 1.2  (a) Anteromedial view of a cadaveric knee demonstrating bony landmarks of the femoral 
attachments of the anterolateral bundle (ALB) and posteromedial bundle (PMB). (b) Posterior view 
of a cadaveric right knee demonstrating bony and soft tissue landmarks of the posterior cruciate 
ligament (PCL)

K. Muckenhirn et al.
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1.4	 �Posterolateral Corner

The posterolateral corner (PLC) of the knee is comprised of three main primary 
lateral stabilizing structures: the fibular collateral ligament (FCL), popliteus tendon 
(PLT), and popliteofibular ligament (PFL) [57–61]. PLC injuries are present in 
nearly 16% of all knee ligament injuries [62]; however, the FCL, which is the pri-
mary varus stabilizer [52, 63, 64], is damaged in only 23% of PLC injuries [65] 
which may make identification difficult. The FCL attaches 1.4 mm proximal and 
3.1 mm posterior to the lateral epicondyle [61]. It extends distally, with an average 
length of 7 cm [66], attaching 8.2 mm posterior to the anterior margin of the fibular 
head and 28.4 mm distal to the tip of the fibular styloid [61].

The popliteus muscle originates on the posteromedial tibia, becoming tendinous 
intra-articular as it courses superiorly, and runs deep to the FCL attaching 18.5 mm 
anterior to it with the knee flexed at 70°. In the lateral third of the popliteal fossa, the 
musculotendinous junction of the popliteus gives rise to the PFL which has two 
divisions. The larger posterior division attaches 1.6 mm distal to the posteromedial 
aspect of the tip of the fibular styloid process, and the smaller anterior division 
attaches 2.8 mm distal to the anteromedial aspect of the tip of the fibular styloid 
process [61].

In addition to the three main lateral knee stabilizers, a number of secondary 
structures provide static and dynamic resistance to the PLC. The mid-third lateral 
capsular ligament is a capsular thickening that attaches to the lateral epicondyle 
anterior to the popliteus and to the tibia just posterior to Gerdy’s tubercle. It may 
function as a secondary varus stabilizer [61] and has a meniscofemoral and menis-
cotibial ligament component [67, 68]. The coronary ligament is also a component 
of the capsule found both medially and laterally attaching the menisci to their 
respective tibial plateau [69]. The lateral gastrocnemius tendon is the next important 
structure, because it is less frequently injured and can be used as a landmark during 
surgical reconstruction [70]. It is found posterior to the femoral FCL attachment 
along the supracondylar process and courses distally, fusing with the medial gas-
trocnemius and the soleus to form the sural triceps muscle. Additionally, there are 
two heads of the biceps femoris that attach to the fibula and enclose the distal attach-
ment of the FCL. The short head of the biceps femoris has two arms that attach 
along the lateral aspect of the fibular styloid. The capsular arm has a distal thicken-
ing that extends vertically from the fabella to the fibular styloid to form the fabel-
lofibular ligament. The fabella is a sesamoid bone (or cartilaginous analogue the rest 
of the time) that is found within the proximal lateral gastrocnemius tendon in 
approximately 30% of individuals [71]. The long head of the biceps also has two 
arms: a direct arm that inserts onto the posterolateral aspect of the fibular head and 
an anterior arm that is a crucial access point during FCL reconstruction as it fans out 
superficial to the FCL [70, 72].

The peroneal nerve, which can be damaged in up to one-third of PLC injuries [65, 
73], runs deep to the biceps femoris and must be identified surgically where it emerges 
1–2 cm proximal to the fibular head before coursing around the fibular neck and divid-
ing into superficial and deep branches [70, 72]. After a biceps tendon avulsion off the 

1  Anatomy and Biomechanics of the Native Knee and Its Relevance
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fibula, the nerve may migrate within the soft tissue of the posterolateral compartment, 
and additional care during dissection should be taken. Finally, the broad fascia of the 
iliotibial band (ITB) is the most superficial layer of the lateral aspect of the knee, 
covering all of the lateral femoral structures as it attaches from the anterior superior 
iliac spine onto Gerdy’s tubercle on the anterolateral aspect of the tibia.

Opposing convex articular surfaces of the lateral femoral condyle and lateral 
tibial plateau create inherent bony instability in the lateral knee [74, 75]. 
Consequently, hyperextension and noncontact varus stress can cause injury, as well 
as a direct blow to the anteromedial knee [65]. Restraint to varus force is primarily 
accomplished by the FCL, particularly at 30° of flexion when there is less contribu-
tion from the other PLC structures that lend secondary support [65, 72]. The FCL 
also provides external rotational stability between 0° and 30° of flexion, along with 
the PLT in greater flexion and the PCL beyond 90° [76]. The PLT and the other PLC 
structures also provide secondary stabilization for anteroposterior tibial translation 
[52, 77, 78] and minor secondary restraint to internal rotation; however, those forces 
are controlled primarily by the ACL in low flexion angles and the anterolateral liga-
ment in higher flexion [70, 79]. Although PLT release may be useful for lateral 
flexion gap tightness [80], resection can affect gap balancing and stability in TKA 
[81], and iatrogenic laceration results in decreased functional scores 2–3 years post-
operatively following TKA [82]. Furthermore, overaggressive lateral structure 
releases have been implicated in TKA dislocations [83], and intraoperative injury to 
these structures can result in acute instability in flexion [84], warranting a preserva-
tion of the native anatomy (Fig. 1.3).

Fig. 1.3  Lateral view  
of a right cadaveric knee 
demonstrating isolated 
fibular collateral ligament 
(FCL) with attachments to 
the lateral femoral 
epicondyle (LE) and the 
fibular head, popliteus 
muscle and tendon, 
popliteofibular ligament 
(PFL), and proximal 
tibiofibular joint (PTFJ)

K. Muckenhirn et al.
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1.5	 �Medial/Posteromedial Structures

The medial collateral ligament (MCL) can be divided into a deep (dMCL) and 
superficial (sMCL) component. The two divisions of the MCL, along with the pos-
terior oblique ligament (POL), provide the primary stability to the medial knee 
[85–88]. The MCL is a well-vascularized, extracapsular ligament, which grants it 
superior intrinsic healing capabilities compared to the anterior cruciate ligament 
[89–92]. Evidence of growth factor bioactivity and healing following injury has 
validated these early observations and provided a foundation for future treatment 
modalities [93–95].

The sMCL is recognized as the largest medial structure. It has a single femoral 
attachment 3.2 mm proximal and 4.8 mm posterior to the medial epicondyle and 
two distinct but synergistic tibial attachments [89]. The distal tibial division blends 
deep to the pes anserine bursa and has a bony attachment 61.2 mm distal to the joint 
line. The proximal attachment blends with the soft tissue of the anterior arm of the 
semimembranosus tendon 12.2 mm distal to the tibial joint line.

Additionally, fibrous extensions from the distal aspect of the semimembranosus 
tendon blend with the posteromedial aspect of the joint capsule to form three POL 
arms. The superficial and capsular arms are thin fascial expansions. The central 
(tibial) arm is the largest and thickest reinforcement of the posteromedial joint cap-
sule, and it attaches on the femur 7.7 mm distal and 6.4 mm posterior to the adduc-
tor tubercle or 1.4 mm distal and 2.9 mm anterior to the gastrocnemius tubercle.

Finally, the medial aspect of the joint capsule thickens to form two components 
of the dMCL. The meniscofemoral component attaches 12.6 mm distal to the femo-
ral attachment of the sMCL, and the shorter and thicker meniscotibial component 
attaches just distal to the edge of the articular cartilage of the medial tibial plateau 
[93]. In addition to the three primary medial structures (sMCL, POL, and dMCL), 
other major structures of the medial compartment include the adductor magnus ten-
don (AMT), medial patellofemoral ligament (MPFL), medial hamstring tendons, 
medial gastrocnemius tendon (MGT), and vastus medialis obliquus muscle.

Medial knee stability is provided by the sMCL, POL, and dMCL [85–88]. The 
sMCL and POL also contribute to anterior and posterior drawer loads in the intact 
knee [88]. The fixation differences between the proximal soft tissue attachment and 
the distal bony insertion of the sMCL provide biomechanical synergy [87, 96]. The 
proximal tibial division opposes valgus forces independently of flexion angle, 
whereas the more static distal division experiences the highest valgus load at 60° of 
flexion. Additionally, the sMCL provides resistance to external rotation, and to a 
lesser extent internal rotation, at increasing flexion angles [87, 88].

The POL functions reciprocally and complementarily to the sMCL, producing 
significantly higher load responses to internal torque at full extension. The POL also 
resists valgus forces, along with the meniscotibial attachments of the dMCL. The 
meniscotibial attachment resists valgus forces at 60° of flexion, and the menisco-
femoral attachment resists valgus forces throughout flexion, though the dMCL 
mainly opposes external rotation between 30° and 90° [87].

In TKA with varus deformity, subperiosteal detachment of the medial soft tissue 
at the proximal tibia affects balancing relative to the function of the structures in the 
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intact state. Flexion tightness requires anterior medial soft tissue release, whereas 
posterior release affects the extension gap [97]. Additionally, a sleeve of medial soft 
tissue is often tethered to osteophytes during removal, and greater bone removal 
may lead to increased gapping and early implant failure [98]. While soft tissue bal-
ancing is an important aspect of successful TKA, a preservation of the normal anat-
omy is important for implant longevity (Fig. 1.4).

1.6	 �Conclusions and Future Perspectives

Detailed anatomic knowledge is of outmost importance at the time of surgical pro-
cedures such as ligament reconstructions and joint arthroplasty. Oftentimes, liga-
ment imbalances are present at the time of knee arthroplasties that may need to be 
addressed in conjunction with the bony work, and therefore a precise understanding 
of the anatomy and biomechanics is key. Furthermore, with the advent of cruciate-
retaining prostheses, the awareness of the anatomy and the biomechanical conse-
quences of the disruption of the structures can potentially yield better results. 
Further studies are needed to more thoroughly evaluate the long-term clinical 

Fig. 1.4  Medial view of a right cadaveric knee demonstrating isolated superficial medial collat-
eral ligament (sMCL), medial patellofemoral ligament (MPFL), posterior oblique ligament (POL), 
semimembranosus tendon (Semimemb), and vastus medialis oblique (VMO)

K. Muckenhirn et al.
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effectiveness of various surgical techniques and prosthesis models, potentially with 
native ligamentous sparring methods to better preserve the anatomy and joint 
proprioception.
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2Soft Tissue Balance of the Native Knee 
Provides Guidance for Balancing a Total 
Knee Arthroplasty

Joshua D. Roth and Stephen M. Howell

2.1	 �Definition of Soft Tissue Balance

Soft tissue balance is a frequently used term; however, it does not have a universally 
accepted definition. Soft tissue balance is a measure of the relative tensions in the 
soft tissue restraints over the full range of flexion [1, 2]. The soft tissues about the 
knee should be considered “balanced” when they are appropriately tensioned to 
provide stability to the knee without causing stiffness, limited motion, or pain.

Understanding the soft tissue balance in the native knee is a good starting 
point for developing a strategy for balancing a total knee arthroplasty (TKA). 
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In the native condition, the knee is inherently stable and has adequate mobil-
ity to enable individuals to perform a wide range of activities without pain, 
stiffness, or feelings of instability. Changes from the native state (e.g., due to 
ligamentous injury, degenerative joint disease, or TKA) will cause some level 
of soft tissue “imbalance.” However, restoration of the soft tissue balance of the 
native knee is a reasonable goal when performing TKA to best restore native 
knee biomechanics.

Native knee biomechanics are determined by both active (i.e., muscles) and pas-
sive (i.e., articular surfaces and soft tissue restraints) components [3–7]. Unlike the 
active components that may be altered postoperatively through physical therapy 
[8–11], the passive components are set intraoperatively by the surgeon through the 
design of the components, alignment of the components, and soft tissue releases 
performed [12, 13]. The interaction between the articular surfaces and the soft tissue 
restraints determines passive knee biomechanics and is fundamental to the soft tis-
sue balance of the knee [3–6]. This interaction sets the length of each restraint and 
thus the tension in each restraint based on the stiffness and the reference length of 
that particular structure.

There are numerous methods used in clinical practice to measure soft tissue bal-
ance. These range in complexity from spacer blocks [14] to intraoperative force 
sensors [15, 16]. Unfortunately, none of these technologies are able to directly mea-
sure the tension in an individual soft tissue restraint. Unlike most of these methods 
which are designed for intraoperative use, the laxities of the knee can be measured 
pre-, intra-, and postoperatively. This versatility enables the laxities to be measured 
in both native knees and TKAs. Hence, surgeons are able to use the laxities of the 
native knee to guide soft tissue balancing during TKA.

2.2	 �The Laxities of the Native Knee: A Measure of Soft 
Tissue Balance

The laxity of the knee in a particular anatomic direction is the relative displacement 
(either translation or rotation) of the tibia on the femur under an applied load (either 
force or torque) from the relative position of the tibia on the femur under no applied 
load (i.e., the neutral or resting position) (Fig. 2.1) [7, 17, 18]. Hence, the laxity in 
a particular anatomic direction is a measure of soft tissue balance because it is deter-
mined by the tension in the soft tissue restraints acting in parallel to stabilize the 
knee in that anatomic direction [7]. The laxities commonly used to describe soft 
tissue balance are the varus and valgus (V-V), internal and external rotation (I-E), 
anterior and posterior (A-P), and distraction (D) laxities.

These seven laxities in the native knee have been reported by numerous studies 
[3, 13, 17–28]. Each study differs in the experimental setup used and the loads 
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applied. While these differences lead to differences in the magnitude of the mea-
sured laxities, these studies generally agree that the laxities of the knee are negligi-
ble in extension and  increase with knee flexion (Fig. 2.2).

To provide some quantitative results, the following paragraphs present a repre-
sentative set of the seven laxities measured in vitro in native knees using a robotic 
load application system [17, 18]. The V-V, I-E, A-P, and D laxities were determined 
under applied loads of ±5 Nm [20], ±3 Nm [3], ±45 N [21], and 100 N [29], respec-
tively. These loads were selected to just engage the soft tissue restraints [3, 20, 21].

In V-V, the knee has negligible laxity at 0° of flexion where the varus laxity 
(mean ± standard deviation) is 0.7° ± 0.3°, and the valgus laxity (mean ± standard 
deviation) is 0.4° ± 0.2° (Fig. 2.3a). Both V-V laxities increase with knee flexion, 
but the varus laxity increases more (five times greater on average at 90° of flexion 
than that at 0° of flexion) than the valgus laxity (three times greater on average at 
90° of flexion than that at 0° of flexion).

Fig. 2.1  Renderings of bone models of the femur, tibia, and fibula show how the varus laxity of 
the knee is determined. The other six laxities are determined in a similar way. In general, the laxity 
in a particular anatomic direction is the relative displacement (either translation or rotation) of the 
tibia on the femur under an applied load (either force or torque) from the relative position of the 
tibia on the femur under no applied load (i.e., the neutral or resting position) [7, 17, 18]
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In I-E, the knee is also the least lax at 0° of flexion (Fig. 2.3b). At 0° of flexion, 
the internal rotation laxity (mean ± standard deviation) is 4.6° ± 1.4°, and the exter-
nal rotation laxity (mean ± standard deviation) is 4.4° ± 1.7°. Both I-E laxities 
increase from 0° to 45° of flexion (three times greater on average at 45° of flexion 
than that at 0° of flexion) and stay relatively constant and symmetric from 45° of 
flexion to 90° of flexion.

In A-P, the knee is also least lax at 0° of flexion (Fig. 2.3c). At 0° of flexion, the 
anterior translation laxity (mean ± standard deviation) is 2.1 ± 0.5 mm, and the 
posterior translation laxity (mean ± standard deviation) is 2.4 ± 1.2 mm. Both A-P 
laxities are greatest around 45° of flexion where the anterior translation laxity is on 
average three times greater than that at 0° of flexion, but the posterior translation 
laxity is not significantly greater than that at 0° of flexion.

In distraction, the knee is also least lax at 0° of flexion (Fig. 2.3d). At 0° of flex-
ion, the distraction laxity (mean ± standard deviation) is 0.6 ± 0.1 mm. Similar to 
the I-E laxities, the distraction laxity increases from 0° to 45° of flexion (three times 
greater on average at 45° of flexion than that at 0° of flexion) and then remains fairly 
constant throughout the rest of flexion.

Fig. 2.2  Renderings of bone models of the femur, tibia, and fibula show the general pattern of the 
distraction laxity. In general, the V-V and I-E laxities follow this same general pattern where the 
laxity is negligible at 0° of flexion and is much greater at 90° of flexion
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Fig. 2.3  The column graphs show the laxities of the native knee (columns are the means and error 
bars are the standard deviations) at 0°, 45°, and 90° of flexion in (a) V-V, (b) I-E, (c) A-P, and (d) 
D. An asterisk indicates that the laxity at either 45° or 90° of flexion is greater than that at 0° of 
flexion [17]
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2.3	 �Using the Soft Tissue Balance of the Native Knee 
to Guide Balancing During TKA

If the preferred functional outcome after TKA is restoration of native biomechanics, 
then the soft tissue balance of the native knee is a reasonable choice to guide balancing 
during TKA. As previously mentioned, the native knee is inherently stable and has 
adequate mobility to enable individuals to perform a wide range of activities without 
pain, stiffness, or feelings of instability. Additionally, the laxities of the knee can be 
measured pre-, intra-, and postoperatively which allows the laxities of the native knee 
to be translated into clinical practice. There are two complexities that surgeons should 
be aware of when applying the previously described laxities in clinical practice. The 
first complexity is that at the time of surgery, the patient’s soft tissue balance has 
changed from native due to the degenerative changes present in the joint [30–33]. 
Degradation of the articular surfaces increases the laxities of the knee by bringing 
together the origin and insertion of the soft tissue restraints (i.e., pseudo-ligamentous 
laxity) [34]. Growth of osteophytes often re-tensions the soft tissue restraints which in 
turn reduces the laxities of the knee [35]. Remodeling of the soft tissue restraints (e.g., 
either lengthening or contracture) may also change the laxities of the knee [30].

A second complexity is that soft tissue balance in the native knee has wide vari-
ability in terms of the laxities [18, 36]. This is likely caused by the variability in both 
the mechanical properties of the soft tissue restraints [37–40] and shapes of the 
articular surfaces [41]. This variability demonstrates that average laxities reported 
in the literature are unlikely to represent the native laxities of an individual patient. 
Hence, striving to achieve the same soft tissue balance in all patients during TKA is 
unlikely to restore the native soft tissue balance for a particular patient. It is impor-
tant to note that the laxities do not vary widely at 0° of flexion [18], and therefore 
the average values at 0° of flexion are reasonable estimates of the native laxities of 
a particular patient at 0° of flexion.

The contralateral knee should be considered when determining how to approach 
these complexities. If the patient’s contralateral knee has no to mild degenerative 
changes, then the laxities of the contralateral knee may be used to define the native 
soft tissue balance for that patient because side-to-side differences in the laxities are 
negligible [42]. However, if the contralateral knee also has moderate to severe 
degenerative changes, then the surgeon must assume that the previously reported 
average laxities at 0° of flexion are native for the patient.  The soft tissue balance can 
then be checked in a relative sense based on the expected increases in the laxities 
with flexion relative to those at 0° of flexion (Fig. 2.3).

2.4	 �Potential Consequences of Not Restoring Native Soft 
Tissue Balance

Although complexities exist with striving to restore the native soft tissue balance, 
surgeons should be aware that there are at least three potential consequences for not 
striving to restore native soft tissue balance. The first consequence is that overly 
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tight soft tissue restraints compared to native may cause abnormal kinematics. For 
example, studies have reported that patients following gap-balanced TKA exhibit 
abnormal kinematics in flexion [43, 44]. The goal of gap balancing in terms of soft 
tissue balance is to tighten the knee in flexion so that the laxities in flexion match 
those in extension [1, 45–47]. If the ideal balance is achieved in a gap-balanced 
TKA, then the knee will be overly tight in flexion especially in the lateral compart-
ment [17]. One possible explanation for these abnormal kinematics is that the overly 
tight soft tissue restraints in flexion especially in the lateral compartment may limit 
the posterior translation of the femur on the tibia. This translation is present in the 
native knee and is necessary for achieving deep flexion [48–51]. This consequence 
is supported by a recent clinical study that showed patients preferred a more lax knee 
after TKA [52].

A second consequence is that soft tissue releases will frequently be required 
[53–57]. Soft tissue releases have several detrimental effects on the knee. First, soft 
tissue releases increase multiple laxities [58, 59]. Therefore, a release performed to 
achieve the desired change in one laxity may increase other laxities that do not need 
to be changed. Second, it is difficult to control the amount of release performed, and 
hence under- and over-release of the soft tissue restraints are possible [56, 60, 61].

The third consequence is that non-native tensions in the soft tissue restraints may 
feel abnormal to the patient because the soft tissue restraints are innervated with 
both proprioceptors and mechanoreceptors [27, 62–66]. Hence, even subtle changes 
in the soft tissue balance may be perceived as pain, stiffness, or instability by the 
patient [27, 67].

2.5	 �Summary

The soft tissues are “balanced” in the native knee because the joint is inherently 
stable and has adequate mobility for individuals to perform a wide range of activi-
ties. As such, restoration of the native soft tissue balance is a reasonable goal for 
soft tissue balancing in TKA to best restore native biomechanics and provide the 
patient with a knee that feels as close to normal as possible. Failing to restore native 
soft tissue balance may lead to instability, stiffness, limited motion, pain, or an 
abnormal feeling knee.

The benefits of striving to restore native soft tissue balance are evident in the 
positive clinical outcomes following kinematically aligned TKA. In kinematically 
aligned TKA, the components are aligned to best restore the native articular sur-
faces, and the surgeon strives to restore the native soft tissue balance without soft 
tissue releases [68]. A recent cadaveric study showed that kinematically aligned 
TKA does closely restore native soft tissue balance as judged by the laxities [69]. 
Patients after kinematically aligned TKA have better pain relief, have higher func-
tional scores, achieve greater flexion, have more normal kinematics, and are three 
times more likely to report that their knee feels normal than patients after mechani-
cally aligned TKA, in which surgeons most often strive to achieve balanced gaps 
[70–73].
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3Kinematics of the Normal Native Knee

Jan Victor

3.1	 �Introduction

‘Kinematics’ is a term often used in orthopaedics, unfortunately not always in the 
correct sense of the word. The term ‘kinematics’ is derived from mechanical engi-
neering and refers to the relative motion of rigid bodies. In mechanical engineering 
the description has to be mathematically exact and correct. Tibiofemoral kinematics 
of the knee is hard to describe unequivocally and mathematically correct. The rea-
son for this is twofold:

	1.	 The native knee has a natural and intrinsic laxity, allowing it to follow several 
kinematic patterns.

	2.	 The kinematic pattern of the native knee consists of rotation around different 
axes, in addition to translations.
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3.2	 �Why Should We, Orthopaedic Surgeons, Bother 
with Kinematics?

As explained, the term kinematics refers to the relative motion of the femur and 
the tibia. In other words, it describes how the normal knee is moving. This under-
standing precedes all discussions on pathophysiology, diagnosis and treatment 
and forms the basis of our clinical work. Also, understanding normal kinematics 
is mandatory for improving our surgical techniques. A simplified example can 
make this very clear. Imagine a door with three hinges (Fig. 3.1). One of the 
hinges is broken (marked with a red star). It is clear that the door has a single axis 
of rotation, allowing us to open and close it. If we replace the broken hinge with 
a new hinge, but we put the new hinge outside of the axis of rotation, it is intui-
tively clear that the door will either not open anymore or, alternatively, the hinge 
will break. In orthopaedic terms one can translate this, respectively, into a stiff 
joint or a failed procedure. This example applies equally to ligament and joint 
replacement surgery.

Fig. 3.1  Example of the 
door with axis of rotation 
(yellow arrow), broken  
(red star) and replaced 
hinge, outside of the axis  
of rotation
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3.3	 �Historic Insights in Tibiofemoral Kinematics

The study of how the femur moves on the tibia has a long history. The first known 
description dates back to 1836 when Weber and Weber [1] described the movement 
on the medial side to be ‘like a cradle’. Since that first description, based upon direct 
visual observation of a cadaveric specimen, several methods have been used to 
examine the kinematics of the human knee.

The first radiological study was performed by Zuppinger [2], who stated that the 
femur rolled back across the tibia during flexion as a result of the so-called rigid 
four-bar link mechanism provided by the two cruciate ligaments. In 1971, Frankel 
[3] introduced the concept of the instant centre of rotation to the orthopaedic com-
munity. He emphasized that as one link (rigid body) rotates around the other, there 
is at any given moment in time a point with zero velocity. That point is called the 
instant centre of rotation (Fig. 3.2).

He concluded that ‘due to the shapes of the bones and the restraints on motion 
imposed by the ligaments, capsule, and muscles, the instantaneous centres for suc-
cessive positions of the links of the knee move’.

The initial work by Frankel was carried out by taking ‘true lateral’ X-rays of the 
knee in patients lying on the side, at discrete intervals of 10–20° in the range of full 
extension to 90° of flexion. The knee was treated as if it were a ‘planar mechanism’. 
In other words, the movement of the knee was reduced to a two-dimensional projec-
tion of a three-dimensional reality (Fig. 3.3). Menschik introduced in 1974 the con-
cept of the four-bar linkage, representing the cruciate ligaments in two dimensions 
as two rigid bars and the lines connecting their insertion points on the femur and 
tibia as the two other rigid bars [4]. The instant centre of rotation is located at the 
point of intersection of the cruciate ligaments. This ‘rigid four-bar linkage’ was later 
widely popularized by Müller.
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Fig. 3.2  The instant centre of rotation determined with the method of Reuleaux [3]. The points on 
the body move from position 1 to position 2 and from 2 to 3. The perpendicular bisector for a pair 
of displacement points is drawn. The intersection of the bisectors is the point with zero velocity, 
called the instant centre of rotation. The contact point is represented by the blue arrow. (a) For a 
circular body undergoing rotation with gliding, the instant centre of rotation and the contact point 
remain fixed. (b) For a non-circular body undergoing rotation with gliding, the instant centre of 
rotation remains fixed, but the contact point shifts. (c) For a circular body undergoing rotation with 
rolling, the instant centre of rotation coincides with the contact point and moves accordingly
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In the years following, the limitations of this methodology became clear, with the 
major flaw being the inability to ascertain the location of the axes of rotation before 
performing kinematic analyses [5]. In 1983, Grood and Suntay presented a joint 
coordinate system providing a geometric description of the three-dimensional rota-
tional and translational motion between two rigid bodies, applied to the knee joint. 
The main step forward was the definition of a ‘floating axis’. With this model, the 
described joint displacements became independent of the order in which the com-
ponent rotations and translations occur [6].

The new mathematical insights led to the concept of the helical axis and opened 
the door for a correct scientific description of the kinematics of the knee [7]. 
However, as the mathematical accuracy improved, the complexity increased and the 
model appeared to be impractical and difficult to apply to the clinical setting: the 
clinicians failed to understand the engineers.

Hollister, and later Churchill, tried to bridge the gap [8, 9]. Hollister’s model 
essentially described knee motion as pure rotations occurring around two axes: the 
so-called flexion-extension axis and the so-called longitudinal rotation axis, with 
the understanding of the flexion-extension axis not being exactly located in the cor-
onal plane and the longitudinal axis not being exactly located in the sagittal plane 
[8]. As a consequence, these mathematical ‘simple rotations’ meant in reality 
flexion-extension, varus-valgus and internal-external rotation of the knee joint, once 
again confusing the clinician trying to apply this knowledge to the practical setting. 
Churchill addressed this problem by allowing a mathematical error in the kinematic 
description, based on a loaded rig experiment with an ankle load of 100 N and a 
combined hamstrings load of 30  N [9]. They used an optimization technique to 
identify the locations of the so-called ‘optimal flexion’ and ‘longitudinal rotation’ 
axes. Knee motion was then described with the following formula:

Fig. 3.3  The moving instant 
centre of rotation of the 
knee, as described by 
Frankel [3] in a two-
dimensional model
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	 K R R R RLR= + + + + +q q qOF X Y Z , 	

where K  =  complete three-dimensional motion, θOF =  rotation about the optimal 
flexion axis and θLR = rotation about the longitudinal rotation axis. He concluded 
that the optimal flexion axis coincided with the transepicondylar axis if one accepts 
the following errors and limitations: residual rotation (Rθ) = 2,9°, residual transla-
tions (RX + RY + RZ) = 3.4 mm and applicable motion range 5–90° of flexion. Despite 
those limitations, the advantage of this approach was the link between the kinematic 
description and certain anatomic landmarks, allowing clinicians to apply this knowl-
edge in practice.

In recent times, technological progress allowed more advanced tools to be used, 
including ex vivo studies with MRI on cadaveric specimens [10, 11]; in vivo analy-
ses using 2D fluoroscopy with shape matching techniques, based on CT models 
[12–15]; roentgen stereo photogrammetric analysis [16]; and open dual coil MRIs 
[17–19]. These newer methods revealed a more complete, three-dimensional insight 
in the morphology and kinematic patterns of the normal knee in loaded and unloaded 
conditions.

3.4	 �Why Do Kinematic Descriptions of the Knee Vary 
So Much?

An interesting finding, derived from the study of historic publications on the sub-
ject, is worth describing. Hill and Nakagawa [17, 18] described tibiofemoral kine-
matics, respectively, from 5° to 90° of flexion, based on analysis of load-bearing 
flexion, and a few months later from 90° to full flexion, based on analysis of sub-
jects performing a deep squat. One would expect the end position of the first study 
(90° flexion), to be identical to the starting position of the second study (90° flex-
ion). In fact, it is not (Fig. 3.4)! Meticulous and dedicated researchers carried out 
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both studies, so why is this discrepancy observed? The reason is that kinematics will 
vary with muscular action and imposed activity.

3.5	 �The Influence of Load on Tibiofemoral Kinematics

We measured passive kinematics of the human knee, using a cadaveric model [20]. 
In passive modus, the medial condyle is sliding slightly forwards (up to 35° of flex-
ion), followed by some gradual posterior translation with increasing flexion. In con-
trast, the lateral condyle displays gradual posterior translation from full extension to 
full flexion. The excursion of the lateral condyle is greater than the excursion of the 
medial condyle and extends more posteriorly (Fig. 3.5).

When the quadriceps is loaded, the kinematics of the knee change significantly 
[21]. The translation of the femur relative to the tibia is significantly reduced (Fig. 3.6).

The forces acting on the tibia in the sagittal plane can explain this. Between full 
extension and 65° of flexion, the force vector acting on the tibia has an anterior 
directed component (Fig. 3.7). This force vector is reversed beyond 65° of flex-
ion, pulling the tibia backwards and mitigating the traditional passive kinematics, 
especially on the lateral compartment. This kinetic analysis explains the observed 
differences.
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�Conclusion
Description of knee kinematics is complex. Correct mathematical methods are 
hard to understand intuitively and do not help the surgeon get a grip on knee 
function during diagnosis and surgical treatment. They are important however in 
accurately analysing the outcome of our procedures. More intuitive graphic 
descriptions offer the advantage of clarity and surgical value but fail to describe 
precisely the observed kinematics. Both ways of presenting deserve a place in 
the literature.

It is important to understand that tibiofemoral kinematics is not a static and 
dogmatic finding that repetitively happens in exactly the same way in any type of 
knee. In reality, kinematics depend on joint geometry, type of activity, knee 
alignment, body weight, muscle action and ligament laxity. The surgeon should 
look at this variability in terms of the ‘boundaries of laxity’. Within the normal 
stress-strain curves of ligaments, the excursion of the femur relative to the tibia 

Fig. 3.6  Comparison of the passive and loaded tibiofemoral kinematics [21]

Fig. 3.7  Sagittal view of the knee with force vector analysis illustrating the effect of extensor 
mechanism forces on tibiofemoral kinematics [21]

3  Kinematics of the Normal Native Knee



36

will encounter its limits in these ligaments that allow for a passive kinematic path 
that has been described in several studies. As the knee is loaded during body 
movement and muscular action, this kinematic path will vary, within the limits of 
natural laxity.

Every surgical procedure should respect this passive kinematic path as an opti-
mum and refrain from pushing these boundaries of laxity. Failure to do so leads 
to stiffness, chronic pain, instability and/or failure of the surgical procedure.
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4Primary Principles in Soft Tissue 
Balancing

Jacobus H. Müller and Willem van der Merwe

Soft tissue balance and alignment are integral to the success of a total knee arthro-
plasty (TKA). In 1985 it was already reported that most failures can be attributed to 
incorrect ligament balance or incorrect alignment [1]. Since 1985, numerous new 
and improved total knee replacement systems, surgical instruments, surgical meth-
ods, and computer-assisted surgery tools have seen the light. Ligament balancing 
and alignment however still remain the biggest considerations that impact the suc-
cessful outcome of a total knee arthroplasty.

Once the anterior cruciate ligament (and posterior cruciate ligament in non-
cruciate retaining TKA) is resected, knee stability relies on the interaction between 
the remaining ligamentous structures and articular surface geometries [2]. Patient 
satisfaction and clinical outcome scores are superior in balanced knees [3–5], 
whereas the restoration of joint space is also conducive to proprioception and balance 
[6]. Imbalance in TKA is linked to increased component wear, instability, decreased 
active range of motion, and increased risks of joint pain [3–5]. Up to 40% of early 
revisions are avoidable if optimal balance was achieved during the primary surgery 
[4]. It is thus important to appreciate what is meant by a soft tissue balanced joint.

Contents
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                                	 47

mailto:cobusmul@sun.ac.za
mailto:willem@ssoc.co.za


42

A soft tissue balanced joint has been defined to have equal and rectangular gaps 
between the resected bone surfaces in extension and flexion to induce equal tension 
in the medial and lateral soft tissues [3] (Fig. 4.1). This is achieved through either 
or a combination of soft tissue release, modification to bone cuts, component size 
variation, and component rotation to ensure central tracking of the femoral compo-
nent. This definition however only provides arbitrary criteria of what constitutes a 
balanced condition [5]. A better understanding may be established from the charac-
teristics of a balanced knee [7]:

•	 A balanced knee will have a full range of movement.
•	 The flexion medial-lateral balance will be symmetrical to result in a rectangular 

tibiofemoral gap.
•	 The flexion-extension gap will be balanced with minimal to no medial-lateral 

tightness or laxity.
•	 The patella will track normal during the full range of motion due appropriate 

femoral rotation.
•	 Femoral roll back in deep flexion will be nonexcessive.
•	 There is proper rotational balance between the tibial and femoral components.

a b

Fig. 4.1  Rectangular (a) extension gap and (b) flexion gap
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The resections of the tibia and femur during knee arthroplasty must result in 
rectangular flexion and extension gaps (equal medial and lateral soft tissue tensions) 
without changing the anatomical joint line [8].

Traditionally, resection of the femur and tibia can be done through three 
approaches, namely, the measured resection technique, the gap balancing technique, 
or a combination of the two techniques. The major difference between measured 
resection and gap balancing is the way in which femoral rotation is determined. 
During the measured resection technique, bony landmarks (Whiteside line, surgical 
epicondylar axis, posterior condylar axis, and the anterior-posterior axis) are used 
to set femoral component rotation, whereas the gap balancing technique relies on 
symmetrical tensioning of the medial and lateral soft tissues in flexion to set femoral 
rotation. The former technique may result in a wide range of soft tissue balance due 
to the difficulty of reproducibly identifying the bony landmarks intraoperatively 
[9]. This can lead to flexion gap asymmetry and condylar lift-off. To remedy the 
situation, the correct course of action depends on whether joint stiffness increase 
or decrease during flexion and the degree of asymmetry in the medial-lateral soft 
tissues and its variability with flexion [3]. Although the gap balancing technique 
provides better chances of achieving proper ligament balance in full extension and 
90° flexion, midflexion stability is not guaranteed. This can be attributed to the 
risk of getting an incorrect tibial cut which serves as the platform from which the 
flexion gap is established [9]. Secondary to that is the uncertainty in the application 
and magnitude of the correct distraction force [9]. Since soft tissue balance can 
be manipulated by varying the medial-lateral extension and flexion gaps, incorrect 
resection may result in instability due to ligament imbalance.

Varus or valgus instability refers to a trapezoidal extension gap due to asym-
metric contracture or laxity in the collateral ligaments (Fig. 4.2). This type of laxity 
can be either symmetric or asymmetric [8]. Symmetric instability may result due 
to excessive cartilage loss on the affected condyle. Alternatively, the patient might 
have had a varus or valgus alignment before the pathology set in. For these cases, 
a rectangular extension gap may then result in a pronounced varus or valgus align-
ment even though the ligaments might be balanced. On the other hand, asymmetric 
instability refers to contracture or excessive laxity of one of the collateral ligaments. 
Traditionally, surgeons employing gap balancing have relied on spacer blocks and 
distractors to achieve proper soft tissue balance [3]. Since these techniques rely 
solely on tactile feedback and subjective assessment [4, 10], success is strongly 
related to the skill level and experience of the surgeon. An attempt to circumvent 
this has seen the introduction of instrumented tibial trials and distractors with which 
the medial-lateral load components can be objectively measured [3]. Unfortunately, 
these new developments still shed little light on what the surgical steps should be to 
achieve a balanced condition [3].

Although there are no clear guidelines, e.g., it is still unclear what level of exten-
sion gap tightness is appropriate to avoid postoperative flexion contracture [2], some 
values have been found to produce good outcomes. The amount of laxity should be 
governed by the patient’s perception of stability. A medial extension gap of 1–3 mm 
has been found to result in a stable feeling as well as not causing flexion contracture, 
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whereas the lateral side should be 2.5° laxer than the medial side [2]. The medial 
flexion gap should be similar or close to the extension gap. This will achieve near-
normal articulation, function, and patient satisfaction [2]. Unfortunately, there are 
no clear evidence on what constitutes a safe range for the lateral flexion gap other 
than some degree of laxity being acceptable [2]. Instrumented distractors and tibial 
trials have necessitated the need to quantify the flexion and extension gap balance 
in terms of force values.

Ideal force target values have not as of yet been validated; a medial-lateral ratio 
ranging between 0.5 and 0.55 is suggested [3, 4]. A case series (n = 189) has shown 
that a medial-lateral force differential less than 60 lb will result in good outcomes 
[4], whereas a more conservative ratio of less than 15 lb has also been ascribed [11]. 
It is however difficult to maintain this ratio throughout flexion [3] and furthermore 
unclear whether it is important to maintain the same ratio throughout flexion [10]. 
A recent case series (n = 12) measured the differential at 10°, 45°, and 90° [5]. The 
differentials (medial load min lateral load) were, respectively, 5.6, 9.8, and 4.3 lb. 
Laxities in the native knee are not uniform, and there is a need for more in depth 
analysis to determine appropriate target values [12]. Fortunately, there are qualita-
tive measures and guidelines to address varus deformities, valgus deformities, flex-
ion contracture, and genu recurvatum through soft tissue balancing.

A varus-deformed knee requires release of the deep medial collateral ligament and 
removal of osteophytes [8]. Persistent contracture may require release of the distal 

a b

Fig. 4.2  Varus and valgus deformities after resection. (a) Varus deformity and (b) valgus deformity
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superficial medial collateral ligament in combination with the posterior-medial cap-
sule and semimembranosus insertion [8]. Sacrifice of the posterior cruciate ligament 
will significantly increase the flexion gap on the medial side with little influence on 
the extension gap [13]. In cases with persistent deformity, it may be necessary to 
advance the lateral collateral ligament. It has been shown that lateral soft tissue lax-
ity increased with increasing severity of knee deformities, while the medial side did 
not contract with increasing varus deformity [2]. This result suggests that release on 
the medial side may be unnecessary to make a space for implant replacement, even 
in severely deformed knees. Contrary to this, release of different parts of the medial 
collateral ligament will increase laxity at discrete ranges of flexion [14].

Valgus deformity is associated with tight lateral stabilizers and abnormal femoral 
lateral condylar anatomy. There is no consensus on what approach should be fol-
lowed to address this type of deformity [8]. In general, the sequence of release starts 
off with the lateral collateral ligament followed by the posterior-lateral capsule, 
iliotibial band, posterior cruciate ligament, popliteus tendon, and biceps femoris. It 
should be noted that in one study (n = 37), valgus deformity was addressed solely 
through over resection of the distal femur and a constrained total knee arthroplasty 
system with no reported cases of loosening or instability at a 7.8-year follow-up 
[15]. This approach has merit, since it has been shown that lateral tissue release to 
address valgus deformities frequently produces asymmetric flexion-extension gaps 
and ligament instability [16]. The lateral flexion gap is affected most by the lateral 
collateral ligament, whereas the iliotibial band influences the extension gap size the 
most [16]. In the same study, a release sequence starting with the posterior cruciate 
ligament, posterior-lateral capsule, iliotibial band, popliteus tendon, and lateral col-
lateral ligament resulted in a symmetric flexion-extension gap. The best approach 
however is to examine the flexion and extension gap after each step in a release 
sequence regardless of what sequence is used [8].

Flexion contracture arises due to the soft tissue contracture of the posterior cap-
sule [8] (Fig. 4.3). The approach to address contracture typically entails release of 
the posterior capsule from the distal femur and then the proximal tibia after bone 
resection and removal of osteophytes. Genu recurvatum (Fig. 4.3) is generally a 
symptom of weak quadriceps structures since these patients rely on recurvatum dur-
ing gait to compensate for their weaker quadriceps muscles [8]. This can be dealt 
with during surgery by reducing the extension gap. Care should be exercised when 
correcting recurvatum in patients with weak quadriceps muscles, since complete 
correction may result in their inability to lock their knees.

Perfect soft tissue balance during surgery remains elusive even with careful 
application of the surgical methods described above and in the remainder of this 
book. Reasons can be attributed to slight inequalities in the normal knee [17]. Stress 
relaxation occurs during surgery, which directly influences soft tissue balancing. 
Medial-lateral laxity has been shown to increase by 1 mm, whereas passive maxi-
mum extension can increase up to three degrees intrasurgery [18]. The lateral gap 
tends to be larger than the medial gap, whereas the extension gap is normally larger 
than the flexion gap [17]. On the upside, a larger extension gap aids in the preven-
tion of flexion contracture and flexion instability. It may therefore be beneficial to 
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have the extension gap somewhat larger than the flexion gap if it is not possible to 
achieve equal gap distances [17]. One remaining consideration is the impact of soft 
tissue balancing on proprioception. Proprioception significantly improves in knees 
that are balanced in both flexion and extension [19].

Insall et al. [1] in 1985 stated that “new methods will have to prove themselves 
against the standard already established for cemented prostheses.” The same can be 
said of the ligament balancing technique. Reported results on the use of kinematic 
alignment are still inconclusive on whether it is truly better in comparison to the 
more traditional soft tissue balancing techniques. Although kinematic aligned knees 
tend to produce good functional outcomes (2-year follow-up, [20]), it remains to 
be seen whether this holds for longer periods. Of concern is the resistance to wear 
by the tibial insert which now also sees an increased shear load due to the oblique 
anatomic joint line. On the other hand, “a fresh look at soft tissue balancing is 
required” [21]. Too many times patients are still dissatisfied with the outcome after 

a b

Fig. 4.3  (a) Flexion contracture and (b) genu recurvatum
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total knee arthroplasty. Soft tissue balancing techniques only require consideration 
of the flexion and extension gap, with little attention or tools available to objectively 
assess midflexion stability. Further work is therefore necessary to incorporate find-
ings from studies such as [12] that compared laxities between full extension, 45° 
flexion, and 90° flexion into the surgical methods to establish proper ligament laxity 
throughout the entire range of knee flexion.
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5Measured (Anatomical Reference) 
Resection Technique for Cruciate-
Retaining Total Knee Arthroplasty

Shaw Akizuki and Hiroshi Horiuchi

5.1	 �Introduction

The PCL is the thickest and strongest ligament in the knee joint. It is recognized as 
the first stabilizer in the sagittal and vertical planes and as the second stabilizer in 
the frontal plane. After cruciate-retaining total knee arthroplasty (CR-TKA), knee 
motion similar to that of the intact knee joint is obtained. The concept underlying 
this type of prosthesis may be called as soft tissue-guided motion in contrast with 
implant-guided motion with the posterior stabilized (PS) type of prosthesis [1].
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The following points are very important for effective functioning of a cruciate-
retaining (CR) prosthesis characterized by soft tissue-guided motion and repro-
duction of similar motion to the intact knee joint. First, the component must be 
positioned according to the anatomical landmarks of the patient while avoiding 
rotational error by the anterior reference method [2]. Second, soft tissue dissec-
tion must be minimized. Third, when PCL release is required, V-shaped oste-
otomy with cancellous bone graft (VOCG) is done at the tibial PCL attachment 
site, and tension on the ligament is adjusted with a cancellous bone graft. The 
anterior reference method has the advantage of avoiding formation of anterior 
notches that may cause fractures and allows sizing of femoral component in con-
sideration of rotation but has the problem of the flexion gap wound being slightly 
larger than the extension gap. If TKA is performed with a PS-type prosthesis, 
flexion instability due to a large flexion gap may lead to dislocation when the 
joint is in deep flexion, and post breakage can also occur. On the other hand, 
CR-TKA avoids these problems because the PCL is preserved. The measured 
(anatomical reference) resection technique is not only applicable to varus and 
valgus knees but also to revision arthroplasty. We use a CR prosthesis for patients 
with an intact PCL, and this type has been applied to more than 95% of our TKA 
patients. This chapter reveals the rationale and key points of our measured (ana-
tomical reference) resection technique for CR-TKA.

5.2	 �Exposure and Resection of Osteophytes

We manage primary knees with a straight skin incision and the trivector approach. 
The distal femur is always completely exposed as far as the tibial tubercle, and all 
osteophytes are resected up to the inner part of the medial collateral ligament 
(MCL). Dissection at the medial aspect of the tibia should be minimized and only 
osteophytes are resected (Fig. 5.1).

Fig. 5.1  Resection of 
medial femoral osteophytes 
that placed the MCL under  
tension. Medial dissection  
of the tibia is minimized 
because only osteophytes 
need to be resected 
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5.3	 �Preparation of the Femur

5.3.1	 �Determining the Rotational Alignment of the Femoral 
Component

Rotational alignment of the femoral component has a major influence on the out-
come of TKA. Incorrect rotational alignment leads to mediolateral imbalance in 
extension and flexion, resulting in problems such as postoperative restriction of 
motion and patellofemoral joint incompatibility [3, 4]. It may also lead to exces-
sive soft tissue release in an attempt to achieve adequate soft tissue balance. There 
are several methods for determining the rotational alignment of the femoral com-
ponent [2, 5, 6]. Among them, the use of the surgical epicondylar axis (SEA) has 
the advantage of not being influenced by deformity of the articular surface and 
condyles. In addition, because it crosses the femoral and tibial axes at right angles 
in both flexion and extension, the correct balance between the tibial osteotomy 
surface and soft tissues can be achieved more easily [2]. Various methods of iden-
tifying the SEA have been proposed, such as estimation from preoperative images. 
While intraoperative identification of the SEA has been reported to be difficult [7, 
8], we consider that identification by palpation during surgery is the most practical 
method. In fact, postoperative measurement of the difference of rotation between 
the SEA and the femoral component on CT scans reveals a difference within ±1° 
in approximately 80% of our patients. The medial epicondyle can be identified by 
inspection and palpation as the site of attachment of the medial collateral ligament 
or as a sulcus at the center of the horseshoe-shaped bony protrusion (Fig. 5.2a). On 
the other hand, it is difficult to visually identify the lateral epicondyle, because it 
is the site of attachment of the lateral collateral ligament, and the soft tissues are 
thicker than at the medial epicondyle. To perform palpation, the patella is retracted, 
and the top of the bony elevation is identified as the lateral epicondyle (Fig. 5.2b). 
After identification of the medial and lateral epicondyles, the SEA jig (SA origi-
nal) is fixed to the epicondyles by pins (Fig. 5.3a). Then the anterior surface of the 
femur is resected in parallel with the SEA by the anterior reference method (Fig. 
5.3b). This surface is used as the reference for every subsequent osteotomy and 
also for determining the appropriate size of the femoral component by anterior 
reference.

5.3.2	 �Sizing the Femoral Component by Anterior Reference

The anteroposterior (AP) size of the medial condyle is different from that of the 
lateral condyle when measured at the anterior osteotomy surface of the femur paral-
lel to the SEA (reference osteotomy surface). Thus, sizing of the medial and lateral 
condyles is done individually, and the component is selected for CR-TKA with 
smaller AP size between that of the medial and lateral condyles (Fig. 5.4).
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a

b

Fig. 5.2  (a) The medial 
epicondyle is palpated as a 
sulcus at the center of the 
horseshoe-shaped bony 
protrusion (blue dot in the 
center). (b) The patella is 
retracted and the lateral 
epicondyle is palpated as 
the top of the bony elevation 
(blue dot)

5.4	 �Preparation of the Tibia

5.4.1	 �Posterior Tibial Slope and PCL Preservation

In CR-TKA, a sagittal posterior slope is added during osteotomy because this 
increases flexion after surgery. As a result, the bone defect at the posterior part of 
the tibia can become smaller, and the PCL must be preserved together with the pro-
tecting bone in a manner mentioned later. The anteroposterior axis of the tibia must 
be determined carefully, because the posterior tibial slope influences varus and val-
gus tilt of the osteotomy surface. Several reports have been published concerning 
determination of the anteroposterior axis of the tibia, but this issue is still controver-
sial [9, 10]. To maintain patellofemoral tracking, it is essential to avoid positioning 
the tibial component in internal rotation. We determine the AP axis of the tibia by 
adjusting the line that connects the center of the PCL attachment site to a point 
slightly lateral to the inner margin of the tibial tubercle depending on the degree of 
rotational freedom of the implant. Final rotational position is determined so that the 
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trial component remains within the acceptable range in knee extension. Osteotomy 
of the proximal tibia is performed with an angel fin-shaped jig as close to the dam-
aged surface as possible and within 8 mm of the normal articular surface (Fig. 5.5). 
If there is a residual defect after resection within 8 mm, autologous bone grafting is 
performed.

Prior to tibial osteotomy, to avoid cutting into the insertion of the PCL at its 
attachment site, a V-shaped bone fragment is formed around the PCL, and a bone 
chisel is used to protect it. At this time, the bone to which the anterior fibers of PCL 
are attached may be pulled away from the tibial surface by the tension of the PCL, 
but this can be overcome by implanting a cancellous bone graft in the space between 
the tibial component and the PCL attachment site. The angle of the posterior slope is 
made as close as possible to the original posterior slope angle in each patient. It has 
been a concern that the posterior tibial slope may influence long-term postoperative 
implant fixation, because it causes excess extension between the components when 
the knee joint is in full extension. Although the acceptable degree of hyperextension 
between the components differs with each implant, we have not found any such influ-
ence on the long-term outcome in our cementless CR-TKA series [11].

a

b

Fig. 5.3  (a) The SEA jig 
(SA original) is attached to 
both epicondyles and the 
Whiteside line is confirmed. 
(b) The intramedullary rod 
is combined with the SEA 
jig, and the anterior femoral 
surface parallel to the SEA 
is resected by the anterior 
reference method
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Fig. 5.4  Measuring the 
anteroposterior dimension 
of the medial condyle from 
the anterior femoral 
osteotomy surface 
(reference osteotomy 
surface) parallel to the 
SEA. The anteroposterior 
dimensions of both 
condyles are usually 
different

Fig. 5.5  The anteroposte-
rior axis of the tibia is 
identified as a line connect-
ing the center of the PCL 
attachment site to the point 
slightly lateral to the inner 
margin of the tibial tubercle 
and corresponds to the tibial 
axis (blue line). After the 
axis has been identified, the 
proximal tibial osteotomy 
line is set as close to the 
defect surface as possible 
and within 8 mm of the 
normal articular surface
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5.4.2	 �Adjusting the Flexion-Extension and Medial-Lateral Gaps

The central parts of the femoral and tibial osteotomy surfaces are apposed to con-
firm that they are on the Mikulicz line. Regarding the soft tissue balance, slight 
medial tightness (within 3°) is acceptable when confirmed at 0° of extension and at 
90° of flexion using a tension device with a force of approximately 40 pounds (Fig. 
5.6). Slight medial tightness is considered to induce medial pivot after surgery [1]. 
In contrast, medial laxity is unacceptable because it leads to postoperative instabil-
ity. However, it is acceptable for the flexion gap to be 2–3 mm larger than the exten-
sion gap.

If the femoral component is parallel to the SEA, medial laxity usually does not 
occur other than in patients with valgus deformity. Even in patients with slight 
medial tightness on extension, if the projecting portion of the posterior condyle is 
resected after trial component insertion, the posterior articular capsule will become 
looser, and an appropriate soft tissue balance is often acquired. If medial tightness 
is excessive, release of the pes anserine region or semimembranosus tendon may be 
indicated but is rarely performed.

PCL release is necessary if the flexion gap is too small, or PCL contracture and 
overstress are detected by the pull-out/lift-off (POLO) test, even though the poste-
rior slope is appropriate.

5.4.3	 �V-Shaped Osteotomy with Cancellous Bone Graft (VOCG) 
for PCL Release

VOCG is performed to release PCL contracture because the bone is the only tissue 
that can undergo primary healing without scar formation. While we use a CR pros-
thesis in 95% of TKA patients, VOCG is only required for approximately 10%. This 
technique is employed to adjust PCL tension appropriately, and then bone union is 

Fig. 5.6  The soft tissue 
balance and gap are 
confirmed using a tension 
device at 0° of extension  
and 90° of flexion
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obtained while maintaining the new position. First, V-shaped osteotomy is per-
formed from the tibial PCL attachment site to the periosteum of the posterior tibial 
cortex, and the PCL is freed together with the attached tibial fragment (Fig. 5.7a). It 
is important to preserve the posterior periosteum for postoperative bone union. 
When reduction is performed with trial component insertion, the bone fragment 
floats up with attached PCL while maintaining continuity of the periosteum, result-
ing in decreasing tension of the PCL. The soft tissue balance should be confirmed 
again with a tension device.

Then cancellous bone grafts are placed to fill gaps and promote early bone union 
(Fig. 5.7b).

5.5	 �Fixation of the Components

After the tibial tray and polyethylene insert are fixed to the tibia, extension to flexion 
offset can be acquired accurately if the femoral component is inserted in a sliding 
manner with the knee in flexion. This can be done more easily with cementless fixa-
tion, which we perform in almost all patients. We have obtained excellent results 
with cementless CR-TKA by using hydroxyapatite-coated products to improve 

a

b

Fig. 5.7  (a) While 
maintaining periosteal 
continuity, V-shaped 
osteotomy is done from the 
tibial PCL attachment site to 
the posterior tibial cortex, 
allowing the PCL to float up 
together with the tibial 
fragment. (b) Cancellous 
bone grafting is done to fill 
gaps (VOCG)
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early fixation [12, 13]. This procedure can be used in cemented fixation, but care 
should be taken so that a thin film of cement is applied to the back surface of the 
posterior condyle of the femoral component.

5.6	 �Drain and Wound Closure

After fixation of all of the components (including the patellar component), we leave 
one drain inside the knee and use tranexamic acid with fibrin glue for hemostasis to 
suppress postoperative hemorrhage [14]. Then the incision (including the fat pad) is 
closed in the usual manner.
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6PS: Gap Technique

Myung Chul Lee

Total knee arthroplasty (TKA) is the qualified surgical technique for the treatment 
of osteoarthritis of the knee joint [1]. The success of the TKA is dependent upon 
restoration of limb alignment, accurate implant position, and optimal gap 
balancing [2].

Malposition of the femoral or tibial component of the total knee arthroplasty can 
lead to early loosening, increased polyethylene wear, and poor patellar tracking 
[3–7]. Gap balancing affects the final knee kinematics and functional outcome. 
Balanced extension and flexion gaps are also highly essential [2, 8–10].

The gap balancing technique relies on ligament releases prior to performing 
bone cuts. These ligament releases correct fixed deformities and improve lower 
limb alignment prior to assessing femoral component rotation [11]. The concept 
of the gap technique was first suggested by Freeman et al. [12] more than 30 years 
ago. In its origin, the gap balancing technique began with a variable resection of the 
tibia, followed by resection of the posterior condyles in order to produce the flexion 
gap. The knee was then extended, and a resection of the distal femoral condyles was 
performed to produce an equal extension gap. In general, extension is dependent 
on ligament releases, and flexion is dependent on appropriate femoral sizing and 
rotation [7].

There are basically two gap balancing sequences, which rely on gap balancing 
first. First is the initial preparation of the flexion gap which is followed by matching 
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the width of the extension gap to the width of the flexion gap. This is called the “gap 
technique” [12–14]. Second is the initial preparation of the extension gap followed 
by matching the width of the flexion gap to the width of the extension gap. This is 
called the “modified gap technique” [15–18].

6.1	 �Operative Procedure: Flexion Gap First (Gap Technique)

A skin incision is made with the knee in flexion, followed by exposure of the medial 
side of the knee by subperiosteal elevation of the anteromedial capsule and deep 
medial collateral ligament (MCL) off the tibia to the posteromedial corner of the 
knee.

Flexion of the knee allows for removal of the anterior cruciate ligament (ACL) 
and the anterior horns of the medial and lateral meniscus, along with any osteo-
phytes that may lead to component malposition or soft tissue imbalance. The poste-
rior horns of the meniscus can be excised after the femoral and tibial cuts have been 
made. The posterior cruciate ligament (PCL) can be resected at this time, or it can 
be removed later in the procedure along with the box cut that is made in the distal 
femur [19].

The tibia is cut perpendicular to its mechanical axis with the cutting block ori-
ented using an intramedullary or extramedullary cutting guide. The amount of pos-
terior slope present is dependent on the individual implant system being used or the 
preference of surgeon. An accurate proximal tibial cut is crucial because the tibial 
resection will serve as a reference for the femoral bone resections [20]. Before any 
soft tissue release is made, remove any medial or lateral osteophytes associated with 
the tibia and the femur. Remove posterior condylar osteophytes because they can 
inhibit flexion and tent the posterior soft tissue structures in extension, causing a 
flexion contracture [21].

When the joint is accurately tensioned in flexion, the tibial cut should be parallel 
in alignment to the transepicondylar axis (TEA) of the femur, and it will be perpen-
dicular to the anterior-posterior (AP) axis of the tibia. Corrective soft tissue releases 
can then be performed if these axes do not align appropriately. Varus deformities 
can be corrected through a medial release, and valgus deformities can be corrected 
through a lateral release. (Detailed soft tissue management is discussed in Chap. 3.) 
Once the joint is accurately tensioned in flexion, anterior and posterior femoral 
condylar resections are made using an AP cutting block (Fig. 6.1). Spacer blocks or 
a tensioner can be inserted into the flexion gap to confirm that a proper flexion gap 
symmetry has been achieved (Fig. 6.2).

After precisely balancing the knee in flexion, the extension gap will be appropri-
ately balanced. With the knee in extension, the extension gap is checked through 
placement of spacer blocks set to a similar tension level as the flexion gap (Fig. 6.3). 
An intramedullary or extramedullary guide is attached to the tensioning jig, and the 
lower extremity alignment is compared to the mechanical axis. Additional soft tis-
sue balancing can be done to ensure precise alignment.
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Fig. 6.1  If the knee joint is 
well tensioned in flexion, 
anterior and posterior 
femoral resections are made 
by using an AP cutting block

Fig. 6.2  Spacer blocks can 
be inserted into the flexion 
gap to confirm proper 
flexion gap symmetry

Fig. 6.3  With the knee in 
extension, extension gap is 
checked by spacer blocks 
that are set at a similar 
tension level to flexion gap
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Once a symmetric flexion and extension gap is obtained, the distal femoral cut-
ting guide is positioned, and the distal femoral cut is made. The spacer block or 
tensioner is inserted into the extension gap to check the symmetry between the 
extension gap and flexion gap.

6.2	 �Operative Procedure: Extension Gap First (Modified 
Gap Technique)

Alternatively, surgeons can balance the extension gap before the flexion gap. Using 
this technique, the distal femur is resected using an intramedullary guide followed 
by proximal tibial resection perpendicular to the longitudinal tibial axis. All osteo-
phytes, including those on the femoral and tibial sides, are removed at this point, 
before any soft tissue release is performed because of their tensioning effect on 
adjacent ligamentous structures [21].

After the extension gap resection and osteophyte removal, gap symmetry, soft 
tissue balance, and lower extremity alignment are assessed. This assessment is 
achieved by placing a spacer block or tensioner into the extension gap (Fig. 6.4). 
Once ligament imbalance is checked, tight ligamentous structures are released until 
the extension gap is symmetric.

Once the knee is balanced symmetrically in extension, the goal is to balance the 
flexion gap and the extension gap. Spacer blocks can be used to apply equal tension 
to the collateral ligaments with the knee at 90 degrees of flexion. The transepicon-
dylar and AP axis are constructed and used as a secondary indicator of femoral 
component rotation. When the knee is well balanced in extension and the tibial 
resection is precise, the resected proximal tibia should be parallel to the TEA and 
perpendicular to the AP axis (Fig. 6.5).

The appropriately sized AP femoral cutting block is then applied and inserted 
until it is parallel with the resected proximal tibia (Fig. 6.6). By adjusting the AP 

Fig. 6.4  After tibial 
resection, extension gap 
symmetry and lower 
extremity alignment are 
assessed by inserting spacer 
block into the extension gap
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cutting block anteriorly or posteriorly, a flexion gap width is created as to be the 
same as the extension gap. In order to confirm the flexion-extension gap symmetry, 
the same spacer block used to check the extension gap is placed under the AP cut-
ting block and above the resected proximal tibia, and flexion gap tension is again 
assessed before resection of the posterior femoral condyles.
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7Bicruciate-Retaining TKA: How 
to Achieve Near-Normal Kinematics

Rob Middleton and Andrew Price

7.1	 �Theory of Joint Reconstruction

Total knee arthroplasty (TKA) is widely accepted as a successful treatment for end-
stage knee osteoarthritis (OA), relieving pain and improving function, with long-
lasting implants. The success of TKR is reflected in the increasing demand for the 
procedure. In the UK approximately 85,000 primary TKRs were performed in 2015 
and more than 620,000 in the USA in 2009 [1, 2]. These numbers are on the rise as 
shown by temporal trends in multiple countries, with US TKR numbers projected to 
rise to 3.48 million by 2030 alone [3–6].

Of concern however is that approximately 10–20% of patients remain unsatisfied 
following primary TKR, often associated with pain, stiffness or that the knee does 
not feel ‘normal’ [7–10]. The causes for this are unclear, and likely multifactorial, 
but result in an increasingly large number of unsatisfied patients globally. The last 
40 years of total knee arthroplasty component design and development have yet to 
close the gap with total hip arthroplasty patient satisfaction [11, 12].
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When discussing prosthesis design, it is vital to understand the mechanics of the 
knee and the requirements of implants. Goodfellow and O’Connor classically 
described these features and highlighted that implant designs should allow the slid-
ing and rolling movements of the knee, whilst applying only compressive forces to 
the underlying bone. The soft tissues, in particular the ligaments responsible for 
controlling joint movement and distraction, should be retained at their natural ten-
sions [13]. Such principles are exemplified in their design of the Oxford unicom-
partmental knee arthroplasty (UKA), which retains all ligaments under physiological 
tension and restores knee kinematics to near normal [14–16]. Alongside this is the 
recognition that the ligaments of the knee themselves provide more than simple 
mechanical restraints to the knee and have a role in proprioception of the knee 
[17–19].

Two critical TKA design features are prosthesis constraint and prosthesis con-
gruency. Congruency is the degree to which the femoral and tibial components 
match one another geometrically and can most simply be appreciated as the degree 
to which the concavity of the tibial tray matches the convexity of the femoral con-
dyle. The proposed benefit of highly congruent femoral and tibial components is 
reduced wear given the greater surface area for force transmission. Constraint refers 
to the stability provided by the design of the prosthesis. Less constrained prostheses 
(e.g. cruciate-retaining TKA) rely on the soft tissue envelope and ligaments for 
stability, whereas highly constrained prostheses (e.g. rotating hinge) are inherently 
stable and can be used in those with global ligamentous deficiency. Highly con-
strained designs however transfer sheer stresses to the bone-cement interface, with 
resulting issues with loosening.

The ideal primary total knee arthroplasty would combine highly congruent sur-
faces to minimise polyethylene wear, but be unconstrained so as to allow the 
patients’ ligaments to control natural knee motion, and prevent transmission of 
sheer stresses across the knee. This balance falls back to the understanding of knee 
anatomy as discussed above. However, the multitude of TKA prostheses available 
attests to the difficulty in perfecting this balance and the differing design mentalities 
to get there. Such a balance has been achieved in unicompartmental designs with a 
mobile bearing. For example, in the Oxford UKA, perfect congruency is achieved 
by way of two interfaces. The femoral component is spherical and is received by a 
matching radius spherical depression in the superior surface of the bearing. The 
inferior surface of the bearing is flat and articulates with a flat tibial tray. The design 
is also unconstrained, with movement of the bearing and knee dictated by the mus-
cles and ligaments.

The value of retaining all ligaments of the knee during TKA has been recognised 
since the 1960s, even if the specific biomechanical reasons were unclear. The criti-
cal feature was of course to not violate the ACL attachments, which is a particular 
issue on the tibial side. This was achieved by either resurfacing the medial and lat-
eral tibial plateaus individually, or by cutting a bony bridge anterior to the ACL, 
allowing for a single tibial tray. Modern bicruciate-retaining prostheses are the 
result of evolution of these original prosthesis designs.
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Despite the availability of BCR TKAs, the vast majority of knee replacements 
today do not retain the ACL. The commonest TKA systems are either ‘cruciate-
retaining’ (CR) or ‘posterior-stabilised’ (PS) designs, in relation to the posterior 
cruciate ligament (PCL). The ACL is sacrificed in both CR and PS designs. This is 
despite the finding that the ACL is intact in approximately 80% of knees at the time 
of TKA [20, 21]. There is thus a conflict between the principle of retention of liga-
ments during TKA and modern TKA practice. To understand this conflict, one 
needs to review the history of BCR TKA development and early prosthesis results.

7.2	 �History of Bicruciate-Retaining TKA

Bicruciate-retaining knee arthroplasty has existed as a concept since the 1940s, with 
a number of implants developed between the 1960s and 1980s. The first example is 
that of the polycentric knee (Fig. 7.1), designed by Frank Gunston in the late 1960s, 
following his fellowship with Sir John Charnley. Gunston recognised the variable 
radius of the femoral condyles, the composite movements of the knee and the ‘poly-
centric’ nature of the flexion axis. His design retained the collateral and cruciate 
ligaments, recognised the importance of cement fixation of components and 
replaced both articular surfaces. The polycentric knee itself consisted of semi-
circular stainless steel femoral runners cemented into each condyle, with a corre-
sponding high-density polyethylene track cemented into slots in the tibial plateau. 
Due to difficulty with manufacture, the femoral components were semi-circular 
rather than replicating femoral geometry exactly, with a diameter designed to best 
replicate natural flexion. As part of the operative technique, the level of the articulat-
ing surfaces was chosen to tension the collateral ligaments [22].

The 1970s saw the introduction of several BCR TKAs. The Coventry Geomedic 
knee consisted of a single femoral component with a bridge connecting the medial 
and lateral condylar replacements and did not resurface the trochlea (Fig. 7.2a). The 

Fig. 7.1  The Gunston 
polycentric knee (From 
Gunston [22])
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tibial component was also a single component, made from high-density polyethyl-
ene, with concave surfaces to accept the femoral condyles resulting in a semi-
constrained design. To allow retention of the ACL, the tibia component was 
U-shaped, requiring an anterior tibial bone bridge to be removed to allow seating 
[23]. The duocondylar from the Hospital for Special Surgery had a similar one-
piece femoral component, without trochlear resurfacing (Fig. 7.2b). However, the 
tibial surfaces were replaced with two separate high-density polyethylene compo-
nents, rather than a single component. These were concave in the coronal plane to 

a

b

Fig. 7.2  (a) The Geomedic 
knee. (b) The duocondylar 
(From http://musculoskel-
etalkey.com/
historic-development-classi-
fication-and-characteristics-
of-knee-prostheses-2/)
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provide medio-lateral stability, with no restriction to movement in the sagittal plane 
[24]. The Townley anatomic total knee was the first bicruciate-retaining, tricompart-
mental knee arthroplasty system and was an unconstrained system. The introduc-
tion of additional bicruciate-retaining systems can trace their development back to 
these early designs. An excellent history of these developments is provided by 
Robinson [25].

Alongside the development of these total condylar replacements was the original 
development of the ‘Oxford knee’. The components were highly similar to those 
used today, but were implanted bi-compartmentally (Fig. 7.3). This allowed for 
fully congruent yet fully unconstrained prostheses, in a procedure with no ligamen-
tous releases. The transition to use of the Oxford knee as a unicompartmental pros-
thesis came from the recognition of poor results in ACL-deficient knees and that 
when the ACL is present, disease is often limited to the medial compartment 
[26–28].

Fig. 7.3  The Oxford 
prosthesis implanted 
bi-compartmentally in a 
cadaveric knee as originally 
described by Goodfellow & 
O’Connor [13]
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BCR TKA was rapidly overtaken by the popularity of CR and PS TKA designs 
due to BCR TKA’s greater technical difficulty, concerns regard its longevity and 
equivocal clinical benefits over these alternative designs [29].

7.3	 �Results

Gunston’s original report of the polycentric knee included follow-up of between 1 
and 2.5 years for 22 patients. All 22 patients reported improvements in pain, with an 
average range of motion of 8.4–101°. All but one patient were recorded having 
increased levels of mobility. Three knees required manipulation under anaesthesia 
for ‘delayed healing’. One knee was arthrodesed due to lack of functional improve-
ment (this was on a background of previous knee surgery, with suboptimal prosthe-
sis placement, resulting in an unstable knee) [22]. 10-year follow-up of polycentric 
knees was reported by Lewallen et al. in 1984, for 209 knees. At 10 years only 42% 
were assessed as being ‘successful’ – defined as an ability to mobilise without aids, 
with mild discomfort, and did not require medical attention. A further 24% were 
reported as successful before 10 years, due to death or loss to follow-up. Thirty-four 
percent of the knees were classified as failures, with causes reported as instability in 
13%, loosening in 7%, infection in 3%, patellofemoral pain in 4% and ankyloses in 
2%. At time of revision surgery, loosening was found to be present in an additional 
5%. Of note, failure rates were doubled in patients with components implanted in 
any degree of varus alignment or greater than 8° valgus alignment [30].

Skolnick et al. reported the 2-year outcomes after 119 geometric TKAs (with 
eight lost to follow up). As with the polycentric knee, pain relief was reported in the 
majority of patients (92%), an increased walking distance and a reduced require-
ment for walking aids with a 93% satisfaction rate. Range of motion in patients 
clinically reviewed was 7–87°. Post-operative flexion was reported as not signifi-
cantly different to preoperatively, although there was a significantly different 
increase in extension achieved post-operatively. A deep infection rate of 1.8% was 
reported. 11.8% demonstrated radiographic tibial component loosening, with 9.1% 
requiring reoperation because of this. Approximately 80% demonstrated lucent 
lines at the cement-bone interface [31]. A 2–3.5-year follow-up of several TKA 
designs was reported by Insall et al. For the Geomedic (50 knees), the average range 
of motion was 90°, and an average increase in the Hospital for Special Surgery knee 
rating score of 69% and 85% was reported for osteoarthritis and rheumatoid arthritis 
patients, respectively. Eleven cases (nine of which were rheumatoid arthritis 
patients) were considered as failures due to one dislocation, two late infections, two 
patients with patellofemoral pain, two cases of tibial loosening and two with 
restricted range of motion. Of note, the authors report a radiolucent line in 80% of 
the geometric knees, although only 8% as loose, similar to Skolnick et al. [32]. A 
failure rate of 18.3% at 8.5-year follow-up was reported by Riley & Woodyard, on 
a cohort of 71 Geomedic TKAs, in which failure was defined as severe pain or need 
for reoperation [33]. Van Loon et al. reported 70% of knees remained painless at an 
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average of 11-year follow-up and an average range of motion of 100°. A failure rate 
of 18%, most commonly due to tibial loosening, was similar to that of Riley & 
Woodyard. A survival rate (with an endpoint of implant removal) of 78% was given 
at 13 years; however this dropped to 58% if radiographically loose prostheses were 
included [34].

Ranawat et al. reported their experience of the duocondylar knee with a 2–4-year 
follow-up in 94 knees. Pain relief of 88.7% was achieved, although only 40.2% 
were considered excellent or complete pain relief. Average range of motion was 
102°. Radiographic lucencies were found in 76% at 3 years, with 26% demonstrat-
ing progression. Five to seven patients required revision surgery for loose tibial 
components [35].

Townley reported his experience of 532 anatomic total knees, with a follow-up 
period of 2–11 years. An excellent or good outcome was found in 89%, in which the 
range of motion was beyond 90° and pain or activity restriction was mild to none, 
and there was no requirement for walking aids. A 2% rate of tibial loosening was 
reported [36]. A 23-year follow-up of the Townley Anatomic Knee by Pritchett 
demonstrated an 89% survivorship at 23 years, with revision for any reason as the 
endpoint. Goniometer measured flexion increased from a pre-operative mean of 
104° to 117° post-operatively. Knee Society Scores increased from a pre-operative 
mean of 42 to a post-operative mean of 91. 5.6% required revision, with polyethyl-
ene wear being the most common cause. Tibial loosening was reported as rare [37].

Cloutier et al. has reported the 9–11-year follow-up of 107 Hermes 2C knee. This 
demonstrated a good or excellent outcome in 97%. The average range of motion 
was 107 ± 12.6°, normal anteroposterior stability in 89%, average knee score of 91 
± 8.4 and average functional score of 82 ± 21. With an endpoint of revision, the 
survival rate was 95 ± 2% at 10 years. No radiolucent lines were seen in 91%. Four 
percent of the knees (from the original cohort of 163) were revised, 3 for deep infec-
tion, one for instability after ACL rupture in a rheumatoid arthritis patient, one for a 
loose femoral component and two revisions for polyethylene wear [20]. The 22-year 
results for this same group have also been reported, although this constituted only 
20% of the original cohort of 163. This demonstrated an average flexion of 103°, 
knee society score of 87 and function score of 68. With revision for any reason as 
an endpoint, survival at 22 years was 82.1%. This increased to 96.1% when aseptic 
loosening was chosen as the endpoint [38].

Such results highlight the difficulties with the earliest designs of BCR TKA with 
regard to implant loosening, particularly of the tibial components. The 10–20-year 
follow-up studies of more recent designs have much improved on these, however, 
and are more comparable to the widespread CR and PS TKAs. Patient satisfaction 
however, rather than survivorship, is another important factor to consider. A pro-
spective randomised trial, in which patients underwent stage bilateral TKA, with 
different prostheses, supports BCR TKA. In 440 patients, with a minimum of 2-year 
follow-up, 89.1% preferred a BCR TKA in one knee to a PS TKA in the other. Also 
implanted in this study was a medial-pivot knee design, and this was preferred 
equally to the BCR TKA [39]. The reasons for the preference of a BCR TKA to a 
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CR or PS TKA may be due to the more normal kinematics achieved with a BCR 
TKA. This has been demonstrated with in vivo fluoroscopic kinematic analysis. The 
BCR TKA group on deep knee bend demonstrated more normal posterior femoral 
roll back, compared to a CR TKA, which demonstrated anterior femoral movement 
on flexion [40]. Anteroposterior laxity has also been shown to be more near normal 
in BCR TKA than CR TKA in a separate study [41].

Encouraging long-term results from more recently designed BCR TKAs, cou-
pled with patient preference, and evidence of more normal knee kinematics argue 
that BCR TKA is a viable treatment option. With modern developments, BCR TKA 
may prove to be the superior option in appropriately selected patients and may help 
to reduce 10–20% of unsatisfied patients.

However there remain both technical and design challenges to be addressed in 
BCR TKA. Implantation of the prosthesis is technically demanding and has a nota-
ble learning curve in our experience. The inability to sublux the tibia anteriorly with 
an intact ACL reduces visualisation of the proximal tibia, potentially making resec-
tion, templating and implantation more difficult. Concerns remain regarding tibial 
island fracture or ACL avulsion; however, in experienced hands, rates of tibial 
island fracture are below 2% [37, 42]. On a similar theme is the issue of knee stiff-
ness, where inadequate bony resection can result in a stiff knee with a reduced range 
of movement. Minimisation of tibial island fracture and stiffness requires a clear 
understanding of soft tissue balancing of the knee and the impact of femoral and 
tibial resection.

The femoral component in BCR TKA is very similar, or identical in some cases, 
to manufacturers’ existing CR or PS systems. This is in contrast to the tibial compo-
nent, which to retain the ACL insertion necessitates a cut-out in the plate to produce 
a U-shape to fit around the tibial island. This results in a narrow connecting beam 
anteriorly, with resulting concerns regarding fatigue failure. In response to this some 
manufacturers have used alternative manufacturing techniques or alloys with higher 
resistance to fatigue failure. More significantly concerns exist regarding tibial tray 
fixation and loosening. As discussed above several of the early designs suffered from 
early loosening, and newer designs often demonstrate radiolucent lines in short-term 
follow-up of unclear significance [32, 42]. The challenges arise again from the inabil-
ity to sublux the tibia. This reduces the space available to insert the tibial component 
and so constrains the size of fixation pegs, or keels, that can be used. In comparison 
to standard TKA designs, BCR TKA tibial trays have significantly smaller fixation 
features or have required screw fixation. This is coupled with reduced access during 
application of cement and component impaction. Whilst progressive radiolucent lines 
are clearly a cause for concern, the implications of ‘stable’ radiolucent lines in the 
short-term are unclear. It may be that similarly to the Oxford unicompartmental knee, 
these radiolucent lines are common and do not herald failure [43]. The rates of radio-
lucent lines also differ between designs, for example, Cloutier et al. reported a rate of 
9% at 9–11 years, versus 30% by Christensen et al. at an average of 18-month follow-
up [20, 42]. This suggests that tibial tray designs can have a significant influence on 
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the formation of these radiolucent lines. The question remains as to whether the pres-
ence of radiolucent lines has an impact on outcome or if such outcomes are similarly 
design specific. Only long-term follow-up studies can answer these questions for the 
emerging designs. Finally, with the tibial tray consisting of often two separate poly-
ethylene components, the question remains as to whether different sized bearings can 
be used to allow for additional soft tissue balancing.

7.4	 �Contemporary Bicruciate Retaining TKA

With an increasing recognition of the unsatisfied 20% of patients following total 
knee replacement, and increasing patient expectations for return to function, it is not 
surprising that interest in BCR TKA has increased. Whilst some may suggest that 
BCR TKA has been tried before, with limited if any benefits over CR or PS TKA 
designs, we feel it would be premature to abandon the concept altogether. It is over 
50 years since the first designs for BCR TKA emerged, and our understanding of the 
knee, implants and manufacturing have come a long way. Manufacturers have col-
laborated with a number of groups, and as such there are several BCR TKAs avail-
able. These include designs such as the Zimmer Biomet Vanguard XP, the BioPro 
Total Knee Original, the Ceraver Hermes 2C and the Smith & Nephew Journey II 
XR.  These designs incorporate features of those designs that have come before 
them, with incremental changes to geometry as well as new materials.

Using the Vanguard XP as an example, one can see these design steps. The femo-
ral component is based upon the established Vanguard CR knee system with a troch-
lear groove design to reduce patellar shear stress. The posterior condyle geometry 
has been altered with the aim of increased flexion without edge loading. Asymmetric 
condyles also feature, with a larger lateral condyle to allow greater roll back later-
ally. The tibial tray consists of the typical U-shaped tray of forged cobalt-chromium-
molybdenum, with two pegs and two keels. This appears to be an approach 
recognising the survivorship reported of four pegged tibial components (although 
not in an ACL-retaining knee) and their experience of the Oxford knee which uses 
a keel [44]. Another example of modern technologies being incorporated is the use 
of vitamin E-infused bearings as a potential means to reduce revision due to poly-
ethylene wear (as seen in the longer-term follow-ups in previous prosthesis). These 
bearings also incorporate compartment-specific geometries, recognising the differ-
ence in kinematics between the medial and lateral sides (Fig. 7.4).

However, new prostheses, whilst attempting to address issues of prior designs, 
are not guaranteed to succeed. Christensen et al. have reported a higher reoperation 
with a new BCR TKA design in a retrospective review of 78 BCR TKAs compared 
to 294 CR TKAs at early follow-up [42]. Radiolucent lines were also seen in 30% 
as previously discussed.

There is no doubt that BCR TKAs will continue to evolve in response to ongoing 
research both in the lab and in the clinical setting.
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7.5	 �How Would BCR TKA Be Used?

With the increasing rates of total knee arthroplasty, and falling age at first surgery, 
it is essential that strategies are in place to optimise outcomes. We believe that reten-
tion of the knee ligaments, including the ACL, should be the aim wherever possible. 
We propose a stepwise approach to the surgical treatment of knee osteoarthritis with 
arthroplasty as below.

For patients with isolated medial compartment osteoarthritis and an intact ACL, 
a unicompartmental arthroplasty is our preferred solution. Such a condition is met 
in up to 50% of patients presenting for joint replacement surgery, if the Oxford cri-
teria for selection are employed. Such surgery minimises surgical trauma, has a 
reduced mortality and provides patients with better functional outcomes compared 
to ACL-sacrificing TKA.

However an alternative approach is to use bicruciate-retaining TKA, when dam-
age to other surfaces in the knee may prevent the use of a partial knee replacement, 
but the ACL is still intact. This combines the benefit of resurfacing multiple dis-
eased articular surfaces whilst retaining the ACL. We estimate this constitutes a 
further 25% of patients for a partial knee replacement surgeon, but many higher 

Fig. 7.4  The Vanguard XP 
BCR TKA
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numbers if they do not wish to use partial knee replacement. This provides the 
patient with pain relief whilst also maximising the potential for normal kinematics 
and superior functional outcome.

In the remaining 25% of patients with ACL-deficient knees and multicompart-
mental disease, a traditional CR or PS TKA can be implanted, as retaining the ACL 
is not an option.

The proportions above are estimates and will depend on the indications for the 
Oxford medial UKA used by the treating surgeon. Taking the Oxford indications for 
the Oxford UKA, approximately 50% of cases would be eligible for unicompart-
mental arthroplasty [45], with 25% being suitable for a BCR TKA and the remain-
ing 25% receiving a CR or PS TKA. With more restrictive indications for medial 
UKA, these proportions may fall to approximately a third each.

7.6	 �Summary

BCR TKA is one potential avenue to address patient dissatisfaction after total knee 
replacement. The recognition of the soft tissue envelope and the importance of the 
ligaments in controlling movement of the knee have been present since the 1940s. 
The potential benefits of retaining the ACL include improve kinematics, propriocep-
tion and reduced prosthesis wear. Long-term follow-up data is available for select 
BCR TKAs demonstrating good outcomes, although with variable reports regarding 
functional outcome. Modern designs aim to build on the foundation laid down by 
the original innovators of knee prosthesis design, but further research is required to 
determine if these implants can deliver clinical improvements in outcome.
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8Five Quality Assurance Steps 
for Balancing a Kinematically Aligned 
Total Knee Arthroplasty

Stephen M. Howell and Alexander J. Nedopil

8.1	 �Overview

Kinematically aligned total knee arthroplasty (TKA) has gained interest because 
two randomized trials and a national multicenter study showed that patients treated 
with kinematic alignment reported significantly better pain relief, function, flexion, 
a more normal-feeling knee than mechanical alignment with a similar implant sur-
vivorship at 2, 3, and 6  years [1–5]. This chapter introduces the three goals of 
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kinematically aligned TKA, which are to restore (1) the native tibial-femoral articu-
lar surfaces, (2) the native knee and limb alignments, and (3) the native laxities of 
the knee. Because kinematically aligned TKA is relatively new and not as well 
understood as mechanically aligned TKA, we present five Quality Assurance Steps 
that are used intraoperatively to verify both kinematic alignment of the femoral and 
tibial components to the native joint lines and correct balancing of the knee. 
Examples of patients with severe varus and valgus deformity and flexion contrac-
tures treated with kinematically aligned TKA are shown.

8.2	 �Goal One: Restore the Native Tibial-Femoral Articular 
Surfaces

One goal of kinematically aligned total knee arthroplasty (TKA) is to set the 
anterior-posterior, proximal-distal, and medial-lateral translation and flexion-
extension, varus-valgus, internal-external rotation (6 degrees of freedom) of the 
femoral and tibial components to restore the native tibial-femoral articular surface 
of the knee. Setting the femoral and tibial components on the native tibial-femoral 
articular surface coaligns the axes of the components as close as possible with the 
three kinematic axes of the normal knee [2, 3, 6] (Fig. 8.1). One kinematic axis is 
the flexion axis of the tibia that penetrates the two centers of the circular portion of 
the posterior femoral condyles from about 20° to 120° like an axle passing through 
two wheels, which determines the native arc of flexion and extension of the tibia on 
the femur [6–10]. The second kinematic axis is the flexion axis of the patella that 

Fig. 8.1  A right femur (left) and kinematically aligned TKA (right) shows the relationships 
between the three kinematic axes of the knee and the joint lines of the distal and posterior femoral 
resections and the 6 degree-of-freedom position of the components [3]. The flexion axis of the tibia 
is the green line, the flexion axis of the patella is the magenta line, and the longitudinal rotational 
axis of the tibia is the yellow line. All three axes are closely parallel or perpendicular to the joint 
lines. The flexion-extension plane of the extended knee lies perpendicular to the flexion axes of the 
tibia and patella and centered in the knee. Compensating for wear and kerf and resecting bone from 
the distal and posterior femur condyles equal in thickness to the condyles of the femoral compo-
nent kinematically aligns the femoral component by co-aligning the axis of the femoral component 
with the flexion axis of the tibia assuming that the condyles of the femoral component are 
symmetric in the flexion-extension plane of the tibia
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lies parallel and averages 10 mm anterior and 12 mm proximal to the flexion axis of 
the tibia, which determines the native arc of flexion and extension of the patella on 
the femur [11, 12]. The flexion-extension plane of the extended knee lies perpendic-
ular to these two kinematic axes in the center of the knee. The third kinematic axis is 
the longitudinal rotational axis of the tibia that lies approximately perpendicular to 
the flexion axes of the tibia and patella and determines the native arc of internal and 
external rotation of the tibia on the femur [10, 11]. These kinematic axes are closely 
parallel or perpendicular to the native tibial-femoral articular surface [6, 10–14]. 
Therefore, a change in the position of either component in one or more of the 6 
degrees of freedom changes the native tibial-femoral articular surfaces. A change 
in the native articular surface malaligns the rotational axes of the components with 
the three kinematic axes of the knee, which changes the native resting length of the 
collateral, retinacular, and posterior cruciate ligaments. Changing the native resting 
length of these ligaments causes unnatural tightening and/or slackening of the liga-
ments and unnatural tibial-femoral and patella-femoral motions that patients may 
perceive as pain, binding, stiffness, or instability [6, 10, 15, 16].

8.3	 �Goal Two: Restore the Native Knee and Limb 
Alignments

The second goal of kinematically aligned TKA is to restore the native knee and limb 
alignments [3, 4, 15, 17]. Several studies support correction to the native or “consti-
tutional” alignment when performing TKA as opposed to creating mechanical 
alignment to neutral (Fig. 8.2) [15, 18–20]. Creating mechanical alignment in 
patients with constitutional varus and valgus alignment is unnatural and causes 
greater strain deviations in the medial and lateral collateral ligaments from the 
native knee [15, 18, 21, 22]. Patients with preoperative varus have better clinical and 
functional outcome scores and the same implant survivorship at 7 years when the 
alignment is left in the native varus, as compared with patients overcorrected to 
neutral [19]. At a mean of 6 years after kinematically aligned TKA, restoration of 
the native alignments of the knee, limb, and tibia did not adversely affect implant 
survival and resulted in high function, which supports the consideration of kine-
matic alignment as an alternative to mechanical alignment when performing pri-
mary TKA [4].

Current evidence suggests that the native alignment of the limb does not cause 
osteoarthritis of the knee. The clinical findings of bilateral osteoarthritis with a 
varus deformity in one knee and a valgus deformity in the other (“wind swept”), and 
the lack of osteoarthritis in the majority of elderly Asian patients with severe con-
stitutional varus suggest that native alignment plays little role in the development of 
osteoarthritis. Instead, the onset of osteoarthritis is associated with known changes 
in cartilage metabolism that occur with aging. Articular cartilage is a mechano-
sensitive tissue that, when healthy, increases anabolic activity and thickens when 
loaded. Chondrocytes experience age-related declines in their anabolic activity and 
thickening response which causes osteoarthritis as the ability to respond and com-
pensate for high loads from activity and obesity is gradually lost [23].
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8.4	 �Goal Three: Restore the Native Laxities of the Knee

The third goal of kinematically aligned TKA is to restore the native laxities of the 
knee, which are tighter at 0° of flexion than at 45° and 90° of flexion [16, 24] 
(Fig. 8.3). At 0° of flexion the native tibia-femoral joint behaves as a rigid body since 
the average varus (0.7°), valgus (0.5°), internal (4.6°), and external (4.4°) rotations 

Fig. 8.2  Composite shows (1) the kinematically aligned TKA (left patient) restores the natural 
tibial-femoral joint surface (blue line) and the natural limb alignment (white line) and coaligns the 
axes of the femoral component with the flexion axes of the tibia (green line) and patella (magenta 
line), and (2) the mechanically aligned TKA (right patient) changes the natural tibial-femoral joint 
surface (red line), the natural limb alignment, and malaligns the axes of the femoral component 
oblique to the flexion axes of the tibia and patella. Studies have shown that kinematic alignment 
has less varus limb and varus knee outliers and has the same average limb and knee alignment as 
mechanical alignment [2, 34, 35]
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of the tibia on the femur are negligible under applied loads that just engage the soft 
tissue restraints [16, 24, 25]. At 45° and 90° of flexion, the mean laxity is fivefold 
greater in varus (3.1°) rotation; fourfold greater in distraction; threefold greater in 
valgus (1.4°), internal (14.6°), and external (14.7°) rotation; and twofold greater in 
anterior translation than at 0° of flexion [16, 24]. The maintenance of these native 
differences in laxities between positions of knee flexion requires the maintenance of 
the native resting lengths of the collateral ligaments, posterior cruciate ligament, and 
retinacular ligaments. The alignment goal of gap balancing a TKA overtightens the 
laxities of the flexion gaps at 45° and 90° of flexion to match those at 0° of flexion, 
which patients may perceive as pain, stiffness, and/or limited flexion [6, 16].

Restoring the native laxities of knee at 0° of flexion requires removal of all osteo-
phytes, extending the knee to 0°, and adjusting the varus-valgus angle and thickness 
of the tibial component until the varus, valgus, internal, and external rotational lax-
ities are negligible [3]. Flexing the knee to 90° and adjusting the anterior-posterior 
slope and thickness of the tibial component until the offset of the anterior tibia from 

Fig. 8.3  A composite shows column graphs of the natural varus (+), valgus (−), internal (+), and 
external (−) rotational laxities of the normal knee at 0° and 90° of flexion (a and b) and the natural 
gaps of a right knee at 0° and 90° of flexion after making the resections using kinematic alignment 
(c) [24, 36]. Those paired columns connected by a p-value less than 0.05 indicate the laxity at 90° 
is greater than at 0° of flexion. The resected right knee shows a symmetrically shaped gap that is 
equal medially and laterally at 0° of flexion and an asymmetrically shaped gap lesser medially than 
laterally at 90° of flexion. Therefore, the surgical goal of gap balancing a TKA over-tightens the 
flexion gap. Error bars show ±1 standard deviation
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the distal medial femoral condyle measured at the time of exposure matches the 
knee with the trial components, and the internal and external rotation of the tibia 
approximately 14° restores the native laxities of knee at 90° of flexion (Fig. 8.4) [3]. 
The ability of kinematically aligned TKA to restore the native knee and limb align-
ments and the laxities of the knee may explain the reports from a randomized clini-
cal trial and a national, multicenter study that showed patients with a kinematically 
aligned TKA reported better pain relief, better function, better flexion, and a more 
normal-feeling knee than patients with a mechanically aligned TKA [2, 5].

8.5	 �Technique for Kinematically Aligning the Femoral 
Component to the Native Articular Surface

Kinematic alignment sets the femoral component at the native angle and level of the 
distal (0°) and posterior (90°) joint line. The surgical technique begins by using an 
offset caliper to measure the anterior-posterior offset of the anterior tibia from the 
distal medial femur with the knee in 90° of flexion (Fig. 8.4). Two millimeters is 
subtracted from the offset measurement if cartilage is missing on the distal medial 
femoral condyle. The measured offset is subsequently used as the reference for 
completing Quality Assurance Step 5 to restore the native F-E angle or slope of the 
tibial joint line. Once the knee is fully exposed, the locations of cartilage wear are 
assessed on the distal femur. A ring curette is used to remove any partially worn 
cartilage. The flexion-extension position of the femoral component is set by the 

Fig. 8.4  Intraoperative photographs of a right knee with a varus deformity in 90° of flexion shows 
the measurement of the natural anterior offset of the tibia from the worn distal medial articular 
surface of the femur in a knee at the time of exposure (left) and at the time of reduction with the 
trial components (right). Compensating 2 mm for cartilage wear on the distal medial femur, adjust-
ing the anterior-posterior slope and the thickness of the tibial component until the offset of the 
anterior tibia from the distal medial femoral condyle with the trial components matches that of the 
knee at the time of exposure, and setting the internal and external rotations of the tibia approxi-
mately 14° restores the laxities of the knee in 90° of flexion
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insertion of a positioning rod 8–10 cm through a drill hole placed parallel to the 
anterior surface of the distal femur and perpendicular to the distal articular surface 
(Fig. 8.5). The use of a starting hole midway between the top of the intercondylar 
notch and the anterior cortex reduces the risk of flexing the femoral component 
more than 5° from the anatomic axis of the femur, which is associated with patel-
lofemoral instability [26]. Minimizing flexion of the femoral component completes 
Quality Assurance Step 1.

The varus-valgus rotation and proximal-distal translation of the femoral compo-
nent are set by using a disposable distal referencing guide that compensates 2 mm 
when there is cartilage wear on the distal medial femoral condyle in the varus knee 
and 2 mm when there is cartilage wear on the distal lateral femoral condyle in the 
valgus knee. The distal resections are measured with a caliper. The anterior-posterior 
translation and internal-external rotation of the femoral component are set by plac-
ing a 0° rotation posterior referencing guide in contact with the posterior femoral 
condyles (Fig. 8.6). The positioning of the posterior referencing guide infrequently 
requires correction because complete cartilage loss on the posterior medial and pos-
terior lateral femoral condyles is rare in most varus and valgus osteoarthritic knees 
[27]. The posterior resections are measured with a caliper. Correction for bone wear 

Fig. 8.5  Composite shows the method of setting the flexion extension and varus-valgus rotations 
and the proximal-distal translation of the kinematically aligned femoral component with dispos-
able instruments (blue). The insertion of a positioning rod 8–10 cm through a hole drilled parallel 
to the anterior surface and perpendicular to the distal articular surface of the distal femur sets 
flexion-extension rotation of the femoral component. An assembly of the distal cutting block 
inserted into the offset distal femoral resection guide that compensates for 2 mm of cartilage wear 
on the worn condyle(s) is placed over the positioning rod in contact with the distal femur and sets 
varus-valgus rotation and proximal-distal translation of the femoral component
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is rarely needed at 0° and 90° of flexion even in the most arthritic knees [3, 27]. 
Adjusting the thickness of the distal and posterior resections to match the thickness 
of the femoral component after compensating for cartilage wear and the kerf of the 
saw blade completes Quality Assurance Step 2.

a

c

e

b

d

Fig. 8.6  Composite of a right varus osteoarthritic knee shows the steps for kinematically aligning 
the femoral component at 90° of flexion. A 0° rotation posterior referencing guide is inserted in 
contact with the posterior femoral condyles and pinned (a). The correct size chamfer guide is 
inserted into the pin holes (b). A caliper measures the thickness of the posterior medial femoral 
condyle (c) and posterior lateral femoral condyle (d). These steps set internal-external rotation and 
anterior-posterior translation of the femoral component to the natural articular surface of the pos-
terior femur (e)
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8.6	 �Technique for Kinematically Aligning the Tibial 
Component to the Native Articular Surface

Kinematically aligned TKA sets the tibial component at the native internal-external, 
varus-valgus, flexion-extension, and proximal-distal positions of the articular sur-
face of the tibia with use of an extramedullary tibial guide (Figs. 8.7, 8.8, and 8.9) 
[3]. The internal-external rotation of the tibial component is set parallel to the 
flexion-extension plane of the knee with use of either the major axis of the lateral 
tibial condyle or a kinematic tibial baseplate method [3, 28, 29]. When the major 
axis of the lateral tibial condyle method is used, the elliptical-shaped boundary of 
the articular surface of the lateral tibial condyle is identified, and the major axis is 
drawn (Fig. 8.7) [3, 28, 29]. A guide is used to drill two holes into the medial articu-
lar surface parallel to the major axis drawn on the lateral tibial condyle. After the 

a b

c d

Fig. 8.7  Composite of a right knee shows the major axis of the lateral tibial condyle method for 
kinematically aligning the internal-external rotation of the trial tibial component to the anterior-
posterior axis (blue line) of the nearly elliptical-shaped boundary of the articular surface of the 
lateral tibial condyle (black dots) (a). A guide is used to drill two pins through the medial tibial 
articular surface and parallel to the major axis (b). The tibial articular surface is resected and 
removed, the two drill holes are identified (pins), and lines parallel to the drill holes are drawn (c). 
The score marks (green arrows) indicate that the anterior-posterior axis of the trial tibial baseplate 
is aligned parallel to these lines (d)
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tibial resection is made, the anterior-posterior axis of the tibial component is aligned 
parallel to these two holes. This technique uses a rationale similar to Cobb’s method, 
which finds the flexion-extension plane of the knee by fitting circles to the medial 
and lateral tibial condyles [30]. In contrast to mechanically aligned TKA where the 
medial border and medial one-third of the tibial tubercle are considered useful 

a

c

b

Fig. 8.8  Composite of a right knee shows the steps for kinematically aligning the tibial compo-
nent. A conventional extramedullary tibial resection guide with a 10 mm offset tibial resection 
gauge and angel wing (green arrow) is applied to the ankle (a). The varus-valgus position of the 
tibial resection is set by adjusting the medial-lateral position of the slider at the ankle end of the 
guide until the saw slot is parallel to the tibial articular surface after visually compensating for 
cartilage and bone wear. The proximal-distal translation of the tibial component is set by adjusting 
the level of the saw slot until there is contact between the 10 mm offset tibial resection gauge and 
the center of the unworn tibial condyle (b). The flexion-extension rotation of the tibial component 
is set by adjusting the inclination of the angel wing parallel to the slope of the medial joint line (c). 
These steps set the proximal-distal translation and the varus-valgus and flexion-extension rotations 
of the tibial component parallel to the natural articular surface of the tibia
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landmarks, a study of a case series of kinematically aligned TKAs showed that 
aligning the tibial component to the medial border or medial one-third of the tibial 
tubercle would have malrotated the tibial component 5° or more from the flexion-
extension plane of the knee in 70% and 86% of the knees, respectively [3, 31, 32]. 
The use of the major axis of the lateral tibial condyle is a reproducible method as 
shown by a negligible bias (−1° internal) and an acceptable precision (± 5.4°) 
between the anterior-posterior axis of the tibial component and the flexion-exten-
sion plane of the knee and minimal malrotation of the tibial component on the femo-
ral component [28, 29]. Aligning the anterior-posterior axis of the tibial component 
parallel to the flexion-extension plane of the knee completes Quality Assurance 
Step 3 [28, 29, 32].

a b

c d

Fig. 8.9  Composite of a right knee shows the steps for aligning the internal-external rotation of 
the trial tibial component parallel to the flexion-extension plane of the knee with a kinematic tibial 
baseplate (gray). The cortical contour of the anatomic resection of the tibia is shown (a). The larg-
est size kinematic tibial baseplate that fits within the contour is selected from the seven kinematic 
tibial baseplates and is fit within the cortical contour (b). The anterior-posterior axis of the kine-
matic tibial baseplate is marked (blue line) (c). The score marks (green arrows) indicate that the 
anterior-posterior axis of the trial tibial baseplate is aligned parallel to the blue line (d)
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Next, a conventional extramedullary tibial resection guide is applied to the ankle, 
and an angel wing is placed in the saw slot of the guide (Fig. 8.8). The varus-valgus 
position of the tibial component is set by medially translating the slider at the ankle 
of the guide until the saw slot is parallel to the tibial articular surface after a visual 
compensation for cartilage and bone wear. The flexion extension or slope of the 
tibial component is set by adjusting the inclination of an angel wing placed in the 
saw slot until it is parallel to the slope of the medial joint line to reproduce the offset 
measured first after exposing the knee joint. The proximal-distal translation of the 
tibial component is set by adjusting the level of the saw slot until the 10 mm tibial 
resection gauge contacts the center of the unworn tibial condyle [3]. A conservative 
tibial resection is made while protecting the insertion of the posterior cruciate liga-
ment. When the kinematic tibial baseplate is used to set internal-external rotation of 
the tibial component, the largest one of the seven available sizes that fits within the 
cortical contour of the tibial resection is selected and best fit to the anterior and 
medial cortical edge (Fig. 8.9). The in vitro reproducibility of the kinematic tibial 
baseplate was evaluated on 166 tibial resections by five arthroplasty surgeons, three 
orthopedic surgery fellows/residents, and three students and showed a negligible 
bias (0.7° external) and acceptable precision (± 4.6°) between the anterior-posterior 
axis of the kinematic tibial baseplate and the flexion-extension plane of the knee. 
The in vivo reproducibility was evaluated in 63 kinematically aligned TKAs by one 
arthroplasty surgeon and showed a negligible bias (0.2° external) and an acceptable 
precision (± 3.6°) between the anterior-posterior axes of the tibial and the femoral 
components (unpublished study).

8.7	 �Balancing the Kinematically Aligned Total Knee 
Arthroplasty

The algorithm for restoring motion and balance to the kinematically aligned TKA is 
simple, has a logical progression, and has a defined end point, which are predicated 
on first completing Quality Assurance Steps 1–3 (Fig. 8.10). To determine which 
options are needed to restore motion and balance the knee, the knee is examined 
with trial components. When the knee lacks both extension and flexion but has 
anterior-posterior and varus-valgus stability throughout the motion arc, remove 
more tibia. When the knee lacks extension, but fully flexes and has anterior-posterior 
and varus-valgus stability throughout the motion arc, remove posterior osteophytes, 
and release the posterior capsule. If removal of the posterior osteophytes and releas-
ing the posterior capsule are ineffective, then decrease the posterior slope on the 
tibia. Additional resection of the bone from the distal femur is not recommended to 
restore extension unless the distal bone resection is 2 mm or thinner than the poste-
rior bone resection or unless the PCL is inadvertently released. The penalty from 
additional resection of bone from the distal femur is proximal translation of the 
femoral component. This moves the proximal-distal position of the primary trans-
verse axis of the femur proximally but leaves the anterior-posterior position of the 
primary transverse axis of the femur unchanged, which loosens the collateral 
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ligaments in extension but not in flexion. This limits flexion and kinematically 
malaligns the knee. When the knee lacks flexion but fully extends and has anterior-
posterior and varus-valgus stability throughout the motion arc, increase the poste-
rior slope on the tibia. A kinematically aligned femoral component does not need 
recession or release of the posterior cruciate ligament to increase flexion.

When the knee is tight medially throughout the motion arc and fully flexes and 
extends, remove medial femoral and tibial osteophytes. When medial tightness per-
sists, recut the tibia in 1–2° more varus until there is negligible varus-valgus laxity 
with trial components with the knee in full extension. When the knee is tight later-
ally throughout the motion arc and fully flexes and extends, remove lateral femoral 
and tibial osteophytes. When the lateral tightness persists, recut the tibia in 1–2° 
more valgus until there is negligible varus-valgus laxity with trial components with 
the knee in full extension. Negligible varus-valgus laxity with the knee in full exten-
sion restores the native limb alignment and completes Quality Assurance Step 4 [3, 
16, 24].

Finally, adjust the F-E cut of the tibia until the A-P offset of the anterior tibia 
from the distal medial femur with trial components at 90° of flexion is equal to the 
osteoarthritic knee at the time of surgical exposure, and there is approximately 14° 
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Fig. 8.10  The table shows a stepwise algorithm for balancing the kinematically aligned TKA. The 
top row lists six malalignments, and the bottom lists the corresponding corrective actions. Notice 
those corrections that require a recut of bone are performed by fine-tuning the proximal-distal 
translation and the varus-valgus and flexion-extension (slope) rotations of the tibial resection and 
not by recutting the femur
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of passive internal-external rotation. Restoration of the A-P offset and native pas-
sive internal-external rotation completes Quality Assurance Step 5 [3, 16, 24].

In the case where the posterior cruciate ligament is insufficient due to inadvertent 
release or incompetency, and there is anterior-posterior instability in 90° of flexion, 
but stability in full extension uses either a liner with an increased anterior slope or a 
posterior-stabilized component.

8.8	 �Examples of Severe Varus and Valgus Deformity 
Treated with Kinematically Aligned Total Knee 
Arthroplasty

Kinematically aligned TKA can be performed with any severity of varus deformity 
(Fig. 8.11). The prearthritic native joint line is restored and the native laxities of the 
soft tissue envelope maintained. The example illustrates a posttraumatic knee with 
a severe varus deformity, flexion contracture, and chronic posterior cruciate liga-
ment insufficiency. Due to the posterior cruciate ligament insufficiency, we chose a 
posterior cruciate ligament-substituting implant.

There are special considerations when performing kinematically aligned TKA in 
the patient with severe fixed valgus deformity (Fig. 8.12). We estimate that 15% of 
fixed valgus deformities remain in 2–3° of excessive valgus deformity after adjust-
ing the varus-valgus angle and thickness of the tibial component until the varus-
valgus laxity is negligible with the knee to 0° of flexion (Fig. 8.12). In this small 
subset of valgus knees, we perform a careful lengthening of the lateral collateral 
ligament 2–3 mm by pie crusting with a spinal needle with distraction applied with 
a laminar spreader to the lateral compartment with knee in 90° of flexion (Fig. 8.13). 

Fig. 8.11  Composite shows the preoperative radiographs of a posttraumatic knee with a severe 
varus deformity, flexion contracture, and chronic posterior cruciate ligament insufficiency, an 
intraoperative photograph of the varus deformity, and a postoperative computer tomographic 
scanogram of the limb and axial views of the femoral and tibial components. The kinematically 
aligned TKA restored the natural alignment and laxities of the knee without a release of the medial 
collateral ligament and was performed with posterior cruciate ligament-substituting implants 
because of the torn posterior cruciate ligament
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After completing the lengthening, a recut guide is used to cut the tibia in 2–3° more 
varus, and a 2 mm thicker liner is inserted. For a tibia of normal length, each degree 
of varus or valgus correction at the knee joint causes a 6–7 mm medial or lateral 
translation of the ankle. Therefore, a 3° varus correction at the knee causes an 
18–21 mm medial translation at the ankle, which corrects the valgus deformity of 
the limb and knee. On the rare occasion, these corrective actions do not reduce a 
chronic lateral patella subluxation or dislocation a lateral release is performed.

Fig. 8.12  Composite shows the preoperative radiographs of the knee with severe valgus defor-
mity, intraoperative photograph of the severe valgus deformity, and flexion contracture, and post-
operative computer tomographic scanogram of the limb and axial views of the femoral and tibial 
components. The kinematically aligned TKA restored the natural alignment and laxities of the 
knee without a release of the lateral collateral ligament in this patient with an intact posterior cruci-
ate ligament

a b c

Fig. 8.13  Composite shows the laminar spreader in the lateral side of a right knee before (a) and 
after a 3 mm incremental lengthening of the lateral collateral ligament with use of the pie-crusting 
technique (blue) (b) and the use of the pie-crusting technique in another patient to correct the 
alignment of the knee and limb left too valgus at the time of primary kinematically aligned TKA 
(c). The tibial component in the primary surgery was originally set at 90° to the mechanical axis of 
the tibia (1), which left the leg too valgus (3). The revision followed the stepwise algorithm for 
correcting the valgus deformity by adjusting the varus-valgus alignment of the tibial component 
and leaving the original femoral component alone (Fig. 8.10). At revision, the varus-valgus align-
ment of the tibial component tibial component was set at 87° to the mechanical axis of the tibia by 
lengthening the lateral collateral ligament 3 mm (2), and the insertion of a thicker liner moved the 
ankle 20 mm more medial, which realigned the limb to neutral (4)
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8.9	 �Summary

Kinematically aligned TKA is a promising surgical technique that provides signifi-
cantly better pain relief, function, flexion, a more normal-feeling knee than mechan-
ical alignment with a similar implant survivorship at 2, 3, and 6 years [1, 2, 4, 5, 33]. 
The three goals of kinematically aligned TKA are to restore (1) the native tibial-
femoral articular surfaces, (2) the native knee and limb alignments, and (3) the 
native laxities of the knee. We presented five Quality Assurance Steps that intraop-
eratively verify both kinematic alignment of the femoral and tibial components to 
the native joint lines and correct balancing of the knee even in patients with severe 
varus and valgus deformities and flexion contractures. The following three links 
provide video and animated instruction for surgeons interested in learning more 
about kinematically aligned TKA.
	1.	 YouTube Live surgical demonstration of kinematically aligned TKA performed at 

ISAKOS 2015 in Lyon, France (www.youtube.com/watch?v=VW9-GdUYBcs)
		 TouchSurgery’s free animated surgery application for learning technique and 

intraoperative decision-making when performing kinematically aligned TKA 
downloadable to smart phone, iPad, or tablet (www.touchsurgery.com)

	2.	 Dr. Stephen M Howell’s website containing PDFs of published papers (http://
www.drstevehowell.com/)
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9Operative Procedure: Varus Knee

David Figueroa and Francisco Figueroa

9.1	 �Introduction

In varus OA knees, TKA often involves the release of the medial structures in order 
to realign the leg and also achieve balance and stability. In rare occasions it requires 
tensing lateral structures to achieve this goal. Correct soft tissue balance is essential 
to the success of TKA surgery [1].

A knee can be described as “balanced” when the normal motion of the knee is 
not hindered by the soft tissue constraint, so that normal knee motion (kinematics) 
is allowed by the soft tissue envelope. On the other hand, sufficient tension of the 
ligaments should be present to provide stability. Incorrect soft tissue balancing can 
result in a number of complications, including instability, abnormal polyethylene 
wear, aseptic loosening, altered patellofemoral biomechanics, and pain [1].
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While medial release is the standard intraoperative mode of balancing, its 
sequence and extent is not clear, but according to different studies it is necessary in 
76–88% of OA varus knees [2–4].

We present here our method for balancing of a varus TKA. As no clear guide-
lines has been published, the order is not mandatory, and it is obviously dependent 
of the gap affected (flexion or extension).

9.2	 �Step 1: Cruciate Retaining (CR) or Posterior 
Stabilized (PS)

The first decision that has to be made when dealing with a varus TKA is to retain or 
sacrifice the posterior cruciate ligament (PCL). The PCL is both a posterior and a 
medial structure; thus, it may be contracted in a varus-deformed lower extremity. 
When the PCL is retained as in CR arthroplasty, it must be assessed and balanced. 
The PCL could be released from the intercondylar notch in the femur or from its 
insertion in the tibia.

The PCL supports the flexion gap. Thus, the release of the PCL results in a flex-
ion gap that is larger than the extension gap. Therefore, it is recommended that the 
distal femoral bone resection be increased to aid in equalizing the gap [5].

When sacrificing the PCL as in PS TKA, less medial soft tissue release typically 
offers better balance. For that reason we recommend in severe varus knees to use a 
PS TKA, simplifying the procedure (Fig. 9.1).

9.3	 �Step 2: Osteophytes

The presence of osteophytes on the medial aspect of the tibial plateau and on the 
medial femoral condyle can have a significant tightening effect on the structures 
that make up the medial soft tissue sleeve. For this reason, all osteophytes should be 
removed before any soft tissue release is performed. Removal of the osteophytes 
that impede on the medial soft tissue sleeve is often enough to provide a balanced 
flexion and extension gap in the mild varus knee [5] (Fig. 9.2).

9.4	 �Step 3: Superficial Medial Collateral Ligament

The critical stabilizers on the medial side of the knee include the superficial medial 
collateral ligament (sMCL) fibers on the anterior aspect and posterior structures 
such as the posterior oblique ligament (POL) and the semimembranosus (SM) ten-
don fibers that merge into the posterior capsule [6].

The sMCL has its origin on the medial epicondyle and its tibial insertion on the 
medial aspect of the upper tibia. It affects both the flexion (anterior fibers) and the 
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Fig. 9.1  Sacrificing the 
posterior cruciate ligament 
in a PS total knee 
replacement

Fig. 9.2  Resection of the 
medial osteophytes in the 
tibial plateau in a varus 
knee
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extension (posterior fibers) gap. A subperiosteal technique is used to release the 
sMCL off the tibial insertion from just medial to the pes anserine tendon insertion 
to the medial aspect of the upper tibia (Fig. 9.3). The surgeon should begin by per-
forming a gentle release and then reassess the flexion and extension gaps so that the 
appropriate amount of release can be obtained without causing overcorrection or 
instability resulting from an excessive amount of release.

9.5	 �Step 4: Posterior Oblique Ligament

The POL fibers run in an oblique fashion from the upper posterior aspect of the 
sMCL fibers into the posteromedial aspect of the medial flare of the proximal tibia. 
The POL should be the first structure released when the knee is tight only in exten-
sion and not in flexion in a varus TKA.

Another indication for release of the POL occurs when, after release of the pos-
terior fibers of the sMCL, the knee remains tight in extension. The insertion of the 
POL is released in a subperiosteal fashion from the medial-most point of the tibial 
cut. This release is directed at a 45° angle in the posterior direction [5].

9.6	 �Step 5: Semimembranosus (SM)

The SM tendon has a complex attachment to the posteromedial aspect of the tibia, 
with five described insertion sites. The posterior nature of its blended insertion with 
the capsule means that the release of the SM tendon affects the extension space 
more than it does the flexion space.

If the knee remains tight in full extension after the release of the posterior sMCL 
fibers and the POL, then the release of the SM tendon should be considered. 

Fig. 9.3  Release of the 
superficial layer of the 
medial collateral ligament 
(sMCL)
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A subperiosteal technique is performed to release the insertion from the posterome-
dial aspect of the proximal tibia. Although that classically release of the SM tendon 
was reserved for knees with significant varus deformity or combined varus and flex-
ion contracture deformity, new publications confronts these guidelines. Koh et al. 
[7] presented a SM release as the second step of their algorithm ((1) release of the 
deep MCL, (2) release of the SM, (3) release of the sMCL) describing that after 
realizing the first two steps, only a 6.7% of the patients still required a release of the 
sMCL to achieve a correct balance, decreasing the risk of instability associated with 
this procedure (Fig. 9.4).

9.7	 �Step 6: Pes Anserinus, Medial Epicondyle Osteotomy, 
Medial Tibial Plateau Resection, and Lateral Collateral 
Ligament Advancement

Other possible releases exist for certain cases but are rarely used in regular 
practice.

Pes anserinus release should be reserved only for very severe varus knees; their 
release affects extension more than flexion.

Osteotomy of the medial epicondyle has also been reported to aid in balancing 
and providing exposure of the varus knee with flexion contracture, but Mihalko 
et al. [8] in a recent cadaveric study demonstrated that knee specimens in the labora-
tory treated with medial epicondylar osteotomy were significantly more lax in flex-
ion than a standard sMCL release raising concerns about the use of an epicondylar 
osteotomy because of the risk of instability.

Another option for the knee with a severe varus deformity involves resection of 
the bone along the medial tibial plateau, with downsizing and relative lateralization 
of the tibial baseplate. The final effect is a relative medialization of the tibial 

Fig. 9.4  Release of the 
semimembranosus in the 
posterior medial corner  
of the tibial plateau
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tubercle, which may enhance patellar tracking, too. Recently Ahn et al. [9] com-
pared this option to a traditional release in 40 patients. They concluded that in severe 
varus knees, bony resection of proximal medial tibia can be considered as an alter-
native technique, with less total operation time and a comparable soft tissue 
balance.

If, after complete release of medial-sided structures, imbalance persists and the 
medial gap is tight, the surgeon should consider advancing the lateral collateral liga-
ment (LCL) to correct the imbalance. This can be accomplished on the fibular side 
of the joint by osteotomizing the proximal fibula and advancing it distally to tighten 
the LCL.

9.8	 �Recent Evidence

A recent review of the literature available was done by Hunt et al. [1]. They con-
clude that there is a lack of evidence to support extensive medial release for routine 
varus knee replacement as the better option of treatment. Regarding surgical meth-
ods used or algorithms, they report that methods can vary between surgeons and the 
level of detail provided in published articles is often very limited producing a lack 
of consensus for quantification of such releases on the medial side, so interpretation 
of surgical procedures remains difficult. Furthermore, they describe that the descrip-
tion of the methods and also the subjective approach normally adopted to assess the 
stability of the joint by “feel” can make it difficult for relatively inexperienced sur-
geons to achieve balance confidently and accurately.

Regarding the release techniques, Goudarz et al. [10] compared an algorithmic 
approach proposed by Bellemans et al. [11] that consisted in pie crust releases of the 
anteromedial or posteromedial structures of the knee depending on the gap affected 
to a group where classical subperiosteal releases were made. They concluded that 
the pie crust releases obtained better stability, requiring a lower need of constrained 
inserts (8% vs. 18%) and with similar outcomes at 1 year follow-up.

Mihalko et al. [12] latter did a biomechanical validation of the pie crust release 
for medial side structures in TKA. In their study they reported that ligament release 
pie crust release produced symmetric changes in the extension and flexion gaps 
compared to a traditional release which produced greater gaps in flexion that could 
lead to a flexion instability. Therefore, they advocated for the use of pie crust 
releases over classical subperiosteal releases.

�Conclusion

Medial releases are the standard method for balancing a varus TKA. There are no 
strict guidelines published, and even a consensus of the better method of release 
does not exist. Recently the pie crust method of release has been described as a 
more secure method for releasing the medial-sided structures and avoiding com-
plications related to overcorrection.
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10Valgus Knee: Severe Cases Included

Jaroslaw Czekaj, Timothy Lording, and Sébastien Lustig

10.1	 �Introduction

Valgus deformity is less common than varus deformity in the arthritic knee, with 
an incidence of 10–15% in the population undergoing primary total knee arthro-
plasty (TKA) [1]. In cases of valgus knee, the surgeon uses the same set of instru-
ments; however, the choice of approach, strategy for soft tissue balancing, order 
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of ligament release, positioning of implants, and the degree of constraint required 
may vary considerably in comparison to the varus knee. These issues, as well as the 
management of bone defects caused by wear, must be considered during preopera-
tive preparation and may require adaptation of the surgical plan according to the 
intraoperative situation. We emphasize the essential place of preoperative planning 
based on radiological and physical examination, which allows for staging of the 
deformity and choice of the proper surgical strategy.

The most essential difficulties in the arthritic valgus knee are correct flexion-
extension gap balancing, responsible for knee stability, achieving the right patella 
position, and assuring sufficient contact at the bone-implant interface.

In the following chapter, we discuss the abovementioned concerns and concen-
trate on the particularities of primary TKA in arthritic valgus knees.

10.2	 �Valgus Knee Deformity

The normal mean hip-knee-ankle (HKA) angle is 178.8° ± 2.2°, with values greater 
than 181° considered valgus knee deformity [2]. Correct knee alignment is marked 
by passage of the gravity line slightly medial to knee joint center. During the single-
leg stance phase of gait, the knee joint must resist large forces, exceeding 4–6 times 
body weight and unequally distributed across the compartments in a ratio of three 
fourths through the medial and one fourth through the lateral compartment [3]. In 
the valgus knee, overloading of the lateral femorotibial compartment results in its 
cartilage and bone wear in the frontal plane and progressively also in the sagittal 
plane, affecting primarily the posterolateral parts of the tibia and femur.

The early, reducible stages of the deformity advance to a rigid, non-corrigible 
state due to progressive tightening of the lateral structures, accompanied by the 
contraction of the lateral biarticular muscle group, which has an additional external 
rotational action on the tibia. In the advanced stages described above, changes are 
accompanied by distention and incompetence of the medial structures, notably the 
medial collateral ligament (MCL) (Fig. 10.1).

External rotation of the tibia in relation to the femur has an important influence 
on the femoropatellar joint, increasing the Q-angle and lateral displacement forces 
on the patella, which overloads its lateral side and negatively impacts patellar track-
ing, leading even to dislocation.

The structural changes described above must be taken into account during bone 
resection, ligament balancing, and rotational positioning of implants during TKA, 
in order to avoid unsatisfactory limb alignment, patellar maltracking, or knee insta-
bility (Fig. 10.2).

Valgus deformity may be constitutional or acquired.
Constitutional deformity is most frequently bilateral, with an extra-articular 

origin of the deformity, usually on the femoral side. In cases of significant tibial 
or femoral contribution to valgus deformity, correctional osteotomy should be 
considered.
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Fig. 10.1  Anteroposterior and lateral X-rays of valgus knee demonstrating the biplanar (frontal 
and sagittal) bone wear of the lateral tibial plateau (red dotted lines) with distraction of the medial 
side (yellow arrow)

Fig. 10.2  Case of a female patient with severe valgus knee, reconstruction with augment of the 
lateral tibial plateau, anterior tibial tuberosity osteotomy, and release of the lateral structures to 
achieve soft tissue balance without the need for a constrained implant

Acquired valgus may be secondary to primary osteoarthritis, rheumatoid arthri-
tis, metabolic disorders such as rickets or renal dystrophy, osteonecrosis, and over-
correction after proximal tibial osteotomy. There are also post-traumatic cases 
resulting mostly from malunion of tibial plateau fractures.

10  Valgus Knee: Severe Cases Included
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10.3	 �Anatomy of the Lateral Compartment of the Knee

The ligaments, capsules, and muscles all contribute to stability of the lateral com-
partment. The ligamento-capsular elements are represented by the lateral collateral 
ligament (LCL) and the posterolateral angle complex. The muscles of the lateral 
aspect of the knee can be divided into anterolateral (iliotibial band (ITB)) and pos-
terolateral groups (the popliteus, biceps femoris, lateral head of the gastrocnemius) 
(Fig. 10.3).

The ITB inserts principally onto Gerdy’s tubercle, but it runs also toward the 
patella as the iliopatellar band and to the lateral intermuscular septum, fibula, and 
biceps femoris. The ITB is the lateral stabilizer of the first 30° of knee flexion, act-
ing against varus deformation forces, and also has a role in stabilizing internal rota-
tion during knee flexion [4].

The LCL runs from the lateral epicondyle of the distal femur to the anterolateral 
surface of fibular head and acts between 0° and 90° of knee flexion.

The posterolateral angle complex is a musculoligamentous unit consisting of the 
popliteus tendon (POP) and the elements reinforcing the posterolateral capsule 
(PLC): the oblique popliteal ligament (OPL), arcuate ligament, popliteofibular liga-
ment, and fabellofibular ligament. All stabilize the knee between 0° and 30° of 
flexion.

Iliotibial band
Lateral collateral ligament
Popliteal tendon
Posterolateral capsule

Fig. 10.3  Schematic representation of lateral knee anatomy
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The popliteus muscle tendon runs obliquely, passing under the LCL to insert 
anterior to it on the lateral femoral condyle. It is active between 60° and 90° of flex-
ion and its contraction causes internal tibial rotation [5].

The biceps femoris is an important landmark for the common peroneal nerve, 
which is at risk during extensive lateral release [6, 7] or release of biceps femoris 
from the proximal fibula.

The posterior articular capsule works in extension and is located just in front of 
the lateral gastrocnemius. It may be released in a subperiosteal manner in cases of 
fixed flexion.

To simplify, the lateral elements can be divided into two groups: those inserting 
near the transepicondylar axis (LCL and POP), important in both extension and 
flexion, and those inserting at more distally (ITB, posterolateral capsule, biceps, and 
lateral gastrocnemius), acting only in extension [8].

Isolated sectioning of one of the aforementioned structures does not destabilize 
the lateral compartment, and differential opening of the lateral compartment is 
observed, most notably after LCL section. However, extensive release by sectioning 
of all these elements will cause the substantial widening of lateral space, further 
increased if the posterior cruciate ligament (PCL) is sacrificed [8–11]. This effect is 
more significant in flexion than in extension, making balancing of the resulting 
asymmetric gaps complicated.

Lateral femoral condyle hypoplasia is the subject of controversy. Brihault 
et  al. [12] demonstrated the predominant importance of femoral valgus over 
hypoplasia. However, the reduced size of the condyle has implications for “filling 
in” the lateral space with a more bulky implant and overstuffing. As a conse-
quence it implies closure of the capsular plane problematic during lateral 
approach (Fig. 10.4).

Fig. 10.4  Lateral condyle modification in valgus knee with hypoplasia or wear and the implica-
tion for femoral implant placement
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10.4	 �Radiological Assessment of the Arthritic Valgus Knee

Radiological diagnosis of the valgus knee is based on weight-bearing anteroposte-
rior radiographs in extension and lateral radiographs in 30° of flexion, Rosenberg 
(Schuss) views for femorotibial space assessment, and weight-bearing full-length 
radiographs for HKA angle evaluation. This last view also permits determination of 
the femoral and tibial mechanical axes and precise determination of the origin of the 
valgus deformity. Significant flexion deformity or lower extremity rotational defor-
mities may cause error in HKA angle measurement. It has been shown, however, 
that rotation of up to 20° has little effect on HKA [13]. Stress valgus-varus radio-
graphs should be performed to evaluate reducibility of the deformation and to judge 
any associated degree of ligament laxity. Lateral radiographs show the tibial slope. 
Coexisting patellofemoral OA is evaluated on the patella skyline (Merchant) view 
at 30° of flexion (Fig. 10.5). The frequent lateral subluxation of the patella, and its 
diminished thickness in the advanced stages, can be appreciated, influencing the 
decision for patella resurfacing.

The radiological evaluation helps moreover to appreciate the distribution and 
amount of osteophytes and loose bodies, the presence of extra-articular deformities 
or pathologies, and the general bone quality.

10.5	 �General Considerations in TKA Management 
in Valgus Knee

When planning TKA in valgus knee, the surgeon must make several decisions 
concerning:

•	 The approach, being medial or lateral, and the requirement for tibial tubercle 
osteotomy

•	 The amount and order of soft tissue releases and the requirement for condylar 
osteotomy

•	 Level of implant constraint
•	 Extra-articular deformity correction, either simultaneous or two stage

Many factors influence these decisions, including the magnitude and location of 
deformity, the degree of rigidity, the presence of medial laxity, the amount of bone 
loss, the preexisting knee flexion deformity, and the condition of the patellofemoral 
joint.

According to Krackow et  al. [10], at least three situations can be apparent 
(Fig. 10.6):

First – isolated wear of the lateral femorotibial compartment, reducible or not, 
with competent medial structures

Second – lateral bone wear associated with medial laxity
Third – lateral bone wear combined with femoral or tibial extra-articular defor-

mity (previous osteotomy or post-traumatic malunion)
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10.6	 �Approach Choice

The choice of approach remains controversial. The surgery can be done by either a 
lateral or medial approach.

Fig. 10.5  Full set of radiographs required for evaluation and planning TKA in the valgus knee
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10.6.1  �Medial Approach

The medial approach is advantageous in that it is the most commonly used and well-
known approach in arthroplasty surgery of the knee. It is easy to perform in valgus 
knee without tight lateral structures and where there is no flexion deformity. Its 
usefulness in the valgus knee is improved by the technique of intra-articular or 
“inside-out” lateral structure release.

It is well described by Ranawat et al. [1]. The medial parapatellar arthrotomy is 
performed followed by minimal subperiosteal liberation of the medial structures 
just to allow knee exposure and resection of cruciate ligaments and the menisci.

The osteophytes are removed and the tibial cut is made perpendicular to its ana-
tomical axis. The thickness of resected bone of the unaffected medial part should 
not exceed 6–8 mm.

The femoral distal cut is performed with the use of an intramedullary guide. The 
femoral valgus angle is decreased from usual 6–3°, which results in a varus cut of 
the distal femur. This cut is also minimized and should measure no more than 
10 mm on the medial condyle, resulting in a thin or almost no lateral condyle cut.

Ligament balancing is performed firstly in extension by decreasing the tightness 
of the lateral structures as required in a stepwise manner. The order and degree of 
release vary according to different authors [1, 9–11, 14–16]. The sequence proposed 
by Ranawat et al. [1] is the one mostly employed.

The tibiofemoral space is opened in extension with the Meary’s spreader. This 
allows palpation and identification of the tight structures: the posterolateral angle, 
ITB, and LCL.

Release begins in general with the posterolateral capsule, which is cut at the level 
of the tibial osteotomy between the posterior border of the ITB and the POP, fol-
lowed by pie crusting of the capsule above the initial cut (Fig. 10.7). It is at that 

Stage I

Without retraction of
lateral structures

Stage I

With retraction of
lateral structures

Stage II

Distention of

MCL

Stage III

Extraarticular

deformation

Fig. 10.6  Classification of arthritic valgus knee: Stage I – wear of lateral compartment with or 
without the tightness of lateral structures. Stage II – wear of the lateral compartment with laxity of 
the medial side. Stage III – extra-articular deformity (e.g., after valgus-producing osteotomy)
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moment the LCL can be elongated according to Elkus et al. [16]. The POP is pre-
served unless it is too tight. The ITB is elongated with the pie-crusting technique or 
is liberated from Gerdy’s tubercle as required.

At least one lateral structure should be preserved in order to maintain lateral 
stability. If after ligament balancing in extension there is more than 5 mm of medio-
lateral laxity, a more constrained prosthesis should be used.

The flexion gap is balanced by adapting the thickness of the posterior femoral con-
dyle cut and rotation of the femoral implant. The knee is flexed to 90° and distracted, 
and the femoral cutting guide is placed in such a way that its posterior edge is parallel 
to the tibial cut. The observed asymmetry of the posterior condyle cut creates a sys-
temic gap. To achieve appropriate femoral rotation, in addition to using Whiteside’s 
line as reference, the transepicondylar axis and adequate tensioning in flexion of both 
compartments should be used [16]. The use of the posterior bicondylar line as refer-
ence runs the risk of placement of the femoral implant in internal rotation.

Quadricipital
tendon

Patellar tendon

Iliotibial band

Lateral collateral
ligament

Popliteal tendon

Posterior cruciate
ligament

Medial collateral
ligament

Fig. 10.7  Schematic representation of the right knee with selected structures seen via a medial 
parapatellar approach, with indication of section level (red arrow) of the lateral elements after 
femoral and tibial cuts. MCL medial collateral ligament, PCL posterior cruciate ligament, POP 
popliteal tendon, LCL lateral collateral ligament, ITB iliotibial band, QT quadricipital tendon, PT 
patellar tendon
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Down- or upsizing of the femoral implant can help in obtaining equality of both 
spaces. When mediolateral stability in different degrees of flexion is achieved, and 
after verifying the absence of notching of the anterior femoral cortex, the cutting 
guide can be fixed and final cuts performed.

The advantage of the medial approach is the choice of which structures are 
released and in which sequence. The disadvantages are related to weakening of the 
medial structures and limited access to posterolateral side due to the lateral sublux-
ation of the extensor apparatus, which increases external rotation of the tibia. 
However, the sliding lateral condyle osteotomy (SLCO) is possible through this 
approach [17]. Access to the medial structures is easy if medial condyle osteotomy 
or tensioning of MCL is required.

10.6.2  �Lateral Approach

The lateral approach is confusing and more difficult because of anatomical land-
mark inversion and different management of the soft tissues and the patella. It is, 
however, logical, giving direct access to the tight lateral structures and conserving 
the medial structures. It does not allow for tensioning procedures of the MCL [18], 
which are nonetheless exceptional. On the other hand, it facilitates lateral proce-
dures such as the SLCO [12].

This approach, popularized by Keblish et al. [19] and Buechel et al. [7], follows 
the lateral border of patellar tendon in its distal part. Keblish proposed a lateral 
parapatellar arthrotomy with plasty of the lateral femoropatellar retinaculum and 
the use of the retropatellar fat pad during closure. Mertl et al. [20] pointed out the 
utility of tubercle osteotomy.

The skin incision is midline, centered on the patella, or slightly eccentric, follow-
ing its lateral border. The transquadricipital arthrotomy starts proximally between 
the vastus lateralis and rectus femoris muscles and runs distally to the superolateral 
corner of the patella. Sectioning of the lateral retinaculum is done in a “Z-plasty” 
fashion, by separating the retinacular and capsular layers. The retinaculum is sec-
tioned about 3 cm laterally from the patella’s edge, whereas the capsule is cut just 
next to it [19]. The retropatellar fat pad is detached from the patellar tendon and 
attached to the lateral capsular flap. This allows expansion of the lateral capsular 
layer and facilitates closure [7, 19]. The capsule is incised distally up to Gerdy’s 
tubercle. The ITB is detached, maintaining continuity with the anterior sural apo-
neurosis, and soft tissue subperiosteal detachment is continued to the proximal tib-
iofibular articulation. Special attention must be paid to the common peroneal nerve. 
In this manner the ITB is loosened, and lateral structure (LCL, POP, and posterolat-
eral capsule) release may be performed depending on the degree of tightness of the 
involved structures (Fig. 10.8). Initial simultaneous release of both the LCL and 
POP should be avoided as it results in significant laxity. It may, however, be indis-
pensable in cases with significant flexion deformity.

In general, the patella is inverted, rarely dislocated. In the situation of patella baja 
or the danger of distal peel off of extensor apparatus, a tibial tubercle osteotomy or 
detensioning of the quadricipital tendon by the “rectus snip” technique should be 
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considered. A tibial tubercle osteotomy is preferred to patella tendon detachment, 
which has an uncertain prognosis.

In the lateral approach, implant position must take into account the changed ori-
entation of anatomical landmarks. For instance, the tibial implant center should be 
localized well behind the POP in order to avoid excessive external rotation. Similar 
caution should be paid when femoral external rotation is assessed.

In conclusion, the medial approach is reserved for minor deformities without 
medial soft tissue incompetence, while the lateral approach should be employed 
where there is significant flexion deformity, in cases of major (>10°) valgus or with 
coexistent medial laxity (Fig. 10.9).

Fig. 10.8  Stage I – wear of the lateral compartment with tightness of lateral structures, release 
through the lateral approach starting with ITB release, following by the more posterior elements 
(LCL and/or POP), eventual section of PCL

Valgus knee

Medial
approach

Stage I
Correctible deformity

No fixed flessum

Stage I
Rigid deformity
Fixed flessum

Stage II
Major deformity
Medial Laxity

Lateral
approach

Fig. 10.9  Approach selection algorithm
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10.7	 �Bone Cut Management in Valgus Knee

Classically, the extension gap is primary created by proximal tibial and distal femo-
ral osteotomy. Afterward the flexion gap is established, based on a measured resec-
tion (independent cuts) or gap balancing (dependent cuts) technique.

To correct the valgus deformity in the frontal plane by keeping the cuts perpen-
dicular to the mechanical axis of the corresponding segment, one is obliged to 
resect more bone from the medial side. The excessive medial bone resection vis-
à-vis the lateral side results in a wider medial femorotibial gap and creation or 
augmentation of the medial slackness called the “resection laxity.” To avoid this, 
it is important to be conservative with medial bone resection. On the tibial pla-
teau, the resection height should not exceed 6–8  mm. On the distal femur, 
where the cut is performed with the use of an intramedullary guide, the anatomo-
mechanical divergence angle is decreased from the usual 6–7° to 3–4°. This 
results in a lesser varus cut and decreases the thickness of femoral condyle resec-
tion, which should measure no more than 10 mm (Fig. 10.10). Conserving the 
medial bone leads to very little or even no bone resection on the lateral side. In 
cases of a marked wear, bone defects may occur, necessitating reconstruction with 
augments or bone graft.

a b

Fig. 10.10  (a) Resection thickness of femoral and tibial cut in coronal plane with femoral 
anatomo-mechanical divergence angle measured at 7° resulting in a wide medial extension gap; 
(b) minimizing the bone cuts and adjusting the femoral anatomo-mechanical divergence angle 
(decreasing by 3°) resulting in a reduced medial space
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In the measured resection technique, the anterior and posterior femoral cuts are 
performed with the cutting guide on the posterior femoral condyles and after adjust-
ment of external rotation according to anatomical landmarks  – Whiteside’s line, 
transepicondylar axis, and condylar posterior line. Separately, these landmarks are 
not reliable because of lateral bone wear, lateral condyle hypoplasia, and trochlear 
disturbance. Afterward, a spacer is used to judge the thickness and equality of the 
resultant medial and lateral spaces in flexion and extension, and ligament release is 
performed as required.

In the dependent cut or gap balancing technique, the proximal tibial resection is 
performed first. Subsequently, a tensioner is used to verify the symmetry of the 
flexion gap in a “flexion first” technique or the extension gap in an “extension first” 
technique. Soft tissue balancing is performed to equalize each of the tibiofemoral 
compartments in two reference positions. When all the spaces are symmetrical, the 
corresponding femoral cutting guide is fixed and the bone resections are performed. 
The use of the tensioner device helps to establish adequate rotation of femoral com-
ponent, even though its precision is rather random [21]. Contrary to the varus knee, 
lateral condyle hypoplasia is often linked to torsional anomalies of the lower extrem-
ity, which does not permit the use of fixed values of femoral implant rotation. 
Rotation balancing is dependent on ligament tensioning in 90° of flexion and is 
adapted to each case [22].

10.8	 �Patella Management

The preoperative patella analysis was described above. Femoral trochlea dysplasia 
and lateral patella displacement are accompanied by tightness of the lateral patellar 
retinaculum [23]. This may necessitate extensor apparatus realignment when match-
ing of the femoral implant rotation is not enough to obtain correct patellofemoral 
tracking.

When using the medial approach, the release of the lateral retinaculum is often 
required to improve patellar tracking [16, 24, 25] and is performed in addition to the 
division of the medial retinaculum performed during the approach. This introduces 
the potential for patella devascularization, unless a medial subvastus approach was 
performed. This risk is not present when using the lateral approach.

Any change to the anterior patellofemoral compartment, for example, by over-
stuffing or altering the joint line, will affect the tension and isometry of the patellar 
retinacula. Introduction of thicker polyethylene will lower the patella, whereas dis-
talization of femoral implant will raise the patellar, resulting in increased tension on 
the retinacula, which can produce pain [21].

As mentioned, patellar tracking is influenced by femoral implant rotation but 
also by the position of the tibial tray in correspondence to the natural tibial plateau.

Patella resurfacing increases the risk of its fracture if the remaining bone is thin. 
Patelloplasty may be required, by resection of the lateral facet.
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10.9	 �Ligament Balancing and Matching of Bone Cuts

The aim of ligament balancing is to obtain equal size gaps in extension and in 90° 
of flexion, with restoration of a normal lower extremity axis and correct positioning 
of patella. The use of these two reference positions gives information about the 
relationships between the femoral cuts (distal and posterior) and the proximal tibial 
cut. It is worth pointing out that before the ligament balancing stage of operation, 
the removal of all osteophytes, particularly from medially, laterally, and posteriorly, 
is paramount unless patient-specific instrumentation (PSI) guides are used.

In the normal situation, balance of the knee is maintained by the collateral struc-
tures and central pivot. The PCL, if preserved, limits the efficiency of lateral release 
and may require tensioning of MCL if it is lax [9, 10]. Conserving the PCL is pos-
sible if there is no major valgus deformation, no flexion deformity greater than 10°, 
and no significant lateral compartment bone wear without medial laxity [26, 27]. 
However, retention of PCL is associated with greater revision rates due to residual 
medial laxity [28, 29]. Hence, sectioning of the PCL before the other soft tissues 
makes balancing easier.

Ligaments which are left too taut can become a source of pain and may rupture 
or progressively stretch. The release of tight structures is better than tensioning of 
lax elements while they are prone to secondary distension [28]. The order of struc-
tures released depends on the objective one wants to reach and often requires com-
promise between regaining normal limb alignment and achieving knee stability.

In most of the cases, using a lateral arthrotomy, osteophyte removal, and the 
release done during the approach is sufficient to gain a balanced lateral compart-
ment. In the medial approach, balance is achieved by progressive release of the lat-
eral structures in extension and flexion in an inside-out manner. Massive release is 
avoided, except in specific cases. Every element must be firstly identified and par-
tially released. In this manner, the degree of release may be controlled before pro-
ceeding further.

The structures that may be released include the ITB, LCL, POP, the lateral cap-
sule, and more rarely the distal part of biceps femoris tendon or the proximal origin 
of the lateral gastrocnemius. ITB release may be performed in an extra- or intra-
articular fashion [1, 30]; it may be localized at its insertion on Gerdy’s tubercle or 
performed in more proximal part by way of a pie crusting or Z-plasty [16, 24]. The 
release is more adequate from the lateral side, while connections to the surrounding 
structures may be freed more selectively.

In the lateral approach, an ITB release is an integral part of the approach itself in 
contrast to the medial approach, where its liberation by pie crusting, as proposed by 
Ranawat et al. [1, 16], is a separate part of the procedure.

A lateral arthrotomy with ITB release is sufficient in the majority of cases to bal-
ance the knee and to gain adequate access to the joint.

When the lateral gap is not large enough, the release of the lateral and posterolat-
eral structures should be performed. Some surgeons start with sectioning of the POP 
while preserving the LCL condylar insertion [31]; others like Lootvoet et al. [32] 
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release the LCL while conserving the POP. After Kanamya et al. [33], we recall that 
the LCL is active throughout the range of flexion and that POP section has more 
influence in flexion than extension. The POP can be freed first when correcting the 
flexion deformity in a rigid, valgus knee.

Correction from the intra-articular side is limited in its effect. Even a complete 
release of LCL does not always allow adequate balancing if the MCL is lax. A cor-
rection of, for example, 20° requires a lengthening of 3 cm [7, 18], running the risk 
of stretching the neurovascular structures on the lateral side. The other consequences 
of significant ligament release are lowering the patellar height and lengthening the 
limb.

The alternative to lateral ligament release is the sliding lateral condyle osteotomy 
(SLCO) as proposed by Brilhault et al. [34]. The tight lateral side makes the oste-
otomized condyle slide downward and posteriorly, usually around 1 cm, with the 
correction effect more pronounced in flexion (Fig. 10.11). This technique should be 
reserved for major deformities with associated flexion deformity. The need for 
SLCO is quite easy to predict during the assessment of required ligament releases, 
before release of the LCL and POP.

To conclude, during ligament balancing, the release is more reliable than ten-
sioning. The step-by-step approach permits controlled release and avoids too much 
lengthening, resulting the uncertain results or the need for a more constrained 
implant. The soft tissue release is influenced by the chosen approach. In lateral 
approach, release is made constantly from anterior to posterior [19, 20], while in the 
medial approach, it is done more variably [1, 10, 11, 15, 16, 35].

Fig. 10.11  Soft tissue balance by subperiosteal detachment of lateral structures from lateral fem-
oral condyle or by sliding lateral condyle osteotomy (SLCO)
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The alternative to soft tissue procedures is the SLCO, which respects the inser-
tion of LCL-POP complex.

Most guiding systems take into account two reference gaps created after the bone 
cuts and ligament balancing. These gaps should be rectangular and maintain their 
equality throughout the range of motion.

Soft tissue balance is easy to obtain in cases without contracted lateral structures, 
no matter the approach used and with the possibility of PCL conservation.

In valgus knees with bony wear associated with tightness of the lateral structures 
or the flexion deformity of at least 20°, ligament balancing is required first in exten-
sion and then in flexion, by inside-out release of the LCL followed by POP and 
additionally the ITB and/or PLC.  However, in the lateral approach, the release 
begins with the ITB and continues with the LCL and/or POP and finally the PLC if 
flexion deformity persists. The PCL is sacrificed at the beginning. In the absence of 
medial laxity, no action on medial side is required, but it may be judged that a more 
constrained implant (mediolateral condylar constrained) is suitable. The alternative 
SLCO allows almost simultaneous balancing in extension and in flexion.

In cases of valgus knee with medial laxity, the schema of lateral liberation is the 
same. We systematically employ the lateral approach and PCL resection before bal-
ancing. The implantation of a less constrained implant is preferred in younger, fitter 
patients with a longer life expectancy, whereas in subjects with bad health condi-
tions, a hinge prosthesis allows more rapid recovery (Fig. 10.12).

The tensioning techniques for the MCL described by Williot and Healy [8, 36], 
by tightening the MCL on its tibial or femoral insertion, are avoided where 
possible.

In cases of valgus knee with associated extra-articular deformity, corrective 
osteotomy may be inevitable, especially if the deformation is localized in the 
diaphyseal or metaphyseal segment and is secondary to trauma or previous valgus-
producing osteotomy.

Fig. 10.12  Stage II valgus knee with medial laxity, persistent valgus after the distal femoral and 
proximal tibial cuts, gaps balancing by lateral release or by tightening the medial side (MCL ten-
sioning at the femoral or tibial insertion)
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10.10	 �Type of Implants Used in Complex Valgus TKA

Complex cases are related to a major degree of valgus, associated medial laxity, or 
preexisting bone deformities. The results of TKA in valgus knees [37] show that 
frontal laxity of 5° or more and major preoperative valgus deformity of more than 
10° are the principal factors predicting the use of a more constrained implant in 
primary cases.

10.10.1  �TKA in Major Valgus Knee

In cases of significant deformation, correction should be made at its origin. If it is 
intra-articular, it may be corrected with adequate bone cuts and ligament release, 
while if it is extra-articular, a corrective osteotomy of the tibia or femur is performed 
[23]. The corrective osteotomy may be performed simultaneously with TKA, or as 
two-stage surgery, depending on patient factors (age and health condition).

Two-stage procedures are not well tolerated by elderly subjects, due to the time 
required for osteotomy consolidation and the duration of reduced weight bearing.

For a one-stage approach, the surgical technique is adjusted on a case-by-case 
basis. In our institution we prefer to perform the osteotomy first and to fix it prior to 
implantation of the prosthesis.

When facing major valgus deformation in younger, active patients, preservation 
of the soft tissue envelope and correct balance are paramount, to allow the implanta-
tion of a less constrained implant.

In patients over 75 years old, in mediocre health condition, and in patients with 
reduced autonomy, single surgery is advised, permitting complete weight bearing as 
soon as possible and immediate rehabilitation. Extensive lateral release may require 
the placement of a prosthesis with augmented mediolateral constraint or even a 
hinge-type implant if the posterolateral capsule was sacrificed (Fig. 10.13).

10.10.2  �TKA After High Tibial Osteotomy

High tibial valgus-producing osteotomy creates some knee joint modifications 
which need to be taken into account: postsurgery scar, collateral ligament violation, 
alteration of the proximal epiphyseal architecture by external subtraction or medial 
addition, and the presence of osteosynthesis implants. Excessive valgus often exists 
because of overcorrection at the time of surgery, or sometimes the osteotomy aggra-
vates itself with time.

TKA after excessive valgus-producing osteotomy or after its secondary deterio-
ration is particular, and the risks are different depending on the type of osteotomy. 
In all situations, bone cuts must be conservative, to not engender lateral or medial 
laxity.

After the medial opening type of osteotomy, the risk of the rupture of MCL dur-
ing TKA is not negligible, so the possible need for a more constrained implant must 
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be anticipated. In the younger patient, a tibial varus-producing osteotomy may be 
discussed, whereas in an older patient, a more constrained prosthesis is preferred.

After a lateral closing type of osteotomy, deformation of tibial metaphysis in 
relation to the diaphysis may create impingement of the prosthetic stem with the 
lateral cortex; thus, the use of a stem with offset is advisable. As previously 
described, the condition of the ligaments defines the type of implant, with residual 
laxity requiring an increased level of constraint in the prosthesis.

�Conclusions
Lateral and medial approaches may both be used. The lateral approach is our 
choice in complex cases and major deformities.

In valgus deformity due only to bone wear and without tight lateral structures, 
the medial and lateral approaches are equivalent. The matched release of PLC, 
LCL, or POP associated with partial liberation of ITB is sufficient. The use of 
bone graft or augments to fulfill the bone deficit on the lateral side may be 
necessary.

In the valgus deformities with tightness of lateral structures, the lateral 
approach is preferable, with direct release of ITB, followed by the LCL, the POP 

Stage II valgus knee
medial laxity

Minor
< 5° deformity

Major
> 5° deformity

Fragile,older
patient

Graduated
lateral release

Graduated
lateral release

Medial structures
(MCL) tightening

SLCO
Sliding lateral

Condyle osteotomy

More constrained
Hinge Implant

or

Persistent valgus

Persistent valgus

More constrained
hinge implant

Lateral approach
preferred

Fig. 10.13  Algorithm for the management of the Stage II valgus knee with medial laxity
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as required, and the PLC. If after the mobilization of the ITB a rigid valgus of 
more than 5° persists, SLCO may be performed, provided mediolateral con-
strained implants are available.

In cases of valgus knee with medial laxity, the lateral approach is advisable. 
The mediolateral constrained prosthesis is mainly used after successful ligament 
balancing; otherwise, a hinge implant is the solution. The technique of medial 
ligament tensioning may be useful even though their reliability is uncertain.

If the valgus deformation has an extra-articular component of more than 5°, 
then a corrective osteotomy is required.
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11.1	 �Introduction

Patients proposed for total knee arthroplasty (TKA) present severe pain, limited 
function, loss of motion, and increasing deformity.

The two main goals in TKA are complete pain relief and improving mobility 
which results in restoring patient function and ensuring patient satisfaction. Mobility 
after TKA is related to four parameters: the patient, the implant, the surgical man-
agement, and the postoperative rehabilitation protocol.

Most patients present fixed varus and valgus deformities in the coronal plane. 
The sagittal plane deformities are mostly flexion contractures, and a few are 
recurvatum.
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11.2	 �Severe Contracture

A flexion contracture is by definition an inability to bring the knee to full extension 
passively. In the examination for full extension, the patient must be recumbent with 
both legs exposed and the heel on the table. If the knee is fully extended, the exam-
iner cannot be able to pass his hand or fingers behind the popliteal space, but in the 
presence of flexion contracture deformity, the examiner can do it.

The etiology of flexion contractures is related to the recurrent effusions present 
in the end-stage degenerative or inflammatory joint disease. These effusions cause 
increased pressure within the knee, resulting in pain and discomfort. Patients will 
seek for a position of comfort with the knee in slight flexion that increases the intra-
articular volume and consequently feeling less pain by having inferior pressure 
inside the knee and relaxing the posterior capsule.

This is a self-perpetuating process that leads to a greater degree of contracture as 
the disease progresses. Patients limit full extension in their daily activities as the 
disease progresses as they spend more time seated, sometimes sleep with a pillow 
under the knee and even walking do not extend the knee. All these actions increase 
the flexion contracture deformity.

Severe flexion contraction deformities are found in rheumatoid arthritis, juvenile 
rheumatoid arthritis, ankylosing spondylitis, hemophilia, posttraumatic sequela, 
and end-stage arthritis. Hemophilia is a factor of poor prognosis [14].

One of the goals for the total knee surgeon is to obtain full extension because 
during normal gait, the knee is at full extension at the time of heel strike and then 
gradually flexes during stance phase and swing phase [11]. A patient that cannot 
fully extend the knee must contract his quadriceps to prevent the knee from buck-
ling during early stance, and this increases the work of walking.

Rehabilitation in the early stage of flexion contracture deformity has a role with 
quadriceps strengthening and stretching techniques, and they can also be used in the 
preoperative period preparing and teaching the patients for the postoperative 
recovery.

Patients must have a prearthroplasty conditioning program and be informed of 
all the phases of the surgical intervention.

Patients presenting spasticity of the hamstrings, frequently occurring in cerebral 
palsy, must have neurologic evaluation and can be candidates for botulism toxin 
injection. This treatment can be also an option on the preoperative approach in 
patients with severe flexion contracture.

A complete radiological exam is mandatory, including lateral and AP view of the 
knee, a full limb, and sky-view radiographs. Bony deformity, osteophytes, patella 
height, and the alignment of the lower limb should be analyzed.

Flexion contracture greater than 30° can be defined as a severe one, imposing a 
complex surgical procedure with the use of implants with increased constraint, and 
patients must be informed of the risks.

The treatment involves a combination of bone resection and soft tissue balance, 
trying as much as possible to preserve the tibial and the femoral joint lines with 
limited bone sacrifice [2, 3, 10, 13, 17].
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11.2.1	 �Surgical Technique

A spinal or a general anesthetic procedure can be used; we prefer the first one that 
allows us to keep an epidural catheter to control the immediate postoperative pain. 
We begin the rehabilitation protocol at 24–48 h in the immediate postoperative 
period depending on patient compliance.

After induction of the anesthesia, the surgeon should evaluate the degree of the 
deformity present and the ability to correct the deformity. Can the varus or valgus 
malalignment be corrected to neutral, and what is the status of the medial and lateral 
collateral ligaments?

Holding the extremity by the heel and raising the leg, is there a flexion contrac-
ture, is it reducible, and what is the degree of the deformity on both the coronal and 
sagittal planes?

The goals of the surgical procedure are to achieve balanced flexion/extension gap 
with reconstruction of the mechanical axis. A standard surgical approach is done 
aiming the best exposure and the least soft tissue damage.

A fixed varus deformity associated with moderate to severe flexion contrac-
ture implies immediately an extensive release from the proximal medial tibia 
including the deep collateral ligament, meniscal capsular ligament, semimem-
branosus, and sometime some of the superficial medial collateral ligament [13]. 
The next step is the removal of the osteophytes from the distal femur and proxi-
mal tibia.

Distal femoral preparation needs the identification of the AP and the transepi-
condylar axis of the femur. Using standard sizing guide, with a posterior or anterior 
referencing system, we try to choose the largest femoral size when the femur is 
between sizes. The result will be a smaller flexion gap which allows overcorrection 
of the tibial surface to correct the flexion contracture.

The distal femur correction is one of the keys to the successful correction of a 
severe flexion contracture, beginning by removing the amount of the bone that is 
being replaced by metal, thereby maintaining the joint line. These severe deformi-
ties to obtain full extension need distal femur resection up to 6  mm if all other 
techniques to obtain full extension fail [2, 3, 13]. Raising the joint line adversely 
affects knee kinematics and can result in extensor lag and, in the extreme damage, 
the collateral ligament’s femoral insertions.

After finishing the femoral resections, the most important steps are the removal 
of posterior osteophyte and reestablishment of the posterior recess of the knee by 
the release of the posterior capsule from the femur done by subperiosteal stripping 
with a curved osteotome [11, 13, 25] (Figs. 11.1 and 11.2).

We can either use a custom femorotibial spreader or a femoral suspension device 
introduced in the intramedullary canal to elevate the femur at 90° of knee flexion, 
allowing a good view of the posterior segment of the joint, taking care to avoid dam-
age to the popliteal vessels and nerves. A curved osteotome and bone nibbler can be 
used sequentially, medially, and laterally, changing the position of the laminar 
spreader for osteophyte removal and elevation of the capsule from the posterior 
femur.
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Fig. 11.1  Osteophytes removal with a curved osteotome

Fig. 11.2  Release of the posterior capsule
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For severe flexion contractures, greater than 40°, this approach can be used to 
elevate the tendinous origins of the gastrocnemius muscles medially and laterally 
[12, 13].

Techniques of transverse sectioning of the posterior capsule, initially described 
by Insall, should not routinely be used. Zaidi [26] described that with knee flexion, 
the neurovascular bundle is displaced anteriorly and can lie tethered against the 
posterior capsule, representing a major risk of damage.

We prefer to do tibial resection after distal femoral cut is complete. The goal of 
tibial resection is also to reestablish the tibial joint line, planned to be perpendicular 
to the tibial shaft axis in the coronal plane. The amount of resection required depends 
on the degree of the deformity and ligamentous tension.

The amount of posterior slope depends also on the deformity and the type of implant 
used. When using a posterior cruciate-retaining TKA, the slope should be set at 5–10°, 
whereas in cruciate-substituting designs, the slope should be set to neutral because the 
PCL cut increases the flexion gap by 2 mm more than the extension gap (9).

The flexion contracture deformity presents a flexion gap that is generally greater 
than the extension gap, and therefore, a resection without posterior slope will facili-
tate the flexion/extension gap balancing [13].

After bone resections and osteophyte removal are completed, the next step will 
be balance of the flexion/extension gaps and of the medial and lateral collateral liga-
ments with either spacer blocks or trial components [3, 13, 21, 25]. A step-by-step 
adjustment of the soft tissue releases and further removal of osteophytes should be 
perfomed (Fig. 11.3).

Fig. 11.3  Evaluation of the flexion gap with a spacer block
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If flexion contracture deformity remains after all releases are done, then further 
distal femoral resection must be done to balance the flexion/extension gap and 
obtain full extension [2, 13, 17]. Additional 2 mm of bone resection in posterior 
cruciate-retaining design, but in the presence of severe flexion contracture defor-
mity the joint line elevation can be rarely extended by 4 or 6 mm [14]. This purpose 
can be better accomplished with posterior cruciate-sacrificing design [14], because 
in these severe cases the PCL is contracted and difficult to balance (Fig. 11.4).

With severe flexion contracture, where greater amounts of distal femoral resec-
tion are required to obtain full extension, all structures anterior to the posterior 

Fig. 11.4  Severe flexion contracture deformity
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capsule are lax in full extension. A posterior stabilized constrained device may be 
required for varus/valgus stabilization during all the arc of motion.

A common error is to begin by resecting too much distal femur resulting in an 
elevation of the joint line and midflexion instability. Our attention must first be 
directed to soft tissue balancing, posterior capsule release, and osteophyte removal 
[2, 3, 11, 13].

Our philosophy is to use an implant system offering a continuum of constraint or 
at least to have on the operating theater options for specific indications presented by 
the patients after major ligament releases or bone resection. It is advisable to have a 
hinged implant ready when undertaking such surgery.

A surgical algorithm was proposed by Bellemans and associates consisting of 
four steps: (1) mediolateral ligament balancing with resection of all osteophytes and 
overcorrection of 2mm of the distal femur, (2) progressive posterior capsule release 
and gastrocnemius release, (3) additional resection of up to a maximum of 4 mm of 
the distal femur, and (4) hamstrings tenotomy. With flexion contractures greater 
than 35°, additional resection of the distal femur and hamstrings tenotomy were 
performed in only 28.6 % and 22.9 % of cases, respectively.

The surgical concept seems to be that over-resection of the distal femur by more 
than 2 mm should be avoided until all osteophytes have been removed and the knee 
is correctly balanced medially and laterally. Complete correction of the deformity, 
with no help from the surgeon, must be obtained intraoperatively at the end of the 
procedure [3, 11, 13].

Preoperative flexion contracture severity does not correlate with the residual con-
tracture. That is to say, a mild flexion contracture is not easier to correct than a 
severe one [14]. Long ago Firestone et al. [4] showed that the degree of periopera-
tive residual flexion contracture impacts final extension recovery.

In patients with flexion contractures greater than 45/60° [11], reaching full exten-
sion is not possible without marked shortening of the femur. In these rare patients 
nowadays in developed countries, a preoperative traction can often decrease the 
contracture below 30/45° [12]. The options are to perform a femoral shortening and 
accept an extensor lag or allow a residual 10–15° of flexion contracture [13] often 
reasonably well tolerated by the patients. This minimized the risk of stretch injuries 
of neurovascular structures.

With bilateral severe flexion contracture, as in deformities over 10°, the TKA 
must be done simultaneously [11]. If not, the operated knee becomes longer than the 
contralateral side, and to compensate for the leg discrepancy, the patient will walk 
with the operated knee flexed. Over a period of several months, even with the proper 
rehabilitation program, this leads to a flexion contracture.

When patient’s medical problems do not allow for a simultaneous TKA, then the 
optional treatment is to place a heel lift on the shoe of the nonoperated leg until the 
time for its surgery.

The presence of severe flexion contracture deformity may require at the end of the 
procedure a proximal realignment of the extensor mechanism to strengthen it, giving the 
quadriceps muscle some mechanical advantage and minimizing the risk of extensor lag. 
This can be done by lateral and distal advancement of the vastus medialis obliquus [13].
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11.2.2	 �Postoperative Regimen

Patients with major flexion contracture deformity must reach full extension at the 
final of the surgical procedure. There are different rehabilitation protocols and regi-
mens, ranging from 3 to 6 weeks of knee immobilization in extension associated or 
not to modified CPM programs that can be used, but the main focus must be to 
obtain full extension. These immobilization devices can be removed only for reha-
bilitation with range-of-motion exercises, strengthening of the quadriceps, and 
stretching protocols.

Finally, the importance of prolonged postoperative rehabilitation is to be stressed, 
progress still being possible between 6 months and 1 year postoperatively [14, 21].

11.2.3	 �Results

Bellemans and associates using a posterior referencing technique combined with a 
four-step treatment algorithm reported excellent results in 130 knees in moderate 
(15–30°) and severe (more than 30°) deformities. All patients having less than 10° 
of residual contracture at 2-year follow-up and two patients who underwent biceps 
tenotomy for severe contracture sustained peroneal nerve injury.

Whiteside and Mihalko [17] presented a retrospective study of 103 knees with 
major flexion contracture deformity ranging from 20 to 60°. The average preopera-
tive flexion contracture was 27.1° and 2.7° at postoperative period with an average 
follow-up of 70.4 months. The data suggest that a contracted collateral ligament is 
the most likely primary structure whose effective release allows correction of the 
flexion contracture in most cases. Only 2 % of the patients needed an additional 
4 mm distal femur resection.

Berend et al. [3] in 52 knees with a mean preoperative flexion contracture of 28° 
manage to correct the deformity down to less than 10 % in over 94 % of cases in his 
series, compared to 59 % of cases in a study from Massin [14].

11.3	 �Recurvatum

Degenerative knees presenting for a total knee arthroplasty with hyperextension >5° 
or genu recurvatum are uncommon, occurring in 0.5–1 % [10, 15]. This deformity 
may be secondary to a congenital hypoplasia of distal femur, posttraumatic or 
postinfection osteoarthritis, rheumatic diseases, an inversion of the tibia slope after 
a high tibial osteotomy, or extensor mechanism weakness or paralysis [6, 18].

Genu recurvatum may be associated with fixed valgus deformity because of a 
contracture of the iliotibial band and cruciate and collateral ligament laxity [10, 22]. 
Patients with poliomyelitis commonly suffer from quadriceps weakness, and they 
rely on locking the knee in hyperextension to walk [5]. Because of posterior capsule 
and ligament stretching and also because of compensatory changes like hip exten-
sion and ankle plantar flexion with foot equinus deformity, these patients with 
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neuromuscular diseases likely recur the recurvatum after surgery and have been 
considered relatively contraindicated for TKA [5, 7, 15].

Therefore, when considering a knee replacement in a patient with hyperexten-
sion deformity, special attention should be given to evaluate the strength of quadri-
ceps, hamstrings, and gastrocnemius complex [16]. Gait analysis and whether 
medial or lateral instability exists are also crucial since residual instability after 
TKA increases the risk of recurrence of recurvatum [15].

Radiographic analysis must include a long-standing lower limb lateral view, 
besides the standard evaluation, to determine femur and/or tibia contributions in the 
deformity.

11.3.1	 �Surgical Technique

In recurvatum deformity, the knee can be considered to have an excessively large 
extension gap compared to flexion gap.

Several authors have suggested techniques to correct genu recurvatum when per-
forming a total knee replacement. Insall [6] suggested that correction may be 
obtained by underresection of bone ends and using a thicker femoral or tibial com-
ponent. Krackow [10] and Krackow and Weiss [9] suggested that posterior capsule 
plication and proximal and posterior transfer of the collateral ligaments may be 
required for surgical correction of the recurvatum. Whiteside and Mihalko [25] 
described their protocol for recurvatum knee, downsizing femoral component, when 
in between sizes, which allows for underresection of the tibia, improving stability in 
extension.

Like in flexion contracture, the goals of surgery are to balance the flexion/exten-
sion gap and restore the mechanical axis of the limb. Appropriate bone resections 
and soft tissue releases will accomplish that. The distal femoral cut is crucial in 
recurvatum knees, and depending on the degree of laxity and hyperextension defor-
mity, 2–5 mm less than implant thickness should be resected. When sizing femoral 
component, the smaller one should be chosen when in between sizes. After the 
posterior condylar resection, proximal osteophytes must be removed to accommo-
date deep flexion, but posterior capsule should not be released. On the tibial side, 
bone cut should be minimized, and slope can be slightly increased to facilitate bal-
ance of flexion/extension gap. As previously noted, one must remember that sacri-
ficing the posterior cruciate ligament will increase the flexion gap by 2 mm more 
than the extension gap [13].

In severe cases with recurvatum >20°, distal femoral augmentation or rotating-
hinge devices with a built-in stop to hyperextension may be required.

In patients with neuromuscular disorders and extensor mechanism weakness, 
hinge prosthesis should be used, because of the high rate of failure with the conven-
tional implants [5, 19]. However, surgeons must keep in mind that the ability to lock 
the knee in hyperextension is often essential for those patients who can walk. 
Therefore, special hinged implants that allow few degrees of hyperextension should 
be preferred in those cases.
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Using constrained devices has been a concern, regarding increased stress transfer 
to the fixation interface and subsequent loosening, but more recent rotating-hinge 
prosthesis allows more physiological kinematics by a better distribution of the 
shearing forces, and encouraging results are available [1, 20, 23, 24].

11.3.2	 �Results

In patients with well-functioning extensor mechanism, genu recurvatum tends not to 
recur after TKA [7, 16]. Whiteside et al. [25] reported ten knees with preoperative 
recurvatum (6–25°, mean 11°), treated successfully, with no recurrence after 2 years.

Meding et al. [15] reported the results of 57 cruciate-retaining TKAs performed 
in patients with a mean preoperative recurvatum of 11°. Their results at a mean 
follow-up of 4.5 years were excellent, and only two cases had a recurrent deformity, 
related to a residual medial instability after surgery. Mullaji et al. [18] showed their 
results in 45 TKAs in recurvatum knees of 11°, and they had no recurrence, after 2 
years (Figs. 11.5 and 11.6).

Fig. 11.5  Recurvatum (Courtesy Gamelas J)
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Jordan et al. [8] published the largest series on TKA in patients with poliomyeli-
tis. They treated 17 TKAs with only one hinge prosthesis and had no loosening or 
recurrence at follow-up. However, just two cases had a muscle power less than 3/5. 
Giori and Lewallen [5] reported that functional deterioration and recurrence of 
hyperextension instability occur when quadriceps strength is less than antigravity. 
Tigani et al. [23] had excellent results using rotating-hinge implants in ten TKAs at 
a mean follow-up of 4 years.

Conclusion
In conclusion, genu recurvatum is no more a contraindication for TKA, but etiol-
ogy should be elucidated. In the absence of neuromuscular disease, hyperexten-
sion deformities tend not to recur after surgery, if adequate gap balancing 
technique is performed. When quadriceps strength is compromised, rotating-
hinge prosthesis is advised, and surgeons must not forget that a slight hyperex-
tension is needed for those who can be able to walk.
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12Operative Procedure for Primary TKR: 
How to Increase ROM

Samih Tarabichi, Ahmed El-Naggar, and Mohamed Adi

12.1	 �Introduction

Deep knee flexion is a real concern for Middle Eastern and Asian patients undergo-
ing total knee replacement (TKR). Since many daily activities, such as praying, 
dining, or using the oriental toilet, and many social encounters such as attending the 
Shaikh’s majlis are carried out on the ground [1, 2] (Fig. 12.1). It has been shown 
that during prayers, people routinely flex the knee between 150 and 165°, 20–30 
times each day [3]. Often, patients in these societies tend to refuse TKR because of 
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concerns that the postoperative range of motion (ROM) will be less than adequate 
for their daily living [4]. Therefore, high ROM post-TKR should be pursued when 
possible on patients whose daily activities require a higher ROM to enable them to 
maintain their lifestyles. In fact, high-flexion activities post-TKA are safe and do 
not increase the complication rate as compared to the other series [5].

a

b

Fig. 12.1  Deep knee flexion activities including kneeling, squatting, and sitting cross-legged are 
considered crucial to people in this region (a) His Highness Sheikh Mohamed bin Zayed Al 
Nahyan and His Majesty King of Bahrain with the royal family during prayer (Wam). (b) The 
founder of United Arab Emirates Sheikh Zayed Bin Sultan Al Nahyan sitting on the floor in his 
“Majlis,” which is part of social activity in our region for receptions and also to address 
grievances
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12.2	 �Factors Affecting Knee Flexion

In order to achieve full flexion post-TKR, many factors, in addition to the surgical 
technique, should be addressed. Some of these factors can be controlled by the sur-
geon such as the implant design, surgical techniques, postoperative pain manage-
ment, and rehabilitation. Other factors such as preoperative ROM, patient’s body 
mass index, and patient’s physical ability unfortunately cannot be controlled by the 
surgeon [6].

The implant design has the least direct effect on obtaining full flexion, and the 
implant is only useful in being more accommodating to full flexion. However, in 
order to accomplish full flexion in any patient, it’s important to remember that pain 
management and good rehabilitation program and multidisciplinary approach to the 
patient should be established in the hospital on a solid basis. Aggressive rehabilita-
tion and adequate pain control are important in preventing postoperative contracture 
of the soft tissue and achieving better flexion [7].

We truly believe that surgical procedure is quite important to improve the ROM 
after TKR, and in this chapter, we will focus on quadriceps release technique. 
We still consider preoperative ROM has a great effect on the outcome of the TKR 
as many of the international studies so far claim that the ROM postoperatively aver-
ages the same as preoperatively [8]. However, in our series which are more than 
6000 cases, we were able to obtain a better average ROM postoperatively compared 
to preoperatively. We consider that this is mainly due to the fact that we have per-
formed routinely a modified quadriceps release (Tarabichi’s maneuver) in all our 
patients to increase the ROM intraoperatively [9]. In the literature, no one has dis-
cussed before the importance of the quadriceps release in achieving better flexion in 
TKR. The purpose of this chapter again is to discuss the anterior knee release and 
how to obtain a better flexion intraoperatively. Nevertheless, always be reminded 
that the other factors should be met in order to obtain a better ROM.

12.3	 �Quadriceps Muscle Release (The Forgotten Release)

Quadriceps release has been used by sports medicine in order to increase the 
ROM.  It is normally done through arthroscopy to increase the mobility for 
patients who suffer from posttraumatic and postsurgical knee stiffness. The 
stiffness is typically developed after a period of inactivity in the lower limbs 
[10]. It has been demonstrated that the restriction in ROM of stiff knee is fre-
quently caused by adhesions that tether the distal quadriceps tendon and/or 
muscle to the bone surface, thereby preventing the quadriceps muscle and ten-
don from its normal excursion during flexion [11].

We have done analysis of knee movement; on average in order for the knee to 
bend from 0 to 90°, the quadriceps tendon normally stretches 6 cm which varies 
depending on femur size; the larger the femur, the more quadriceps stretching is 
needed to achieve the flexion (Fig. 12.2). The stretching of the quadriceps per 1° of 
knee flexion is more on the extreme ends of ROM. The quadriceps have to stretch 
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1.5  cm in order for the knee to bend from 135–155°; the average stretching is 
0.7 mm per 1° compared to 0.4 mm per 1° in the ROM of 80–110°.

In our experience, as in the case of posttraumatic stiff knee, the anterior adhe-
sions between the quadriceps muscle and the anterior surface of the femur are the 
main responsible factors for the restriction of ROM in the stiff arthritic knee. 
Therefore, we adapted our surgical techniques to address these adhesions and to 
improve the ROM in all our patients who undergo TKR (Fig. 12.3).

In another study, we performed 42 modified quadriceps muscle releases on 
patients with advanced osteoarthritis scheduled for TKR.  The ROM was docu-
mented intraoperatively both before and immediately after the release. Passive flex-
ion improved significantly in all patients (mean, 32.4° of improvement, P: 0.001) 
following a modified quadriceps release only, before doing any ligamentous release 
and excision of posterior osteophytes [9]. These results strongly suggest that adhe-
sions of the quadriceps muscle to the underlying femur are the major factors which 
prevent the distal excursion of the quadriceps tendon, thereby preventing deep flex-
ion in patients with osteoarthritis.

12.4	 �Surgical Technique

Our technique is a standard subvastus approach, initiated with an anterior midline 
skin incision. Once the extensor mechanism is mobilized, the underlying suprapa-
tellar pouch can be identified and is subsequently excised along with any adhering 
bands or fibrotic tissue (Fig. 12.4a, b). Doing so provides direct access to the deep 
interface of the quadriceps muscle and the anterior surface of the femur, allowing 
the release to be carried out (Fig. 12.4c, d).

Fig. 12.2  Quadriceps tendon stretches 6 cm on average when the knee bends from 0 to 90°
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a

b

Fig. 12.3  Simplified illustrations demonstrating the basic principle of our approach. (a) How fibrotic 
adhesions between the quadriceps and the distal femur (left) can limit flexion substantially (right) by 
limiting quadriceps excursion. The suprapatellar pouch is represented by the inverted “U” distal to the 
aforementioned adhesions. (b) How a modified quadriceps release, demonstrated by the cartoon arrow 
above (left), would allow the extensor mechanism further excursion, leading to a greater ROM (right)
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The release is carried out in a stepwise fashion where the knee is flexed after 
each release. If the ROM is estimated to be below 130°, the release is progressed 
further proximally until a ROM of over 130° is obtained (Fig. 12.5). No bony 
resection, ligament releases, or lateral/medial retinacular releases were per-
formed at that point in time, as was described by Nicoll in his conventional quad-
ricepsplasty [12].  

In our institution, we actually do not proceed with surgery and bone cut until we 
get a good ROM of the knee through anterior quadriceps release, and this has some 
advantages.

The first is the fact that obtaining better flexion will make the surgery much 
easier. There will be less tension on the soft tissue which will prevent skin necrosis 

a b

c d

Fig. 12.4  Photographs of the knee anterior aspect while undergoing quadriceps release prior to 
bone cut. (a, b) The extensor mechanism being retracted laterally while the surgeon identifies and 
completely resects the suprapatellar pouch. (c) A fibrotic band found tethering the underbelly of 
the quadriceps muscle to the distal femur during the blunt release, which was subsequently excised. 
(d) The net outcome of the release, which is the removing of the majority of adhesions between the 
quadriceps muscle and the distal anterior aspect of the femur
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and damages to the edges of the bone because of the hard retraction and it also 
decreases the tension on the patellar tendon; hence it prevents the incidental avul-
sion of patellar tendon in case of arthritic stiff knee.

Second, it will make the surgery more precise, and while the knee is fully bent, 
the surgeon will be able to visualize the knee well. The third advantage of obtaining 
full flexion intraoperatively is that we are giving the patient a better chance in 
obtaining better ROM postoperatively (Figs. 12.6 and 12.7).

Fig. 12.5  Photo of the knee anterior aspect; the release is progressed proximally until a ROM of 
over 130° is obtained

Fig. 12.6  A 74-year-old woman who underwent quadriceps release prior to start TKR. Despite 
the large posterior osteophytes that can be seen in the prerelease lateral x-ray (left), we were able 
to truly improve flexion from 105° to 140° as shown in the post-release lateral x-ray (right)
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12.5	 �Results of Quadriceps Release

Our results of follow-up over 1028 patients show 3% of our cases (198 patients) 
have poor ROM (flexion less than 90°) preoperatively. This group dropped to 0.10% 
after 3 months postoperatively (Table 12.1). We found 88% of our patients (878 
patients) achieved excellent ROM (flexion more than 125°) after 3 months postsur-
gery. Similarly, 30% of them were able to achieve full flexion 3 months after surgery 
(Figs 12.8 and 12.9).

12.6	 �Discussion

Some surgeons claim that if we do the tibial tubercle osteotomy and move it proxi-
mally about 1 cm which is the maximum, we can improve the ROM in patients 
especially with patella baja. We have tried that on the model; moving the tibial 
tubercle osteotomy 1  cm proximally will improve the ROM only about 10°. 
Subsequently, doing tibial tubercle osteotomy on osteoarthritic stiff knee will allow 
the surgeon to perform the TKR easily, but when he returns the tibial tubercle back 
even with 1 cm proximally, the knee will be stiff again. Therefore, we are doing 
quadriceps muscle release techniques in all our TKR patients to improve the ROM.

Although the quadriceps release technique is an easy and safe procedure, some 
surgeons have concerns about the postoperative heterotopic ossification (HO) fol-
lowing quadriceps release. The formation of HO after TKR is known to be associ-
ated with loss of ROM, stiffness, as well catching and snapping in the patella-femoral 
joint [13]. In our series of over 6000 cases, we had six patients which developed HO 
postsurgery. The ROM in our HO patients was not affected, which is the same 

Fig. 12.7  A 58-year-old woman who had quadriceps release prior to bony resection. Photos of the 
lateral aspect of the left knee in passive flexion before (left) and after (right) release
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finding in the Toyoda study (Fig. 12.10). Toyoda group found that the ROM in the 
knees with HO has some limitation at early post-op evaluation. However, there was 
no significant difference in ROM compared to the knees without HO after 1 year of 
surgery [14].

Table 12.1  Show significant increase in the number of patient who had a good to excellent ROM 
3 months postsurgery (more than 85%)

ROM Degree Pre–op (%) 3 months post–op (%)

Poor <90 3 0.10

Acceptable 90–105 21 2.50

Good 110–125 40 12.50

Excellent >125 36 88

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

Pre - Op 3 Months Post - Op

Poor

Acceptable

Good

Excellent

There is a significant decrease in number of patients who had poor range of motion (less than 
0.10%)

Fig. 12.8  Patient with bilateral TKR kneeling with full flexion, as per definition, 3 months 
postoperatively
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a

b

Fig. 12.10  (a) A 59-year old female patient 3-month post-bilateral TKR with extensive HO as 
seen in the lateral x-rays. (b) C-arm shows same patient has a good ROM on both knees despite the 
presence of HO

Fig. 12.9  Lateral x-ray of the same patient, 3 months postoperatively
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Conclusion 
High ROM post-TKR is important for many patients, and it should be done 
whenever it is possible to enable our patients to continue their lifestyles as nor-
mal as possible. Quadriceps muscle release is an essential surgical technique in 
TKR which improves ROM in arthritic stiff knee.

The success in obtaining an immediate and significant improvement in ROM 
by only releasing the quadriceps muscle from its tethering adhesions and keeping 
other pathological changes such as large osteophytes, severe knee deformities, 
and irregular articular surfaces intact clearly demonstrates that the inadequate 
excursion of the quadriceps muscle and tendon is the principal limiting factor to 
improve knee flexion [9].

We strongly recommend performing quadriceps muscle release in all TKR 
especially in stiff knee. Our experience has shown a meticulous and careful 
quadriceps release will enable the surgeon to do his entire primary TKR plus 
revision on stiff knees without requiring to do the tibial tubercle osteotomy. At 
our institute, we have not needed to perform the tibial tubercle osteotomy for the 
last 9 years.
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13.1	 �Introduction

Total knee arthroplasty (TKA) is a well-established procedure, which generally 
provides pain relief, improved physical function, and a high level of satisfaction 
to patients with end-staged osteoarthritis. Whereas surgeons could achieve 
accurate osteotomy and implant positioning using a navigation system, 
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patient-specific instrumentation, or the development of a surgical jig, the man-
agement of soft tissue balance during TKA remains difficult, leaving much to 
the surgeon’s subjective feel. Knee instability after primary TKA is considered 
an important factor for early TKA failure, as shown in registry data [65]. Fehring 
et al. studied 279 revision surgeries within 5 years of their index arthroplasty 
and reported 74 revision cases (27%) caused by instability [15]. In a retrospec-
tive study of revision surgery, Sharkey et  al. reported instability in 21.2% of 
their early revision knee arthroplasty failures [74]. They concluded that the 
instability might be due to inadequate correction of soft tissue imbalances in 
both the sagittal and coronal planes. As a result, soft tissue balancing has been 
recognized as an essential surgical intervention for improving the outcomes 
of TKA.

13.2	 �Traditional Soft Tissue Balance Assessment

Although several methods and devices for assessing soft tissue balance, such as 
manual distraction [18], traditional tensor [18], space block [24], and lamina spread-
ers [16], have been described in previous publications, assessment has not been 
quantitative and has mainly depended on the subjective feeling of the surgeons. The 
second generation of tensor devices that were quantitatively applied and objective, 
with the measurement made under fixed torque or load, were commercially avail-
able [5, 8, 69, 84, 88] or individually developed or modified [21, 85, 86, 89]. Asano 
et al. [4] used a commercially available tensor combined with their original torque 
driver, in which the load at every 1-mm interval of gap distance could be measured. 
However, their method could only be used for measurement with an everted, and 
thereby unphysiological, patellar orientation, without the prosthesis, and only in 
extension or 90° of flexion.

D’Lima et al. developed a knee arthroplasty tibial tray, with force transducers 
and a telemetry system, to measure tibiofemoral compressive forces directly 
in vivo [11, 57]. From 1996, the study group spent time refining manufacturing 
techniques, improving durability, and testing safety, after which they reported the 
first electronic knee prosthesis implant in 2004. Recently, they summarized the 
design, development, and in vivo use of two generations of electronic knee pros-
theses with activities associated with daily living, rehabilitation, exercise, and ath-
letics from their many studies [10]. Although this device provides a lot of useful 
information on kinematics after TKA, it is too specialized and expensive for rou-
tine clinical use. The implantable tibial tray with force transducers and telemetry 
system is useful for research but needs a bulky implant with an extension stemlike 
structure and cannot be used with other TKA systems limiting the population in 
which it can be used.
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13.3	 �Soft Tissue Balance Assessment with an Offset-Type 
Tensor

13.3.1	 �Design and Parameters

In order to permit soft tissue balancing under physiological conditions in a surgeon-
friendly manner, a new tensor was developed to obtain soft tissue balancing through-
out the range of motion with reduced patellofemoral (PF) and aligned tibiofemoral 
(TF) joints [59]. The offset-type tensor consists of the following three parts: an 
upper seesaw plate, a lower platform plate with a spike, and an extra-articular main 
body (Fig. 13.1). Both plates are placed at the center of the knee, and we apply one 
of the two tensioning devices that are catered to appropriately fit either a cruciate-
retaining (CR) or a posterior-stabilized (PS) TKA. The PS TKA tensor consists of a 
seesaw plate with a proximal post along the center that fits the intercondylar space 
as well as a cam for the femoral trial prosthesis. This post and cam mechanism con-
trols the tibiofemoral position in both the coronal and sagittal planes. The CR TKA 
tensor consists of a seesaw plate with a proximal convex-shaped centralizer that fits 
the intercondylar space and controls the coronal joint alignment. These mechanisms 
permit us to reproduce the joint constraint and alignment after implanting the 
prostheses. This device is ultimately designed to permit surgeons to measure the 

Extra-articular main body

Upper seesaw plate

Offset connection arm

Lower platform plate

Joint component gap

Varus/valgus ligament balance

Fig. 13.1  Offset-type tensor. The tensor consists of three parts: upper seesaw plate, lower plat-
form plate, and extra-articular main body. Two plates are connected to the extra-articular main 
body by the offset connection arm
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varus/valgus ligament balance and joint center/joint component gap while applying 
a constant joint distraction force. Joint distraction forces ranging from 30  lb. 
(13.6 kg) to 80 lb. (36.3 kg) can be exerted between the seesaw and platform plates 
through a specially made torque driver, which can change the applied torque value. 
After sterilization, this torque driver is placed on a rack that contains a pinion mech-
anism along the extra-articular main body, and the appropriate torque is applied to 
generate the designated distraction force. Once appropriately distracted, attention is 
focused on the following two scales that correspond to the tensor: the angle (°, posi-
tive in value in varus ligament balance) between the seesaw and platform plates and 
the distance (mm) between the center midpoints of upper surface of the seesaw plate 
and the proximal tibial cut (mm, joint center/joint component gap). By measuring 
these angular deviations and distances under a constant joint distraction force, the 
ligament balance and joint center/joint component gaps can be measured, 
respectively.

13.3.2	 �Soft Tissue Balance with a Reduced PF Joint

We reported our experience using this device for intraoperative measurement with 
the PS TKA and further discussed the importance of the patellar orientation during 
the measurement [43, 49, 50]. First, we reported joint component gap kinematics in 
PS TKA with and without patellar eversion. The component gap showed an acceler-
ated decrease during full knee extension. With the PF joint everted, the component 
gap increased throughout knee flexion. In contrast, the component gap with a 
reduced PF joint increased with knee flexion but decreased after 60° of flexion [49]. 
Second, we reported that intraoperative joint component gap kinematic assessment 
with a reduced PF joint has the possibility to predict the postoperative flexion angle 
and thus allows evaluation of the surgical technique throughout a range of knee 
motion. Both an increased value during the extension to flexion gap and a decreased 
value during the flexion to deep flexion gap with PF joint reduced, not everted, 
showed inverse correlations with the postoperative knee flexion angle, not with the 
preoperative flexion angle [43]. Third, we demonstrated that the correlations 
between the soft tissue balance, assessed by the tensor, and the navigation system 
were higher with a reduced PF joint than those with an everted PF joint. This sug-
gests that surgeons should assess soft tissue balance during PS TKA with the PF 
joint reduced when using a navigation system [50]. In a series of intraoperative soft 
tissue balance assessments, we emphasized the importance of maintaining a reduced 
and anatomically oriented PF joint in order to obtain accurate and more physiologi-
cally relevant soft tissue balancing.

In addition to our reports, some recent studies have emphasized the importance 
of the physiological postoperative knee condition in assessing soft tissue balance 
with PF joint reduction [17, 26, 91]. Using our tensor with a 5-mm-long minute 
uniaxial foil strain gauge, Gejo et  al. reported a similar kinematic pattern of the 
intraoperative joint component gap; when the patella was reduced, the joint gap was 
decreased at 90 and 135° of flexion (by 1.9 mm and 5.5 mm, respectively) compared 
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with the gap with the patella everted. Patellar tendon strain at 90° of flexion, increas-
ing with knee flexion, correlated with the joint gap difference with the patella in the 
everted and reduced positions. Based on their study, they concluded that the knee 
extensor mechanism might have an influence on the joint gap and be important in 
achieving the optimal joint gap balance during TKA [17]. With the use of an origi-
nal tensor device that can measure the load of the spread joint gap, Yoshino et al. 
reported a significant difference between the loads in the patella-everted position 
and the reset position in flexion, but not in extension, in PS TKA. However, in CR 
TKA, they reported no significant difference between the loads in the patella-everted 
position and in patella-reset position at either extension or flexion. Therefore, they 
concluded that the load in the flexion gap will increase in PS TKA or, in other 
words, the flexion gap distance will decrease by resetting [91]. With the use of an 
offset-type tensor that has been developed based on our tensor, Kamei et al. reported 
a joint gap size and inclination measured intraoperatively on a knee in 90° flexion, 
with and without patellar eversion [26]. After the tibial and distal femoral cuts were 
made, they showed that the joint gap with the patella in situ (17.0 ± 3.4 mm) was 
significantly greater than that with patellar eversion (15.4 ± 3.0 mm), as was gap 
inclination at 90° flexion with the patella in situ (4.9° ± 3.1°) compared with that 
observed with patellar eversion (4.0° ± 2.9°). Based on these results, they specu-
lated that the steeper flexion gap inclination obtained without patellar eversion 
induced more externally rotated femoral positioning in the absence of patellar ever-
sion. They emphasized that these results ought to be taken into account by surgeons 
considering a switch from conventional to minimal incision surgery (MIS) TKA.

13.3.3	 �Soft Tissue Balance with Femoral Component Placement

The main concepts of measurement using the new tensor are different from the con-
ventional tensioning device with the femoral trial component in place as well as a 
reduced PF joint. As the next step, accordingly, we focused on the difference in soft 
tissue balancing between the placement of femoral trial component and the conven-
tional osteotomized condition. In the intraoperative assessment of soft tissue bal-
ance, the joint gap showed a significant decrease in extension, but not flexion, after 
femoral trial prosthesis placement. Varus ligament balances were significantly 
reduced in extension and increased in flexion after femoral trial placement [58]. 
These changes in extension might be caused by the tensed posterior structures of the 
knee, associated with the posterior condyle of the externally rotated, aligned femo-
ral trial. At knee flexion, a medial tension in the extensor mechanisms might be 
increased after femoral trial placement with PF joint repaired and increased liga-
ment balance in varus. We measured the “joint component gap,” which is remark-
ably different from the more conventional gap measurement. The joint component 
gap is measured with the femoral component in place, whereas the conventional gap 
measurement is made between the cutting surfaces of the femur and tibia. By keep-
ing the femoral component in place, the knee is afforded a greater degree of exten-
sion because of its curving arc. In this arrangement, the posterior condyles of the 

13  Assessment in Primary TKA: Intraoperative Assessment Tensor



158

component tighten the posterior capsule, resulting in a smaller joint gap at full 
extension. In addition, because of the 7-degree posterior slope of the tibia and a 
slight femoral anterior bowing, we can consider the “conventional extension gap” to 
be at about 10° of the knee flexion angle. Mitsuyama et al. similarly reported on 80 
varus-type osteoarthritic knees with the offset-type tensor that selecting a larger size 
femoral component as well as femoral component placement reduced the extension 
gap [55]. They reported that the placement of the femoral component reduced the 
medial and lateral extension gaps by 1.0 mm and 0.9 mm, respectively. The medial 
and lateral gaps further decreased by 2.1 mm and 2.8 mm, respectively, when a 
specially made femoral component with a posterior condyle enlarged by 4 mm was 
tested. Mihalko et al. found in a cadaver study that the release of more posterior 
structures had a greater effect on the extension gap than on the flexion gap, explain-
ing the importance of the relationship between posterior structures and the exten-
sion gap [54]. Sugama et al. reported in their operative study that a bone cut from 
the posterior femoral condyles could change the tension of the posterior soft tissue 
structures and so alter the width and shape of the extension gap [75]. These previous 
reports support our hypothetical mechanism.

13.4	 �Different Patterns of Soft Tissue Balance in Specified 
Conditions

13.4.1	 �Soft Tissue Balance in CR and PS TKA

Our abovementioned series of studies were only implemented with PS TKA. The 
long-term results of CR and PS TKAs have shown an ability to relieve pain and 
improve function. Nevertheless, the superiority of the CR or PS TKA remains a 
source of great controversy in the field of TKA. Proponents of the CR TKA advo-
cate maintaining the posterior cruciate ligament (PCL) in order to increase stability, 
promote femoral rollback, and thereby enhance the patient’s ability to climb stairs 
[1, 2, 6, 13, 37], while proponents of the PS TKA highlight studies in which patients 
with a resected PCL display a greater postoperative range of motion [23, 25, 37]. It 
is important to note in this debate, however, that investigators have been unable to 
show a difference in clinical outcome between these types of knees [6, 13, 83]. We 
have previously shown that, among patients undergoing bilateral TKAs performed 
by the same surgeon and including a CR and PS TKA in alternate knees of the same 
patient, there was no difference in the postoperative knee score, yet the postopera-
tive range of motion was significantly superior after resecting the PCL [40]. 
Accordingly, we extended our previous study and report on our experience with this 
device for the intraoperative soft tissue balance measurements of CR and PS TKAs, 
performed with both a reduced and everted patella.

While the joint component gap measurements made with a reduced patella of PS 
TKA increased from extension to flexion, these values remained constant for CR 
TKA throughout the full range of motion. Additionally, the joint component gaps at 
deep knee flexion were significantly smaller for both types of prosthetic knees when 
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the PF joint was reduced [42]. From our data, the CR TKA had stable joint kinemat-
ics from extension into deep flexion, while the joint kinematics for the PS TKA 
were more dynamic. Our data thereby support prior studies, indicating that the CR 
TKA affords patients greater stability. Our data further indicate that compared with 
a CR TKA, a PS TKA with a reduced patella results in significantly larger gaps 
when the arc of motion ranges from mid- to deep flexion.

In the assessment of varus/valgus balance, while the measurements of varus liga-
ment balance with a reduced patella in PS TKA slightly increased from extension to 
flexion, these values slightly decreased for CR TKA from extension to flexion [46]. 
The data showed that CR TKA produced constant soft tissue tension from extension 
into deep flexion, whereas PS TKA produced soft tissue tension that tended to be 
more in varus during flexion. The PCL in the knees with osteoarthritis is considered 
relatively rigid and shortened, despite being macroscopically intact. Our findings 
indicate that compared with CR TKA, PS TKA with the patella reduced results in a 
significantly larger varus angle when the arc of motion is between midrange and 
deep flexion. After performing the independent cut procedure, we applied 3° or 5° 
of external rotation in the series of studies when setting the femoral component, 
which may have caused a decreasing varus balance in flexion in patients who under-
went CR TKA. Some studies indicated that the flexion gap in healthy knees is not 
rectangular and that the lateral joint gap is significantly lax [39, 56, 72, 79]. The use 
of both a traditional soft tissue release and the measured resection technique for the 
knees with osteoarthritis in varus produces a pattern of soft tissue tension that may 
at least partly explain why PS TKA produces a better postoperative range of motion.

Taken together, the kinematic patterns of soft tissue balance differ between the 
patellae everted and reduced as well as between PS and CR TKA. In light of these 
findings, we should carefully select patients according to the condition of their PCL, 
set an appropriate angle of external rotation, or do both if we wish to obtain good 
outcomes in CR TKA.

13.4.2	 �Soft Tissue Balance in Minimal Incision Surgery TKA

MIS TKA is widely promoted as a possible improvement over the conventional 
TKA. Its major advantages are the requirement of a smaller skin incision and the 
avoidance of patellar eversion and quadriceps muscle splitting, leading to reduced 
blood loss, less perioperative pain, shorter length of hospital stay, and earlier return 
of knee function [9, 20, 27, 32, 35, 36, 71, 82]. Although traditional TKA allows for 
excellent visualization, component orientation, and fixation and has been associated 
with remarkable long-term implant survival, MIS TKA is attractive because of the 
small incision, minimal or absent pain, and discomfort associated with surgery. 
However, while there is some evidence that these short-term benefits occur with MIS 
TKA, there is concern because of more complications associated with the MIS tech-
nique, including vascular injury [81], patellar tendon injury, condylar fracture, 
wound dehiscence and necrosis, and component malalignment. In particular, the 
quadriceps-sparing (QS) approach has been developed as the least-invasive approach 

13  Assessment in Primary TKA: Intraoperative Assessment Tensor



160

to the extensor mechanism by limiting medial parapatellar arthrotomy to the superior 
pole of the patella [82]. Although new surgical instrument designs enable surgeons to 
use this approach, this technique remains challenging to perform without causing 
damage to the vastus medialis obliquus due to the limited working space [63, 68].

Accordingly, we compared intraoperative soft tissue balance measurements of 
MIS QS and conventional TKA, performed with the patella and femoral component 
in place. Whereas the joint component gap in MIS QS-TKA was significantly larger 
through the entire arc of flexion compared with that of conventional TKA, the pat-
tern of joint looseness (joint component gap-polyethylene insert thickness) showed 
no difference between the two procedures. The varus ligament balance in MIS 
QS-TKA was significantly larger than that in conventional TKA at 0°, 90°, and 135° 
of knee flexion [48]. The study suggested that MIS TKA may lead to ligament 
imbalance due to the difficulties induced by a limited working space. Furthermore, 
different approaches seemed to result in a different pattern of intraoperative soft 
tissue balance. The intraoperative patterns of soft tissue balance differ between the 
laterally retracted and reduced patella as well as between QS and mini TKA [62]. 
The results indicate that surgeons performing conventional soft tissue balance eval-
uation with the patella laterally retracted in MIS TKAs are at a greater risk for 
underestimating joint gap and varus ligament imbalance depending on the joint 
exposures compared with those performing the evaluation in the postoperative con-
dition after TKA with the patella reduced. Similarly, Niki reported on parapatellar, 
midvastus, subvastus, and lateral subvastus approaches and found that the joint gap 
in mid-flexion to flexion showed a large value with the medial parapatellar approach 
and a laterally shifted patella, while the subvastus approach caused a reduction of 
the flexion gap [61].

13.4.3	 �Soft Tissue Balance in Gap Technique

In the abovementioned study, soft tissue balance measurements were made only in 
PS or CR TKAs using the measured resection technique. However, the best method 
to obtain rotational alignment of the femoral component in flexion remains contro-
versial. Some investigators favor a measured resection technique in which bony 
landmarks (femoral epicondyles, posterior femoral condyles, or the anteroposterior 
axis) are the primary determinants of femoral component rotation [7, 19, 38, 66, 70, 
87]. Others recommend a gap-balancing methodology in which the femoral compo-
nent is positioned parallel to the resected proximal tibia with each collateral liga-
ment equally tensioned [12, 14, 28]. Given this debate, several surgeons recently 
reported more consistent equalization of extension and flexion gaps with the use of 
a computer-assisted gap-balancing technique and compared it with the conventional 
measured resection technique [64, 73]. In contrast, in a comparison between the 
navigation-assisted measured resection and navigation-assisted gap-balancing tech-
niques, some surgeons reported a better restoration of the joint line position in the 
navigation-assisted measured resection technique, despite no differences in short-
term clinical outcomes [33, 78].
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Using the offset-type tensor, which can be used in the gap technique [77], we 
assessed soft tissue balance during CR TKA using the tibia-first gap technique with 
a navigation system. With the tibia-first gap technique, the kinematics of the com-
ponent gap showed a similar pattern to the measured resection technique during CR 
TKA; following a significant increase during the initial 30° of knee flexion, the joint 
component gap showed a gradual decrease toward 120° of flexion [42, 46]. With the 
offset-type tensor, soft tissue balance could be assessed after tibial cut and femoral 
cut were made and the femoral component placed (Fig. 13.2). The basic value of the 
joint gap before femoral osteotomy reflected the final value, following the femoral 
cut and with femoral component placement [45]. Accordingly, the tibia-first gap 
technique may have the advantage of letting surgeons predict the final soft tissue 
balance even before making the femoral osteotomies. The tibia-first technique, as 
with the measured resection technique, showed a different intraoperative soft tissue 
balance pattern associated with different approaches, and soft tissues could easily 
be balanced in CR TKA [41]. When compared among the four combinations, PS or 
CR TKA and measured resection or gap technique, CR TKA with the gap technique 
was found to obtain equalized rectangular gaps in extension and flexion more easily 
than the other techniques. However, the different patterns in intraoperative soft tis-
sue balance assessment showed no differences in objective clinical scores at 2-year 
follow-up [44]. A patient-derived subjective scoring system may be useful for iden-
tifying the importance of intraoperative soft tissue balance assessment.

13.5	 �Clinical Relevance of Intraoperative Soft Tissue Balance 
Assessment

Considering the clinical significance of intraoperative assessment, we should con-
firm that intraoperative values assessed with the tensor reflect the postoperative soft 
tissue balance. Hence, we investigated the correlation between the intraoperative 
values assessed with the tensor and the 5-year postoperative values assessed with 
stress radiography in extension and flexion [47]. In CR TKA, postoperatively both 

Fig. 13.2  Assessment option. The tensor can be used in the two conditions after tibial bone cut 
and after femoral bone cut and femoral component placement
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the joint component gap and ligament balance in extension and flexion showed posi-
tive correlations with the intraoperative values of 10° and 90° of flexion. However, 
in PS TKA, whereas postoperatively both the joint component gap and ligament 
balance in extension showed positive correlation with the intraoperative values at 
10° of flexion, postoperatively neither joint component gap nor ligament balance in 
flexion correlated with that in 90° of flexion. These results indicate that the intraop-
erative measurements of soft tissue balance by the tensor reflect the postoperative 
values assessed by the stress radiographs, even at the 5-year follow-up. However, 
despite existing correlations in extension, there were no correlations in flexion in 
either the joint component gap or the ligament balance between intra- and postop-
erative values in PS TKA. This discrepancy in PS TKA may be caused by flexion 
instability due to a flexion gap larger than the extension gap [42].

Acquisition of a high flexion angle after TKA is one of the factors leading to 
patient satisfaction. Therefore, we focused on the relationship between the postop-
erative flexion angle and the intraoperative soft tissue balance. In the series of stud-
ies in PS TKA, the joint gap change value (90–0°) with the PF joint reduced, not 
everted, showed an inverse correlation with the postoperative knee flexion angle and 
posterior condylar offset [43]. However, in another series of studies on CR TKA, the 
postoperative flexion angle was positively correlated with the joint gap change value 
(90–0°). In either case, multivariate regression analysis among various values, 
including various joint gap change values, ligament balance, and preoperative knee 
flexion angle, demonstrated that the preoperative knee flexion angle and the joint 
gap change value (90–0°) had a significant independent effect on the postoperative 
knee flexion angle [76]. One of the reasons for this discrepancy may be the different 
patterns of soft tissue balance between PS and CR TKA [42, 46]. In that report, CR 
TKA in comparison with PS TKA showed significantly smaller gaps when the arc 
of movement ranged from mid- to deep flexion [42]. PCL in the osteoarthritic knee 
is considered relatively rigid and shortened, despite being macroscopically intact. 
When we consider the flexion gap tightness, Ritter et al. reported that 30% of CR 
TKA required ligament balancing to obtain a smooth flexion arc [67]. If the PCL 
was too tight, excessive femoral rollback resulted in anterior lift-off of the tibial trial 
in flexion, leading to limitation of flexion [29]. Balancing the flexion gap can facili-
tate postoperative flexion to an increased angle and result in a satisfactory range of 
motion [3, 34]. In our studies on CR TKA, we found that a 16% increase in flexion 
gap tightness (smaller flexion gap than extension gap) resulted in a smaller flexion 
angle. Similarly, using a commercially available knee balancer with the measure-
ment under 80 N distraction force, Higuchi et al. reported that flexion medial/lateral 
gap tightness led to restriction of the flexion angle [22]. Therefore, in these cases, 
surgeons are advised to release soft tissues such as the PCL to decrease flexion gap 
tightness by [29, 67, 90].

Finally, postoperative kinematics such as tibial internal rotation and tibial ante-
rior translation are important to achieve better clinical outcomes, including a high 
knee flexion angle. With regard to achieving high flexion after TKA, some studies 
have emphasized that an increase in postoperative tibial internal rotation is observed 
during knee flexion [31, 88]. Therefore, we investigated the correlation between 
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intraoperative soft tissue balance (assessed by the tensor) and postoperative knee 
kinematics (assessed by a navigation system) following all prostheses implanted 
[53]. The results confirmed a positive correlation between varus ligament balance 
and tibial internal rotation, which may indicate that looseness of the lateral com-
partment in relation to the medial side at 60° and 90° of flexion permits rotational 
mobility and results in increased tibial internal rotation. In fact, the positive cor-
relation between the lateral compartment gap and tibial internal rotation from mid- 
to deep knee flexion was a more sensitive factor than the joint component gap, and 
the fact that there was no relationship between the medial compartment gap and 
tibial internal rotation supported this result. Moreover, in another study assessing 
the correlation between intra- and postoperative knee flexion angle and knee kine-
matics, postoperative as well as preoperative knee flexion angle was significantly 
correlated with the postoperative tibial internal rotation [52]. In addition, we 
reported a positive correlation between intraoperative lateral laxity in flexion and 
postoperative flexion angle in CR TKA, indicating that medial stability with appro-
priate lateral laxity was important for achievement of a high flexion angle [60]. 
Similarly, Kobayashi reported, using postoperative stress radiography, that lateral 
laxity in flexion (flexion-valgus, 3.4°; flexion-varus, 6.2°) showed a positive cor-
relation with the postoperative knee flexion angle [30]. Other studies also support 
these findings, indicating that the flexion gap in healthy knees is not rectangular 
and that the lateral joint gap is significantly lax [39, 56, 72, 80]. In summary, to 
reproduce medial pivot motion after TKA, medial stability with moderate lateral 
laxity during flexion might lead to appropriate tibial internal rotation and result in 
a high flexion angle.

13.6	 �Perspective

The most important aspect of soft tissue balancing is not just an assessment but also 
the close interaction between the surgical technique and the assessment, in which 
surgeons should reflect the surgical technique to attain final soft tissue balance. 
With the measured resection technique for CR TKA, we recently reported the 
importance of minimal medial release (osteophyte removal and release of the deep 
layer of the medial collateral ligament) for varus-type osteoarthritis to maintain an 
appropriate tibial internal rotation and to gain a high flexion angle [51]. Recently, an 
offset-type tensor was developed to use with the gap technique as well as the mea-
sured resection technique during TKA. With this new system, FuZion™ (Zimmer, 
Inc.) (Fig. 13.3), surgeons can assess and correct soft tissue balance after making 
the distal femoral and proximal tibial cut, then adjust femoral rotation based on the 
tensor measurement, and confirm the final balance throughout the range of motion 
with femoral component placement. The information, made available by the use of 
the tensor during surgery, is useful in a real-time manner and is essential for provid-
ing insight regarding the true postoperative kinematics. It allows the surgeon to 
adjust the soft tissue balance more accurately and thereby to expect a better postop-
erative outcome.
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To achieve successful clinical outcomes, accurate osteotomy/implantation and 
soft tissue balancing are essential in TKA.  Appropriate bone cut and prosthetic 
implantation have improved due to advances in surgical instrumentations, such as 
the computer-assisted navigation system, preoperative image-matching technique, 
or patient-specific instrumentation. Similarly, appropriate soft tissue balancing has 
become more important than it was previously. With the recent advances in this field 
described here, improved patient satisfaction after TKA is expected in the near 
future.
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14Intraoperative Assessment with  
Computer Navigation

Gianmarco V.M. Regazzola and Myles R.J. Coolican

14.1	 �Introduction

Soft tissue balancing in total knee replacement (TKR) is paramount to obtain opti-
mal stability of the joint, improve kinematics, produce equal load on each side of the 
prosthetic components and decrease component wear [1].

There is some variation between registry data and published literature in the 
prevalence of instability as a cause for revision TKR. In the Australian Orthopaedic 
Association National Joint Replacement Registry (AOANJRR), instability repre-
sents only 6.3% of revisions, whilst this figure is 12% in the Swedish Knee 
Arthroplasty Register 2015, 16% in the British National Joint Registry (NJR) and 
12.4% in the Canadian Joint Replacement Registry. Case series suggest the inci-
dence for revision for instability could be much higher – 22% in one large series [2].

Irrespective of variations in incidence of instability leading to revision, it is a 
scenario which both surgeon and patient wish to avoid. The clinical and economic 
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implications for revision surgery in TKR have been estimated. Over 55,000 revi-
sions were performed in 2010 in the USA, with 48% of these revisions on patients 
under 65 years [3]. By 2030, nearly two in three TKA revision patients will be under 
65 years, including almost 120,000 patients under 54 years who will likely experi-
ence device failure at least once in their lifetime [4]. Minimising or avoiding revi-
sion TKR makes clear economic sense.

Computer-assisted surgery for TKR (CAS-TKR) is well established in total knee 
arthroplasty. It improves accuracy of both tibial and femoral component placement 
and optimises coronal alignment within 3° of neutral when compared to conven-
tional instrumentation [5–8]. Deviation in coronal alignment of more than 3° of 
varus or valgus has been correlated with poorer results [9]. Conversely, functional 
and quality-of-life outcomes are significantly better in patients with mechanical axis 
within 3° of neutral [10]. Furthermore, a lower revision rate has been reported in the 
Australian Orthopaedic Association National Joint Replacement Registry in patients 
under 65 years old [11]. Despite the significant improvement with alignment and 
survivorship that CAS affords with navigated bony cuts, soft tissue and ligament 
balancing in TKR continues to present a challenge.

Computer navigation does more than produce accurate bone cuts – it also plays 
an important role in obtaining real-time data intraoperatively on alignment, range of 
motion and stability, reducing malalignment and achieving a well-aligned and well-
balanced TKR. The surgeon is made well aware of the deformities to be corrected 
before any bony cuts are made; in particular, the size of a flexion contracture is 
quantified – something not always visually clear particularly in the morbidly obese. 
The information can be utilised to minimally adjust bony cuts or implant size to 
achieve correction of a flexion contracture and balance the knee, with a subsequent 
decrease in the risk of revision and the associated economic burden.

14.2	 �Ligament Balancing in TKR

Most surgeons rely on tactile evaluation of the knee when addressing ligament bal-
ancing issues during TKR, checking whether the knee fully extends with trial 
implants in situ and confirming coronal plane stability by applying a varus and 
valgus stress to the knee in full extension and at different degrees of flexion. 
Specifically, whilst applying force to the joint, the surgeon evaluates the amount of 
gapping in each compartment with palpation of ligaments under tension. A relative 
feel of the joint determines whether the joint is ‘loose’, ‘tight’ or satisfactorily sta-
ble. Following this, soft tissue releases are performed as necessary to obtain a stable 
and well-balanced joint. The literature describes two techniques for ligament bal-
ancing in TKR – gap-balancing and measured resection technique.

14.2.1	 �Gap-Balancing Technique

The gap-balancing technique relies on ligament releases prior to and during bony 
cuts. Correction of fixed deformity is obtained with ligament releases whilst the 
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limb is in the approximate correct alignment before determining femoral compo-
nent rotation [12]. Gap balancing initially creates a rectangular flexion space with 
the plane of the tibial cut determining femoral component rotation. Following 
resection of the distal femur, this rectangular flexion space matches the extension 
space. Thus equal flexion and extension rectangular gaps are created based on the 
plane of the bony cuts and the tension of the ligaments. Spaces are checked with 
rectangular spacer blocks with or without a tensiometer in both flexion and 
extension.

A perpendicular tibial cut is crucial for the gap-balancing technique. A varus 
tibial cut will result in an internally rotated femoral component, whilst a valgus cut 
will result in an externally rotated femoral component [13]. In addition, an over- or 
under-resection of the femur can produce a mismatch between flexion and extension 
gaps with consequent ligament imbalance. Furthermore, integrity of the medial and 
lateral collateral ligaments are crucial for precise ligament balancing.

14.2.2	 �Measured Resection Technique

Measured resection technique relies on bony landmarks to determine femoral com-
ponent rotation. Bony cuts are performed independent of soft tissue tension, and 
ligament balancing is addressed after trial components are implanted. The surgical 
landmarks to determine femoral rotation are: [14] [15]

•	 Anteroposterior axis (AP) – often referred to as Whiteside’s line: This is a line 
drawn between the deepest point of the trochlear groove anteriorly and the centre 
of the notch posteriorly.

•	 Surgical transepicondylar axis (TEA): This is a line drawn from the lateral femo-
ral epicondyle to the sulcus of the medial femoral epicondyle at the insertion of 
the fibres of the deep portion of the medial collateral ligament. This line is per-
pendicular to Whiteside’s line and externally rotated to the posterior condylar 
axis.

•	 Posterior condyle axis (PCA): This is the line drawn on the most prominent 
points of the posterior femoral condyles, and it is internally rotated to the TEA of 
a mean of 3.5° (±1.2°) for males and a mean of 0.3° (±1.2°) for females.

Olcott and Scott [16] evaluated in 100 consecutive TKRs the consistency of the 
AP, TEA and PCA in providing a balanced and symmetric flexion space. 
Transepicondylar appeared to be the most accurate reference for femoral compo-
nent rotation, producing a balanced symmetric flexion space in 90% of cases with a 
deviation of <3°. The least accurate referencing landmark was the PCA, with an 
accuracy of 70%, whereas AP axis was accurate in 83% of cases to within 3° of 
deviation from a symmetric flexion gap [16]. However, identifying the TEA can be 
difficult during surgery, and some authors have challenged the accuracy of these 
landmarks [17]. Moreover, AP and PCA axis can be inaccurate due to trochlear 
dysplasia, chondral wear or posterior condyle bony erosion as seen in severe varus 
or valgus malalignment [18, 19].
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14.3	 �Measured Resection with CAS

Computer navigation has been shown to be an excellent tool to deliver a well-
functioning and well-aligned prosthesis, improving implant survivorship and confer-
ring greater accuracy when compared to conventional techniques. In a randomised 
controlled trial, Choong et al. [10] compared the alignment obtained with CAS to 
conventional technique and correlated alignment with knee function and quality of 
life. Alignment in the CAS group was more accurate with 88% within 3° of neutral 
when compared to 33% of the conventional group when measured using full-leg 
standing radiographs. There was a significant difference in alignment between CAS 
and conventional in an obese subgroup with the postoperative mechanical axis within 
3° of neutral in 93% of the cases with CAS and 57% with conventional technique.

However, femoral rotation assessed with CT scanning did not demonstrate a sig-
nificant difference between CAS and conventional alignment. In addition, outcomes 
are improved with more accurate surgery. Irrespective of surgical technique, patients 
within 3° of neutral alignment obtained significantly better IKS and SF-12 scores 
highlighting the importance of achieving optimal alignment. In a meta-analysis per-
formed on 16 high-quality studies, Hetaimish and colleagues [8] reported that coro-
nal alignment with CAS is more accurate compared to conventional. However, 
again there was no difference detected in femoral rotation. In summary, CAS in 
TKR demonstrates a statistically significant improvement in implant alignment in 
the coronal and sagittal planes, but not in the axial plane.

14.3.1	 �Surgical Technique

Patients receive a spinal anaesthesia if possible with sedation or a light general 
anaesthesia. Spinal anaesthesia lowers arterial and venous blood pressure, reducing 
blood loss if a tourniquet is not utilised. In combination with periarticular injec-
tions, it provides effective postoperative pain relief in the first 24 h and eliminates 
the need for intraarticular pain pumps or peripheral nerve blocks [20–22]. A tourni-
quet is positioned but not inflated – this reduces total blood loss and thrombosis, 
reduces postoperative pain and improves quadriceps recovery [23]. Examination 
under anaesthesia is performed to evaluate fixed flexion deformity, stability and cor-
rectibility of the coronal plane deformity as well as the integrity of the PCL.

Bi-cortical pins for computer navigation are positioned into the distal femur and 
proximal tibia, and after joint exposure, landmarks are registered and recorded. The 
surgeon evaluates the passive range of motion, alignment and stability which allows 
planning of the femoral and tibial cuts in order to achieve full extension, matching 
flexion and extension spaces whilst optimising soft tissue balancing.

Femoral cuts are performed first. The amount of bone resected from the distal 
femur matches the implant thickness, and it is referenced to the lesser worn femoral 
condyle. In some situations an extra 1–1.5  mm bone can be resected with a 
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prodigious flexion contracture particularly when other circumstances are not favour-
able to correct a flexion contracture. The presence of large posterior osteophytes or 
a femur whose anteroposterior diameter is well above a size (but not large enough 
for the next size up) will assist in correcting a flexion contracture by shortening the 
excursion of the posterior capsule, and extra distal resection may be not necessary. 
Computer navigation provides this information before cuts are made. We typically 
make a femoral cut perpendicular to the mechanical axis at 3° degrees of flexion or 
as recommended by the manufacturer. Flexion of the femoral component over 3° 
increases the risk of fixed flexion deformity by a factor of 2.9 [24].

Rotation and sizing are determined with computer navigation – the surgeon may 
reference from the TEA or AP axis of PCA or he/she may choose an average of some 
or all. Manual sizing and rotation reference guides may also be used. Navigation dis-
plays the amount of posterior condylar bone to be resected so the surgeon may posi-
tion the femoral component optimally. Following completion of femoral cuts, the 
thickness of bony offcuts are measured, recorded and compared to navigation data.

The tibial cut is navigated perpendicular to the tibial axis, with the depth of cut 
being determined by chosen reference points. For most varus knees, we utilise the 
apex of the lateral tibial plateau, but the reference point can be varied both medially 
and laterally depending on bone loss. Planned cut depth may be reviewed with a 
stylus. Posterior slope is matched to the manufacturer’s guidance. Following 
removal of osteophytes and periarticular local anaesthetic injections, a trial base-
plate is positioned using a size that achieves optimal coverage without overhang, 
and it is rotated parallel to a line between the junction of the middle and medial third 
of the tibial tubercle and the centre of the PCL.

With trial implants in place, alignment and extension are evaluated with naviga-
tion and laxity of the knee to varus and valgus at full extension and at 90° of flexion 
checked (Fig. 14.1). Typically, a knee in full extension will allow 1–1.5° of angula-
tion into varus and into valgus (Figs. 14.2 and 14.3). In the setting where a knee 

Fig. 14.1  Limb is held by the foot and elevated. There is a 1° flexion contracture with optimal 
alignment. Note the limb appears fully extended
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rests in 2–3° flexion with gravity, tightening the posterior capsule whilst forcing full 
extension to evaluate play in full extension will artificially reduce coronal plane 
deviation, and comparative figures for varus/valgus play are best performed at the 
angle that the knee rests with gravity alone. At 90° a knee would typically rest in 3° 
of varus if a navigation system utilises the PCA to determine the coronal plane with 
3° of varus representing 3°of external rotation of the femoral component. A varus 
force at 90° will deviate the knee into approximately 7° or 8° of varus and be within 
a degree or two of neutral when a valgus force is applied but usually stays in varus. 
The total excursion at 90° is in the vicinity of 6–8°, and in the author’s experience, 
a total excursion of less than 4° at 90° flexion is associated with an excessively tight 
flexion space. In this setting, patients will complain of the knee feeling too tight 
unless ligaments are released or more bone is resected (Figs. 14.4 and 14.5). Data 
obtained from navigation allows correct balancing usually by pie crusting of tight 
structures utilising Whiteside’s technique [25].

Whilst optimal balancing is often appreciated as a tactile phenomenon by liga-
ment palpation, applying a consistent but approximately similar varus and valgus 
force at different degrees of flexion generates an objective and consistent measure-
ment of the amount of play within the joint (Fig. 14.6).

Figs. 14.2 and 14.3  Surgeon evaluates soft tissue balancing in extension applying a valgus and 
varus force at or close to 0° of flexion
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14.3.2	 �Outcomes

We acknowledge correct performance of a TKR requires more than the accurate 
bony cuts delivered by navigation. Soft tissue balancing is paramount in the 

Figs. 14.4 and 14.5  Surgeon evaluates the soft tissue balancing at 90° of flexion applying a varus 
and valgus force

Fig. 14.6  Figures captured on the left side of the screen show the play in degrees reflecting soft 
tissue balancing along the arc of motion
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delivery of a satisfied patient and a symptom-free arthroplasty. Traditionally, sur-
geons manually assess soft tissue balance based upon their experience and their 
tactile sense that a ligament that is too tight or too loose. Whilst this technique is 
easily taught, it is neither measurable nor precisely reproducible from surgeon to 
surgeon. Several devices have been designed to measure and evaluate soft tissue 
tension and balancing – these include tensors, spacers and a recently introduced 
pressure-sensitive micro-electric instrument [3, 13, 26]. We prefer to measure lax-
ity and balancing with navigation data and have utilised data from computer navi-
gation for the past 10 years for real-time information on extension, flexion and 
joint play with gratifying results. We acknowledge that whilst computer navigation 
provides a reproducible and objective measurement of soft tissue balancing, the 
desirable and acceptable gaps in the medial and lateral compartments along the 
flexion arc remain yet to be determined and may be variable between patients with 
different degrees of ligamentous laxity.

In a case series of 90 TKRs, Saragaglia et al. [27] evaluated the role of computer 
navigation to predict whether soft tissue release would be required in TKR. Fully 
correctable deformities as shown with navigation were identified, and releases that 
may have been routinely performed were avoided. The incidence of medial release 
for genu varum was 17.6% compared with Engh’s estimated incidence of greater 
than 50% [28].

Matsumoto et al. compared computer navigation with a ligament tensor for soft 
tissue balancing in 30 TKRs analysing at 0° and 90° of flexion and confirmed the 
accuracy of computer navigation for soft tissue assessment when compared to ten-
sors, without a statistically significant difference between the two methods [29]. In 
a randomised controlled trial, Joseph et al. [30] demonstrated that computer naviga-
tion is more accurate than conventional techniques for soft tissue balancing of the 
mediolateral extension space, utilising navigation software as a gold standard, but 
not the flexion space nor between the flexion and extension spaces.

Song et al. [31] reported a comparative study of medial and lateral laxity utilising 
stress radiographs on 86 conventional and navigated TKRs. They found no signifi-
cant difference between the groups with an average of 3.5° laxity to valgus force 
and 4.4° for varus at full extension in the navigated group and, respectively, 4.0° and 
4.2° in the conventional group. Similarly there was no significant difference in HSS 
scores and final range of motion between conventional and navigated knees.

Pang et al. [32] demonstrated more precise soft tissue balancing with computer-
assisted surgery than conventional balancing. They demonstrated improved func-
tion scores in the navigated group at 6 months and 2 years, lower rates of residual 
flexion contracture and less malalignment outliers.

14.4	 �Summary

The role of computer navigation in TKR is well established in the literature and is 
the most accurate means of obtaining desired alignment in the sagittal and coronal 
planes. Its role in soft tissue balancing is more recent with the use of navigation data 
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allowing the surgeon to recognise imbalance including mid flexion instability, tight-
ness in flexion, failure to resolve flexion contractures and persisting pathological 
recurvatum.

Navigation-derived information allows the surgeon a real-time assessment across 
the entire flexion arc, and, importantly, objective measurements enable the surgeon 
to then address abnormalities revealed by navigation that may otherwise compro-
mise the patient’s outcome and confirm resolution before the patient leaves the 
operating room.
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Postoperative Changes in Soft Tissue 
Balance

Hitoshi Sekiya

15.1	 �Introduction

The goal of total knee arthroplasty (TKA) is to achieve a stable and well-balanced 
knee with good alignment, with the aim of a good clinical result and patient satisfac-
tion in the long term [1–3]. Instability due to ligament imbalance has been described 
as a possible preventable cause of revision TKA. Fehring et al. studied 279 revision 
surgeries within 5 years of their index TKA and reported 74 revision cases (27%) 
caused by instability [4].
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15.2	 �Classical Concept of Ideal Soft Tissue Balancing in TKA

The goal of ideal soft tissue balancing remains unclear. The classical concept of 
TKA is to achieve equal medial and lateral rectangular gaps, as well as equal flexion 
and extension gaps [4, 5]. Theoretically, a rectangular gap in extension and flexion 
minimizes the disequilibrium of the load to the implants and provides the advantage 
of less damage for the surrounding soft tissue and the tibial insert. The classical 
concept of balancing by rectangular gaps had been advocated as the key to success-
ful TKA [5, 6].

15.3	 �Intraoperative Soft Tissue Balance in TKA

However, even in normal knees, lateral and medial ligamentous laxities are not 
equal [7–9]. A cadaveric study using computer navigation by Van Mamme et al. 
[10] confirmed the typical kinematic feature of ligament function by noting 2–3° of 
laxity in extension, which increased to 6–8° degrees when measured in flexion, with 
more laxity in the lateral compartment.

The medial soft tissues are shortened more in varus knees, whereas the lateral 
soft tissues are lax preoperatively compared to normally aligned knees [3, 11]. To 
achieve a rectangular gap in extension and flexion, the medial soft tissue must be 
released to the level of the lateral side. However, achieving a perfect balance both in 
extension and flexion has been extremely difficult [12–15]. Excessive medial release 
to create a rectangular gap in extension has often resulted in a wide medial gap in 
flexion [16, 17]. Furthermore, the greater the preoperative varus deformity, the more 
lateral laxity that remained after TKA [18]. In recent years, many researchers have 
reported that a small amount of lateral laxity in TKA is not hazardous, but that it 
was related to a good clinical result [19, 20].

15.4	 �Soft Tissue Balance in TKA Over the Long Term

Thus, in TKA, a few more degrees of lateral laxity than medial laxity was thought 
to be acceptable intraoperatively [19, 20]. If lateral laxity compared to the medial 
side at TKA did not change after the surgery, more laxity should always be found at 
the lateral side even a long time after TKA.

Ishii et al. [21] measured coronal laxity in 71 well-functioning TKAs 5–9 years 
after surgery using a Telos arthrometer (Fa Telos, Medizinisch-Technische, 
Griesheim, Germany) with a force of 150 N with the knee flexed from 0° to 20°. The 
mean values of medial laxity were 4.6–4.8° and of lateral laxity were 4.0–4.5° [21]. 
They stated that laxity of approximately 4° was suitable in TKA for a satisfactory 
clinical outcome.

There have been several reports about the changes in coronal laxity in TKA at 
3 months or more after the surgery [7, 18, 21–24]. All studies used a Telos arthrom-
eter to apply the external force for valgus or varus stress to the knee. Some varia-
tions existed in the degree of the external force (70–150 N) and in the flexion angle 
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of the knee; however, the values of lateral or medial laxity had surprising similarity 
[7, 18, 21–24]. From these results, postoperative coronal laxity was approximately 
4° in both the medial and lateral sides, and the values did not change from 3 months 
to 2 years after surgery.

15.5	 �Possibility of Postoperative Change in Soft Tissue 
Balance in TKA

The lateral soft tissues are generally lax in varus-deformed knees. Due to the greater 
lateral laxity than medial laxity preoperatively, some amount of residual lateral lax-
ity is inevitable even at TKA in many cases [19, 20], whereas coronal balance 
3 months or after was similar in the medial and lateral sides [7, 18, 21–24]. We 
speculated that the intraoperative soft tissue balance would change before 3 months 
after the surgery.

15.6	 �Postoperative Change in Soft Tissue Balance in Varus-
Deformed Knees

We evaluated the postoperative changes in coronal medial or lateral laxity in 71 
knees with varus deformities immediately after surgery and at 3, 6, and 12 months 
after posterior-stabilized TKA (Table 15.1) [18]. At the time of surgery, the lateral 
gap was far larger than the medial gap in many cases. The medial release was termi-
nated at the point when the medial gap reached 20 mm in extension and 90° to 
maintain medial stability, allowing residual lateral laxity. Coronal laxity was 
assessed by stress radiographs of the knees using a Telos SE arthrometer with val-
gus or varus forces of 7 kg at 15° of flexion. The mean medial ligamentous laxity 
was relatively constant postoperatively in all periods; however, the mean lateral 
ligamentous laxity was 8.6° immediately after surgery and decreased to 5.1° at 
3 months (Table 15.1, Fig. 15.1). Based on these results, we thought that if appropri-
ate knee alignment was achieved by the surgery, the residual lateral ligamentous 
laxity observed in the preoperative varus knee might be corrected spontaneously 
after TKA. Nakajima et al. also reported a decrease in intraoperative lateral laxity in 
CR TKA for varus-deformed knees at 4–6 weeks after surgery [25].

On the other hand, Ishii et  al. reported no significant postoperative change in 
coronal laxity between under anesthesia and 6 months after surgery in both mobile 
cruciate ligament-retaining TKA and rotating-type cruciate-sacrificing TKA in 
knees with osteoarthritis (Table 15.1) [24]. Their mean lateral ligamentous laxity 
under anesthesia was 4.4° in cruciate-retaining TKA and 4.4° in cruciate-sacrificing 
TKA.  These values were smaller than our values of 8.6° in posterior-stabilized 
TKA. However, due to the lack of data on preoperative deformity and detail regard-
ing soft tissue balancing in Ishii et al.’s report, the reason for the difference in the 
values cannot be determined.

Why was the large lateral laxity that was observed immediately after surgery in 
the present study dramatically decreased 3  months after surgery? A change in 
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alignment due to TKA from varus to valgus would decrease the tension on the soft 
tissues at the lateral side of the knee. Yamamoto et al. reported approximately 10% 
shortening of the length of the patellar tendon in rabbits 2 weeks after stress shield-
ing of the tendon [26]. Decreased tension at the lateral side of the knee in TKA may 
cause the shortening of the soft tissue observed by Yamamoto et al.

15.7	 �Postoperative Change in Soft Tissue Balance in Valgus-
Deformed Knees

To the best of our knowledge, there have been no reports dealing with the postop-
erative change in the soft tissue balance in TKA for valgus-deformed knees in the 
English literature. We now present our original study written in Japanese [22]. We 
evaluated the changes in coronal laxity after TKA in 37 valgus-deformed knees (4 
osteoarthritis, 33 rheumatoid arthritis, all females). Posterior-stabilized TKA 
(Scorpio NRG) was used in all cases. Lateral soft tissues including the iliotibial 
band were properly released to adjust the soft tissue balance using a Tensor device. 
Postoperative alignment of the knee was 1.4 ± 1.6° varus. We measured coronal 
valgus or varus ligamentous laxity by stress X-ray using the same method as the 
previous study [18] immediately after surgery and 3, 6, and 12 months thereafter. 
Lateral laxity decreased significantly during these periods, and medial laxity 
tended to decrease during these periods (Table 15.1, Fig. 15.2). Furthermore, we 
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Fig. 15.1  Postoperative values of lateral laxity (=varus laxity) and medial laxity (=valgus laxity) 
after TKA in varus-deformed knees. The error bars represent one standard deviation. The lateral 
laxity is greater immediately after surgery than at 3, 6, and 12 months postoperatively

15  Postoperative Changes in Soft Tissue Balance



188

10

8

6

4

2

0
0 months

Lateral laxity

P<0.05 P<0.01 P<0.01

Medial laxity

3 months 6 months 12 months

La
xi

ty
 (

de
gr

ee
s)

Fig. 15.2  Postoperative values of lateral laxity (=varus laxity) and medial laxity (=valgus laxity) 
after TKA in valgus-deformed knees. The error bars represent one standard deviation. The lateral 
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Fig. 15.3  Postoperative values of lateral laxity (=varus laxity) after TKA in valgus-deformed 
knees. Knees were divided by the values of laxity into three groups: 3° or less, over 3° and less than 
7°, and 7° or greater. The values of the group of 7°or greater at 3, 6, and 12 months are smaller than 
the value immediately after surgery
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divided the cases into three groups according to the value of coronal laxity imme-
diately after TKA: 3° or less, over 3° and less than 7°, and 7° or greater. The coro-
nal laxity in the “3° or less” group had a tendency to increase over follow-up, and 
that in the “7° or greater” group had decreased (Figs. 15.3 and 15.4). Regardless 
of the size of the laxity immediately after surgery, medial and lateral laxity had 
converged to approximately 4° at 12 months after TKA. In the case of a valgus 
deformity with a narrow joint gap at the medial side, we released the soft tissues 
until the medial and lateral gaps were equal at least in extension. However, in the 
case of valgus deformity with a wide medial gap preoperatively, to equalize the 
gap at the medial and lateral sides, we had to release extensively at the lateral side. 
This extensive lateral release may result in failure with elevation of the joint line 
and being too loose at the lateral side in flexion. To prevent such a failure, we 
aimed for 1–2° of varus alignment from neutral at TKA, allowing a small amount 
of medial laxity.

15.8	 �Postoperative Change in Soft Tissue Balance in Flexion

Although flexion instability after TKA is a major reason for revision surgery [27], 
only a few studies reported flexion laxity objectively after TKA. Oh et al. [28] first 
reported flexion laxity at 90° after TKA. Patients were asked to sit on a radiolucent 
wooden chair, and radiographic examinations were performed with the knee joint 
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Fig. 15.4  Postoperative values of medial laxity (=valgus laxity) after TKA in valgus-deformed 
knees. Knees were divided by the values of laxity into three groups: 3° or less, over 3° and less than 
7°, and 7° or greater. The values of the group of 7° or greater at 6 and 12 months are smaller than 
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flexed to 90°. Under varus and valgus loads with a force of 50 N, varus and valgus 
stress X-rays were taken. Mean lateral laxity, mean medial laxity, and total laxity 
were 4.7° ± 2.4°, 4.1 ± 2.1°, and 8.8° ± 3.5° in 61 TKAs at a mean 26.1 months after 
surgery. Yoshihara et al. [29] measured varus and valgus laxities at 90° under a 1.5-
kg external force in 49 TKAs at a minimum of 10 years after surgery. They reported 
laxity of 6° ± 4° (0–20°) in varus, 4° ± 3° (0–9°) in valgus, and 10° ± 5° (0–21°) in 
total laxity. To the best of our knowledge, there have been no reports about the post-
operative change in flexion laxity in TKA.  If flexion laxity during TKA was lax 
laterally and tight medially, as has been reported [20, 30], flexion laxity would be 
spontaneously adjusted in the postoperative period, similar to the phenomenon 
found in extension [18]. Further studies are needed to clarify the postoperative 
change in flexion after TKA.

15.9	 �Influence of Anesthesia on Measurement of Coronal 
Laxity

To compare the value of coronal laxity between immediately after surgery and in the 
late period after surgery, the effect of anesthesia must be considered. Tsukeoka and 
Tsuneizumi reported the effect of anesthesia during the measurement of soft tissue 
in TKA [31]. They measured varus and valgus laxities without anesthesia and again 
immediately under spinal anesthesia. The laxity was significantly increased from 
3.0° to 3.6° and from 4.7° to 5.7° in the medial and lateral sides, respectively.

The difference of approximately 1° in these studies might possibly be due to the 
effect of anesthesia; however, it was difficult to explain the large change in lateral 
laxity observed in our study of varus-deformed knees.

Methods of laxity measurement also have limitations. To elucidate the precise 
and detailed change in laxity, we have to measure laxity repeatedly after surgery. 
However, repeated external varus or valgus force with the Telos SE to the knee 
could interfere with soft tissue healing, especially during the early period after 
TKA.

15.10	 �Factors for Spontaneous Correction of Soft Tissue 
Balance After TKA

From our experience, in both varus- and valgus-deformed knees, lateral and medial 
soft tissue laxity observed at TKA would spontaneously correct themselves after the 
surgery if the appropriate alignment and appropriate soft tissue balance were 
achieved by the surgery [22].

From the number of revision TKAs due to instability, it is reasonable to think that 
spontaneous balance correction did not occur after TKA in all cases. What must we 
pay attention to in order to achieve spontaneous correction of soft tissue imbalance 
after TKA? We believe that coronal alignment and soft tissue balance are the two 
most important factors. In addition, complete preservation of the PCL at surgery is 
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crucial in CR TKA. Postoperative damage or rupture of the PCL may dramatically 
change the soft tissue balance, especially in flexion [32, 33].

Coronal alignment after surgery is closely related to soft tissue tension surround-
ing the knee [34]. In the varus knee after TKA, the soft tissue at the lateral side of 
the knee is stretched. In contrast, in the valgus knee after TKA, the soft tissue at the 
medial side of the knee is stretched [34]. Many studies have addressed the impact of 
postoperative coronal alignment on the outcomes of TKA [35–37]. They have 
accepted the premise that deviation beyond a postoperative mechanical axis of 0 ± 
3° is associated with worse implant survival following TKA [37–40].

Matsuda and Ito emphasized the importance of medial side stability in TKA with 
neutral alignment for better kinematics and stability [41]. For correcting soft tissue 
balance with a tight medial gap in varus knees, medial release procedures are often 
required [42]. However, we have to be aware that extensive release can lead to com-
plications such as instability and neurovascular injury [43]. Aunan et al. [34] evalu-
ated the relationship between intraoperative ligament laxity and functional outcomes 
1 year after TKA in 122 CR TKA cases. They stated that medial laxity more than 
2 mm in extension and 3 mm in flexion at surgery must be avoided in neutral and 
valgus-aligned TKAs for better outcomes. They also stated that varus-aligned TKAs 
seemed to be more forgiving of medial laxity [34]. As mentioned in our study, even 
in preoperative valgus-deformed knees, some amount of medial residual laxity 
could be made acceptable by achieving 1–2° of varus alignment at TKA [22]. 
However, extreme medial laxity could not be spontaneously corrected after surgery. 
Under such conditions, we have to use a medial soft tissue advancement or tighten-
ing procedure or select a more constrained prosthesis to acquire stability.

15.11	 �Future Directions

Thus, spontaneous soft tissue correction occurs after TKA in many instances. 
However, thinking about revision TKA due to instability, it is quite reasonable to think 
of the limitations of spontaneous correction. The final clinical outcomes of TKA were 
generally excellent in most previous studies of postoperative laxity in TKA [7, 18, 
21–23]. To elucidate the limitations, we have to clarify the postoperative changes in 
soft tissue balance in the cases of revision TKA due to instability. From the data of the 
failed cases, we could get valuable factors to prevent postoperative instability.

Many studies used a stress radiograph with a Telos arthrometer [7, 18, 21–24]; 
however, the method was not suitable for repeated measurements, especially in the 
early period after surgery, for fear of damaging the soft tissue in the repair phase. 
Furthermore, the angle of knee flexion was limited by this method.

Recent advances of technology have resulted in the development of a sensor-
embedded tibial insert or component [44, 45]. Using these devices for in vivo analy-
sis of contact stress during daily activities after TKA could be done over the full 
range of motion. Because of the high cost of such electronic devices, it is not realis-
tic to use them in every TKA case. However, with such devices the precise and 
detailed changes in soft tissue balance after TKA can be identified.

15  Postoperative Changes in Soft Tissue Balance
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16Intraoperative Soft-Tissue Balance 
and Clinical Results (ROM, Function)

Eun-Kyoo Song, Jong-Keun Seon, Young-Joo Shin, 
and Hong-Ahn Lim

16.1	 �Introduction

A good outcome in total knee arthroplasty (TKA) depends on many factors: joint 
alignment, range of motion (ROM), patella tracking, and ligament stability [1]. 
If correct soft-tissue balancing is not achieved after TKA, the patient may ini-
tially suffer instability of joint, pain, and swelling after surgery and experience 
gait disturbance due to giving way, and as it increases risk of wear and aseptic 
loosening in long-term follow-up, it is considered the most important process. 
However, achieving accurate soft-tissue balancing is not an easy goal in 
TKA. Generally, well intraoperative balance affects good postoperative gap bal-
ance. Some studies report that the more intraoperative flexion laxity, the better 
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postoperative ROM [2]. But the best method for obtaining appropriate soft-tissue 
balance and better ROM remains controversial, with dispute focusing on the cut-
off value of flexion laxity [3, 4].

Soft-tissue release, serving to correct imbalances, is performed until the flexion 
and extension gap appear symmetrical and balanced. A knee is considered perfectly 
balanced when the flexion and extension gaps are perfectly rectangular, and all the 
measurements are equal [1]. As a general guideline, 1–2 mm of balanced varus-
valgus plays in the prosthetic knee is reasonable goal. Regardless of the type of 
deformity being corrected, stability should be checked after each stage of soft-tissue 
release because over-release can lead to excessive coronal plane instability and 
requires conversion to a constrained prosthesis [4]. We can say that soft-tissue bal-
ancing is consisted of various factors, including flexion and extension gap balanc-
ing, mediolateral (ML) balancing, and patellofemoral (PF) balancing.

16.2	 �Flexion and Extension Gap Balancing

Flexion and extension gap balancing is influenced by appropriate bony resection, 
sizing and rotation of the femoral component, appropriate ligament balancing, and 
posterior cruciate ligament (PCL) resection. Among them, excessive bony resection 
of the proximal femur or wrong size of the femoral implant is the major cause of 
extension and flexion gap imbalance [5]. Testing for soft-tissue balancing during 
TKA was introduced by Insall, who used spacer blocks and laminar spreaders intra-
operatively to assess the extension and flexion gaps in varus and valgus stress [6]. 
Also, another method with the trial component has been introduced to check the gap 
of flexion and extension. Temporary trial method uses trial insert of appropriate 
thickness after bony resection and makes extension and flexion of the knee to see if 
the gap is right; one of the typical methods is POLO (pullout, lift off) test that 
decides flexion gap in cruciate-retaining (CR)-type implant introduced by Scott [7] 
(Fig. 16.1). In resection of PCL, Mihalko reported increased flexion gap more than 
5.2 mm at average, and also Cho et al. reported increase in both flexion and exten-
sion gap, with flexion gap 2.8 mm more than extension gap [5, 8].

Despite advanced accuracy in bony alignment with the development of surgical 
instruments, such as the computer-assisted navigation system, obtaining an accurate 
intraoperative soft-tissue balance remains difficult, especially for young surgeons, as 
experienced surgeons traditionally address soft-tissue balance through “subjective 
feel.” Therefore, various offset-type tensor has been developed for use during TKA, 
which enables soft-tissue balance assessment throughout range of motion (ROM) in 
the physiological knee after TKA (Fig. 16.2), with reduced PF joint and with the 
femoral component in place [9]. Therefore, clinical relevance using such intraopera-
tive tensor device is being reported nowadays (discussed in next section).

Attifield et al. reported that knees balanced in full extension and in flexion (< ±2°) 
showed a significant improvement in proprioception (p < 0.0005), and soft-tissue 
balance in both flexion and extension is important to allow satisfactory postoperative 
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Fig. 16.1  Offset-type sensor used in total knee arthroplasty, which enables soft-tissue balance 
assessment. Left; Fuzion (Zimmer, Warsaw, USA), Right; Attune (Depuy Synthes, Warsaw, USA)

a b c

Fig. 16.2  Gap balancing technique. (a) Extension gap balancing using tensioner. Smaller medial 
gap was found with tightness. (b) Needle-assisted medial collateral ligament (MCL) release using 
an 18 gauge needle. (c) Medial and lateral balance and good alignment were acquired after MCL 
release
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proprioception of the knee [10]. Pang et al. reported the TKA group with computer-
assisted gap balancing technique had less occurrence of flexion contracture in 2 years 
after the surgery, less outlier number (anterior tibial translation >5 mm), and less 
functional score than conventional measured resection technique [11]. Lampe et al. 
studied clinical outcomes within the first year after computer-navigated total knee 
arthroplasty (TKA) and reported that higher flexion-extension gap equality values 
led to statistically significant better KSS-F and KSS-K scores at 1  year [12]. 
Furthermore, Matsumoto et al. argued that in achieving equalized rectangular gaps at 
extension and flexion, CR TKA using the gap technique with navigation system is 
more effective than measured technique, but it does not directly reflect 2-year post-
operative clinical outcomes [9].

However, it has been often reported that computer navigation offers little advan-
tage over experienced surgeon judgment in achieving soft-tissue balance in knee 
replacement. Joseph et al. reported that balancing the mediolateral extension gap in 
navigated group was superior to non-navigated group (p = 0.001), but no significant 
difference was found between the two groups in balancing the mediolateral flexion 
gap or in achieving equal flexion and extension gaps [13]. Widmer et al. reported 
alignment and component position can be precisely measured intraoperatively with 
navigation, but intrinsic patient factors remain dominant in determining the clinical 
outcome at 1 year. Therefore, he reported that intraoperative computer navigation 
parameters (coronal alignment, ligament balance, range of motion, external tibio-
femoral rotation) are predictors of function 1 year after total knee arthroplasty [14].

16.3	 �Mediolateral Gap Balancing

Mediolateral (ML) balancing is one of the most influential factors in TKA.  ML 
balancing is known to have wider range of tolerance than alignment of lower 
extremity, but it should be strict [5]. Especially, in PCL substituting type, precise 
ML balancing is very crucial to knee stability and also influences ROM. Matsuda 
et al. reported that ROM decreased about 11° when ML balancing is off more than 
2° [15].

Most of osteoarthritis patients show some degree of varus deformity, regardless 
of bone defect. If arthritis progresses in medial side, medial joint capsule and medial 
collateral ligament (MCL) contracts, which is accompanied by lateral collateral 
ligament elongate along with flexion contracture in most cases. The ideal goal of 
ML gap balancing is the balance of bilateral collateral ligaments with 4–7° valgus 
of tibiofemoral alignment, and it should not be overcorrected. In balancing liga-
ment, osteophyte must be thoroughly removed first, then, releasing the side with 
contracture is more preferable than reefing elongated ligament of the other side. 
Liebs et al. reported that pain becomes severe when medial gap is 1.5 mm wider or 
more than lateral gap in extension [16]. Okazaki et  al. argues that lateral gap is 
greater than medial gap, and this is a compensation mechanism of dynamic stability 
by iliotibial band [17]. However, Yoon et al. reported the gaps in patella eversion 
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demonstrated smaller gaps both in knee extension and flexion position compared to 
the gaps of patella reduction position. The amount of decreased gaps was more defi-
nite in knee flexion position. Therefore, the intraoperative patellar positioning has 
influence on the measurement of the joint gap. Keeping the patella in reduced posi-
tion is important during gap balancing [18].

16.3.1	 �Medial Release

As for varus deformity, release is mostly conducted in tibia, and if the ligament tis-
sue is released in the form of sleeve, it is scarred into a thick connective tissue after 
the surgery, which poses little difficulty to its function, whereas transverse incision 
poses a lot of difficulty in function and should not be performed. Medial release is 
first conducted on medial semimembranosus tendon, at last as argued by some oper-
ators, or not at all or partially by others. Most of the operators gradually release 
superficial medial collateral ligament (MCL) until lower extremity alignment 
returns. Clayton recommended the superficial MCL release to be conducted up to 
5–6 cm before semimembranosus [19]. However, Insall et al. argued that it must be 
conducted in 7–8 cm to fulfill wanted goals [20]. Matsumoto et al. argued that semi-
membranosus release does not influence clinical outcome but reduces tibial internal 
rotation and flexion angle in cruciate-retaining total knee arthroplasty [21]. Also, 
Ahn argued that in severe varus knee, bony resection of proximal medial tibia can 
be considered as an alternative technique in order to decrease total operation time 
and to obtain medial-lateral, soft-tissue balance in deep flexion, rather than medial 
soft-tissue release [22].

Whiteside reported that release of the posterior part of superficial MCL is useful 
for extension contracture and releasing anterior part of MCL is effective for flexion 
tightness [23]. Burkart et  al. conducted TKA with 12 cadaveric specimens and 
found that the medial parapatellar arthrotomy and ACL and PCL sectioning did not 
result in medial or lateral gap length. The release of the anterior fibers of the deep 
MCL as part of the surgical exposure increased the medial gap [24]. Also, pie crust 
can be conducted on superficial MCL with multiple pinning or 18 gauge needle, 
which must be conducted in moderate or intermediate tightness. Meneghini et al. 
argued pie crust method should be carefully performed, and with wrong technique, 
stroma of collateral ligament may rupture in joint line, which is worse than avulsion 
of distal part [25].

If medial gap loosening occurs in flexion after medial release, surgeon should 
inspect if there are external rotation of femoral component, varus resection of tibia, 
and whole damage of medial MCL component. If there is no specific abnormality in 
such inspection, small medial gap laxity in flexion is acceptable. Insall argued that 
large medial gap is not clinically big problem and takes time for scarring adhesion 
[20]. Alternative for medial release is “shift and resect” by Dixon which places a 
small trial in lateral side and makes more posteromedial marginal bone resection. 
This procedure can have same effect of MCL release [26].
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16.3.2	 �Lateral Release

Valgus deformity of knee joint is not as common as varus deformity. Therefore, 
operators are not used to the surgery, and it is very difficult to release complex con-
tracture of lateral soft tissue and ligament. Unless it is valgus deformity, general 
TKA rarely requires lateral release, but if insertion of thick PE is necessary due to 
excessive medial looseness, lateral side must be released to balance the knee. In 
such case, lateral collateral ligament or popliteus tendon may be released, and it is 
important that how much and how release is conducted. Kesman et al. evaluated 
influence of popliteus tendon resection during posterior stabilized TKA surgery and 
found that resection of popliteus tendon does not have great influence in static bal-
ance during flexion and extension [27]. However, in such cases, ML ligament 
release is too excessive, and it may require constrained prosthetics, which requires 
delicate attention.

16.3.3	 �Intraoperative Mediolateral Gap Check Device

Although advances in navigation system in TKA have improved the incidence of 
alignment outliers, spatial distance measurements do not quantify soft-tissue stabil-
ity or degrees of ligament tension. Recently, the development of integrated micro-
electronics and sensors into the knee trials (device that shows the force applied on 
mediolateral and anteroposterior part of the insert with attached sensor in digital 
number) during surgery allows surgeons to evaluate and act on real-time data 
regarding implant position, rotation, alignment, and soft-tissue balance through a 
full range of motion (Fig. 16.3). Gustke argued that ensuring soft-tissue balance by 
using intraoperative sensors during TKR may improve satisfaction [27]. Meneghini 
et  al. measured intraoperative ligament balance with force-sensing implant trials 
and studied if an optimal “target” balance exists. Intraoperative force sensing has 
potential in providing real-time objective data to optimize TKA outcomes. These 
data support some early outcomes may improve by balancing TKAs within 60 lb. 
mediolateral force difference [28]. Jacob et al. previously reported that symmetrical 
medial and lateral compressive forces did not improve patient satisfaction, but rec-
reating greater forces in the medial compartment much like that of the native knee 
may yield improved patient-reported outcomes and increased patient satisfaction. 
The current results further suggest that recreating greater medial compartment 
forces may have the greatest effect on more demanding activities [29].

Also, it recently is becoming a great help in anatomical and mechanical study 
related to prosthetics design using force-sensing implant trial. Manning et al. found 
that rotational stress in mid-flexion demonstrated the greatest mismatch in inter-
compartmental forces in cadaveric study using CR single-radius-type implant. They 
also argued that contact point position over the tibial sensor demonstrated paradoxi-
cal roll-forward with knee flexion and concluded that traditional balancing 
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techniques may not reliably equate to uniform laxity or contact forces across the 
tibiofemoral joint through a range of flexion and that the role of intraoperative sen-
sor aids the final balancing of the knee [30].

16.4	 �Patellofemoral Balancing

Patellofemoral (PF) balancing is not only related to function and pain relief but also 
long-term survival of TKA. If alignment is not perfect, it may induce pain in ante-
rior part of the knee, limit joint motion, induce anxiety, increase load to patella, 
induce patella fracture, quadriceps tendon and patella tendon rupture, and abrasion 
and dissociation of patella prosthetics. Lauglin et al. reported that risk of wear from 
cold flow increases with patellar mal-tracking. However, unlike such general under-
standing [31], Bindelglass argued that when using all-polyethylene patellar compo-
nent, clinical result, or, in other words, pain, range of motion, and frequency of 
dissociation, did not differ though the movement of PF is abnormal [32].

a

d e

b c

Fig. 16.3  Soft-tissue balancing by using intraoperative sensor. (a) eLIBRA (Synvasive 
Technology, Inc., Reno, Nevada). (b) Tibial insert assembly into the joint space with lateral trans-
fer of the patella. The different force was found in medial and lateral joint. (c) Extension gap bal-
ancing by pie crust technique. Medial and lateral stability was acquired. (d) Flexion gap balancing 
with 90° flexion of knee joint. (e) The optimal external rotation of femoral component to achieve 
equal medial and lateral tension
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Heesterbeek et al. argued that femoral component rotation has little correlation 
to abnormal postoperative patella position, but preoperative malalignment results in 
a higher risk at a postoperatively displaced patella [33, 34]. Balanced gap technique 
can safely be used without an increased risk for patella malposition.

As for surgical approach, subvastus or midvastus approach that does not involve 
quadriceps tendon is known to be good for patellofemoral alignment. Femoral 
implant size is also important, and if it is too big, it tenses lateral ligament, serving 
as a cause of malalignment, and articulation with patella prosthetics becomes inap-
propriate if it is too small. Most of patellofemoral malalignment is based on malro-
tated femoral and tibial component. External rotation of both components is 
preferable, but if external rotation is too much, it would not only bring wear of 
prosthetics faster but also cause the patient to have toe-in gait. Location of prosthet-
ics is also relevant; femoral prosthesis is aligned to lateral edge of resected bone as 
much as possible, and tibial prosthetics must be placed in lateral for better align-
ment. However, laterally located patella component deteriorates the alignment.

16.5	 �Summary

In summary, the optimal ligament balance for good clinical outcomes undergoing 
TKA remains unclear. Although there are some debates whether intraoperative soft-
tissue balances have direct correlation with good clinical outcomes and long sur-
vival of TKA, balanced flexion and extension is essential for good outcome in TKA 
and that increased medial laxity might be related to inferior clinical results.
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17Soft Tissue Balance, Kinematics, 
and Patient Satisfaction

Shuichi Matsuda

Improving postoperative patient satisfaction is a major goal in total knee arthro-
plasty (TKA). Studies have reported that many factors affect patient satisfaction, 
including pre- and postoperative condition as well as mental health. From a biome-
chanical standpoint, the status of knee kinematics is a key issue impacting both 
postoperative knee function and satisfaction. Near-normal kinematics might help 
patients forget they had knee surgery, while abnormal knee kinematics can cause 
post-TKA discomfort. Also, knee kinematics can affect postoperative range of 
motion (ROM), which is another major factor influencing patient satisfaction. 
Postoperative knee kinematics are determined by soft tissue balance, alignment, and 
implant design (Fig. 17.1).

In this chapter, clinical and biomechanical studies are introduced to discuss the 
relationship among soft tissue balance, kinematics, and clinical symptoms, includ-
ing patient satisfaction.
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17.1	 �Intraoperative Soft Tissue Balance and Patient 
Symptoms

Intraoperative soft tissue balance is related to postoperative knee kinematics, which 
affect patient symptoms. Also, knee kinematics affect ROM, which can be signifi-
cantly related to patient satisfaction and knee function [1]. In this chapter we first 
review studies on extension and flexion gaps and then discuss medial-lateral gap 
balancing (Table 17.1).

17.1.1	 �Extension Gap

The degree of extension gap necessary to avoid postoperative flexion contrac-
ture remains unclear [16]. Few studies have evaluated the relationship between 
intraoperative soft tissue tension and postoperative extension angle [17]. Usually, 
varus osteoarthritic knees show a smaller extension gap at the medial side than the 
lateral side. Therefore, we previously evaluated the effect of a medial extension 
gap on postoperative flexion contracture by evaluating the intraoperative exten-
sion gap in 75 knees with varus deformity undergoing TKA with the NexGen LPS 
(Zimmer, Warsaw, IN, USA) [2]. The extension gap was measured in the presence 
of a femoral component using a tension device applying a distraction force of 
178 N. A “component gap” was defined as the distance calculated by subtracting 
the selected thickness of the tibial component, including the polyethylene liner, 

Alignment Soft tissue balance

Knee kinematics

Pain relief

Longevity

Functional activities

Patient satisfaction

Comfort

ROM

Implant design

Fig. 17.1  Factors affecting clinical results after total knee arthroplasty
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from the measured gap. The postoperative extension angle was measured by radi-
ography. Flexion contracture was defined when the angle between the anatomical 
axis of the distal femur and the proximal tibia exceeded 5°. The knees with >1 mm 
medial component gap showed no flexion contracture at 1 year after surgery. Nagai 
et  al. also reported that the postoperative active knee extension angle was posi-
tively correlated with the medial compartment gap at 0° [18]. These studies sug-
gest that achieving an adequate medial extension gap is very important to avoid 
flexion contracture.

How loosely can the knee be left in extension? First and foremost, the patient 
should not feel any instability. Thus one possible benchmark is the stability of nor-
mal knees. We previously measured knee laxity in normal knees by stress radiogra-
phy and found that the medial opening angle was 2.4° when a valgus stress of 147 N 
was applied [3]. Ishii et  al. reported that excellent clinical results were achieved 
after TKA in patients with 3–4° of valgus laxity [4]. On the basis of these studies, 
2–4° laxity does not lead to feelings of instability in patients who have undergone 
TKA.  Therefore, we suggest that medial extension laxity should be 1–3  mm to 
avoid flexion contracture and subjective instability (note: 1° medial laxity equals 
approximately 1.05 mm when the transverse diameter of the tibia is 80 mm).

17.1.2	 �Flexion Gap

Many studies have evaluated the relationship between the intraoperative flexion gap 
and postoperative flexion angle. A clinical study by Takayama et al. indicated that 

Table 17.1  The effect of gap and medial-lateral balance on clinical results

Gap Medial-lateral balance

Extension Tight gap: flexion contracture
 � More than 1 mm was necessary to 

avoid flexion contracture [2].

Loose gap: uncertain
 � A 2–3mm medial gap can be 

acceptable based on normal knee 
laxity [3] and clinical study [4].

Medial-opening imbalance: 
possibly symptomatic
 � More than 1.5 mm of imbalance 

was related to pain [5].

Lateral-opening imbalance: 
uncertain
 � No studies have shown that a 

large lateral gap is symptomatic.
 � 2–3° of imbalance can be 

acceptable based on normal knee 
laxity [3].

Flexion Tight gap: decreasing flexion angle [6–9]

Loose gap: variable results
 � A 2.5mm larger gap than extension 

was related to higher JFS in LCS [10].
 � A 3.0mm larger gap than extension 

was related to lower function score in 
CR [11].

 � Very large flexion gap causes 
symptomatic knees [12].

Medial-opening imbalance: 
possibly symptomatic
 � ≥3° of imbalance was related to 

dissatisfaction in CS [13].

Lateral -opening imbalance: 
positive effect on flexion angle [7, 
14, 15]
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flexion gap tightness decreases range of motion after cruciate-retaining (CR) TKA 
[6]. Nakano et al. evaluated the lateral and medial flexion gaps separately and found 
that the lateral compartment gap at 90° of flexion was positively correlated with 
postoperative knee flexion angle in knees after CR-TKA [7]. Hasegawa et  al. 
reported that increased medial-lateral laxity from 90° to 120° showed a positive cor-
relation with the postoperative flexion angle in posterior-stabilized (PS) TKA [8]. 
Other studies focused on deep knee flexion. For instance, Niki et al. divided patients 
who had undergone posterior-stabilized (PS) TKA into those who could achieve 
Seiza sitting (Japanese-style very deep knee flexion) and those who failed to and 
found that the gap length at 135° of flexion was significantly larger in the former 
group than the latter [9]. Watanabe also reported that in PS-TKA knees between 
135° and 0° of extension, larger gap differences were associated with larger postop-
erative flexion angles [19]. In these studies, gaps were measured without patellar 
eversion so the assessments might have been affected by quadriceps tightness in 
deep knee flexion.

The effect of the flexion gap on postoperative symptoms has also been evaluated. 
Lampe et al. reported that larger flexion gaps (more than 2.9 mm) led to statistically 
lower Knee Society function scores and knee scores at 1 year after CR-TKA [11]. 
In CR-TKA, a large flexion gap results in function loss of the posterior cruciate liga-
ment (PCL), which possibly worsens clinical results. In PCL-sacrificing TKA, the 
surgeon can control the flexion gap using the gap-balanced technique. In a study of 
knees with low-contact stress prostheses, Ismailidis et al. compared one group in 
which the flexion gap was intentionally 2.5 mm larger than the extension gap with 
another group in which these gaps were equal. They found that the former group 
achieved good ROM and showed a significantly higher Forgotten Joint Score-12  
[10]. In normal knees, knee laxity in flexion is slightly larger than in extension, by 
about 1–2 mm [20]. One biomechanical study demonstrated that when the flexion 
gap was 2 mm greater than the extension gap, tibial forces were decreased in deep 
knee flexion [21].

Based on these clinical and biomechanical studies and normal knee evaluations, 
we should definitely avoid tighter gaps in knee flexion than extension to achieve 
good range of motion, and about 2 mm greater laxity in flexion can result in more 
normal feeling. But care should be taken to avoid excessively large flexion gaps 
because some patients with flexion instability after PS-TKA may present with pain, 
especially while negotiating stairs, as well as recurrent joint effusions, both of 
which can be causes of revision surgery [12].

17.1.3	 �Medial-Lateral Balancing

17.1.3.1  �In Knee Extension
First, we discuss ligament balance in osteoarthritic knees. We previously investi-
gated knee laxity in osteoarthritic knees during TKA [22]. In that study, the exten-
sion gap was measured after the distal part of the femur and the proximal part of the 
tibia were resected. The patients were divided into mild, moderate, and severe varus 
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groups, based on preoperative hip-knee-ankle angles of <10°, 10–20°, and >20°, 
respectively. Measurements were made after removing osteophytes with a distrac-
tion force of 178 N. The results showed greater lateral soft tissue laxity with increas-
ing severity of knee deformities. However, the medial side did not contract with 
increasing varus deformity. These results suggest that release on the medial side is 
unnecessary to create a space for implant replacement, even in severely deformed 
knees. However, gap imbalance increased up to 5 mm with increasing knee defor-
mity. Therefore, we should determine the answer to this question: “How much of an 
imbalance can be tolerated in knee extension?”

As for intraoperative gap measurement, Lampe et al. reported that higher medial-
lateral gap inequality (more than 2 mm) in both extension and flexion did not worsen 
Knee Society function or knee scores at 1 year after CR knee [11]. In postoperative 
stress radiograph evaluation, Nakahara et al. reported that varus laxities (5.9 ± 2.7°) 
or valgus laxities (5.0 ± 1.6°) under static stress in extension were not related to 
patient-reported outcomes after well-aligned PS-TKA [23]. Liebs et al. evaluated 
postoperative radiographs of gap imbalance (without any stress) and found that 
patients with an asymmetric medial opening extension gap of ≥ 1.5 mm had signifi-
cantly higher pain scores at 3 and 6 months’ follow-up, whereas a gap on the lateral 
side was associated with less pain [5]. Our study of normal knees showed 2.5° 
greater laxity on the lateral side than the medial side [3]. The results of these studies 
suggest that in knee extension, a couple of degrees of ligament imbalance, espe-
cially in lateral opening imbalance, can be tolerated from the standpoint of knee 
symptoms.

17.1.3.2  �Knee Flexion
Many clinical and cadaveric studies have shown that in normal knees, soft tissue is 
laxer on the lateral side than the medial side in knee flexion [3, 20, 24]. Corroborating 
this, an MRI study by Tokuhara et al. showed that the lateral side was 4.6 mm laxer 
than the medial side [25].

We evaluated the effect of looseness in knee flexion on clinical outcome in 50 
patients after TKA with a cruciate-sacrificed design (Kyocera Bisurface Knee) [13]. 
Stress radiographs were taken with a lateral traction force of 50 N applied perpen-
dicular to the lower leg at 80° knee flexion. We measured the angle between a line 
tangential to the femoral condyles and a line through the tibial joint surface. Patient 
satisfaction, symptoms, and knee function according to the new Knee Society scor-
ing system were compared between the knees with ≥3° medial flexion laxity (medial 
loose group) and knees with <3° medial flexion laxity (medial tight group). The 
scores of the medial loose and tight groups were 22 and 30 (out of 40) for satisfac-
tion, 16 and 20 (out of 25) for symptoms, and 19 and 24 (out of 30) for standard 
activities, respectively. These results show that the knees with a medial opening 
imbalance had worse clinical outcomes after CS-TKA. Another clinical study by 
Seon et  al. reported no difference between knees with rectangular and non-
rectangular flexion gaps with respect to knee score [26].

Regarding knee flexion angle, Niki et  al. compared a group of patients who 
achieved Seiza sitting with those who failed and found no significant differences in 
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gap inclination between PS knees [9]. On the other hand, some studies reported the 
importance of a certain amount of lateral laxity (i.e., lateral opening imbalance) for 
achieving a good flexion angle. Nakano et al. showed that the lateral opening imbal-
ance at 90° of flexion was positively correlated with postoperative knee flexion 
angle in CR-TKA [7]. Kobayashi et al. reported that lateral laxity during knee flex-
ion was related to good range of motion [14].

Thus, to date, few clinical studies have indicated that it is important to achieve a 
medial-lateral flexion gap in order to improve clinical results. A certain amount of 
lateral laxity can improve knee flexion, but medial laxity will lead to inferior clini-
cal results. It is important to recognize that medial opening and lateral opening 
imbalances are quite different in terms of the effect on clinical results. We believe 
that a certain degree of lateral laxity in flexion is close to the normal condition and 
is also related to better range of motion.

17.2	 �Soft Tissue Balance and Kinematics

Soft tissue balance and the articular geometry of the implant are two major factors 
determining knee kinematics after total knee arthroplasty. However, not many 
studies have evaluated the effects of soft tissue conditions on knee kinematics 
(Table 17.2).

Some studies have evaluated the effects of gap and balance on knee motion in the 
anterior-posterior and rotational directions. Watanabe et al. reported that following 
PS-TKA, the gap difference in knee flexion at 135° minus 0° was correlated with 
the total posterior translation of the lateral femoral condyle and femoral external 
rotation during squatting, and these knees had larger flexion angles [19]. This study 
suggested that to achieve near-normal kinematics in PS-TKA, a tight flexion gap 
should be avoided. In CR-TKA, the situation is slightly different because a loose 
flexion gap results in PCL dysfunction. Fujimoto et  al. divided patients with 
CR-TKA into two groups according to their 90° minus 0° component gap changes: 
the wide flexion gap group was defined by a change of >3 mm, while the narrow 
flexion gap group was defined by a change of <3 mm. The authors found that under 
non-weight-bearing conditions, the wide flexion gap group showed significant ante-
rior displacement of the medial femoral condyle compared with the narrow flexion 

Table 17.2  The effect of gap and medial-lateral balance on knee kinematics

Gap Medial-lateral balance

Extension No studies have evaluated the effect of 
extension gap alone on knee kinematics.

No correlation between ligament 
balance and lift-off [12, 27].

Flexion Large gap difference was related to 
paradoxical motion in CR [14].
Larger gap difference between extension 
and flexion was related to near-normal 
kinematics in PS [8].

A greater medial flexion gap 
caused larger anterior translation 
[28].
Lateral opening imbalance was 
related to near-normal kinematics 
[26].
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gap group [15]. Another clinical study also found that worse clinical scores were 
associated with larger flexion gaps in CR knees [11].

What are the effects of medial-lateral balance? Matsuzaki et al. evaluated intra-
operative knee kinematics using navigation and found that varus ligament balance 
at 90° of flexion was positively correlated with tibial internal rotation at 60° and 90° 
of flexion, and the lateral compartment gap was positively correlated with tibial 
internal rotation at 60°, 90°, and 120° of knee flexion in CR knees [28]. This is one 
of the reasons why a large lateral flexion gap is related to good range of motion, as 
shown in clinical studies [7, 8, 14]. Our fluoroscopic analysis showed that a greater 
medial flexion gap caused larger anterior translation in knee flexion in CS-TKA 
[29], but lateral static instability at knee flexion did not cause any abnormal motion. 
CS-TKA controls AP stability via a curved articular surface and joint gap tightness, 
without a post-cam mechanism. Therefore, achieving an adequate flexion gap in 
CS-TKA is more important than in PS-TKA in order to achieve proper AP stability 
in flexion.

Knee motion in the coronal direction is also clinically important. Because joint 
laxity theoretically increases the risk of lift-off motion, we focus on that motion 
here. Since lift-off motion of the femoral component possibly increases wear of the 
articular surface [27], it should be avoided after TKA. Hamai et al. [30] used fluo-
roscopic stress radiography to evaluate the effect of post-CR-TKA static knee insta-
bility on dynamic lift-off motion and found that neither static varus-valgus laxity 
nor differences in laxity (i.e., imbalance) influenced lift-off motion. Nakahara et al. 
reported that no correlations were found between femoral condylar lift-off during 
walking and varus-valgus laxities under static stress in extension after well-aligned 
PS-TKA [23]. We also evaluated the effects of alignment and ligament balance on 
lift-off motion using computer simulations, which have recently been validated in 
the field of TKA [31–37], with KneeSIM software (LifeMOD/KneeSIM 2010; 
LifeModeler Inc., San Clemente, CA, USA). Our results showed that lift-off motion 
occurred with 5° varus alignment or with a combination of 2° varus deformity and 
2 mm lateral laxity [38]. However, no lift-off motion was detected in knees with 
neutral to 1° varus malalignment, even when the knees had 5 mm lateral laxity. 
These findings show that alignment is also very important in terms of its impact on 
knee kinematics. Therefore, tolerance of ligament imbalance will be different 
depending on knee alignment.

Recently, knee alignment has been recognized as an important factor determin-
ing ligament balance. Bellemans [39] et al. reported that the incidence of a natural 
limb alignment of ≥3° varus, which is termed constitutional varus, is approximately 
32% in men and 17% in women. They suggest that aiming for neutral alignment can 
result in overcorrection in some patients and report that patients with slight under-
correction have better function and pain scores than those with neutral alignment 
[40]. Their cadaver study showed that restoration of constitutional alignment in 
TKA led to more physiological strain in the collateral ligaments [41]. However, 
there is no definitive way to determine the degree of constitutional varus in a patient, 
and the “safe zone” of varus alignment is unknown. Some clinical studies have 
reported that undercorrection does not worsen clinical results [42] and that design 
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modification can prevent wear problems even with malalignment [43–45]. 
Nevertheless, concerns about tibial collapse in varus alignment remain [46–48]. 
Howell et al. propose kinematic alignment [49, 50] as a way to maximally utilize 
ligamentous function. Better functional results were reported with kinematically 
aligned TKA than with mechanically aligned TKA [51]. Kinematically aligned 
TKA aims to reproduce the pre-osteoarthritic joint surface and does not align to any 
axis that is used in the mechanical axis method. However, the precise pre-
osteoarthritic morphology cannot be determined, and this technique incurs the risk 
of coronal malalignment, especially in patients with severe constitutional varus.

Although these two new ideas have some unresolved problems [52], they suggest 
the very interesting idea that postoperative knee function can be improved by pre-
serving ligamentous tension rather than sticking to the mechanical alignment.

17.3	 �Knee Kinematics and Clinical Results, Including Patient 
Satisfaction

How knee kinematics affect clinical symptoms is very important question that has 
been addressed by very few studies. Nakahara et al. reported that no correlations 
were found between femoral condylar lift-off during walking and patient-reported 
outcomes after well-aligned PS-TKA [23]. Small amounts of lift-off may not cause 
any clinical symptoms.

Some studies have focused on tibial internal rotation, which is seen in normal 
knees. Nishio et al. divided patients into a medial pivot group (n = 20) and a non-
medial pivot group (n = 20) based on a kinematic pattern using intraoperative kine-
matics. Functional activities, patient satisfaction, and the knee flexion angle in the 
medial pivot group were significantly better than those in the non-medial pivot 
group [53]. Lützner performed fluoroscopic analysis immediately after wound clo-
sure in CR-TKA. They found that patients whose rotational mismatch between the 
femoral and tibial components was more than 10° showed less femoral external 
rotation as well as worse functional scores [54]. These studies suggest that tibial 
internal rotation in knee flexion is important for achieving good ROM, function, and 
satisfaction.

17.4	 �Summary

On the basis of the available clinical and biomechanical studies, we can suggest 
these principles:

	1.	 To avoid flexion contracture, the extension gap should not be tight.
	2.	 The flexion gap can be controlled with the gap-balanced technique in PS-

TKA. Good clinical results are achieved with a flexion gap that is 2 mm larger 
than the extension gap, but very large flexion gaps can result in unwanted symp-
toms. In CR-TKA, the flexion gap is primarily controlled by the PCL.  Care 
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should be taken to properly tension the PCL because a larger flexion gap (i.e., 
PCL deficiency) worsens clinical results.

	3.	 Lateral opening ligament imbalance does not cause any symptoms or lift-off 
motion, but medial opening imbalance can cause adverse symptoms.

	4.	 In knee flexion, a certain amount of lateral laxity is necessary to achieve near-
normal kinematics, which are related to good ROM, function, and patient satis-
faction. Medial opening imbalance can cause anterior movement of the femoral 
component in CS-TKA, producing unwanted symptoms.
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18.1	 �Simplified Mechanics of Patellar Tracking

“The shortest distance between two points is a straight line.” That concept explains 
many problems with tracking of the extensor mechanism, a linear construct that is 
under large tensile load and that angulates in the sagittal and frontal planes. The 
usual way to straighten a linear structure is to load both ends with opposing forces 
(tension) and eliminate all other forces, much like an archer who has drawn his bow 
and then releases fingers from the arrow (Fig. 18.1). This is similar to active knee 
extension. By contrast, the extensor must maintain a turning point at the patella in 
the frontal plane despite very high loads, much like the rigging of a yacht where 
lines under significant tension must angulate around pulleys or “turning blocks” 
(Fig. 18.2). The patella angulates in two planes at the femoral “trochlea,” a word 
that originates from Greek and Latin references to a “pulley.”

Knee extensor mechanics are usually analyzed as two separate systems: extensor 
power [1] and patellar tracking [2, 3] (Fig. 18.3a, b). Tracking, or the path of the 
patella in the frontal plane, including planar changes due to knee flexion, accom-
modates valgus knee alignment characterized by the “Q” angle (Fig.  18.3b). 
Reductive analyses like extensor power and “Q angle” are useful simplifications, 
but the real knee extensor tracks in three dimensions through a multitude of knee 
flexion angles, tethered to the tibia that rotates in two planes (flexion-extension and 
internal-external rotation) under the femur.

The phrase “patellar tracking” is misleading, as the behavior of this sesamoid 
bone cannot be understood in isolation from the entire limb. Tracking concerns the 

Fig. 18.1  (a) In some ways the extensor mechanism under load is like a drawn bow: When the 
energy in the bow is released, the ends spring apart and the bow string assumes the shortest dis-
tance between the two points at either end of the bow. The extensor straightens in the sagittal plane 
to extend the knee joint but it must still cope with angulation in the frontal plane due to the “Q” 
angle. (b) “The straight line” of the bow string propels the arrow forcefully. The patello-femoral 
joint converts quadriceps contraction to rotation or extension of the knee joint. The loads are sig-
nificant and if the complex mechanism for guiding the extensor around the turning point at the 
knee fails, the patella will seek the shortest path and dislocate

a b
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entire extensor, comprised of the origin of the quadriceps muscle, the muscle itself, 
the quadriceps tendon, the osseous patella, the patellar tendon, the tibial tubercle, 
limb alignment, and the dynamic translation and rotation of these parts in three 
dimensions. In an arthroplasty, by contrast with the native knee, the rotational posi-
tion of implants and altered rotational dynamics of the tibia under the femur are 
additional variables a surgeon must consider (Fig. 18.4).

Fig. 18.2  The running rigging on a sailing boat are under hundreds of kilograms of load. 
Sometimes they must be angulated such as at the bottom of the mast or along the deck as indicated 
by the path of 3 arrows. The pulleys that accomplish this function like the lateral facet of the patel-
lofemoral joint

Fig. 18.3  (a) Usual biomechanical analysis of extensor function quantifies the joint reaction 
forces (J) based on the angle of knee flexion and the magnitude of force vectors representing the 
patellar tendon pull (P) and the quadriceps pull (Q). The direction and magnitude of J are solved 
with the parallelogram law of forces using the law of cosines: J2=P2+Q2-2PQ × COS angle 
between P and Q. This is only part of the story of patellar behaviour. (b) shows the frontal plane 
depiction of “Q” angle, defined as the angle subtended by lines from ASIS (anterior-superior iliac 
spine) to the centre of the patella, with the line of the patellar tendon. This analysis changes as the 
knee flexes and one plane (frontal) becomes two planes (of the tibia and the femur)

a b
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a

c

b

Fig. 18.4  (a) A straighter “Q” angle should enhance the tendency for the patella to track centrally, 
by eliminating the laterally directed vector of the extensor. This can theoretically be accomplished 
by moving the proximal (Q) or the distal vectors (PT) medially. The former is theoretically possi-
ble but difficult (see text). (b) Tibial component rotation around the “y” axis is more likely to 
increase the Q angle than an increase in valgus alignment. For example, if valgus is increased by a 
clinically undesirable 5 degrees, the talus would be displaced 5 cm laterally but the tubercle about 
one tenth of that distance. (Tangent 5°=3.38= displacement/45 cm. Internal rotation of the tibial 
component will have a more direct effect on displacement of the tubercle. (c) Assuming a tibial 
component size of 50 mm medial to lateral and anteroposterior of 35 mm, internal rotation of 22° 
would displace the tubercle about 14 mm, just across the center of the lateral femoral condyle, so 
that a patella with a centrally placed dome would tend to articulate outside the trochlear groove. 
Berger et al. allowed up to 18° degrees of internal rotation as consistent with good function
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18.2	 �What Is Tracking?

Extensor tracking describes all contact of the patellar and femoral articular surfaces 
from full extension to maximum flexion, with or without prosthetic resurfacing. 
How the extensor tracks affects knee function, patient comfort, and component 
wear. The extensor mechanism can be conceived as a flexible linear structure under 
dynamic loads. Tracking describes its physical relationship with a rigid but articu-
lated “track,” formed by the femoral trochlea in extension and then by the distal 
intercondylar geometry as knee flexion proceeds.

18.3	 �Orientation of the Extensor: A Dynamic Structure

The orientation of the extensor is determined by the origin of the quadriceps muscle 
and its direction of pull proximally, the patella interacting with the trochlear groove, 
and the location of the tibial tubercle. Tensile load on a pliant extensor mechanism 
that is angled in valgus at the knee moves the (unrestrained) patella laterally. 
Straightening the pull of the extensor on the patella will enhance tracking. In most 
knees, maneuvers that move the proximal or distal vectors medially will align the 
quadriceps origin, the patella, and the tibial tubercle (Fig. 18.4a–c). These force 
vectors could theoretically be changed by modifications to the attachment of the 
extensor to the skeleton, but the anatomically complicated quadriceps origins are 
difficult to modify. Preferential vastus medialis strengthening [4] and medial surgi-
cal advancement are more practical interventions [5]. The tibial tubercle is probably 
the most significant structure in this equation. While the tubercle can be reposi-
tioned surgically, it is more commonly malpositioned inadvertently by the rotational 
position of the tibial component.

18.4	 �The Trochlear Track

In contrast to the supple and dynamic extensor, which controls the patella, the troch-
lear groove is structural and static. Tracking will improve if the groove can be 
located where the patellar is driven by knee function. Because the patella moves 
laterally when loaded, anything that positions the prosthetic trochlear groove later-
ally is beneficial. In a somewhat frivolous analogy, the patella is a willful teenager, 
determined to go where it wants. The trochlear groove must be established in that 
place to contain it. In another analogy, centralizing the patella in the trochlear 
groove is a process of conciliation: reducing lateral excursions of the patella and 
simultaneously positioning the femoral trochlea in a more lateral position.

18.5	 �Maltracking

Maltracking is the converse of a matched trajectory of the extensor with the structure 
of the trochlea [6–8]. Maltracking can be described as incremental subluxation in 
millimeters of translation or degrees of tilt [9]. Complete escape from the trochlear 
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groove is a qualitative change—dislocation. Then, the medial-patellofemoral liga-
ment will have ruptured, and the patella can only return to the front of the knee with 
extension of the joint (Fig. 18.5). As the patella dislocates laterally, part of the quad-
riceps muscle vector creates a valgus moment on the tibia-femoral joint, exacerbat-
ing tibia-femoral instability (Fig. 18.6). If the extensor migrates behind the axis of 
knee flexion, it can temporarily and aberrantly function as a knee flexor (Fig. 18.6).

Clinical problems that result directly from patellar maltracking include knee 
instability [10–12], buckling, pain, patellar fractures, patellar component loosening 

Fig. 18.6  In this arthritic knee with valgus deformity,  
the Q angle has “straightened” itself and the patella rides  
over the lateral femoral condyle, not in the trochlear groove. 
With the patella dislocated, the Q angle is in varus, the 
patella articulates with the lateral side of the femur and the 
extensor has become a valgus deforming force

Fig. 18.5  Complete 
dislocation of a resurfaced 
patella in 45° of flexion. 
This patella will only be 
relocated as the knee 
extends fully, if at all. 
(Markings are from 
research protocol to 
measure “tilt” and 
“translation”)
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(Fig. 18.7), patellar component breakage, and wear [8]. Indirect problems associ-
ated with the same mechanics include stiffness [13].

18.6	 �Tracking Is Difficult Because of Valgus Knee Alignment

Extensor tracking might conceivably be improved in an arthroplasty by eliminating 
frontal plane angulation, except that some degree of anatomic tibial-femoral valgus 
(even in conjunction with an overall mechanical varus [14, 15]) is desirable. While 
ideal alignment has reemerged as a topic for discussion [16, 17], a valgus tibial-
femoral angle decreases the energy consumption of human gait by decreasing 
medial-lateral oscillations of the human center of gravity with each step [18]. 
Despite current debates, most surgeons believe that some degree of valgus align-
ment also decreases medial load and aseptic loosening [19].

18.7	 �What Are the Forces on the Patella?

The patella-femoral joint experiences high anterior to posterior compression when 
the quadriceps contracts to extend the knee, to maintain a given flexion angle, or to 
slow the rate of flexion. Patellofemoral forces increase with flexion and diminish 
almost to zero in full knee extension [1]. The patella, sitting between the anterior 
femur and the extensor mechanism, displaces the quadriceps and patellar tendons 
anteriorly by a distance equal to its thickness, even in full extension, as a means to 
increase the moment arm in terminal extension. The extensor is never completely 
straight in the sagittal or frontal planes in most knees.

The magnitude of the lateral vector on the patella increases directly with the load 
generated by the quadriceps. The more forcefully the quadriceps contracts, the greater 
the force tending to straighten the extensor in both planes. Muscle action drives both 
desired knee extension and undesired lateral patellar subluxation. Extension power 
will be lost if the patella escapes laterally, out of the groove. Tension in the medial 
patella-femoral ligament (MPFL) resists lateral patellar dislocation, and the lateral 
trochlear ridge exerts compression medially against the lateral patellar facet to oppose 
patellar subluxation and keep the patella in front of the knee (Fig. 18.8a). Given the 
obliquity of the native lateral facet joint, much of this constraining force is shear. Part 
of the vector will be compression that forces the patella anteriorly in opposition to 

Fig. 18.7  Many problems 
result from mal-tracking. In 
this case of maltracking, the 
patellar prosthesis cannot 
escape from the highly 
conforming trochlear groove. 
As the extensor dislocates, 
bone and prosthesis part 
company: patellar compo-
nent loosening is caused by 
maltracking
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patella-femoral compression (Fig. 18.8b). In the words of Kapandji: “…the force of 
the quadriceps, directed obliquely superiorly and slightly laterally, is turned into a 
strictly vertical force” [3]. We fail to appreciate this interplay when extensor function 
is separated into extensor power and patellar tracking for analysis. A comparison of 
patellofemoral imaging with the extensor loaded and unloaded illustrates the potent 
effect of muscle contraction on a extensor tracking [20].

18.8	 �Rotational Mechanisms that Centralize the Native Patella

When the knee is fully extended, the patella sits proximal to and above the femoral 
trochlear groove. Even under conditions where maltracking is imminent, the prob-
lem will not be apparent in this position. As the knee flexes, the patella descends 
toward the groove, which is wider and flatter proximally, much like the opening of 
a funnel viewed in cross section. With further flexion, the patella is “captured” and 
descends into a conforming articulation, first in the trochlear groove and then 
between the distal femoral condyles, from which it cannot easily escape. In condi-
tions of patella-femoral dysplasia, the confining lateral trochlear ridge may not eas-
ily guide and then restrain the patella, which can dislocate. Only with the patella in 
the groove can the quadriceps forcefully extend the knee joint.

Particular rotational phenomena aid patellar tracking at the extremes of flexion 
and extension. First, the “screw-home” mechanism locks the joint in full extension, 
diminishing quadriceps activity during standing. This involves external rotation of 
the tibia relative to the femur in terminal extension, displacing the patella laterally 
above the trochlear groove and seemingly increasing the risk of maltracking. The 
popliteus muscle however “unscrews” the mechanism prior to initiating flexion, 
rotating the tibia internally before the patella descends into the trochlear groove. 

Secondly, femoral “rollback” describes the track of the femoral condyle on the tibial 
plateau anterior to posterior as flexion progresses. Though originally described as a 
symmetric path on both tibial condyles [21], more rollback occurs on the lateral tibial 

Fig. 18.8  (a) Intra-operative photograph at time of patello-femoral arthroplasty. The anteroposte-
rior axis has been marked with dots. The prominent lateral trochlear ridge is indicated by the arrow. 
This is an anatomic mechanism opposing lateral patellar dislocation. (b) MRI of knee. As the 
patella begins to translate laterally with flexion (vector a) the shape of the lateral trochlear ridge 
forces it anteriorly. (vector b) This tendency is opposed by the patello-femoral joint reaction force 
(vector c) which maintains the patella in the groove

a b
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plateau. The tibia and its tubercle effectively rotate internally under the femoral condyles 
in deep flexion as the lateral femoral condyle progresses posteriorly on the tibia [22]. 
This draws the patella medially into the groove. Neither the asymmetric rollback [23] 
nor the popliteus-driven [24] screw-home mechanism is reliably replicated by arthro-
plasty surgery, leaving the replaced knee at an increased risk of patellar maltracking.

18.9	 �Arthroplasty Component Positioning to Avoid 
Maltracking

18.9.1	 �Depicting Component Position

Physical space can be depicted on three axes: X (medial to lateral), Y (proximal to 
distal), and Z (anterior to posterior). The position of objects, including knee arthro-
plasty components, can be defined as deviations from a neutral position in terms 
of translation (millimeters) and rotation (degrees) on these three axes, accounting 
for the frequent reference to “6 degrees of freedom” [25]. For example, rotation 
of a component around the “z” axis is commonly described as “varus” or “val-
gus” depending on the direction of rotation. Rotation around the vertical or “y” 
axis is reported as “internal” or “external” rotation, and translation on the “x” axis 
is described as “medial” or “lateral” (Fig. 18.9). Each choice can be described as 
beneficial, detrimental, or noncontributory to patellar tracking (Table 18.1). 

Fig. 18.9  Component position can be depicted on three axes: x (medial-lateral) y (proximal- 
distal) and z (anterior-posterior). Component position can be defined as deviations from the central 
or neutral position in terms of translation (measured as distance) and rotation (measured in 
degrees). This accounts for 6 degrees of freedom. The bi-directionality of each vector doubles 
those options. Accordingly, varus and valgus can be described as counter-clock wise and clockwise 
rotation respectively around the z axis. Anterior and posterior as translation on the z axis
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Table 18.1  “Six-degrees of freedom” for positioning of objects in three dimensions. The far left 
column refers to the three axes: “X” horizontal or medial-lateral, “Y” inferior-superior or vertical 
and “Z” anterior-posterior, or at right angles to the plane formed by the intersection of “X” and 
“Y”. Physical motion can be described as “translation” indicating a new location without re-orien-
tation and measured as length or distance and “rotation” indicating a reorientation and measured 
in “degrees”. The second and third columns describe three degrees of freedom; translation on each 
of the three axes. Because translation is bidirectional, there are a total of 6 translational directions 
possible. The third column has common clinical terms used to describe these motions.

Columns 4 and 5 refer to rotation about each of the three axes. Rotation is possible in two direc-
tions on each axis. Column five includes the common clinical descriptions for each rotation.

The numbers 1 through 6 in the third and fourth columns describe the degrees of freedom. The 
areas shaded in gray are of less importance to patellar tracking

TRANSLATE

X 1
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Extend
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External
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3 4

65

2

Y

Z
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Six degrees of freedom, each expressible in two directions and applied to both 
tibial and femoral components, give a multitude of permutations. The addition of a 
patellar component and soft tissue techniques create more choices. Only some options 
enhance patellar tracking, but the ones that do are critically important. Choices that 
straighten the pull of the extensor mechanism, i.e., less valgus, or that lateralize the 
structural patellar track enhance tracking. We can consider each of the degrees of free-
dom for all components as a comprehensive assessment of how to avoid maltracking.

18.9.2	 �Position of the Femoral Component

18.9.2.1  �Mechanical Axis Implications
For most techniques of knee arthroplasty, the tibial component position is predeter-
mined, either at right angles to the tibial axis (classic alignment) or to reproduce 
proximal tibial geometry (anatomic and kinematic alignments) [26]. Control of 
knee alignment is generally a function of the angular (rotational) position of the 
femoral component around the “z” axis. A decreased valgus mechanical axis of the 
knee straightens the extensor mechanism pull by reducing the Q angle. Decreased 
knee valgus also straightens the track. Assuming that the summed vectors of all 
parts of the quadriceps originate close to the center of the femoral head, a straight 
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or “neutral mechanical axis” of the limb (collinear centers of femoral head, knee, 
and ankle) means that the mechanical alignment of the extensor mechanism (center 
of femoral head to articular center of the patella to the tibial tubercle) and the 
mechanical alignment of the extensor track (center of femoral head to center of 
trochlear groove to center of the knee) are both straight lines, at least in the fully 
extended knee. This would effectively resolve problems of patellar tracking.

However, most modeling of quadriceps pull follows from the anatomical origins 
of parts of the muscle on the femoral shaft, which has a valgus angle with the tibia 
(Fig. 18.10a). The optimal varus-valgus angulation of the femoral component 

a b c d

Fig. 18.10  (a) Schematic diagram of distal femur and direction of travel of patella, parallel with the 
trochlear groove in early flexion. The groove is oriented in valgus parallel with the distal femoral 
shaft. (b) TKA with a symmetric (non right or left sided) femoral implant and classic alignment 
tibial component at right angles to the tibial axis. The trochlear groove (shaded red) is oriented at 
right angles to the distal articular surface, not the femoral shaft. (c) The path of the patella is not 
parallel with the trochlear groove, and the patella will enter the lateral side of the groove on the 
initiation of flexion. Any additional factors that favor lateral tracking could result in dislocation. 
At a minimum, tracking would not be smooth. (d) Asymmetric, right and left specific femoral 
component that includes a trochlear groove oriented in more valgus, implanted with classic align-
ment, replicating the anatomic direction of the groove. Congruent tracking has been restored. This 
would be the best overal alignment for patellar tracking with current femoral component designs. 
(e) Symmetric femoral component in “anatomic” alignment: tibial component replicating normal 
varus and greater distal valgus alignment for overall valgus knee alignment. (f) This means that 
the femoral component has been rotated several more degrees around the “z” axis, away from the 
orientation of the track. This would be the worst scenario for patellar tracking with the greatest 
divergence between the prosthetic and anatomic patellar tracks. (g) A specific right sided femoral 
component with valgus in the trochlear groove, implanted with anatomic technique. (h) The stan-
dard anatomic prosthesis is still not in as much valgus as the native knee. Components would have to 
be designed specifically for anatomic alignment to replicate the orientation of the anatomic groove
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Fig. 18.10  (continued)

depends on the planned relative positions of the tibial and femoral components plus 
the design of the femoral prosthesis.

Until right and left femoral components were introduced, the prosthetic trochlear 
groove was oriented at right angles to its distal articular surface (Fig. 18.10b). If a 
femoral component was oriented at right angles to the mechanical axis of the femur 
(classic alignment with the goal of a neutral mechanical axis), this means that the 
proximal lateral edge of the trochlear ridge was positioned more medially than the 
normal knee, risking difficulties in “capturing” the patella as it descends along this 
track with flexion (Fig. 18.10c). As the patella descends the trochlear groove with 
this geometry, it will be likely to dislocate if it initially tracks lateral to the proximal 
lateral trochlear ridge. Asymmetric (right and left sided) femoral components should 
include a trochlear groove that is angled in valgus, resembling the normal patellar 
track (Fig. 18.10d). Some prostheses have been modified along gender lines to have 
a trochlear groove that is even more angulated in valgus [27]. While many of these 
gender-driven changes have not proven substantive [28], they do highlight anatomi-
cal observations with implications for patellar tracking in the native human knee.

18.9.2.2  �Knee Alignment Options: Classic Versus Anatomic
The majority of arthroplasties today and for the last several decades have been 
implanted with “classic alignment”: a tibial component at right angles to the axis of the 
tibia and a femoral component oriented in valgus that determines the mechanical angle 
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of the limb. This is based on the belief that varus positioning of the tibial component 
is associated with higher rates of aseptic loosening, a conclusion that has been chal-
lenged in recent years. Classic alignment means that the femoral component would be 
rotated around the “z” axis close to right angles with the line from the center of femo-
ral head to the center of the knee, depending on the alignment the surgeon planned.

18.9.2.3  �Femur Rotation Around the “z” Axis: Varus-Valgus 
Alignment

Assuming some degree of valgus angulation between the femur and tibia to reduce 
loosening, do different combinations of femoral and tibial component angulation, 
all of which might add up to the same overall tibial-femoral alignment, affect patel-
lar tracking? As a femoral component is placed in more valgus, the proximal troch-
lear groove is rotated medially, away from the lateral position where it is more likely 
to capture the descending patella as the knee flexes. As “anatomic” alignment of a 
TKA, with anatomically inspired varus placement of the tibial component, requires 
even greater femoral valgus component position to achieve the same overall valgus 
alignment, this technique would position a prosthetic groove further medially—a 
disadvantage to patellar tracking (Fig. 18.10e, f). The same conclusion applies to 
recently introduced “kinematic alignment” where components are placed to repli-
cate the articular surfaces of the patient’s own knee joint [29].

The adverse orientation of the prosthetic trochlear groove with anatomic align-
ment could be improved if femoral implants were designed specifically for implan-
tation in higher degrees of valgus, if the trochlear groove itself was designed with 
more valgus (Fig. 18.10g, h). The final verdict with respect to the best rotational 
positioning of the femoral component on the “z” axis, (varus-valgus) to enhance 
tracking, is that patellar tracking with contemporary right- and left-sided femoral 
components is theoretically maximized with a neutral or slightly varus mechanical 
limb axis and classic alignment technique.

18.9.2.4  �Femoral Component Translation Along the “x” Axis: 
Medial-Lateral Position

Femoral component size is determined primarily to reconstruct the anteroposte-
rior dimension of the femur and avoid undue tension on the collateral ligaments in 
flexion, with consequent stiffness. A femoral component that is larger AP than the 
native condyles will stretch the collateral ligaments during flexion. Consequently, 
many appropriately sized femoral components will be smaller from medial to lat-
eral than the native bone, because they were selected to match the AP dimension. 
This creates options for medial-lateral placement or translation along the “x” axis. 
This is most common in male patients where the ratio of AP to ML indicates gener-
ally wider distal femurs. A femoral component placed laterally, against the lateral 
cortex, reduces the valgus angle of the patellar track (Fig. 18.11). Rhoads and col-
leagues confirmed the advantage of lateral femoral component position for patellar 
tracking in a cadaver study [30, 31]. Their study, cited again later, highlights the 
value of positioning the groove where the patella must be, rather than trying to con-
strain the patella against forces favoring dislocation.
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18.9.2.5  �Femur Rotation Around the “y” Axis: Internal-External 
Rotation

Practical guides for the rotational position of the femoral component include the 
trans-epicondylar axis [32] and the “anteroposterior” axis or “Whiteside’s” line [33, 
34]. Over more than two decades, numerous investigations have evaluated and 
sometimes questioned the accuracy and reproducibility of these landmarks. To date, 
no superior alternative has emerged. Moreland previously described the necessity of 
external femoral component rotation relative to the posterior articular surfaces, 
when the tibia is resected at right angles to its long axis instead of anatomically in 
varus. His highly lucid discussion focused on symmetry of the flexion gap however 
and not patellar tracking [26] (Fig. 18.12).

In a study predating the description of the “anteroposterior axis,” Anouchi, 
Whiteside, and colleagues identified benefits of an external rotation position of the 
femoral component and a deleterious effect of internal rotation when compared 
with femoral components that are rotated identically to the native posterior articular 
condyles [35]. They noted that internal and external rotation had effects on collat-
eral ligament tension in flexion but not extension and discounted the effect of 

Fig. 18.11  (a) Single Leg weight bearing, antero-posterior (AP) left knee radiograph showing 
osteoarthritis and varus deformity. The ratio of medial-lateral to AP dimension shows a relatively 
wide femur, characteristic of a male femur. There is a medial tibial defect from arthritic deteriora-
tion. (b) Lateral radiograph showing osteoarthritis and the AP dimension. (c) Lateral radiograph 
post TKA. The AP dimension has been restored by two he prosthesis. (d) AP radiograph post 
TKA. The AP/ML ratio of the implant is greater than the male anatomy. This is the correct pros-
thesis size even though it does not replicate the medial-lateral dimension.  This creates choice- 
lateral placement of the femoral component brings the trochlear groove more lateral, closer to 
where the patella will track

a b c d
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Fig. 18.12  (a–c) Redrawn from Moreland 1988. (a) Schematic depiction of the flexed knee joint 
and theoretical bone resection. In this case the tibia has been resected at the typical “neutral” or 90° 
to the axis of the tibia and the femoral component has been rotated to the same orientation to the 
native posterior condyles. This creates a larger flexion gap on the lateral side, with lateral laxity 
and perhaps instability on the lateral side in flexion. As the femur rotates externally to contact the 
lateral tibia, the origin of the quadriceps on the femur also rotates externally, favoring lateral track-
ing. This approach is of historical interest and is not recommended. (b) “Classic Alignment” The 
tibia again resected at right angles to the long axis of the tibia but now the femoral component is 
externally rotated to create a more symmetric flexion gap. The femoral component is rotated either 
to the “Trans-epicondylar axis” (horizontal dashed gray line) or the “anteroposterior” axis (verti-
cal dashed gray line). (c) “Anatomic” and more recent “Kinematic alignment”. Proximal tibia is 
resected parallel to its articular surface and femoral component is rotated to its posterior condylar 
articular surface. This creates a parallel flexion gap

a b c

rotation on the position or height of the femoral groove: “in weight bearing flexion 
the patellar groove is unchanged but the ligament balance is altered.” They did not 
discuss the relative external rotation of the femur and with it the external rotation of 
the origins of the quadriceps muscle that result from internally rotating the femoral 
component. This would be expected to pull the patella more laterally.

They clearly identified one of the most potent ill effects of internal rotation of 
a femoral component: “the internally rotated specimens rotated into valgus in flex-
ion.” This means that the tibial tubercle moved laterally, and with it the patella, as 
flexion proceeds on an internally rotated femoral component. The shortest distance 
from the tibial tubercle to the origin of the quadriceps rapidly travels outside the 
trochlear groove. At the critical moment when the patella reaches the opening of the 
trochlear groove, the straight line from the tubercle to the origin of the quadriceps 
can lie outside of the lateral trochlear ridge, depending on the degree of internal 
femoral component rotation (Fig. 18.13). This occurs concurrent in knee flexion 
with dramatic increases in the patellofemoral compressive forces that favor poste-
rior displacement of the patella. The result can be disastrous. Accordingly, to keep 
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the tibial tubercle of the flexed knee under the distal femoral condyles and the patella 
between those condyles, the femoral component should be externally rotated on the 
“y” axis relative to the native posterior condyles, a position approximated by the 
anteroposterior or “Whiteside’s” line and the trans-epicondylar axis. This applies 
to “classic alignment” strategies as argued by Moreland. These recommendations 
and component designs might require modification, if more anatomic positioning of 
components was adopted.

18.9.2.6  �Femoral Component Position Summary: What Works 
and What Does Not

In summary, patellar tracking is enhanced by translating the femoral component 
laterally along the “x” axis and externally rotating the femoral component to the 
trans-epicondylar axis or the anteroposterior line on the “y” axis. Balancing the 
advantages of valgus alignment as a means to reduce load and loosening against the 
improvements to patellar tracking with less valgus determine the ideal compromise 
for rotation of the femoral component on the “z” axis.

The other positioning options for femoral components affect arthroplasty dura-
bility and function but have little impact on patellar tracking. Rotation of the femo-
ral component on the “x” axis (flexion-extension position) may tighten the flexion 
gap (flexed) or create an anterior femoral notch (extended) but should not affect 
tracking. Translation of the femoral component proximally or distally on the “y” 
axis influences gap balance and the position of the joint line. It is a maneuver that 
may help correction of fixed flexion contractures [36]. Translation of the component 
on the “z” axis tightens the flexion gap if the component is moved posteriorly and at 
the same time creates an anterior notch. Anterior displacement of the component 
will increase the dimensions of the flexion gap and risk flexion instability unless 
accompanied by compensatory maneuvers plus it creates a prominent femoral 
flange that may restrict flexion, with a subtle effect on tracking. None of these 
remaining options could be manipulated independently to improve tracking.

Fig. 18.13  The internally 
rotated femoral component 
forces the tibia and knee 
into valgus with flexion, 
displacing the tubercle 
laterally. The internally 
rotated tibial component 
displaces the tubercle 
laterally increasing the Q 
angle. The combination of 
the two makes it possible 
for the patella to escape 
from the trochlear groove 
and assume the shortest 
distance between two 
points: dislocation
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18.9.3	 �Position of the Tibial Component

There are few variations in tibial component position that affect tracking, but the 
rotational position on the “y” axis (internal and external rotation) is probably the 
single most important factor to ensure central patellar tracking. Every degree of 
internal rotation of the tibial component displaces the tibial tubercle a correspond-
ing distance laterally. A laterally positioned tubercle may lie directly beneath the 
lateral femoral condyle rather than the intercondylar groove. If the patella rides on 
the lateral condyle, rather than the trochlea, in early flexion, it is likely to slide right 
off the lateral side with further flexion and compression. This effect can spin the 
tibia laterally under the femur to the extent that flexion gap tightness and articular 
conformity permit. If the gap is relatively tight, the tendency to dislocate might 
manifest as painful inability to bend. Internal rotation of the tibial component is a 
frequent finding in stiff arthroplasties [13].

One of the earliest studies to associate internal tibial rotation with patellar 
tracking problems also introduced a CT scan protocol to quantify rotational posi-
tion [37]. This study demonstrated an additive effect of combined femoral and tibial 
component malrotation, with more severe patellofemoral complications arising 
from larger amounts of combined malrotation. This study observed the best func-
tion when tibial component rotation was oriented to the extensor, specifically the 
tubercle. Numerous techniques have since been proposed to orient the rotational 
position of the tibial component. Most are hypothetical, based on replicating some 
landmark on the tibial articular surface that does not necessarily correspond to 
arthroplasty function [38]. The so-called “free-floating” technique is misguided and 
inaccurate [39], assuming that passive motion of the knee in an anesthetized patient 
will somehow direct the component to the correct location.

Anatomic landmarks are useful if they are oriented to the extensor mechanism 
and link the patella to the intercondylar groove [40]. Rotating the component to the 
medial third of the tubercle has been a guiding principle in successful arthroplasty 
for several decades [41]. For many years, surgeons were preoccupied with maximiz-
ing coverage of the proximal tibia, to distribute load and combat high rates of tibial 
component loosening. While loosening was never correlated with degree of cover-
age, this goal persisted. In an earlier era of prostheses with flat articular polyethyl-
ene, the internally rotated component often had little effect on patellar tracking as 
the tubercle lined up under the trochlear groove in response to the pull of the exten-
sor. As more conforming articular geometry was introduced to decrease wear and 
improve stability, the internally rotated component obliged lateral displacement of 
the tubercle and confounded tracking. Anatomically designed right and left tibial 
components enable surgeons to maximize both coverage and rotation.

The other positioning variables for the tibial component do not affect tracking 
substantively. Translation on the “x” and “z” axes is rarely feasible, as tibial compo-
nents are provided in a range of sizes that ultimately match the proximal anatomy 
and provide the desired “coverage.” Rotation on the “x” axis, commonly referred to 
as tibial slope, influences the degree of flexion but not tracking. Translation on the 
“y” axis only reflects the amount of tibial bone resected, which must be replaced 
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with polyethylene to avoid recurvatum. Rotation on the “z” axis epitomizes the dif-
ference between classical and anatomic alignment techniques discussed above.

18.9.4	 �Patella

The native patella may or may not be resurfaced in a successful knee arthroplasty. 
When replaced, most contemporary implant systems provide a rotationally sym-
metric or dome-shaped prosthesis. This avoids complications that have occurred 
with more anatomic implants due to the difficulty of accurately positioning them 
rotationally. The dome-shaped implant does not resemble the native patella, which 
has a prominent ridge from inferior to superior and is elliptically shaped with a 
longer medial to lateral axis. These observations can be used to improve tracking by 
translating a dome to the medial patella border, on the “x” axis [42]. Translating the 
patella either anteriorly or posteriorly on the “z” axis, accomplished by resecting 
more or less bone, affects tension in the peri-patellar tissues. “Overstuffing” the PF 
joint, by displacing the component posteriorly, makes the knee tighter and stiffer. 
Superior or inferior displacement (translation on the “y” axis) is rarely feasible 
given the shapes of the bone and the implant.

18.9.5	 �Surgical Approach and Lateral Patellar Retinacular 
Release

It was hoped that more anatomic surgical approaches might improve patellar track-
ing [9]. No compelling studies support one surgical approach over another with 
respect to extensor mechanism tracking. The subvastus approach probably allows a 
more accurate assessment of patellar tracking with the medial tendon intact and so 
avoids unnecessary releases [43]. Patients with pathologic tracking prior to arthro-
plasty may require proximal soft tissue realignment. This will be difficult with sur-
gical approaches like the subvastus, which do not divide the quadriceps tendon 
longitudinally, a necessary prelude to advancement of the vastus medialis. Deflation 
of the tourniquet appears to give a more realistic appraisal of patellar tracking and 
tension in the lateral retinaculum [44]. When a release seems necessary due to lat-
eral subluxation intraoperatively, most surgeons critically reevaluate the rotation of 
tibial and femoral components.

Lateral patellar retinacular release was performed frequently and considered 
the mainstay of patellar tracking, with older implant designs, in an era when the 
importance of rotational positioning of the tibial and femoral components was not 
appreciated. Many older implants had prominent anterior femoral contours with 
straight trochlear grooves. Other older designs that have tried to confine patellae in 
highly conforming trochlear grooves performed poorly (Fig. 18.14), emphasizing 
the superiority of modifying the forces that direct the patella, by straightening the 
pull of the extensor and positioning a “patellar friendly” trochlear groove where the 
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patella needs to articulate, rather than fighting these forces with constraint or soft 
tissue modification.

Rhoads and colleagues commented in their cadaver study that “the high lateral 
ridge on the femoral component effectively prevents patellar dislocation but may 
produce abnormally high stresses on the patellar implant, especially if the implant 
is medially displaced or internally rotated. This could lead to accelerated wear or 
loosening of the patellar component” [30]. It probably also causes pain and, conse-
quently, poor motion. In general, attempts to physically constrain the patella with 
component shape are unsuccessful. The dynamics of knee motion means that a 
patella driven toward dislocation will either be locked painfully in a constrained 
groove or snap up and over a sharp or elevated lateral trochlear ridge to dislocate. 
The extensor under load seeks the shortest distance between two points—ideally 
that track will pass through the femoral trochlear groove.
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19Trouble Shooting: Intraoperative  
MCL Injury

Carlos Eduardo Silveira Franciozi, Rogério Teixeira de 
Carvalho, Yasuo Itami, and Marcus Vinicius Malheiros Luzo

19.1	 �Introduction

The medial collateral ligament (MCL) of the knee is the primary static restraint 
against valgus stress in 30° of flexion and assists in knee rotation and coronal 
stability [1]. The MCL is composed of two layers: the longitudinal fibers of the 
superficial portion and the short fibers of the deep part that keeps close relation 
with articular capsule and medial meniscus. The MCL plays an important role 
in the tibiofemoral kinematics during the gait. The anterior and posterior fibers 
present a reciprocal function keeping the knee stable during the stance phase 
[2]. In the osteoarthritic knee, the MCL can be compromised due to contracture 
(stiff knee, severe varus deformity) and elongation (severe valgus deformity, 
rheumatoid diseases) and sometimes partially damaged due to osteophytes that 
can cause structural alterations in relation to the original anatomy [3]. 
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Biomechanical studies have shown important joint opening in extension and 
flexion after the MCL is transected [4, 5].

Total knee arthroplasty (TKA) is one surgical option to relieve pain and 
improve the function in the osteoarthritic knee. One of the goals in TKA is to 
obtain symmetric and balanced flexion and extension gaps. The status of the 
MCL is important for a stable and well-balanced knee. However, this ligament 
can be inadvertently damaged during TKA surgery causing a ligament unbal-
ancing and compromising knee stability in flexion and extension. Imbalance can 
produce instability and a maldistribution of the tibiofemoral contact forces, 
which generates an overload of one compartment, thus accelerating wear pro-
cess with component loosening affecting the survivorship of the prosthetic joint 
[3, 6–19].

The most common patient’s complaint after MCL lesion is instability in the coro-
nal plane that can affect the gait pattern [10]. The unstable knee after TKA can 
cause symptoms like swelling, giving way in mid-flexion and extension, and func-
tional disability. If intraoperative MCL injury diagnosis is neglected, instability may 
compromise the surgery. The incidence rate of the intraoperative MCL injury during 
TKA has been reported from 0.3 to 2.7% [3, 7–9, 11, 13, 15, 16, 18]. Clinical diag-
nosis and proper management are crucial to achieve good functional results. There 
are controversies about which options for treatment can be performed in different 
scenarios related to the intraoperative MCL injury in TKA to get optimal clinical 
outcomes.

19.2	 �Lesion Type and Cause

There are different types of intraoperative MCL lesion and causes. Table 19.1 dis-
plays this information.

19.3	 �Intraoperative Findings

Intraoperative MCL injury diagnosis can sometimes be neglected. It is imperative to 
know what signs to expect from this kind of lesion in order to recognize it, as it can 
sometimes present as a hidden injury. A sudden unexpected medial laxity is a com-
mon reported finding [9, 16]. A sudden excessive exposure or unstable forward 
movement of the tibia is also an indicative of intraoperative MCL damage [15]. 
Also, it can be recognized as a medial laxity when there was no preoperative medial 
instability or during ligament balance with trial components or, more uncommon, 
after the final implants were cemented into place [3, 13]. Occasionally, a popping 
sound can be heard, and increased laxity at 30° and 90° can be confirmed in some 
MCL tibial avulsions [13].
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19.4	 �Treatment Types

There is a myriad of different treatments according to MCL lesion type. Table 19.2 
displays this information.

All treatment types seem to achieve successful results, with exception to primary 
repair. However, primary repair had more failures than other treatments only on the 
study of Lee and Lotke (2011), while it had also successful results in other studies [3, 8, 
11, 13, 16, 18].

Repair types include end-to-end suture, modified Becker technique, end-to-end 
interrupted suture, interrupted nonabsorbable braided suture, modified Kessler end-
to-end stitch, and modified Becker stitch [3, 8, 9, 11, 15, 18].

Regarding what surgical step order repair should be applied, it can be made 
with the trial components in place in order to maintain proper tension [15, 18]. 

Table 19.1  Lesion type and cause

Lesion type Frequency* Cause Reference

Femoral 
avulsion

1/48 – [8]

1/16 Osteopenic patient [3]

Mid-
substance

24/48 – [8]

1/8 Transection with saw during tibial cut [9]

7/7 Unknown, possibly due to saw during tibial cut, 
sharp instrumentation used for subperiosteal tibial 
MCL elevation, or medial meniscus excision

[11]

28/37 During tibial resection or femoral posterior 
condyle resection

[13]

12/16 Saw blade during tibial cut or sharp instrument 
used for subperiosteal elevation

[3]

11/15 – [15]

22/23 – [16]

9/9 – [18]

1/1 – [19]

Tibial 
avulsion

20/48 – [8]

7/8 From hyperflexion to extension with the trial 
component not perfectly placed

[9]

15/15 During medial soft tissue release at the tibia using 
narrow osteotome

[12]

9/37 During hyperflexion for exposition [13]

3/16 Medially placed retractors or sharp instrument 
used for subperiosteal elevation

[3]

1/23 – [16]

Stretching 2/7 – [11]

* Frequency: specific lesion type/total number of MCL lesions for each reference
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Table 19.2  Treatment types

Treatment type
Failure 
rate* Peculiarity Reference

Femoral reinsertion 0/1 Screw and washer [8]

0/1 Screw and washer [3]

Tibial reinsertion 0/20 Screw and washer and/or suture 
anchors and/or sutures to the bone

[8]

0/2 Suture anchors on the medial tibial 
plateau level added to bicortical 
screw ligament fixation

[9]

0/9 Staples [13]

0/3 Suture anchor. Preoperative valgus 
excluded

[3]

Primary repair 2/3 – [13]

0/10 – [16]

0/9 – [18]

Primary repair + cast 2/4 4 weeks casting [13]

Primary repair + bracing 0/47 6 weeks bracing [8]

0/2 4 weeks bracing [11]

0/12 6 weeks bracing. Preoperative 
valgus excluded

[3]

Repair + increase tibial insert 
thickness (larger insert than 
the trial)

0/3 The only failure occurred in a patient 
that poly-insert thickness was not 
increased in comparison to the trial

[9]

Repair + augmentation 0/5 Augmentation with quadriceps free 
graft

[11]

0/11 Augmentation with polyester synthetic 
ligament fibers. 2 weeks bracing

[15]

Hamstrings reconstruction 0/1 Anatomical reconstruction sMCL + 
POL. 6 weeks bracing

[19]

not 
reported

Technical note. Reconstruction of 
the sMCL. 4 weeks bracing

[7]

Constrained prosthesis 0/23 Constrained varus/valgus design 
(not hinged)

[13]

0/8 Constrained varus/valgus design 
(not hinged)

[16]

Primary repair + constrained 
prosthesis

0/3 Constrained varus/valgus design 
(not hinged)

[9]

0/7 Constrained varus/valgus design 
(not hinged)

[13]

0/3 Constrained varus/valgus design 
(not hinged)

[16]

Increase tibial insert 
thickness (augmented 
2–4 mm in relation to trial)

0/15 All lesions were tibial avulsions [12]

No treatment 0/2 – [16]

*Failure rate: just related to instability
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Also, the sutures can be placed at the ligament before cementing, while the final 
tension and knots will be made after component cementing and final polyethyl-
ene insert in place [8]. However, it is also described the MCL repair before the 
trial components, so the thickness of the tibial polyethylene spacer used in each 
patient is determined after the ligament has been repaired, with the goal of bal-
ancing the knee in flexion and extension, as would be done in any knee arthro-
plasty [3].

Lee and Lotke (2011) evaluated both nonconstrained and constrained designs 
suggesting the use of constrained designs has better outcomes in MCL iatrogenic 
injuries [13]. However, Siqueira et al. [16] evaluated repair, constrained designs, 
repair added to constrained design, and no treatment. They found no difference 
between those treatment types [16].

Currently, there is no gold standard treatment for intraoperative MCL injuries 
during TKA. All options seem to achieve successful results. However, constrained 
prosthesis appears to be safer. Nonetheless, these implants may have several disad-
vantages as they may place more stress on the cement bone–implant interfaces, be 
associated with increased wear, sacrifice more bone stock, and complicate future 
revisions if needed. Also, they are more expensive and technically more demanding. 
Thus, the use of constrained implants in general is discouraged when less con-
strained options are available that can adequately restore knee stability [15]. Repairs 
seem to have adequate results, but they can be more reliable if associated to addi-
tional procedures such as increasing the tibial thickness insert, augmentation (auto-
graft or synthetic material), and association to a constrained prosthesis. This last 
combination provides additional stability and also probably lessens the resultant 
forces on the post, ultimately lessening the stress on the cement bone–implant inter-
face (Figs. 19.1, 19.2, and 19.3).

19.5	 �Tips to Prevent Iatrogenic MCL Injury

•	 Careful placement of retractors and meticulous care in soft tissue handling and 
bony resections.

•	 Early removal of medial osteophytes to relieve tension on the MCL.
•	 Use thin saw for posterior medial cut in the femur, mainly for small knees in 

female patients.
•	 Put a retractor between medial femoral condyle and MCL origin in the femur to 

protect against saw blade oscillation excursion during posterior and medial fem-
oral cut.

•	 Put a retractor between medial tibial plateau and MCL in the tibia to protect 
against saw blade during tibial cut.

•	 Use a curved osteotome and external rotation of the tibia to release MCL on the 
tibia more in mid-coronal plane at the level of the joint line than in proximal to 
distal direction.
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a b c
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Fig. 19.1  (a) Different saw blade sizes. Prefer the ones with less oscillation. (b) Adequate saw and 
proper MCL protection during posterior femoral cut. (c) MCL iatrogenic lesion with improper saw 
blade and protection during posterior femoral cut. (d–f) MCL end-to-end repair with 2.0 interrupted 
nonabsorbable suture using Krackow technique

•	 The pes anserinus should be preserved.
•	 Caution with the use of the “Ransall” maneuver (Ranawat + Insall: sublux the 

tibia forward in flexion and external rotation) on varus knees and avoid this 
maneuver on valgus knees as the MCL is normally not released and will be at 
high risk on the way of the tibia subluxation.
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Fig. 19.2  (a) MCL distal release with scalpel blade. If not cautious, can cause tibial avulsion. (b) 
MCL distal release maintaining its sufficiency. (c) Inadvertent MCL tibial avulsion sample with 
osteotome. (d) Complete MCL tibial avulsion. (e) Tibial avulsion anchor reinsertion around 6 cm 
distal to the joint line. (f) Two anchors are inserted at the most distal tibial MCL insertion around 
6 cm distal to the joint line adjusted to the remaining tissue as necessary. One anchor is placed 
more anterior and another one more posterior. (g) Suture placement at the remaining tissue. (h) 
Final reinsertion aspect of MCL tibial avulsion

a b

c d
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Fig. 19.2  (continued)
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Fig. 19.3  (a) Femoral avulsion of the MCL. (b) Screw and spiked washer (18 mm). (c) Screw and 
washer insertion. (d) Final reinsertion aspect of MCL femoral avulsion
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20.1	 �Introduction

Extensor mechanism rupture is one of the most devastating complications after 
TKA procedures. It occurs in <1% of patients. It more commonly occurs in 
chronic conditions where the tears are the result of degenerated tissues, major 
scarring following repetitive operation, or stiffness [1, 2]. Although less fre-
quent, acute injury may occur, usually during exposure in stiff knees. 
Postoperative injury may occur as a result of falling on a hyperflexed knee, 
component malalignment, or impingement of the deep structures of the patellar 
tendon into tibial inserts [3]. Extensor mechanism rupture injury may occur 
along the extensor mechanism, which include quadriceps tendon, patella bone, 
patellar tendon, and avulsion of the tibial tubercle. Disruption of the extensor 
mechanism will compromise knee extension. Conservative treatments are only 
reserved in patients who are contraindicated to undergo surgery since the out-
come may result in impairment and morbidity. Dobbs et  al. described partial 
rupture of quadriceps tendon following total knee arthroplasty (TKA) treated 
with conservative measures, and result showed satisfactory outcome [4]. Up till 
today, many techniques have been described; however, the prognosis usually 
varies and is less than satisfactory. This is due to the nature of the published 
papers, most of which were case reports or researches with small samples or 
short follow-up time. With a lack of standardization in methods and adequate 
follow-up time, it is difficult to determine which technique yields superior 
outcome.

As surgeons perform arthroplasty either primary or revision, being well prepared 
to manage the complication intraoperatively and postoperatively is mandatory.

20.2	 �Brief Anatomy

Extensor mechanism injury consists of quadriceps muscle groups, quadriceps 
tendon, patella bone, patellar retinaculum, patellar tendon, and tibial tubercle. 
Through surgical approach and soft tissue dissection, blood supply to extensor 
mechanism may potentially be damaged and compromised. During medial 
parapatellar approach, which is the most common surgical approach, all medial 
vessels may be disrupted, including descending genicular and superior and infe-
rior medial genicular arteries (Fig. 20.1) [5]. Moreover, excision of the lateral 
meniscus and infrapatellar fat pad may disrupt inferior lateral genicular artery 
and the recurrent branch of anterior tibial artery. In their study, Pawar et al. [6] 
did a scintigraphy on 72 knees that had undergone primary knee arthroplasty. 
Knees which had lateral release showed greater incidence of patellar hypovascu-
larity during early postoperative period.
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20.3	 �Risk Factors

There are many factors contributing to the increased incidence of extensor mech-
anism injury. Multiple prior operations or revisions resulting in major scarring 
and stiffness may play a role [7]. Infections are either pre- or post-arthroplasty 
[8], patella baja [9], and obesity [10]. Rheumatoid arthritis as a cause of arthro-
plasty may also contribute to extensor mechanism injury, most commonly patella 
fracture [11]. There are also other systemic pathologies and medications that 

Superior lateral
genicular artery

Inferior lateral
genicular artery

Anterior tibal
recurrent artery

Inferior medial
genicular artery

Superior medial
genicular artery

Fig. 20.1  Blood supply to the extensor mechanism (From Pawar et al. [6]. With kind permission 
from Springer Science and Business Media.) Superior lateral genicular artery, inferior lateral 
genicular artery, anterior tibial recurrent artery, superior medial genicular artery, and inferior 
medial genicular artery. Note that whatever the skin incision (dotted lines), a medial parapatellar 
arthrotomy damages medial arteries (superior and inferior medial genicular arteries) and that lat-
eral arthrotomy damages lateral arteries (superior and inferior lateral genicular arteries and ante-
rior tibial recurrent artery)
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may predispose patients to extensor mechanism injuries, such as diabetes, hypo-
thyroidism, local corticosteroid injection, and use of floroquinolone [12–14]. 
These conditions may worsen the soft tissue quality over time, and extensor 
mechanism injuries may occur long after the arthroplasty. Implant design had 
also been shown to increase complication rate. As described by Healy et  al., 
metal-backed patellar component has increased risk of complication compared to 
all polyethylene patellae [15].

20.4	 �Diagnosis

Diagnosis of compromised extensor mechanism may be easily seen in acute settings 
such as in trauma or as a result of complication during TKA. Arthrocentesis in acute 
settings can be done to evacuate hematoma. In a condition where specific incident 
cannot be identified, high level of suspicion and meticulous examination should be 
performed. Patients with extensor lag, especially if the lag is more than 20°, inabil-
ity to lock knee during standing phase in walking, or hyperextended knee to stabi-
lize the knee during walking should raise suspicion. Examination may reveal gap on 
patellar or quadriceps tendon.

Plain radiograph in anteroposterior (AP) and lateral projections may show patella 
alta as indirect sign of patella rupture or to rule out other bony abnormalities. An 
assessment of consecutive lateral x-rays may show progressive patellar migration. 
If the patellar tendon is distended, then the patellar shows proximal migration and 
distal migration if quadriceps tendon is distended. Ultrasonography or magnetic 
resonance imaging (MRI) may help in confirming the diagnosis and the level of 
injury. Ultrasonography is useful specifically in partial tears when the clinical find-
ings are inconclusive. MRI can be helpful although implant artifacts may hinder 
readings of the images. In patients with high level of suspicion for muscle weak-
ness, back examination together with the supporting examination should be per-
formed to rule out lower lumbar problems [7, 16].

20.5	 �Management of Extensor Mechanism Injury

Extensor mechanism injuries may be classified as suprapatellar, patellar, and 
infrapatellar as described above, but the most challenging to treat is the infrapatellar 
[17]. Rupture of the distal tendon and avulsion of the tibial tuberosity are also the 
most common forms of extensor mechanism injury [7, 18].

Management of extensor mechanism injury ranges from conservative manage-
ment with brace or cast immobilization to repair and/or reconstruction or arthrod-
esis. Surgery is mainly indicated especially in active person, starting from a 
simple direct repair up to the incorporation of allograft in a very compromised 
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soft tissue condition. Since high failure rates and poor outcome are often described 
in direct repair papers [1, 3, 19], soft tissue augmentation of the suture with ipsi-
lateral tendons or synthetic material should be put into consideration. Indications 
of surgical treatments varied between papers [16]. Rosenberg had described in his 
paper that extensor lag more than 20° is a cutoff point for surgical management. 
Successful measures of the intervention also varied among papers, which made it 
even more difficult to summarize result of papers in this topic. Moreover, the 
authors of this chapter utilize 20° extensor lag as the cutoff point for surgical 
indication.

This chapter will point out some of the different techniques that have been 
described in the literature regarding options of managing extensor mechanism rup-
ture as a complication of TKA procedure, including:

	1.	 Direct repair
	2.	 Soft tissue augmentation
	3.	 Synthetic material augmentation
	4.	 Autograft reconstruction
	5.	 Allograft reconstruction

20.5.1	 �Direct Repair

Direct repair has a very limited indication. In acute settings, direct repair is still pos-
sible; however, in chronic injury where the tendon is retracted or when the soft tis-
sue is not sufficient to perform a good repair, direct repair with augmentation may 
be a better option [11].

The tendon may be repaired or reattached to the bone with nonabsorbable suture, 
anchor, or staple. Caution needs to be implemented to position the patella in its 
normal height. After direct repair, the suture will be protected with cerclage wire 
that spans from the patella to tibia (transosseous anchor) [11, 20]. Patients’ knees 
are placed in extension with locked brace for 6 weeks postoperative. Afterward, 
initiate gradual increase in knee flexion while still maintaining mobilization in 
extension for another 6 weeks.

Studies have shown that direct repair outcomes were less than satisfactory with 
high failure rate [4, 11]. Therefore, unless the intraoperative result was very con-
vincing, soft tissue augmentation should be considered.

20.5.2	 �Soft Tissue Augmentation

Surrounding soft tissues that are commonly used to augment the extensor repair are 
semitendinosus, gracilis and a turned down quadriceps tendon. Several papers have 
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described techniques of augmentation in details (Fig. 20.2) [21–23]. Cadambi and 
Engh [21] harvested the semitendinosus tendon from the ipsilateral leg using tendon 
stripper and sparing the distal insertion. Then, a 6-mm tunnel was created on the 
distal third of the patella bone. The semitendinosus tendon was passed from the 
medial to lateral through the tunnel and sutured to itself. If the patella bone was too 
thin or too fragile and not possible for creation of a tunnel, then the semitendinosus 
tendon would be passed through the quadriceps tendon on top of the patella bone. 
However, quadriceps turndown would be performed to maintain patellar tilt in this 
technique. In this case, series with follow-up range from 12 to 48 months; all 
patients had extension lag less than 20°.

Another variation described by Jarvela [22] was to secure the semitendinosus 
tendon to the tibia on the lateral side. In a short semitendinosus tendon, gracilis or 
quadriceps tendon might be added to complete the procedure. Utilization of quad-
riceps tendon was to detach the middle third of the tendon from muscle junction 
and turn it down to be secured either at the distal end of the patellar tendon or 
drilled into tibial tuberosity. A case report by Lin et al. described a patient who 
underwent a quadriceps tendon augmentation showed good result with no exten-
sion lag [24].

Another hamstring tendon augmentation used similar technique, except the graft 
was crossed in the middle to create a figure-of-eight form. Result after average fol-
low-up of 5 years showed no extension lag nor revision [23].

1 2 3

4

a b c

Fig. 20.2  Reconstruction using the semitendinosus tendon (ST) (From Bonnin et al. [41], With 
kind permission from Springer Science and Business Media.) (a) Technique described by Cadambi 
and Engh [21]. (b) Rupture of the patellar tendon, patella too thin to allow creation of a tunnel. (c) 
In the technique described by Jarvela technique [22], the graft is secured distally in a tibial tunnel
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20.5.3	 �Synthetic Material Augmentation

A biomechanical study [25] showed that augmentation of patellar tendon repair 
with either cable wire or polydioxanone (PDS™, Ethicon, Somerville, NJ, USA) 
cord provided higher stability than suture anchor alone. It had higher load to failure 
and less elongation.

In patients with poor soft tissue conditions, augmentation with synthetic material 
must be included as one of the treatment options. As in any other ligament/tendon 
reconstruction, use of synthetic material has the advantages of no donor site mor-
bidity, no additional surgery time for harvesting the donor, free from possible trans-
mitted infection, and no regulatory restriction. However, the disadvantages are the 
material not being readily available in all countries and prone to infection [26–28].

Leeds-Keio is a scaffold-type artificial ligament. It is expected to work as a liga-
ment until biological tissue is induced around the implant and then subsequently 
becomes ligamentous tissue and assumes the role of the original artificial ligament 
[29]. It has been used for different knee ligament reconstructions. Fujikawa and 
Ohtani, in a retrospective review of Leeds-Keio usage in extensor mechanism injury, 
found that 19 knees of 18 patients had almost full knee flexion (range of full flexion 
140°–160°) with extension lag less than 10° for years after the procedures [30]. No 
revision was performed.

The procedure was to create a figure-of-eight artificial ligament with distal 
attachment passing through tibial tunnel posterior to the tibial tuberosity and secured 
with double staples on the lateral tibial condyle for patellar tendon rupture, or proxi-
mal end was sutured to each other and to quadriceps tendon for quadriceps rupture 
(Fig. 20.3). No drilling was performed on the patella bone, only crossing on top of 
the patella to prevent fracture of the patella. The artificial graft was passed above 
(for patellar tendon rupture) or below (for quadriceps tendon rupture) the patella 
bone [30].

Another synthetic ligament that has been used for extensor mechanism injury is 
LARS (Ligament Augmentation and Reconstruction System, Orthomedic, Quebec, 
Canada). This system has been used in other ligament injury, for example, cruciate 
or collateral ligaments. LARS has advantages as follows: [1] avoidance of donor site 
morbidity, [2] allowance of early mobilization and quicker rehabilitation due to its 
mechanical properties, [3] no evidence of tissue intolerance to the artificial material, 
[4] allowance of fibroblast ingrowth around the artificial ligament bundles, and [5] 
the possibility of repeating the reconstruction in case of failure [32]. One paper by 
Naim et  al. [33] reported the results of LARS extensor reconstruction in elderly 
patient, but postoperative range of motion was not stated, and the follow-up time was 
short (1 year). Another paper by Talia and Tran [34] reported the result of reconstruc-
tion on a 26-year-old high-functioning ex-Olympic gymnast who suffered from 
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bilateral patellar tendon rupture and was treated with LARS in figure-of-eight con-
figuration. After 4 years of follow-up, the range of motion was 0–130°, and there was 
no extension lag. Early rehabilitation started on day 1 for this patient. Although the 
results were promising, none of these patients were post-arthroplasty patients. 
Therefore, further studies with large population and longer follow-up are needed.

A technique gaining popularity in the United States and Europe is one standard-
ized by Browne and Hanssen [31] using polypropylene mesh (Marlex mesh, 
C.R. Bard, Murray Hill, New Jersey) (Fig. 20.4a–c). The mesh is a knitted mono-
filament polypropylene heavyweight mesh commonly used for hernia and urologi-
cal procedure. The mesh is folded into several layers measuring 2–2.5 cm wide, and 
then it is stitched in place with nonabsorbable suture.

a

c

e

d

f

b

Fig. 20.3  Reconstruction of the patellar tendon rupture with Leeds-Keio artificial ligament. It 
shows that ligament was passed superior to the patella bone, crossed at the top of the patella, and 
fixed into tibial tubercle (Courtesy of Hideo Matsumoto)
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The distal graft is secured into tibial intramedullary slightly medial to the longi-
tudinal axis of the anterior tibial crest. It is incorporated with cement if revision was 
performed on the tibial stem or fixated with screw and washer. Then, a layer of 
fibrous tissue is inserted between the graft and the tibial plateau to prevent abrasion 
of the graft. The graft is passed through the lateral retinaculum and attached to the 
quadriceps tendon and lateral vastus. Medial vastus is immobilized and positioned 
on top of the graft. Thus, the graft is located anteriorly from the lateral vastus and 
posteriorly from medial vastus. The result showed mean postoperative extensor lag 
of 2.8°, excluding three failure cases [31]. This technique is widely used in the 
world due to easy access and reasonably priced compared to allograft.

20.5.4	 �Autograft Reconstruction

Most commonly used autograft for reconstruction is bone-tendon-bone (BTB) 
patella from contralateral side. The preparation is similar with BTB autograft in 
anterior cruciate ligament reconstruction. It allows anatomical patellar tendon 
reconstruction, with its length serving as reference. As described by previous papers 
[35, 36], quadriceps weakness and anterior knee pain are common complications of 
this procedure. Another major disadvantage is disruption of normal contralateral 
knee; however, Shelbourne and Urch [37] showed no impact in its function.

a

c

b

Fig. 20.4  (a) The synthetic ribbon is folded into ten layers, which are then stitched together using 
nonabsorbable suture. (b) Fixation to the tibia using cement and a screw. (c) The synthetic liga-
ment is passed under the patellar tendon remnant then through a slit in the lateral ligament before 
being fixed to the patellar and quadricipital tendon
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20.5.5	 �Allograft Reconstruction

Allograft is another one of the options to manage large defect of extensor mechanism. 
It can be partial (Fig. 20.5) or total (including the whole patella bone with distal inser-
tion and part of quadriceps tendon) (Fig. 20.5b, c). This method may be more suited for 
patients who have five poor soft tissue or multiple previous operations.

Fresh-frozen Achilles tendon allograft has been utilized in reconstruction of the 
extensor mechanism. The distal bone was fixed to the tibia with screws in regard to 
the stem position. The proximal tendon was sutured to the native quadriceps. All 
cases showed no presence of extension lag [39].

A short follow-up case report described treatment of infected patellar tendon 
rupture after failed primary repair. In this study, a cadaveric allograft of tendon-
patellar tendon-bone graft was used in a sandwich layover type. Result was promis-
ing with ROM at the end of the study (9 months) reaching 0–140° [8].

Magnussen et al. [40] performed extensor mechanism allograft in chronic patel-
lar tendon rupture. The graft consisted of tibial bone block, patellar tendon, patella 
bone, and quadriceps tendon. The patella bone allograft was shaped into an hour-
glass in coronal plane to be inserted onto the native patella bone (surgical technique 
initially described by H Dejour and Ph Neyret) (Fig. 20.6). The native patella bone 
was also prepared for patellar trough, and two coil wires were prepared longitudi-
nally on the patella bone to fix the patella bone allograft in place. After 4 years of 
follow-up, active knee extensions were noted in all patients. This technique is tech-
nically demanding with possibility of patella bone fracture and painful hardware.

20.6	 �Intraoperative and Postoperative Rehabilitation

Apart from nonuniformity of surgical techniques to repair extensor mechanism 
problems, follow-up and rehabilitation protocols also have not been standardized.

First, in a chronic condition where obvious marker of previous injury level is 
difficult to determine, the use of intraoperative imaging to set the level of the patella 
similar to the contralateral side is needed.

After tensioning the extension mechanism during surgery, Rosenberg [16] 
opted not to test the range of motion, and his paper stated that the tendon may 
gradually stretch overtime. However, this practice is not uniformly applied by 
other surgeons; some may still test the range of motion intraoperatively to see how 
far the knee may flex. Burnett also discouraged the flexion assessment intraopera-
tively and performed the tensioning on full extension. This is believed to prevent 
attenuation of the extensor mechanism and extensor lag [41]. Flexion ability will 
be aided during rehabilitation process. Bonnin et al. [42] also support that sutur-
ing must be performed under tension with the knee in full extension to prevent 
extension lag postoperatively. They also stated that it is not necessary to test range 
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a

c

b

Fig. 20.5  (a) Partial extensor mechanism allograft (From Sah [38]. With permission). (b) 
Complete extensor mechanism allograft. (c) Complete extensor mechanism allograft in place. The 
graft is secured distally with two cable wires passed behind the prosthesis stem at the time of the 
revision. The suture is done proximally with the distal part of the quadriceps with the knee in full 
extension
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of motion after repair or reconstruction, as the arc of motion will be achieved dur-
ing postoperative physical therapy. Lastly, it is most importantly to cover the 
extensor mechanism with adequate soft tissue flaps especially in extensively dam-
aged knee.

After the surgery, patients are put on extension brace for 6–8 weeks, then on 
the 7th week the brace was set for active flexion up to 30°, and gradually increase 
each week for 10°. During the 6 weeks of progressive flexion, patients still have 
to lock the brace on extension during mobilization. Other study applies early pas-
sive motion with CPM starting as soon as possible postoperatively. This will 
depend on what was done during repair or reconstruction. In a stabile and good 
soft tissue condition or if synthetic graft was used, early range of motion may be 
initiated, but in a complex revisions cases with poor soft tissue or where allograft 
was used, complete allograft incorporation is warranted before range of motion 
can be initiated.

20.7	 �Repair, Reconstruction, and Rehabilitation Guidelines

Between case reports, prospective and retrospective studies, and review papers, no 
uniformity was found intraoperatively or postoperatively. No single guidelines has 
been proven to be the best and most effective. Since the incidence of extensor 

Fig. 20.6  Left: 10-mm hourglass-shaped groove in the host patella and 10-mm groove (widening 
distally) in the host tibia. Right: The patellar bony fragment is fixed first, using two or three metal 
wires. The quadricipital tendon allograft is then sutured to the host quadricipital tendon. A metal 
wire is passed through the tibial strut then around a screw and washer located more distally. A 
polydioxanone (PDS™, Ethicon, Somerville, NJ, USA) ribbon is used to augment the graft 
(Courtesy of Philippe Neyret)
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mechanism is rare, testing guidelines are also troublesome. Below are strategies that 
may aid in the management of extensor mechanism injury.

20.7.1	 �Guidelines for Treatment Strategies [42]

•	 Immobilization usually recommended for partial ruptures of the quadricipital 
tendon.

•	 Patients should be aware and be prepared for the high complication risks for any 
of the treatment options.

•	 The most complications are infection and skin coverage, so infectious disease 
specialist and plastic surgeons should be involved.

•	 For many patients, partial or total knee prosthesis must be changed prior to repair 
of extensor mechanism which increases the complication risk.

•	 Suturing carries a high failure rate, so it should always be augmented by either a 
neighboring tendon or synthetic ligament (higher infection risk).

•	 Direct repair should be the first option, hence, to be done early prior to retraction 
of the quadriceps.

•	 Foreign materials have to be buried as deeply as possible; tendon repair site 
should be covered by a tension-free skin suture or a muscle flap especially in the 
area of anterior tibial tuberosity.

•	 Regardless of the chosen technique, sutures should meet the following criteria:
–– They should be strong – Krakow suture technique preferable.
–– They should perform with maximal tension, while the knee is in full extension 

and without subsequent knee flexion.
•	 Immobilization for 6–8 weeks in knee full extension, followed by rehabilitation 

for gradual increase of flexion. Full weight-bearing is possible early after surgery 
with the extension brace but should be protected by the use of crutches.

•	 Scant publication of case series reflects rare cases of knee extensor tendon rup-
tures. Thus, treatment should be reserved for skilled specialist surgeons who can 
obtain allografts.

•	 Knee arthrodesis is the last resort of treatment but should be considered for 
severe cases. Patello-tibial arthrodesis has been recommended as treatment of 
exception for patellar tendon rupture.

Conclusion

Difficulties in constructing guidelines for extensor mechanism injury include 
limitation of good papers especially ones with good research method, large study 
subjects, standardized study protocols, and long-term follow-up time. From the 
few papers available, the indications for treatment and objectives of treatment 
largely varied. A successful treatment in one study might be an unsuccessful 
result by another study. Thus, this chapter is still unable to conclude that one 
method of treatment is superior compared to others. Instead, it tried to elaborate 
on treatments that have been used in different settings and let the readers choose 
appropriate treatments that are suitable for their cases and technically possible to 
be performed by the treating surgeons.
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