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Ballistics of Gunshot Wounds

Fadel M. Chahine

Introduction

The incidence of gunshot wounds and blast injuries
parallels the global rise in wars, conflicts, and ter-
rorism. As such, the devastating power of weapons
poses a new worldwide surgical challenge to sur-
geons dealing with penetrating trauma.

“Wound ballistics” is the study of the wound-
ing mechanism of missiles [1], a term which usu-
ally designates diverse projectiles (bullets,
shrapnel, fragments, etc.) with sufficient kinetic
energy to penetrate a living target [1].

As such, the severity of gunshot wounds and
tissue damage is related to the amount of energy
transmitted [2]. Specifically, following impact, a
complex projectile-tissue interaction occurs dur-
ing penetration. This is related physically to the
projectile’s dynamics, and biologically to the local
tissue reaction, although the severity of injury is
ultimately related to the proximity of the wound
track to vital organs and large vessels [1].
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Division of Plastic & Reconstructive Surgery,
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Ballistics of Bullets and Projectiles

Once the trigger is pulled, a quick expansion of
gas ensues from combustion of the propellant,
with concomitant rise in temperature up to
2800 °C, resulting in pressures as high as 25
tons per square foot. This is translated into
launching the bullet with enough kinetic energy
and devastating potentials [2, 3].

Characteristics of Firearms

The general design of a gun is that of a long tube
referred to as the barrel, along with a chamber,
which receives the bullet and contains the propel-
lant, and the primer [3].

The Barrel

With a longer barrel, more time is available for
bullet acceleration by the expanding gases,
which signifies that for identical bullets, guns

with a longer barrel produce a higher velocity
bullet [2].

Rifling

The barrel may contain internal groovings, a
characteristic referred to as rifling, and allows
for the bullet’s spin, which is necessary for
appropriate orientation during flight with its
nose forward [3].

G.S. Abu-Sittah et al. (eds.), Reconstructing the War Injured Patient,
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Low- Versus High-Velocity/Energy
Firearms

Projectiles were traditionally labeled as “low”
or “high” velocity, in relation to the speed of
sound in air (350 m/s). This classification was
pertinent to match small arms (<350 m/s),
handguns (350-600 m/s), and explosive
effects seen with rifles at speeds above 600—
700 m/s [3].

Characteristics of Bullets

Caliber

This is a measure of the width of a bullet. In
the metric system, it refers to the diameter of
the bullet in millimeters (e.g., 9 mm), whereas
a 30-caliber ammunition by American manu-
facturers is a label of English origin that refers
to a diameter of 30 hundredth of an inch [4].

Nose Profile/Contour

The shape of the projectile’s nose is important
for maintenance of velocity and energy
inflight [3]. Designs vary from the round tip of
pistols to the slender/pointed profile of military
assault rifles, with various effects on ballistics
performance.

Composition

Most bullets are composed of a lead alloy,
although lead-free (nontoxic) metallic bullets
are available [5].

Shell/Jacket

Bullets may include a lead or steel core covered
by a “jacket” of a harder metal such as cupro-
nickel or steel alloy [5].

SSiviyiy

Fig. 1.1 Precession or rotation of the bullet around the
center of mass due to spin

Construction

Partially jacketed bullets may either refer to an
exposed or a hollowed-out tip, which flattens
upon impact. Full metal-jacketed (FMJ) bul-
lets on the other hand are immune to tip defor-
mation thanks to the jacket enclosing the tip

[5].

From Barrel to Target: How the Bullet
Travels

Yaw
This is defined as the deviation of the long axis of
the bullet from its line of flight [6].

Spin

Rotatory movement of the bullet secondary to
rifling, which is necessary for appropriate orien-
tation during flight with its nose forward [3].

Precession
Rotation of the bullet around the center of mass
due to spin (Fig. 1.1).

Nutation
Small circular motions at the bullet tip (Fig. 1.2).

Energy Transfer in Gunshot Wounds

The Fallacy of Equating Wound
Severity with Velocity

A better understanding of gunshot wounds
eventually uncovered the direct relationship
between the severity of the gunshot injury and
the amount of energy transferred by the projec-
tile, which is ultimately related to the velocity
and distance travelled. As such, a more perti-
nent classification regards “high-” versus
“low”-energy injuries [2]. For instance, pub-
lished ballistics data reveals that the muzzle
energy drops markedly beyond 45 m for the
majority of handgun bullets, and beyond 100 m
for rifle bullets [3]. However, most civilian
gunshot wounds occur at ranges of 10 m [3].
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”

Fig.1.2 Nutation, small circular motions at the bullet tip

* High/low energy inaccuracy—importance of
energy deposited in tissue

Nevertheless, describing gunshot wounds as
high “versus” low energy was a misleading esti-
mate because impact energy (kinetic energy) is
not the only factor. In reality, tissue disruption is
due to the amount of energy dissipated and trans-
ferred from the bullet to the tissues, and quanti-
fied as E=1/2M(Vayering® — Vexiting?) [2, 31.

» Energy transfer and tissue resistance—relation
to presented surface area

The amount of energy transferred from the
bullet to the tissues, which generates the damage,
depends on four main variables [6].

The first factor is the amount of kinetic energy
possessed by the bullet at the time of impact,
which is a function of its velocity and mass.

The angle of yaw of a bullet at the time of impact,
which is defined as the deviation of the long
axis of the bullet from its line of flight, also
influences the amount of energy transferred to
the tissues. The greater the angle of yaw of a
bullet when it strikes the body, the greater is
the contact surface area, and hence the greater
is the loss of kinetic energy.

In fact, as the bullet moves further from the muzzle
and with its destabilizing gas effects, the maxi-
mum amplitude of yaw gradually decreases.
This correlates with the observations that close-

up wounds are often more destructive than dis-
tant wounds because of increased bullet stability
with increasing range. In addition, this explana-
tion supports the observation that a rifle bullet
penetrates deeper at 100 m than at 3 m [6].

With tumbling of the bullet, a much larger cross-
sectional area of the bullet to be presented to
the target is needed. Hence, a shorter projectile
will tumble sooner than a larger projectile [6].

The third factor that governs the amount of
kinetic energy lost and transferred to the tis-
sues in the body is the bullet’s characteristics:
its configuration, caliber, and construction.
Bullets with a blunt nose, which are less
streamlined than pointed spitzer bullets, are
more retarded by the tissues, and subsequently
lose greater amounts of its kinetic energy. By
contradistinction to the fully-jacketed bullets,
an expanding ammunition disintegrates in the
tissues. Consequently, by shattering and
mushrooming they are more retarded than
fully-jacketed bullets [6].

Of note, the caliber of a bullet and its shape are
important determinants of the initial value of
the area of interphase between the bullet and
the tissues, and subsequently influence the drag
of the bullet. Once the bullet is deformed, the
shape and caliber decrease in importance [6].

The fourth and final characteristic that quantifies
the amount of kinetic energy lost by a bullet is
the density, strength, and elasticity of tissue
struck, as well as the length of the wound
track. Retardation and loss of kinetic energy
are directly proportional to the density of the
penetrated tissue [6].

Mechanism of Gunshot Wounds

Once a bullet has lost all its kinetic energy, it can
no longer move forward. Hence, a bullet found in
the tissues has already transferred all its energy.
The resulting track is a blind-end wound with only
an entry hole. Otherwise, a piercing wound may
result, with the bullet exiting the body through
another hole, which tends to be larger and more
irregular than the entrance wound, secondary to
the projectile’s tumbling [3].
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Direct Tissue Damage

A permanent wound channel is formed due to
crush injury from overpressure in front of the pro-
jectile, followed by breakup of the tissue encoun-
tered by the bullet [3]. This track is surrounded by
an area of irreversible tissue damage that ulti-
mately undergoes necrosis, and an outer extrava-
sation or hemorrhagic zone with no evidence of
gross tissue damage [3].

Other mechanisms of injury also apply in
close-range gunshot wounds, whereby the dam-
age is worsened by the blast effect of the gases
escaping through the muzzle [3], and tissue burn-
ing may be a consequence of bullets retained in
the wound [3].

Cavitation

The soft tissues have a limited capacity to react to
the pressure wave changes created by the penetrat-
ing bullet, which explains how tissue displacement
lags behind the bullet, and the ensuing deformity is
termed the temporary cavity [3]. Should the dis-
placed tissues be elastic and accumulate enough
energy, the cavity walls may collapse, resulting in
pulsations of expansion and contraction which
wane until the “permanent wound channel” settles
following the “temporary cavitation” [3].

The rate of energy transfer as well as the
dimensions of the bullet along the track modulate
the size of the temporary cavity. In fact, the
spindle-shaped temporary cavity becomes more

the bullet tissue

Fig. 1.3 Cavitation of
penetration

during

apparent with increasing yaw angle, and reaches
its peak at 90°, which as outlined earlier corre-
sponds to a marked rise in energy transfer to the
tissues [3] (Fig. 1.3). In addition, the bullet’s size,
design, and resistance to deformation affect the
size of the temporary cavity as some are smaller
than rifle bullets, and their surface area increases
negligibly with yawing, and hence do not elicit a
remarkable cavitation [3].

Bone Injuries

When it comes to ballistic bone injuries, the higher
density and particularly its hardness compared to
soft tissues impede and retard the penetrating bullet
markedly. The physical and mechanical properties
of bone underlie the complex ballistic interaction,
which often leads to the bullet’s deformation and
breakup [3].

In general, important considerations include the
projectile’s energy at impact, angle of interaction
between the projectile and bony surface, as well as
bone thickness [3]. In particular, cancellous bone is
associated with a greater energy-absorptive capac-
ity, and limits the extension of a fracture line.
Cancellous bone is usually more abundant in the
metaphyseal regions of long bones, where “drill-
hole” defects—a characteristic of low-energy bal-
listic penetration—are more common [3].

As for bone marrow, its fluid properties allow
for more cavitation [3], especially in cases of
explosive high-energy ballistic impacts, which
translate into comminuted fractures [3].

Nevertheless, bone comminution may occur
with low-energy ballistic penetration.

While the radiologic picture is indiscernible
from high-energy impacts, clinical evaluation of
the associated soft-tissue injury is helpful [3].

Head Injuries

The bone—projectile interaction is an important
factor to examine in cranial vault penetrations.

“Gutter wound” refers to tangential bullet wounds
of the skull, and may include the outer table or the
entire bone thickness [3].
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In general, if a bullet penetrates the skull, it
may undergo deformation, and carries enough
remaining energy to reach the opposite side with-
out necessarily exiting [3]. The travelling bullet
may also lead to secondary missiles in the form
of bone fragments.

Interestingly, the dimension of the wound
channel in the brain is not directly related to the
muzzle energy of the bullet, nor its caliber [3].

The peculiarity of gunshot wounds to the head
lies in the limited and constricted volume, which
prevents expansion of the temporary cavity. The
pressure buildup boosts the effects of cavitation
even in low-energy penetrations, and may only
be dissipated by bursting the skull [3]. The mag-
nitude of temporary cavitation can be visualized
as parenchymal changes that extend beyond the
permanent wound channel [3].

Contamination

The vacuum created by the travelling bullet
acts to suck foreign material and debris into
the wound, in addition to the contamination

already present on the surface of the bullet tra-
versing the dirty battlefield, soiled clothes,
and colonized skin [3]. Of note, the bullet sur-
face is not sterilized by the heating incurred,
as previously believed [3].
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Biodynamics of Blast Injuries

Ghassan Soleiman Abu-Sittah
and Odette M. Abou Ghanem

Introduction

Explosive devices have become a major weapon
in current armed conflicts, antipersonnel land-
mines, and terrorist bombing. This has changed
the trends of prevalence of the wounding mecha-
nisms over the past several decades. Shrapnel
injuries are now more common than bullet inju-
ries in wars between armies and can cause up to
80% of casualties due to the preponderance of
blasts and explosive devices in conflicts [1]. In
addition, these explosive weapon systems have a
greater distance range of injury compared to the
close-range firearm systems [1]. The detonated
explosives generate high winds and propel debris
causing conventional blunt and penetrating
trauma. However, explosive devices do not only
cause injury through fragmentation which has
similar wound ballistics as gunshot injuries dis-
cussed in the previous chapter. Explosive sys-
tems can cause a special set of lesions that have
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particular pathology, their own diagnostic chal-
lenges, and specific management requirements
known as primary blast injuries. This chapter dis-
cusses the biodynamics of blasts and their mech-
anisms of injury with an overview of the current
understanding of primary blast injuries and their
effects primarily on the respiratory, gastrointesti-
nal, and auditory system.

Blast Physics

An explosive is a substance, solid or liquid, that
once detonates will chemically convert instanta-
neously into gas through an intense exothermic
reaction releasing large amounts of energy [2].
The gas expands radially outward from the loca-
tion of explosion at supersonic speeds (usually
greater than 5000 m/s) in a process termed deto-
nation [3]. This expanding gas causes an instan-
taneous acute rise in pressure creating a
supersonic wave called the blast wave or shock
wave. The blast wave displaces the surrounding
medium, be it air or water, generating winds of
enormous velocity called blast winds that propel
people and objects [4]. The displaced medium in
front of the blast wave is compressed which heats
and accelerates its molecules creating a pressure
that exceeds atmospheric pressure called blast
overpressure (BOP) [5]. The air molecules are
compressed to such a density that the blast wave
itself acts like a solid hitting the victim [6]. The

G.S. Abu-Sittah et al. (eds.), Reconstructing the War Injured Patient,
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blast pressure dissipates over time and space.
These changes in pressure due to the blast wave
vary depending on whether the detonation took
place in open air or closed space. The classic
Friedlander wave describes the characteristic
pressure changes over time of a blast wave out-
doors, the so-called free-field wave (Fig. 2.1a). It

Fig.2.1 (a) Free-field a
wave —open-space
wave. Classic
Friedlander wave: An
idealized blast
overpressure waveform.
(b) Simple free-field
wave. A more realistic
waveform. (¢) Enclosed-
space waveform. Blast
overpressure is
amplified, and positive
pressure wave is
prolonged

Pressure

Pressure

Pressure

is an idealized blast overpressure waveform, with
an acute instantaneous rise in pressure to a peak
overpressure and then dissipation exponentially
over time until back to atmospheric pressure in
what is called the positive blast phase. This peak
overpressure is the maximum pressure reached
and is commonly referred to as BOP. It decreases

Blast overpressure
(BOP)

Positive phase

— == - Atmospheric

Negative pressure

phase

Time

Blast overpressure
(BOP)
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- Atmospheric
pressure

Negative

phase

Time

Blast overpressure
(BOP)

———- Atmospheric
pressure

Time
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so rapidly (inversely proportional to the cube of
the distance) as the distance from the detonation
center increases, persons must be within tens of
meters close to the epicenter to sustain a primary
blast injury [2]. However, pressure keeps decreas-
ing to subatmospheric pressures in what is called
the negative-pressure suction wave before return-
ing to ambient pressure. A more realistic wave-
form of a simple free-field wave has both positive
and negative phases roughly very similar to the
Friedlander but with multiple peaks and troughs,
very close in amplitudes, that represent vibration
or reflection of the surrounding surfaces, at least
the ground (Fig. 2.1b). In enclosed space explo-
sion, however, the blast overpressure is signifi-
cantly amplified and the positive pressure phase
is prolonged. This is due to the confinement of
the pressure waves that reflect back from the mul-
tiple surrounding solid surfaces which increases
their force and causes multiple pressure peaks
and troughs (Fig. 2.1c) [7]. This understanding of
blast overpressure magnitude, positive pressure
phase, and propagation speed of a blast wave is
fundamental for the understanding of the bio-
logic effects and management of blast injuries.
Many factors affect the likelihood and severity
of blast injuries. One important factor is the
medium in which the explosion takes place. For
example, water molecules do not get as com-
pressed by the blast wave as the air molecules do.
Therefore, the blast wave propagates more rap-
idly and dissipates more slowly in a water
medium causing more injury than an explosion
does in an air medium [8]. Another important
factor to consider is the distance at which a per-
son or an object is from the detonation epicenter.
This distance determines how exposed the victim
is to the blast overpressure [9]. The blast energy
dissipates and the pressure drops inversely pro-
portional to the distance cubed. For example, if
individual A is at a distance d from the detonation
and individual B is at a distance 2d double that of
A’s, then the BOP that individual B is exposed to
is 1/8 that individual A is exposed to. A 1-kg
explosive will generate blast overpressure of 500
Kpa at the site of detonation which is fatal and
drops exponentially to 20 Kpa at 3 m from the
center which causes minimal injury [4]. Another

substantial factor that determines blast overpres-
sure exposure is the surrounding solid surfaces.
These surfaces reflect the pressure waves and
amplify their forces, hence exposing people next
to them to a higher blast overpressure compared
to those away from them and at the same radius
from the detonation center. It is the reason behind
which closed-space explosions have the potential
to cause more severe injuries and higher mortal-
ity that open-field explosion [10, 11].

Mechanisms of Blast Injuries

Traditionally, blast injuries have been classified
into four categories according to the mechanism by
which the blast wave causes these injuries. A fifth
type of blast injuries has been recently suggested.

Primary blast injuries (PBI) are the direct
effects of the interaction of different organs in the
body with the pressure changes of the blast wave.
These injuries are unique to higher order explo-
sives which make most civilian physicians unfa-
miliar with them. The organ damage in PBI is
produced by the interaction of the blast wave at
the interface between tissues of different densi-
ties or the interface between tissues and trapped
air. Consequently, gas-containing structures, like
the lung, GI tract, and ear, are most commonly
affected by PBI [12]. These types of injuries are
the main focus of this chapter and are discussed
in great details in the following section.

Secondary blast injuries occur when objects
energized by the explosion strike an individual,
causing either blunt or penetrating trauma (e.g.,
bomb fragments, shrapnel). Fragments displaced
by the blast winds travel a much longer distance
than that traveled by the blast overpressure. This
is why secondary blast injuries can occur up to
thousands of meters away from the explosion site
while PBI occurs within tens of meters only [13].
Penetrating secondary blast injuries from frag-
mentation of the detonated weapon or the sec-
ondary fragments resulting from the explosion
are a leading cause of morality in terrorist attacks
not including building collapse [14].

Tertiary blast injuries occur when the victim’s
body or body parts are displaced by the blast winds
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and then tumble impacting hard surfaces. They
include injuries due to the structural collapse of
buildings, crush injuries, traumatic amputations,
closed head injuries, blunt abdominal trauma, tis-
sue contusions, and fractures [15, 16].

Quaternary blast injuries involve the types of
injuries that do not fit any of the three mechanisms
above. They include flash burns including burns
from hot gasses or fires, methemoglobinemia
[17] due to inhalation of CO, inhalation of dust,
smoke or cyanide, acute septicemic melioidosis
[18], and psychological sequelae.

Quinary blast injuries: This recently sug-
gested that classification is based on a case series,
and it involves a “hyperinflammatory state” seen
in patients postblast manifested clinically as
hyperpyrexia, diaphoresis, low central venous
pressure, and water retention [19].

The secondary, tertiary, and quaternary inju-
ries are similar to injuries in civilian trauma and
their management is no different than nonexplo-
sive trauma treatment protocols whether pene-
trating or blunt.

Primary Blast Injuries (PBI)

As the blast overpressure reaches the individuals
in proximity to the detonation epicenter, forces
will be transmitted into the body causing organ
damage. These forces exert their maximum con-
centrated effect at air-tissue interfaces. Three
explosive forces that cause PBI were first
described in 1950 [20]: spallation, implosion,
and inertia. These forces are the components of
the blast-body interaction that eventually causes
tissue damage.

Spallation happens when the blast wave passes
from a dense medium to a less dense medium
causing the fragmentation of the dense medium
into the less dense. For example, in an underwa-
ter explosion, the pressure wave passes from the
water into the air causing fragmentation of the
denser medium, in this case the water, into the
less dense medium, in this case the air. This is
manifested as an upward splash of water into the
air [2, 20]. From a physiologic standpoint, a blast
wave passing through the interfaces between air,

alveolar tissue, and capillary wall will cause the
alveolar wall to tear and the peri-alveolar capillary
endothelium to be disrupted through spalling
forces [21].

Implosion happens as a result of the air in air-
containing organs getting compressed during the
positive phase of a blast wave. Once the blast
positive phase is over, the air will re-expand
releasing large amounts of kinetic energy disrupt-
ing the structure containing it [22]. This is how a
blast wave causes alveolar damage after air in
alveoli gets compressed during the positive pres-
sure phase and re-expands forcefully during the
negative suction phase. Combined together, the
spalling forces causing peri-alveolar capillary
wall damage and the implosive forces causing re-
expansion of air in the alveoli will force air emboli
in the blood vessels leading to one of the most
fatal primary blast feared complications, arterial
air embolism [21]. Another example where implo-
sive forces cause PBI is the implosion of com-
pressed air in facial sinuses that leads to skeletal
crush injuries of the naso-orbitoethmoid complex,
maxillary sinuses, and nasal bones [23].

Inertial forces cause tissue damage based on
the fact that different tissues of different densities
will move at different speeds in response to blast
overpressure. Similarly, different component
structures of an organ of varying densities will
move differently and get damaged by shear forces.
The lighter structural components will move with
higher acceleration than the heavier components
causing major stress at the boundary [24].

It is imperative in the understanding of the
blast front-body interaction to discuss the two
types of waves that are generated by this interac-
tion and that propagate through the body causing
internal soft-tissue injuries: the stress waves and
the shear waves.

Stress waves are longitudinal pressure waves
(similar to acoustic waves) with high amplitude
and velocity [25]. A shock wave can be considered
a special form of stress wave that travels at super-
sonic speeds. These waves affect mostly organs
with significant difference in the acoustic imped-
ance of its structural components, thus affecting
mainly gas-containing organs. When these stress
waves reach an air-tissue interface, a component of
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the compressive stress wave is reflected back at the
interface as a tension wave [7]. It is when these
stress waves equal and exceed the tensile strength
of the tissue interface that their work done on the
organs becomes an irreversible work of damage
[2]. A stress wave also compresses air in air-filled
organs that re-expands forcefully causing damage
to the walls through implosive forces. All this
interprets how for example small bowel wall injury
or alveolar septum injury happens in thoracic and
abdominal wall PBL.

Shear waves are transverse waves with long
duration and low velocity, traveling perpendicu-
larly to the longitudinal stress waves and tangen-
tially to body surfaces. They are generated from
body wall displacement. Different solid organs
with different densities move asynchronously
with different inertias causing shearing of solid
organs [25].

Biological Effects of Primary Blast
Injuries

The true incidence of primary blast injuries is
unknown despite the various reports of incidence
published. This is because PBI tend to be com-
monly overlooked especially in situations of
mass casualty where the health care teams are
faced with amputations, crush injuries, burns,
toxic inhalations, and penetrating trauma. Delay
in the diagnosis of PBI can complicate patient
care especially in patients with isolated PBI who
do not manifest external body trauma [26].

Primary blast injuries involve mainly gas-
containing structures, namely the pulmonary,
gastrointestinal, and auditory systems. The ear is
the most commonly affected organ because for
primary blast injury of the ear to occur, the blast
overpressure threshold required is lower than that
required for lungs and the bowels to be injured
[27]. However, blast injuries are not exclusive to
gas-containing structures. Other systems are
affected as well though less common: the heart,
vascular system, eye and orbit, and central ner-
vous system among others.

Other than specific organ injuries, PBI have a
systemic effect, a global physiologic response in

the form of a cardiogenic shock in the absence of
hemorrhage uncompensated by vasoconstric-
tion. It is mediated by pulmonary C-fiber recep-
tors that are thought to initiate this vagal reflex.
It usually occurs following thoracic PBI within
seconds and lasts between minutes to hours but
often resolves by 2 h. It is characterized by tran-
sient bradycardia, bradypnea, and hypotension
[28, 29].

Pulmonary System

As with all primary blast injuries, the lungs are
more likely to get injured after a blast whereby
the blast overpressure is high and the positive
blast phase is prolonged. Uncomplicated blast
lung injury has a favorable prognosis at 1-year
follow-up. Hirshberg et al. reported that people
who are discharged after surviving a lung blast
injury had no pulmonary complaints, normal pul-
monary function tests, and resolution of the chest
radiography findings at 1-year follow-up [30].
Pulmonary PBI is essentially manifested as pul-
monary contusions [5]. The spallation and implo-
sion of the stress wave at the different
air-alveolar-capillary wall interfaces cause alveo-
lar wall, capillary wall, and interalveolar space
disruption [2, 22]. This causes the pooling of
blood perivascularly and alveolar hemorrhage. It
can range all the way from petechiae to confluent
hemorrhage [31]. Also, the extravascular fluid is
compressed and driven into the alveolar space
which causes pulmonary edema manifested as
bilateral pulmonary infiltrates on chest radiogra-
phy [32]. Implosive forces can also drive air into
the interstitial spaces causing interstitial emphy-
sema [26]. Shearing forces can disrupt the bron-
chovascular tree and create bronchopulmonary
fistulas. These tears in the air-tissue interface can
lead to arterial air emboli (AAE) development
either immediately after the blast causing rapid
death or delayed with the initiation of positive
pressure ventilation [33]. AAE when big enough
can cause MI, stroke, spinal cord infarction,
intestinal ischemia, and death [34]. Even when
microscopic, AAE can still cause symptoms like
confusion, mental status changes, vision distur-
bances, pain, and weakness. Clinical signs like
air in the retinal arteries, tongue blanching, or
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livedo reticularis can be indicators of emboli
[35]. Pleural tears and lacerations can also be
caused by pulmonary barotrauma as a blast effect
or due to positive pressure ventilation and can
give rise to pneumothoraces, hemothoraces, or
pneumomediastinum [7].

Pulmonary contusions are usually bilateral in
closed-space explosions but tend to be worse on
the side of the impact of the blast wave in open-
field explosions [5]. The ribs protect the lung
parenchyma from the full force of the blast over-
pressure. This results in stripes of hemorrhagic
congestion corresponding to the intercostal
spaces where there is no rib protection. These
parallel bands of ecchymoses used to be called
mistakenly “rib markings” as they were thought
to be occurring under the ribs but were proven to
occur along the intercostal spaces with the ribs
providing protection to the underlying paren-
chyma. Perimediastinal lung parenchyma espe-
cially the azygos lobe and lung regions in the
costophrenic angles are more severely involved
by the blast injury. This unequal distribution is
justified by the reflection and augmentation of
the stress wave within the chest [7].

Specific ultrastructural manifestations have
been reported in lung primary blast injury. On
light microscopy, pulmonary capillaries are seen
dilated [36]. On electron microscopy, increased
pinocytosis, blebbing, and ballooning in pulmo-
nary capillary endothelial and type I epithelial
cells are seen in experiments done on rats exposed
to a blast. Also, loss of structure or enlargement
was noted in the lamellated bodies of type II epi-
thelial cells [37]. These changes occurred not
only in areas of the lung with apparent damage
but also in apparently normal regions of lung
parenchyma. So patients with no clinical or
radiologic evidence of injury could still have sus-
tained a lung blast.

At the macroscopic level, respiratory mucosa
is very sensitive to blast effect. Damage occurs at
overpressures below those that would cause
parenchymal lung injury. Mucosal injury includes
loss of cilia and flattening of epithelial cells.
More severe injury can also occur with stripping
of the mucosal epithelium off the basal lamina
the so-called stripped epithelium lesion, with the

resultant intraluminal hemorrhage. This stripping
of the epithelium is postulated to be due to the
spalling forces at the epithelial tissue-air surface.
These injuries generally resolve spontaneously
and should be sought while examining a patient
subjected to a blast. Their presence is an indica-
tor of possible primary parenchymal lung blast
injury and other organ blast injuries [38].

Clinically, the triad of dyspnea, cough, and
hypoxia is referred to as “blast lung syndrome”
and is due to ventilation mismatch, vascular shunt-
ing, and impaired gas exchange [39]. Focal pulmo-
nary edema and hemorrhage in the alveoli cause
ventilation perfusion mismatch with increased
intrapulmonary shunt, hypoxia, reduced lung
compliance, and increased work of breathing [40].
Clinical symptoms include dyspnea, cough,
hemoptysis, chest pain, or discomfort. Clinical
signs include tachypnea, cyanosis, reduced breath
sounds and dullness to percussion, coarse crepita-
tions, rhonchi, subcutaneous emphysema, features
of hemopneumothorax or pneumothorax, retroster-
nal crunch, or retinal artery emboli.

Any blast-exposed patient is worth a chest
radiograph. Bilateral pulmonary infiltrate is typi-
cally seen on chest radiography in primary blast
injuries [32]. Usually, these infiltrates develop
within few hours, become maximal at 24-48 h,
and tend to resolve within a week. Infiltrates that
continue to worsen beyond 48 h may be indica-
tive of pneumonia or adult respiratory distress
syndrome [7]. Pneumothorax, hemopneumotho-
rax, interstitial emphysema, subcutaneous
emphysema, pneumomediastinum, or pneumo-
peritoneum might be evident on chest radiogra-
phy. Most blast injuries develop immediately, but
sometimes, progressive vascular leak and inflam-
matory changes develop over 12-24 even up to
48 h contributing to delayed presentation [31].
Hence, patients with pulmonary symptoms and
negative chest radiographs should be observed
for 8 h before discharge [14]. However, the
majority of patients with blast lung injury will
manifest radiologic or clinical findings on admis-
sion [41]. If the symptoms are persistent or severe
with a negative chest radiograph then a chest CT
should be done [42]. A study showed that the
ratio of PaO, to FiO,, the presence or absence of
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chest radiograph infiltrates, and bronchopleural
fistulas can help identify the severity of the lung
injury in terms of mortality or progression to
adult respiratory distress syndrome (ARDS) and
help determine the respiratory management [43].

Management of primary blast injuries of the
lung can be quiet challenging. On one side, these
patients are most often hemodynamically unsta-
ble requiring volume resuscitation yet excessive
fluid resuscitation can lead to or exacerbate pul-
monary edema in patients suffering from contu-
sions [32]. To optimize the patient’s respiratory
status adequate pain management and noninva-
sive ventilation techniques are used. Avoiding
positive pressure ventilation (PPV) as much as
possible could not be emphasized enough.
Positive pressure ventilation especially with high
positive end-expiratory pressure (PEEP) is
thought to increase the risk of pulmonary baro-
trauma, namely pneumothorax and arterial air
emboli [9, 44]. Drainage of air, fluid, and blood
through chest tube thoracostomy is very impor-
tant in optimizing the pulmonary status of the
patient and helps minimize the need for
PPV. Prophylactic chest tube thoracostomy is
recommended for patients who suffer from severe
lung blast injury that will need positive pressure
ventilation or need air transportation [45]. In
blast lung injuries, lung compliance is poor and if
positive pressure ventilation is to be needed then
protective measures must be used like low PEEP,
low O, saturation, low tidal volumes, and permis-
sive hypercapnia [43, 46]. Reversion to spontane-
ous breathing by intermittent mechanical
ventilation and continuous positive airway pres-
sure should be done as soon as the patient’s pul-
monary status allows it.

With arterial air embolism, if the patient is not
intubated administration of oxygen should be ini-
tiated promptly and if available hyperbaric oxy-
gen is the definitive treatment [7]. If the patient is
intubated, then the ventilator settings should be
adjusted to low PEEP and 100% fiO,. Some rec-
ommend putting the patient in left lateral decubi-
tus position to decrease the risk of systemic
embolization [35, 47]. Organ transplant teams
should be aware of the fact that normally looking
organs could be unusable due to AAE [48].

Other less conventional techniques including
extracorporeal membrane oxygenation, indepen-
dent lung ventilation, nitric oxide ventilation, and
high-frequency jet ventilation have been used in a
small number of patients with varying degrees of
success [43].

Gastrointestinal System

The gastrointestinal system like the pulmonary sys-
tem is at an increased risk of primary blast injury
due to its gas-containing structures and similar
blast overpressure to the lung [5]. The most com-
mon site of the GI tract of both hemorrhage and
perforation is the colon and ileocecal region where
gas accumulates most in the tract and ruptures the
wall due to implosive forces of the blast [49]. Solid
abdominal organs injuries can be PBI but arise
more commonly as secondary or tertiary blunt and
penetrating blast injuries [50, 51]. Solid intra-
abdominal organs like the spleen, liver, or kidneys
are made of relatively similar liquid densities [52].
Therefore, solid organ injuries during a blast are
less likely due to compression by the stress wave
but rather due to body-wall displacements causing
acceleration effects at organ attachments. Shear
forces can therefore cause subcapsular petechiae,
contusions, or even frank ruptures [25]. Bowel PBI
are caused by the implosive and shearing forces
rupturing the bowel walls. These forces cause the
wall’s structural layer to separate resulting in intra-
mural edema and hemorrhage with microthrombo-
ses [49]. Hemorrhages can range in size from small
petechiae to large confluent submucosal hemato-
mas and can progress into more severe transmural
hemorrhages [2]. This can compromise the perfu-
sion putting the bowels at risk for delayed perfora-
tion. At laparotomy it was found that small bowel
contusions more than 15 mm in diameter and large
bowel contusions of more than 20 mm were at sig-
nificantly higher risk of perforation. Some consid-
ered that finding such contusions intraoperatively
warrants resection while a more conservative
approach is reserved to smaller contusions [53].
Mesenteric, retroperitoneal, and scrotal hemor-
rhages can also occur [2]. Shearing forces can dis-
rupt the blood supply leading to intestinal ischemia.
Arterial air embolism can be a cause of intestinal
ischemia as well [35].
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Clinically, abdominal PBI can present with
abdominal pain, hematemesis, nausea and vomit-
ing, rectal pain, tenesmus, and testicular pain.
Clinical signs include peritoneal signs, absent
bowel sounds, and evidence of hypovolemia [7].
In some cases the diagnosis of intra-abdominal
injury can be obvious, yet in most cases as with
all PBI it is a diagnostic challenge. Focused
abdominal sonography can be used to assess for
free fluid in the abdomen when assessing abdom-
inal complaints for abdominal life-threatening
injuries [54]. But a negative FAST does not
exclude an abdominal primary blast injury. If
hemodynamically stable, an abdominal CT can
be of help [55]. However, CT is specific for solid
organ damage and perforation but it lacks sensi-
tivity to rule out intestinal contusions and mesen-
teric injury [56]. Doppler can also be used for
investigation of abdominal perforating injury.
Patients subjected to blast with abdominal com-
plaints should be observed for 8 h and reexam-
ined even if the mentioned imaging modalities
are negative for findings [26]. Victims found to
have an abdominal primary blast injury requiring
operative intervention should be assessed for pri-
mary lung blast injury as these patients will
require intubation and positive pressure ventila-
tion intraoperatively [4].

Patients with suspected abdominal injury that
could not be stabilized and have unexplained
signs of hemorrhage would need urgent laparot-
omy. Pneumoperitoneum, diaphragmatic rupture,
signs of peritoneal irritation on physical exam,
and significant persistent GI bleed are all indica-
tions for urgent laparotomy. Tension pneumo-
peritoneum has also been reported. It is a
complication of pulmonary barotrauma due to
blast. It causes severe cardiovascular and respira-
tory collapse with severe hypoxemia, hypercar-
bia, and shock [57].

The Ear

As discussed before, the auditory system is the
most sensitive to blast overpressure injury [58].
The part of the tympanic membrane most fre-
quently injured is the pars tensa [59]. Small tym-
panic membrane ruptures can be managed
conservatively as they usually heal spontane-

ously. Ruptures involving beyond 5% of the
membrane’s surface will more likely require sur-
gical intervention [60]. Isolated eardrum perfora-
tion has been shown to be a poor marker of latent
pulmonary or gastrointestinal PBI and explosion
survivors with eardrum perforations and no signs
of PBIs can be discharged after monitoring and
normal chest radiography [61]. Because the tym-
panic membrane ruptures at BOP lower than that
required to cause lung or intestinal injury, it has
been postulated that patients with intact tympanic
membrane are probably exposed to little BOP
and will not need further assessment. However,
studies have shown that victims with and without
tympanic membrane rupture were found to have
lung blast injury [62, 63].

A temporary shift in the threshold for audible
noises can cause a transient tinnitus or sensori-
neural deafness that resolves over several hours
to days [64]. This is due to stunning of the recep-
tor organs of the inner ear. The severity of these
symptoms decreases as the distance from the
detonation epicenter increases [65]. However,
injury to the inner ear can sometimes cause per-
manent hearing loss in case of severe structural
damage to the organ of Corti causing permanent
threshold shifts [66]. This sensorineural hearing
loss is different which is usually of high fre-
quency and is a different entity than the usual
4-kHz noise-induced and reported trauma-
induced hearing loss [67].

Ossicular injuries including incudomalleolar
and incudostapedial joint disruption, fractures
of the stapes superstructure, dislocation of the
stapes footplate, and dislocation of the incus
are also features of middle-ear primary blast
injuries [68, 69]. Cholesteatoma of the middle
ear and mastoid air-cell system is a late compli-
cation in blast-induced tympanic membrane
perforations. The incidence of cholesteatoma is
related to the grade of perforation. For exam-
ple, a grade 1 perforation (<2 mm in diameter)
has a 2% incidence of cholesteatoma whereas a
grade 4 perforation (subtotal) has a 20% inci-
dence [70]. Vertigo postblast can be due to
benign paroxysmal positional vertigo, peri-
lymph fistulas, or more commonly associated
head injuries [4, 7].
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All patients exposed to a blast should have an
audiometric assessment just as they should have
a chest radiograph. Clinically, the survivors can
present with hearing loss, tinnitus, otalgia, ver-
tigo, bleeding, or mucopurulent otorrhea.
Temporal bone fracture can be an associated
injury and cannot be excluded by plain skull radi-
ography but rather will need CT, MRI, or angiog-
raphy for assessment [7]. Prophylactic antibiotics
are not indicated [71]. Early surgical intervention
is preferably reserved for clearing debris and
removal of foreign material. Most otologists
would prefer to wait up to 1 year before doing an
elective tympanoplasty on nonhealing perfora-
tions [72]. Long-term follow-up is needed to
monitor any cholesteatoma formation occurring
as a late complication [70]. A study showed that
antioxidant treatment can improve recovery and
decrease damage to the mechanical and neural
components of the auditory system when given
shortly after the blast [73]. There is little evi-
dence on whether systemic steroids, vitamins,
antiplatelets, low-molecular-weight dextrans, or
vasodilators do help in improving the outcome
for blast-induced hearing loss [7]. Yet, the admin-
istration of one or more of these is still a common
practice.

Conclusion

Explosive devices are becoming the prevalent
weapon of military combats and explosions are
no longer confined to battlefields but rather are
becoming very common in civilian areas espe-
cially in countries of armed conflicts. Terrorist
attacks and industrial accidents are other causes
of civilian victims’ injuries that get referred to
nonmilitary hospitals. Accordingly, the knowl-
edge of blast injuries is becoming a necessity to
civilian physicians. An understanding of the bio-
dynamics of blast injuries by surgeons, internists,
anesthesiologists, nurses, and all health care pro-
viders plays a great role in improving patient care
and management outcomes of blast victims. Blast
injuries include every organ system in the body.
However, injuries caused by primary mechanism
constitute a diagnostic and therapeutic challenge.
Primary blast injuries can affect any organ but

primarily include the lung, bowels, and ear. A
solid knowledge of the pathophysiology, clinical
manifestations, and management as well as main-
tenance of a high index of suspicion in any victim
subjected to blast will help reach an early diagno-
sis and therefore a more robust health care, which
can save many lives.
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Management

of Craniomaxillofacial Injuries

Ghassan Soleiman Abu-Sittah and Joe S. Baroud

Introduction

Although the head and neck region constitutes
only 12% of the body’s surface area, it is the sec-
ond most commonly injured site in the war set-
ting following extremity trauma [1]. Facial war
injuries can range from simple lacerations or
abrasions to massive tissue loss and fractures of
all parts of the facial skeleton (Table 3.1). When
analyzing these injuries, it is obvious that all
parts of the facial skeleton are at equal risk of
involvement and more than one facial zone is
commonly affected [2]. Lacerations or contu-
sions to the face and scalp appear to be more
common than maxillofacial fractures [3, 4], and a
mild form of traumatic brain injury is often the
main sequel of such injuries [4] (Table 3.2). The
extent of injury strongly correlates to the assault-
ing weapon itself. Improvised and complex
explosive devices cause more significant injuries
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than mortars, rocket-propelled grenades, or gun-
shots, probably due to the proximity of the victim
to the insult [3] (Table 3.3). Facial war injuries
more often present with extremity, thoracic, or
brain injuries [5] (Tables 3.4 and 3.5). Therefore,
a multidisciplinary team approach is required to
address all the possible physical and psychologi-
cal injuries [5].

Facial war injuries pose a reconstructive chal-
lenge that is prone to infections and complica-
tions. These risks increase drastically in the
chronic phase when acute management is not
well tackled. Therefore, it is important to discuss
the principles of acute management and recon-
struction to further understand the development
of long-term complications.

Immediate Nonoperative
Management

The ultimate aim of the immediate postinjury
phase is to protect the airways, stabilize the
patient’s breathing, control any bleed, and secure
the cervical spine until any fractures are ruled
out. This should be performed while keeping a
high suspicion for intracranial injury if the
patient has been unconscious, and demonstrated
signs of neurological deficit, abnormal reflexes,
convulsion, or delirium [6]. Pupillary size and
reactivity are therefore important to assess in
such situations.
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Table 3.1 Injuries recorded (160 in 119 patients)

Injury No.
Laceration or contusion of the face or scalp 106
Fracture of maxilla 17
Fracture of mandible 15
Intraoral soft-tissue injury 12
Fracture of zygoma 6
Nasal fracture 4

Table 3.2 Distribution of injuries according to facial
zone

Facial zone | Upper Middle Lower More than one
No. 100 117 122 212

% 18.1 |21.4 22.1 384
Airway

Airway management in the field setting may be
deemed necessary if there is severe displace-
ment of the mandibular symphysis and loss of
anterior tongue support. Facial burns with intra-
oral or nasal involvement also pose a threat to
airway patency and should be addressed aggres-
sively. If the patient needs intubation in the
field, orotracheal intubation is strongly pre-
ferred over blind nasotracheal intubation [7, 8].
An emergent tracheostomy is lifesaving in situ-
ations where the upper airway could not be
accessed [9].

Bleeding

Facial bleeding is usually controlled by compres-
sion, and further managed by urgent suturing of
the laceration or ligation of the relevant bleeding
vessel. Facial arteries are rich in anastomoses and
ligation of a single vessel is unlikely to result in
tissue ischemia. Nevertheless, haphazard clamp-
ing or bulk tying may cause injury to adjacent
nerves or ducts. Therefore identification of the
bleeding vessel should be done in a controlled
setting. If a massive uncontrollable bleed takes
place, emergent external carotid ligation can be
done through a lateral neck incision at the level
of the hyoid bone [10]. An alternative choice
would be selective embolization if personnel and
equipment were available [11].

Physical Exam and Diagnosis

After addressing all life-threatening conditions, the
secondary survey is performed by careful history
and physical exam. The latter includes observation
of facial and globe symmetries, lacerations, jaw
opening, nasal septal hematomas, rhinorrhea, otor-
rhea, tympanic membrane integrity, and cranial
nerve functions. Palpation of specific facial parts,
nose, orbit, zygoma, eyes, maxilla, mandible, and
forehead, for step-offs or significant tenderness
should be done to rule out facial fractures [6, 12—
15]. A computed tomography (CT) should be done,
both coronal and sagittal views with three-dimen-
sional reconstruction [16]. It has been shown that
combining two-dimensional and three-dimensional
CT reconstructions improves diagnosis and preop-
erative planning of complex facial fractures. CT
angiography, on the other hand, is also useful in pre-
operative planning of an expanding facial hema-
toma or in ruling out aneurysms of the facial vessels
in case free tissue transfer is indicated [17-23].

Antibiotic Therapy

Empiric antibiotic treatment should be initiated as
soon as possible, taking into account the prevalence
of Acinetobacter and other contaminants in moist
soil. Antibiotic coverage should also account for
multidrug-resistant organisms when dealing with
patients transferred from other hospitals or previ-
ously treated with antibiotics [24]. Preoperative
antibiotic use is a must in facial war injuries associ-
ated with mucosal involvement, tissue devitaliza-
tion or contamination, and exposed cartilage or
open fractures. Infections in such wounds may lead
to serious debilitating consequences such as Ludwig
angina, cervicofacial necrotizing fasciitis, descend-
ing necrotizing mediastinitis, cavernous thrombo-
sis, and brain abscesses [25]. Oronasal cavities and
cervicofacial skin flora are staphylococcus, strepto-
coccus, and enteric and anaerobic bacteria; hence
penicillin derivatives with betalactamase inhibitors
like amoxicillin-clavulanate and ampicillin-
sulbactam are of choice; second- and third-
generation cephalosporin may also be used like
cefazolin, cefoxitin, ceftriaxone, as well as quino-
lones or clindamycin [26, 27].



3 Management of Craniomaxillofacial Injuries

21

Table 3.3 Types of facial trauma produced by different weapons

Hard and soft
Type of weapon Soft tissue Hard tissue tissues Total no. %o
Improvised explosive 199 71 119 389 70.59
device
Gunshot 67 - 35 102 18.51
Mortars and rockets 31 13 16 60 10.88
Total no. (%) 297 (53.9) 84 (15.2) 170 (30.8) 551 100

Table 3.4 Injuries to other body parts

Body area No. (%)
Maxillofacial only 17 (14)
Upper limb 47 (39)
Lower limb 37 (31)
Torso 31 (26)
Brain 29 (24)
Eye 7(6)
Neck 7(6)

Table 3.5 Maxillofacial and associated injuries in trau-
matized victims

Site of injury Patients (no.) %
Pure maxillofacial 182 33.03
+Eye injury 159 28.8
+Head injury 123 22.3
+Cervical injury 29 5.26
+Upper extremities 34 6.17
+Lower extremities 6 0.8
+Thoracic and abdomen 18 3.26
Total 551 100

+Maxillofacial trauma associated with other injuries

Operative Management

Wound Preparation and Tissue
Coverage

Early initial debridement and empiric antibiotic
treatment should be implemented as soon as pos-
sible. Thorough serial debridement is necessary
to remove foreign bodies, decrease bacterial load,
eliminate necrotic tissue, and prevent dirt tattoo-
ing [6, 28, 29]. It is important to be aware that
healthy-appearing tissues following debridement
may have suboptimal blood supply and undergo

further necrosis [28, 30]. Therefore, revisit ses-
sions are essential, and should be performed
within 24-72 h to assess tissue viability. This is
especially important in the maxillary region,
which is more prone to infections and failure
[31]. After adequate debridement, if cleanliness
and vascularity of the injury site are still ques-
tionable, it is always recommended to observe
the wound for more time than less [32]. Attaining
a clean and well-vascularized injury site before
definitive reconstruction helps avoid infectious
complications, allows faster recovery time, and
prevents the need of additional operative inter-
ventions [33]. A clean wound alone is not suffi-
cient to ensure an adequate reconstruction. It is as
important to maintain underlying skeletal support
in order to avoid tissue shrinkage and distortion
of normal anatomy. In the past, facial trauma
used to be managed by soft-tissue closure despite
underlying bone loss [33]. However, the healing
process and resultant facial scar contraction ren-
der it impossible to perform optimal bony and
soft-tissue reconstruction [33]. It is therefore
critical to restore or stabilize the underlying bony
skeleton in the initial phases of reconstruction.
This can be achieved in various methods depend-
ing on the degree of soft-tissue loss and contami-
nation. With satisfactory soft-tissue coverage,
immediate bone grafting or temporary rigid plate
and screw fixation of bone gaps awaiting future
reconstruction are both viable options. With
unsatisfactory soft-tissue coverage or bone loss
with severe tissue contamination, vascularized
composite tissue transfer is ideal [33-35]. The
introduction of well-vascularized bone and soft
tissues into a hostile wound environment main-
tains excellent survival of the free flaps and per-
mits an early definitive reconstruction and shorter
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recovery period [36]. Although bone grafting
may be used with high success rates, vascular-
ized bone transfer has superior short- and long-
term results and should be the first option when
time and personnel are available [36—43].

Mandibular Fractures

Mandibular fractures are managed by reestab-
lishing adequate occlusion using intermaxillary
fixation prior to definitive fixation. This prevents
jaw malocclusion, which can cause temporoman-
dibular joint ankylosis in the long term. Simple
mandibular fractures can be managed using
external fixation in the form of intermaxillary
fixation alone. When severe comminution is
present, external fixation devises are advised in
conjunction with intermaxillary fixation. This
decreases the risk of infection by limiting instru-
mentation and maintaining good tissue viability
[44]. Internal fixation with plates and screws on
the other hand requires periosteal striping and
devascularization of bony fragments that increase
the risk of hardware infection and osteomyelitis.

Maxillary and Frontal Sinus Fractures

Plate and screw fixation should be used with cau-
tion when fixating upper and middle third facial
fractures because of a higher risk of infection in
this area of the face [45]. In frontal sinus strip-
ping care should be taken to burr the bony crypts
that harbor mucosal cells. Incomplete mucosal
striping may lead to mucocele formation up to 10
years from injury. Treatment of crushed maxil-
lary sinus walls should start by irrigation through
the same wound opening or using a Caldwell-Luc
approach. Any free fragments of bone should be
washed with water and removed, and then by
gentle manipulation, fragments can be pushed
back into position. Iodoform paste on ribbon
gauze or Whitehead’s varnish should be laid
down uniformly in the maxillary sinus. This pack
preserves the bone fragments and anatomic fea-
tures of the maxillary sinus in the correct posi-
tion. The sinus packs should be removed after 2
weeks (Fig. 3.1).

Facial Nerve Injury

Injuries of the facial nerve and its branches are
frequently multilevel injuries with varying
degrees of severity, involving most commonly
the facial nerve branches exiting the parotid
gland. Devitalized segments of nerve are often
present and are considered nonsalvageable.
Primary repair is thus not advised and nerve tag-
ging should be performed using nonabsorbable
sutures for future identification. At a later stage
the surgeon should opt for a definitive primary
repair if possible or using nerve grafts as well as
temporalis and master muscle transfer.

Naso-Orbital-Ethmoid Region (NOE)

The main concern when treating this region is
maintaining medial canthal support and intercan-
thal distance. The canthal ligament can be fixated
using a trans-nasal wire through the posterior lac-
rimal crest. If the soft tissues are not pulverized,
and the ligament still attached to its bone frag-
ment, the intercanthal space with its small bone
fragments can be shaped back to their original
anatomy by a two-finger squeezing technique.
The intercanthal tissue can then be stabilized
using two Portex tube-tailored wings or special
buttons to contain the intercanthal space. These
are fixed by nylon or silk sutures passed through
the intercanthal tissue. The buttons or tubes can
be removed after 2—4 weeks.

Nasal Region

Severe blast injuries to the nasal region present
with bone and cartilage matted in soft-tissue
strands where no anatomic landmarks would be
evident. Numerous methods have been devised
to splint the fractured nose resulting from civil-
ian trauma. However, none of these procedures
are feasible for a severely avulsed or pulverized
shredded nose. Shuker introduced a new tech-
nique in 1988 with intranasal stabilization that
was accomplished with a plain Portex tracheos-
tomy tube (No. 7 or 8 tube). The tube is modi-
fied by heating over a flame, squeezed with
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Fig.3.1 Illustration of
how ribbon gauze or
Whitehead’s varnish
should be laid down
uniformly in the
maxillary sinus (coronal
view). Based on original
drawing by Dr. Joe
Baroud

Ribbon
gauze

straight artery forceps, and immediately
immersed in cold water to harden. A cross sec-
tion of this segment will approximate a pyra-
mid shape. A Portex tube should be inserted
into each nostril and the fractured lacerated
septum sandwiched in the middle between the
two tubes. Those are left in position for 1
month. Intranasal lacerated tissues tolerate the
Portex tube well, with no complications
(Fig. 3.2) [46, 47].

Management of the Complicated
Wound

Although management of the complicated facial
war wound remains obvious and well described,
some practitioners disregard or fail to imple-
ment them adequately. The principles are as
follows:

Initiating broad-spectrum antibiotics as soon
as possible when infection is suspected
Aggressive debridement of all avascular frag-
ments of bone and infected tissue

Removal of all hardware in zones of infection
or bony malunion/nonunion

Replacement of plate and screw fixation with
external fixation devices if healing is not
complete

Immediate free tissue transfer to large com-
posite defects resulting from debridement
Definitive reestablishment of skeletal support
and avoiding temporary rigid fixation
Vascularized tissue coverage to exposed bone
with priority given to local tissues if available [48]
Protection of bone grafts with well-
vascularized local or free soft-tissue transfer
Avoiding definitive reconstruction during the
inflammatory phase between 72 h and 3 weeks
from injury
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Fig.3.2 TIllustration of
the Shuker technique
with intranasal
stabilization that was
accomplished with a
plain Portex
tracheostomy tube
(sagittal view). Based on
original drawing by Dr.
Joe Baroud

e Providing tissue cover to wounds that are
unlikely to heal, or may heal with residual
deformities

Management in the Chronic Phase

In this final stage of reconstruction, fine-tuning
procedures are performed to reintegrate the
patient into society.

Scar Contractures

The forces of scar contracture in the severe
trauma bed are extremely tenacious and may
distort facial symmetry. What looks like ade-
quate soft-tissue contour at 3—6 months might
become distorted at 1 year. Scar contractures
affecting the oral commissures, nasal ala, or
canthi are easily managed by generous Z-plasty
release.

Facial Tattooing

Facial tattooing is managed with variable out-
comes depending on the depth of the dermis
involved. Hard chemical peeling agents such as
phenol or more aggressive dermabrasion can be
used. The ideal treatment of facial tattooing

Tracheostomy
tube

Cross section

remains in prevention through adequate skin
debridement and scraping in the acute injury.

Flap Refinements

Contour definition and debulking can be per-
formed as early as 6 weeks following the initial
flap procedure. The initial debulking should be
done very conservatively and waiting up to 6
months before the second debulking is advisable.
Cutaneous skin paddles continue to lose bulk
over 1 year after placement, and some skin pad-
dle contracture may continue over this period.
The result is a pincushion deformity that can be
revised by debulking and contour definition.

Soft-Tissue Depressions

If bulk is required for contouring or filling a soft-
tissue defect, the most reliable and predictable
tissue to use is vascularized adipose. Adipo-
fascial grafting and fat grafting are also good
options. The low survivals of the grafts in scar
tissue, however, necessitate multiple sessions to
attain the desired results. Micro-fat grafting is
useful in restoring upper and lower eyelid projec-
tion after insertion of an ocular prosthesis. Any
final volume adjustment should not be performed
sooner than 8—12 months following surgery.
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Nasal Refinements

Attaining a normal nasal structure in these patients
can be extremely challenging. The surrounding
contracture forces distort all but the most stable
underlying bone or cartilage framework. When
cartilage grafts are used in reconstruction of the
nasal ala or dorsum, they should be obtained from
the coastal margin. Auricular and septal cartilages
are too weak to withstand the surrounding scar
contracture and may not maintain a satisfactory
contour. Dorsal grafts should be rigidly fixed to
the glabellar area with miniplates of at least
1.5 mm. Skin graft use should be limited to con-
cavities such as the lateral nasal walls and medial
canthal areas and follow the subunit principle of
nasal reconstruction. Nasolabial flaps are particu-
larly useful in minor alar and tip-skin revisions. If
color match is poor in a transplanted skin paddle,
the use of medical tattooing may be used to soften
the color differences with the surrounding tissues.
This should be done in a very conservative and
staged fashion, initially starting in an area that is
least visible.

Residual Palatal Defects

Residual small or large palatal defects and fistu-
lae can be managed using a combination of palate
turnover flaps, palate rotational flaps, facial artery
myomucosal flaps (FAMM), or tongue flaps.
Free tissue transfer may be needed if no local tis-
sues are available.

Ocular Prosthesis

For an ocular prosthesis to be retained and have a
natural appearance, an adequate conjunctival
pocket is required. When a substantial amount of
the conjunctiva has been destroyed in the trauma
setting, mucosal or skin grafting is used to restore
this depth. Syringe plungers wrapped with
Vaseline gauze are cheap and useful for bolster-
ing intraocular grafts in position. A professional
cosmetologist may provide useful tips regarding

hairstyle, makeup, and adjunctive measures that
enhance the positive aspects and camouflage the
negative aspects of the final reconstruction
results.

Dentition

Most facial trauma patients have remaining den-
tition following the major reconstructive proce-
dure. These remaining dental supports may be
used for retention and stabilization of a tissue-
borne denture. This denture prosthesis can be
easily fabricated for trial purposes and is justified
before subjecting the patient to the time and
expense of an implant-retained or implant-borne
denture rehabilitation. If it seems to function sat-
isfactorily, a permanent tissue-borne denture is
made. If not, then dental rehabilitation with
implants can be started.

Perioral Trauma

The scarred and reconstructed oral stoma is con-
siderably more rigid than the normal lip aperture,
leaving all patients who have had significant loss
of lip and perioral soft tissue with some degree of
microstomia. Depending on the severity, micro-
stomia may be managed by commissuroplasties,
Abbe flaps, or free radial forearm flaps.

Case Study
Case

A healthy young female sustained a shrapnel
injury to her maxillary and orbital regions. Her
initial management consisted of suboptimal
wound debridement, globe enucleation, and soft-
tissue re-approximation in a field hospital. She
presented 3 days after injury and with a signifi-
cantly contaminated orbital and periorbital
wound, a shattered maxillary sinus, frontal sinus
fracture, intracranial aneurysm, and cerebrospi-
nal fluid leak (Fig. 3.3).
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Her initial operation consisted of aneurysm coil-
ing and dural patching followed by a thorough
debridement session. The frontal sinus was then
obliterated using a pericranial flap and calvarial bone
grafts were harvested and fixed to the superior and
inferior orbital rims using miniplates. Three weeks
later, after the inflammatory phase subsided, a radial
forearm facio-cutaneous flap was used to reconstruct
the orbital soft tissues (Figs. 3.4 and 3.5).

Two months later, after the swelling had
resolved, a globe socket was created using a full-
thickness skin graft through the radial forearm
flap. The skin graft was bolstered inside the globe
using a syringe plunger wrapped in Vaseline
gauze. Medial canthal suspension was performed
using trans-nasal wiring.

At 4-month follow-up, the patient presented with
a draining cheek sinus (Fig. 3.6) that was success-
fully managed by removal of the infraorbital bone
graft hardware. No replacement with external fixator
devices was required because of complete bone
healing and stable graft position. After 4 weeks of
combined intravenous and oral antibiotics, the
patient recovered with no further complications.

Fig.3.3 [Initial presentation (a) and CT scan (b)

Principles Reviewed

e Concomitant life-threatening injuries require
a multidisciplinary team approach.

* Adequate initial debridement and clean wound
status prior to reconstruction.

* Avoid definitive reconstruction during the
inflammatory phase.

e Maxillary plate and screw fixation pose high
infection risk.

e Vascularized bone transfer superior to bone
grafting in short- and long-term outcomes.

* Protect bone grafts with well-vascularized
tissue.

e Early empiric antibiotic therapy when infec-
tion is suspected in complicated wounds.

e Removal of all infected hardware in compli-
cated wounds.

* Replacement of infected internal hardware
with external fixation if unstable bone.

* Bolstering of globe grafts using a syringe
plunger wrapped in Vaseline gauze.

e Trans-nasal wiring for medial
support.

canthal
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Fig. 3.4 Facial artery used for anastomosis outside the
zone of injury

Fig.3.5 Initial postoperative results

Conclusion

The severity and complexity of facial war-
related injuries do not exist in civilian trauma. It

Fig.3.6 Check sinus formation after 4 months

is therefore important to realize that adequate
initial management is paramount in preventing
infections and future complications. A multistep
approach that optimizes patient management
preoperatively, intraoperatively, and postopera-
tively is important for a successful reconstruc-
tion. Complicated wounds often arise as a result
of the nature of the beast. The management of
complicated wounds follows clear principles
not to be compromised. There is no consensus
to dictate the use of local, regional, or distant
tissue transfer in complicated wound manage-
ment. However, the tissues of choice should
have adequate vascularity for reasonable
outcomes.

It is important to fine-tune the initial recon-
structive efforts during the late phase of recon-
struction to re-integrate the patient into society.
Late reconstructive efforts not only address cos-
metic issues, but may also be of functional ben-
efit. Examples include revisiting a palatal defect,
releasing a lower eyelid ectropion, or reestab-
lishing adequate dentition and mouth opening
[49].
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The Management of Penetrating

Neck Injuries

Mohammad Rachad Wehbe

and Jamal J. Hoballah

Introduction

The management of penetrating neck injuries
remains most challenging, requiring expertise to
achieve optimum outcomes and avoid disastrous
results [1]. The neck is a crowded structure con-
taining major vessels, aerodigestive system, and
nerves. Vascular injury can result in bleeding that
can compromise the airway, or cause a major
stroke [2]. Injury to the aerodigestive tract can
also obstruct the airway or cause a challenging
mediastinitis if missed. Penetrating injuries can
occur due to stabs with sharp objects, bullets,
shotguns, shrapnel, missiles, and explosive
devices [3]. In civilian injuries, stab wounds are
responsible for the majority of penetrating neck
wounds [4]. In combat zones, the penetrating
injuries are typically due to high-velocity mis-
siles or bullets [5]. The platysma in the neck is
comparable to the peritoneum in the abdomen. If
the platysma is penetrated, then a neck injury can
be serious and warrants vigilant management.
The management of neck injuries can vary
depending on the location and the mechanism of
the injury [6]. The neck has been divided into
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three zones to help clarify the management of
such injuries (Figs. 4.1 and 4.2):

Zone 1: Starts from the sternal notch to the
cricoid cartilage

Zone 2: Starts at the cricoid cartilage and
extends to the angle of the mandible (Fig. 4.3)

Zone 3: Represents the area of the neck that
extends cephalad above the angle of the mandible
(Fig. 4.4)

Zone 2 is the most exposed part of the neck
and is relatively easily accessible. On the other
hand, zones 1 and 3 are fairly inaccessible, as
access to zone 1 is limited by the clavicle and the
sternum, and access to zone 3 is constrained by
the neck structures and the base of the skull [7]
(Fig. 4.5).

Immediate Management

In conflict areas, patients with penetrating neck
injury may present acutely to the emergency
department or to an advanced medical center after
having received initial care at a local or battlefield
hospital. The care of all patients initially should
follow the ABCs of trauma care [8]: securing the
airway, and maintaining breathing and circula-
tion. The importance of circulation and control-
ling exsanguinating hemorrhage has been recently
stressed as a vital principle in the management of
penetrating neck injuries [9] (Fig. 4.6). Neck sta-
bilization with a C collar, however, has proven to
be superfluous in battlefield penetrating injuries
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Fig.4.1 Anatomy and
classification of neck
zones. Reprinted from
Ryan’s Ballistic Trauma,
Neck injury, 2011,
395-418, Matthew

J. Borkon, Bryan

A. Cotton, with
permission of Springer

Fig.4.2 Neck zones in
relation to the great
vessels and neck vessels.
Reprinted from Van
‘Waes OJ, Cheriex
KCAL, Navsaria PH,
van Riet PA, Nicol AJ,
Vermeulen

J. Management of
penetrating neck
injuries. British Journal
of Surgery 2011 Dec; 99
(S1): 149-154.
Copyright © 2011
British Journal of
Surgery Society Ltd.
Published by John Wiley
& Sons, Ltd.
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Fig.4.3 Direct bullet entry to neck zone 2
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Fig. 4.4 Victim of a knife blade-penetrating stab wound
to neck zone 3

Fig. 4.5 Scout sagittal CT brain showing knife blade-
penetrating stab wound to neck zone 3

as the incidence of spinal column instability fol-
lowing such penetrating injury is very rare. In
addition, a neck collar may mask a serious pene-
trating injury and may expose the paramedic per-
sonnel to unnecessary harm while trying to insert
it on the field [10].

Due to the straightforwardness of the accessi-
bility of zone 2, neck injuries that violate the pla-
tysma in that zone were traditionally treated with

Fig.4.6 Length of a knife blade-penetrating stab wound
to neck zone 3

Fig.4.7 Zone 3 neck bullet injury with angiogram show-
ing a shrapnel next to the carotid artery with no arterial

injury

routine exploration. However, for injuries in zones
1 and 3, the treatment was a selective manage-
ment based on evaluation of all the structures
present in these areas [11] (Fig. 4.7). The high
rates of negative neck exploration for zone 2 neck
injury and the limitations of scarce resource avail-
ability when having multiple patients with pene-
trating injuries further led to the evaluation of
selective management for zone 2 injuries [12].
Furthermore, in patients with bilateral zone 2
neck injuries, neck injuries that traverse the mid-
line, and those with shotgun injury, a selective
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Fig. 4.8 Angiogram showing pellets around the carotid
artery

management may avoid bilateral neck exploration
providing a customized treatment. Such custom-
ization will clarify if an exploration is needed and
may guide the selected incision and approach
especially for zone 1 injury [13].

Clearly, the management also largely depends
on the stability of the patient and the presence of
hard signs of vascular injury [14]. The hard signs
include active bleeding, absent distal pulses,
expanding hematoma, bruits, thrill, and subcuta-
neous emphysema. A gauze (4 x 4) dressing is
applied with local gentle compression on the
injury site to control mild to moderate bleeding.
Massive arterial bleeding is best initially con-
trolled by inserting a Foley catheter in the hole of
the penetrating wound and inflating the balloon
to tamponade the bleeding [15, 16].

Zone 1 stable patients: In a zone 1 stable patient,
the surgeon needs to rule out the presence of arte-
rial, tracheobronchial, or esophageal injuries [17].
As such, a selective angiography or CT angiogra-
phy is first performed to rule out vascular injury. A
trachea-bronchoscopy is performed to rule out
injury to the tracheobronchial tree, and an esopha-
goscopy or a contrast swallow is performed to rule
out gastrointestinal tract injuries. It is very vital to
identify injuries to the GI tract as they could lead to
mediastinitis which, left untreated, will have a very
poor outcome. The longer the delay the worse is the
outcome of a missed esophageal injury.

The selective angiography or CT angiogra-
phy will determine the presence of injury to ves-
sels of the thoracic inlet [14] (Fig. 4.8). Clearly,

that area is very congested with structures start-
ing from the aortic arch to the major vessels,
specifically, the innominate artery and vein, left
common carotid, and left subclavian arteries
and veins. The injury site will help determine
which surgical approach is going to be neces-
sary. A median sternotomy typically offers
exposure to all the vessels of the thoracic inlet
except the left subclavian artery which may be
very challenging to secure from a median ster-
notomy. An injury to the left subclavian artery
typically requires a left anterior thoracotomy for
exposure and management. Some injuries may
be amenable to endovascular therapy by insert-
ing a covered stent that seals the injured artery.
Such management requires the presence of an
experienced team and the availability of an
appropriate inventory of stent graft material.
There is always concern about the use of foreign
body and grafts in such contaminated wounds
[18]. However, when possible, an endovascular
approach may be very desirable despite the risk
of late graft infection as it avoids the need for a
sternotomy or a complex thoracotomy in a mul-
tiply injured patient.

Zone 1 unstable patients: In zone 1 unstable
patients especially if in extremis, these individu-
als are best managed by immediate exploration in
the operating room via emergent sternotomy
which allows prompt and full exposure to all the
vessels except the left subclavian artery. Typically
the incision of the median sternotomy can be
extended to the right or left neck to allow expo-
sure of the right or left common carotid arteries
and veins. It can be extended towards the right
supraclavicular region to allow for full exposure
of the right subclavian artery. If the injury appears
to be originating from the left subclavian artery,
an experienced thoracic or trauma surgeon may
be able to get control of the origin of the left sub-
clavian through an existing median sternotomy.
This is extended to a left supraclavicular incision
for further distal control. If this extension does
not offer the needed exposure, a left third anterior
thoracotomy will be needed converting the inci-
sion into a chest trapdoor incision. Such exposure
will provide full exposure of the left subclavian
artery at the cost of significant morbidity.
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Zone 2 stable patients: In zone 2 stable
patients and due to the direct accessibility of the
structures in that area, the management remains
variable and depends on the local facility and
resources available [19]. Patients with obvious
hard signs and symptoms of vascular, tracheal,
or esophageal injury are taken directly to the
operating room for neck exploration. Patients
who are asymptomatic can be treated by either
mandatory or selective exploration. Immediate
exploration allows prompt evaluation and man-
agement of the injured neck structures. This,
however, requires general anesthesia, a neck
incision, and availability of an operating room
and its team, which may not be immediately
available due to the presence of multiple other
injured patients.

With selective exploration, a carotid angiogra-
phy or CAT scan angiography is performed first
followed by a dilute barium or gastrografin swal-
low with possible bronchoscopy [20]. The disad-
vantage of the selective management is that
arteriography can have false-negative rates and
may miss venous injury [12]. The barium swal-
low is not very sensitive and missed esophageal
injuries have very high morbidity and mortality
compared to a negative neck exploration which
typically has minimal mortality and morbidity
and may be less costly than a pan-endoscopy and
a digital subtraction angiography. Surgeons in
favor of selective management would argue that
the rate of negative routine exploration is very
high if done for any penetration of the platysma.
They will claim that the delay in repair that may
occur due to investigation with pan-endoscopy
and angiography is unlikely to cause an increase
in morbidity. In addition, an intimal fracture that
may be missed by routine neck exploration can
be identified by angiography.

Furthermore, not uncommonly, patients with
zone 2 injury have a coexisting zone 1 injury
which will require investigation with angiogra-
phy and upper GI study. Similarly, if the injury
extends posteriorly and there is concern regard-
ing a possible vertebral artery injury, an angiog-
raphy will also be needed.

Clearly the management can be individualized
to fit the patient’s presentation and the local

resources. In cases of mass casualty or multiple
injured patients, wheeling every patient with a
penetrating neck injury to the operating room
may not be possible and may be very taxing to
the available resources. In civilian penetrating
neck injuries, Frykberg et al. evaluated the role of
physical examination and clinical experience in
the management of zone 2 neck injury and
showed it to be very reliable. In a study of 124
patients, 30 had hard signs and were taken
directly to the operating room to find that 28 had
significant vascular injury, with a falsely positive
rate of 6.7%. Twenty-three had no hard signs, but
due to the involvement of other zones had an
angiogram which identified three injuries, with
only one needing intervention. The remaining 91
patients had no hard signs and were observed for
24 h. In these patients, no complications were
noted nor was delayed surgery needed. The
missed injury rate was 0.74%. As such, Frykberg
et al. concluded that physical examination alone
for zone 2 neck injury is safe and accurate in their
hands. Such an approach may be applicable to
conflict injuries and may be useful in centers with
limited resources or until patient evacuation and
transfer to a more advanced center are completed.
The physical exam can also be supplemented
with duplex ultrasonography if available.
Frykberg et al. evaluated the value of duplex
scanning versus arteriography for cervical vascu-
lar injury and showed that both modalities are of
comparable accuracy.

It is important to note that angiography can be
very useful for zone 2 injury, especially when
there is a shotgun injury or injury to both sides of
the neck. In that situation, bilateral neck explora-
tion may be avoided and an angiography and pan-
endoscopy can be fairly helpful in determining
which side to explore. CT angiography may be a
valuable tool to be used to replace digital subtrac-
tion angiography, especially when a vascular sur-
geon or an interventional radiologist is not readily
available [14]. However digital angiography is
the most sensitive at identifying vascular pathol-
ogy compared to CT angiography especially in
the presence of shrapnel or metallic foreign body
that will create a major artifact affecting the inter-
pretation of the study [21].



36

M.R. Wehbe and J.J. Hoballah

As far as zone 3, this is a hard-to-access area
and evaluation using selective angiography and
upper endoscopy is usually performed to identify
the best way to manage such patients. Rarely
these patients present with exsanguinating hem-
orrhage that requires an immediate exploration.
Most patients typically present in a stable
condition.

Management of Carotid Injuries
Open Repair

Once the neck is explored, the options in manag-
ing carotid injuries include repair or ligation.
Several studies have shown that the individuals
who undergo repair have a better outcome than
those who have a ligation, especially if the preop-
erative status showed normal or mild deficit [22].
In patients who have severe deficits or are in
coma, the outcome in the management is poor
irrespectively, and there is no major benefit to
repair over ligation. Feliciano et al. showed that
repair of the injured carotid artery resulted in bet-
ter outcomes, except in comatose patients with
Glasgow Coma Scale score of less than 8 [23]. In
these individuals unsatisfactory neurological out-
come will occur irrespective of whether ligation
or repair was done. In their analysis of penetrat-
ing carotid injuries, Hershberger et al. showed
that all the patients who underwent emergency
exploration and repair had improvement in their
neurological findings [24]. Three of the 21
patients in the urgent group underwent ligation; 1
died and 2 improved. Ramadan et al. [25] showed
that operative repair offers the best chances for
recovery in all categories of carotid injury
(Fig. 4.9). Ligation is useful only as a last resort
and lifesaving effort.

In summary, most surgeons will opt to repair a
carotid injury unless the patient is very unstable
to tolerate the repair with a very dense stroke or
comatose. In such devastating condition, a liga-
tion may be the only remaining option to avoid an
imminent death on the operating room table.

Fig. 4.9 Open surgical repair of the carotid artery with
vein graft

Endovascular Treatment

Endovascular treatment includes embolization or
placement of endovascular stent grafts that can
maintain distal flow. It offers an attractive treat-
ment modality in difficult-to-access vessels such
as the subclavian or vertebral arteries, as well as
the carotid artery in zones 1 and 3. The value of
endovascular grafts for treatment of traumatic
injury to the aortic arch and great vessels has
become a new advancement in the management
of penetrating neck trauma for zone 1 injury. This
was shown in the experience by Hershberger
et al. This was associated with a statistical suc-
cess of 96% and very minimal complication rate
of 6.4% [24].

The management of zone 3 carotid arterial
injury is fairly challenging. Endovascular
approach allows for temporary balloon occlu-
sion. Detachable balloon can also be used to pro-
vide permanent occlusion in poorly accessible
areas. The risks from balloon occlusion can be
very high. As such, assessment of the collateral
flow prior to sacrificing an internal carotid artery
is mandatory to prevent disastrous sequelae.
Temporary balloon occlusion allows for evalua-
tion of the collateral circulation and the possible
impact of ligating or occluding an internal carotid
or a vertebral artery. If embolization is not rec-
ommended, caging the injury by placing of a
stent across it and coiling the area outside the
stent may provide control of the injury with pres-
ervation of the blood flow [26]. Clearly this is an
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Fig.4.10 Duplex scan
can be diagnostic of AV
fistula postinjury to the
neck
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advanced method of care that requires neuro-
endovascular expertise not readily available in
most combat areas.

Blunt Neck and Carotid Injury

The patients in conflict areas can also be subject
to blunt trauma to the neck. Blunt trauma to the
neck can result in hyperextension of the neck
with a resultant injury to the carotid artery [27].
The carotid artery may sustain a blunt trauma
directly by a direct blow from a hard object or
from a seatbelt injury or a base-of-skull fracture.
The blunt trauma will result in a stretch of the
artery with subintimal bleed and possible dissec-
tion or an intimal tear; this could ultimately lead
to thrombosis or down the road a pseudoaneu-
rysm formation [28]. It is important to realize
that the most common location of the blunt injury
to the carotid is usually the internal carotid fol-
lowed by the carotid bifurcation. The blunt
carotid injury can be bilateral in 10% of the cases.

The symptoms of the patients can include loss
of consciousness, aphasia, hemiparesis, and pres-
ence of Horner’s syndrome. One of the key fac-
tors about blunt carotid injury is that neurological
symptoms may not be present on presentation.
Only 6-10% of patients with a significant blunt
carotid injury have neurological symptoms in the
first hour. This percentage increases to 57-73%
in the 24 h, and there is an additional 17-35%
that present their neurological symptoms after 24
h. As such, the absence of neurological symp-
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toms upon presentation does not rule out the
presence of blunt carotid injury.

The treatment options for blunt carotid trauma
include observation, anticoagulation, endovascu-
lar intervention, or surgical intervention [29].
The surgical options include ligation of the
carotid, intimal tacking, extracranial to intracra-
nial bypass, or an endovascular approach [4]. The
endovascular approach allows for reestablish-
ment of the flow into the true lumen and place-
ment of a stent across the entry point or dissected
area (Fig. 4.10). This may be the most appealing
and least stressful to the patient if the patient can
tolerate the procedure. All other surgical proce-
dures tend to be very challenging due to the dif-
ficulty in exposing and repairing the carotid
artery at the base of the skull and C1-C2 region.

Summary

In summary, penetrating neck injury is a very
challenging problem as it causes bleeding in a
confined space which can result in airway com-
promise as well as neurological deficits.
Depending on the stability of the patient, trajec-
tory of the penetrating object, and resources
available various approaches are available. Zone
2 injury developing in conflicts may be most
expeditiously managed by surgical exploration
especially if hard signs of vascular injury are
present. Similarly, unstable zone 1 injury patients
are best managed by prompt surgical exploration
through a median sternotomy that could be
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extended to a trapdoor incision. Most other inju-
ries are managed selectively by CT angiography/

digital

subtraction angiography and pan-

endoscopy. Endovascular treatment is possible in
select patients in zones 1 and 3.
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Reconstruction of Periocular War

Injuries

Riad Maluf and Rouba Maluf

Wounds inflicted in war are devastating and more
complex than those encountered in civilian practice.
High-velocity missiles produce extensive soft-tis-
sue and osseous destruction. Current concepts in
the management of war wounds have evolved
over experiences gained during numerous wars
fought all over the world. Continued advances in
weapon technology have resulted in wounds with
more extensive composite tissue losses, where
reconstruction is challenging and often a multi-
stage procedure is necessary.

Military medicine in combat zone differs from
civil medicine practice in a number of respects.
The war wounds are heavily contaminated with
dust, soil, clothing, and other foreign bodies.
Blast wounds are characterized by extensive tis-
sue damage with large areas of devitalized tissue
and significant foreign body loading. Due to
combat situations, the casualties reach late
beyond the golden period to the surgical team.
The combat hospitals are overwhelmed by the
number of casualties during the Iull period of war
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and therefore the triage becomes a necessity. The
aim of triage is to provide optimum care to maxi-
mum number of casualties. Evacuation of casual-
ties to a tertiary care center may be delayed by
days or weeks. This is what’s happening in the
Middle East area these days, and lots of casual-
ties from Syria and Iraq are being transferred to
Lebanon, late beyond the golden period for surgi-
cal reconstruction [1]. In addition, the primary
suturing of wounds in combat hospitals, most of
the times, lacks the basics of adequate anatomical
re-approximation, and hence we commonly deal
with severe canthal dystopias and lid margin
abnormalities. Some are even left to heal by sec-
ondary intention.

Most of the ocular injuries that we took care of
were very extensive, and required an evisceration
or enucleation, if not already evacuated with the
most primitive methods and with no orbital
implants. Some patients presented with complete
absence of eyelid tissues and thus the available
adjacent skin and subcutaneous tissues were used
to reconstruct an eyelid in a way that would allow
future fitting with a prosthesis [2, 3].

Initial wound debridement and removal of for-
eign bodies are essential in these patients and
should be done as early as possible. Most of the
patients we managed had multiple embedded tiny
foreign bodies that were difficult to remove.
Some of the patients had their wounds left to heal
by secondary intention. The periocular region is
highly vascular and rarely gets infected. We did
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not encounter any serious infections among the
patients that were managed.

All patients presented without any medical
report or any clue on what was done at the combat
zone or hospital that initially took care of them.
Our management plan gave priority to correction
of the external deformities as much as possible in
order to allow fitting with an aesthetically accept-
able ocular prosthesis. Fractures and bony defor-
mities that did not have significant impact on
external appearance were left untreated. An effort
was made to cut the cost of hospitalization as
much as possible and manage using the least
expensive technology. Plates, screws, and drills
were also avoided when possible.

Case Presentations
Case 1

Figure 5.1a shows a 27-year-old male who pre-
sented 4 months after his initial injury. No eyelid
structures were identified. Skin was bridging
the area from the brow to the cheek. Computed
tomography scan revealed a cystic structure
extending from the medial to the lateral orbital
rim (Fig. 5.1b). A fracture of the lateral orbital
wall was also noted. The priority in this patient
was given to opening a fissure and enabling the
patient to be fit with an ocular prosthesis. The
lateral orbital wall was not repaired. A horizon-
tal skin incision was made from the presumed
medial canthal area to the lateral canthal area.
The cyst that was seen on CT scan was opened.
The cyst lining was kept and used instead of
placing a mucous membrane graft. Excess skin
or cyst lining was excised accordingly. No
orbital implant was inserted. A temporary con-
former was placed inside the new socket, and
an ocular prosthesis was fit after 6 weeks. The
lower lid was tight enough to hold the prosthe-
sis and there was no need for a hard graft to
support it (Fig. 5.1c). Later, he underwent
injections of hyaluronic acid fillers to rejuve-
nate and restore partially the volume in the lat-
eral canthal area and upper and lower lid. The
final appearance is shown in Fig. 5.1d.

Case 2

Figure 5.2a shows a 22-year-old male who
presented 4 weeks after the initial injury. The
patient was already on oral antibiotics for an
infected huge orbital cyst that shows under the
sutured skin. After a few days of intravenous
antibiotics, the patient underwent a horizontal
skin incision (Fig. 5.2b). The cyst was identi-
fied and opened. No eye globe tissues were iden-
tified. The cyst has probably originated from
remnants of conjunctival epithelial cells.
Figure 5.2¢ shows the inside of the cyst. Again, a
small amount of skin and cyst lining was excised.
The rest of the cyst was kept and used as new
socket lining. No orbital implant was inserted. A
temporary conformer was placed inside the new
socket. A suture was placed to tighten the lower
lid laterally (Fig. 5.2d). However, 3 weeks after
the surgery, he presented with sagging of the
lower lid. He then underwent a myocutaneous
cheek rotation flap with a hard palate graft to
support it (Fig. 5.2e). Figure 5.2f shows a well-
supported lower lid [4].

Case 3

A 26-year-old male who presented after 3 weeks
from his injury (Fig. 5.3a): The lower lid was
sutured superiorly to just below the eyebrow.
Upon exploration, the wound was reopened and
the lower lid margin was found to be sutured
directly to the tissues below the eyebrow. Most
of the upper lid skin was missing. The cornea
was also open with uveal tissue prolapse. The
uveal tissue was then cleaned and alcohol was
applied (Fig. 5.3b). A 20 mm sphere was inserted
and the sclera was sutured on top. A myocutane-
ous flap was fashioned from the cheek and
rotated to reconstruct the missing upper lid tis-
sues (Fig. 5.3c, d). Such rotation flaps are rarely
done since they give an unacceptable cheek scar.
However, in this case, and because of the exten-
sive facial wounds, this was not of major
concern. Three months later, the patient pre-
sented for medial canthal reconstruction using
the technique that is described for Case 4
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Fig.5.1 A 27-year-old male with skin bridging the area
from the brow to the cheek (a). Computed tomography
scan revealed a cystic structure extending from the medial
to the lateral orbital rim (b). Panel (c) shows the patient

(Fig. 5.3e). Figure 5.3f shows the patient after
fitting a prosthesis.

Case 4

A 31-year-old who presented 1 year after his
initial injury with severe medial canthal dysto-
pia and an anophthalmic socket with inadequate
lower fornix (Fig. 5.4a): Intraoperatively, the
medial canthus was totally freed and mobilized
superiorly. Trans-nasal wiring was an option in
this patient but it carries the risk of working on
the opposite normal area. A T-shaped plate for
fixation of the medial canthus was another

after being fit with an ocular prosthesis in the previously
described cyst. Injections of hyaluronic acid fillers were
used to rejuvenate the lateral canthal area and upper and
lower lids (d)

option. Again, we tried to use simple techniques
with least expensive material possible. The
technique we used is shown in Fig. 5.4b. The
bone was opened behind the posterior lacrimal
crest using a clamp and two holes were made in
the lacrimal fossa using an 18-gauge needle. A
double-armed 4-0 prolene suture is then passed
the way shown in Fig. 5.4b and then used to fix
the medial canthal tissues. An upper to lower
lid myocutaneous flap was rotated (Fig. 5.4¢c) to
support and prevent downward traction on the
lower lid. Figure 5.4d, e shows the last photos
taken before and after the ocular prosthesis was
fit. He had an acceptable aesthetic result except
for some upper lid retraction [5-7].
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Fig.5.2 A 22-year-old
male who presented
with an infected huge
orbital cyst that shows
under the sutured skin
(a). A horizontal skin
incision was made (b).
The cyst was identified
and opened. Panel (¢)
shows the inside of the
cyst. A small amount of
skin and cyst lining was
excised. The rest of the
cyst was kept and used
as new socket lining. A
suture was placed to
tighten the lower lid
laterally (d). He later
underwent a
myocutaneous cheek
rotation flap with a hard
palate graft to support it
(e) (reproduced from
http://www.
europeanmedical.info/
about/). Panel (f) shows
a well-supported lower
lid

Case 5

Figure 5.5a shows a 34-year-old with a medial can-
thal dystopia and an inadequate lower fornix.
Upward mobilization of the medial canthus was

done using the same technique as in Case 4, in
addition to an upper to lower lid myocutaneous flap
and a mucous membrane graft to deepen the lower
fornix. Figure 5.5b shows significant improvement
with adequate lower lid and medial canthus level.
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Fig. 5.3 A 26-year-old male who presented with the
lower lid sutured superiorly to just below the eyebrow (a).
Intraoperatively, the lower lid margin was found to be
sutured directly to the tissues below the eyebrow. Most of
the upper lid skin was missing (b). The cornea was also

Case 6

A 32-year-old with lateral canthal dystopia and
lower lid retraction more than 1 year after his

open with uveal tissue prolapse. A myocutaneous flap was
fashioned from the cheek and rotated to reconstruct the
missing upper lid tissues (¢, d). Later, he underwent
medial canthal reconstruction (e). Panel (f) shows the
patient after fitting a prosthesis

initial injury (Fig. 5.6a): He underwent midface
elevation and lateral canthal fixation at a higher
position using a single hole created in the lateral
orbital wall using an 18-gauge needle. The hole
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Fig.5.4 A 31-year-old presented with severe medial can-
thal dystopia and an anophthalmic socket with inadequate
lower fornix (a). Intraoperatively, the medial canthus was
totally freed and mobilized superiorly. The technique
used is shown in panel (b). The bone was opened behind
the posterior lacrimal crest using a clamp and two holes
were made in the lacrimal fossa using an 18-gauge nee-

was made posterior to the orbital rim where
the bone is relatively thinner. A 4-0 double-
armed suture was used to grasp the lateral
canthal tissues and exit from the created hole
where the two arms were then sutured together
over the temporalis muscle (Fig. 5.6b) [8].

dle. A double-armed 4-0 prolene suture is then passed the
way shown and then used to fix the medial canthal tis-
sues. An upper to lower lid myocutaneous flap was
rotated (c¢) to support the lower lid (reproduced from
http://www.europeanmedical.info/about/). Panels (d) and
(e) show the photos taken before and after the ocular
prosthesis was fit

This resulted in a firmer attachment than
just suturing the canthus to the periosteum
of the lateral orbital rim. The final result
shown in Fig. 5.6c reveals an adequate lat-
eral canthal position and no significant infe-
rior scleral show.
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Fig.5.5 A 34-year-old with a medial canthal dystopia and an inadequate lower fornix (a). Upward mobilization of the
medial canthus was done using the same technique as in Case 4, in addition to an upper to lower lid myocutaneous flap
and a mucous membrane graft to deepen the lower fornix. Panel (b) shows significant improvement

Fig.5.6 A 32-year-old with lateral canthal dystopia and
lower lid retraction (a). He underwent midface elevation
and lateral canthal fixation at a higher position using a
single hole created in the lateral orbital wall using an
18-gauge needle. The hole was made posterior to the
orbital rim where the bone is relatively thinner. A 4-0
double = armed suture was used to grasp the lateral can-
thal tissues and exit from the created hole where the two

Case?7

Figure 5.7a shows a significant lateral canthal
deformity and blepharophimosis. The upper and
lower eyelid tissues were sutured together laterally.

arms were then sutured together over the temporalis mus-
cle (b). Panel (c) reveals an adequate lateral canthal posi-
tion and no significant inferior scleral show. Part (b)
reproduced from McCord CD, Miotto GC. Dynamic
Diagnosis of “Fishmouthing” Syndrome, an Overlooked
Complication of Blepharoplasty, Aesthetic Surgery jour-
nal, 2013, 33(4), by permission of Oxford University
Press

A deep superior sulcus is also noted. The patient
underwent horizontal splitting of the lids laterally. A
20 mm orbital sphere was inserted. The lid margins
were stretched and re-sutured to the lateral orbital
rim. The immediate postoperative appearance is
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shown in Fig. 5.7b. The horizontal length of the
fissure improved markedly. The patient was then
fit with a prosthesis. Figure 5.7c shows the
improvement in superior sulcus depth, and the lat-
eralization of the canthal angle. The lower lid
needs more work to correct the lateral deformity.

Fig.5.7 Significant lateral canthal deformity and blepha-
rophimosis (a). The patient underwent horizontal splitting
of the lids laterally. The lid margins were stretched and
re-sutured to the lateral orbital rim. The immediate post-
operative appearance is shown in panel (b). The patient
was then fit with a prosthesis. Panel (c¢) shows the
improvement in superior sulcus depth, and the lateraliza-
tion of the canthal angle. The lower lid needs more work

Case 8

Figure 5.8a shows an eyebrow deformity. The
brow laceration was left to heal by secondary
intention. No attempt was made to suture the cut
edges. The patient ended in nonopposing brow
edges with one significantly higher than the
other. A vertical ellipse was made to resect the
area between the two brow edges, which were
then re-approximated. Fillers were used to
improve the volume loss in the superior sulcus
area (Fig. 5.8b).

Without doubt, proper primary treatment of
wounds results in superior aesthetic and func-
tional outcomes. There is no soft-tissue contrac-
ture or deformity in primary treatment. In all our
patients, the primary repair was done in combat
zone by physicians or even nurses who lack the
proper knowledge in the anatomy of the area.
Combat hospitals are frequently overwhelmed
by casualties and priority is then given to pri-
mary wound closure regardless of the anatomi-
cal structures that are involved and with total
lack of respect to closing the corresponding lay-
ers to each other. Lacerated upper and lower lids
were sutured together on top of an open eye
globe that was left to become phthisical over
time. Some of those patients were not medically
stable at the time of initial injury, and until the
time that they were cleared by the trauma critical
care team, wounds have already partly healed by
secondary intention.

Our main goal in the reconstruction of those
patients was to try to get back structures to their nor-
mal anatomical location. The apparent suture line
sometimes had to be opened in order to properly

Fig.5.8 A 27-year-old with nonopposing brow edges (a). A vertical ellipse was made to resect the area between the two
brow edges, which were then re-approximated. Fillers were used to improve the volume loss in the superior sulcus area (b)
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re-approximate corresponding structures together.
Most of our patients had multiple injuries in the face
and body. They were not asking for perfection, as
long as they have a good eyelid and socket structure
that allows them to be fit with an artificial eye.
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Management of the Upper Limb
Soft-Tissue Injuries

Joseph Bakhach and Hamed Janom

Introduction

When dealing with hand injuries, it is important
to appreciate the complexity of the hand anat-
omy. Bones, muscles, tendons, nerves, ligaments,
and skin are especially delicate structures and in
our opinion it requires special expertise to evalu-
ate the extent of the injury which in most cases is
more dreadful than it seems. For example, the
explosion of a firework in one’s hand not only
causes lacerations and degloving injury, but also
the forceful hyperextension due to the impact
itself will cause volar plate disruption and disin-
sertion of the tendons and ligaments [1].

Acutely presenting patient with a hand injury
should undergo the usual trauma protocol, i.e.,
triaging and prioritizing the patients and injuries
[2]. The trauma team whose role is to perform
thorough examination and screen the patient in
order to diagnose any life-threatening injury
should include plastic and hand surgeons in order
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to manage as early as possible any concomitant
hand injury [2]. Once that is sorted out, attention
should be directed to the extremities where the
viability of the limb and the blood supply should
take priority [2, 3]. Depending on the extent of
the injury to the hand, onset of injury, and patient
status, i.e., age and work, appropriate treatment
should be initiated. In an ischemic component,
either to the whole hand or to fingers, evaluating
the injury and anticipating recovery and resump-
tion of function by an expert hand surgeon should
dictate the next step. Vascular injuries can be
subclinical in cases of intimal injury or partial
arterial injury or aneurysms, and in these cases a
growing hematoma or a bruit is considered a sign
of impending ischemia [2, 4]. Infection control is
a very important step to be tackled especially that
battlefield wounds are highly contaminated with
multiple pathogens [3]. Broad-spectrum antibiot-
ics should be initiated as soon as possible with
keeping in mind fungal coverage in situation of
progressive tissue necrosis seen during serial
debridements [3].

Delayed presentation of patients, in the sub-
acute or chronic phases, is very common, in par-
ticular the referrals or transfers from other
hospitals to centers with advanced hand special-
ists. Patient in the subacute phase usually had
undergone several interventions before present-
ing and hence it is important to evaluate the ade-
quacy of the procedures done. Physical
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examination will delineate the vascularity and
residual function as well as the nerve supply [2].
Imaging, on the other hand, will show if there are
retained foreign bodies, i.e., shrapnel or bullets,
repaired bone fractures and instrumentations, and
finally vasculature of the hand for future recon-
struction options [4]. In the setting of infection,
previously taken cultures should be checked and
new cultures should be taken before starting the
patient on antibiotics [3, 4]. At this stage, the tis-
sues are edematous and inflamed and the struc-
tures are frail and usually beyond the wound
margin due to the effect of the shock waves and
heat dissipation in high-energy penetrating injury
[3]. Therefore, the surgeon should refrain from
any dissection through the tissues unless neces-
sary, and it should be restricted to debriding what
is clearly devitalized, removal of infected hard-
ware if present, and necessary coverage of
exposed vital structures [3].

Chronic injuries usually present to the outside
clinic for further management. Basically the
scope of this category includes nonhealing ulcers
or wounds, nonhealing fractures, chronic neuro-
pathic pain, residual deformities, loss of function,
and sensation. The main purpose of the treatment
should be relieving the pain, healing the wounds,
reconstructing the defects, and restoring the func-
tion. Part of these patients is still in the recon-
structive process which by itself is long and
requires several operations. They will most likely
require bone and tendon reconstruction, excision
of neuromas and nerve grafting, and finally vas-
cularized tissue transfer.

Several adjunct therapies have been studied
over the years. Vacuum-assisted therapy (VAC)
and antibiotic-impregnated beads became widely
used in all trauma centers [3, 5]. VAC therapy was
shown to increase the rate of wound healing, favor-
ing early reconstruction [3, 6]. Studies have shown
that VAC promotes faster angiogenesis, decreases
edema, reduces infections, promotes granulation,
and shrinks the wound [3, 6]. However, by promot-
ing granulation, it generates fibrosis and contrac-
tures which impair the hand and finger motion.
Preferably, the use of VAC therapy should be lim-
ited to large and infected wounds to be ready for
reconstruction later [3-5].

Management and Reconstructive
Options

Except for cases of threatened limb or amputated
limb that requires immediate surgical interven-
tion, all cases should undergo proper imaging
before proceeding with any treatment. Simple
X-ray can help visualize any foreign body, such
as bullet or shrapnel, and more importantly iden-
tify bone defects and fractures [4]. CT angiogram
is considered the most sensitive modality to diag-
nose vascular injury. It is also useful for vascular
mapping and reconstructive planning later [4].

Electromyography and nerve conduction stud-
ies should be considered when neurological signs
are found [4]. Motor weakness and numbness are
common signs that are found on physical exami-
nation in both acute and chronic presentations. In
blast injuries, nerve injury can range from com-
plete transection to neurotmesis depending on the
site and the energy dissipated from the shock
wave [4].

In this chapter we are going to discuss the
reconstructive options for the hand bone defects,
soft-tissue defects, tendons, and nerves. The hand
and forearm are rich in tissues that can be used as
a local source for soft-tissue and bone recon-
struction. However, in this particular situation,
the blast waves and high pressure produced by
the blast itself generate vascular impairment of
the adjacent tissue rendering their use as adjacent
local flaps very risky. In these circumstances, it is
necessary to use regional sources like the forearm
and distant sources for free tissue transfer.

Soft-Tissue Reconstruction

For any soft-tissue coverage, it is preferable to
use the local options for reconstruction first.
However, the blood supply to the hand is basi-
cally limited to two major arteries and hence, in
the setting of blast injuries, the local options
become limited. Moreover, the connections
between these two major arteries via the superfi-
cial and deep volar arch are usually interrupted
rendering it impossible to use distally based fore-
arm skin flaps for reconstruction. Consequently,
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distal vessels should be left intact in order to
maintain the vascularity to the injured hand and
fingers and to be used as feeding vessels if free
tissue transfer is needed.

Also, it is important to take into consideration
the skin differences between the volar and the
dorsal aspects of the hand [7]. The volar skin is
thicker and provides better sensory function than
the dorsal skin [7]. However the dorsal skin is
thinner and pliable which provides gliding sur-
face for motion [7]. Furthermore, the dorsal skin
is darker and hairy, which is important to con-
sider in reconstruction [7]. Preferably, the recon-
structed skin of the dorsum of the hand comes
from the dorsal forearm and the volar skin of the
hand comes from the volar forearm.

For simple wounds and chronic nonhealing
ulcers, debridement should be performed and for-
eign bodies like shrapnel and bullets should be
removed, especially if close to joints. These
wounds, except if located over joints, are left to
heal by secondary intention, during which vac-
uum dressing can be applied or daily dressing is
done and application of topical elements that
contain antimicrobial activity like silver-based
dressing and medical honey [8-10].

As for more complex wounds, where hand
structures like nerves, tendons, joints, and bones
are exposed, consequently, these structures
become prone to desiccation, infection, and
necrosis [3]. Reconstruction plan should involve
vascularized soft-tissue transfer, since as men-
tioned previously, in most of the blast injuries to
the hand, the vascularity is compromised which
makes it difficult to utilize local tissues for recon-
struction [3].

Soft-Tissue Defects of the Fingers

Isolated finger injuries that are restricted to soft
tissues and distal bone involvement with main-
tained vascularity are usually preserved. The type
of the reconstruction depends on the location of
the defect and generally two situations most com-
monly present. The first one involves the amputa-
tion of the fingertip with partial or total fingernail
loss which is the indication for toe-to-finger free
tissue transfer restoring the finger shape and the
function with minimal donor site morbidity, while

the second situation involves the loss of soft-
tissue coverage of the dorsum or volar aspect of
the finger. These defects benefit from the large
availability of flaps from the dorsal aspect of the
hand [7, 11]. Distally based dorsometacarpal artery
flap can be used for proximal finger defects that
reach the PIP joint, and can be even based more
distally on the digitodorsometacarpal circulation
(Case 1) to cover distally located defects [11].

Fig. 6.1 Preoperative marking of the digitodorsometa-
carpal flap

Fig.6.2 Immediate postoperative image of the digitodor-
sometacarpal flap used to cover the middle finger defect

Fig.6.3 Six-month follow-up on the digitodorsometacar-
pal flap
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Soft-Tissue Defect to the Thumb, Volar,
and Dorsal Hand

The forearm constitutes the main donor for prox-
imal hand, first web space, and thumb soft-tissue
defects. The working horse flap in this case
would be the posterior interosseous artery flap
(PIAF) since the use of the radial forearm or the
ulnar forearm distally based flaps is very risky for
interrupting major blood supply to the hand.
Being based on the posterior interosseous artery,
which is communicating distally to the anterior
interosseous artery, the dorsal carpal arterial net-
work and the dorsal branches of the radial and
ulnar arteries provide this flap a secure blood
inflow without compromising the blood supply to
the injured hand (Case 2) [11, 12].

Fig.6.4 Gunshot injury to the base of the left thumb with
large chronic ulcer and loss of the whole metacarpal bone
(volar view)

Fig.6.5 Gunshot injury to the base of the left thumb with
large chronic ulcer and loss of the whole first metacarpal
bone (dorsal view)

For relatively limited defects, several perfora-
tor flaps can be used. The dorso-radial flap (Case
3), located at the distal dorsal quarter of the fore-
arm and based on the dorsal branch of the radial
artery, can be used to reconstruct the hand dor-
sum, first web space, and dorsal aspect of the

Fig.6.6 The wound after debridement

Fig.6.7 Preoperative marking of the posterior interosse-
ous flap

Fig.6.8 Preoperative marking of the iliac crest free flap
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thumb [13]. For ulnar hand defects, the dorso-
ulnar artery flap is a reliable option for recon-
struction [ 14]. This flap is based on the ascending
branch of the dorsal ulnar artery and can provide
long and large skin paddle which can cover eas-
ily the MCP joints [14]. Also, the para-ulnar
metacarpal flap is a reliable option [15]. It is
based on the descending branch of the dorsal ulnar
artery. Its main advantage is to provide sensate
skin by including the sensitive dorsal branch of
the ulnar nerve and can be adapted for skin palm

Fig.6.9 Reconstruction of the metacarpal bone with the
free iliac crest

Fig. 6.10 Pedicled PIA flap elevated and used for soft-
tissue coverage over the free iliac bone flap

Fig.6.11 Immediate postoperative image

reconstruction. The main advantage of these
flaps is to provide good padding without scarify-
ing major artery on the hand. However, they are
limited in tissue coverage and cannot exceed
8 cm by 4 cm [13, 14].

Fig.6.12 Shrapnel injury to the right thumb resulted in skin
defect and 2-cm bone loss from the first metacarpal bone

Fig. 6.13 Vascularized bone island flap harvested from
the second metacarpal bone

Fig.6.14 The pedicled island flap inserted to reconstruct
the first metacarpal bone
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Fig. 6.15 A dorso-radial perforator flap of 3 x 6 cm in
size was used for coverage of the base of the thumb

Fig.6.16 Immediate postoperative image

Fig.6.17 After 6 months of follow-up

For very large defects that cannot be covered
by the posterior interosseous flap, distant fascio-
cutaneous flaps should be considered [11, 12].

Fig.6.18 Restoration of opposition

Fig.6.19 Restoration of abduction

The ancient pedicled groin flap is still an excellent
option to be used for its technical simplicity and
constant vascularity [11, 12]. However, the diver-
sity and versatility of the free tissue transfer
options made its use preferred. The use of simple
fasciocutaneous free flaps to the most composite
one combining skin, tendons, and bones enables
the reconstruction of the most complex defects in
one setting [11, 12]. Best reconstructive results
come from using the contralateral healthy forearm
(radial forearm, ulnar forearm, and posterior inter-
osseous free flaps) since it provides similar tissues
but on the expense of higher donor site morbidity
than other alternatives [11, 12]. Examples of these
alternatives would be the free lateral arm flap,
anterolateral thigh flap, scapular or parascapular
flaps, deep inferior epigastric perforator flaps, and
latissimus dorsi muscle free flap. The major prob-
lem with these flaps is their bulkiness, which
requires further thinning procedures later on [11,
12]. To overcome this drawback, the free fascia
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temporalis free flap can be ideally adapted to the
hand but its dimensions are limited and cannot fit
into large defects [16].

Skeletal Reconstruction

Bone involvement in blast injuries to the hand is
very common especially that hand bones are
superficial. Treatment of fractures depends on
whether it’s open or close, severity, and bone
gap; however it is still controversial [4]. Closed
fractures usually occur secondary to the shock
wave or from direct trauma that is associated
with the blast injury, so there is no communica-
tion to the fracture site. These fractures can be
repaired immediately either by closed reduction
or by open reduction and internal fixation
depending on the severity [17-19]. Open frac-
tures are more common in blast injuries and the
standard of care is to apply external fixation and
soft-tissue debridement and reconstruction [19].
Any further reconstruction should be done after
the wounds heal and all the edema subsides,
which can take up to 6 months. Options for bone
reconstruction depend on the location and resid-
ual gap size. For metacarpal bone defects partic-
ularly when it is limited to one or two metacarpal
bones, the vascularized bone graft is usually har-
vested from the adjacent metacarpal bone based
on the metacarpal artery and transferred as an
island flap (Case 3). Very small defects, less than
2 cm, require cancellous nonvascularized bone
graft that can be usually harvested from the prox-
imal crest of the ulna, distal radius, or iliac crest.
For phalangeal defects, rarely does it involve
only the bone shaft, and most probably will
involve the skin and tendons. Composite dorso-
metacarpal flap with skin, bone, and tendons can
be considered in very specific situation [20].
When the distal interphalangeal joint is involved,
joint fusion can be applied with fast healing and
limited impairment on finger function, while
when the proximal interphalangeal or metacar-
pophalangeal joints are injured, particular care
should be provided to their reconstruction. The
free toe-to-finger PIP transfer is a good option
that can restore both function and length of the

injured finger and can be used for either PIP or
MCP joint restoration [21]. In case the finger
extensor or flexor systems are destroyed, their
reconstruction can also be considered in the same
setting by transferring the toe extensor or flexor
systems in combination with the free transfer of
the PIP joint [21].

When fingers are totally amputated priority
should be given to the restoration of the pinch func-
tion which can be considered only after wounds
heal and edema subsides. Generally, the second toe
free transfer is preferred for the finger reconstruc-
tion while the thumb is usually reconstructed via
total or partial big toe free transfer [21].

In some circumstances, pollicization of the
index finger should be considered for thumb
reconstruction. It is particularly indicated when
the index finger is injured with stiff joints; its
transfer allows the redistribution of the fingers and
the restoration of the finger opposition [22]. Its
advantage is the short operative time and faster
recovery. However, for better function and cosme-
sis, free big toe transfer is preferred at the expenses
of longer operative time, multiple surgeries, mor-
bidity of the donor site, longer recovery time, and
postoperative physiotherapy course [21].

Tendon Reconstruction

Tendons are assessed acutely and repaired pri-
marily if no gap was found. Otherwise, recon-
struction should be done at a later stage. Initially
the tendons’ stumps are tagged with nonabsorb-
able sutures so that they can be found easily after
bones and soft-tissue coverage are sorted out. It
becomes very difficult to do tendon transfer or
tendon grafting after the edema subsides because
of the fibrosis and collapsing of the spaces. The
standard way consists of two stages for tendon
reconstruction [23]. Firstly, a silicon rod is
inserted and held with pulley grafts to create the
flexor tube. And at a later stage, the silicone rod
is replaced by the reconstructed flexor tendon
[23]. Usually, finger flexor tendons are recon-
structed by using free tendon transfer like the
plantaris tendon. If it is possible, the FDS tendon
can be harvested and used as a graft to lengthen
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the FDP tendon [23]. When tendons are not avail-
able, the microsurgical free transfer of the whole
flexor system of the second toe can be consid-
ered. Its main advantage is to restore the FDS and
FDP tendons with the pulleys as one anatomical
functional unit in one setting.

Nerve Reconstruction

Proper hand function requires good sensation
and good muscle function. Both median and
ulnar nerves innervate the sensation to the finger-
tips and volar aspect of the hand as well as the
intrinsic muscles. The radial nerve innervates the
sensation over the dorsal hand and usually its
injury at the wrist and hand level will lead to loss
of the sensation at the dorsal aspect of the first
web space only. Generally, any nerve injury that
can be repaired primarily should be done; other-
wise, repair should be postponed until wounds
are clean of infection and nerve graft can be
done. However, it is important to provide soft-
tissue coverage over the nerves to avoid infection
and necrosis of the grafts [4]. The most com-
monly used donor site for nerve graft is the sural
nerve which is located at the posterolateral aspect
of the leg. Both sural nerves can be used if
needed. The medial cutaneous nerve of the arm is
an option. For small defects particularly involv-
ing the collateral nerve of the fingers, the distal
branch of the posterior interosseous nerve can be
used for having nearly the same size [24].

Conclusion

Hand reconstruction after blast injury is one of the
most challenging surgeries. It involves functional
and cosmetic work that needs multiple and lengthy
procedures, frequent follow-up, and condensed
physical therapy. Such demanding work requires
great deal of compliance and tolerance by the
patients, and also requires constant education and
motivation by the surgeon. Unfortunately, many
patients will not be satisfied by the results and it is
crucial that the surgeon counsel the patient ahead
of time and set realistic expectations.

Clinical Cases
Case 1

A 29-year-old male who sustained a blast injury
from firework to his left hand which resulted in
the amputation of the distal half of the index fin-
ger, amputation of the thumb pulp, and a large
full-thickness skin defect of the lateral aspect of
the middle finger (Fig. 6.1): The thumb pulp was
reconstructed with advancement local flap
(Fig. 6.2). The second web space digitodorso-
metacarpal flap with a skin paddle of 2 x 5 cm was
used to cover the middle finger defect (Fig. 6.3).

Case 2

A 24-year-old male presented to us 1 month after
sustaining a gunshot injury to the base of his left
thumb with large chronic ulcer and loss of the
whole first metacarpal bone (Figs. 6.4 and 6.5).
The ulcer was completely debrided (Fig. 6.6) and
a distally based posterior interosseous skin flap
of 12 x 7 cm was planned for skin coverage
(Fig. 6.7). The metacarpal bone defect was recon-
structed with a free iliac crest flap (Fig. 6.8) anas-
tomosed to the radial artery and to the lateral
forearm vein (Fig. 6.9). To cover the whole soft-
tissue defect, the posterior interosseous flap was
harvested with preserving the fascia and subcuta-
neous tissues around its pedicle securing its
venous drainage (Figs. 6.10 and 6.11).

Case 3

A 55-year-old patient presented to us with a shrap-
nel injury to his right thumb resulted in skin defect
and 2 cm bone loss from the first metacarpal
(Fig. 6.12). The bone defect was reconstructed
using a vascularized bone island flap from the
second metacarpal bone (Figs. 6.13 and 6.14).
A dorso-radial perforator flap of 3 x 6 cm in size
was used for coverage of the base of the thumb
(Figs. 6.15 and 6.16). The thumb appearance
and opposition were restored (Figs. 6.17, 6.18
and 6.19).
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Management of Brachial Plexus

Injuries

Ghassan Soleiman Abu-Sittah, Joseph Bakhach

and Arij El Khatib

Introduction

Brachial plexus injuries are devastating injuries
due to the dire effects of loss of upper extremity
function on a patient’s livelihood and activities of
daily living. The most common victims of this
type of injury in both developed countries and war
zones are adult males [1-3]. While most brachial
plexus injuries in the developed world are traction
or penetrating injuries caused by motor vehicle
accidents [1-3], war injuries to the brachial plexus
are usually caused by gunshots or blasts and
involve a “shock wave component” to the nerve
injury as well as the traditional traction and pene-
trating etiologies. Dissipation of thermal injury
from the bullet or shrapnel in the wound usually
causes damage beyond the entry/exit trajectory of
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the foreign body; also, when bone is fragmented, it
may become a secondary missile and can cause
damage along a new trajectory different from that
of the original bullet/blast.

Brachial plexus war injuries are rarely iso-
lated and are most commonly compounded by
visceral injuries, fractures, and limb vascular
compromise. While a patient is stabilized and
lifesaving procedures are performed, nerve inju-
ries take a back seat and are usually treated in the
subacute or chronic phases [2].

In acute procedures performed to save a war-
injured patient’s life or limb, microsurgeons are not
usually consulted, and the brachial plexus receives
minimal attention. Nerves are not marked for easier
subsequent exploration and observations of status of
the brachial plexus by other surgeons are usually not
documented. Physical examinations of motor and
sensory functions of the upper limb are frequently
not performed due to a patient’s unconscious state
and, when performed on an awake patient, are con-
founded by symptoms of the frequently associated
vascular and bony injuries and pain.

Therefore, the most common presentation of
the brachial plexus war-injured patient to a nerve
surgeon is in the subacute or chronic phase.
These patients usually come in after having mul-
tiple procedures performed in nonspecialized
hospitals, many of which are badly documented.
They typically have multiple wounds of burn,
penetrating, and iatrogenic etiologies. Most
importantly, they present after weeks of motor
deficit in their upper limbs [3] without the proper
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splints and physical therapy, many having joint
contractures and muscle atrophy.

Management in the Intermediate
Phase

When a patient presents with a brachial plexus
injury that has been sustained 72 h to 3 weeks
prior to presentation, the workup should include
a detailed history of the mechanism of injury
and subsequent treatment as well as the symp-
toms in the patient’s own words. A full system-
atic physical examination of the injured hand
should be performed and documented and com-
pared to the contralateral side [1]. Special atten-
tion must be paid to the upper limb vascularity
and pulses since the brachial plexus travels
closely with the axillary artery and injury fre-
quently affects both the vascular and nervous
systems [1]. It is also very important to note any
wounds or scars on the patient’s neck and upper
extremity, as this may be pertinent to planning
of incisions for reconstruction.

The imaging workup of the brachial plexus
must include plain radiographs to evaluate the
skeletal system and any foreign bodies that may
be lodged in the wound, such as bullet fragments
or shrapnel. A CT scan of the upper limb may
provide information on the status of nerves, bony
structures, foreign bodies, and hematomas around
the brachial plexus; and a CT angiography or
plain angiography may be indicated in case of
need for evaluation of the upper limb vascular
system [1, 2]. The CT myelogram is considered
to be the gold standard for evaluation of the bra-
chial plexus injuries in patient after traction acci-
dent allowing to differentiate  between
preganglionic and postganglionic injuries [3, 4];
this investigation is less helpful in patients suffer-
ing from penetrating injury to their brachial
plexus where the injury is located in the different
divisions of the brachial plexus itself. Magnetic
resonance imaging can precisely show the roots,
trunks, divisions, and cords of the brachial plexus
and help evaluate their course, caliber, signal
intensity, fascicular pattern, and size [2, 4].
Unfortunately, the systematic use of MRI in bra-

chial plexus war injuries is limited by the pres-
ence of metallic foreign bodies in the vicinity of
important vascular and neural structures.

Physical examinations must be repeated peri-
odically to assess any improvement or change in
findings over time [2]. Electromyography should
be performed in all brachial plexus injuries at
around 4 weeks postinjury, as they have been
shown to be unreliable before that time lapse [2].

A significant percentage of brachial plexus
injuries tend to show spontaneous improvement
in the first weeks after injury; therefore, it is
inadvisable to undertake exploration or attempt
repair or reconstruction of the brachial plexus
before 10—12 weeks have elapsed from the injury
and the patient has shown no or inadequate
improvement on physical examination and serial
EMGs and nerve conduction studies [2]. This
time lapse is also adequate to allow for some
resolution of the postinjury fibrosis and clear
demarcation of the zone of injury in the nerve,
which will allow the surgeon to make a clear
plan about the best reconstructive modality.

In our hands, early exploration of the brachial
plexus, particularly when the different investiga-
tions did not show evident interruptions of the
nerves or modifications on the brachial plexus
structure with no improvement on the physical
exam 10-12 weeks after the initial injury, has shown
to be very helpful to our patients. This approach is
indicated in patients who have significant edema or
hematoma of the subclavian zone and the arm pre-
dicting the installation of perineural compressive
fibrosis. Surgical exploration will allow the removal
of all fibrotic tissue release of the whole brachial
plexus. It permits also to make an early diagnosis of
roots, trunks, cords, or division partial injuries and
its adequate repair (Fig. 7.1).

The staples of acute and subacute care for the
brachial plexus patient are therefore wound
care, evaluation of vascular and bony injuries
and their treatments, and wherever possible
appropriate splinting and physical activity to
maintain muscle mass and pliability of joints
and prevent contractures. Studies have shown
brachial plexus-injured patients who undergo
preoperative physiotherapy to have superior
postoperative results to those who do not.



7 Management of Brachial Plexus Injuries

61

Fig. 7.1 A 26-year-old male patient who presented
2 months after a bullet-penetrating injury to his right bra-
chial plexus. Physical examination and EMG showed a
total lesion of the right axillary and accessory nerves, par-
tial lesion of the right musculocutaneous, suprascapular,
right lateral, and posterior cords (a—c). Four weeks after,
the EMG showed the same lesions without any improve-

i

ment and a surgical exploration was planned. It showed
the presence of an organized fibrotic hematoma compress-
ing the different structures of the brachial plexus which
was totally removed releasing the compressed nerves (d).
Six months postop, the patient recovered a near-normal
function of the different paralyzed muscles (e, f)
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Fig. 7.1 continued

Management in the Chronic Phase

Brachial plexus injuries that show no or inade-
quate improvement by 10-12 weeks of
conservative treatment warrant surgical explora-
tion and repair. Physical examination and EMG
findings must be carefully documented and readily
available intraoperatively for reference if needed.

The patient is placed under general anesthesia
and in the supine position, with the upper extrem-
ity prepped and abducted. It is prudent to also
prep and drape bilateral lower extremities in case
sural nerves grafting is required. The anesthesiol-
ogy team should be informed of the need for only
minimal muscle relaxation at induction and no
further muscle-relaxant dosing due to the need to
use a nerve stimulator intraoperatively. Loupe
and/or microscope magnification is usually used
to adequately visualize structures and meticu-
lously perform nerve repairs.

The skin incision depends on the entry point
of the bullet. If this point is above the clavicle, the
skin incision is made in the shape of an “L” or “J”

along the lateral border of the sternocleidomas-
toid muscle and continued below the clavicle. If
the entry point is below the clavicle, the skin inci-
sion extends from the infraclavicular region to
the deltopectoral crease. When the nerve lesion is
located on the supra or infraclavicle regions, the
clavicle should not be osteotomized [2]. By pull-
ing it up with shoulder mobilization, the different
cords of the brachial plexus passing behind the
clavicle can be easily dissected, exposed, and
released from any compression [4].

When the brachial plexus exposure is expected
to be difficult or the neural lesions are predicted to
be behind the clavicle, a total approach is recom-
mended with an “S”-shaped incision extending
from the lateral border of the sternocleidomastoid
muscle to the upper arm infra-axillary region. The
clavicle may need to be osteotomized and the
major and minor pectoral muscle tendons may
need to be transected and retracted for exposure.
This approach will allow the entire exposure of
the brachial plexus from top to bottom. Before
performing the osteotomy, an anatomic shaped
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plate is presented to the superior surface of the
clavicle and the screw holes drilled and prepared.
This will facilitate the clavicle fixation later on.

Dissection should start by freeing the median
nerve in the axilla, progressing upwards to reach
the lateral and medial cords, each of which gives
one of the two branches forming the median
nerve. Lateral to the median nerve, the other
branch of the lateral cord is easily identified as
the musculocutaneous nerve, and on its medial
side, the ulnar nerve is identified corresponding
to the second branch of the medial cord. The pos-
terior cord is found by locating the radial nerve
and continuing upwards behind the axillary
artery. The axillary nerve should be found on the
lateral aspect of the posterior cord.

In continuing the dissection of the cords
upwards, the trunks are identified. Dissection and
repair of the nerves in the trunk region are always
technically difficult and require precise anatomi-
cal knowledge and extreme caution. Finally, the
roots are also dissected and identified if neces-
sary. In this way the entire brachial plexus along
with the vascular elements is dissected and
exposed from bottom to top.

Injuries to the brachial plexus elements are
visualized intraoperatively as either neuroma
formation or areas of nerves that are fibrosed
and pale. These may result from thermal injury
to the nerves, traction, or compressing hemato-
mas overlying the nerves in the aftermath of the
original injury. In the case of nerve continuity
but areas of fibrosis or neuroma formation in
continuity, dissection of the fibrosed tissues or
neuroma from the nerve tissue is warranted.
When this is completed, nerve function is tested
using the intraoperative nerve stimulator; if this
is found to show good distal muscle function, no
further repair is indicated.

In the case of more severe injury not adequately
treated with neurolysis, and also in the case of com-
plete nerve transection and neuroma formation at
the nerve ends, the nonviable portion of the affected
nerves needs to be excised and its function repaired
or replaced. The simplest form of repair is primary
nerve repair where debrided nerve ends are repaired
in an end-to-end fashion using nylon sutures taken
in the epineurium. To be effective, nerve repair

must be completely tension-free and unfortunately
conditions for this kind of repair are rarely found in
the war-injures brachial plexus.

Where primary suturing of nerves is impos-
sible due to inadequate nerve length and subse-
quent tension, nerves can be repaired using
interposing nerve grafts [1]. Nerve grafts are
usually harvested from the sural nerve in the
lateral leg; each sural nerve can reach up to
45 cm depending on the height of the patient
[1]. The nerve grafts are then used to bridge the
gap in the brachial plexus nerve. Notably, the
grafts need to be reversed so as to minimize
random nerve sprouting. Due to the smaller
caliber of the sural nerve and other nerve
donors when compared to the brachial plexus
nerves, multiple graft “cables” are used to
bridge the defect of the larger nerve. Nerve
grafts do well in well-vascularized beds and in
lengths of up to 10 cm [5]. Poor outcomes are
seen in heavily fibrosed beds and with longer
cables. It must be noted that nerve recovery
proceeds at 1 mm per day [5] in young patients
and may be slower in adults; and it may take up
to 2 years for recovery to reach the end-organ,
paradoxically, motor end plates in muscles dis-
integrated within 12—18 months of denervation
[6] (Fig. 7.2).

When nerve grafts are not feasible, or donors
are unavailable, or in the case of failure of graft-
ing, nerve transfers can be performed [3]. Nerve
transfer, also known as neurotization, is the pro-
cess of transferring or “rerouting” a functional
nerve from one muscle to a close-by, denervated
muscle to cause its reinnervation. The rerouted
nerve is usually one with a dispensable function
or a fascicle of a nerve innervating and end mus-
cle that is seen as less important than the one that
needs to be renervated [3, 6]. An example of neu-
rotization is the Oberlin technique that transfers
the fascicle of the ulnar nerve supplying the
flexor carpi ulnaris to an injured musculocutane-
ous nerve to reinnervate the biceps muscle [2].
Neurotization can also be performed by rerout-
ing the intercostal nerves from the third, fourth,
and fifth intercostal spaces with the interposition
of a nerve graft [1]. Also, for abduction reanima-
tion, the lateral branch of the triceps muscle can
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Fig.7.2 A 30-year-old male patient who was victim of
gunshot injury to his right axilla and shoulder. He
underwent multiple surgeries to revascularize the
extremity using an extra-anatomical subclavian shunt
in an outside hospital. Patient presented with total sen-
sory and motor deficit of the median, ulnar, and radial
nerves as well as the musculocutaneous nerve (a—c).
The surgical exploration showed total interruption of

the medial cord and of the musculocutaneous nerve to
its origin on the lateral cord with compressive fibrosis
of the lateral and the posterior cords. A release of the
whole brachial plexus was performed with nerve graft
of the medial cord and of the musculocutaneous nerve.
Eight months later, the patient recovered a near-nor-
mal function of the whole right upper limb (d-g)
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Fig.7.3 A 45-year-old male who was victim of a bullet
injury to his left brachial plexus. The upper and posterior
trunks were injured and patient underwent reconstruction
with nerve grafts without any improvement (a). A neuro-
tization of the musculocutaneous nerve of the left biceps

be transferred and connected to the axillary
nerve [1]. Other more complex neurotizations from
the contralateral brachial plexus have also been
described and are performed [1].

The advantage of nerve transfers is that they
“convert a high injury to a low injury” [3, 7],
meaning that when the anastomosis of the func-
tional nerve to the injured nerve is close to the
motor end plate, recovery is significantly quicker
than repair of a high brachial plexus injury
(Fig. 7.3).

Chronic brachial plexus injury where the
motor end plates of denervated muscles have
disintegrated will not benefit from neurolysis,
nerve grafting, or nerve transfer. These cases
can be treated by tendon transfer whereby the
tendon of a functional muscle is transposed to a
position where it can perform the function of the
denervated muscle. The workhorse procedure in
this category is the transfer of the latissimus
dorsi muscle to the forearm to replace the para-
lyzed biceps muscle and reanimate elbow flex-
ion [8]. It should be transferred by detaching its
proximal insertion from the anterior lip of the
bicipital groove and attaching it to the acromion
in order to have efficient and direct muscle

was conducted by using the anterolateral fascicle of the
ulnar nerve (b). Six months after the nerve transfer, the
patient recovered an active elbow flexion of 110° (¢) with-
out any weakness of the left wrist flexion

action. Care should also be given to the muscle
tension during transfer.

Another useful muscle transfer is the trape-
zius transposition for the reanimation of shoul-
der abduction in the case of deltoid denervation
[9]. Only the upper part of the trapezius muscle
can be used. Its distal tendon is harvested en
bloc with the whole terminal part of the acro-
mion yielding a 3-by-2 cm bone fragment
which provides a solid and an anatomical
attachment to the tendon. The bone is used to
anchor the flap into the lateral part of the
humeral head and fixed with cortical screws.
Moreover, by removing the acromion, a groove
is created giving a direct access and a shorter
way for the flap to traverse. Finally, the length
of the acromion should not exceed 2 cm in
order not to destabilize the scapula-humeral
joint. The shoulder should be immobilized at
90° abduction for at least 8 weeks, the time
needed for the bone to heal. In some cases, sec-
ondary tenolysis of the trapezius tendon in
order to improve the trapezius muscle mobility
and action needs to be performed. Even in the
best cases, the shoulder abduction will not
exceed 90°. Recently, the use of the opposite
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trapezius muscle opened 180° as a book was
reported with promising results [10].

Free muscle transfer can also be utilized to
return some function to a chronically denervated
limb as a result of brachial plexus injury.
Vascular and neural pedicles of the transferred
muscle are anastomosed to viable vessels and
nerves in the recipient limb. One such procedure
is the Doi procedure whereby the gracilis muscle
is transferred to the arm and forearm and anasto-
mosis is performed to the thoracodorsal nerve to
provide elbow flexion [2].

Conclusion

The major difference between the civilian and
blast injuries to the brachial plexus is that in
the civilian injuries, the mechanism is mainly
traction and they are usually well clinically
classified depending on the segment of the bra-
chial plexus involved. The surgical manage-
ment is now well known and a surgical-step
ladder has been approved by the brachial
plexus surgical committee. In blast injuries of
the brachial plexus, the mechanism is totally
different and the lesions can extend far away
from the trajectory of the penetrating agent and
highly depend on the amount of energy dissi-
pated by this agent. Moreover fibrosis forma-
tion seems to be a constant element after a
blast participating in the compression and
injury of the neural structures even if they are
not interrupted. This justifies the early surgical

exploration within 3 months after the injury if
no improvement was recorded in order to make
an accurate diagnosis of the injured structures
and to release all the surrounding fibrosis
allowing the nerves to work normally.
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Management of Upper Limb

Fractures

Said S. Saghieh and Naji S. Madi

Introduction

The upper extremity is only slightly more com-
monly affected than the lower extremity in war
injuries [1]. These injuries can be more difficult
to treat due to the potential for additional compli-
cations such as burns, severe soft-tissue injury,
the more complex functional anatomy, and asso-
ciated injuries. Moreover, external prostheses do
not provide adequate function for upper extrem-
ity amputees; therefore all efforts should be
focused on salvaging the extremity, especially if
an acceptable hand function can be anticipated.
The intermediate and chronic phase complica-
tions may increase the rate of amputation in these
patients. Soft-tissue infections, osteomyelitis, and
chronic pain as well as failure of bone reconstruc-
tion are the main causes for secondary amputation.
Wartime injuries to the upper extremities are further
complicated by a delay in definitive management
due to limited resources and available expertise.
For a better review of these injuries, we have
divided them according to the anatomical loca-
tion into five categories, each discussed sepa-
rately and illustrated with representative cases:
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Shoulder girdle injury
Humerus diaphyseal fracture
The shattered elbow
Forearm injury

Wrist injury

A N

Shoulder Girdle Injury

Four elements play a role in determining the
functional outcome of injuries to the shoulder
girdle:

1. Extent of muscular injury especially rotator
cuff and deltoid

2. Presence of a salvageable humeral head

3. Associated neurovascular injury and the
anticipated function of the elbow and hand

4. Presence of infection

Often these injuries have severe soft-tissue
loss with nearly absent deltoid, supraspinatus
and infraspinatus muscles, fractures on either
side of the joint, and superimposed infection.
Reconstruction would involve temporary or
definitive stabilization of the proximal
humerus fracture, multiple debridement, intra-
venous antibiotics based on tissue cultures,
and soft-tissue coverage (mainly using latissi-
mus dorsi muscle, if available) [2] (Fig. 8.1).
Proximal pin placement of the external fixator
is challenging. If the humeral head is commi-
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Fig. 8.1 A 32-year-old woman with blast injury to left
shoulder. Proximal humerus comminuted fracture with

extensive soft-tissue loss. Multiple debridement of
necrotic tissue and latissimus dorsi muscle flap for cover-
age of the defect. (a—c) Application of external fixator and
bone transport. (d) Persistent nonunion of the proximal

nuted, the remaining options are the clavicle,
acromion, and rest of the scapula [3].

If the remaining bone stock allows fixation of
the fractures, a reconstruction of the shoulder gir-
dle is recommended (Fig. 8.2). Severely commi-
nuted acromion or glenoid fractures are not

S.S. Saghieh and N.S. Madi

humerus fracture site. (e, f) Plating of the proximal
humerus nonunion with bone grafting. Trapezius muscle
transfer to allow abduction. Abduction brace seen in
X-ray. Adequate union was achieved 8 months later with
60° of shoulder abduction

reconstructed as a floating humeral head can have a
reasonable function [3]. However, when the
humeral head is shattered, primary prosthetic
replacement can be done if a good soft-tissue enve-
lope exists or can be achieved, and there is no evi-
dence of infection (Fig. 8.3). Reverse total shoulder
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Fig.8.2 A 41-year-old
man with gunshot injury
to left shoulder girdle.
(a, b) Radiographs of
left shoulder, severely
comminuted glenoid
fracture with shrapnel.
(c—e) CT scan of the
shoulder, comminuted
glenoid facture, scapula
fracture, and acromion
fracture. (f, g)
Reconstruction of the
shoulder girdle with
fixation of scapula,
acromion arch, and
glenoid

arthroplasty may be of value in reconstruction but
would require an intact glenoid [4]. Rarely, we may
plan for arthrodesis [5] of the glenohumeral joint at
this stage, as the risk of complications is high [6].
Functional muscle transfer can be done
simultaneously with the bony reconstruction or

as part of a staged procedure. The trapezius
muscle [7] is an option for reconstruction of
the rotator cuff because the latissimus dorsi
would have been transferred based on its
humeral attachment to close the soft-tissue
defect [8] (see Fig. 8.3).
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Fig.8.3 A 26-year-old man with left shoulder blast injury.
(a, b) Loss of humeral head and acromion, fracture of gle-
noid fossa. Nonfunctional shoulder. (¢, d) Coronal and
axial cuts of CT scan showing the humeral head comminu-
tion, glenoid fracture, and loss of bone. (e, f) 3D reconstruc-

Humeral Diaphyseal Fracture

These fractures are often comminuted with mul-
tiple fragments reaching the distal or proximal
end. External fixation can be used as the defini-

tion of the left shoulder. (g, h) Total shoulder arthroplasty,
cemented stem, and cerclage over the humeral shaft; simul-
taneous latissimus dorsi muscle flap for coverage and teres
major muscle transfer to allow external rotation. Patient
recovered 40° of abduction and 10° of external rotation

tive treatment [9] (Fig. 8.4), with bone transport
to manage bony defects [10]. Alternatively, a
two-stage procedure using the Masquelet tech-
nique and autologous bone grafting may provide
good results when there is a large bone defect
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Fig.8.4 A 44-year-old man with injury to right arm. (a)
Presented with infected nonunion distal humerus fracture
(treated with a plate). (b, ¢) Plate removed, debridement
of nonunion, insertion of antibiotics-impregnated beads,

[11]. However, these patients usually require
additional procedures for bone grafting, adjust-
ment of the fixator for better alignment, and pos-
sibly exchange to plating if nonunion persists
[12]. Also, early conversion to internal fixation
is recommended if soft-tissue conditions permit
[13] (Fig. 8.5). Shortening up to 5 cm is well tol-
erated and is an acceptable means to decrease the
duration of treatment in such injuries [14].

The radial nerve is seldom intact and any
attempt for reconstruction will fail due to
severe scarring and retraction of the nerve

acute shortening and application of external fixator. (d—f)
Healing of the fracture site. (g, h) Removal of external
fixator. Healed fracture

edges. The radial nerve injury is treated with
tendon transfer once the soft-tissue status
allows. The aim is to prevent contracture of the
wrist and restore active extension of the wrist
and fingers [15].

Shattered Elbow

In this group of patients, there are comminuted frac-
tures of the distal humerus, olecranon, and radial
head. The bone is exposed, mainly posteriorly, and
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Fig.8.5 A 46-year-old
man with a right
humerus comminuted
diaphyseal fracture with
extensive soft-tissue
defect and radial nerve
palsy. (a) Presented with
external fixator applied
at a field hospital.

(b) Radial nerve was not
reconstructable during
exploration.
Realignment of external
fixator with bone
shortening and grafting.
(c, d) Bone fragments
healed. Fracture
transformed into
nonunion of two
fragments. External
fixator removed, double
plating performed.
Fracture healed in

4 months. Tendon
transfer: FCR to EPL
and pronator teres to
EDC

the ulnar nerve is often injured [16]. These patients
have no chance to recover a mobile elbow even if
the fractures on either side of the joint were fixed.
They are best treated with multiple debridement
procedures, early elbow fusion [17], and a latissi-
mus dorsi flap for coverage [8].

Fusion of such elbows may involve a com-
plex reconstruction such as bone transport if
there is a considerable bone loss at either the
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humerus or the ulna [18]. In such instances,
external fixation is the method of choice for
fusion (Fig. 8.6). Single or double plating can be
used if local soft-tissue conditions are satisfac-
tory [19]. Custom-made elbow prostheses [20]
are an alternative in low-demand patients who
wish to preserve elbow motion [21] (Fig. 8.7).
However, this would require a sterile field and a
good soft-tissue envelope.
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Fig.8.6 A 38-year-old man with gunshot injury to right ulna fracture failed to heal. Fixator was modified and
elbow. Severe comminution. (a) Presented with an exter-  compression plate applied to heal proximal ulna. (e-g)
nal fixator on elbow. (b) Decision was made to fuse the  External fixator removed. Elbow arthrodesis achieved
elbow joint using Ilizarov external fixator. (¢, d) Proximal
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Fig.8.7 A 38-year-old
woman with blast injury
to left distal humerus
with soft-tissue defect
(a, b). Multiple
debridement followed
by total elbow
arthroplasty using
custom-made prosthesis
and latissimus dorsi
muscle flap for coverage
(c.d)

The ulnar nerve may be repaired [22] if
identified but the results are usually poor and
the patient would need further procedures,
such as tendon transfers, to improve hand
function [23, 24].

Forearm Injury
These injuries are the most difficult to man-

age. The forearm has a very complex anatomy
with two bones, three articulations, and three
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nerves. Often there is significant soft-tissue
loss and exposed bone. Bony reconstruction
should take into consideration the length of
each bone, their configuration, and their rela-
tionship especially at the wrist joint (distal
radioulnar joint).

Several concerns must be addressed when
dealing with these injuries [25]:

1. Soft-tissue coverage
2. Estimated functional recovery
3. Type of bone reconstruction
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Fig.8.8 A 19-year-old man with blast injury to left upper
extremity. (a, b) Open fractures of bone forearm, exten-
sive soft-tissue loss, exposed bones, loss of ulnar bone,
and external fixator applied to the radial shaft commi-
nuted fracture. Serial debridement. Resection of nonvia-
ble infected bone segments from ulna and radius. Free

Free microvascular tissue transfer can be the
only option for bone coverage in many cases. A
free fibula [26] with its soft tissue and skin pad-
dle is a good option because this can reconstruct
the radius or even the ulna (Fig. 8.8). Shortening
of the forearm is another option that may allow
easier bone and soft-tissue reconstruction [27].

These patients will lose much of their
supination-pronation and thus reconstruction of
the injury based on a single forearm bone may be
an alternative where the proximal ulna may be
fused to the distal radius [28] (Fig. 8.9).

Nerve injury in this area is difficult to repair
and tendon transfers are almost impossible to alle-
viate the deficit because of the extensive muscular
soft-tissue loss or the muscle injury is too severe
[29]. The main aim of nerve repair, however, is to
regain sensation in different dermatomes [25].

vascularized fibula graft to restore radial continuity. (c, d)
Fixation of the free fibula graft with a compression plate
and screws on the radial segments. (e, f) Due to severe
osteoporosis, the fixation was extended to the carpus and
second metacarpal bone. (g, h) Fixation of the graft to the
proximal radial segment

Wrist Injury

Once these injuries are analyzed the decision
to fix or to fuse should be taken immediately
[30]. Multiple futile surgeries will add to the
agony of the patient and increase the risk for
regional  sympathetic  dystrophy  [31].
Computed tomography scans are useful to
assess the articular surface and whether or not
it can be reconstructed.

External fixators can then be used to
restore the bony alignment and stabilize the
joint until ligamentous healing occurs.
Internal fixation is an option if local soft-tis-
sue status allows [32]. In severe injury involv-
ing loss of part of the radius, a free fibula can
be used for wrist fusion and restoration of
radius length [33].
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Fig.8.9 An 88-year-old
man with blast injury to
left forearm. Severely
comminuted bone
fracture of both forearms
with soft-tissue defect.
Serial debridement was
performed. (a—c) Initial
fixation of both bone
with Kirschner wires.

(d, e) Taking into
consideration the loss of
supination-pronation
and the patient’s age,
single-bone forearm was
reconstructed with screw
fixation of distal
radio-ulnar joint
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Introduction

Extremity wounds account for 70-75% of war
wounds [1]. Blast injury wounds are character-
ized by significant foreign body loading and
extensive composite tissue damage with large
areas of devitalized tissue as shown in Fig. 9.1
[2]. Tissue damage depends on the intensity of
the blast, the mass of the projectile, its velocity,
its shape, the characteristics of the penetrated tis-
sues, and the distance between the victim and the
explosion (Table 9.1) [3]. War wounds are often
associated with concomitant injuries to other
organs that take priority in management and that
would delay the treatment of limb injury [4].
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General Principles

1. Serial aggressive debridement until achieving a
stable wound without further tissue necrosis.

2. Removal of all foreign body loading.

3. Ensure an infection-free wound or with low bac-
terial contamination load prior to reconstruction.

4. Analyze the defect in a three-dimensional fash-
ion (skin, soft tissue, muscle, bone) or reproduce
the defect in delayed cases as shown in Fig. 9.2
(Table 9.2) with adequate prereconstruction
planning.

5. In the setting of osteomyelitis, a muscle component
in any flap type is considered the gold standard for
reconstruction supplemented by antibiotics.

Timing of Reconstruction

Optimal timing of lower extremity reconstruction
is debatable. Initial outcome studies by Gustilo,
Byrd, and Godina in the late 1970s and early
1980s proposed that microsurgical reconstruction
of traumatized lower extremities is best per-
formed in the first week after injury [6—8]. Godina
reviewed a series of 532 patients requiring free-
flap transfer in extremity reconstruction and
noted a 0.75% flap failure rate for flaps performed
in the immediate phase (less than 72 h after
injury), 12% failure rate of flaps performed
within the delayed phase (3 days—3 months after
injury), and 9.5% rate of failure in the group
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Fig. 9.1 Blast injury to bilateral lower extremities with
right-leg Gustilo-type 3C fracture. Figure revealing the
extensive surrounding soft-tissue damage caused by the
blast wave

Table 9.1 Types of blast injuries [5]

Type of blast

injury Mechanism

Primary Blast wave and injury to air-filled
organs

Secondary Shrapnel and projectile fragments

Tertiary Structural collapse and
displacement of the victim’s body
as a whole

Quaternary Burn and chemical injury

Quinary Infectious, chemical, or radioactive
weapons

receiving flap coverage in the late phase (more
than 3 months after injury) [8]. In our experience,
we could not find any difference in outcome
between the three phases.

Intimal damage from the blast wave contributes
to the pathogenicity of vascular complications in
the acute period following injury [8, 9]. This prin-
ciple underscores the importance of careful micro-
vascular anastomosis outside the zone of injury,
particularly within the acute phase of injury [10].

In war injuries, immediate reconstruction is
often not applicable due to associated injuries,
resuscitative needs, patient stabilization, and logis-
tical delays starting from patient transportation to
surgical scheduling [11].

Our primary goal is wound closure as soon as
possible preferably within 7-10 days after injury to
decrease the risk of infection, osteomyelitis, non-
union, and further tissue loss [12]. Byrd et al.
reported an overall complication rate of 18% for
wounds closed within the first week of injury as
compared to a 50% complication rate for wounds
closed in the subacute phase (1-6 weeks after injury)
[12, 13].

Parrett et al. highlighted that optimal synchro-
nization between orthopedic surgeons and plastic
surgeons results in better treatment in their retro-
spective review of 290 soft-tissue reconstructions
over open tibial fractures [14].

Negative-Pressure Wound Therapy
(NPWT)

First described by Fleischmann, NPWT was intro-
duced as a semiocclusive dressing and a suction
device over an open fracture [15].

The principles governing NPWT are the
following:

Table 9.2 Gustilo and Anderson classification of open
tibial fractures and bone exposure [6]

Type | Description

1 Open fracture with a wound <1 cm

11 Open fracture with a wound >1 cm without
extensive soft-tissue damage

1 Open fracture with extensive soft-tissue
damage

IIa | Type III with adequate soft-tissue coverage

IIIb | Type III with soft-tissue loss with periosteal
stripping

Illc | Type III with arterial injury requiring repair
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Fig. 9.2 Chronic presentation with healed wound post-
explosive bullet injury. (a) Left-leg 14-cm bone defect.
(b) Free fibula osteocutaneous flap harvest, inset, and
fixation with plate and screws. (¢) Six-month postopera-

¢ Contraction of the wound (macrodeformation)

¢ Stabilization of the wound environment

¢ Removal of extracellular fluid

¢ Microdeformation at the foam-wound inter-
face [16]

Rezzadeh et al. demonstrated lower over-
all complication rates with NPWT compared
to conventional wound care in the manage-
ment of mangled lower extremities with
Gustilo grade IIIB or IIIC open tibial frac-
tures [17].

We strongly agree with Liu et al. that NPWT is
considered a bridging tool either to buy time until
complex reconstruction with a free flap is achieved
or to provide granulation tissue in small wounds
that can be covered with a skin graft [18].

tive images with X-ray revealing an integrated hypertro-
phied vascularized fibular bone and full weight bearing
on the injured leg

Bone Defect

Management of bone defects strongly depends
on the length of the existing gap. Three modali-
ties for bone reconstruction are:

* Nonvascularized cancellous bone grafts, best
used for nonunions or small bone gaps of less
than 5 cm [19]

* Bone lengthening or distraction osteogenesis
for defects of 4—8 cm [19]

e Vascularized bone grafts with an average
healing time of 6 months ideal for defects
greater than 5 cm as shown in Fig. 9.2

Composite defect (bone, muscle, skin, and ten-
don with or without nerve loss) reconstruction is
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considered more complex. It is important to analyze
the defect in a three-dimensional fashion in order to
distribute skin paddles according to the perforating
vessels to cover the defect as shown in Fig. 9.3. The
skin paddle is also important to monitor the viability
of the flap; however, when the perforators are dam-
aged or not available, an internal Doppler might be
used to monitor the patency of the anastomosed
vessels. A muscle component can be included
within the flap to cover any infected bone or for
additional soft-tissue coverage whenever the skin
paddles are not enough.

Composite defect reconstruction is either per-
formed in a single stage using a single chimeric
flap (bone, skin, and/or muscle) or a double free
flap or in two stages by providing soft-tissue cov-

Fig. 9.3 Subacute presentation 3 weeks postblast injury
to the right leg. (a) Composite defect consisting of a
12-cm tibial bone defect, fibular fracture, and 80% soft-
tissue loss of the distal third of the leg. (b) Free fibula
osteomyocutaneous flap harvesting and tailoring the prox-
imal skin paddle to cover the lateral aspect of the leg, the

erage and bone spacer as first step followed by
bone reconstruction at a later stage [20, 21].

We prefer a one-stage reconstruction using
a vascularized free fibula osteocutaneous or
osteomyocutaneous flap in which variable
muscles can be included such as flexor hallu-
cis longus muscle or the soleus muscle. We
believe that a one-stage reconstruction hastens
recovery, lowers costs, prevents adjacent soft
tissue and recipient vessel scarring, avoids
repeated microvascular tissue transfer,
achieves early structural stability of the bone,
promotes bone union, improves success rates
of infection resolution, and reduces overall
healing time of severe complex injuries of the
lower extremities [21].

distal skin paddle to cover the medial aspect of the leg,
and the soleus muscle to cover the anterior defect in
between the two skin paddles. (¢) Six-month postopera-
tive images with the X-ray revealing an integrated hyper-
trophied vascularized fibular bone
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Reconstruction According
to Anatomical Region

Knee Region

The hemigastrocnemius or the soleus, but not both,
is the armamentarium of choice for knee soft-tissue
reconstruction. The gastrocnemius muscle flap
may also provide functional reconstruction of the
knee extensor mechanism as described by Patel
et al. [22]. These flaps often require a skin graft for
coverage. Local fasciocutaneous flaps such as the
anterior tibial artery perforator flap could also be
adopted as reliable coverage for patellar and knee
defects, bestowing versatility and flexibility to the
reconstructive surgeon’s armamentarium [23].
Another fasciocutaneous flap is the distally based
reverse anterolateral thigh flap supplied by retro-
grade flow through the genicular artery. This flap is
not free of complications such as venous conges-
tion and partial necrosis.

Proximal Third of the Leg

Similar to the knee region, soft-tissue reconstruc-
tion of the proximal third of the leg is relatively
straightforward. Variable local and regional mus-
cle flaps such as the gastrocnemius and soleus
muscles are available to cover any exposed bone
in the proximal third of the tibia whether it is frac-
tured or not [24]. The medial or lateral head of the
gastrocnemius muscle can each be used as a myo-
cutaneous or muscle flap; moreover, both heads of
the gastrocnemius muscle may be used as long as
the soleus muscle is intact.

Based on any local skin perforator detected
by Doppler, a freestyle fasciocutaneous flap can
be raised and adopted for coverage of locore-
gional defects. In blast injury, those locore-
gional options might not be available due to
extensive soft-tissue damage; therefore, a mus-
cle flap with a skin graft might still be the ideal
choice for reconstruction.

Middle Third of the Leg

High-energy injuries to the middle third of the
leg often result in exposed fractures of the tibia
and fibula secondary to the relatively thin soft-
tissue envelope anteriorly [25]. Fractures of the
middle third of the tibia can be adequately cov-
ered by the hemisoleus muscle flap based on
branches from the popliteal artery, posterior tibial
artery, and peroneal artery. The gastrocnemius
muscle may also be used with its medial and lat-
eral heads based on the medial and lateral sural
arteries, respectively. Those options might
become less reliable or not available the more
caudal the injury is and/or the more severe the
blast damage is.

Distal Third of the Leg, Ankle,
and Foot

In a regular nonblast lower extremity trauma,
locoregional flaps such as the reverse sural flap,
posterior tibial propeller flap, anterior tibial propel-
ler flap, and peroneal propeller flap can be adopted
variably for defects of the anterior distal leg, medial
malleolus, lateral malleolus, Achilles tendon, plan-
tar surface, and heel region [23, 26-33].

In a blast injury setting of the distal third of
the leg, ankle, and foot, reconstruction can be
quite challenging due to the tridimensional aspect
of the wounds and the damaged previously men-
tioned local flaps in a limited surface area [34—
36]. Reconstruction becomes even more
complicated when the severity of the blast
damage is extreme especially if it is associated
with vascular injury.

Free tissue transfer is required in most blast
injury cases such as the free fibular osteocutaneous
flap [37], iliac [21], parascapular osteocutaneous
flaps [38], or anterolateral thigh flap which is shown
in Fig. 9.4. The serratus anterior muscle-rib osteo-
myocutaneous flap has been reported for recon-
struction of the shaft of multiple metatarsals [39].
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Free Tissue Transfer

Functional and cosmetic outcomes are often
improved by higher steps on the reconstructive
ladder where the simplest methods are not always
ideal for reconstruction. Gottlieb and Krieger
named it the reconstructive elevator where recon-
structive surgery entails parallel and creative
thoughts rather than sequential ones [40].

Choice of Flap Tissues

A muscle component of any flap is the gold stan-
dard for coverage and treatment of osteomyelitis.
A broad armamentarium of muscle containing
flaps is available such as the latissimus dorsi, rec-
tus abdominis, gracilis, and vastus lateralis.

On the other hand, fasciocutaneous flaps
could be ideal wherever only soft-tissue cov-
erage is needed without underlying bone
infection. A wide variety of reliable flaps are
available such as the anterolateral thigh flap
(ALT), deep inferior epigastric artery perfo-
rator (DIEP) flap, thoracodorsal artery perfo-

rator (TDAP) flap, radial forearm, or lateral
arm flap. Additional expandable soft-tissue
coverage may be provided by the omentum,
which may be harvested using the open or the
laparoscopic approach as described by
Nguyen [41].

If a composite defect is faced with a bone
defect greater than 5 cm, vascularized bone trans-
fer is required. The first choice for bone recon-
struction is the free fibula, which may be
harvested with a muscle and a skin paddle. It may
be single or double barreled. The scapula may be
another viable option with the latissimus dorsi
and/or serratus anterior muscle as well as the
parascapular skin. A third option is the iliac crest
bone harvested with a skin paddle based on the
deep circumflex iliac artery.

General Principles

Regardless of the flap chosen for reconstruc-
tion, general principles for lower extremity
microsurgical reconstruction postblast injury
remain the same:

Fig. 9.4 Acute presentation of right forefoot gunshot
wound. (a) Forefoot soft-tissue defect with exposed com-
minuted metatarsal fractures and bone loss status post-k-
wire fixation. (b) First-stage soft-tissue reconstruction

with anterolateral thigh flap. (¢) Two-month postoperative
images; patient is planned for bone reconstruction with
bone grafts at 3 months from soft-tissue reconstruction
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¢ Anastomosis outside the zone of injury, which
often necessitates a vein graft.

* In a setting free of osteomyelitis, a one-stage
reconstruction is favored where skeletal support
and soft-tissue reconstruction are achieved
simultaneously.

* In the setting of osteomyelitis, the reconstruction
is divided into a first stage consisting of debride-
ment and a free muscle flap with possible use of
antibiotic spacers followed by a second stage of
skeletal reconstruction.

e In an acute setting, the distal part in a mangled
lower extremity may be used as a donor site
for free tissue transfer.

In lower extremity reconstruction, Hong and
Koshima stretched the boundary of microsurgery and
introduced the concept of supermicrosurgery “free-
style reconstruction” by using perforators as recipient
vessels with a diameter of less than 1 mm [42].

Perforator Propeller Flaps

As mentioned previously, perforator flaps have
revolutionized lower extremity reconstruction
due to the freestyle modification of locoregional
soft tissue to reconstruct certain defects without
the need for more complex procedures such as

Fig. 9.5 Subacute presentation 1 month postblast injury
to the left leg. (a) Composite defect consisting of 14-cm
tibial bone gap and extensive soft-tissue loss on the medial
aspect of the distal two-thirds of the left leg. (b) Free fib-
ula osteocutaneous flap harvesting. (¢) Flap inset with
insufficient soft-tissue coverage of the distal tibia. (d)

Propeller flap modification of the skin paddle based on the
distal eccentric perforator and division of the proximal
one. (e) Six-month postoperative X-ray revealing an inte-
grated hypertrophied vascularized fibular bone. (f) Six-
month postoperative images with foot plantar flexion
being fixed by Ilizarov fixator
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free tissue transfer. However, in blast injury, due
to the common wholistic damage, perforator
flaps are often not available in the acute and the
subacute phases. In the chronic phase, whenever
soft-tissue damage and inflammation have sub-
sided, local perforating vessels with good flow
may be identified for freestyle flaps to be raised
upon. Wong et al. have identified four factors for
successful pedicled perforator propeller flaps:

e Intraluminal pressure
e Angle of twist

e Perforator diameter

e Perforator length [43]

Gir et al. presented data from 15 case series
providing 186 cases of pedicled-perforator (pro-

peller) flaps, in which the peroneal artery perfora-
tor (PAP) flaps and posterior tibial artery
perforator (PTAP) flaps were the most frequently
used flaps. The overall complication rate was
25.8% and the failure rate was 1.1% with the most
common complication being partial flap loss
(11.3%) [44]. In a review of literature, identifying
21 studies presenting 310 propeller flaps for distal
lower extremity reconstruction, Nelson et al.
reported an even higher total flap loss rate of 5.5%
[45]. It is worth mentioning that in blast injury,
the zone of injury can be quite extensive to the
lower extremity and the availability of healthy
local tissues to permit usage of perforator flaps is
limited. Thus, free tissue transfer is required and
propeller flap modification may be used in the
context of free flaps as shown in Fig. 9.5.

Fig. 9.6 Two months post-traumatic amputation with
missile bomb blast injury. (a) Inadequate soft-tissue cov-
erage with a chronic open infected wound with underlying

osteomyelitis. (b) Images 6 months postdebridement and
coverage with vastus lateralis muscle and skin graft
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Management of Inadequate BKA
Stump

Sporadically, some patients are referred with
a short BKA stump or with an adequate stump
length but without enough soft-tissue pad-
ding. Those patients often require reconstruc-
tion for a better functional prosthetic fitting.

Variable case scenarios could be faced in

such a clinical setting. They often require
either soft-tissue reconstruction using a fas-
ciocutaneous or a myofasciocutaneous flap or
skeletal lengthening using distraction osteo-
genesis or free vascularized bone transfer if
the stump is too short.

1.

Inadequate soft-tissue padding: a fasciocu-
taneous or myofasciocutaneous flap is
required for reconstruction as shown in
Fig. 9.6.

. Inadequate skeletal length with enough
soft-tissue padding: distraction osteogene-
sis or bone lengthening is required.

. Inadequate skeletal length and soft-tissue
padding, three modalities could be adopted:
(a) Two-stage reconstruction with fascio-

cutaneous or myofasciocutaneous soft-
tissue coverage followed by distraction
osteogenesis if enough stump is avail-
able for bone lengthening.
Two-stage reconstruction using distrac-
tion osteogenesis followed by fasciocu-
taneous or myofasciocutaneous
soft-tissue reconstruction. This carries
the risk of wound breakdown and
infection.

(b)

(c) One-stage reconstruction using a vascular-
ized bone graft with a fasciocutaneous or
myofasciocutaneous soft-tissue component

in a chimeric microsurgical reconstruction.
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Introduction

Peripheral nerve injuries are common in war and
often result in a significant burden on affected
patients and their communities since the patients
are usually young, and predominantly male; and
injury to peripheral nerves results in an inability
to work and sometimes perform everyday living
activities without aid [1, 2].

War injuries are particularly treacherous to
treat when affecting peripheral nerves as they
present damage not only to the nerve but also to
its surrounding tissues, in a multitude of mecha-
nisms, namely, penetrating, traction, and thermal
injuries. Foreign bodies penetrating the body
tend to shatter and travel in multiple trajectories,
therefore distributing direct and thermal damage
to large areas that may be difficult to gauge on
initial examinations.

As bleeding vessels and fractures take prece-
dence in the acute setting of a war injury, peripheral
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nerves are frequently left unexplored and unmarked
during initial limb-saving surgeries, and patients
present to tertiary care centers capable of treating
them in the chronic phase of their injury when joint
contractures have formed, and muscles have begun
to atrophy.

Management in the Intermediate
Phase

The mainstay of care for patients presenting
within 3-21 days of sustaining peripheral nerve
injury is detailed history-taking about mecha-
nism of injury and patient symptoms [2]. Careful
physical examination of positioning of the
involved limb, any sensory or motor deficits,
wounds, scars, and contractures must be per-
formed. It is also imperative to examine limb vas-
cularity, and to compare all examined parameters
to the contralateral side [3]. Physical examina-
tions must be repeated periodically to note any
improvements in symptoms, or conversely dete-
rioration in the form of joint contracture forma-
tion and muscle atrophy.

Imaging begins with plain radiography to
reveal any fractures and their states of healing,
and foreign bodies and their locations. CT scans
may provide additional information about state
of fractures, foreign bodies, vessels, and any
collections in the involved extremity. Nerves
can be assessed with CT scans, albeit unclearly.
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Magnetic resonance imaging can provide valuable
information about the soft tissues of the extrem-
ity as well as the state of the peripheral nerves
[4], but their use is limited by inability to image
extremities with embedded metallic objects
which is a common occurrence in war injuries.
Electromyographic studies are imperative in
both diagnosis and follow-up of peripheral
nerve injuries, but should best be performed
after the lapse of 4 weeks from time of injury as
studies done prior to this have been found to be
unreliable [4].

A significant proportion of peripheral nerve
injuries improve spontaneously within the first
few weeks of their occurrence [1]. It is therefore
important to carefully time surgical exploration
of peripheral nerves to such a time that the zone
of injury has demarcated [1], the maximal
improvement has been achieved, but joint con-
tractures have not yet formed and muscle end-
plates have not yet atrophied. While awaiting the
appropriate time for intervention, it is important
to provide patients with adequate wound care,
careful splinting of the involved extremities, and
suitable physiotherapy to prevent contractures
and preserve muscle bulk [4].

Management in the Chronic Phase

Lack of significant improvement in the state of an
injured peripheral nerve within 10-12 weeks of
injury warrants surgical exploration after careful
documentation of the physical and radiographic
findings. Explorations are usually performed
under general anesthetic and with an inflated
tourniquet to improve visibility of structures. The
anesthesia team should be informed to withhold
muscle relaxation as intraoperative stimulation of
the involved peripheral nerves may be performed
during the surgical procedure [3, 5]. Dissection is
carried out from a healthy “known” area to the
injured or “unknown” site so as to discern planes
which may be obliterated within the injured area
due to scarring. Loupe or microscope magnifica-
tion may be very useful in improving visibility of
structures during dissection.

Decisions about the surgical approach to the
injured peripheral nerve hinge on multiple fac-
tors including the nerve injured, location of the
injury, whether multiple nerves or other struc-
tures are involved and are to be explored, previ-
ous scars and surgical incisions, and presence of
orthopedic hardware or vascular grafts in the
vicinity of the surgical field. Therefore, there is
no one correct approach for surgical exposure of
a war-injured peripheral nerve, but an individual
approach must be designed to accommodate each
patient’s individual case.

The treatment modality of a peripheral nerve
injury is contingent on the nature of the injury.
The manifestation of nerve tissue injury is a neu-
roma, or disorganized nerve growth [3]. When a
neuroma-in-continuity is identified and the nerve
is well stimulated intraoperatively, the treatment
is neuroma excision with inter-fascicular dissec-
tion, carefully keeping the nerve and the different
fascicles intact. In the case of complete nerve dis-
ruption by a neuroma, the neuroma is excised
until healthy nerve fibers are observed and repair
is performed on healthy nerve ends [3] (Fig. 10.1).

Nerve repair is usually performed under loupe
or microscope magnification with nylon sutures
taken in the epineurium using the simple inter-
rupted suturing technique [1]. While some sur-
geons perform end-to-end nerve anastomosis
randomly, others advocate fascicular repair [1]. It
is imperative that nerve repair is performed with-
out tension [1]. Small nerve gaps can be repaired
primarily by gently freeing the nerve edges so as
to bridge the gap. However, since most war inju-
ries carry a thermal as well as direct component,
nerve tissue damage usually extends beyond the
initially apparent neuroma, and larger nerve areas
have to be excised to arrive at healthy tissue. This
results in large gaps that cannot be repaired pri-
marily. Bridging of nerve gaps can be performed
using nerve grafts, usually using the sural nerve
[1], harvested from the patient’s leg(s) during the
same operative procedure (Fig. 10.2). Other
nerves that can be utilized as nerve grafts are
saphenous nerves, the lateral antebrachial cuta-
neous nerves, among others [1, 3]. Nerve grafts
are reversed to minimize random nerve sprouting
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Fig. 10.1 (a) A 37-year-old man presented to us 10
weeks after being wounded with shrapnel on the medial
aspect of his left ankle injuring the tibial nerve. (b)
Surgical exploration showed the presence of a neuroma-
in-continuity involving the medial plantar nerve and a
neuroma with complete disruption of the lateral plantar

and are sutured to the debrided edges of the
injured peripheral nerve [5]. In cases of caliber
difference between the injured peripheral nerve
and the graft, multiple segments or “cables” of

.

nerve. (¢) The medial plantar nerve was released from the
surrounding neuroma-in-continuity while the neuroma of
the lateral plantar nerve was totally excised followed by a
direct end-to-end nerve anastomosis. (d, ) Six months
after nerve repair, the patient recovered a useful sensation
of his sole and a normal function of his toes

the graft can be used to provide adequate number
of interposition nerve fascicles [6]. Nerve recov-
ery proceeds at 1 mm/day in healthy young
patients and best results of nerve grafting are
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Fig. 10.2 (a) A 26-year-old male had a bullet injury to
his right wrist totally disrupting the medial nerve with a
neuroma and an extensive fibrosis. Surgical exploration
was performed 5 months after the initial injury. (b) The
neuroma excision led to 6 cm length of median nerve

observed in cases with nerve gap lengths of up to
10 cm and in well-vascularized beds [7]. Despite
the frequent use of sensory nerves as grafts to
bridge motor nerve gaps due to their expendabil-
ity, there is evidence to suggest better outcomes
in using “like for like” grafts, that is, motor nerve
grafts to bridge motor nerve gaps [1, 5].
Vascularized nerve grafts have been per-
formed and studied as alternatives to simple
nerve grafts, theoretically to allow longer graft
lengths and better healing in badly vascularized
beds [3]. However, practical advantages of these
grafts remain debatable [1]. Vein grafts, as well
as tissue-engineered synthetic nerve conduits
manufactured from diverse materials ranging
from collagen to polyglycolic acid to keratin,
have been used to replace autologous nerve grafts.

defect. (c¢) Sural nerve graft using three cables was neces-
sary to bridge the nerve gap. Eight months after nerve
grafting, the patient recovered protective sensation with-
out any thumb opposition improvement. Later on, he
underwent tendon transfer for opponensplasty

However, all these replacements have been found
to be inferior to native nerve grafts and are cur-
rently only used for bridging of nerve gaps of up
to 3 cm in length [5, 8].

In cases where nerve grafts are not possible
due to extensive injury or lack of donor nerves,
nerve transfers, or neurotizations, may be per-
formed. Neurotization involves rerouting a func-
tional nerve or fascicle from its original target to
anearby denervated nerve, thereby reestablishing
nerve supply to a previously denervated muscle
[1, 2]. A commonly performed neurotization is
the Oberlin neurotization, whereby a dispensable
fascicle of the ulnar nerve (which normally sup-
plies the flexor carpi ulnaris muscle) is sutured to
the musculocutaneous nerve to reanimate the
biceps muscle (Fig. 10.3). Another example of
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Fig. 10.3 A 42-year-old male suffered a blast injury to
his left brachial plexus. He presented to us 5 months after
the initial injury with injury of his lateral cord and loss of
his elbow flexion. A neurotization “Oberlin technique” of
the musculocutaneous nerve (a) is performed using the

anteromedial fascicle of the ulnar nerve as a donor nerve
(b, ¢). Five months after the neurotization, the patient
recovered a 160° flexion of his elbow bringing easily his
hand to his face (d, e)
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Fig. 10.4 A 24-year-old male was victim of a bullet-
penetrating injury to his left elbow resulting on a com-
plex fracture of the radius (a) and a total radial palsy (b).
Ten months after the initial injury, tendon transfers were
performed. The palmaris longus tendon was transferred

neurotization is the transfer of the soleus branch
of the tibial nerve to the common peroneal nerve
in lower extremity peripheral nerve injuries [6].
Neurotizations are frequently performed close to
the target muscle; therefore, reanimation of the
end organ is quicker than primary repair or graft-
ing of an injured nerve, which would require
healing along the entire nerve length. This makes
neurotizations very useful when the time elapsed
since initial peripheral nerve injury is long and
atrophy of the motor end plate is a concern.
However, the trade-off is the loss of the original
nerve or fascicle that was rerouted or transferred
[1-3,5].

to the extensor pollicis longus and the flexor carpi ulnaris
to the extensor communis tendons (c¢). After 4 weeks of
immobilization and 8 weeks of physical therapy, the
patient recovered a normal extension and flexion of his
fingers (d, e)

When the time lapse from peripheral injury to
treatment is such that the motor end plate has dis-
integrated, nerve repair by any technique will not
result in muscle activity, and it is stipulated that
this process takes 12—18 months after injury in
the adult population [9]. The procedures of
choice for these cases involve tendon transfer,
where another muscle is maneuvered to take on
the function of the denervated one [1, 10]
(Fig. 10.4). Grafting of mixed nerves after motor
plate disintegration may be performed to return
protective sensation to the limb [5, 11].

In case where local muscles and tendons are not
available or cannot be used efficiently for mobility
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Fig.10.5 A 29-year-old man had his left foot amputated
at the level of the ankle joint. The posterior tibial nerve
neuroma was sticking to the scar, rendering it impossible
to wear a prosthesis. A surgical revision was performed
with excision of the neuroma associated with the burying
of the posterior tibial nerve in the leg interosseous space

reanimation, muscles can also be transferred from
distant locations in the body by free tissue transfer;
for example, the gracilis muscle can be transferred
to the upper extremity to provide elbow flexion
when local options are not available [4]. The donor
motor nerve for muscle innervation can be used
locally if available; for example, neurotisation of a
gracilis muscle to replace the biceps by the antero-
medial fascicle of the ulnar nerve in the arm. In
case, the ulnar nerve cannot be used, the intercos-
tals nerves can be rerouted and lengthened by a
nerve grafts in order to reinnervate the free trans-
ferred gracilis muscle.

Finally, in some circumstances particularly in
amputated limbs, nerve stumps can develop pain-
ful neuromas rendering any prosthesis fitting
impossible. Surgical exploration of the nerves is
necessary. Excisions of the involved neuromas
and shortening and burying of the nerve stumps
are recommended in order to prevent pain upon
fitting of a prosthesis (Fig. 10.5).

Physiotherapy is of paramount importance in
the short-term and long-term management of
war-injured peripheral nerve patients, and func-
tional recovery is contingent upon compliance
with physiotherapy protocols. It is therefore
important for centers treating these injuries to

maintain physiotherapy departments that are well
equipped for the physiotherapy needs of these
patients, and to cultivate a close relationship
between the surgical and physiotherapy staff for
best surgical outcomes.

Conclusion

Far from being easy injuries to treat, peripheral
nerve war injuries may preclude their patients
from leading normal lives and establishing liveli-
hoods. The plastic and reconstructive surgeon,
however, possesses a large armamentarium of
techniques to treat these injuries and alleviate, if
not eliminate, their morbidity.
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Introduction

War injuries of the extremities are quite common,
with upper extremity injuries accounting for a
slightly higher proportion than lower extremities
[1,2]. However, a study on combat injuries of the
United States armed forces in Iraq revealed that
lower extremity injuries were three times more
likely to be classified as serious to fatal [1]. The
majority of these lower extremity injuries are
classified as open wounds with 15-26% classi-
fied as fractures [1, 3]. Unlike civilian injuries,
which are typically of lower energy, these usually
are the result of penetrating bullets or shrapnel or
secondary to high-energy blasts, both of which
inflict severe damage to soft tissue and bone.
Adequate management of these injuries in the
acute phase (first 72 h) is essential in order to pro-
vide the best possible outcome with regard to limb
salvage and function. The setting of war injuries
frequently precludes the ability to acutely manage
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these patients in sophisticated modern hospitals,
especially during civil war and/or in developing
countries where access to care and expertise are
limited. Unfortunately, these injuries and their
mismanagement in the early phase are fraught
with complications. Such complications make
matters difficult for the surgeon and the patient.
These complications include infection, nonunion,
malalignment, necrotic soft tissues, joint contrac-
tures and stiffness, as well as vascular (discussed in
Chap. 15) and/or nerve injury. These result in addi-
tional procedures, prolonged hospital stay, loss of
function, or, in unsalvageable cases, loss of limb.
To simplify our approach to lower limb fractures in
the intermediate (72 h to 3 weeks) and chronic
(more than 3 weeks) phase, we have divided these
patients into four categories, each discussed sepa-
rately and illustrated with representative cases:

1. Simple bone loss

2. Infected nonunion

3. Severe intra-articular damage
4. Post-compartment syndrome

Management of Lower Limb
Fractures in the Intermediate
and Chronic Phase

The reconstruction of a mangled limb that is sal-

vaged primarily in a field hospital and transferred
for definitive surgery continues to be extremely
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challenging, even to the most experienced of
orthopaedic surgeons. Thorough examination
and care planning are essential steps for success-
ful management of any case. On initial evalua-
tion, the patient is examined from head to toe to
eliminate associated injuries that may impact the
chosen management approach. Any injury that
may prevent the patient from using assisted walk-
ing devices is noted. The affected limb is exam-
ined, paying attention to minor details, including
a full neurologic and vascular examination. Hip,
knee, and ankle joint range of motion is assessed
and documented. Wounds are examined and
assessed for the viability of soft tissues and the
presence of purulent discharge. Swab cultures are
taken if any discharge is noted from the wound.
Plain radiographs are studied and computed
tomography (CT) scans or magnetic resonance
(MR) imaging can be ordered, if needed.

The reconstructive options are then discussed
with the patient. In our experience, almost all
patients refuse amputation despite a thorough
discussion about the length of treatment, number
of surgeries needed, possible complications,
functional outcome, and cost.

Simple Bone Loss/Nonunion

These patients usually present with a Gustilo-
Anderson Type II or Illa open fracture that was
treated with an external fixator [4]. The wounds
have been adequately treated with aggressive
debridement and washout. Some wounds may
have been closed and have healed. Some are still
open but clean, without signs of infection and
with negative swab cultures.

The treatment of these injuries therefore
focuses on bone regeneration according to the
Ilizarov principles of bone distraction [5]. The
aim is to restore limb alignment, length, and
function. The treatment modalities include acute
shortening/lengthening (Fig. 11.1) or bone trans-
port with or without bone grafting of the docking
site (Fig. 11.2). An arterial injury that has been
repaired with good revascularization is not a
contraindication for this type of reconstruction;

however, it is preferred to stay away from acute
shortening in these patients, to avoid inadvertent
disruption of the limb’s blood supply.

Infected Nonunion

Patients with an infected nonunion have a super-
imposed infection to their fracture. Often these
infections are polymicrobial with multidrug-
resistant bacteria. In our experience, imipenem has
been the most commonly used antibiotic to treat
these infections due to the prevalence of gram-
negative organisms cultured from these wounds,
particularly Acinetobacter, Enterococcus, and
Klebsiella. Similar findings have been reported in
the literature from war-injured soldiers in Iraq [6].
In addition, we have had a very low threshold to
resect the affected bone and treat the infection
locally, with the use of antibiotic-impregnated
calcium sulfate pellets. These two steps have sig-
nificantly decreased the duration of systemic anti-
biotics and increased the rate of infection
eradication and bone healing [7]. This was an
important advancement for our patient population
due to their limited financial resources and inabil-
ity to continue prolonged intravenous antibiotic
administration. This has also decreased the dura-
tion of hospitalization as well as the side effects
associated with prolonged antibiotic use.

These patients can be divided into two
categories:

1. The infection is mainly in the bone without
signs of systemic infection

2. There is purulent drainage usually associated
with systemic signs of infection

In the first category, resection of the infected
dead bone edges may result in sterilization of
the field. Often, we applied the one step or
global approach. This includes radical debride-
ment and cleansing of the soft tissue, resecting
dead bone until paprika sign is noted. The gap is
then filled with calcium sulfate pellets (Stimulan,
Biocomposites®) impregnated with 1 g of vanco-
mycin powder and 240 mg of gentamycin liquid
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Fig.11.1 A 26-year-old
male sustained a
shrapnel injury to his
left lower extremity. He
was treated initially with
an external fixator,
which was removed 6
months later. Patient
presented with
nonunion, shortening,
and varus deformity (a).
A 6-cm avascular
segment of the nonunion
was resected, and acute
shortening with
application of an
Ilizarov fixator was
performed. An
intramedullary rush pin
contributes to initial
alignment of the fracture
site (b, ¢). Osteotomy
was performed
proximally for bone
lengthening at a rate of
1 mm per day. Seven
centimeters of bone
were regenerated and
consolidated with no
complications. The
fixator was removed
after 1 year (d)
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Fig. 11.2 A 35-year-old male sustained an injury to his
left lower extremity from an explosive device. He was
managed initially with debridement and application of a
monolateral frame (a). He presented 2 weeks later for fur-
ther management. An arteriogram revealed an anterior
tibial artery injury. The deep peroneal nerve and the pos-
terior neurovascular bundle were intact. A radical debride-
ment was performed, a cement spacer was inserted, and
the wound was left open. We proceeded with bifocal treat-

ment using an llizarov fixator; lengthening through a
proximal osteotomy and shortening at the fracture site (b).
After 2 months, debridement of fracture site with removal
of cement was performed with bone graft substitute graft-
ing of the docking site and secondary closure of the
wound (c¢). Lengthening was then continued for a total of
12 cm of regenerate that healed as well as the fracture site
(d). The total time in fixator was 12 months. The patient
has equal leg length with a well-aligned axis
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for each 10 cc (which replaced the mixing liquid
provided by the manufacturer) [7]. Then the
external fixator is applied, a remote osteotomy
is performed, and the wound is closed primarily
or with local flaps, if need be. These patients
typically receive a very short course of systemic
antibiotics (3—14 days) (Fig. 11.3).

In the second category, we prefer the two-
stage approach. The first stage includes resec-
tion of necrotic bone and soft tissue, filling the
defect with a cement spacer impregnated with
high doses of vancomycin and gentamycin (2 G
Vancomycin and 240 mg Gentamycin for each
40 mg methylmetacrylate), and applying the
external fixator. The second stage takes place
after 3—6 weeks of systemic antibiotic adminis-
tration. It consists of removing the cement
spacer and application of the calcium sulfate
pellets impregnated with vancomycin and genta-
mycin, as above. The remote osteotomy for
bone regeneration can be done at either stage.
The duration of systemic antibiotics depends on
the host, bacteria, and condition of the wound
(Fig. 11.4).

Another appealing approach is the membrane-
induced technique described by Masquelet [8].
The main indication for this technique is a patient
with a proximal femur fracture that was initially
fixed with an intramedullary rod, or after wound
healing. In this scenario an external fixator may
be difficult to apply and the pins may have to be
intracapsular. In this two-stage technique, we
debride the fracture site in the first stage without
exchanging the nail. Cultures are taken and intra-
venous antibiotics are started. Typically, a cement
mantle is applied as described previously. After
6 weeks, the cement is removed and bone grafting
is performed using a combination of autogenous
bone graft and calcium sulfate pellets (Fig. 11.5).

Alternatively, a vascularized or non-
vascularized free fibula graft may be used in a
single-stage procedure to fill the bone defect
and create a structural graft. This procedure has
the benefit of having a relatively straightforward
dissection, high union rate, and excellent func-
tional outcomes [9-12]. Additionally, in an
adult there is up to 26 cm of length available for
harvesting, provided the fibular head and distal
one-quarter of the fibula are retained for knee

and ankle stability, respectively. In children, a
syndesmotic screw is placed through the distal
fibular stump to prevent a valgus ankle defor-
mity. The ipsilateral fibula may be transposed or
the contralateral fibula can be harvested. When
harvesting a vascularized graft, the peroneal or
anterior tibial vessels may be used, with or with-
out a cutaneous flap [12]. The anterior tibial
vessel is preferred for epiphyseal transfers due
to better blood supply [13]. The fibula graft
should be imbedded into the canal of each end
of the long bone with a large segmental defect,
whether the tibia or femur. Fixation may be
achieved with cannulated screws, small diame-
ter elastic stable intramedullary nails, external
fixators, or bridge plating [9, 12, 14] (Fig. 11.6).

Articular Damage

Patients with concomitant articular injuries
should be well assessed. A computed tomogra-
phy (CT) scan of the joint is needed to explore
the possibility of joint preservation and assess the
extent of injury. The clinical picture becomes
more complicated with the occurrence of joint
contractures, making the restoration of range of
motion exceedingly challenging.

Knee Joint

There are two main concerns in the assessment of
knee joint injuries. The first is the possibility to
restore the congruity of the articular surface. The
second is the restoration of motion where various
intra- and extra-articular factors may lead to stiff-
ness of the joint. Ligamentous injury, whether
collateral or cruciate, has little impact because
most of these knees, when salvaged, will be quite
stiff, except when there is a severe collapse of
one of the compartments leading to osseous
instability. Our preference is to reconstruct the
knee joint when feasible. The patients are coun-
seled about the future need for intra- and extra-
articular release to regain motion once the bone
frame is healed.

In patients that have no infection, the knee
spanning external fixator is removed and joint
reconstruction performed as indicated. Often a
flap is used for coverage.
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Fig.11.3 A 36-year-old male sustained a right proximal
tibia shrapnel injury. He had a type 2 Gustillo-Anderson
open fracture of the right proximal tibia that was treated
with internal fixation (a). He developed a deep wound
infection treated with intravenous antibiotics for 3 months.
He developed an atrophic nonunion with a draining sinus
but no systemic signs of infection. Six months later, he
underwent removal of the internal hardware, radical
debridement of dead bone (a segment of 10 cm of bone

was resected), and application of a circular frame. The
wound was closed over calcium sulfate pellets impreg-
nated with vancomycin and gentamycin. Distal osteotomy
for bone transport was performed at the same setting (b).
Three months after the end of bone transport, CT scan
revealed persistent nonunion. The docking site was
grafted (c). The fixator was removed 3 months later (11
months in fixator) (d)
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Fig. 11.4 A 30-year-old male presented with a gunshot
injury to the left thigh resulting in a Gustillo-Anderson
type 2 femur fracture. Plating of the fracture was per-
formed after debridement of the soft tissue (a).
Postoperatively, the patient developed fever as well as
erythema and swelling of his thigh wound. The wound
was opened, the pus was drained, and patient was initiated
on IV antibiotics. However the infection persisted. The
patient was transferred to us. The plate was removed,

7 cm of dead bone were resected, and a monolateral fix-
ator applied with a cement spacer (b). After 6 weeks of
systemic antibiotics, the cement was removed, calcium
sulfate impregnated with vancomycin, and gentamicin
laid down in the gap that was partially compressed. A
remote osteotomy was then performed for bone transport
and later lengthening (c). Patient healed with no need for
additional grafting (d)
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Fig. 11.5 A 42-year-old male who sustained a gunshot
injury of the proximal femur treated with a temporary
external fixator exchanged to a nail after 6 weeks. The
patient had a deep infection with a persistent draining
sinus, elevated ESR and CRP with no evidence of callus
formation (a). Masquelet technique was performed with

debridement of the infected bone segment. Cement
spacer was inserted in the defect (b). After 3 months of
systemic antibiotics, the membrane was opened, the
spacer was removed, and the defect was filled with mixed
autogenous and artificial bone graft. The fracture healed
in 4 months (c)
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Fig.11.6 A 23-year-old male soldier who was hit by an  the comminution and the gap was filled with a microvas-
explosive device and sustained a severely comminuted cular tissue transfer of the contralateral fibula with a skin
distal tibia shaft fracture treated with an external fixator  paddle (b). The soft tissues healed nicely and the junc-
for 6 months. There was no sign of bone healing and the  tions of the graft healed by 6 months (¢)

soft tissue envelope was unstable (a). He had resection of
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Fig. 11.7 A 20-year-old man who was hit by an explo-
sion with severe injury of his left leg. He had a spanning
fixator to fix the Gustillo type 3c tibia fracture. His
wounds were treated with wet and dry dressings. He was
transferred to our center after 4 weeks. His medial tibia
cortex was exposed, revealing marble bone, and the lat-

By extrapolating from the orthopaedic oncol-
ogy literature, a unicondylar osteoarticular
allograft may be used for reconstruction of the
knee joint. This allograft of proximal tibia-distal
femur can be used when there is significant bone
loss of one of the tibial condyles and it can restore
the range of motion [15-17] (Fig. 11.7).

The main limiting factor in joint reconstruc-
tion is osteomyelitis because it is a contraindica-
tion to any attempt for biologic or prosthetic
reconstruction. In these patients our approach is
to go for early bone resection, soft tissue closure
with gastrocnemius or soleus flaps, application of
external fixation for bone transport to regenerate
the bone defect and prevent limb length discrep-
ancy (Fig. 11.8).

In patients with external apparatus injury, the
treatment will be as follows:

e For quadriceps musculotendinous injury: no
treatment

e For patellar involvement: either fixation or
excision

e For patellar tendon involvement: a gastrocne-
mius flap is usually indicated because of the
need to close the wound as well

eral tibial plateau was destroyed. His posterior neurovas-
cular bundle was intact. He had debridement of the medial
tibia cortex with packing with cement mantle loaded with
antibiotics and transfer of the gastrocnemius and the
soleus to cover the defect (a). After 3 months, an allograft
was used to reconstruct the knee joint (b)

Ankle Joint

The ankle joint is often affected by war injuries
directly or indirectly. Direct injury may be due to
fractures through the articular surface of the tibial
plafond or talus. Indirectly, the ankle joint may
become stiff secondary to a distal tibial metaphy-
seal recalcitrant nonunion, or a common/deep
peroneal nerve injury. Equinus contractures may
also develop in any tibial fracture when the ankle
is not adequately splinted in neutral dorsiflexion.
Sciatic nerve injury will usually lead to a flail
ankle with an insensate foot.

Reconstruction is very challenging due to the
complex anatomy and the predisposition for stiff-
ness. On the other hand, ankle fusion provides the
patient with a painless plantigrade foot that can be
amenable to regular shoe use. The main problem
with fusion is resultant decreased level of activity,
especially running, in young soldiers who plan to
return to active duty. All these patients can be
treated with ankle fusion as a method of choice in
particularly patients with articular injuries.

In patients with a stiff ankle and distal tibial
metaphyseal nonunion, a reconstruction with a
long ankle fusion rod is the method of choice.
Ankle fusion will increase the chance for the
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Fig. 11.8 A 25-year-old male patient victim of a blast
injury. His right knee was severely injured with loss of the
proximal tibia, fracture of the distal femur, and soft tissue
loss. He had an intact posterior neurovascular bundle. He
was treated with a knee spanning fixator and then trans-
ferred to our center 3 weeks later (a). The knee joint was
resected, an LRS type of external fixator was applied, and

distal tibia nonunion to consolidate and will pre-
vent equinus contracture (Fig. 11.9).

In patients with an associated equinus con-
tracture, Ilizarov circular fixator can be used to
treat tibia nonunion and to distract the ankle con-
tracture with no need for hindfoot osteotomy
(Fig. 11.10). We have previously described this
technique in patients with equinus contractures
secondary to burn injuries [18].

In patients with a sciatic nerve injury, the
options used have varied from simple splinting in
an ankle foot orthosis (AFO) or fusion, with
either a rod or screw. We prefer fusion since it
provides the patient with a long-term solution
and prevents splint injury, which may develop in
these insensate feet. Often, these patients need an
additional hindfoot and midfoot fusion to achieve
a plantigrade foot.

acute shortening performed (b). The bone was covered by
local flaps and a split thickness skin graft. Once the soft
tissue healed, a distal osteotomy was performed for bone
transport followed by lengthening (c¢). The fixator was
then exchanged with a knee fusion rod to prevent fracture
of the fusion site and the distraction gap (d)

Reconstruction Post
Revascularization Injury

War-injured patients with Gustilo-Anderson
Type IIIC injuries who present for reconstruc-
tion after a revascularization injury are the most
difficult patients to treat. The plan should be
adequately explained to the patient and their
family as it will involve multiple procedures,
prolonged hospitalization, and a high risk for
complications that can be fatal, which include
septicemia and antibiotic-related complications,
in addition to a very high cost. The results, at
best, will be a stick-like leg deprived of any
motion or sensation (Fig. 11.11). Such limbs will
continue to be prone to injury, infection, and
joint contracture (knee in extension, ankle in
equinus).
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Fig.11.9 A 45-year-old male sustained a shrapnel injury
resulting in an open comminuted distal tibia fracture
treated initially with an external fixator (a). The patient
presented 4 months later with an absent anterior compart-
ment, stiff ankle, and persistent nonunion of the distal

The surgeon should clearly explain to the
patient that amputation is the most appropriate
treatment option as it provides the best func-
tional outcome. It is not unusual for the young

tibia. The soft tissue envelope had nicely healed. A long
ankle fusion rod was used to fix the ankle in neutral posi-
tion, prevent future equinus deformity, and stabilize the
distal tibia fracture (b). The fracture healed in 3 months
with no bone grafting (c)

patient to ask for amputation at the end of treat-
ment, even after a successful reconstruction,
when they realize that it will give them a better
quality of life.
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Fig.11.10 A 25-year-old man presented with an infected
nonunion of the distal tibia and equinus contracture. The
infected bone was debrided, bone transport was initiated,
and the ankle was distracted from equinus to a neutral
position

Nevertheless, when dealing with these patients
the surgeon should understand the following:

1. Antibiotics will not cure nonviable, infected
tissue. Its role is to prevent bacteremia and
sepsis.

2. Aggressive debridement of necrotic muscles
should be performed. This may lead to
debridement of a whole compartment. Since
the muscle attachments have become loose,
blunt debridement with pulling or striping of
the necrotic muscle tissue can be performed
without the need for -electrocautery or
hemostasis.

3. There are no muscular flaps available for clo-
sure; therefore split thickness skin grafts have
no role.
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Fig.11.11 A 28-year-old man hit by an explosive device
resulting in a popliteal artery injury that was repaired
acutely. The patient developed post-revascularization syn-
drome with complete loss of the function of the ankle and
foot. Aggressive serial debridement of dead muscles were
performed through his fasciotomy incisions. After 2
months, we were able to primarily close these incisions
and the patient could ambulate with mild equinus

4. Incisions used for debridement should be well
planned because we have to use the shortest
and fewest possible that allow us to accom-
plish our aim.

5. Frequently, these patients present with an
open two-incision type of compartment syn-
drome decompression. These incisions are
more than enough for debridement.

6. Not all muscles need to be removed. Often the
superficial posterior compartment and the
anterior compartment muscles may be pre-
served. Recent literature suggests that sur-
geons tend to underestimate the viability of
muscle during debridement procedures [19].

7. Care should be taken not to injure the poste-
rior tibial or the anterior tibial vessels.
Frequently these patients have a single vessel
limb; therefore injury to this vessel would be
catastrophic when limb salvage is desired.
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Conclusion

Fractures of the lower extremities in the war-
injured patient differ significantly from those
sustained secondary to civilian trauma. When
they present in the intermediate or chronic phase
with infected, complex wounds secondary to
blast injuries and penetrating shrapnel, their man-
agement is highly challenging. The complica-
tions of inadequate treatment during the acute
phase add to these challenges and need to be
addressed. The most appropriate definitive care
needs to then be determined. The orthopaedic
surgeon must be familiar with all reconstructive
options and the limitations of each of these in
order to appropriately inform and counsel
patients preoperatively.
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Introduction

Abdominal wall reconstruction post blast injury
is challenging for the reconstructive surgeon.
Immediate reconstruction is rarely feasible as the
war injured patient usually has concomitant intra-
abdominal injuries which warrant re-exploration;
thus, there has been a trend toward the “open
abdomen” technique until the patient is stabi-
lized. In the meantime, temporary closure of the
abdominal wound is achieved immediately using
several available inert materials or in a delayed
manner using a split thickness skin graft pending
definitive reconstruction. Every effort ought to be
made not to close the abdomen under tension to
avoid possibly fatal complications such as
abdominal compartment syndrome. Negative
pressure wound therapy, component separation,
and tissue expansion as well as local, regional,
and free flaps all contribute to the reconstructive
surgeon’s armamentarium.
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Challenges in Abdominal Wall
Reconstruction

Reconstruction is more likely to be successful if
the patient is stabilized, his nutritional status is
improved, and the abdominal wall wound is opti-
mized and free of bacterial contamination.
Infection of the local tissue retards the progress of
the wound healing, with prolonged inflammation,
decreased oxygenation, and collagenolysis [1].
Injuries of the abdominal wall can be classified
as full-thickness or partial-thickness defects. In
full-thickness defects, all the layers of the abdomi-
nal wall (skin, subcutaneous tissue, and musculo-
fascial layers) are lost. In partial-thickness defects,
there is some component of the musculofascial
layer that covers the abdominal viscera and pro-
tects it preventing evisceration. Abdominal wall
defects in war injuries are secondary to the blast
injury itself and the damage control laparotomies.
Following resuscitation and significant fluid
shifts, bowel edema develops and prevents pri-
mary closure of the abdominal wall defect. Any
attempt to close the wound under tension will
result in significant complications ranging from
wound dehiscence, tissue infection, and necrosis
to abdominal compartment syndrome with abdom-
inal, cardiovascular, renal, and respiratory conse-
quences [2, 3]. The open abdomen technique was
introduced in an effort to reduce and overcome
these problems [4]. In addition, severe contamina-
tion from enteric spillage or abdominal sepsis sec-
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ondary to the injury will preclude converting the
abdominal cavity back into a closed system [4].

Several problems may be encountered when
the abdomen is left open. They include loss of flu-
ids, electrolytes, and proteins; loss of homeostasis
and heat; dryness and desiccation of tissues; and
damage to abdominal viscera such as disruption of
anastomosis, fistula formation, bleeding, and
infection [4]. To prevent this we propose a staged
approach for the management and eventual recon-
struction of the open abdomen.

e First stage:
— Immediate temporary closure
— Delayed temporary closure
* Second stage:
— Definitive abdominal wall reconstruction

Immediate Temporary Closure

Temporary abdominal closure (TAC) in the ini-
tial phase can be achieved using a multitude of
material from intravenous solution bags, Bogota
bag to silastic sheeting, yet there are no well-
designed comparative studies assessing the supe-
riority of one technique over others [35, 6].

The material used in TAC should:

* Be impermeable, allows nearly watertight clo-
sure, and be pliable and reinforced for added
durability.

e Provide a smooth and inert surface with mini-
mal to no irritation of bowel serosa, hence pre-
vent intestinal fistulae or fascial necrosis.

* Be transparent, permitting evaluation of
underlying viscera and recognition of intra-
peritoneal bleeding, enteric contamination, or
infection.

* Promote the development of a fibrinous mem-
brane over omentum and intestinal serosa [7].

The Role of VAC Therapy

Another technique reported in the literature to
achieve early fascial closure is vacuum-assisted
wound closure using a nonstick visceral sheeting

and a polyurethane sponge. The polyethylene
sheet prevents visceral-abdominal wall adhesion,
and the thick sponge, when under suction, pro-
vides traction on the abdominal wall and prevents
fascial retraction over time [7]. In full-thickness
wounds, vacuum-assisted closure therapy is
applied to the abdomen by placing a fenestrated
polyethylene sheet over the abdominal viscera,
cutting the foam to the size and shape of the
abdominal defect to fit “inside” the abdominal
wall wound without overlapping surrounding
skin [8]. When suction is initiated, the sponge
contracts toward its center, pulling the entire
thickness of the abdominal wall toward this cen-
ter point; thus, in typical zone I wounds, the open
wound shrinks toward the midline [8]. Early fas-
cial closure rates of 65-85% have been reported
utilizing this technique [9, 10]. Although these
are effective techniques, vacuum-assisted closure
therapy in that series appears to be more effective
in four ways:

1. Rapidly removes abdominal wall and bowel
edema [8].

2. In a porcine model, clinical signs of infection
diminish and bacterial counts are reduced to
less than 10° by day 4 or 5 compared with day
11 in control wounds [11, 12].

3. In complete abdominal wall defects, the
device reduces the size of the open wound and
helps prevent a separation contracture of
abdominal muscle and fascia [8].

4. It serves as an effective temporary abdominal
wall closure in complete defects, controlling
abdominal contents [8].

The vacuum device as an abdominal wall
replacement dressing is especially effective and
noninjurious to the abdominal wall with a lower
reported complication rate [8].

Delayed Temporary Closure

Delayed reconstruction is often performed in the
trauma patient whose wounds are routinely
closed temporarily and subsequently reexplored
[13]. The abdomen can be closed temporarily
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with mesh, allowing the surgeon to maintain
domain, provide support, and protect the intra-
abdominal contents as shown in Fig. 12.1a [14].
The granulation bed is grafted as soon as possible
to prevent continued protein losses [13, 15, 16].
A split thickness skin graft will aid in contracture
and approximation of the wound edges as shown
in Fig. 12.1b.

Stage 2: Abdominal Wall
Reconstruction

Timing

Optimal timing of abdominal wall reconstruction
in blast injury is not straightforward. Composite
defects are repaired immediately in a single-stage
fashion unless the patient is unstable or there is
significant bacterial contamination in the tissue
[17]. Immediate reconstruction is preferred
because it is more cost-effective and less time-
consuming in the medically stable patient with a
clean wound bed and reliable reconstructive
option [16]. However, in the vast majority of
blast injuries, patients are often unstable due to
visceral and systemic injuries and may require
repeated explorations [18].

During this period the abdominal contents are
protected with alternate methods, such as packs,
plastic bags [19], and VAC dressings. In some
patients, when bowel edema and distension sub-
sides, a delayed primary closure can be achieved
at between 7 and 10 days [20]. If it is not feasible
to approximate the fascial edges at this stage, the
wound bed is allowed to granulate and is subse-
quently covered by a split thickness skin graft.
Definitive reconstruction can be planned and per-
formed after a period of at least 6-12 months to
give the scars sufficient time to mature as shown
in Fig. 12.1c [18].

Role of Mesh

A mesh can be classified as absorbable or nonab-
sorbable. Absorbable crafts such as polyglactin
(Vicryl and Dexon) are an option for staged
reconstruction in the presence of contamination,
infection, or compartment syndrome as they are
inert and do not elicit antigenic reaction [18].

Nonabsorbable synthetic grafts such as Prolene
and Marlex are useful in clean wounds; thus,
they are of limited value in the contaminated
wounds encountered post abdominal blast injury.
New synthetic grafts are made with both absorb-
able and  nonabsorbable components.
Bioprosthetics such as human acellular tissue
matrix (Alloderm), porcine acellular matrix, and
porcine intestinal submucosa are derivatives of
human or animal tissues, which may retain some
original properties and allow good integration
and remodeling [21]. Bioprosthetic materials are
preferred over synthetic materials for use in con-
taminated fields [17]. However, bioprosthetic
materials such as acellular dermal matrix cannot
be placed in a grossly infected wound with large
amounts of purulence or enteric contents, and
even in contaminated wounds, meticulous
debridement and generous irrigation still need to
be performed [22].

A mesh can also be classified as meshed or
non-meshed. Mesh grafts allow drainage of exu-
dates and in growth of granulation tissue along
the edges of the repair [18].

A mesh may be placed in intraperitoneal
plane, anterior to the rectus muscle or posterior to
it. Mesh placement is not free of complications,
especially the synthetic ones which have an
increased risk of infection, bowel adhesions, fis-
tulization, ulceration, and extrusion [23].

Reconstructive Options

Component Separation
In component separation, the external oblique
aponeurosis is released lateral to the linea semi-
lunaris, thus allowing advancement of the rectus
abdominis medially while still attached to the
internal oblique and transversalis muscles with-
out denervation or devascularization of the
abdominal musculature [17]. This technique
allows closure even in contaminated fields in
which the use of synthetic materials is not recom-
mended [24].

There have been modifications to this tech-
nique such as the minimally invasive component
separation which uses tunnel incisions for exter-
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Fig.12.1 (a) Case of
penetrating abdominal
injury due to sniper rifle
shot. Full thickness
midline defect closed
temporarily using a
mesh which will be
covered with a split
thickness skin graft once
there is adequate
granulation tissue. (b)
Inset of the meshed split
thickness skin graft over
the granulated wound
bed. Images taken 2
months postoperatively
show that the skin graft
has taken well. (¢)
Images taken 1 year
after injury post excision
of the skin graft and
definitive closure of the
abdominal wall defect

nal oblique aponeurosis release [25]. The main
aims of this modified technique is minimizing the
subcutaneous dead space that can result from
extensive tissue undermining and improving vas-
cularity to the overlying skin by preserving the

integrity of the rectus abdominis myocutaneous
perforators [17].

This procedure advances tissues toward the
midline for up to 10, 20, and 6 cm in the epigastric,
umbilical, and suprapubic regions, respectively
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[18]. The posterior rectus sheath may also be
released to gain additional fascial advancement.

Tissue Expansion

Tissue expansion of the abdominal wall can pro-
vide well-vascularized autologous skin, subcuta-
neous tissue, and/or abdominal fascia for the repair
of large defects [26-28]. The tissue expanders can
be placed suprafascially, expanding only the skin,
or beneath the external oblique aponeurosis,
expanding the fascia [28]. However, tissue expan-
sion carries the risks of rupture, extrusion, infec-
tion, patient intolerance, and expander failure [17].

Local and Regional Flaps

Upon planning for abdominal wall reconstruc-
tion, it is important to consider the position of the
defect, its size, and the abdominal wall layers
affected. The abdomen is divided by two hori-
zontal planes into upper, middle, and lower
abdominal regions and by two vertical planes
into one central third and two lateral thirds. Thus,
a defect could be localized into one of six sub-
units in the abdomen.

For lateral upper abdomen defects, if primary
closure of the skin with local tissue is not possible,
soft-tissue coverage can be provided with flaps
based on the upper trunk (e.g., latissimus dorsi,
serratus, thoraco-epigastric flap) [17]. The central
upper abdomen remains challenging for the recon-
structive surgeon as only the less perfused distal
part of trunk-based or thigh-based pedicled flaps
tends to reach the upper abdomen [17].

The iliolumbar flap provides soft tissue cover-
age in the middle third of the abdomen [18],
while the pedicled anterolateral thigh flap or the
pedicled extended deep inferior epigastric artery
perforator flap [29, 30] can be used for lower
abdominal defects. The workhorse flap which
can be used in all these areas is the myo-cutaneous
rectus abdominis flap [18]. Those pedicled flaps
are useful and adequately address the reconstruc-
tive needs of most abdominal wall defects [31,
32]. However, they have certain inherent limita-
tions, such as restricted reach, tip necrosis, lim-
ited size of defects that can be covered, and lack
of a strong fascial layer within these flaps, except
for the pedicled tensor fasciae latae flap, thereby

necessitating the need for the use of alloplastic
materials or a second donor site for the harvest of
the free fascia lata graft [33].

As for isolated skin and subcutaneous tissue
defects:

e Defects less than 5 cm may be closed
primarily

e Defects 5-15 cm in size require local advance-
ment or a split thickness skin graft

e Defects more than 15 cm in size, local flaps
(random or axial) or tissue expansion after
temporary closure with a skin graft are the
available options [14]

Free Flaps

Free flaps are required for abdominal wall recon-
struction when the defect is too large to be cov-
ered by local flaps or when local flaps are
unavailable due to the extensive blast injury.

The lateral thigh is our “warehouse” donor
site for a variety of reconstructive needs in
abdominal wall reconstruction [34-36].

The lateral circumflex femoral system is ver-
satile and allows the harvest of the tensor fasciae
latae myocutaneous flap, anterolateral thigh flap,
or anteromedial thigh flap either alone or in com-
bination as conjoined flaps [33]. An important
advantage of the thigh is the presence of the
strong deep fascia in the lateral thigh, including
the iliotibial tract and fascia lata that can be used
to reconstruct the musculofascial layer of the
abdominal wall, thereby preventing postopera-
tive hernia [33].

The anterolateral thigh fasciocutaneous flap
has a large skin paddle extending from the level
of the greater trochanter to just above the patella
and it is supplied by the lateral femoral circum-
flex artery descending branch [18]. Another
option for free tissue transfer is the tensor fascia
lata flap which is based on the transverse branch
of the lateral femoral circumflex artery. When
larger flaps are needed, adjacent flaps can be har-
vested together in a conjoined manner [37-39].
The tensor fasciae latae and the anterolateral
thigh with or without the vastus lateralis muscle
based on the lateral circumflex femoral artery
system are prime examples of this [33].
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The intraperitoneal vessels such as the gastro-

epiploic vessels and the extraperitoneal vessels
such as the superior epigastric vessels, inferior
epigastric vessels, intercostal vessels, and super-
ficial circumflex iliac vessels are reliable recipi-
ent vessels in free tissue transfer [33].
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Renal Injuries

There is a major shift toward nonoperative man-
agement of blunt renal injuries, and it has been
associated with lower incidence of transfusions,
shorter ICU and hospital stays [1]. These results
encouraged the trauma surgeons and urologists to
adopt nonoperative management in a selected
setting of penetrating injuries and gunshot injury
to the kidney. However, the nonoperative man-
agement of high-grade injury, especially during
combat, is still controversial, and its concomitant
occurrence with other injuries warrants explora-
tion. The reported incidence of nephrectomy in
the military literature ranges between 63 and
68% [2, 3]. Nonetheless, there are reports of kid-
ney salvage surgery in the combat setting, such as
partial nephrectomy and renorraphy [3].

The goal in the management of renal injury is
to fulfill the trifecta of hemorrhage control,
parenchyma preservation, and low surgical
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complications. This trifecta has changed the
mindset of the surgeons dealing with renal inju-
ries. Thus, surgical exploration is mandatory in
patients exhibiting hemodynamic instability
including shock secondary to renal bleeding,
expanding retroperitoneal hematoma, and hilar
disruption. However, urinary extravasation with
a devitalized segment, inability to preopera-
tively stage an injury, and shattered kidney in a
hemodynamically stable patient can be expec-
tantly managed [4] (Fig. 13.1).

A rigorous follow-up with CT imaging after
renal injury is prudent for all patients because
they are at increased risk of developing a wide
variety of complications, for example, hemor-
rhage, urine leak, urinoma, AV fistula, and
reno-cutaneous fistula [5].

Urinary Extravasation

Urinoma is observed in 1-7% after renal injury
[6]. Patients usually are asymptomatic, in rare
instance there are a nonspecific abdominal
pain, fever, and a decline in the renal function.
CT urography is the study of choice to delin-
eate urine leak. The majority of the cases will
resolve spontaneously. However, endoscopic
placement of a stent and/or percutaneous
drainage is indicated in cases of infection, per-
sistent urine leak, and a large collection [7].
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Fig.13.1 A 32-year-old young man who was a victim of a stab injury presented with grade IV injury of the left kidney;

the patient was managed expectantly

Delayed Hemorrhage

Delayed hemorrhage occurs most commonly in
the first 2 weeks after the trauma. This may be
attributed to the resorption of the necrotic tissue
at the site of injury and recanalization between
the intravascular space and extravascular space
leading to pseudoaneurysm, which may erode
into the pelvicalyceal system or perirenal space
[8]. Clinically, the patient may develop hematu-
ria, flank ecchymosis, new onset hypertension, or
hemodynamic instability [9]. The incidence of
delayed hemorrhage varies in the literature from
0 to 25%. The mainstay of the management is
selective angioembolization; rarely surgical
exploration is performed which is associated
with a high nephrectomy rate [10-12].

Renal Insufficiency

Transient renal impairment is observed in these
patients, and the outcome depends on multiple fac-
tors, such as the presence of hypovolemia, multior-
gan failure, kidney parenchyma loss, preexisting
renal impairment, age, and the use of nephrotoxic

contrast [13]. The rate of dialysis according to the
data from the National Trauma Data Bank (NTDB)
is only 0.46% [14]. However, retrospective studies
showed that 6% of the patients with high-grade
injuries needed dialysis [15].

Urinary Fistulas

In rare instances, a urinary fistula can develop
between a devitalized segment or missed seg-
ment after nephrectomy with the skin. Exploration
with renorraphy/nephrectomy and resection of
the fistulous tract is warranted [16].

Hypertension

Goldblatt’s kidney is still the plausible theory
that explains hypertension after renal trauma
[17]. The highest incidence of hypertension was
as high as 40% [18]. Hypertension can be
resolved spontaneously, controlled by medica-
tions, and in a rare instance, it may necessitate
nephrectomy or partial nephrectomy of the devi-
talized segment [17, 19].
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Fig.13.2 A 23-year-old young man sustained a stab injury to his abdomen. Delayed images demonstrate seepage of the
contrast through the trajectory of the stab. At the time of exploration, the ureter was repaired by an end-to-end anastomosis

Follow-Up

A 3-month follow-up visit is mandatory after
major renal injury. The follow-up should include
a physical examination, urinalysis, hematocrit,
basic metabolic workup, selective re-imaging,
and serial blood pressure measurement [4]. The
literature is inadequate on the subject of the long-
term consequences of trauma on renal tissue.
Long-term follow-up of renal trauma patients is
the key to detecting insidious onset hypertension
and prevent it from silent progression [17].

Ureteral Injury

Ureteral trauma accounts for less than 1% of all
urologic traumas [20]. All ureteral segments are
prone to injury; however, the proximal ureter is
more often injured in 59.7% of the cases [21].
The intimate anatomy of the ureter with other
structures has made isolated ureteral injuries
implausible. Concomitant injuries to other organs
are noted in 90.4% of the cases [21].

Hematuria is a poor indicator of ureteral injury.
A recent meta-analysis showed that hematuria is
present in 44% of patients with ureteral injury [21].

In combat injuries to the ureters, they may be
affected by the blast effect, can become ischemic
but are unlikely to cause of hematuria [22].

The most important step in diagnosing ure-
teral injury is high clinical suspicion based on the
mechanism of injury, the trajectory of the missile,
and intraoperative finding. Intravenous uretero-
gram can be falsely negative in 42.8% of cases.
On the other hand, CT scan with delayed images
and retrograde pyelogram can detect the injuries
in 88.3% of the cases [21] (Fig. 13.2).

The most reliable way to detect ureteral
injury is an intraoperative exploration of the
ureter by a urologist [23]. Intravenous methy-
lene blue/indigo carmine can aid in the localiza-
tion of the wureteral injury; however in
hypertensive patients the renal profusion is not
sufficient; thus, there will be no excretion of
methylene blue/indigo carmine in the urine
[24]. If concomitant bladder injury is encoun-
tered, some authors are an advocate of insertion
of bilateral, five French intraureteral pediatric
feeding tube for frugal ureteral assessment [25].

Nevertheless, ureteral injuries can be missed in
38% of the patients [21]. Missed ureteral injuries have
been associated with a high morbidity and mortality.
One of the main contributions to this high figure
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Fig.13.3 CT cystogram
demonstrates contrast
material surrounding
loops of bowel
consistent with
intraperitoneal bladder
rupture

Table 13.1 Reconstruction options for each segment of the ureter

Uretero-pelvic junction Reanastamosis
Proximal and mid ureter Short defect End-to-end anastamosis
Long defect Vesico psoas hitch
Boari flap
Transureterureterostomy
Distal ureter Short defect Reimplantation
Long defect Vesico psoas hitch
Boari flap

of missed injuries is delayed necrosis phenomena
after blast injuries [22]. The temporary cavity
effect associated with the blast injuries may jeop-
ardize the blood supply to the ureter; this cannot
be evident at the time of laparotomy or initial
imaging.

Patients may present with an infected urinoma
and uremia days or weeks after the injury; other
presentations include prolonged ileus, sepsis,
wound dehiscence, and persistent drainage from
the incision [21].

The aim of ureteral repair is to preserve the
renal function and prevent the formation of uri-
noma [25]. The principles successful repair are
adequate ureteric debridement and careful
mobilization, spatulated, tension-free, water-
tight anastomosis, adequate drainage of the ret-
roperitoneum, and quarantining the anastomosis
from other organs by omental wrap [25-28].

In the acute phase, the decision to proceed
with the primary repair of the injured ureter

depends on the stability of the patient, presence
of other organ injuries, fecal contamination of the
field, and the extent of the ureteral injury. Also,
the involvement of the upper and mid ureter in
injury may require a complex repair [26-29].
There are conflicting opinions about the use of
ureteral stents in the setting of the trauma. In one
hand, some authors believe stents should be aban-
doned in trauma setting because it is associated
with obstruction, stricture formation, and inflam-
mation from the foreign body, stent migration, and
patient discomfort. On the other hand, other authors
are an advocate of stent insertion, especially in the
setting of high-velocity gunshots wounds [21, 30].
When the primary repair of the injured ureter
is not feasible, the ureter should be ligated and
marked with a radio-opaque surgical clip, which
can help in the planning of surgical repair [31].
The drainage of the kidney can be achieved by
inserting  percutaneous nephrostomy  after
stabilization of the patient. Open nephrostomy
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tube placement is not advisable because it is
time-consuming and challenging [5].

Delayed ureteral repair should be performed
when the patient has recovered from other inju-
ries. There are several factors that should be con-
sidered before proceeding with ureteral repair in
this scenario, such as resolving of any inflamma-
tory process in the retroperitoneum and pelvis.
Adding to that, adequacy of kidney function
which can be assessed by nuclear scintigraphy,
reassessing the length and the location of the ure-
teral injury using antegrade and retrograde imag-
ing, and evaluation of the bladder capacity before
using it in any reconstructive procedure for the
ureter [31].

Table 13.1 Summarizes the reconstruction
options for each segment of the ureter.

Bladder Injury

Serkin et al. reviewed The Joint Theater Trauma
Registry of all US military between October
2001 and January 2008. He found that 21% of the
patients had bladder injury and 29% of them had
concomitant pelvic fractures [3].

In the context of pelvic fracture, signs of blad-
der injuries may be overlooked. The incidence of
missed urological injuries in the presence of pel-
vic fracture at the initial assessment was 23%.
Two third of these missed injuries were bladder
injuries. The frequency of intraperitoneal bladder
injury was equal to the extra-peritoneal injury.
The lag time between the initial assessment and
the diagnosis of missed injury in the extra-
peritoneal injury compared to intraperitoneal
injury was 6.7 days and 19 h, respectively [32].

In every case of pelvic fracture, a workup
should be directed to rule out an associated
bladder injury. However, the presence of wid-
ening of the SI joint, symphysis pubis, and
fractures of the sacrum are correlated more
frequently with bladder injuries [33].

Traditionally in stable patients the workup
includes cystogram with AP and lateral films;
however, the cystogram can miss bladder injuries
and in few occasions it cannot differentiate
between intraperitoneal and extraperitoneal inju-

Fig. 13.4 Plain film cystogram reveals extraperitoneal
bladder rupture with extravasation into the scrotum.
Surgical exploration revealed anterior bladder neck and
prostatic urethral laceration

ries [32]. In our institution, we obtain
CT-cystogram to rule out bladder injury in every
case of multiple injuries, gunshot for the pelvis,
penetrating injuries below the umbilicus, and
presence of gross hematuria. We believe that
CT-cystogram is more accurate than conventional
cystogram and associated with better delineation
of the location, extent of the injury, and easiness
in imaging interpretation (Figs. 13.3 and 13.4).

Intra-operative identification of bladder injury
can be achieved by inflating the bladder with
300400 cm?® saline with methylene blue. In this
case, primary repair of the injury is encouraged
and the decision to leave suprapubic catheter is
based on surgeon discernment.

The presence of simultaneous rectal injury
and bladder injury makes patients more prone
for rectovesical fistula and urinoma. The expe-
rience of the Vietnam War stressed on the role
of fecal diversion, rectal wound repair, distal
rectal washout (DRWO), and presacral drain-
age to decrease the rate of infectious complica-
tions [34]. On the other hand, the notion of the
modern experience in civilian causalities has
linked the distal rectal washout and presacral
drainage with a higher rate of infections. Some
authors recommend omental flap interposition
between the rectum and posterior bladder to
decrease the incidence of fistulas [35].

Complications of bladder rupture include persistent
urinary leakage, pelvic abscess, peritonitis, respiratory
difficulties, and sepsis from infected urine [36].
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Fig. 13.5 CT
associated posterior urethral disruption. Cystogram and
retrograde pyelogram were done to delineate the location

scan demonstrates pelvic fracture-

Recently, we have encountered a case of
persistent urine leak from a midline incision
after a primary repair of bladder injury caused
by shrapnel. The patient was explored and the
defect in the bladder was identified. The edges
were debrided, then the bladder was closed in
two layers using 3-0 vicryl. A suprapubic tube
was inserted, and rotational rectus abdominis
flap was used to separate the bladder defect from
the midline incision.

In a rare instance, a bladder tumor can be
identified at the time of bladder repair. Partial
cystectomy should be performed when it is fea-
sible, copious irrigation of the abdomen with a
hypotonic solution is highly recommended and

and length of defect. Cutting to the light with direct
approximation of urethral edges was performed

avoidance of insertion of the suprapubic catheter.
The benefit of adjuvant radiation and chemother-
apy is questionable; however, a vigilant follow-
up of the patient is necessary [37].

Injuries to the External Genitalia

External genitalia injuries compromise 70% of
all genitourinary injuries [2]. The majority of
these injuries are caused by high-velocity mis-
siles due to IEDs, which result in greater dam-
age than those seen in low-velocity gunshot
wounds in civilian injuries [2, 38, 39].
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Fig.13.6 The penile and scrotal wounds after re-exploration. Loss of more than 50% of penile skin coverage ventrally;
corporal body laceration, and damage of both testicles

Penile Injuries

Penile injuries during military conflicts are com-
mon. Up of 50% of these injuries entail deeper
structures of the penis, explicitly the urethra and/
or corpora [38].

Superficial injuries of the penile skin are usu-
ally debrided and irrigated and then closed in a
delayed fashion either primarily or using skin
grafts. In the context of severe tissue loss, staged
reconstruction is often needed. Delayed necrosis
of the penis after primary repair of high velocity
to the penis has been reported, and the conse-
quences can be devastating [2, 38].

Those with extensive soft tissue loss seen due
to blast and high-velocity injuries necessitated
staged genital reconstruction with a reoperation
rate of 44% [40]. The skin grafts used are of
0.014-0.016 split thickness unmeshed skin grafts.
The graft is laid down after ensuring a mature
graft bed and stabilized using a vacuum-assisted
closure device at a pressure of 80 mmHg [41, 42].

For corporal injuries, debridement, irriga-
tion, and monitoring for tissue necrosis are
needed which might necessitate multiple visits
to the operating room. Extensive loss of corpo-
ral tissue might need fasciocutaneous or myocu-
taneous flaps [43].

In the case of glans involvement in penile
injury, special consideration should be given to

the aesthetic aspect of the planned repair. In inju-
ries that involve less than 50% of the glans, a pri-
mary closure can be attempted. However, in
injuries with a significant loss of the glans, staged
repair of the glans with skin or buccal mucosa
grafting to the ventral surface of the glans is
advisable [44].

Urethral Injuries

Urethral injuries are rare, comprising 0.8% of
patients with combat-related genital injuries [3].
Frequently, the anterior urethral injury is associ-
ated with other external genitalia injuries. Here
the rule of staged reconstruction also applies if
there is extensive penile or perineal tissue loss.
The majority of the patients require composite
reconstruction with buccal mucosal or skin graft
as a first stage repair to be followed by a second
stage urethroplasty after 3 months, especially if
the defect is more than 1.5 cm in the anterior ure-
thra [45].

In the setting of combat injury, we shy away
from grafting the urethra at the initial operation.
This practice can be justified by the following: in
the acute setting most patients had significant
blood loss, multiple injuries and massive
inflammatory reaction and a higher rate of
infection-related complications. All these factors
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Fig.13.7 Corporal body laceration with urethral distribution

affect the likelihood of graft survivability. Thus,
we graft the urethra at a later stage when the
patient is recovered.

The management of superficial perineal inju-
ries without rectal or urological injuries follows
the rule of open wounds of debridement and
grafting. On the other hand, if the injury is deep
with the involvement of the rectum, bulbar ure-
thra, proximal corpora, and pelvis floor, these
victims will need a diverting colostomy, and the
urethral injury can be managed either immedi-
ately or in a delayed fashion after inserting a
suprapubic tube in the bladder [44]. Tausch et al.,
in a series of 19 patients with posterior urethra
gunshot wound injuries, reported 87% success
rate for placement of suprapubic tube and delayed
urethroplasty after 8 months. The author reported
a high rate of a stricture. Nonetheless, delayed
repair was associated with low rate of pelvic
abscess, less blood loss, and a higher probability
of success [46, 47].

Scrotal and Testicular Injury
The incidences of the scrotal and testicular inju-

ries have soared up in the modern conflicts, and
this can be attributed to the use of IED and

Fig.13.8 Urethral plate after first operation

unavailability of genital protector in most of the
body armors [48].

All scrotal military injuries need to be
explored because even a tiny laceration can
mask an occult testicular rupture. The testis
salvage rate is 75% of scrotal injury and 50%
of testis rupture. These figures are compara-
ble to what is observed in a low-velocity gun-
shot, where 52% of the cases required
orchiectomy [49].

Superficial scrotal injuries are treated with
debridement of the devitalized tissues and irri-
gation of the wounds, and then a loose approx-
imation of the edges with the insertion of
drains and application of vacuum devices to
the area [49].

Testicular rupture necessitates debridement
and closure of the tunica albuginea to preserve
the testis for fertility and testosterone produc-
tion. If primary tunical repair is not feasible,
then a tunica vaginalis graft can be used to
close the defect [50]. Recently, an approxima-
tion of both testicles to each other creating one
single function testis has been described [51].
Recently, acute androgen deficiency in the set-
ting of trauma has been described, and the
symptoms can be confused with sepsis [52]
(Fig. 13.5).
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Fig.13.9 Tabularization incised urethroplasty was performed with second layer coverage from the Dartos remnant

Case Study: Multi-injury
of the External Genitalia
in a Young Man

Patient was a 21-year-old militia fighter who was
resuscitated in Syria after the explosion of a gre-
nade in his lap. The majority of the injuries were
in the external genitalia and superficial and deep
soft tissue injury of the lower extremities. In the
field hospital, the team closed the penile injury,
scrotum, and lower extremity injuries primarily
with chromic gut suture. He was transferred to
our center after 18 h without an operative report.
The patient was evaluated by the trauma team,
and at that point of time, the consensus was to

take him to the operating room to re-explore all
the wounds before admitting him to the ICU.

All lower extremity wounds were derided by
the plastic team. The penile and scrotal wounds
were re-explored. There was a loss of all ventral
aspect of the skin coverage of the penis with
defect in the glans, left corporal body damage, a
urethral defect which wasn’t repaired; intrigu-
ingly, both testicles were injured but not repaired.
The wound was irrigated with high-jet saline irri-
gation (Figs. 13.6 and 13.7).

After that, the left corporal body was closed
using 5-0 PDS in a continuous fashion. Then
both testicles were debrided and the tunica vagi-
nalis was closed around the remnant of each
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testicle. Scrotal skin edges were refreshed, closed
primarily, and a pen-rose drain was left. There
was a significant tissue loss of the ventral aspect
of the penis with the large urethral defect; the
decision at that point was for debridment of the
area and asses later for grafting of the urethral
defect bed. The glans defect was deemed healthy
so it was closed with full thickness skin graft har-
vested from the iliac area (Fig. 13.8).

The patient postoperative course was smooth,
and his graft was viable upon discharge.

After 3 months, the patient was reassessed and
was admitted for second stage urethroplasty and
tubularization of the graft (Fig. 13.9).

References

1. Bjurlin MA, Jeng EI, Goble SM, Doherty JC, Merlotti
GJ. Comparison of nonoperative management with
renorrhaphy and nephrectomy in penetrating renal inju-
ries. J Trauma Acute Care Surg. 2011;71(3):554-8.

2. Hudak SJ, Hakim S. Operative management of war-
time genitourinary injuries at Balad Air Force Theater
Hospital, 2005 to 2008. J Urol. 2009;182(1):180-3.

3. Serkin FB, Soderdahl DW, Hernandez J, Patterson M,
Blackbourne L, Wade CE. Combat urologic trauma in
US military overseas contingency operations.
J Trauma Acute Care Surg. 2010;69(1):S175-8.

4. Santucci RA, Fisher MB. The literature increasingly
supports expectant (conservative) management of
renal trauma—a systematic review. J Trauma Acute
Care Surg. 2005;59(2):491-501.

5. Morey AF, Brandes S, Dugi DD, Armstrong JH,
Breyer BN, Broghammer JA, et al. Urotrauma: AUA
guideline. J Urol. 2014;192(2):327-35.

6. Lee YJ, Oh SN, Rha SE, Byun JY. Renal trauma.
Radiol Clin N Am. 2007;45(3):581-92; ix.

7. Titton RL, Gervais DA, Hahn PF, Harisinghani MG,
Arellano RS, Mueller PR. Urine leaks and urinomas:
diagnosis and imaging-guided intervention 1.
Radiographics. 2003;23(5):1133-47.

8. Lee RS, Porter JR. Traumatic renal artery pseudoan-
eurysm: diagnosis and management techniques.
J Trauma Acute Care Surg. 2003;55(5):972-8.

9. Miller DC, Forauer A, Faerber GJ. Successful angio-
embolization of renal artery pseudoaneurysms after
blunt abdominal trauma. Urology. 2002;59(3):444.

10. Shoobridge JJ, Corcoran NM, Martin KA, Koukounaras
J, Royce PL, Bultitude MF. Contemporary manage-
ment of renal trauma. Rev Urol. 2011;13(2):65.

11. Voelzke BB, Mcaninch JW. The current management
of renal injuries. Am Surg. 2008;74(8):667-78.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Wright JL, Nathens AB, Rivara FP, Wessells H. Renal
and extrarenal predictors of nephrectomy from the
national trauma data bank. J Urol. 2006;175(3):970-5.
Hipp A, Desai S, Lopez C, Sinert R. The incidence of
contrast-induced nephropathy in trauma patients. Eur
J Emerg Med. 2008;15(3):134-9.

Kuan JK, Wright JL, Nathens AB, Rivara FP, Wessells
H. American Association for the Surgery of Trauma
organ injury scale for kidney injuries predicts
nephrectomy, dialysis, and death in patients with
blunt injury and nephrectomy for penetrating injuries.
J Trauma Acute Care Surg. 2006;60(2):351-6.
Kansas BT, Eddy MJ, Mydlo JH, Uzzo RG. Incidence
and management of penetrating renal trauma in
patients with multiorgan injury: extended experience
at an inner city trauma center. J Urol. 2004;172(4):
1355-60.

Santucci RA, Bartley JM. Urologic trauma guidelines:
a 21st century update. Nat Rev Urol. 2010;7(9):510-9.
Chedid A, Le Coz S, Rossignol P, Bobrie G, Herpin
D, Plouin PF. Blunt renal trauma-induced hyperten-
sion: prevalence, presentation, and outcome. Am
J Hypertens. 2006;19(5):500—4.

Jinior GA, Muglia VF, dos Santos AC, Miyake CH,
Nobre F, Kato M, et al. Late evaluation of the relation-
ship between morphological and functional renal
changes and hypertension after non-operative treat-
ment of high-grade renal injuries. World J Emerg
Surg. 2012;7(1):26.

Santucci RA, Wessells H, Bartsch G, Descotes J, Heyns
CF, McAninch JW, et al. Evaluation and management
of renal injuries: consensus statement of the renal
trauma subcommittee. BJU Int. 2004;93(7):937-54.
Presti Jr JC, Carroll PR, McAninch JW. Ureteral and
renal pelvic injuries from external trauma: diagnosis
and management. J Trauma Acute Care Surg.
1989;29(3):370-4.

Pereira BM, Ogilvie MP, Gomez-Rodriguez JC, Ryan
ML, Pefia D, Marttos AC, et al. A review of ureteral
injuries after external trauma. Scand J Trauma Resusc
Emerg Med. 2010;18:6.

Best CD, Petrone P, Buscarini M, Demiray S, Kuncir
E, Kimbrell B, Asensio JA. Traumatic ureteral injuries:
a single institution experience validating the American
Association for the Surgery of Trauma-Organ Injury
Scale grading scale. J Urol. 2005;173(4):1202-5.
Fraga GP, Borges GM, Mantovani M, Ferreira U,
Laurito TL, Netto Jr NR. Penetrating ureteral trauma.
Int Braz J Urol. 2007;33(2):142-50.

Medina D, Lavery R, Ross SE, Livingston
DH. Ureteral trauma: preoperative studies neither pre-
dict injury nor prevent missed injuries. J Am Coll
Surg. 1998;186(6):641-4.

Pumphrey JD, Joslin AH, Lich Jr R. Missile wounds
of the ureter. J] Trauma Acute Care Surg. 1962;2(1):
89-95.

Brandes S, Coburn M, Armenakas N, McAninch
J. Diagnosis and management of ureteric injury: an



Contemporary Management of Urogenital Injuries

129

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

evidence-based analysis. BJU Int.
277-89.

Elliott SP, McAninch JW. Ureteral injuries: external
and iatrogenic. Urol Clin North Am. 2006;33(1):
55-66.

Elliott SP, McAninch JW. Ureteral injuries from exter-
nal violence: the 25-year experience at San Francisco
General Hospital. J Urol. 2003;170(4):1213-6.

Safir MH, McAninch JW. Management of complex
violent trauma to the upper urinary tract. Trauma. 1999;
1(4):323-39.

Christenson P, O’Connell KJ, Clark M. Ballistic ure-
teral trauma: a comparison of high and low velocity
weapons. Contemp Surg. 1983;23:45-50.
Broghammer JA, Hotaling JM. Traumatic ureteral inju-
ries. In: Wessells H, editor. Urological Emergencies.
Hoboken: Humana Press; 2013. p. 39-53.

Ziran BH, Chamberlin E, Shuler FD, Shah M. Delays
and difficulties in the diagnosis of lower urologic
injuries in the context of pelvic fractures. J Trauma
Acute Care Surg. 2005;58(3):533-7.

Aihara R, Blansfield JS, Millham FH, LaMorte WW,
Hirsch EF. Fracture locations influence the likelihood
of rectal and lower urinary tract injuries in patients
sustaining pelvic fractures. J Trauma Acute Care
Surg. 2002;52(2):205-9.

Maxwell RA, Fabian TC. Current management of
colon trauma. World J Surg. 2003;27(6):632-9.
Crispen PL, Kansas BT, Pieri PG, Fisher C, Gaughan
JP, Pathak AS, et al. Immediate postoperative complica-
tions of combined penetrating rectal and bladder inju-
ries. J Trauma Acute Care Surg. 2007;62(2):325-9.
Wright DG, Taitsman L, Laughlin RT. Case report:
pelvic and bladder trauma: a case report and subject
review. J Orthop Trauma. 1996;10(5):351-4.

Mydlo JH, Weinstein R, Shah S, Solliday M, Macchia
RJ. Long-term consequences from bladder perfora-
tion and/or violation in the presence of transitional
cell carcinoma: results of a small series and a review
of the literature. J Urol. 1999;161(4):1128-32.
Owens BD, Kragh Jr JF, Wenke JC, Macaitis J, Wade
CE, Holcomb JB. Combat wounds in operation Iraqi
Freedom and operation enduring Freedom. J Trauma
Acute Care Surg. 2008;64(2):295-9.

Ghilan AM, Ghafour MA, Al-Asbahi WA,
Al-Khanbashi OM, Alwan MA, Al-Badani TH.
Gunshot wound injuries to the male external genitalia.
Saudi Med J. 2010;31(9):1005-10.

2004;94(3):

40.

41

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Paquette EL. Genitourinary trauma at a combat
support hospital during Operation Iraqi Freedom:
the impact of body armor. J Urol. 2007;177(6):
2196-9.

. Senchenkov A, Knoetgen J, Chrouser KL, Nehra

A. Application of vacuum-assisted closure dressing in
penile skin graft reconstruction. Urology. 2006;67(2):
416-9.

Black PC, Friedrich JB, Engrav LH, Wessells
H. Meshed unexpanded split-thickness skin grafting
for reconstruction of penile skin loss. J Urol. 2004;
172(3):976-9.

Morris SF, Tang M, Almutari K, Geddes C, Yang
D. The anatomic basis of perforator flaps. Clin Plast
Surg. 2010;37(4):553-70.

Williams M, Jezior J. Management of combat-related
urological trauma in the modern era. Nat Rev Urol.
2013;10(9):504-12.

Summerton DJ, Kitrey ND, Lumen N, Serafetinidis E,
Djakovic N. EAU Guidelines on latrogenic trauma.
Eur Urol. 2012;62(4):628-39.

Tausch TJ, Cavalcanti AG, Soderdahl DW, Favorito L,
Rabelo P, Morey AF. Gunshot wound injuries of the
prostate and posterior urethra: reconstructive arma-
mentarium. J Urol. 2007;178(4):1346-8.

Kommu SS, Illahi I, Mumtaz F. Patterns of urethral
injury and immediate management. Curr Opin Urol.
2007;17(6):383-9.

Gawande A. Casualties of war—military care for the
wounded from Iraq and Afghanistan. N Engl J Med.
2004;351(24):2471-5.

Brandes SB, Buckman RF, Chelsky MJ, Hanno
PM. External genitalia gunshot wounds: a ten-year
experience with fifty-six cases. J Trauma Acute Care
Surg. 1995:39(2):266-72.

Kapoor D, Leech J, Yap W. Use of tunica vaginalis
patch graft for repair of traumatic testicular rupture.
Urology. 1992;40(4):374-5.

Yap SA, DeLair SM, Ellison LM. Novel technique for
testicular salvage after combat-related genitourinary
injury. Urology. 2006;68(4):890.e11-2.

Jones GH, Kirkman-Brown J, Sharma DM, Bowley
D. Traumatic andropause after combat injury. BMJ
Case Rep. 2015:1-4.

Lind WS, Nightengale K, Schmitt JF, Sutton JW,
Wilson GI. The changing face of war: into the fourth
generation. Marine Corps Gazette. 1989;73(10):
22-6.



Management of Central Nervous
System War Injuries

14

Ghassan S. Skaf and Elias Elias

War Brain Injury

Civilizations are shaped by conflict and combat,
which have remained the decisive factors in
determining the outcome. However, classic bat-
tles and skirmishes between enemies in desig-
nated open grounds where army stand head-on
with fixed units to be destroyed is part of the
past. The aim has changed from annihilation of
the opponent army towards destabilization of his
cultural and political system. Contemporary bat-
tles strike everywhere, between civilians and
among households. Classical weaponry was
responsible for most of the gunshot wound inju-
ries of soldiers from the period extending
roughly between the World War I till the 1990s.
However, nowadays, the enemy is deploying
different types of advanced and debilitating
weapons [1]. Undeniably, most of the present
battleground casualties are due to blast trauma
instead of gunshot wounds. Moreover, it wasn’t
till now that we started to value the consequence
of the blast force on the brain. Due to the variety
of weaponry used through the armed conflicts,
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every war bears its own injury mark such as the
“Gulf War Syndrome” for the Persian Gulf war
in the 1990s [2] or the “Combat Neurosis” for
the first World War [3]. The “signature war”
injury for the twenty-first century armed clashes
in Afghanistan, Iraq, and nowadays Syria has
been designated as War Brain Injury (WBI) [4].

Brain blast injuries are characterized by pri-
mary blast injury, which is produced by pressure
wave propagation and can be referred to as baro-
trauma. The secondary blast injury denotes pen-
etrating injuries due to shells and debris resulting
from the explosive apparatus. Tertiary blast
injury is the mechanism of acceleration and
deceleration of the body and its collision with
surrounding objects while quaternary blast inju-
ries are the products of thermal injuries. Both
secondary and tertiary blast injuries are faced by
civilian casualties [5]. The brain is an organ
shielded by a natural helmet (the skull), but it
does not provide a sufficient protection from war-
associated injuries.

WBI can be grouped into closed head injury,
penetrating traumatic brain injury, and blast trau-
matic brain injury. Glasgow Coma Scale (GCS)
is the most commonly used system for classifica-
tion of WBI. It rests on patient’s level of con-
sciousness. Trauma victims are split into three
main categories, ranging from mild (GCS 12-15),
moderate (GCS 9-12) to severe (GCS 3-8).
Although the GCS has been demonstrated to be
valuable for the clinical setting, it overlooks the
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heterogeneity of the WBI and its related patho-
physiology accountable for neurological deficits
[6]. However, more elaborate classification sys-
tems permit suitable and accurate condition
description. Hence, etiology, prognostic factors,
and patho-anatomic involvement should be
grouped in every classification system.

Bullet behavior through the brain is different
from extra-cranial gunshot wounds (GSW).
Unlike other type of injuries, the skull limits tis-
sue dispersion and propagation of heat or kinetic
energy (KE) (KE =% mv?) and squeezes the brain
matter along the tentorium and falx. Instead it
acts as a container, amplifying the damages
induced by penetrating objects or by blast shock
waves. This restricted flexibility aggravates the
injury that arises during cavitation development.

As the bullet travels across the brain, it
squashes and slices tissue, which moves both
forward and sideways creating a permanent cav-
ity. Simultaneously, it produces a short-termed
asymmetrical space from the outward propa-
gated wave created by the path termed tempo-
rary. Worth mentioning is the larger volume of
the temporary cavity, correlated to the size of the
penetrating material, its shape, its yaw, its KE,
and its ability to deform. This cavitation could
reach up to 30 times the penetrating bullet diam-
eter [7]. In fact, asymmetrical distorted objects,
shredding through the brain tissue, induce more
damage compared to a rounded symmetrical
device. The larger the calibers size, the more the
injuring ability of a bullet. Moreover, its consti-
tution, its shape or outline (round nose vs. hol-
low point), its velocity which will affect the KE,
and presence of a metal jacket (full metal jacket
vs. half metal jacket) are factors that influence
damage outcome. Furthermore, an embedded
bullet liberates more KE to the brain tissue than
a bullet that exists. Yaw expands the bullet area
in terms of damage extent and boosts its drag
coefficient. This justifies the small entry wound
of the bullet (small yaw) compared to a larger
exit site (higher yaw).

The temporary deformity creates a negative
pressure, suctioning debris, hair, scalp, dead tis-
sue, and other contaminated materials. Moreover,
the injury is worsened by the penetrating skull

fragments which act as a second bullet and causes
a heftier damage than the bullet itself.

The incidence and features of WBI-associated
GSW reflects the violence background among
different societies. Physicians and trauma care-
givers should differentiate between civilian GSW
and war-associated injuries. Ballistics traits are
vital to our topic since each entails different type
of brain injury. When compared to war ballistics,
civilianGSW are induced by a slower velocity,
smaller caliber, and a lower KE projectiles deliv-
ered from shorter range [8]. This is important
since it determines the extent of damage to the
brain tissue. Hence, GSW with smaller caliber
bullets entail lesser brain damage compared to
high-velocity shots used in war zones.

Overall, war-related casualties involve both
soldiers and civilians. Unfortunately, no clear
consensus was reached for a management plan
regarding GSW-induced brain injuries [9].

It is central for the treating physicians to be
acquainted with the variable war-associated brain
injuries (blasts, explosions) and separate those
from civilian cases. Present explosive devices
deployed for blasting are being modified.
Different materials are deposited in the bombs,
causing more frequently skull penetration and
splintering, wider brain and cerebro-vasculature
damage when compared to civilian traumas.

Several factors are considered as predictive
tools regarding the outcome among WBI patients.
Elderly subjects, pupils reactivity, and low GCS
foresee worse prognosis [10]. GCS is regarded as
the most important decisive element upon which
a WBI patient should undergo a surgery or not
[11]. In general, surgery is not an option for GCS
of 3. All patients with GCS > 7 should be treated
if they present with any deficit, with large hema-
toma or clinical signs of mass effect. Pupillary
reflex is another indicator for management plan-
ning. For fixed dilated bilateral pupils, surgery is
not recommended [9]. Bad outcome is associated
with mass effect cases, diffuse intra-cerebral
hematomas, multi-lobar injuries, ventricular sys-
tem involvement, and crossing bullet [11].

An additional WBI-associated complication is
brain abscess formation. It is formed by contami-
nated materials which penetrate brain tissue.
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Debris such as hair, scalp, and bone from frac-
tured skull enter the brain and cause a high risk of
abscess formation in 90% of the cases, between 3
and 6 weeks from the time of injury. Moreover,
retained metallic objects might migrate over
years producing further brain tissue damage [12].
Hence time of surgery is important to prevent
postoperative  infection. Surgical principles
applied in ballistics-related WBI are mainly dead
tissue debridement, evacuation of hematoma, and
removal of skull fragments and foreign material
such as bullets within surgical reach provided
no further neurological deficit will be imposed.
On the other hand, some literature states that
extended time from wounding to surgical inter-
vention isn’t related to high infection rate [13].
This is important in cases of high risk patients
who aren’t hemodynamic stable, where the sur-
gery is an increased risk of morbidity itself. In
case of cerebral edema, herniation, or a large
hematoma, a wide (>12 cm) decompressive cra-
niectomy is carried out.

Time is brain. Damage is a continuous process
from the time of injury and progresses over the
period following the WBI. An achieved result is
linked to the intervention time. Delayed casual-
ties transportation from the terror or war zone to
hospitals raises morbidity and mortality [14].
Patients who benefit from early intervention
should be transferred to trauma care centers
within hours of the incident. In fact, a lower mor-
tality rate was attributed to WBI during the
Vietnam War when compared to WBI during the
two great wars (WWI and WWII). This was cred-
ited to better and prompter transport system from
war fields to local hospitals.

WBI cases related to the current Syrian war
who presented to Turkey and Israel for treat-
ment more than 48 h after injury time were
labeled as relatively stable conditions with min-
imal to moderate brain injury that required no
immediate intervention. In effect, patients who
couldn’t be transported to a hospital were more
likely to have died in the field from their severe
injuries [15].

Immediate evacuation of injured subject to
specialized centers, computed tomography acces-
sibility, better understanding of ballistics dynamics,

and improved neurosurgical skills along with
postoperative care led to a survival progress in
WBI-associated cases.

Proposed management for in-driven foreign
material in WBI patients is split in four main
categories. First is conservative therapy.
Superficial wound debridement and closure as
the second category. Third category is craniot-
omy followed by debridement of entry site, and
fourth or last category is craniotomy with
aggressive resection of necrotic cerebral tissue
along with removal of in-driven skull fragments
and foreign bodies [16].

Bulk of data exist assuming that early surgical
intervention is crucial by removing all intracra-
nial shrapnel and bone fragments [17]. Moreover,
it was suggested that a nonaggressive surgical
approach was considered to increase risk of cere-
bral abscess formation due to retained intracra-
nial foreign bodies. Yet, complication rate from
surgical intervention can be high. In order to
attain the least brain tissue injury, to avoid induc-
ing new epileptogenic foci, to decrease risk of
brain edema and infection, conservative treat-
ment might be considered as an option. Literature
search shows that leaving the shrapnel or bullets
in place for inaccessible surgical entry is not
associated with a higher infection rate. Serial
imaging is necessary to document foreign body
migration. Most important factors that were
found to be associated with infection were orbito-
facial or air sinus involvement, CSF leak, and
intra-ventricular lodgment [18].

Clinical Cases

Case 1

A 25-year-old male sustained a blast injury in
Iraq (rocket exploded in front of his car) 8 months
prior to presentation. He had 10 min loss of con-
sciousness. The patient was transferred to a local
field hospital, in a stable condition, with a GCS
of 15. He had conservative treatment for a period
of 1 month (wound care, antibiotic administra-
tion of ceftizoxime and analgesics). He presented
to us with 3 weeks history of daily headache, diz-
ziness, and decreased right eye visual acuity. CT
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brain revealed a 2.5 x 1.5 cm metallic foreign
body in the right middle and inferior frontal gyri
with overlying comminuted frontal bone fracture
(Fig. 14.1a). It was surrounded by cystic enceph-
alomalacia in the right middle and inferior frontal
gyri with no mass effect and no new bleed.
Another metallic foreign body was noted in the
subcutaneous tissue of the right frontal area ante-
riorly measuring 1.2 cm with underlying
depressed frontal bone fracture (Fig. 14.1b). The
rest of the brain was normal. On physical exam,
he was oriented to time, place, and person.
Bilateral reactive pupils, cranial nerves were
intact, can count finger, intact visual fields bilat-
eral. Patient was taken to OR and underwent right
fronto-parietal craniotomy for removal of foreign
bodies (Fig. 14.1c) and bone fragments from
brain tissue followed by dura-plasty (Fig. 14.1d).
Patienttolerated well the procedure. Intraoperative
cultures were negative. Postoperatively the
patient did very well and was discharged home in
good and stable condition.

Case 2

A healthy 27-year-old male sustained a bullet
injury to his head in Iraq, one and a half months
prior to presentation to our institution. His head
injury caused a left parietal depressed fracture.
Patient underwent a same day craniectomy in his
native country, with wound debridement, while
the dura was left open. He was kept on mechani-
cal ventilation for 3 days. After extubation, he
had right sided weakness and expressive aphasia.
Upon presentation to our hospital, patient had no
motor power over his right upper extremity, with
associated weakness over his right face and right
lower extremity. He had a GCS of 15. CT scan
was done and revealed postsurgical changes due
to left parietal craniotomy (Fig. 14.2a) with a
fracture extending from the left parietal to the left
occipital bone and squamous portion of the left
temporal bone (Fig. 14.2b).

There was metallic shrapnel anterior to the left
parietal bone with associated encephalomalacia
involving the left parietal lobe and small bone
fragments in the left corona radiate.

He was taken to operating room where he
underwent left parietal craniotomy, closure of dura

with synthetic dural graft. The bone fragments
were fixed again using Tevdek sutures and a cra-
nioplasty was carried on using methyl methacry-
late in order to close the residual bony defect.
Intraoperative cultures were negative and patient
was discharged to a rehabilitation center 2 days
later in stable condition.

War Injury to Spine

War-associated spine injuries have been reported
in ancient historical documents since the fourth
century BC. It was first documented by Greeks
while pharos described ways dealing with spine
fractures. Nonetheless, before creating gunpow-
der, most of the endured spine injuries were
either lethal or not curable [19]. However, with
the introduction of ballistic and advancement of
medicine, more people survived spine injuries
with higher reported occurrence rate [20].

Since declaring the global war on terrorism,
war tactics have changed from the standard com-
bat to new improvised approaches by using
improvised explosive devices (IED), roadside
bombs, and rocket-propelled grenades. This
unconventional war led to harsher complex mul-
tisystem traumatic presentations. Moreover, it
presents higher incidence of war spinal cord inju-
ries (WSCI) [21]. They are among the most inca-
pacitating conditions affecting the wounded both
among soldiers and civilians. Increasing numbers
of spinal injuries were reported over the recent
wars (Irag/Afghanistan invasion) compared to
the World War II and Vietnam War. Most com-
mon types of injuries were transverse process
fractures, burst and compression fractures, and
WSCI [22]. Other types of spinal damage
included pedicle, facet, or burst fractures and
ligamentous injuries. In addition, most trauma-
tized subjects endured other associated injuries to
head, chest, abdomen, and extremities delaying
the recovery and aggravating the outcome.

Despite that gunshot wounds constitute a
minor percentage of spinal injuries compared to
damage inflicted by blast or explosive devices,
they cause more severe damage to the spinal cord.
High-velocity bullets which produce vertebral
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Fig.14.1 (a) CT of brain. 2.5 x 1.5 cm foreign body with  area measuring 1.2 cm with underlying depressed frontal
right middle and inferior frontal gyri with overlying com-  bone fracture. (¢) Foreign bodies after removal in the
minuted frontal bone fracture. (b) CT brain. Metallic for-  operating room. (d) Intraoperative picture with the for-
eign body in the subcutaneous tissue of the right frontal — eign body prior to removal (yellow arrow)
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Fig.14.2 (a) CT of brain showing post left parietal crani-
otomy. Encephalomalacia involving the left parietal lobe.
(b) CT brain revealing fracture of left parietal bone (float-

destruction are most likely to cause direct spinal
cord injury due to dissipating energy and osseous
fragmentation [23]. Additionally, secondary or
indirect damage by means of bullet-induced cavi-
tation in proximity of the spinal structures can
take place, along with destruction of vascular sup-
ply. This causes a brisk intense movement of the
cord within the spinal canal, mimicking some-
times the outcome of spinal transection [23].
Other factors determining the amount of damage
is the size of the bullet, its composition, design
(jacket vs. non-jacket), and form [24].

Surgical management for WSCI is debatable.
Its classification is based on the American Spinal
Injury Association (ASIA) for assessing the neu-
rological status of the patients [25]. Although
Magnetic resonance imaging (MRI) is consid-
ered as the diagnostic modality for examining
the extent of spinal damage in terms of spinal
soft tissue injuries, inter-spinous ligament, inter-
vertebral disk, and para-spinal muscle injuries
[26], it has limited primary use due to the pres-
ence of shrapnels and metallic foreign bodies.
Nonetheless, dural tears aren’t revealed by MRI
but are usually discovered during surgical inter-
vention [27]. CSF leak, a consequence of dural
tear, is associated with spontaneous intracranial

ing bone fragment) extending into left occipital bone and
squamous portion of the left temporal bone. Metallic
shrapnels noted over anterior part of left parietal lobe

hypotension (SIH), subdural hematoma (SDH),
and meningitis [28, 29]. Moreover, a special care
should be carried out when a chest tube with suc-
tion is to be inserted in a patient with chest injury
concomitant with a dural sac tear, for fear of
cerebral herniation [30].

Battle-induced spinal column and spinal canal
injuries are different from noncombat traumatic
incidents. They should be treated as totally dis-
tinct entities with a different long-term outcome
between the two categories [31].

Similar to civilian traumas, initial therapy is
directed towards stabilization of the patient, by
applying the standard protocol of advanced
trauma life support. Whenever a spinal injury is
in question, patient immobilization is a must to
limit further neurologic damage and decline.
During combat, the primary concern is to evacu-
ate the casualties rather than preserve spinal sta-
bility. However, once transported, suspected
spinal injuries presenting with signs of focal
neurological deficit, change in mental status,
limb fractures, or presence of major distracting
injuries should trigger prompt stabilization of
the spine [32]. This is managed by a hard back-
board, a rigid cervical collar, lateral buttress
tools, and straps over the head, chest, and legs.
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Sand or IV bags are not advised since they can
slide despite taping them over the board [33].
High arm in endangered spine (HAINES) is pre-
ferred over the log roll maneuver, to prevent
lateral displacement of the lumbar spine in case
of un-identified injury [34]. In cases of penetrat-
ing wounds and major traumatic injuries, spine
stabilization is related to worst mortality rate,
hence it is aborted from fear of missing danger-
ous injuries [35].

Doubt still prevails concerning the efficiency
of surgical intervention in WSCI and its long-
standing outcome. Nonetheless, acute surgical
decompression is a must in case of deteriorating
neurological behavior, spinal instability or pres-
ence of bone fragments, bullet or shrapnel
within the spinal canal [36]. Avoiding interven-
tion might lead to drawbacks such as foreign
body migration which can similarly induce neu-
rological deficit both in acute and chronic
phases [37]. In addition, closure of dura is
required when a cerebral spinal fluid (CSF)
leak/fistula is suspected.

Location of WSCI is greatly associated with
the long-term outcome in terms of regain of the
neurological functions. In fact, the conus medul-
laris and cauda equina are less prone to injury
when compared to the rest of the spinal cord. In
contrast to thoracic spine, thoracolumbar and
lumbar anatomy have better recovery rate. This
could be interpreted by the larger ratio of lower to
upper motor neurons in the distal spinal cord and
the probability of root escape and root recovery
phenomenon [38].

Clinical Cases

Case 3

A 33-year-old male, Iraqi soldier endured a blast
injury while on combat duty 1 year prior to pre-
sentation. He was securing an occupied building
from enemy forces when an implanted bomb
inside the construction detonated. He survived a
falling roof on his back and severe burns over his
lower extremities. In March of 2014 the patient
underwent bilateral laminectomies T12-L1 and
L2 followed by transpedicular screws and rods

insertion from T11 to L4, sparing L2 and left L1
pedicles, and had skin grafts for his burn wounds.
He reports no improvement in his symptoms after
his initial surgery and presented to our institution
1 year later seeking surgical treatment. He had
bilateral numbness over both lower extremities
reaching the big toes, urinary and fecal inconti-
nence, and inability to ambulate without assis-
tance. On physical exam there was loss of cold/
hot discrimination over his lower extremities and
severe right foot extension weakness. CT was
ordered first to rule out any shrapnel or metallic
objects embedded in the spinal canal followed by
an MRI (Fig. 14.3) which revealed a severely
comminuted burst fracture involving the L2 ver-
tebral body with significant spinal canal com-
pression and fracture lines extending to the
pedicles and transverse processes. In addition, a
partly healed comminuted fracture involving the
left aspect of the L1 vertebral body extending to
the left pedicle was noticed. There was a second-
ary narrowing of the left L1-L2 neural foramen
with compression of the left L1 nerve. At L5-S1,
meningeal calcification and nerve roots clumping
and thickening, extending over a craniocaudal
length of approximately 5 cm, were seen. In addi-
tion, noted were displaced fractures of the left
transverse processes of L3 and L4.

He underwent left anterior retroperitoneal
approach to the lumbar spine for L2 corpectomy
and L1-L2 and L2-L3 discectomies as well as
fusion using mesh filled with synthetic bone
graft.

Postoperatively the patient had good progres-
sive neurologic improvement. He became able to
ambulate with moderate assistance and was
referred to a rehabilitation center for further
physical and rehabilitation therapy.

Case 4 (Fig.14.4)

A previously healthy 23-year-old man presented
to AUBMC, transferred from a battle combat in
Syria 1 day after a gunshot wound to the abdo-
men (LUQ to right lower back). Prior to transfer
a left chest tube was inserted; an exploratory lap-
arotomy was performed, followed by splenec-
tomy and left nephrectomy in the battlefield
hospital. During the exploratory laparotomy,
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Fig.14.3 MRI of spine.
Loss of height of the
vertebral body, most
severe at its mid-portion
reaching 55% and
significant retropulsion
of the fracture fragments
into the spinal canal
with severe compression
of the conus medullaris
at same level

Fig. 14.4 (a) CT of thoracolumbar spine, axial cut:
Comminuted fracture involving the posterior arch of L1
and L2, bilateral pedicle fracture at L1 and right pedicle
fracture at L2, right transverse process fracture of L1, L.2,
and L3. Several shrapnel in the spinal canal and in the
overlying soft tissue as well as in the left psoas muscle.

cerebrospinal fluid was reported to be found in
the abdomen.

Upon admission to our hospital he was intu-
bated, kept on mechanical ventilation but hemo-

G.S. Skaf and E. Elias

(b) CT of thoracolumbar spine, sagittal cut: Comminuted
fracture involving the posterior arch of L1 and L2, bilat-
eral pedicle fracture at L1 and right pedicle fracture at L2,
right transverse process fracture of L1, L2, and L3.
Several shrapnel in the spinal canal and in the overlying
soft tissue as well as in the left psoas muscle

dynamically stable. Neurologically he had
complete paralysis in both lower extremities with
no sacral sparing. He was started on trauma dose
solumedrol and transferred to the surgical ICU.
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Two days later, he underwent bilateral L1 lami-
nectomies, complete resection and drilling of
right L1 pedicle, right lateral L1 facet, and right
medial T12 facet, repair of CSF leak at the level
of L1 using 40 prolene sutures, Duragen and
Duracell (sandwich wrapping), bilateral T12
transpedicular screw fixation, left L2 pedicular
screw fixation, and bilateral L3 transpedicular
screw fixation followed by lumbar drain insertion
at L4-L5 level under fluoroscopy guidance to
allow good dural healing.

Postoperative course was uneventful except
for Candida albicans urinary tract infection that
was treated appropriately with oral Fluconazol.
Lumbar drain was removed 7 days later and
patient was transferred to a rehabilitation center
for a period of 3 months.
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Introduction

The management of vascular trauma can be chal-
lenging even to the experienced trauma and vas-
cular surgeons [1, 2]. Wartime vascular injury
adds another dimension to the challenge in view
of the additional factors that affect the manage-
ment. These factors include battlefield resuscita-
tion, transport and evacuation, the local hospitals,
and the surgical expertise available [3-8].

In this chapter we will present an overview of
the etiology, presentation, diagnostic tests, and
treatment options of patients presenting with vas-
cular trauma. We will review some of the estab-
lished and innovative strategies that have guided
the care of patients with vascular injuries and
their application to conflict-related vascular
trauma.

Vascular trauma is non-forgiving as it involves
two very critical issues and pathologies, namely
bleeding and ischemia. The management has
advanced significantly from the sixteenth century
when a screw tourniquet was used to externally
compress the bleeding followed by ligation and
subsequent amputation as needed [9—11]. World
War I witnessed the early attempts at arterial
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repair, which was further tried during World War
I, however with very poor outcomes and an
amputation rate reaching 50% [12—14]. It was
only during the Korean War and with the refine-
ment of vascular instruments and sutures that sur-
geons became more comfortable with arterial
repair and the amputation rate dropped to 12—-14%
[15]. Further conflicts in Vietnam, Northern
Ireland, and the Middle East have witnessed fur-
ther advances but with really very minimal
improvement on that amputation rate in view of
the complexity of the injuries and the pattern of
injuries [16-20]. In the past two decades, the gulf
war witnessed some improvement in outcomes
related to improvement in battlefield resuscita-
tion and transport and establishment of protocols
and processes [3-8, 19, 21-24].

Vascular trauma can be classified as penetrat-
ing, blunt, iatrogenic, and occupational. The
mechanism of injury and the various percentages
vary depending on the region. In cities with active
knife and gun clubs, the penetrating injuries
clearly represent the vast majority of injuries,
while in rural areas, blunt and crush injuries
make up a larger proportion [25, 26]. Penetrating
injuries can be due to stab wounds, bullets, shot-
guns, or explosives (Figs. 15.1, 15.2, and 15.3).
In conflict areas, penetrating injuries represent
the vast majority with explosives being the most
common followed by bullets [18]. These injuries
can also be associated with significant crush and
blunt injury [27].
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Fig.15.1 Entrance wound of a shotgun injury

\ S,
A

Fig.15.2 Exit wound of a shotgun injury

The vascular trauma resulting from the
penetrating injuries vary from punctures to
transections. It is very much influenced by the
kinetic energy (mv?*) generated by the offend-
ing missile related to the mass of the missile
as well as its velocity [28]. Clearly the veloc-
ity is related to the gun, rifle, or missile used.
Close-range shotguns induce severe injuries
[27, 29, 30]. Similarly, mines, explosives, and
other improvised explosive devices (IED)
result in significant destruction [1, 27, 31, 32]
(Figs. 15.4 and 15.5) . Not all bullets are alike;
some of them are smooth bore lead masked
balls, others are olive bullets, hollow bullets
and some are more of the explosive type of bul-
lets which can result in significant injury even
within centimeters from the trajectory of the
bullet [33, 34].

Fig.15.3 Closer look at exit wound in Fig. 15.2

i

Fig. 15.4 Missile injury to the thigh transferred from a
battlefield hospital

Fig. 15.5 High-velocity bullet injury to infra-geniculate
vessels
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Vascular trauma can also be caused by blunt
injuries [26, 35-37], which in the civil strives are
less common than the penetrating ones [38, 39].
These injuries are typically associated with long
bone fractures and dislocations and tend to have
worse prognoses than the penetrating ones,
depending on the degree of soft tissue damage
and crush associated with the injury [36, 39, 40].

Attached is Table 15.1 that reveals various
types of orthopedic injuries with the associated
injured vessels.

Of note are the supracondylar humeral frac-
ture that is associated with brachial artery injury,
the distal femur fracture associated with popliteal
artery injury, and the knee dislocation associated
with popliteal artery injury. Major fractures of
the tibial shafts can be associated with infra-
popliteal arterial injuries.

Tatrogenic injuries are typically noted following
percutaneous access of blood vessels for diagnostic
or therapeutic interventions. These vary from
thrombosis, stenosis, embolization, false aneu-
rysm, AV fistulae, and hemorrhage [41-44]. The
pseudoaneurysm typically forms following a
removal of a sheath or a catheter from a vessel
where adequate compression was not attained
[45-47]. As a result, blood extravasates from the
hole and forms a hematoma that is covered by a
fibrous capsule, hence the term pseudoaneurysm.
Tatrogenic injuries can also be caused by intraop-
erative mishaps during laparoscopic surgery,
whereby a trocar may inadvertently cause injury to
the iliac artery or even an arteriovenous fistula and
a communication between the iliac artery and the

Table 15.1 Orthopedic trauma and associated vascular
injuries

¢ Clavicle fracture * Subclavian artery
¢ Shoulder fracture/ * Axillary artery
dislocation

Supracondylar humerus * Brachial artery
fracture

* Elbow dislocation * Brachial artery
¢ Pelvic fracture * Gluteal arteries
¢ Femoral shaft fracture e Femoral artery
¢ Distal femur fracture * Popliteal artery
¢ Knee dislocation * Popliteal artery
 Tibial shaft fracture e Tibial arteries

vena cava [48-54]. Similar iatrogenic injuries can
occur following spine surgery and the use of
instruments in the back during disc removal when
significant bleeding is noted, to find out later that
an iliac artery or a vein has been damaged by the
rongeur or the instrumentation [55-59].

Occupational injury is another form of vas-
cular trauma related to the use of vibrating
tools. This results in injury to the hand or arm
from the vibrating instrument that is causing
repetitive trauma to the hand or arm. This can
result in hypothenar hammer syndrome and
injury to the digital vessel [60—63]. Another
type of injury occurs with athletes and athletic
injuries or related to thoracic outlet obstruc-
tion [64-71].

Clearly iatrogenic and occupational injuries
are beyond the scope of this chapter and are
rarely seen in wartime injuries.

The management of vascular trauma follows
the Advanced Trauma Life Support (ATLS) pro-
tocol [72]. The patient as a whole is cared for fol-
lowing the ABCs of trauma [72]. Airway with
cervical (C) spine control takes precedence, fol-
lowed by control of breathing [72]. Then the cir-
culation with hemorrhage control is essential to
the survival of the patient [72]. The incidence of
C spine injury in patients with combat injuries
has been found to be very rare and as such, ques-
tioning the value of C spine immobilization in
wartime injured patients [73, 74].

One of the key parts in the evaluation is the
physical examination. Physical examination
includes inspection, observation for distal isch-
emia, checking for the distal pulses, checking
for the nerve function, auscultation, and possi-
bly measuring tissue pressure. Some of the inju-
ries may be very obvious with clear
discolorations and/or pulsating blood and others
may be less obvious. As a result, there are vari-
ous signs indicative of vascular trauma. Some
are considered hard signs which are regarded as
evidence for presence of arterial injury which
include external or arterial bleeding, an expand-
ing or pulsatile hematoma, major pulse deficit,
bruit or thrill [75]. The other softer signs are
indicative of a possibility of vascular trauma
and these include proximity of injury to major
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blood vessels, injury to the adjacent nerve, small
moderate stable hematoma, unexplained shock
in a truncal injury, and excessive swelling [75].
It is important to realize that the presence of a
pulse does not necessarily mean the absence of
an injury; an injured vessel may be partially
injured and yet allowing for persistence of the
flow through the distal artery [76]. Similarly, the
injury may be to a branch or to one of the tibial
vessels or the profunda femoris arteries with
maintenance of the axial flow and preservation
of the distal circulation [77]. The presence of
hard signs of arterial injury typically indicates
that this is an individual who will require an
immediate surgery. Very often no further studies
are needed and the patient may be taken directly
to the operating theater for surgical manage-
ment [75, 78].

A recent study in wartime injured patients,
however, revealed that the absence of pulse was
a poor indicator of vascular injury and does not
necessarily constitute a hard sign [79]. In this
study 77% of patients with pulse deficit were
found not to have any vascular injury. This was
more attributed to a higher severity score injury
making the pulse evaluation in these trauma vic-
tims hard to assess. Nevertheless, in patients
who are severely hypotensive and require mas-
sive resuscitation and support, a pulse deficit
may not be a good predictor. However, if a
patient is well resuscitated and has a pulse defi-
cit, then one should highly suspect a vascular
injury and the management can be further indi-
vidualized [79].

Angiography, however, continues to play a
role to assist localize the site of the injury for
better operative planning, or to better plan the
operative incision, or in some situation to allow
for an endovascular treatment option [80].
Patients with soft signs of arterial injury will
typically require additional diagnostic tests to
confirm the presence of injury and plan the
treatment.

The diagnostic studies in the management of
vascular injuries include plain X-rays, noninvasive
vascular lab testing with the use of an ankle bra-
chial index (ABI), or a Duplex exam. Conventional
angiography continues to play a role in the man-

agement of vascular trauma although computed
tomography (CT) angiography has really proven
to become a method of choice in dealing with such
patients.

The vascular trauma assessment has been
influenced by innovative concepts. These con-
cepts include the value of physical examination
as an evaluation tool, the role of the ABI, the
role of Duplex sonography, and the role of CT
angiography. With respect to physical examina-
tion, several reports have shown that experi-
enced surgeons and trauma surgeons have the
ability to identify the presence or absence of
arterial injury based on physical exam alone. In
a study from the University of Florida by
Frykberg et al. the reliability of the physical
examination in the evaluation of vascular injury
was assessed [78]. Excluded from the study
were patients with shotgun and thoracic inlet
injury, where these patients underwent angiog-
raphy. Patients who had hard signs were imme-
diately taken to the operating room. In these
patients, physical exam was found to have a
positive predictive value of 100%.

Asymptomatic patients were observed for
24 h, and if stable, they were discharged. By
following this protocol and using the expertise
of the authors only 2 missed proximity injuries
in 287 patients were observed. The false nega-
tive rate was 0.7% with an overall predictive
value approaching 100%. These patients were
followed-up up to 5-10 years and the 287
patients with no hard signs; the approach of
physical examination alone followed by 24 h
of observation resulted in impressive outcomes
with only 1.3% of the patients requiring sur-
gery for delayed onset of signs of vascular
trauma [81].

This approach was also evaluated in patients
with popliteal injury in knee dislocation, and out
of 35 patients 27 had negative physical examina-
tion and none of them developed limb ischemia.
The positive predictive value of the test was 94%
with a negative predictive value of 100% [77].

However, most people are not comfortable
with physical examination alone or may not have
the same clinical expertise as the authors or the
expert trauma surgeon. Hence, the role of an
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objective test was identified and hence the role of
ankle brachial index (ABI).

In a study by Lynch et al. patients with sus-
pected arterial injury underwent an ankle bra-
chial index evaluation and angiography [82]. The
study revealed that in patients who had
ABI > 0.90, 5 out of 93 had minor injuries and
did not require any significant intervention. On
the other hand, in individuals who had ABI <0.90,
this was indicative of the presence of arterial
injury with a sensitivity of 87% and a specificity
of 97%. This sensitivity increased to 95% when it
was combined with clinical assessment. This
study was the impetus for using the ankle bra-
chial index as a reasonable substitute for screen-
ing angiography. The value of ABI in diagnosing
arterial injury was also assessed after knee dislo-
cation and proved to be a reliable predictor of
whether patients with knee dislocations have sus-
tained vascular injury [83]. In patients with ABI
of >0.9 none of the 38 patients evaluated revealed
to have injury on follow-up. ABI of <0.9 revealed
to have very high positive predictive value.
Similarly, ABI of >0.90 had a negative predictive
value of 100%.

The value of duplex scanning in vascular
trauma was also assessed by Panetta et al. [84].
Although this scanning proved to have sensitivity
approaching 90%, however, this is very much
operator-dependent and requires technician and
scanner availability at odd hours of the day. In
addition, most surgeons may not feel comfortable
operating based on duplex information alone.
Hence the role of duplex scanning is variable
between various centers.

The major role now has turned to CT angi-
ography in evaluating vascular injury [85].
This modality has currently replaced the con-
ventional digital subtraction angiography in
patients with ABI < 0.9. The increased avail-
ability of 64-Row multidetector CTs and the
ease of performing the test in a rapid manner
have really made this a preferable study. In
addition, there is no need for an interventional
radiologist or a vascular surgeon to perform
the conventional digital subtraction angiogra-
phy, and the CT angiography can easily be
read by an experienced vascular surgeon. This

test has proven to have a diagnostic sensitivity
of approximately 95% with a specificity of
98% [86]. Its value for evaluating patients
with soft signs was demonstrated in a study by
Inaba et al. [87]. In this study when artifacts
were excluded sensitivity and specificity of
100% were achieved by CT angiography. In 73
patients, 24 had positive studies and 23 of
them were confirmed in the operating room.
The non-diagnostic events were found 9.6%
and due to artifacts and technical errors in
reformatting. This has led to even the concept
of integrating CT angiography as a common
approach in patients with whole body trauma.
The role of lower extremity CT angiography in
whole body trauma is still evolving and seems
to be a positive option.

In wartime vascular injury, vascular duplex
evaluation is unlikely to be readily available
and will very often be operator-dependent.
Similarly, a conventional digital subtraction
angiography is unlikely to be readily available
and the inventory required to provide an endo-
vascular treatment option is unlikely to be pres-
ent. As such, CT angiography is typically the
test most commonly used to document the pres-
ence of a vascular injury or to guide the surgical
exposure. Patients who are suffering from
explosive injuries will typically have big gap-
ing wounds, and the presence of a vascular
injury is often obvious. ABI is rarely used
except in the very stable patient with an iso-
lated stab or bullet injury and when a CT angi-
ography is not readily available and the physical
findings are very suggestive of a relatively
benign injury.

Established Principles
in the Management of Vascular
Trauma

The basic principles in managing vascular
trauma include wide exposure for proximal and
distal control followed by missile tract explo-
ration. The goal is restoration of perfusion and
flow preferably using autogenous repair. The
presence of associated venous injury is also
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repaired if the hemodynamic situation allows
(Fig. 15.6). In the presence of massive soft tis-
sue injury, extra-anatomical repairs should be
considered. The whole aim is still to save the
life before the limb and not to end up losing a
patient while the limb is being salvaged [88].
However, the recent data from the gulf war

Fig. 15.6 Reconstruction of arterial and venous injuries
with vein grafts

Fig. 15.7 Thrombectomy of distal vessels when there is
distal thrombosis

seems to indicate that this concept should not
be used to shy away from attempted repair and
limb salvage [8, 19, 24]. Patients with wartime
vascular injuries, especially popliteal injuries,
were found to be able to well tolerate the
stresses associated with the need for revascu-
larization [89].

The established operative principles include
debridement of the injured vessel and removal
of any distal thrombi that may by present in the
distal vessel, especially in the presence of tran-
section. In these situations, the distal vessel
very often may have a clot that has tamponaded
the retrograde bleeding. It is important to make
sure that there is evidence of good back-bleed-
ing before resumption of flow. This may require
the gentle passage of a Fogarty catheter to
insure that there is no distal thrombi (Figs. 15.7
and 15.8). Revascularization should be
obtained with no tension nor stenosis. Once
revascularization is completed, it is important
to check the adequacy of the reconstruction to
make sure that there are no technical issues
that may predispose for graft or reconstruction
failure (Figs. 15.9 and 15.10). The injured tis-
sues should be thoroughly debrided and the
wound should be heavily irrigated. Power irri-
gation is not recommended although copious
irrigation can be valuable [90]. Soft tissue cov-
erage is an essential component of the manage-
ment as the vascular reconstruction has to be
covered by viable soft tissue [19, 91, 92]. This
may occur with the use of local muscle flap or
any other flaps that can be planned even from
the start of the procedure [27, 91, 92]. Joint
and bone stability are crucial to protect the
repair [27, 93, 94]. Bone debris are removed
and bone realignment is often achieved using
external fixators [27, 93, 95].

The issue of whether the joint and bone sta-
bility should be addressed before or after the
vascular injury remains a debatable matter [96].
Most vascular surgeons prefer to reestablish
flow first and this is often dictated by the dura-
tion of the ischemia and the complexity of the
requirements for reconstruction and revascular-
ization [97, 98]. The argument for the need of
bony stabilization to better assess the expected



15 Vascular Trauma

>

147

Fig.15.8 (a, b) Thrombectomy of the distal injured artery performed in the absence of back bleeding

Fig. 15.9 Angiogram confirming patency of arterial
reconstruction

Fig. 15.10 Venogram confirming patency of venous
reconstruction

length for a bypass or a vascular reconstruction
is logical but does not necessarily apply [99].
Most vascular surgeons can predict the needed

amount of distance for the reconstruction. The
use of a temporary shunt has also allowed some
flexibility in addressing this issue, or address-
ing issues of concomitant significant intra-
abdominal injury [20, 100-104]. The liberal
use of shunt allows for the reestablishment of
flow and allows for some delay in addressing
the injury [100-105]. The shunt can easily be
used when dealing with a large size vessel. This
is especially true when dealing with vessels
such as the superficial femoral artery or the
external iliac artery. However, in the below-
knee and tibial vessels, the use of such shunts is
not as simple as it may appear.

The revascularization options are always tai-
lored to perform the simplest reconstruction that
could restore the circulation. The options include
primary repair if possible. The edges of injured
vessel are trimmed. If there is a defect that cannot
be repaired primarily, a vein patch angioplasty
may be used. Alternatively, that segment can be
resected with an end-to-end anastomosis if the
segment is short or the use of a vein bypass if
there is a larger defect. It is important to harvest
the vein from the contralateral limb to avoid any
associated venous injury or further compromise
of the venous return by harvesting the ipsilateral
vein. In the presence of a combined arterial and
venous injury, an attempt to also repair the venous
injury is carried out as this could improve the
patency of the revascularization and decrease the
postoperative edema, especially if the venous
return is compromised. At the completion of the
reconstruction, it is important to monitor for the
presence of any compartmental hypertension
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related to the prolonged ischemia. This can be
checked by pressure measurement. In some situ-
ations, a four-quadrant fasciotomy is performed
immediately and routinely (Figs. 15.11 and
15.12). Nerves are tagged for later repair or if
easily approximated may be considered to be
repaired in the same setting (Fig. 15.13). The
most challenging part is often soft tissue cover-
age of the vascular reconstruction and the bone
fractures. The neighboring muscles are the best
option to provide coverage of the vessels and
bones and the skin is often left open (Fig. 15.14)
[27, 91, 92, 106]. The skin wound is allowed to
granulate for later skin graft or reconstruction as
needed (Figs. 15.15 and 15.16). In some situa-
tions, soft tissue coverage may be formed by
local flaps (Fig. 15.17). In other situations, a free

Fig.15.11 Anterior and lateral fasciotomies and leg sta-
bilization with external fixators

Fig. 15.12 Medial fasciotomy with coverage of the vas-
cular reconstruction

flap may be required to allow for coverage of the
reconstruction and the aligned fractures

(Fig. 15.18) [27, 91, 92, 107].

Fig. 15.14 Local wound care in preparation of future
skin graft

Fig.15.15 Fasciotomy site granulation
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Fig.15.16 Result after skin graft

L Sy il

Fig.15.17 Local flaps to cover vascular reconstructions

Fig. 15.18 Free flaps may be needed to cover vascular
reconstructions and open fractures

Some of the innovative concepts in the
management of vascular trauma include the
nonoperative management of occult injury and

the use of less invasive treatment options. The
nonoperative management originated when
surgeons identified some vascular injuries that
remained asymptomatic despite not being
intervened upon. Mild intimal flaps that are
not causing significant flow disturbances may
be observed without requiring any interven-
tion. This was clearly demonstrated by Dennis
et al. and shown to be an effective and durable
approach [81]. The nonoperative management
of clinically occult arterial injuries resulted in
delayed surgery in only 9% of the cases. Mild
occult injuries however are very rarely seen in
war-related injuries but one should be aware of
the possibility of nonoperative management,
especially in mild occult injuries related to
blunt trauma.

Less invasive treatment options have been
identified for pseudoaneurysms, especially if it is
of the iatrogenic type. Compression of the pseu-
doaneurysm by duplex ultrasonography is one
option [108-110], followed by thrombin injec-
tion as an option [110-113]. In conflict manage-
ment these are rarely available options and the
pseudoaneurysms here will typically require a
major surgical reconstruction. Occasionally some
pseudoaneurysms may be amenable to endovas-
cular treatment [114-118].

The endovascular treatment can be used in
the form of embolization or placement of stent
graft across the pseudoaneurysm [119-121].
Embolization is ideal for pseudoaneurysms of
branch vessels, such as the branches of the
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profunda femoris or occasional tibial vessels.
In general, there is very limited use for endo-
vascular treatment in infra-inguinal vascular
trauma, especially in war-related injuries. It
can be used for thoracic and thoracic inlet pen-
etrating trauma without massive tissue destruc-
tion. In this situation, a stent graft may be an
ideal option to control a bleeding subclavian
artery in critically ill patients [122—-124]. The
ideal candidate for endovascular treatment is a
patient with low-velocity wound who has a
challenging surgical exposure [125, 126]. On
the other hand, a patient with a high-velocity
wound and severe contamination such as seen
in most war-related vascular trauma or an
injury that needs distal embolectomy and
debridement will clearly be a poor candidate
for such endovascular treatment [125, 126].
One established role for endovascular treat-
ment in vascular injury has been in the blunt
chest trauma causing thoracic aortic disrup-
tion. The management of thoracic tears distal
to the left subclavian artery following blunt
decelerating chest trauma has been revolution-
ized by the use of stent graft which seems to
be an ideal solution for managing such com-
plex patients [127-130].

An additional important aspect in the manage-
ment of vascular trauma has been the use of pros-
thetic grafts in complex military vascular trauma.
Although using autogenous graft is ideal in a
battlefield situation, polytetrafluoroethylene
(PTFE) grafts have been used to expeditiously
revascularize a limb even in the presence of tis-
sue destruction and contamination [24, 37, 131].
Studies from the military suggest that emergent
revascularization with PTFE may allow patient
stabilization for transport and later elective care,
and is a reasonable option with an acceptable
short-term patency rate approaching 79%.
Clearly some grafts will have to be replaced later
electively, but in the acute setting the placement
of PTFE grafts to revascularize and prevent
amputation seems to be well tolerated.

Another important aspect that we notice in the
patients with vascular trauma from a conflict
management relates to the mangled extremity
[88, 132, 133]. Many patients may present with a

mangled extremity, and the question of preserv-
ing the limb versus amputation is always of a
critical decision [88, 132—135]. Very often the
emotions are very inflamed and every attempt
may be made to try to prevent an amputation.
Several scores have been developed to evaluate
mangled extremities and assess their predictive
value in deciding on the need for amputation [2,
133-137]. Most studies seem to indicate that low
scores that are indicative of limb salvage can be
fairly predictive [2, 133—137]. However, scores at
or above the amputation threshold should be
cautiously interpreted because they are not very
accurate at predicting outcomes [2, 133-137].
We have all witnessed patients with scores sug-
gestive of amputation who ultimately managed to
have limb preservation. The main issue with all
these patients relates to the soft tissue damage
that may occur and the ability to protect the limb
from the soft tissue infection and osteomyelitis.
In addition, the presence of neurologic deficits
suggestive of tibial nerve injury has been used
often as a major determining factor for consider-
ing amputation [138]. Even tibial nerve injury
has been found recently not to be fully predictive
for the need for amputation. The concern with
prolonged attempts at limb salvage is that despite
numerous operations and numerous procedures,
the patient may end up with an insensate leg or a
nonfunctional leg and may ultimately require
amputation after multiple operations and treat-
ment attempts [139]. This can be very damaging
psychologically to the patient, limiting their abil-
ity to rehabilitate and reintegrate into society
[140-143]. Nevertheless, patients psychologi-
cally may be more accepting for the reconstruc-
tion attempts than the thought of having missed
an opportunity to limb preservation [133]. With
the advancement of prosthetics and prosthetic
management and rehabilitation, patients with
amputations have been able to be fitted with valu-
able prosthetic requirements [144—146]. Patients
with massive destruction and non-salvageable
limbs may recover faster with an amputation than
heroic attempts at limb salvage that ultimately
fail [141, 147-149]. Early fitting with a prosthesis
may allow for earlier recovery and reintegration
into society [150].
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An additional concern in patients with conflict
is that they may often present after having their
care started at another institution with prolonged
ischemia or with failed reconstructions. Attempts
in these patients should be to restabilize the
patients, identify good autogenous tissue, and
electively replace the injured vessels using autog-
enous reconstruction if the limb is still viable.
When massive crush injury and debris are present
in the wound, it is very important to realize that the
leg should be monitored for development of noso-
comial infections including fungal infection with
mucormycosis, which can result in a higher ampu-
tation level if not monitored carefully [151, 152].

In conclusion, war-related vascular injury
continues to be a very challenging problem even
to the most experienced vascular surgeon.
Aggressive battlefield resuscitation and the use of
tourniquet to control hemorrhage has allowed
more injured patients to survive the initial injury
and reach the field hospitals alive. The use of a
shunt to maintain flow while other life-threatening
injuries are being addressed has increased the
chances of limb preservation in these patients.
Abiding by the established principles will allow
optimal management and limb salvage while
respecting the concept of life-before-limb.
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Introduction

The classical way of managing complex and
large blast injuries consists of achieving total
wound healing before considering any soft tissue
or bone reconstruction. After treating a large
number of such injuries, our strategy has changed
progressively giving reconstructive microsurgery
a large place in the management process. When
well indicated, it helps reconstruct anatomy and
restore function particularly with the upper
extremity and hand.

Ammunition and Ballistics

Wound ballistics describes the effects of the mis-
sile as it travels through tissue. Three factors are
cited as the determining factors causing tissue
damage [1]: laceration and crushing, shock
waves, and cavitation.
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Tissue injury from low-energy missiles occurs
mainly due to laceration and crushing. It is usually
obvious, as seen by the extent of damage at the
entry or exit sites [1].

Shock waves cause further tissue injury [2]. As
the missile penetrates, it causes sudden radial
stretching in the tissues in front and behind its
path. This is called temporary cavity because of
its rapid formation and collapse [3]. The volume
of this cavity is proportional to the energy released
by the missile. During its 10- to 30-ms lifetime,
the vacuum may pull foreign material into the
wound [4]. The residual crushed tissue and the
displaced tissue caused by the temporary cavity is
known as the permanent cavity [2, 4]. This phe-
nomenon of cavitation is important to consider
because it causes vessel injuries far from the ini-
tial trauma site such as arterial or venous intimal
lesions. This can cause a problem when planning
reconstruction with a free tissue transfer.

The wounding capacity of the bullet is propor-
tional to its kinetic energy [1, 5]. When in contact
with an organ, kinetic energy is translated into
mechanical energy that disrupts tissues. The effi-
ciency of this energy transfer [2, 4] depends on:

e The missile’s kinetic energy at the time of
impact. The longer the distance from the tar-
get, the lower the velocity at impact [4].

e The entrance angle of the missile is important,
for example, a 90° entrance angle allows
maximal energy transfer [2]. Some bullets
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have been designed to increase tissue damage
by altering their center of gravity and subse-
quently their stability at impact [2].

e The caliber, construction, and configuration of
the bullet are also by far the most important
predicting factor [4].

* The distance and path travelled within the body.
Penetrating missiles that do not exit deliver all
their contained kinetic energy. Those that exit
transfer significantly less energy.

Radiological Investigations

The anatomic structures that need evaluation while
assessing upper limb and hand blast injuries are
principally the arterial axis and the bony skeleton
[6, 7]. This involves screening for arterial injury,
including total interruption and aneurysmal
pathologies, and for fractures and their types [8].

X-rays are important because they enable
visualization of bullets, missile fragments, and
shrapnels.

To date, the indications for arteriography in
diagnosing upper limb major vascular injuries
are still controversial. Vascular injuries may be
reliably identified by physical examination alone
[9], but arteriography represents a highly sensi-
tive modality for diagnosis in cases of high suspi-
cion and for surgical planning [7, 8].

The use of CT-angiogram to delineate vascu-
lar injuries has increased and is now the imaging
modality of choice to evaluate the upper limb
arterial network. It identifies the available arteries
and their quality and therefore helps in planning
reconstructive microsurgeries.

Concerning major venous injuries, preoperative
radiologic assessment has not been proven benefi-
cial, apart from identifying thrombosis. Such inju-
ries are usually identified intraoperatively.

General Principles of Surgical
Management

Surgical management of gunshot wounds to the
extremities has evolved from mandatory explora-
tion to a more selective approach [10, 11].

Friedrich [12] and Le Maitre [13] were the
first to advocate the excision of the bacteria-laden
area around the contaminated wound, with pri-
mary repair reserved only for wounds operated
on within 6 h, while wounds evaluated after a day
are left open.

Adequate debridement of devitalized tissue
remains the basic principle in the treatment of
gunshot wounds. Excision of skin margins, lacer-
ated fascia, contaminated muscles, and devital-
ized bone is important, as devitalized tissue is
detrimental to healing. The evaluation and treat-
ment of damaged muscle is a great challenge. The
color, bleeding capacity, contractility, and consis-
tency of the muscle belly are of great value in
assessing muscle vitality. Damaged periosteum
should not be excised except when severely con-
taminated. Gross contaminants and foreign bod-
ies need to be removed with copious jet lavage
irrigation. Tendons, nerves, and blood vessels are
to be preserved unless markedly devitalized.

Once exploration and debridement is done,
the wound should be kept open. It is recom-
mended to reexplore the wound one to 3 days
later to determine the need for further debride-
ment of any questionable tissue that was spared
during the first debridement [4, 14].

Early application of vacuum assisted dressing
helps decrease the bacterial load, close the dead
cavities, and increase the wound blood supply. It
also promotes healing and granulation and dras-
tically decreases the time needed for debride-
ment before the ultimate stage of microsurgical
reconstruction.

Discussion

Conventional wisdom in war surgery holds that
ballistic wounds should be explored. Surgical
debridement and repair are indicated in the
presence of massive tissue damage, vascular
injury, displaced fractures, progressive neurolog-
ical deficit, obvious contamination or necrosis,
joint injury, and compartment syndrome [4, 7, 8].

High-energy wounds require immediate and
aggressive irrigation, debridement, and removal
of foreign material. Attention should be focused
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first on reestablishing adequate blood supply to
the hand. A displaced fracture with an ischemic
digit should be reduced in an attempt to rees-
tablish blood flow. If there is any suspicion of
elevated compartment pressures, fasciotomies
should be performed.

In case of interruption of the two forearm ves-
sels, or only one vessel with signs of distal isch-
emia, vessel repair is advocated. Surgical
exposure and dissection of the suspected injured
vessel follows the standard microvascular princi-
ples. All major arterial, venous, and neural struc-
tures should be examined to determine the extent
of damage. Of note that in some cases, the artery
may appear relatively normal grossly despite
clinical findings suggesting distal ischemia. In
this case, intraoperative arteriogram or arteriot-
omy is indicated not to miss any injuries [15].
Such lesions may occur secondary to the blast
effect of high-energy bullets.

Knowing that the zone of injury caused by
bullets often extends beyond the area that is visi-
bly damaged, the injured zone should be man-
aged by segmental resection, even when the
vessel is not completely transected [16]. Balloon
catheter thrombectomy of the proximal and distal
vessels must be performed prior to vascular
reconstruction or to the placement of a vein graft
[16]. A primary end-to-end anastomosis may be
performed if the proximal and distal ends can be
brought together without tension. If not, repair is
done with an interposition graft most commonly
saphenous vein followed by the cephalic [4].
Vascular repair follows the standard basic prin-
ciples of arterial anastomosis.

Nerve injuries can be either associated to vas-
cular interruption or can occur alone, particularly
in low-velocity gunshot wounds. They can be
secondary to the direct impact, the shock waves
or the cavitation [17]. The morphologic changes
that occur are similar to those of a traction injury
[18]. The injury can range from neurapraxia to
neurotmesis and lesions are often in continuity
[19] due to the plasticity of neural structures,
which gets them pushed by bullet waves.

There is no consensus regarding the optimal
timing for exploration and repair of gunshot
peripheral nerve damage [20]. When exploration

is performed, primary repair or grafting of major
nerve injuries should be considered [20]. If direct
nerve approximation and repair can be done in
the acute phase after surgical wound debridement,
nerve grafting cannot be performed primarly and
can only be considered once the wound is stabi-
lized and the risk of infection is overcome.

If surgical exploration is delayed, complete
and incomplete nerve injuries should be deter-
mined. Incomplete injuries with sparing of distal
function have a better prognosis and will likely
recover with time. Baseline EMG is obtained at
2-3 weeks following injury to evaluate for
changes attributable to denervation and followed
by serial EMGs to track any nerve regeneration.
If there is no return of function by 3—6 months,
surgical exploration is justified [20].

Nerve gaps are overcome by mobilization or
transposition of the proximal and distal nerve
stumps. If the gap persists despite mobilization,
nerve grafting should be considered.

Regarding the management of bone fractures,
treatment options are tightly related to the type of
blast injury and the hitting object. In cases of
large bony defects, equal to or more than 5 cm,
reconstruction with free microsurgical osseous
flaps is considered. The free fibula flap remains
the workhorse for reconstruction of long bones
gaps, namely of the humerus, radius, and ulna.
However, the deep circumflex artery iliac crest
free flap (DCIA) is the flap of choice for recon-
struction of large defects from multiple metacar-
pal fractures (Fig. 16.1). Bone reconstruction
should be performed subsequent to skin defect
reconstruction, either by the use of a regional
pedicled flap, or by transferring an osteocutane-
ous free flap filling the whole gap in a single
staged surgery.

It is worthwhile mentioning the temporary
ectopic implantation of amputated parts,
especially fingers and hand, as an option in
treating upper limb blast injuries. It is consid-
ered for injuries with composite defect at the
site of amputation that renders direct replanta-
tion of the amputated part impossible (Fig. 16.2).
This maintains a normal blood perfusion to the
amputated part while allowing enough time to
debride the proximal stump and reconstruct an
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Fig.16.1 A 28-year-old woman presenting 10 days after
sustaining a blast injury to her left hand. (a) Intraoperative
photo following debridement, showing the composite
defect on the dorsum of the hand (skin, extensor tendons,
and metacarpal bones to small, middle, and ring fingers).

anatomical platform able to receive the ampu-
tated part in a later stage [21].

Free flaps offer the same advantages for blast
injuries as for the diabetic foot. They provide
additional vascularity that increases blood turn-
over and insures ideal conditions for faster and
better wound healing. Also, fingers amputations

(b, ¢) Pedicled reverse posterior interosseous flap for skin
and soft tissue coverage 2 days after presentation. (d, e, f)
Bone reconstruction with DCIA free bone flap for recon-
struction of the metacarpal bones, day 14 following the
posterior interosseous flap surgery

can benefit from the reconstructive microsurgery
tools, particularly, free toe to finger transfer should
be considered when a finger is amputated distally
to the insertion of the FDS tendon (Fig. 16.3).
Finally, early amputation in the severely
injured limb prevents the morbidity associated
with failed attempts at reconstruction. Early
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Fig. 16.2 A 35-year-old man who sustained a gunshot
injury to his right hand. (a) Preoperative picture showing
the composite defect of the hand and its extent. (b) Ectopic
implantation of the amputated fingers on the opposite
radial artery and basilic vein. (¢, d, e) Harvesting and
anastomosis of the DCIA free osteocutaneous flap for
reconstruction of the metacarpal bones, skin, and soft tis-

sue defects, 10 days after the injury. (f, g) Two months
following ectopic implantation, retransfer of the fingers
block based on the Radial artery and basilic vein to their
anatomical site, fixed to the iliac crest bone. (h, i) Final
result at 1 year follow-up, with the patient demonstrating
a limited pinch
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Fig.16.3 A 15-year-old boy presenting 2 h after sustain-
ing a blast injury to the right index. (a) Preoperative photo
before debridement 1 day following his injury, showing
loss of index pulp distal to the DIP joint and the extent of
volar soft tissue injury. (b) The defect following debride-

amputation is preferable to protracted attempts at
reconstruction [22].

In the hand, primary amputation should be
considered mainly for injuries of a single digit

ment. (¢, d, e) Harvesting of the right custom-made sec-
ond toe for reconstruction of the index tip amputation. (f)
Intraoperative result following the toe-to-hand transfer.
(g) Postoperative result at 1 week

associated with a comminuted articular fracture
and a combination of tendon and nerve injuries.
In these cases, there are little functional restora-
tion expectations.
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Conclusion

The management of blast injuries of the upper
limb possesses its state of art. Mechanism of injury
defers from those of classic trauma. It is a blending
of lacerations and crushing injuries directly related
to the impact, shock wave and cavitation.

The treatment should contemplate all the
mentioned variables before embarking with the
debridement of wounds paving for the final
defect reconstruction. The principle is to dispose
of unhealthy tissues and minimize infection risk.

The current treatment trends advocate for
repeated debridement and waiting until infection
is controlled and the tissues have healed before
reconstruction. One should keep in mind the myr-
iad of microvascular surgical options available for
the one stage reconstruction of these complex
injuries, considerably reducing morbidities.
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Introduction

With the current use of body armor and helmets,
adequate protection is often offered to the head,
thorax, and abdomen, leaving the extremities
relatively unprotected, with an increased risk of
injury [1]. A significant fraction of military inju-
ries results in trauma to the musculoskeletal sys-
tem. In fact, 70% of all war wounds are attributed
to musculoskeletal injuries [2].

With the widespread introduction of firearms
in the sixteenth century, the nature of battlefield
injuries changed from penetrating stab wounds
and blunt trauma to extensive soft tissue damage
and comminuted fractures [3]. In recent wars,
injury was not related to penetrating bullets, but
rather to explosive ordnance such as bombs, gre-
nades, and land mines [2].

Today, battlefield surgical strategy aims for
damage control first and then transfer for defini-
tive repair and advanced treatment. The concept
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of life before limb is well established, and all the
efforts are first directed to prevent death and not
contribute to its occurrence while attempting to
save a limb. This is reflected in the frequent use
of amputations in the management of extensive
extremity war injuries. This approach is justified
by the fact that amputations can be done quickly
at the battlefield, are less technically and eco-
nomically demanding, and with the improvement
of prosthetic designs patients may be left with a
better functional outcome [4].

In this chapter we will briefly discuss the acute
phase of amputation, with a mention of the surgi-
cal techniques. More focus will be placed on the
delayed management of both complicated and
uncomplicated war-related amputations, with a
section focusing on prosthesis.

Acute Phase of Management

The decision to amputate or attempt to salvage
the limb remains a difficult and challenging one.
Such a decision poses a substantial responsibility
on the treating physician. When faced with a
patient with severe soft tissue, orthopedic, and
vascular injuries, it becomes crucial to decide
whether to save the limb or proceed to amputate.
The process of saving the limb in this setting is
very elaborate. It typically requires complex
revascularization, numerous attempts at debride-
ment and soft tissue coverage and multiple
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orthopedic interventions. Rehabilitation is often
delayed pending complete healing.

Despite all the heroic efforts, limb salvage
may fail. Even if preserved, the length, shape,
and functional outcome of the salvaged limb may
be below the patient’s expectations leaving a
patient unemployed with disabling neuropathic
pain and emotional distress. Hence it is not
uncommon to witness such patient’s request to
have a delayed amputation months after pro-
longed hospitalization because of dissatisfaction
with the outcome of the salvaged limb, hoping to
be able to recapture their lives. The military
extremity trauma amputation/limb salvage
(METALS) study reviewed the functional out-
come of 324 service members injured during the
wars in Iraq and Afghanistan, at an average of 3
years post injury. Those treated with amputation
appeared to have better functional outcomes than
those treated with limb salvage [5].

Decision of Amputation and Scoring
Systems

War injuries to the limbs can vary from small
shrapnel injuries to complex blast injury causing
a mangled extremity where the initial manage-
ment decisions are often very difficult to make. In
battlefield situations and mass casualty the deci-
sion to amputate is also dictated by the available
resources; most often the overall condition of the
patient will dictate the decision and will influ-
ence the decision of the surgeon to attempt sal-
vage. Young combatants may be better able to
tolerate prolonged procedures than elderly
patients who become victims of war injuries due
to missile or explosives.

Multiple scoring systems were suggested to
help guide the initial decision. These include the
Mangled Extremity Severity Score (MESS), The
Limb Salvage Index (LSI), the Predictive Salvage
Index (PSI), The Nerve Injury, Ischemia, Soft-
Tissue Injury, Skeletal Injury, Shock, and Age of
Patient Score (NISSSA), The Hannover Fracture
Scale-97 (HFS-97), and the Gustilo-Anderson
open fracture grading system.

It is worthy to mention that most extremity
injury scoring systems were developed over
15 years ago [6]. Orthopedic, plastic, and vascu-
lar surgery techniques and strategies have
changed dramatically since then, making all of
these scores not very predictive. In addition, they
were all developed based on civilian injuries.

Of all the scores, the MESS is the most widely
used [6]. It is the simplest, based on objective cri-
teria and seemingly the most applicable to the
combat casualty [7]. It was first proposed by
Johansen et al. in 1990 and since then has been
amply reviewed. Four clinical variables consti-
tute the basis of the MESS: the severity of skele-
tal and soft tissue injury, severity of limb
ischemia, presence and duration of shock, and
patient’s age. Component scores are then added
generating the MESS which ranges from 2 to 14.
A low score suggests limb salvage potential
while a high score does not reliably predict the
need for eventual amputation. The severity and
duration of ischemia scores are doubled if perfu-
sion has not been restored within 6 h of injury.
Patients with a truly mangled extremity will typi-
cally have MESS scores of 4 or greater. A good
correlation was made between a score greater
than 7 and the decision to amputate. In general, a
score lower than 7 supports attempts at limb sal-
vage. However, a score greater than 7 does not
always predict that a limb is non-salvageable. A
MESS of 7 had a sensitivity of 0.45 but a speci-
ficity of 0.93 for predicting amputation.

There is no one established standard algorithm
for the decision to proceed to amputation, and as
such a big part of it depends on the experience of
the surgeon. Experience has improved the sur-
geons’ ability to salvage limbs, but has not rou-
tinely given them the ability to predict which
patients will thrive after this choice is made and
executed [8]. This is especially true for war inju-
ries. In a recent report, Doucet et al. evaluated the
effect of blast injury mechanism on limb salvage
in combat versus civilian open tibial fractures. In
the military group, the sensitivity of the MESS
score was better at predicting the need for ampu-
tation than in the civilian group (0.67, 95% confi-
dence interval: 0.43-0.85). However, successful
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limb salvage was still possible in most cases with
an MESS score of >7 when attempted [9].

Another study aimed to assess the validity of
the mangled extremity severity score (MESS) in
a population of UK military patients with bal-
listic mangled extremity injuries. The MESS
was not found to be helpful in the decision-mak-
ing and whether or not an amputation was
appropriate. Furthermore, the age was not found
to be relevant. Most amputations were dictated
by the presence of an ischemic limb where the
general condition of the patient did not allow
the lengthy reconstruction needed for salvage.
The importance of early amputation was clearly
identified in patients with mangled extremity
due to ballistic injury [7].

However, this cannot be translated that limb
salvage should not be attempted in the conflict
induced mangled extremity. With the increased
experience with aggressive damage control
resuscitation maneuvers in critically injured
casualties, complex extremity revascularization
with excellent early limb salvage and graft
patency have been successfully accomplished.
Such aggressive resuscitation includes recom-
binant VIIa and liberal use of fresh whole
blood, plasma, platelets, and cryoprecipitate,
while minimizing crystalloid, and has allowed
limb salvage without an increase in early graft
failures [10].

As such, the decision to revascularize will
clearly depend on the clinical condition of the
patient, the extend of soft tissue damage, the
complexity of the vascular reconstruction, and
the level of expertise and resources available in
the area. Vascular injuries below the knee involv-
ing all the infrapopliteal vessels are most chal-
lenging especially that the arteries and veins are
often both destroyed. The reconstruction typi-
cally requires a vein bypass with the vein har-
vested from the contralateral leg. The main
concern here remains soft tissue coverage of the
new vascular reconstruction and management of
the orthopedic injury especially in the presence
of significant bone loss. The use of the Ilizarov
circular fixation apparatus and technique has
allowed innovation in the management of such
bone loss. The associated shortening of the limb

is typically addressed at a later stage once the
wounds are totally healed [11].

Similarly, injured nerves will also be addressed
at a delayed stage to allow for nerve regeneration
without neuroma formation. Tibial nerve injury,
which used to be considered a contraindication to
attempted limb salvage, was found to be not of no
predictive value. At 2 years almost 50% of
patients with perceived tibial nerve injury showed
recovery. Although lack of plantar sensation has
historically been taught as a useful indicator of an
unsalvageable extremity, subsequent data have
found that this is not a reliable physical finding.
Some patients with an insensate foot on initial
exam can subsequently regain function [12].

In some unfortunate situations, the decision to
amputate is easily made as the extremity is man-
gled in a way that there is nothing left to salvage.

Clearly the paradigms in lower extremity
reconstruction in war-related injuries has evolved
over the years especially that lower extremity
injuries account for the vast majority of injuries
in modern warzones. With explosive devices
becoming the most common mechanism of injury
and blast impact leading to extensive soft tissue
injuries, complex reconstructive strategies for the
vascular and musculoskeletal systems are typi-
cally needed. Alternatively, an amputation may
be the most appropriate treatment. As such the
surgical team caring for such injured patient must
take all these factors into consideration when
making the decision to attempt to save the limb or
to amputate.

Serial debridement, negative pressure therapy,
and autologous reconstruction with free tissue
transfer and pedicled flaps remain the mainstay
of treatment in recent conflicts [13].

Level of Amputation

Once the decision is made to proceed with an
amputation, it remains essential to decide at
what level the amputation must be carried out.
The location of the most severe injury sus-
tained by the traumatized limb frequently
determines the level of amputation [14].
Optimizing functional outcome is paramount
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when deciding on definitive amputation level.
Preservation of joint function, in many cases,
improves limb biomechanics. Increased limb
length also allows for the benefits associated
with articular and distal limb proprioception.
Logically, superior outcomes are associated
with a longer residual limb [15-17].

In brief, the most used lower extremity
amputation levels in order of length preference
are transmetatarsal, Lisfranc, Chopart, Syme,
transtibial or below-knee amputation (BKA),
knee disarticulation, transfemoral or above-
knee amputation (AKA), hip disarticulation,
and hemipelvectomy [18]. The details of all
these amputations are beyond the scope of this
chapter. More than 75% of primary amputa-
tions performed on injured Service Members
were either transtibial, accounting for 40%, or
transfemoral, accounting for 35% of all ampu-
tations [19-21].

There are certain principles that need to be
respected when determining the amputation
level. As mentioned above, the target must be a
maximal residual length without osseous prom-
inences. The joint most proximal to the level of
amputation should have reasonable function.
This will help enhance prosthetic function.
Careful thought must be put into the soft tissue
coverage. It is preferred that full-thickness
myocutaneous flap covers areas of high pres-
sure and shear [15, 22]. Consequently, all via-
ble muscle and fasciocutaneous tissue should
be saved for possible use in the definitive soft
tissue reconstruction. The historical guillotine
amputation was abandoned because the stump
is left without adequate coverage, often leading
to non-healing stumps that frequently become
infected [3].

Transtibial Amputations

Below-knee amputation is the commonest per-
formed amputation in a combat and deserves a
focused attention. With the knee joint preserved,
the amputee will have a near normal gait and less
energy will be required for ambulation as com-
pared to a more proximal level of amputation

Fig.17.1 Standard Burgess posterior flap

[23, 24]. Amputees with BKA have a high rate of
prosthetic use and are very physically active, and
a large percentage of them consider themselves
only minimally or nondisabled [25]. They also
have a better quality of life and are faster in
returning to employment [26].

The gold standard BKA is the long posterior
flap as popularized by Burgess in 1969 [27, 28]
(Fig. 17.1). The rationale behind this technique is
that the poorly vascularized anterior skin flap is
compensated by the relatively well-vascularized
posterior skin flap [29]. Since then multiple tech-
niques have been proposed for BKA, which vary
according to the type of soft tissue flap that will
be used for coverage. Of the proposed surgical
techniques, the skew flap reported in 1982 by
Robinson has proved to be satisfactory. It was
considered by some to be superior to the long
posterior flap in terms of wound healing and time
to full mobility [30-32]. A Cochrane review con-
ducted in 2014 concluded that there is no evi-
dence to show a benefit of one technique over the
other. Factors which might influence the choice
of one technique versus the other include previ-
ous experience of a technique, the extent of non-
viable tissue, and the location of preexisting
surgical scars [33].

In combat-related lower extremity injuries
however, it is difficult to rely on only one
learned technique. Rarely is the surgeon able to
perform a standard BKA. None of the proposed
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Fig.17.2 (a, b) Flaps of opportunity. Used when soft tissue injury is severe limiting standard flap design. Closed suc-
tion drainage are preferred, but in limited resource conflict hospitals a Penrose drain may be used

techniques take into consideration the extent of
soft tissue injuries seen in combat-related inju-
ries which poses a grave limitation to the flap
design. The surgeon frequently has to work with
what is left. Local “flaps of opportunity” are
considered if standard flaps cannot be fashioned
(Fig. 17.2). The option of free flaps and skin
grafts also subsists.

Surgical Technique

Typically, the treatment principles are the same
for all levels of amputation. The goal is to
remove all dead tissue and residual foreign
material. The operation must be conducted in
the least time possible. When feasible, control of
bleeding is maintained through continued use of
pneumatic tourniquets [34]. Early aggressive
debridement, usually within the first 2 h, is per-
formed with a skin incision made as distal as pos-
sible through the skin and fascia, in an attempt to
conserve as much tissue as possible. The purpose
of the incisions is to allow full exposure of the
affected tissue [2, 14, 34]. Copious irrigation must
be done to help remove all bacteria and foreign
bodies. Overall, normal saline was recommended
for irrigation with limited use of additives. Low-

pressure irrigation is preferred to high-pressure
jet lavage [35].

The cornerstone of war surgery is to remove
all the nonviable tissue. The viability of tissue is
to be assessed in the operating theater, with the
aid of the four Cs: color, consistency, contractil-
ity, and capillary bleeding when cut [36, 37]. All
nonviable soft tissue of the fat, fascia, and mus-
cles should be debrided. Next the bone must be
addressed. As mentioned above, maximal bone
length should be achieved. Contaminated ends
need to be curettaged to remove foreign bodies.
All small bone fragments should also be removed
as they are devoid of blood supply and will pose
an additional risk of infection. Overzealous
debridement and removal of tissue is irreversible
and can cause loss of function, thus moderation is
recommended.

Wounds are usually dressed open, with read-
dressing the stump in the coming 1 or 2 days
[14]. Primary closure greatly increases the like-
lihood of infection [2, 38]. In the less likely
cases where the patient arrives within 6 h of the
original injury, and if indeed the wound is ade-
quately and meticulously debrided, then it is
acceptable to close the wound primarily with
carefully examining the wound at least once
daily [39].
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Fig. 17.3 Clean above-knee amputation stump dressed
with wet saline gauze

Fig.17.4 Amputation stump after 2 weeks of application
of vacuum dressing

Intermediate Phase of Management

All of the lifesaving resuscitative surgery is usually
performed at the battlefield scene, in what is known

as combat support hospitals. The maximal length
of stay there is intended to be 3 days. After the
amputation is performed and the patient stabilized,
transfer is done to the next level of care, a more
advanced and sophisticated medical facility. There,
the patient will be tended to further management.

Uncomplicated Amputations

Wound Care

It is currently recommended that closure of wounds
in combat environments be delayed because of the
high contamination rate, especially when patient
presentation is delayed [35]. Early primary wound
closure causes high rates of serious wound infec-
tion eventually requiring much more extensive
debridement and sometimes leading to patient
demise [40].

While waiting for closure, the stump is dressed
with a sterile, clean, dry, absorbent dressing to
minimize ongoing contamination. The traditional
saline-soaked gauze dressing, covered by dry
gauze, is more than sufficient for the stump
wound (Fig. 17.3). The use of silver-impregnated
dressings, topical antibiotics, or medical honey
creams has not been proven to prevent infections,
and are therefore not a superior choice [41-44].
The dressing does not have to be occlusive, for
there is little evidence showing a reduce in infec-
tion rate, faster healing, or being associated with
less pain [42].

The use of negative pressure therapy (NPT) has
become the standard of care in many facilities.
Data is conflicting about the effectiveness of NPT,
with the potential benefits and harms in healing
wounds by secondary intention remain largely
uncertain [45]. It must be clear that the purpose of
the NPT is not to help close the wound completely,
but instead it is used as a bridge for definite closure.
A one- to ten-day reduction is achieved in the time
needed to prepare the wound for secondary closure
surgery [46] (Fig. 17.4).

Stump Closure

Repeat debridement if necessary, which is to be
done at 48 h followed by wound dressing. It is
expected to close the wound by the fourth or fifth
day after the initial amputation. This scenario is
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Fig. 17.5 Below-knee amputation stump closed by a
posterior vascularized flap with an anterior split thickness
skin graft

Fig. 17.6 Split thickness skin graft used to cover the
amputation stump in an attempt to maintain maximal
stump length

based on the assumption that the patient is both
young and healthy, the wound is completely clean,
and there is no evidence of infection or necrotic tis-
sue [35, 40, 47].

There remains to be many options regarding
the method to be used to close the open stump.
The general principle is that the skin must be
closed without tension. A robust soft tissue enve-
lope is also critically important. Adequate pad-
ding is necessary for the residual limb to tolerate
the high impact and shear forces associated with
regular prosthesis wear [48]. Looking at the
reconstructive ladder, local wound care, primary
closure, skin grafting, local skin flaps, pedicled
flaps, and free flaps are all important components
for definitive soft tissue coverage [49, 50].
Sometimes the surgeon is inclined to use more
than one of the aforementioned techniques to
close the stump (Fig. 17.5). The mainstay in
amputation stump closure remains to be local
flaps.

The issue that arises is that in combat-related
injuries, there is significant loss of soft tissue,
which poses a limiting factor in proper wound
closure. To adequately close the stump, it
becomes necessary to shorten the residual bone.
However, the dilemma is that the bone should
be preserved at the most distant level permissi-
ble, even with the constraints of the soft tissue
envelope [51]. Subsequently, many surgeons
have been driven to choosing free flaps or skin
grafts for closure, in an attempt to preserve the
maximal length of bone possible [52]
(Fig. 17.6). Skin grafts placed over bone have
proven to have a higher wound failure rate and
reoperation rate [51, 53] (Fig. 17.7).

Complicated Amputations

As in any lower extremity amputation, postop-
erative complications are prone to happen.

Hemorrhage

Postoperative bleeding is a common complica-
tion that may occur with any type of surgery.
Bleeding after amputation surgery can be due to
a number of causes, namely failure of vessel liga-
tion. It is a must to remove the dressing, identify
the bleeder, and stop it. Attempt to control post-
operative bleeding or hematoma with compres-
sion only is not recommended.
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Fig.17.7 Failed split thickness skin graft

o

8

Fig.17.8 Dehiscence of the amputation stump with evi-
dence of soft tissue infection and osteomyelitis

Infection

Infectious complications in war-related inju-
ries remain a long-term challenge and are par-
ticularly common due to the mechanism of
injury. In combat, high-energy explosive

devices are used which instigates extensive
contamination with soil, shrapnels and weapon
fragments, clothing and even tissue from other
casualties [54]. In addition, the high level of
tissue destruction and consequent tissue necro-
sis also contributes to increase in the risk of
infection [55].

Infection can range from simple superficial
cellulitis to more complicated deeper infections
and osteomyelitis (Fig. 17.8). More dreaded
complications such as necrotizing fasciitis are
also prone to develop. Bacteria infecting these
wounds are usually multidrug resistant (MDR),
including Acinetobacter baumannii,
Pseudomonas aeruginosa, extended spectrum
beta lactamase producing Klebsiella species and
Escherichia coli, and methicillin-resistant
Staphylococcus aureus (MRSA) [35, 37].

Life-threatening fungal infections such as
Mucormycosis can rarely occur in patients
with soil contaminated wounds and massive
transfusion and resultant immune-suppres-
sion. Such infection should be treated with
aggressive debridement and higher level
amputation to prevent systemic progression
and mortality.

If any sign of infection develops, it is recom-
mended to surgically debride the wound and
remove all necrotic and infected tissue. Foreign
material, blood clots, bone fragments, and poorly
vascularized tissue are a good medium for bacte-
rial proliferation and should be removed. The
mainstay of treatment remains surgical interven-
tion and ample irrigation, with the use of intrave-
nous antibiotics as an adjuvant therapy [56, 57].
Wounds are left open and sterile dressings are
changed at least once daily.

It is important to stress on irrigation of the
wound to reduce necrotic debris and foreign
materials and decrease bacterial load [58]. A min-
imum of three liters of normal saline is recom-
mended for irrigation [59]. Antiseptic solutions
such as chlorhexidine have not proven to be
superior to saline solution. On the contrary, they
have shown to delay or reduce healing with no
reduction of infection rates [56]. Local use of
antibiotics has also not shown any advantage and
is not routinely recommended [60].
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Wound Dehiscence

Skin flap breakdown and subsequent wound
dehiscence is not an uncommon complication
after amputation surgery, leading to prolonged
hospital stays [61]. Acute wound dehiscence
depends largely on the surgical technique used.
It is therefore essential to have good preopera-
tive planning for adequate soft tissue coverage
[62]. Blood supply to the skin flaps must be
adequate. Closure should be in a tension-free
manner, with sutures staying in place for 4
weeks [63].

In case of dehiscence the preferred treat-
ment is surgical. A list of options for proper
closure exists. Going by the reconstructive lad-
der, simple procedures such as debridement
and primary closure remain an option. Split
thickness skin grafts can also be used, espe-
cially when attempting to preserve stump
length, but are less recommended as they have
a higher complication rate. In attempt to
decrease complications of split thickness skin
graft, Integra, a bioartificial dermal substitute,
may be used. Other options include delayed
excision of the skin graft followed by fasciocu-
taneous advancement flaps [48].

Perforator flaps, whether fasciocutaneous or
myocutaneous, can be utilized for closure.
They provide vascularized tissue, which pro-
tects and nourishes the fractured bone [64].
Finally, myocutaneous free flaps with micro-
surgical anastomosis are also an option that
provides adequate coverage [52]. Such proce-
dures are considered if the overall medical
condition of the patient is stable enough to
allow further operative therapy.

Chronic Phase of Management
Uncomplicated Amputations

Once the amputation stump has healed the

patient must undergo physical therapy.
Rehabilitation is a very important phase that
considerably affects functional outcome.

Psychological and social services support is also
warranted.

Complicated Amputations

Ulceration

Ulceration of the amputation stump usually
occurs as a consequence of persistent pressure by
the prosthesis on the stump [65]. Treatment
involves off-loading the weight-bearing area,
thus decreasing repetitive trauma and promoting
faster healing [66]. It is essential to adjust the
prosthesis socket to redistribute the load away
from the damaged skin.

Neuroma

Neuromas develop due to improper and irregular
regeneration of nerve fibers secondary to trauma
[67]. Two types of neuromas exist: spindle and
terminal. Spindle neuromas occur due to friction
and irritation of a non-disrupted injured nerve.
Terminal neuromas develop from completely
transected nerve and is thus more common in
amputation patients [68].

Patients’ most common presenting symptom
is pain. On physical examination the neuroma
can sometimes be localized as a palpable nodule.
Patients usually experience an electric type of
pain along the nerve distribution when the neu-
roma is palpated, otherwise known as a positive
Tinel sign [69].

Proper handling of the nerve during surgery is
essential to help prevent neuroma formation. If
needed, the nerve is transected using a scalpel
rather than electrocautery [68]. Following its
transaction, the nerve is either implanted in mus-
cle, bone, vein, or under the fascia [70].

Pharmacologic techniques can also be used
to stop neuroma formation. Hot water, electro-
coagulation, alcohol, steroids, formalin,
hydrochloric acid, phenol, nitrogen mustard,
and others have been described to hinder nerve
fiber overgrowth. They are either injected
directly intraneural at the injury site or at the
dorsal root ganglion [67].

Once a neuroma develops, the aim is to con-
trol the pain. Pain medications such as nonsteroi-
dal anti-inflammatory drugs are the first line of
treatment. Nonsurgical conservative therapy
includes injection of the nerve with steroids, per-
forming nerve blocks and even physical therapy
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to decrease inflammation and scar tissue have
been described with controversial efficacy [69].

Surgical resection remains the mainstay of
treatment. Resection of the neuroma is per-
formed, followed by burying the nerve end
either in muscle, bone, vein, or under the fascia
as mentioned before. Capping the nerve end can
also be done with either suturing the epineural
cuff, or using synthetic caps such as glass or
silicone [71].

Phantom Limb Pain

Phantom limb pain is a frequent sequel of
amputation surgery. Incidence is reported as
high as 60-80% of amputees. Phantom limb
pain is classified as neuropathic pain. The
underlying mechanism remains unclear and is
thought to be related to both peripheral and
central factors. The type of pain described is
similar to that felt before the amputation.
Patients with preoperative pain are more likely
to develop phantom limb pain [72].

Treatment for phantom limb pain is challeng-
ing. There is no clear evidence-based treatment
guidelines for it. An array of medical interven-
tions has been proposed. The most commonly
used pharmacologic treatment include tricyclic
antidepressants and sodium channel blockers,
the same medications that are used to treat neu-
ropathic pain [73]. Nonmedical treatment
modalities have been reported, such as transcu-
taneous electrical nerve stimulation, vibration
therapy, acupuncture, hypnosis, and electrocon-
vulsive therapy [72]. Still, there is no clear evi-
dence that supports any of the aforementioned
modalities.

It is noteworthy to mention “mirror treatment”
for phantom limb pain, where a mirror is placed
across the residual limb as a mean to help reestab-
lish control of the absent limb [74]. Significant
decrease in the pain has been reported.

Heterotropic Ossification

Heterotropic ossification (HO) is defined as
the formation of lamellar bone inside soft tis-
sue structures where bone does not exist [68].

On presentation, patient complains of pain,
joint stiffness, decrease in the range of motion,
warmth, swelling, and erythema [75]. It is
usually associated with skin adhesions and
ulcerations [68].

Prophylaxis against HO includes the use of
indomethacin, nonsteroidal anti-inflammatory
drug that works on suppressing bone remodel-
ing. A possible benefit to radiation therapy has
also been suggested. As for the treatment, con-
servative management involves also indometha-
cin and radiation therapy, as well as
bisphosphonates [75]. It is fundamental to focus
on activity and prosthesis socket modification by
a skilled prosthetists to avoid surgical
intervention.

Once conservative treatment fails and
symptoms progress, it is advised to proceed to
surgical excision. Excellent functional out-
comes were reported, with minimal recurrence
rates.

Prosthesis

Prosthetic devices will never genuinely replace
the missing limb, whether functionally or cos-
metically. Irrespective of the design used, a dif-
ference will always be noted by the amputee.
Our aim with the use of prosthesis is to help the
amputee incorporate it as part of his body,
regain functionality, be comfortable with it, and
attain an appropriate level of cosmesis. For this
to happen, a skillful team is required to care-
fully plan the prosthesis. Consideration should
be made to the level of amputation, the type of
reconstruction done, the level of voluntary con-
trol, energy expenditure, and body image.
Prosthetic fitting in amputees after combat
injury is a challenge since the patient usually
has multiple residual limb conditions that make
the fitting process difficult.

The socket, the suspension system, the pylon,
and the terminal part, usually the foot, make up
the prosthesis. We will discuss each part
separately.
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The Socket

The socket is the most important part of the
prosthesis as it is the weight-bearing area. It is
custom made to fit the amputation stump.
Historically, the weight-bearing area was con-
sidered to be at the tip of the stump only. With
the newer sockets, the weight is distributed
equally to all of the stump, what is known as
total surface bearing [76].

The socket can be either made of only hard
material or, more commonly, be lined with a
softer more flexible material such as silicone.
These silicone liners tend to improve the suspen-
sion of the prosthesis, consequently improving
the walking ability of the amputee. A downside
is the dermatologic problems that they cause.
Irritation of the skin, especially in warm and
humid weathers, allergic dermatitis, heat rash,
and pain are frequently reported [77].

The Suspension System

A total fit between the socket and the residual
limb is critical to ensure proper ambulation. If the
two surfaces are not completely adherent to one
another, they will unlock every time the amputee
elevates the limb to ambulate. A proper suspen-
sion system will minimize the displacement of the
stump in the socket, decreasing gait instability
and pain [78].

A number of suspension systems exist. To
make it simple, suspension systems can be
either in the external or internal forms. External
suspension comes in the forms of belts that
hold the socket to the residual limb. They are
usually cumbersome, bulky, and not particu-
larly aesthetic in appearance [79]. The internal
suspension systems have almost replaced the
external ones. There are multiple options for
the internal systems including the pin/lock sys-
tem, suction or vacuum systems, and magnetic
lock system, to mention a few. There is no one
standard system that can be utilized. It depends
gravely on the patient and on the expertise of
the prosthetist [78].

The Pylon

The pylon is the structure that connects the ampu-
tation stump to the foot. It is a weight-bearing
structure. The pylon can either be rigid or flexible,
otherwise known as the shock-absorbing pylon
(SAP). The SAP is designed to absorb any harm-
ful impact load during walking. This allows a bet-
ter degree of mobility, with less gait disorder [80].
The pylon can have an exoskeleton made out
of silicone for cosmetic restoration. A prefabri-
cated model can mirror the residual limb. This
gives the pylon a more natural appearance, for
better acceptance of the prosthetic limb [14].

The Foot

There are many different prosthetic ankle-foot
mechanisms available. It is important to find a
prosthesis that is appropriate for the amputee’s
level of activity, ability, and weight. The prosthetic
foot can be static or dynamic. The static form is
known as the solid-ankle cushioned heel (SACH).
It has no movable component, rather it acts as a
weight-bearing structure that is well cushioned
and provides adequate shock absorption [81].
Newer options include the flex-foot, a dynamic
prosthesis that has an internal plate that is com-
pressed during ambulation, and subsequent energy
release during push off [82]. There is limited evi-
dence for the superiority of the Flex foot during
level walking compared with the SACH foot in
respect of energy cost and gait efficiency [83].

Special Considerations
The Bilateral Amputee

Injury affecting both lower extremities is not
uncommon, increasing the challenge of the
decision-making. Options include bilateral
amputation, bilateral limb salvage attempt or one
sided amputation with one salvage attempted to
the least injured limb. A study comparing the out-
comes of such patients revealed that the long-
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term functional outcome and rehabilitation was
most achieved in patients who underwent one
amputation and contralateral limb preservation.
The worse outcomes occurred in patients with
bilateral amputations or bilateral attempted limb
salvage. The percentage of patients who returned
to work was 66.7% in the unilateral salvage/
amputation group versus 21.4% and 16% in the
bilateral salvage and amputation groups, respec-
tively. Potential explanations include the pro-
tracted duration of time needed for achieving
bilateral limb salvage and the disability and limi-
tations of being able to rehabilitate and reinte-
grate into society with bilateral amputations [84].

Psychological Evaluation

Patients who underwent attempted but unsuc-
cessful limb salvage were more comfortable and
accepting of the findings than those without limb
salvage attempt. The patient may always doubt
whether everything that could have been to save
the limb was done and the attempt at limb salvage
makes the decision to amputate much more
accepted by the patient who tends to become bet-
ter prepared.

A meta-analysis was conducted to evaluate
the quality of life in post-traumatic amputees in
comparison with limb salvage. It demonstrated
that lower limb reconstruction is more accept-
able psychologically to patients with severe
lower limb trauma compared with amputation,
even though the physical outcome for both
management pathways was more or less the
same [85].

Delayed Amputation Outcomes

Although some studies suggested that a delayed
amputation following an unsuccessful attempt at
revascularization was well tolerated by patients
suffering from mangled extremity in combat situ-
ation, other studies pointed out the limitations
and unmet expectations of such patients. Patients
who underwent delayed amputation were not bet-
ter than prior to amputation stressing the psycho-

logical and neurogenic trauma suffered by such
patients. The incidence of post-traumatic stress
disorder and neurogenic pain and functionality
was no different before and after delayed ampu-
tation indicating the importance of clarifying the
expectations [86, 87].

Upper Extremity

Loss of an upper limb was found to be more life
altering then loss of a lower limb. This is even a
more challenging issue in view of the limited
prosthetic options. A shift exists from passive or
cosmetic prosthesis, to a more functional pros-
thesis. Newer upper extremity prosthesis con-
tinue to be developed and seem to provide
promising functionality [88].

The DEKA arm is an advanced upper limb
prosthesis, not yet available for commercial use. It
has functionality that surpasses currently avail-
able technology. This manuscript describes the
features and functionality of two prototypes of the
DEKA Arm, the Gen 2 and the Gen 3 [89, 90].

Conclusion

Sixteen percent of all amputations are due to
trauma [1]. War-related limb amputations differ
from those secondary to diabetes or vascular dis-
ease in that they mostly occur in young and
healthy patients, with less comorbid conditions
[84]. The nature of civilian trauma is usually
penetrating wounds, low-velocity small arms
ballistic trauma characteristic of low city vio-
lence, and blunt trauma of motor vehicle crashes.
This is in contrast to the high-velocity, penetrat-
ing, ballistic, and explosive nature of war inju-
ries [19]. Usually the civilian injury is isolated;
war injuries are often associated with other
major injuries to the abdomen, chest, head, and
neck, making treatment more complicated [84].
Wounded warriors pose a challenge in treatment
in that the wounds are often of a large surface
area, involving soft tissue, nerve, and bone.
Gross contamination is frequently seen. These
pathophysiologic confounders may compromise
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healing ability, driving the surgeon’s decision to
proceed to an amputation [80].

The stump is left open and dressed with wet
saline gauze. Closure occurs at a later stage when
the stump is certainly free of infection. Infection,
hemorrhage, and dehiscence are relatively early
complications. At a later stage, the patient may
suffer from neuromas, heterotropic ossification,
phantom limb pain, and ulcerations. With regard
to prosthesis, it must be made clear that there is
no one optimal socket or suspension system.
Cases must be addressed individually. There is a
continuing need for improvement in this field to
help provide the most appropriate design.

Case Report

We present the case of a 30-year-old male ser-
geant that sustained an injury to his left lower
extremity during a bombing. The left lower
extremity was mangled, below knee level, with a
MESS score of 9. The patient underwent emer-
gency transtibial amputation, in a guillotine fash-
ion, in an attempt to conserve maximal tibial
length. The bone was transected at an estimate of
12 cm below the knee joint. Adequate myocuta-
neous flaps were left circumferentially around
the tibia. The stump was kept open and dressed
with wet saline gauze. Postoperatively the patient
stayed in the intensive care unit for 48 h. Twice
daily changes were done in a non-compressive
form.

On the third postoperative day, the muscles
were noticed to becoming duskier in color. It was
assumed that there was no adequate blood supply
to them. Decision was made to proceed with
debriding the stump. During the operation, the
muscles were cut at a more proximal level, which
obligated shortening of the tibia and fibula. The
anterior and posterior skin flaps were still viable
with adequate blood supply. Again, the stump
was left open and dressed with wet saline gauze.

After another 48 h, the wound looked clean
with no signs of infection. The stump was surgi-
cally closed in a fish-mouth manner. A Penrose
drain was placed. In the following days viscous
discharge was noticed from the wound edges. We

proceeded to the operating room where the
wound was opened and a collection of pus was
drained. Culture was sent that grew methicillin-
resistant  Staphylococcus — aureus (MRSA).
Patient’s stump was left again open with wet
saline gauze as dressing. He was started on broad
spectrum antibiotics.

The wound was left open in this condition for
2 weeks after which there were no more sign of
infection and the stump was closed.

Currently, he is at 6 months post amputation.
He is fully ambulatory, using a below-knee pros-
thesis with no evident stump complications.
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Brigitte Khoury and Sariah Daouk

Introduction: Why Include a Mental
Health Chapter in a Surgery
Textbook?

The relationship between mind and body has
been often researched and documented in the
biomedical literature [1, 2]. Many chronic and
progressive medical illnesses, which get mani-
fested in the human body, have been found to
have psychological ramifications [3]. Data from
the US population-based National Epidemiologic
Survey on Alcohol and Related Conditions
(NESARC) suggest that certain medical condi-
tions at baseline contributed to the incidence of
psychiatric disorders (DSM-IV substance use,
mood and anxiety disorders) at a 3-year follow-
up [3]. Based on data from the WHO World
Health Surveys conducted in 60 countries, 9.3—
18% of individuals with chronic diseases were
significantly more likely to be diagnosed with
depression compared to those without a disease,
and this comorbidity produced greater decre-
ments in health [4].
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The opposite is also true whereby emotional
psychological distress may manifest physically
and medically such as in the case of somatic
symptom disorder [5]. A review of the literature
pointed out that the prevalence of this widespread
clinical phenomenon can vary from 12 to 57.9%
in the primary health care [6]. A recent study in
Qatar [7] indicated that somatic symptoms were
significantly associated with depression (15.3%),
anxiety (8.7%), and stress disorders (19.2%). It’s
also been found that people dealing with daily
life stressors may impact their long-term physical
health, more specifically, individuals character-
ized with heightened affective reactivity style
have a higher risk of reporting a chronic physical
health condition 10 years later [8]. Hence, the
mind-body interaction has been proven to exist
and often affects medical care if it is not taken
into consideration. This is especially the case of
traumatic injuries requiring reconstructive sur-
gery which is the topic of this book.

Around one-third of people hospitalized with a
traumatic injury developed a psychiatric disorder
when assessed a year after initial admission,
mainly with the following: depression, general-
ized anxiety disorder, post-traumatic stress disor-
der, and agoraphobia [9]. Moreover, the healing
phase of the body through surgeries and other
treatments can be also experienced as traumatic
and affecting the mental status of the patient.
When one’s life has turned upside down in a split
of a second, it would take unfortunately months
and sometimes years to absorb the incident, accept
it, create a new life around it, and move on. Easier
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said than done of course, hence the need for psy-
chological support and treatment for victims of
such accidents is not only essential but necessary
to help the patient move into a new life: the postac-
cident and the posttreatment life. Therefore the
presence of this chapter is to emphasize the need
of a holistic multidisciplinary team and interven-
tion in the treatment of individuals who suffered a
traumatic injury and need reconstructive surgery.

Trauma and Mind-Body Interaction

Exposure to traumatic event can lead to enduring
physiological and psychological changes. Accord-
ing to the fifth edition of the Diagnostic and
Statistical Manual [5], the diagnostic criteria for
post-traumatic stress disorder (PTSD) entail
exposure to a traumatic event as well as having
symptoms from the following four clusters: reex-
periencing, avoidance, negative cognitions and
mood, and arousal. People with trauma constantly
relive their past by misinterpreting neutral stimuli
as potential threats consequently, this gets mani-
fested in their altered physiological and stress
hormonal functioning [10]. They can also have
elevated psychophysiological arousal reactions to
external cues (such as sounds and sights) and
internal trauma reminders (such as thoughts or
feelings) [11]. Intense emotional reactions experi-
enced during disturbing events could lead to con-
ditioned long-term responses. Typically, once the
threat has passed, the body’s biological system
should be able to shut down the high alert “flight
or fight response”’; however, in traumatized indi-
viduals, cortisol fails to do so which leads to
ongoing activation [12]. Research suggests that
exposure to a single traumatic event could result
in negative health events in the following body
systems [13]: brain; cardiovascular (changes in
systolic blood pressure, atrioventricular defects,
increased risk for coronary events); immunologi-
cal (variable response patterns); musculoskeletal
(increased risk for fibromyalgia and other dis-
eases); neuroendocrine (dysregulated HPA axis);
reproductive (increased menstrual and pelvic
pain, sexual problems, infertility, miscarriage,
preterm delivery, and low birth weight of fetus);

and gastrointestinal functioning (changes in con-
tractile responses of the colon, exaggerated
arousal and dysrhythmic gastric activity, increased
risk to develop IBS or ulcers).

Trauma and War Injuries

Physical trauma, burns, and congenital anomalies
account for a big share of the global surgical bur-
den and all of these conditions can be treated with
corresponding plastic surgeries [14]. With refer-
ence to the battlefield, up to 40% of the surgical
cases at a field hospital in Afghanistan required the
presence of plastic surgeons working solo or with
the medical team on the case [15]. At AUB-MC
with the professional expertise existing in the area
of reconstructive surgery, and with many wars
occurring in the middle east region, and thus many
war injuries, it is only natural that our hospital
becomes a catchment area for these cases needing
such prolonged specialized treatments.

As an example, the major threat in the current
wars in Iraq and Afghanistan comes from impro-
vised explosive devices (IEDs), which account
for most deaths and battlefield injuries in more
than one area of the body (poly-trauma) [16, 17].
Physical impairments consisting of problems
with extremities, mobility, spinal cord injury, or
missing limbs among US ex-military personnel
co-occurred with mental health disorders includ-
ing PTSD (range 2%—-59%), anxiety (range 16.1—
35.5%), depression (range 9.7-46.4%),
psychological distress (range 13.4-36%), and to
a lesser extent with alcohol misuse (range 2.2—
26.2%) as indicated in a systemic review [18].

Another systematic review [19] indicated that
veterans screening positive for traumatic brain
injury (TBI) were three times more likely to have
PTSD and were twice more likely to suffer from
depression and substance use disorders. Blasts
and explosions are the main cause of traumatic
brain injury (TBI) [20]. Alarmingly, up to 23% of
military service members returning from deploy-
ment suffer mild TBI symptoms [21], which have
considerable overlap with PTSD symptoms.
This can pose a diagnostic challenge and a pos-
sible case of missed diagnoses. Relevantly,
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researchers examined the neuropsychological
performance outcomes of veterans with a history
of mild TBI (with or without loss of conscious-
ness during deployment), PTSD, and depression
and claimed that PTSD and depression symp-
toms were the only contributors to decrements in
performance on cognitive tasks post injury [22].

A retrospective review of clinical records for
US military personnel injured in Iraq and
Afghanistan [23] indicated that amputee patients
had higher rates of developing physical health
complications (such as infections, anemia, septi-
cemia, and thromboembolic disease) as well as
mental health disorders related to mood, sleep,
pain, and post-concussion syndrome.

In a review, the prevalence estimates of
combat-related PTSD in US Iraq war veterans
were between 4 and 17% and between 4 and 7%
among UK Iraq war veterans [24]. Combat-
related PTSD was associated with worse social
and occupational functioning, reduced quality of
life, and had a high comorbidity with other psy-
chiatric disorders mainly substance use disor-
ders, mood, anxiety, and personality disorders
[19]. Regardless of the length of time spent at the
Homeland war in Croatia, veterans with PTSD
were more likely to develop a range of somatic
diseases whether cardiovascular, dermatological,
musculoskeletal, pulmonary, and metabolic in
comparison to people not exposed to war [25]. In
a randomized controlled pain treatment trial held
at the VA primary care clinics, veterans with
chronic pain and a comorbid diagnosis of PTSD
and/or depression were more likely to report
greater levels of pain severity, worse quality of
life, and higher levels of functional impairment
[26]. Furthermore, more than one in five of
returning veterans reported having difficulty cop-
ing with grief over the death of someone close,
and it was found that grief was a unique signifi-
cant predictor of high somatic complaints (sleep,
musculoskeletal pain, fatigue, and back pain) and
occupational impairments [27].

Among the many issues patients struggle with
is the dividing line between their life before and
after the accident, which to them is life changing.
In addition, themes such as loss of limbs, loss of

status at work, loss of colleagues, grieving these
losses, separation from ones family and work
place, and anxiety about the future are quite
common.

Based on all the above literature and studies, it
is quite clear that the relation between the medi-
cal and physical condition of patient with his/her
psychological state is related with one affecting
the other quite closely. This is even more the case
with severely injured patients due to traumatic
accidents.

Treatments Considered

Trauma comes in many forms and it can be broadly
defined as the enduring negative effects following
exposure to “overwhelming and psychologically
injurious” event [28] and the subjective experience
of feeling “afraid and alone” [23]. Accordingly,
before any treatment approach is considered, it is
essential to ensure safety, self-care, and stabiliza-
tion for the patient and their families [29].
Treatment approaches are based on the symptoms
displayed through extensive assessment.
Trauma-focused individual cognitive-
behavioral therapy (CBT) has been shown to be
the most effective treatment modality for trauma
including PTSD whether administered in the
form of prolonged exposure (PE) or cognitive
processing therapy (CPT) [30]. Approaches such
as PE, which help a person revisit a traumatic
memory from a safe base, also addressed comor-
bid conditions such as depression, generalized
anxiety symptoms, anger, and guilt feelings [31].
A review of randomized control trials offered fur-
ther support for those trauma-focused therapies
and indicated that PE and CPT contributed to
clinically meaningful improvements in 49-70%
of the military population diagnosed with PTSD;
however, 60-72% of the patients retained their
PTSD diagnosis following the intervention [32].
Therefore, many trauma-related symptoms do
not resolve with talk therapy alone. A recent shift
in psychotherapy supports mind-body treatment
modalities that focus calming the nervous system
as a complement to the traditional treatment
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approaches and those include yoga, mindfulness,
eye movement desensitization and reprocessing
(EMDR), expressive arts and imagery [33].

Dr. Bessel Van der Kolk [34], a renowned cli-
nician and researcher in the field of trauma,
explained that “when we look at trauma, we find
that bodies and minds behave and react to the
world as if under siege”. He adds: “trauma is
about having physical sensations, emotions, and
feelings that are happening right now that don’t
belong here” [34]. Meditation, imagery (a form
of relaxation technique), and acupuncture were
the most frequently offered mind-body practices
in veteran and active duty members worldwide as
suggested in a recent systematic scoping review
[35]. Engaging the body, mind, and brain in treat-
ment are crucial for better self-regulation in trau-
matized individuals.

Effect of Mental Health on Wound
Healing and Physical Rehabilitation

Individuals with trauma symptoms have signifi-
cantly higher frequency and severity of pain, and
greater cardiorespiratory, gastrointestinal, and
medical health complaints [36]. Stress responses
can interfere with the wound healing process after
trauma. Wound can be defined as the “disruption
of normal tissue structure and function” [37]. A
systematic review of 22 articles and a meta-analy-
sis of 11 studies [38] suggested that psychological
stress was associated with impaired healing or
dysregulation of a biomarker related to wound
healing in both cutaneous and mucosal tissue
types. Studies considered had investigated any
form of negative mental state, or subjective expe-
rience to stress on the healing process of a wound
(wound physical size, biomarkers, and wound
complications). A medium effect size (r = —0.42)
(95% CI =—-0.51to —0.32) (P <0.01) was demon-
strated across various methodological studies [38]
aiming to quantify the relationship between stress
and different wound types and experimental mod-
els including chronic clinical wounds, experimen-
tally created punch biopsy and blister wounds, and
tape-stripped skin damage. Prolonged stress
responses (to pain or non-pain related stressors)

intensifies the sympathetic and neuroendocrine
activity, spreads pain and inflammation, and ele-
vates cortisol secretions which facilitates the con-
solidation of fear-based emotional memories [39].
All those changes interfere with the physical reha-
bilitation of injured individuals, impairing the
healing process and exacerbating the pain experi-
ence. Thus, psychological treatment and support
will invariably help in the medical and physiologi-
cal healing of the patient.

Impact of Religion and Family
on ARAB Psyche

Both Muslims and Christians see adversity as part
of God’s plan such that Muslims find comfort in
the notion that all things are predetermined by
God while Christians believe that God has a pur-
pose for all things [40]. In the Arab region, health
is expressed in the “realm of gratitude to God”
[41] such that it is God’s will to grant good health
or illness. Differences on destiny and free will
beliefs can affect how a person copes with their
situation and how proactively they engage with
the health care system when sick. For instance,
Muslims strongly believe that the process of heal-
ing begins through seeking supplication from the
Divine and through the reliance on human agents:
family members, religious healers, health care
providers, and the community [42].

In addition to religion, family and kinship are
the foundations of the Arab society. The extended
family system is considered crucial for the spiri-
tual growth of Arab family members [43] and
“sets the sociological ecology of psychological
development in traditional milieus” [44]. Family
values, cultural attitudes, and interactions styles
get internalized. Patterns of authority, submis-
sion, emotional interdependence within families,
and religious teachings shape the formation of
young Arab adult identities.

Arab families manage all the affairs of their
members and the responsibility of caring for the
ill usually relies on Arab women [45]. Family
members offer physical care, emotional support,
and interact with health care providers in the
healing process.
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Therefore, the inclusion of religion and some
family members as part of the healing process for
patients with trauma and undergoing reconstruc-
tive surgery is of primary importance. Often the
reliance on religion makes the patient accept his
situation and circumstances. Faith facilitates the
acceptance of fate. In addition, family members
are an important source of mental and emotional
support for the patient, often playing the role of
advocates for the patient, and mediators between
patient and doctors while in the hospital.

Challenges

Military families deal with difficult separations,
protracted absences, indirect threats, and role tran-
sitions. Military service members might experience
several challenges reintegrating into civilian life
once they return from deployment. This aspect can
be particularly difficult for a proportion of returning
veterans who sustained injuries (psychological and/
or physical) that warrant medical attention [46].
Veterans might bring back with them troubling
images, thoughts, emotions, and uncontrollable
behavioral reactions as well as physical injuries.

A longitudinal study on US Air Force Security
assigned to stressful combat experiences in Iraq
indicated significant rates of deterioration in both
individual adjustment and relationship functioning
(medium to large in magnitude of effect) follow-
ing their return from deployment particularly
among those with less social support [47]. Families
are the most influential social unit and can provide
emotional support, a crucial resource for the
recovery from trauma [30], to suffering members.

PTSD symptoms resulting from combat-
deployment injuries impaired effective parenting
behaviors rather than the physical impact of the
injuries [48]. Because of their inability to regu-
late their emotional responses, some returning
veterans struggle forming intimate relationships
[49]. Injured veterans might isolate themselves
and find it difficult to talk about painful incidents
related to the war. Injured veterans might exhibit
impulsive fits of anger followed by periods of
tranquility, and this could disturb the family
atmosphere and routines.

During early readjustment period, service
members who have succumbed an injury in their
deployment exhibited more parental stress and
mental health problems in comparison to their
spouses [50]. As such, many find it hard to reen-
gage in their family roles and responsibilities [S1].

Spouses might take on excessive responsibility
by assuming the caregiver role and make fewer
demands on their injured partners, which could
lead to burnout, transmission of post-traumatic
symptoms, and development of other mental dis-
orders in the spouses at a later stage [52]. Parental
depressive and post-traumatic stress symptoms
negatively influenced the social emotional adjust-
ment of their children and this got reflected behav-
ioral school-related problems [53].

Case Discussion

Ali (name changed) was an Iraqi soldier in the
military, in his mid-30s, married with four chil-
dren, living in Baghdad. He was referred to our
hospital for reconstructive surgery, after he lost
part of his left leg and part of his left arm in a
bomb attack. Ali was a military guard on duty at
one of the governmental buildings when he
noticed a young man coming towards the entrance,
behaving strangely and wearing thick clothes. He
thought he was a suicide bomber and jumped on
him to save the people around, when the young
man detonated himself. Luckily for Ali he stayed
alive but lost parts of his left leg and left arm.
After being treated in Iraq for the first phase of his
treatment, he was sent to our hospital to undergo
reconstructive surgery.

He came with his wife, Leila (name changed)
and stayed around 3—4 months. The surgeon who
was to operate on Ali noticed his low mood, irrita-
bility, inability to sleep, and other symptoms
which made him consult psychiatry and psychol-
ogy services. After being seen by the psychiatrist,
Ali was put on an SSRI for major depressive dis-
order, as well as traumatic and anxiety symptoms.
When I first saw Ali and his wife he had been in
the hospital for 1 week and undergoing presurgery
tests. He was open to my visit and welcomed the
opportunity to talk to someone about his accident
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and his life since. He reported for the past
2-3 months, extreme irritability, decreased sleep
and appetite, anhedonia, hopelessness, and help-
lessness. He also was having nightmares (which
made him want to avoid sleep), startled response
when he heard a loud noise, and flashbacks to the
accident. In addition, he had obtained somehow a
tape of the accident when the suicide bomber
detonated and Ali jumped on him and kept
replaying it on his laptop and offering to show it
to whomever is willing to see it. He also offered
to show it to me and reassured me that there isn’t
much blood. Seeing this tape was quite surreal
and painful to watch, but even more was watch-
ing Ali’s face as he was running it. It showed a
mixture of pride, relief for being alive, as well as
anger, fear, and resentment.

Based on a comprehensive clinical interview,
it was clear that psychiatrically, Ali suffered from
depression, traumatic stress, and anxiety. In addi-
tion to that, his psychological issues were the fol-
lowing: accepting the accident and being able to
move beyond it, needing to resolve the trauma
and the memories and realizing that these were in
the past, and that he was safe and secure in the
hospital setting, to decrease the flashbacks and
hyperarousal feelings he had and to decrease the
distress from the memories. Putting the traumatic
memory in the past is essential for the patient to
be able to continue his life. In addition to the
trauma and dealing with it, Ali was also handling
major reconstructive surgeries to his limbs, in
several phases of treatments and hence had to
bear pain, suffering from healing, while also
adjusting his expectations from the surgeries to a
more realistic view of his limited capacities and
movements. Ali was also concerned about how
this affects his role as a husband, father, son,
friend, colleague, and government employee.
One main issue we needed to address often is his
return home, his expectations, his interactions
with others, and his anticipations regarding his
work position and his future at work. The new
challenges he will be facing made him anxious,
but he was also eager to get back home and expe-
rience the reality for himself. All these issues
were discussed and processed with him as well as
different scenarios he was expecting and made

ready for with various plans of actions (i.e., if this
happens, he will take that action). Ali was dis-
charged and went back to Baghdad. He was
received as a national hero.

Three months later Ali came back to the hos-
pital for follow-up visits and to check on his
recovery as well as some minor surgeries he still
had to go through. His wife also accompanied
him. Upon sitting with him for an initial session,
Ali seemed more irritable and down. He was
angry, at his wife for needing to take over to care
for the family, at the government who were still
debating which work position to give him where
he can perform with his limited movements, at
the doctors whom he expected them to do a better
job so he can get back normally to his life. Such
a reaction is expected and understandable, since
no matter how prepared Ali was, still there were
aspects of his reality which affected him.
However, this time he knew what the reality was
and we needed to help him manage it and life
through it, as well as start making a new type of
life for him. Most important point to him was to
feel his power and status as a man in the family
and society were safeguarded. With his new real-
ity we started working on a new vision of his life,
his plans, his capacities, and the goals he wants to
achieve. Ali stayed for around a month and he
was being seen frequently in order to maximize
on time and make sure he is ready this time to
start acting rather than being just passive and
waiting for decisions or actions to be made for
him. Giving Ali this sense of empowerment was
primordial, since that also gave him back a sense
of dignity and regained status.

Before he left again, he was in a better mood,
more positive, smiling, more secure, and confi-
dent with himself and his abilities. Most impor-
tant, his relationship with his wife improved and
he accepted that there were tasks she would need
to do (like formalities, talking to officials for his
work, etc.), which did not mean a lack of respect
on her part but rather a confirmation of their part-
nership. After that I have not heard from Ali any-
more, I am assuming and hoping that he has
adjusted to his new life and found new meanings
that will have him lead a happy and satisfactory
life with his family and in his country.
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Conclusion

In conclusion, this chapter highlighted the role of
mental health in relation to the surgical manage-
ment, recovery, and postsurgical rehabilitation of
war wounds. Most important it emphasized the
importance of the role the patient’s psychology,
and coping play in his path to recovery and heal-
ing from war injuries. War-injured soldiers have
to adapt to the limitations imposed by their physi-
cal injuries, cope with possible psychological
and/or behavioral difficulties that might ensue,
and reintegrate back into their familial and social
roles as their wounds (both visible and invisible)
heal. Often times, the physical wounds are the
ones cared about by the surgical team, however, a
holistic approach to treatment, where the mental
wounds are as important to care for and heal for
the patient to be able to function and live a satis-
fying and fulfilling life.

References

1. Barrows KA, Jacobs BP. Mind-body medicine:
an introduction and review of the literature. Med
Clin North Am. 2002;86(1):11-31. doi:10.1016/
S0025-7125(03)00069-5.

2. Wolsko PM, Eisenberg DM, Davis RB,
Phillips RS. Use of mind-body medical thera-
pies. J Gen Intern Med. 2004;19(1):43-50.
doi:10.1111/j.1525-1497.2004.21019.x.

3. Chou SP, Huang B, Goldstein R, Grant BF. Temporal
associations between physical illnesses and mental dis-
orders —results from the Wave 2 National Epidemiologic
Survey on Alcohol and Related Conditions (NESARC).
Compr Psychiatry. 2013;54(6):627-38. doi:10.1016/j.
comppsych.2012.12.020.

4. Moussavi S, Chatterji S, Verdes E, Tandon A, Patel
V, Ustun B. Depression, chronic diseases, and dec-
rements in health: results from the World Health
Surveys. Lancet. 2007;370:851-8. doi:10.1016/
S0140-6736(07)61415-9.

5. American Psychiatric Association. DSM 5. Arlington:
American Psychiatric Association; 2013. p. 27.

6. Fabido C, Silva MC, Fleming M, Barbosa
A. Somatoform disorders-a revision of the epide-
miology in primary health care. Acta Medica Port.
2010;23(5):865-72.

7. Bener A, Dafeeah EE, Chaturvedi SK, Bhugra
D. Somatic symptoms in primary care and psycho-
logical comorbidities in Qatar: neglected burden of
disease. Int Rev Psychiatry. 2013;25(1):100-6. doi:10
.3109/09540261.2012.730993.

8. Piazza JR, Charles ST, Sliwinski MJ, Mogle J,
Almeida DM. Affective reactivity to daily stressors
and long-term risk of reporting a chronic physical
health condition. Ann Behav Med. 2013;45(1):110-
20. doi:10.1007/s12160-012-9423-0.

9. Bryant RA, O’Donnell ML, Creamer M, McFarlane
AC, Clark CR, Silove D. The psychiatric sequelae of
traumatic injury. Am J Psychiatry. 2010;167(3):312—
20. doi:10.1176/appi.ajp.2009.09050617.

10. Van der Kolk BA. The body keeps the score: mem-
ory and the evolving psychobiology of posttraumatic
stress. Harv Rev Psychiatry. 1994;1(5):253-65.
doi:10.3109/10673229409017088.

11. Pole N. The psychophysiology of posttraumatic
stress disorder: a meta-analysis. Psychol Bull.
2007;133(5):725. doi:10.1037/0033-2909.133.5.725.

12. Rothschild B. The body remembers: the psycho-
physiology of trauma and trauma treatment (Norton
Professional Book). 1st ed. New York: W. W. Norton
& Company; 2000.

13. D’Andrea W, Sharma R, Zelechoski AD, Spinazzola
J. Physical health problems after single trauma
exposure when stress takes root in the body. J Am
Psychiatr ~ Nurses  Assoc.  2011;17(6):378-92.
doi:10.1177/1078390311425187.

14. Lopez AD, Mathers CD, Ezzati M, Jamison DT,
Murray CJ. Measuring the global burden of disease
and risk factors, 1990-2001. In: Global burden of dis-
ease and risk factors, vol. 1. Washington, DC: World
Bank; 2006. p. 1-4.

15. Maitland L, Lawton G, Baden J, Cubison T,
Rickard R, Kay A, Hettiaratchy S. The role of mili-
tary plastic surgeons in the management of mod-
ern combat trauma: an analysis of 645 cases. Plast
Reconstr Surg. 2016;137(4):717e-24e. doi:10.1097/
PRS.0000000000002020.

16. Ramasamy A, Hill AM, Clasper JC. Improvised explo-
sive devices: pathophysiology, injury profiles and
current medical management. J] R Army Med Corps.
2009;155(4):265-72. doi:10.1136/jramc-155-04-05.

17. MacGregor AJ, Shaffer RA, Dougherty AL,
Galarneau MR, Raman R, Baker DG, et al.
Prevalence and psychological correlates of traumatic
brain injury in Operation Iraqi Freedom. J Head
Trauma Rehabil. 2010;25(1):1-8.  doi:10.1097/
HTR.0b013e3181¢2993d.

18. Stevelink SA, Malcolm EM, Mason C, Jenkins
S, Sundin J, Fear NT. The prevalence of mental
health disorders in (ex-) military personnel with a
physical impairment: a systematic review. Occup
Environ Med. 2015;72(4):243-51. doi:10.1136/
oemed-2014-102207.

19. Carlson KF, Nelson D, Orazem RJ, Nugent S, Cifu
DX, Sayer NA. Psychiatric diagnoses among Iraq and
Afghanistan war veterans screened for deployment-
related traumatic brain injury. J Trauma Stress.
2010;23(1):17-24. doi:10.1002/jts.20483.

20. Owens BD, Kragh Jr JF, Wenke JC, Macaitis J, Wade
CE, Holcomb JB. Combat wounds in operation Iraqi
Freedom and operation Enduring Freedom. J Trauma


http://dx.doi.org/10.1016/S0025-7125(03)00069-5
http://dx.doi.org/10.1016/S0025-7125(03)00069-5
http://dx.doi.org/10.1111/j.1525-1497.2004.21019.x
http://dx.doi.org/10.1016/j.comppsych.2012.12.020
http://dx.doi.org/10.1016/j.comppsych.2012.12.020
http://dx.doi.org/10.1016/S0140-6736(07)61415-9
http://dx.doi.org/10.1016/S0140-6736(07)61415-9
http://dx.doi.org/10.3109/09540261.2012.730993
http://dx.doi.org/10.3109/09540261.2012.730993
http://dx.doi.org/10.1007/s12160-012-9423-0
http://dx.doi.org/10.1176/appi.ajp.2009.09050617
http://dx.doi.org/10.3109/10673229409017088
http://dx.doi.org/10.1037/0033-2909.133.5.725
http://dx.doi.org/10.1177/1078390311425187
http://dx.doi.org/10.1097/PRS.0000000000002020
http://dx.doi.org/10.1097/PRS.0000000000002020
http://dx.doi.org/10.1136/jramc-155-04-05
http://dx.doi.org/10.1097/HTR.0b013e3181c2993d
http://dx.doi.org/10.1097/HTR.0b013e3181c2993d
http://dx.doi.org/10.1136/oemed-2014-102207
http://dx.doi.org/10.1136/oemed-2014-102207
http://dx.doi.org/10.1002/jts.20483

188

B. Khoury and S. Daouk

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Acute Care Surg. 2008;64(2):295-9. doi:10.1097/
TA.0b013e318163b875.

Terrio H, Brenner LA, Ivins BJ, Cho JM, Helmick K,
Schwab K, et al. Traumatic brain injury screening:
preliminary findings in a US Army Brigade Combat
Team. J Head Trauma Rehabil. 2009;24(1):14-23.
doi:10.1097/HTR.0b013e31819581d8.

Verfaellie M, Lafleche G, Spiro IIIA, Bousquet
K. Neuropsychological outcomes in OEF/OIF veter-
ans with self-report of blast exposure: associations
with mental health, but not MTBI. J Neuropsychol.
2014;28(3):337. doi:10.1037/neu0000027.

Melcer T, Walker GJ, V Franklin Sechriest II,
Galarneau M, Konoske P, Pyo J. Short-term physi-
cal and mental health outcomes for combat ampu-
tee and nonamputee extremity injury patients.
J Orthop Trauma. 2013;27(2):e31-7. doi:10.1097/
BOT.0b013e3182517¢elc.

Richardson LK, Frueh BC, Acierno R. Prevalence
estimates of combat-related post-traumatic stress
disorder: critical review. Aust N Z J Psychiatry.
2010;44(1):4-19. doi:10.3109/00048670903393597.

Britvi¢ D, Anticevi¢ V, Kaliterna M, Lusi¢ L, Beg
A, Brajevi¢-Gizdi¢ 1, et al. Comorbidities with
Posttraumatic Stress Disorder (PTSD) among com-
bat veterans: 15 years postwar analysis. Int J Clin
Health Psychol. 2015;15(2):81-92. doi:10.1016/].
ijchp.2014.11.002.

Outcalt SD, Kroenke K, Krebs EE, Chumbler NR, Wu
J,YuZ, et al. Chronic pain and comorbid mental health
conditions: independent associations of posttraumatic
stress disorder and depression with pain, disability,
and quality of life. ] Behav Med. 2015;38(3):535-43.
doi:10.1007/s10865-015-9628-3.

Toblin RL, Riviere LA, Thomas JL, Adler AB, Kok
BC, et al. Grief and physical health outcomes in
US soldiers returning from combat. J Affect Disord.
2012;136(3):469-75. doi:10.1016/j.jad.2011.10.048.

Allen JG. Coping with trauma: hope through under-
standing. Arlington: American Psychiatric Publishing;
2008.

Galea S, Basham K, Culpepper L, Davidson J, Foa
E, Kizer K, et al. Treatment for posttraumatic stress
disorder in military and veteran populations: initial
assessment. Washington, DC: National Academies
Press; 2012.

Bisson J, Andrew M. Psychological treatment of post-
traumatic stress disorder (PTSD). Cochrane Database
Syst Rev. 2013;(12):CD003388.

Foa EB. Prolonged exposure therapy: past, present,
and future. J Depress Anxiety. 2011;28(12):1043-7.
doi:10.1002/da.20907.

Steenkamp MM, Litz BT, Hoge CW, Marmar
CR. Psychotherapy for military-related PTSD:
a review of randomized clinical trials. JAMA.
2015;314(5):489-500. doi:10.1001/jama.2015.8370.

Duros P, Crowley D. The body comes to therapy too.
Clin Soc Work J. 2014;42(3):237-46. doi:10.1007/
s10615-014-0486-1.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

VanderKolk BA. How expanding our perspective on
trauma can improve diagnoses, increase effective-
ness, and lead to new treatment strategies (webinar) in
NICABM series. 2013. www.nicabm.com/training.
Elwy AR, Johnston JM, Bormann JE, Hull A, Taylor
SL. A systematic scoping review of complementary
and alternative medicine mind and body practices
to improve the health of veterans and military per-
sonnel. Med Care. 2014;52:S70-82. doi:10.1097/
MLR.0000000000000228.

Pacella ML, Hruska B, Delahanty DL. The physi-
cal health consequences of PTSD and PTSD symp-
toms: a meta-analytic review. J Anxiety Disord.
2013;27(1):33-46. doi:10.1016/j.janxdis.2012.08.004.
Cherry GW, Hughes MA, Ferguson MWIJ, Leaper
DJ. Wound healing Oxford text book of surgery. 2nd ed.
New York: Oxford University Press; 2000. p. 131-9.
Walburn J, Vedhara K, Hankins M, Rixon L,
Weinman J. Psychological stress and wound healing
in humans: a systematic review and meta-analysis.
J Psychosom Res. 2009;67(3):253-71. doi:10.1016/].
jpsychores.2009.04.002.

Hannibal KE, Bishop MD. Chronic stress, corti-
sol dysfunction, and pain: a psychoneuroendocrine
rationale for stress management in pain rehabilita-
tion. Phys Ther. 2014;94(12):1816-25. doi:10.2522/
ptj.20130597.

Koenig HG, Al Zaben F, Khalifa DA. Religion,
spirituality and mental health in the West and the
Middle East. Asian J Psychiatr. 2012;5(2):180-2.
doi:10.1016/j.ajp.2012.04.004.

Yehya NA, Dutta MJ. Health, religion, and
meaning: a culture-centered study of Druze
women. Qual Health Res. 2010;20(6):845-58.
doi:10.1177/1049732310362400.

Padela Al Killawi A, Forman J, DeMonner S, Heisler
M. American Muslim perceptions of healing key
agents in healing, and their roles. Qual Health Res.
2012;22(6):846-58.doi:10.1177/1049732312438969.
Nydell M. Understanding Arabs: a contemporary
guide to Arab society. Boston: Nicholas Brealey
Publishing; 2012. p. 23.

Gregg GS. The Middle East: a cultural psychology.
New York: Oxford University Press; 2005. p. 23.
Okasha A. Mental health services in the Arab world.
Arab Stud Q. 2003;1:39-52.

Sayer NA, Carlson KF, Frazier PA. Reintegration
challenges in US service members and veterans fol-
lowing combat deployment. Soc Issues Policy Rev.
2014;8(1):33-73. doi:10.1111/sipr.12001.

Cigrang JA, Wayne Talcott G, Tatum J, Baker M,
Cassidy D, et al. Impact of combat deployment on
psychological and relationship health: a longitu-
dinal study. J Trauma Stress. 2014;27(1):58-65.
doi:10.1002/jts.21890.

Gewirtz AH, Polusny MA, DeGarmo DS, Khaylis
A, Erbes CR. Posttraumatic stress symptoms among
National Guard soldiers deployed to Iraq: associa-
tions with parenting behaviors and couple adjustment.


http://dx.doi.org/10.1097/TA.0b013e318163b875
http://dx.doi.org/10.1097/TA.0b013e318163b875
http://dx.doi.org/10.1097/HTR.0b013e31819581d8
http://dx.doi.org/10.1037/neu0000027
http://dx.doi.org/10.1097/BOT.0b013e3182517e1c
http://dx.doi.org/10.1097/BOT.0b013e3182517e1c
http://dx.doi.org/10.3109/00048670903393597
http://dx.doi.org/10.1016/j.ijchp.2014.11.002
http://dx.doi.org/10.1016/j.ijchp.2014.11.002
http://dx.doi.org/10.1007/s10865-015-9628-3
http://dx.doi.org/10.1016/j.jad.2011.10.048
http://dx.doi.org/10.1002/da.20907
http://dx.doi.org/10.1001/jama.2015.8370
http://dx.doi.org/10.1007/s10615-014-0486-1
http://dx.doi.org/10.1007/s10615-014-0486-1
http://www.nicabm.com/training
http://dx.doi.org/10.1097/MLR.0000000000000228
http://dx.doi.org/10.1097/MLR.0000000000000228
http://dx.doi.org/10.1016/j.janxdis.2012.08.004
http://dx.doi.org/10.1016/j.jpsychores.2009.04.002
http://dx.doi.org/10.1016/j.jpsychores.2009.04.002
http://dx.doi.org/10.2522/ptj.20130597
http://dx.doi.org/10.2522/ptj.20130597
http://dx.doi.org/10.1016/j.ajp.2012.04.004
http://dx.doi.org/10.1177/1049732310362400
http://dx.doi.org/10.1177/1049732312438969
http://dx.doi.org/10.1111/sipr.12001
http://dx.doi.org/10.1002/jts.21890

18 Healing the Scars Within: Psychological Support for the War-Injured

189

49.

50.

51.

J Consult Clin Psychol. 2010;78(5):599. doi:10.1037/
a0020571.

Jordan K. Counselors helping service vet-
erans re-enter their couple relation-
ship after combat and military services: a

comprehensive overview. Fam J. 2011;19(3):263-73.
doi:10.1177/1066480711406689.

Gorman L, Blow A, Kees M, Valenstein M, Jarman C,
Spira J. The effects of wounds of war on family func-
tioning in a National Guard sample: an exploratory
study. In: Military deployment and its consequences
for families. New York: Springer; 2014. p. 241-57.
doi:10.1007/978-1-4614-8712-8_13.

Brockman C, Snyder J, Gewirtz A, Gird SR,
Quattlebaum J, Schmidt N, et al. Relationship of

52.

53.

service members’ deployment trauma, PTSD symp-
toms, and experiential avoidance to postdeployment
family reengagement. J Fam Psychol. 2016;30(1):52.
doi:10.1037/fam0000152.

Franciskovi¢ T, Stevanovi¢ A, Klaric M. Combat-
related posttraumatic stress disorder and families.
In: Military deployment and its consequences for
families. New York: Springer; 2014. p. 281-92.
doi:10.1007/978-1-4614-8712-8_15.

Lester P, Aralis H, Sinclair M, Kiff C, Lee KH,
Mustillo S, et al. The impact of deployment on paren-
tal, family and child adjustment in military families.
Child Psychiatry Hum Dev. 2016;47(6):938-49.
doi:10.1007/s10578-016-0624-9.


http://dx.doi.org/10.1037/a0020571
http://dx.doi.org/10.1037/a0020571
http://dx.doi.org/10.1177/1066480711406689
http://dx.doi.org/10.1007/978-1-4614-8712-8_13
http://dx.doi.org/10.1037/fam0000152
http://dx.doi.org/10.1007/978-1-4614-8712-8_15
http://dx.doi.org/10.1007/s10578-016-0624-9

Infections in Combat-Related

Wounds

19

Abdul Rahman Bizri and Zeyad Tamim Sahli

Clinical Case

A previously healthy 32-year-old male with a
history of a blast injury to the face and chest and
decreased vision in the left eye sustained in Syria
10 days prior to presentation to the tertiary care
medical center. No history of fever or chills prior
to presentation. Past surgical history includes
removal of facial and chest shrapnel and repair
of the multiple facial fractures by orthopaedic
plates and screws along the lateral orbital wall,
axillary arch, mandible, and maxilla on the left
at an unknown outside hospital.

Facial X-ray done on presentation revealed a
comminuted fracture of the left mandibular body
and ramus with a bone gap estimated at around
2.5 cm at the angle of the mandible. CT scan done
on presentation showed left eye vitreous body
hemorrhage, with probable posterior lens disloca-
tion. No vascular injuries to the face were reported.
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Patient was admitted for multiple debride-
ment of left facial wounds, evacuation of facial
and back hematomas, and left para-scapular free
flap. On day 1 of admission, erythromycin oint-
ment three times daily to left eye was started. On
day 5 of patient’s hospital stay, facial wound
showed signs of infection as suggested by ery-
thema, tenderness, and purulent discharge. Swab
culture taken at the time grew coagulase-nega-
tive Staphylococci, multidrug resistant (MDR)
Pseudomonas aeruginosa, and MDR Escherichia
coli. Meanwhile, a deep chest wound biopsy
grew MDR P. aeruginosa and MDR E. coli.
According to pathogen resistance antibiogram,
patient was started on vancomycin 1 g IV every
12 h, piperacillin-tazobactam 4.5 g IV every 8 h,
and colistin 160 mg I'V every 12 h. Patient under-
went three debridement procedures for both
wound sites. Blood cultures and urine cultures
were negative for any bacterial growth through-
out the patient stay. Follow-up wound cultures
showed persistent growth of MDR P. aeruginosa
and coagulase-negative Staphylococci species.
Patient was discharged after a total hospital stay
of 25 days without systemic antibiotics.

This case highlights a number of key con-
cepts. Wounds can be classified into three cate-
gories based on time of injury prior to
presentation. Duration of injury can be catego-
rized as acute, subacute, or chronic, depending
on whether patients presented within 1 week,
between 1 week and 3 months, or after 3 months
from sustaining the original trauma, respectively
[1]. Our patient presented with a subacute con-
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flict associated wound injury. This has been an
increasing occurrence in recent Middle Eastern
conflicts due to the free movement of injured
fighters and civilians across regional borders
seeking treatment [2, 3].

This case also emphasizes the burden of increased
hospital stay due to infection and the associated
increase in cost of medical management. Infection
complicating a patient’s course of hospitalization
necessitates prolonged administration of systemic
antibiotics. Infected patients require monitoring for
signs of sepsis or clinical deterioration and they may
need multiple surgical debridement [4].

MDR pathogens have been associated with war
injuries [5, 6]. This patient had orthopaedic plates
and screws placed along the left lateral orbital
wall, axillary arch, mandible, and maxilla. He is at
an increased risk for MDR bacterial infection
since orthopaedic instrumentation has been linked
with increased rates of infection [7].

Introduction and Historical
Perspective

The relationship of armed conflicts and the occur-
rence of infectious diseases has been well studied
and established by several reports [8, 9]. Historically
important outbreaks, such as plague, cholera,
typhoid, typhus, dysentery, and smallpox were
responsible for more deaths than those caused by
trauma sustained during wartime. Upgrading public
health and sanitation infrastructure and improved
practices associated with military troop deployment
yielded a significant drop in mortality related to
these infectious diseases [10]. Measures to reduce
and prevent morbidity and mortality resulting from
war-related injuries include improved personal pro-
tective equipment, training medical personnel to
provide lifesaving procedures on the battlefield, and
establishing medical care facilities with surgical
capabilities proximal to point of injury. The capabil-
ity to improve survival rates in both soldiers and
civilians with war injuries resulted in an increased
risk of acquiring wound infections among those
affected [11]. Experience obtained during the First
World War helped in diminishing the incidence and
subsequent complications of war wound infections.

Aggressive surgical debridement, delayed primary
closure, early surgical intervention, flaps, and exter-
nal fixators contributed to an improved outcome in
World War II as compared to World War I in terms
of patient mortality. The importance of nosocomial
transmission of infections among those injured was
evident in World War II where up to 86% of patients
experienced a hospital-acquired infection [11, 12].
The main lesson gained from this war is the impor-
tance of infection control and abiding by aseptic
surgical techniques [11, 12]. The microbiology of
combat-related wound infections varies according
to different stages of wound management. Bacterial
transition occurs over time from an even balance
between gram-positive and gram-negative patho-
gens in early stages to mostly gram-negative bacte-
ria that are resistant to commonly used antibiotics
during the later phases of treatment [13]. Early
administration of antibiotics at the time of injury
could be responsible for the selection pressure lead-
ing to antimicrobial resistance [11]. Several factors
contribute to the complexity in characterizing war-
zone injuries including difficultly in accessing those
injured, limited healthcare assets at site of injury,
and the widespread administration of antibiotics
early on [14]. It is challenging to obtain complete
histories from patients in war settings and to
describe all prior interventions performed on them
before presenting to an advanced healthcare facility
for further management [15].

This chapter explores different aspects of
combat-related wound infections including its
pathophysiology, diagnosis, microbiology,
emergence of antimicrobial resistance, and
management.

Pathophysiology of Wound
Infections

Skin plays an essential role in controlling microbial
populations that live on skin surface preventing
them from invading underlying tissues and struc-
tures [16]. Aside from the integrity of the integu-
ment, several factors contribute to the development
of wound infection, mainly type of wound, site of
injury, level of tissue perfusion, and host immune
response.
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Bacteria responsible for wound infection can
come from three different sources:

1. Environmental contamination at the time of
injury including dirt, shrapnel, and contami-
nated clothes.

2. Surrounding skin, which harbors normal skin
microflora such as Staphylococcus epidermi-
dis, Micrococci, skin diphtheroids, and propi-
onibacteria [16].

3. Internal organ systems usually colonized
with bacterial flora, mainly gastrointestinal,
oropharyngeal, and genitourinary mucosa
[17]. Detailed microbiological analyses of
wounds demonstrate close correlations
between the species found in the normal flora
of the gut or oral cavity and microorganisms
present in wounds in close proximity to those
sites [18-20].

Tissue hypoxia, resulting from injury, leads
to cell death and tissue necrosis (in varying
degree). This creates an ideal milieu for growth
of fastidious anaerobes that proliferate as facul-
tative bacteria consuming local residual oxy-
gen—a phenomenon first described by
Alexander Fleming in 1915 during the First
World War [21]. Furthermore, the hypoxic tis-
sue environment impairs local immune response
againstinvading microorganisms. Antimicrobial
respiratory burst activity of polymorphonuclear
leukocytes is impaired at a pO, of 30 mmHg
[22]. For these reasons, poor tissue perfusion
has a higher risk of infection compared to well-
perfused tissue wounds [23].

Diagnosis of Wound Infections

The diagnosis of wound infections has been a
subject of continuous debate [16]. The value of
wound sampling and its effectiveness in deter-
mining the cause of infection and subsequent
treatment is at the center of this controversy.
Early diagnosis of a wound infection is crucial
as a failure to do so results in delayed wound
healing, prolonged hospital stay, and systemic
complications such as sepsis. The need to cul-

ture must also be justified. Unneeded testing can
lead to unnecessary treatment that may result in
unwanted effects and long-term financial burden
on both patient and healthcare system [16].

Methods of diagnosis include superficial or
deep tissue biopsy, swab, and needle fluid aspi-
ration. The value of superficial cultures has been
questioned [16]. A close correlation between
the isolation of microorganisms in superficial
and deep tissue has been demonstrated [24-26].
Superficial tissue cultures are exposed to con-
tamination of wounds with endogenous and sur-
rounding microflora, one or more of which may
invade deeper tissue [27]. For these reasons,
Robson and Heggers argue that deep tissue
biopsies are essential to quantify and determine
the causative microorganisms in wound infec-
tion [27].

A culture must also be quantitatively signifi-
cant. In 1964, Bendy et al. described the clinical
significance of microbial load in delaying wound
healing to be more than 10° CFU/mL of wound
fluid [28]. Based on the work of Robson and
Heggers, acute or chronic wound infection exists
when the microbial load is more than 10° CFU/g
of tissue [27].

The timing of wound cultures has also been a
subject of debate. The value of surveillance cul-
tures (within 72 h of patient presentation) was
evaluated in a published report on 213 combat-
related open Gustilo and Anderson type III
diaphyseal tibia fractures among 192 U.S. mili-
tary personnel between March 2003 and
September 2007 [29]. Patients with surveillance
culture positive wounds were more likely to
develop a wound infection and osteomyelitis.
However, positive surveillance cultures were not
predictive of the infecting organism in subse-
quent infection due to the use of early antibiotic
treatment, which suppressed the growth of sus-
ceptible flora and may have selected for more
resistant organisms. Overall, positive surveil-
lance cultures were associated with development
of wound infection, osteomyelitis, and ultimate
need for amputation [29].

Novel technology for microbial profiling of
wound infection is being explored. Detection
microarray and next-generation plasmid or strain
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specific sequencing, such as pRAY Acinetobacter
plasmid, has been used as supplemental methods
to traditional bacterial culture. Benefits of these
methods include rapid identification of drug
resistant DNA sequences as well as a significant
correlation with failure of wound healing [30].

Microbiology of War-Related
Injuries

Table 19.1 summarizes published reports of con-
flict wound infection among civilians and mili-
tary personnel according to country of study of
Middle Eastern conflicts and describes the study
sample size, wound infection rate, study out-
come, and most common organism grown on cul-
ture [14]. Study outcomes varied between rate of
amputation, mortality, sepsis, bacteraemia, and
reoperation. Infection rate ranged from 4.9 to
78% with P. aeruginosa, Acinetobacter bauman-
nii complex (ABC), and Staphylococcus aureus
among the most common organisms reported
causing wound infection.

Microbiology results of wound infections
from recent Middle Eastern conflicts are com-
patible with previous data from conflict zones.
ABC, a common and serious culprit of wound
infections in current time Middle Eastern con-
flicts, was recognized as early as the Korean
War where it was isolated from blood cultures
of injured individuals [48]. Pathogens infect-
ing wounds within 8 h of injury included
Clostridium species along with other gram-
positive and gram-negative pathogens [48]. In
attempt to prevent clostridium infections dur-
ing the Korean War, large doses of penicillin in
combination with streptomycin and tetanus
toxoid were administered routinely to the
wounded [49, 50]. Despite its potential bene-
fits, early administration of antibiotics resulted
in an increased proportion of resistant bacteria
among infected war wounds 3-5 days follow-
ing injury [50-52]. Similarly, bacteria recov-
ered in Japan from evacuated U.S. soldiers
7 days after injury, had a predominance of P.
aeruginosa and S. followed by
Enterobacter species [53]. The presence of

aureus

these pathogens remained in wounds upon
arrival in the United States, thus highlighting
the importance of war injuries in transmitting
pathogens across borders and continents.

Wound infection rate during the Vietnam War
was 4% among American soldiers [54]. Blood
cultures primarily grew gram-negative organ-
isms including Pseudomonas and Klebsiella spe-
cies [55]. Despite conflicting reports, ABC had
an unclear role during the Vietnam conflict [56].
In a 1972 report, ABC were the predominant
gram-negative bacteria among 30 U.S. Marines
with 63 extremity wounds [51]. Other common
gram-negative bacteria in this group of injured
soldiers included P. aeruginosa and Enterobacter
species. Two larger studies conducted on injured
American soldiers during the Vietnam War did
not reveal any role of ABC in the microbial etiol-
ogy of war-related infections. The first study
analyzed 1531 wound cultures taken from
injured U.S. soldiers during the Vietnam War
and managed in Japan between 1967 and 1968
showed that P. aeruginosa, Proteus species, E.
coli, Aerobacter aerogenes, and Klebsiella pneu-
monia were the most frequently encountered
gram-negative bacteria while infection with
ABC was not reported [57]. The second report
from Brooke General Hospital describes 100 tis-
sue samples from injured U.S. soldiers during
the Vietnam War revealed also that P. aerugi-
nosa, Proteus species, Klebsiella-Enterobacter
group, and E. coli were the predominant gram-
negative bacteria identified [53].

Emerging Antimicrobial Resistance

The emergence of MDR organisms is a major
problem facing both military and civilian facili-
ties handling causalities of war. Increasing bacte-
rial resistance in conflict injuries has been
described in previous wars including the
Vietnamese and Korean wars [50-52, 57]. More
recently, the first carbapenemase-producing K.
pneumonia ST11 in Ukraine was reported from a
patient injured during the Maidan revolution [58].

The free movement of injured fighters and
civilians has facilitated the transmission of MDR
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pathogens. Nosocomial transmission has been
reported to be a greater contributing factor to
wound infection over environmental contamina-
tion at the time of injury [59-61]. For this reason,
strict infection control practices and techniques
must be implemented to reduce nosocomial
transmission of MDR organisms. They include
patient contact isolation upon admission, hand
hygiene, wearing of gloves when in contact
patients, masks and eye protection as needed,
avoiding unnecessary empiric use of broad-
spectrum antibiotics, and limiting the duration of
antibiotic administration. The use of local anti-
biograms is encouraged, as it is helpful in assess-
ing local epidemiology and antibiotic resistance.
Separation of patients as per length of hospital
stay (longer or shorter than 72 h) should be
encouraged [54].

Prophylaxis and Management
of War-Related Injuries

The use of prophylactic antibiotics in war-
related trauma is common practice despite
being a subject of significant controversy [62,
63]. Current evidence suggests that the use of
broad-spectrum antimicrobial agents at the
time of injury should be discouraged since it
may be a potential cause of antimicrobial
resistance. There is strong recommendation
against the early use of aminoglycosides or
fluoroquinolones to cover for gram-negative
bacteria and against the early administration
of penicillin to prevent gas gangrene or infec-
tions caused by Streptococci [64]. In severe
trauma patients broad-spectrum antibiotic
coverage against MDR pathogens is not
needed at the time of injury and the adminis-
tration of antimicrobials for more than 24 h do
not affect mortality or confer additional pro-
tection against serious infectious complica-
tions including sepsis. It is believed that
prolonged administration of broad spectrum
antibiotics increases the probability of infec-
tion with MDR pathogens [62, 63].

The Infectious Disease Society of America
(IDSA) and the Surgical Infection Society (SIS)

produced joint guidelines for the prevention of
infections associated with combat-related inju-
ries. These guidelines advocate the administra-
tion of systemic antibiotics within 3 h following
injury to prevent infectious complications
including sepsis. The choice of antibiotics
depends on the location of the wound with
Cefazolin (first-generation cephalosporin) being
preferred in the extremity, central nervous sys-
tem, and thoracic wounds, while metronidazole
(an antimicrobial with anti-anaerobic activity)
to be used in abdominal wounds. Topical agents
such as silver sulfadiazine and mafenide acetate
are suggested for burn trauma patients [64].
Other guidelines have similar recommendations
[54, 65]. The French Armed Forces recommend
the use of 2 g of amoxicillin—clavulanic acid
intravenously 3 times daily for all injuries as
first-line antibiotic prophylaxis. Gentamicin
400 mg once-daily dose for 3 days is added for
gram-negative coverage in type III open fracture
(particularly, type IIIb and IIlc) and abdominal
trauma with perforation of a hollow viscera
[66]. Table 19.2 describes the various recom-
mendations for antibiotic prophylaxis as sug-
gested by the IDSA/SIS, French military, and
Petersen and Waterman review in penetrating
combat-related trauma [64-66].

The environment and setting of war-related
injuries are an important contributor to the wound
microbiology. It is believed that ABC is a com-
mon pathogen found in wound infections reported
from the Middle East. For this reason, imipenem/
cilastatin was often used prophylactically for war
wounds sustained in that region. Despite its
activity and spectrum, its empiric use is discour-
aged [67].

The approach to the combat injury manage-
ment is a significant factor in determining the
risk of infection. Wound debridement and
delayed primary closure including the removal
of possible foreign debris have been shown to
decrease the incidence of infection upon
admission [68, 69]. Primary wound closure
after debridement results in tension at wound
edges that leads to compromise in blood sup-
ply and increases the risk of infection and
wound dehiscence [1]. In patients with chest
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Table 19.2 First-line recommended antibiotic prophylaxis of combat-related injuries according to location

| IDSA/SIS

‘ Petersen and Waterman review ‘ French military

Extremity (including skin, soft tissue, and bone)

With or without
open fracture

Cefazolin 2 g IV q6-8h for
1-3 days

Penicillin 2—4 million units g4h
OR Cefazolin 1 g IV q8h for
1-5 days

Amoxicillin-clavulanate 2 g
TID + Gentamicin 400 mg
once-daily dose (for I1Ib and
1llc) for 1 day

Thoracic wound

Cefazolin 1 g IV q8h for 24 h

Without Cefazolin 2 g IV q6-8h for
esophageal 1 day

perforation

With esophageal | Cefazolin 2 g IV
perforation q6—8h + Metronidazole

500 mg IV q8-12h #ill 1 day
after definitive washout

Amoxicillin-clavulanate 2 g
TID + Gentamicin 400 mg
once-daily dose (for IIIb and
Illc) for 1 day

Abdominal wound

Cefazolin 2 g IV

q6—8h + Metronidazole

500 mg IV q8-12h #ill 1 day
after definitive washout

Cefoxitin 2 g IV q6h OR
Moxifloxacin 400 mg IV daily
OR Ciprofloxacin 400 mg IV
q24h + Metronidazole 500 mg
q8h for 1 day

Amoxicillin-clavulanate 2 g
TID + Gentamicin 400 mg
once-daily dose (for IIIb and
Illc) for 1 day

Central nervous system wound

With brain Cefazolin 2 g IV q6-8h for Cefazolin 1 g IV q8h OR -
injury 5 days or until no CSF leak ceftriaxone 2 g q24h for 5 days
With spinal cord | Cefazolin 2 g IV -
injury q6—8h + Metronidazole
500 mg IV q8-12h (IF
abdominal cavity involved)
for 5 days or until no CSF
leak
Eye wound
Abrasion Erythromycin or Bacitracin - -
ophthalmic ointment until
healed
Penetration Levofloxacin 500 mg IV/PO | - -
once daily for 7 days
Burns
Superficial Topical mafenide acetate or | — -
Deep partial silver sulfadiazine until _ _
thickness healed or grafted

Full thickness

Delayed soldier evacuation

Moxifloxacin 400 mg PO 1
dose. Ertapenem 1 g IV or
IM if penetrating abdominal
injury, shock, or unable to
tolerate PO medications

Amoxicillin-clavulanate 2 g
TID for 5 days + Gentamicin
400 mg once-daily dose for
3 days

PO per os, 1V intravenously, /M intramuscular, g every

injuries,

early drainage of hemothoraces,
avoidance of thoracotomy as primary treat-
ment, and the separate treatment of abdominal
and thoracic injuries contribute to the decrease

patients [33, 43].

in the incidence of infections among these

According to the U.S. military, treatment
and prevention of war-related wounds consists
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Table 19.3 US Military level of care and associated
management

Location Role in management
Level 1
Initial care at the e Stabilizing fractures
battlefield * Bandaging wounds with
sterile dressings
* Administration of single
dose antibiotic if
evacuation is delayed
(dependent on the site of
injury)
Level 2
Field hospital * Administration of tetanus
vaccinations and
immunoglobulin
*  Wound irrigation with
normal saline to remove
gross environmental
contamination
* Topical antimicrobials for
burns
Level 3
Combat support * Surgical wound
hospital management with external
fixation of open fractures
» Inpatient care treatment
including intensive care
units and operating rooms
Level 4
Regional hospitals * Consists of general and
(Landstuhl Regional specialized inpatient
Medical Center, medical and surgical care
Germany) or hospital
ships

of four levels of care assigned according to
proximity to the battlefield and type of man-
agement required [41]. This model has been
used as the “gold standard” for military health-
care templates for wounded management.
Various steps involved in this approach are
described in Table 19.3.
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A rehabilitation, 173, 176
Abdominal wall defect, 111 upper extremity, 176
Abdominal wall reconstruction Anesthesiology, 62
classification, 111 Angioembolization, 120
delayed temporary closure, 112-116 Angiogram confirming patency of arterial
immediate temporary closure, 112 reconstruction, 146
intra-abdominal injuries, 111 Angiography, 144
management, 112 Ankle brachial index (ABI), 144, 145
open abdomen technique, 111 Ankle foot orthosis (AFO)/fusion, 107
skin graft, 111 Ankle fusion, 106
VAC therapy, 112 Ankle joint, 106, 108, 109
Acellular dermal matrix, 113 Anterior tibial vessel, 101
Acinetobacter baumannii complex (ABC), 194 Anterolateral thigh fasciocutaneous flap, 115
Acromion/glenoid fractures, 68 Anterolateral thigh flap (ALT), 84
Adult respiratory distress syndrome (ARDS), 13 Antibiotic prophylaxis, 198
Advanced Trauma Life Support (ATLS) protocol, 143 Antibiotic therapy, 20, 23, 26
Airway management, 20 Antibiotic-impregnated beads, 50
American Spinal Injury Association (ASIA), 136 Antibiotic-impregnated calcium sulfate pellets, 98
Amputation Antimicrobial prophylaxis, 197, 199
acute phase Antimicrobial resistance, 194, 197
below-knee amputation, 168 Antimicrobial respiratory burst activity, 193
limb salvage, 166 Arab psyche, 184
lower extremity amputation levels, 168 Arm fracture, 71
and scoring systems, 166, 167 Arterial air emboli (AAE), 11
surgical technique, 169 Arterial injury, 98
transtibial amputations, 168 Articular damage
below-knee amputation, 171 lower limb fractures
bilateral amputation, 175, 176 ankle joint, 106-109
chronic phase CT scan, 101
HO, 174 knee joint injuries, 101-107
neuromas, 173, 174 Assisted walking devices, 98
phantom limb pain, 174 AUBMC, 137
ulceration, 173 Auditory system, 14, 15
uncomplicated amputations, 173 Autogenous graft, 150
delayed amputation, 176 Autogenous repair, 145
flaps of opportunity, 169 Autologous bone grafting, 70

intermediate phase
hemorrhage, 171

infection, 172 B
stump closure, 170, 171 Ballistics
wound care, 170 bone injuries, 4
wound dehiscence, 173 bullets, 2
lower extremity, 177 firearms, 1-2
psychological evaluation, 176 kinetic energy, 157
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Ballistics (cont.)
shock waves, 157
tissue damage, 157
Ballistics traits, 132
Barotrauma, 131
Bioprosthetic materials, 113
Bioprosthetics, 113
BKA Stump, 86, 87
Bladder injuries
complications, 123
cystogram, 123
frequency of intraperitoneal, 123
identification, 124
intra-op identification, 123
omental flap interposition, 123
pelvic fracture, 123
and rectal injury, 123
urine leak, 124
Blast injuries, 74, 79, 83, 86
antibiotic-impregnated beads, 50
antibiotics, 49 (see also Blast physics)
bilateral lower extremities, 80
characterization, 79, 131
chronic injuries, 50
infection control, 49
ischemic component, 49
limb and blood supply, 49
management and reconstructive options, 50
nerve reconstruction, 56
PBI (see Primary blast injuries (PBI))
physical examination, 49-50
quaternary blast injuries, 10
quinary blast injuries, 10
secondary blast injuries, 9
skeletal reconstruction, 55
soft-tissue reconstruction, 50-55
subacute/chronic phases, 49
tendon reconstruction, 55, 56
tertiary blast injuries, 9, 10
trauma protocol, 49
types, 79, 80
VAC, 50
vascular injuries, 49
Blast lung injury, 12
Blast lung syndrome, 12
Blast overpressure (BOP), 7
Blast physics
blast wave/shock wave, 7
BOP, 7,9
detonation, 7
distance, person and object, 9
enclosed-space waveform, 8, 9
free-field wave, 8
simple free-field wave, 8, 9
Blast traumatic brain injury, 131
Blast-body interaction, 10
Blunt Neck and Carotid Injury, 37
Bone debris, 146
Bone fractures
treatment, 159

Bone fragments, 133, 134, 136, 137
Bone grafting, 22
Bone lengthening, 81
Bone loss, 72
nonunion, 98—-100
Bone reconstruction, 159
location and residual gap size, 55
metacarpal bone, 52, 53, 56
and soft-tissue, 50
and tendon, 50
Bone stock, 68
Bone transport, 68, 70, 72
BOP. See Blast overpressure (BOP)
Brachial plexus injuries
management in chronic phase
anesthesiology, 62
clavicle, 62, 63
denervated muscles, 65
dissection and repair, 63
Doi procedure, 66
elements, 63
general anesthesia and supine
position, 62
gunshot injury, 63, 64
median nerve in axilla, 63
nerve grafts, 63
nerve transection, 63
nerve transfers, 63, 65
neuroma formation, 63
neurotization, 63, 65
skin incision, 62
S-shaped incision, 62
trapezius transposition, 65
upper extremity, 62
workhorse procedure, 65
management in intermediate phase
acute and subacute care, 60
bullet-penetrating injury, 61
CT, 60
electromyography, 60
EMGs, 60, 61
MRI, 60
nerve conduction studies, 60
patient’s neck, 60
physical examination, 60, 61
plain radiographs, 60
preganglionic and postganglionic injuries, 60
surgical exploration, 60
time lapse, 60
upper extremity, 60
upper limb vascularity and pulses, 60
subacute/chronic phase, 59
thermal injury, 59
traction/penetrating injuries, 59
upper extremity, 59
war injuries, 59
Bullet behavior, 132
Bullet-penetrating injury, 61, 94
Bullets, 2, 3
Burst and compression fractures, 134
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C
Candida albicans urinary tract infection, 139
Canthal deformity and blepharophimosis, 45, 46
Canthal dystopia, 42
and anophthalmic socket, 41, 44
and inadequate lower fornix, 42, 45
and lower lid retraction, 43, 45
Carotid injuries, 36, 37
and blunt neck, 37
management
endovascular treatment, 36, 37
open repair, 36
open repair, 36
Central nervous system (CNS), 131
WBI (see War brain injury (WBI))
WSCI (see War spinal cord injury (WSCI))
WBI (see War brain injury (WBI))
WSCI (see War spinal cord injury (WSCI))
Cerebrospinal leaks, 138
Chronic injuries, 50
Circumflex femoral artery system, 115
Circumflex femoral system, 115
Civilian causalities, 123
Civilian injuries, 97, 131, 132, 134, 136
Closed head injury, 131
Cognitive-behavioral therapy (CBT), 183
Combat injury, 125
Combat neurosis, 131
Combat-related injuries, 168, 171
Combat-related wounds infections
antimicrobial prophylaxis, 197, 198
antimicrobial resistance, 194-197
case study, 191, 192
categories, 191
diagnosis, 193, 194
environmental contamination, 193
historical perspective, 192
internal organ systems, 193
microbiology, 194-196
surrounding skin, 193
Compartment syndrome, 109
Component separation, 113, 115
Composite defect, 82, 84, 85
Composite defect reconstruction, 81, 82
Conservative therapy, 133
Contralateral healthy forearm, 54
Corporal body laceration with urethral distribution, 127
Cranioplasty, 134
Craniotomy, 133, 134, 136
CT angiography, 145
CT-cystogram, 122, 123
Custom-made elbow prostheses, 72
Custom-made prosthesis, 74
Cutaneous flap, 101
Cystogram, 123, 124

D
Decompressive craniectomy, 133
Deep inferior epigastric artery perforator (DIEP) flap, 84

Delayed hemorrhage, 120
Delayed necrosis, 122, 125
Delayed temporary closure
abdominal wall reconstruction
mesh, 113
timing, 113
granulation bed, 113
reconstructive options
component separation, 113, 115
free flaps, 115, 116
local and regional flaps, 115
tissue expansion, 115
sniper rifle shot, 114
Delayed ureteral repair, 123
Deltoid denervation, 65
Denervated muscles, 65
Dentition, 25
Digital subtraction angiography, 145
Digitodorsometacarpal flap, 51, 56
Distal radioulnar joint, 74
Distal rectal washout (DRWO), 123
Distal third of leg, ankle and foot,
83, 84
Distal vessel, 146
Distant fasciocutaneous flaps, 54
Distraction osteogenesis, 81
Doi procedure, 66
Dorsal skin, 51
Dorsometacarpal artery flap, 51
Dorsometacarpal flap, 55
Dorsoradial flap, 52, 56
Dorsoradial perforator flap, 54, 56
Dorsoulnar artery flap, 53
Double free flap, 82
Duplex scanning, 37, 145
Duplex sonography, 144
Duplex ultrasonography, 149
Dural tear, 136

E
Elbow arthrodesis, 73
Elbow arthroplasty, 74
Electromyography, 50
Embolization, 149
Encephalomalacia, 134, 136
Endovascular repair, 144, 145, 149, 150
Endovascular therapy, 34
Endovascular treatment, 36, 37
Explosive devices, 7, 100
External apparatus injury, 106
External fixation, 67, 68, 70-73, 75
External genitalia injury, 125, 127, 128
multi-injury
corporal body laceration with urethral
distribution, 127
lower extremity wounds, 127
penile and scrotal wounds, 125, 127
postoperative course, 128
scrotal skin, 128
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External genitalia injury (cont.)
urethral plate after first operation, 128
urethroplasty, 127, 128
penile injuries, 125
scrotal and testicular injuries, 124, 126, 127
urethral injuries, 125-126
Extraperitoneal vessels, 116
Extremity, 89, 90, 94, 95
Eyebrow deformity, 46

F
Facial nerve injury, 22
Facial tattooing, 24
Facial war injuries
airway management, 20
antibiotic therapy, 20
bleeding, 20
and body parts, 19, 21
chronic phase, 24
complicated wound management, 23
CT scan, 25, 26
dentition, 25
facial nerve injury, 22
facial tattooing, 24
flap refinements, 24
infections and complications, 19
injuries distribution, 20
mandibular fractures, 22
maxillary and frontal sinus fractures, 22
maxillofacial and associated injuries, 19, 21
nasal refinement, 25
nasal region, 22-23
NOE, 22
ocular prosthesis, 25
perioral trauma, 25
physical exam and diagnosis, 20
recorded injuries, 20
residual palatal defects, 25
scar contracture, 24
sinus formation, 27
soft-tissue depressions, 24
tissue coverage, 21, 22
weapons types, 19, 21
wound preparation, 21, 22
Fasciocutaneous flaps, 83, 84
Fasciotomy site granulation, 148
FDP tendon, 56
FDS tendon, 55
Femur fracture, 101, 103
Fibula graft, 101
Firearms, 1-2
Flap refinements, 24
Flaps, 79, 81-87
Foam-wound interface, 81
Forearm fracture, 74-75
Forearm injury, 74-76
Four-quadrant fasciotomy, 148
Free fibula osteomyocutaneous flap, 82

Free fibular osteocutaneous flap, 83

Free flaps, 115, 116, 148, 149

Free iliac bone flap, 53

Free tissue transfer, 83, 115
choice of flap tissues, 84
functional and cosmetic outcomes, 84
principles, 84-85

Friedlander wave, 8

Full-thickness defects, 111

Full-thickness wounds, 112

G
Gastrocnemius muscle flap, 83
Gastroepiploic vessels, 116
Gastrointestinal system, 13, 14
Genitourinary injuries, 124
Glasgow Coma Scale (GCS), 131, 132
Glenoid fossa, 70
Goldblatt’s kidney, 120
Gracilis muscle, 66
Grade IV injury, 119, 120
Gram-negative organisms, 98
Gulf War Syndrome, 131
Gunshot injury, 52, 56, 63, 64, 69, 73, 104
Gunshot wounds (GSW), 3, 131, 132, 134, 137

bone injuries, 4

bullet

angle, 3
caliber and shape, 3

cavitation, 4

contamination, 5

direct tissue damage, 4

head injuries, 4

high- vs. low-energy injuries, 2

kinetic energy, 3
Gustillo-Anderson type 2 femur fracture, 102, 103
Gustilo and Anderson classification, 79, 80
Gustilo-Anderson open fracture grading system, 166
Gustilo-Anderson Type II or Illa open fracture, 98
Gustilo-Anderson Type IIIC injuries, 79, 80, 107
Gutter wound, 4

H

Hannover Fracture Scale-97 (HFS-97), 166
Hematuria, 121

Hemigastrocnemius/soleus, 83

Hemisoleus muscle flap, 83

Hemorrhage control, 119

Heterotropic ossification (HO), 174

High arm in endangered spine (HAINES), 137
High-velocity bullet injury, 125, 134, 142
Human acellular tissue matrix (Alloderm), 113
Humeral diaphyseal fracture, 70-72

Humerus fracture, 67, 68

Hypertension, 120

Hypothenar hammer syndrome, 143
Hypovolemia, 120
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I
Tatrogenic injuries, 143
Iliac crest free flap, 52, 53, 56
Tliolumbar flap, 115
Ilizarov circular fixation, 167
Ilizarov external fixator, 73
Tlizarov principles of bone distraction, 98
Immediate postoperative image, 53, 54, 56
Immediate temporary closure, 112
Implosion, 10
Improvised explosive devices (IEDs), 134, 142, 182
Inadequate BKA Stump Management, 86, 87
Inertial forces, 10
Infected nonunion
lower limb fractures
antibiotic-impregnated calcium sulfate pellets, 98
autogenous bone graft and calcium sulfate, 101
bone without signs of systemic infection, 98, 101,
102
distal tibia shaft fracture, 105
fibula graft, 101
ipsilateral fibula, 101
membrane-induced technique, 101, 104
polymicrobial, 98
resection of necrotic bone and soft tissue, 101
syndesmotic screw, 101
systemic antibiotic administration, 101, 103
vascularized/non-vascularized free fibula
graft, 101
Infectious Disease Society of America (IDSA), 197
Infra-popliteal arterial injuries, 143
Intra- and extra-articular factors, 101
Intra-abdominal injuries, 111
Intra-articular damage, 97
Intraperitoneal vessels, 116
Intravenous ureterogram, 121
Intra-ventricular lodgment, 133
Ipsilateral fibula, 101
Ischemic component, 49

K

Kidney parenchyma loss, 120
Kinetic energy, 3

Knee joint injuries, 101, 106, 107
Knee region, 83

L

Lateral arm flap, 84

Latissimus dorsi muscle coverage flap, 67-70, 72, 74
Latissimus dorsi muscle flap, 74
Limb preservation, 150, 151
Limb salvage, 166, 167

Limb Salvage Index (LSI), 166
Local flaps, 50, 56, 115, 148, 149
Low surgical complications, 119
Lower extremity, 177

Lower extremity reconstruction

anatomical region
distal third of leg, ankle and foot, 83, 84
free tissue transfer, 84—85
knee region, 83
Management of Inadequate BKA Stump, 86, 87
middle third of leg, 83
perforator propeller flaps, 85-87
proximal third of leg, 83

blast injury, 79, 80

bone defects, 81, 82

NPWT, 80-81

principles, 79-81

timing, 79-80

Lower extremity wounds, 127
Lower limb fractures, 97-109

adequate management, 97

classification, 97

complications, 97

intermediate and chronic phase
articular damage, 101-107
assisted walking devices, 98
bone loss /nonunion, 98—100
CT scans, 98
infected nonunion, 98
mangled limb, 97
MRI, 98
plain radiographs, 98
post revascularization injury, 107-109
Swab cultures, 98

M
Macrodeformation, 81
Mandibular fractures, 22
Mangled extremity, 166, 176
Mangled Extremity Severity Score (MESS), 166, 167
Mangled limb, 97
Masquelet technique, 70
Maxillary and frontal sinus fractures, 22
Maxillofacial and associated injuries, 19, 21
MCP joints, 53, 55
Medial fasciotomy, 148
Membrane-induced technique, 101, 104
Mesh, 113
Mesh grafts, 113
Metacarpal bone defects, 55
Methicillin-resistant staphylococcus aureus (MRSA),
177

Microbiology of war injuries, 194, 198
Microdeformation, 81
Microsurgical management

amputation, 160

blast injury, 162

bone fractures, 159

free flaps, 160

gunshot wounds, 158

hand and fingers, 159-161

high-energy wounds, 158

nerve injuries, 159
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Microsurgical management (cont.)
radiological investigations, 158
upper limb blast injuries, 159

Mild intimal flaps, 149

Mild occult injuries, 149

Military extremity trauma amputation/limb salvage

(METALS), 166

Military medicine, 39, 40

Mind-body interaction, 182

Missile injury, 142

Missile tract exploration, 145

Missiles wounding mechanism. See Ballistics

Monolateral frame, 100

Motor vehicle accidents, 59

Mucosal injury, 12

Multidrug resistant (MDR), 191

Multiorgan failure, 120

Multiple scoring systems, 166

Muscle transfer, 65, 66

N
Nasal Refinements, 25
Naso-Orbital-Ethmoid Region (NOE), 22
National Epidemiologic Survey on Alcohol and Related
Conditions (NESARC), 181
National Trauma Data Bank (NTDB), 120
Neck zones
anatomy and classification, 32
direct bullet entry, 32
neck vessels, 32
zone 1, 2, and 3, 31
Negative pressure therapy (NPT), 170
Negative-pressure wound therapy (NPWT), 80, 81, 111
Nephrectomy, 119
Nephrectomy rate, 120
Nerve grafts, 63
Nerve injuries, 59, 159
Nerve Injury, Ischemia, Soft-Tissue Injury, Skeletal
Injury, Shock, and Age of Patient Score
(NISSSA), 166
Nerve reconstruction, 56
Nerve transfers, 63, 65
Neurologic recovery, 132, 133, 136
Neuroma formation, 63
Neuromas, 173, 174
Neurotization, 63, 65, 92-94
Nonabsorbable synthetic grafts, 113
Nonstick visceral sheeting, 112
Nonunion
bone loss, 98—100
infected, 98-101
Nonunion distal humerus fracture, 70, 71
Nonunion persists, 68, 71
Nonvascularized cancellous bone grafts, 81

(0]
Oberlin technique, 92, 93
Occupational injury, 143

Ocular injuries, 39

Ocular prosthesis, 25

Omental flap interposition, 123

One-stage reconstruction, 82

Open abdomen, 112

Open abdomen technique, 111

Open fractures, 75, 80
Gustilo-Anderson Type II or Illa, 98
type 2 Gustillo-Anderson, 102

Open Repair, 36

Open tibial fractures, 80, 81

Orbito-facial/air sinus involvement, 133

Orthopedic injuries, 143, 167

Ossicular injuries, 14

Osteomyelitis, 79, 106

Osteomyocutaneous flap, 82

P
P. aeruginosa, 194
Parascapular osteocutaneous flaps, 83
Paraulnar metacarpal flap, 53
Parenchyma preservation, 119
Parenchymal lung injury, 12
Partial cystectomy, 124
Partial-thickness defects, 111
Pedicled island flap, 53, 56
Pedicled PIA flap, 53, 56
Pelvic fracture, 123
Pelvicalyceal system/perirenal space, 120
Penetrating brain injury, 131
Penetrating injuries, 141, 142
Penetrating neck trauma
CT angiography, 34
endovascular therapy, 34
mass casualty/multiple injured patients, 35
neck stabilization, 31
neck zones, 31
physical exam, 35
selective management, 35
vascular injury signs, 34
zone 1, 34
zone 2 stable patients, 35
zone 3 neck bullet injury, 33
Penetrating trauma, 1, 4
Penetrating wounds, 137
Penile and scrotal wounds, 125, 127
Penile injuries, 125
Perforator propeller flaps, 85-87
Periocular region, 39
Perioral trauma, 25
Peripheral nerve injuries
bleeding vessels and fractures, 89
chronic phase
anesthesia team, 90
caliber difference, 91
multiple factors, 90
nerve grafts, 90
nerve repair, 90
neuroma, 90, 91
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neuroma and extensive fibrosis, 90, 92
neurotization, 92-94
palmaris longus tendon, 94
physiotherapy, 95
simple interrupted suturing technique, 90
surgical explorations, 90
time lapse, 94
treatment modality, 90
ulnar nerve neuroma, 95
vascularized nerve grafts, 92
vein grafts, 92
intermediate phase
CT scans, 89
electromyographic studies, 90
mechanism of injury and patient symptoms, 89
MRI, 90
physical examination, 89
plain radiography, 89
war injuries, 89
Peroneal artery perforator (PAP) flaps, 86
Phalangeal defects, 55
Phantom limb pain, 174
Physiotherapy, 95
PIP joint, 51, 55
Plain film cystogram, 123
Polyethylene sheet, 112
Polyglactin (Vicryl and Dexon), 113
Polytetrafluoroethylene (PTFE), 150
Polyurethane sponge, 112
Porcine acellular matrix, 113
Porcine intestinal submucosa, 113
Positive end-expiratory pressure (PEEP), 13
Positive pressure ventilation (PPV), 13
Post revascularization injury
lower limb fractures, 107—-109
Post-compartment syndrome, 97
Posterior cord, 63
Posterior interosseous artery flap (PIAF), 52
Posterior interosseous flap, 52, 54
Posterior interosseous skin flap, 56
Posterior tibial artery perforator (PTAP) flaps, 86
Postexplosive bullet injury, 79, 81
Post-traumatic stress disorder (PTSD), 182
Predictive Salvage Index (PSI), 166
Preganglionic and postganglionic injuries, 60
Primary blast injuries (PBI), 131
biological effects
auditory system, 14, 15
gastrointestinal system, 13, 14
pulmonary system (see Pulmonary PBI)
implosion, 10
inertial forces, 10
shear waves, 11
shock and stress waves, 10
spallation, 10
systemic effect, 11
Prognostic factors, 132
Prosthesis
prosthetic ankle-foot mechanisms, 175
pylon, 175

socket, 175

suspension systems, 175
Prosthetic grafts, 150
Proximal humerus comminuted fracture, 67, 68
Proximal third of leg, 83
Pseudoaneurysms, 120, 143, 149
Psychotherapy

PTSD symptoms, 185

reconstructive surgery, 185, 186

rehabilitation, 184

wound, 184
Pulmonary PBI

AAE development, 11

blast lung syndrome, 12

ecchymoses, 12

management, 13

PEEP, 13

pleural tears and lacerations, 12

spallation and implosion, 11
Pupillary reflex, 132

Q
Quaternary blast injuries, 10
Quinary blast injuries, 10

R
Radial forearm, 84
Radial nerve injury, 71
Radiological investigations, 158
Radio-opaque surgical clip, 122
Radius fracture, 75
Reconstruction, 79, 111
abdominal wall (see Abdominal wall reconstruction)
canthal deformity and blepharophimosis, 45, 46
canthal dystopia, 41, 42, 44
CT scan, 40, 41
eyebrow deformity, 46
lower extremity (see Lower extremity reconstruction)
nerve, 56
ocular prosthesis, 40, 41
orbital cyst, 40, 42
post revascularization injury, 107-109
prosthesis fitting, 43
skeletal, 55
soft-tissue, 50-55
tendon, 55, 56
Reconstructive surgery, 185
Rectal injury, 123
Regional flap, 115
Renal insufficiency, 120
Renal trauma
CT imaging, 119
delayed hemorrhage, 120
follow-up, 121
grade IV injury, 119, 120
hypertension, 120
management, 119
nonoperative management, 119
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Renal trauma (cont.)
renal insufficiency, 120
surgical exploration, 119
urinary extravasation, 119
urinary fistula, 120
Renorraphy/nephrectomy, 119, 120
Residual palatal defects, 25
Restoration of abduction, 54, 56
Restoration of opposition, 56
Retrograde pyelogram, 124

S
Scapula-humeral joint, 65
Scar contractures, 24
Sciatic nerve injury, 107
Scrotal injuries, 124, 126
Scrotal skin, 128
Secondary blast injuries, 9, 131
Shattered elbow, 71-74
Shear waves, 11
Shock wave component, 59
Shock waves, 10, 157
Shock-absorbing pylon (SAP), 175
Shoulder girdle injury, 67-70
Shrapnel injuries, 1, 7, 53, 56, 99
Shuker technique, 24
Signature war injury, 131
Simple bone loss, 97
Simple interrupted suturing technique, 90
Single chimeric flap, 82
Skin graft, 111, 113-115, 148
Skin incision, 62
Skin paddle, 82
Soft tissue reconstruction, 168
Soft-tissue defect

forefoot, 84
Soft-tissue depressions, 24
Soft-tissue padding, 87
Soft-tissue reconstruction

arteries, 50

blood supply to hand, 50

dorsal hand, 52-56

fingers, 51, 56

thumb, 52-56

vascularized, 51

volar, 52-56

volar and dorsal skin, 51

wounds and chronic nonhealing ulcers, 51
Soleus muscle, 82
Solid-ankle cushioned heel (SACH), 175
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Stump complications, 170, 171
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Surgical management, 66
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Syrian war, 133
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Tertiary blast injuries, 9, 10, 131
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Tissue injury, 157
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and war injuries, 182
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Trauma protocol, 49
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Traumatic brain injury (TBI), 131, 182
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Ulnar nerve, 74
Ulnar nerve neuroma, 95
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Upper extremity fractures, 67, 75
Upper extremity injuries, 97
Upper limb fractures
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blast (see Blast injuries)
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acute phase, 122
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principles of ureteral repair, 122
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