Orthopedic Ballistic Trauma

Paul Ley

In ballistic science, a bullet’s journey may be
divided into three stages [1]:

1. Initial stage: from firing to muzzle exit

2. Intermediate stage: bullet’s path through the
air

3. Terminal stage: from impact onwards

Understanding this later stage is important to
understanding the mechanism of injury. All mod-
ern military weapons have a rifled barrel which
imparts a rotational movement around the longitu-
dinal axis of the bullet termed spinning. When the
bullet leaves the barrel, other movements are pres-
ent. Theoretically, they all are parasitic movements
which decrease the accuracy of the projectile, but
increase the wounding capacity after impact
through oscillations (yawing), precession (wob-
bling), and nutation (rosette pattern). These para-
sitic  movements increase the destabilization
characteristics of a jacketed bullet inside the target,
and this is crucial to the actual transfer of energy.

The precise description of what actually
happens between impact and final arrest of the
bullet has been a matter for debate for a long
time, almost as long as the history of firearms
itself. In the early 80s, Fackler, from the US
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Army, developed the concept of “wound profile”
[2] (Figs. 8.1, 8.2, and 8.3).

This is still used today to study the behavior of
different kinds of bullets. The wound profile is
obtained by shooting a bullet in a block of tissue
simulant [3] (glycerine soap or gelatine) and
observing the characteristics of the bullet’s path:

¢ Entry hole dimension and shape depending on
the position of the bullet at impact.

* Initial narrow tract called the “neck.”

¢ An intermediate zone, more or less wide, the
“belly.”

¢ Final tract at the end of which you find the
bullet (if the block is long enough).

Fig. 8.1 (a) The ubiquitous Kalashnikov and 1 (b) the
British SA80
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Fig.8.2 A 7.62x39
mm AK-47 round and
fragments

Fig. 8.3 Bullet paths in tissue simulant glycerine soap
blocks (Swiss Army Ballistic Laboratory in Thun,
Switzerland. ICRC war surgery seminar, 2005) lower
blocks: NATO caliber 7.62x51 fmj bullet (full metal
jacket) upper blocks: .308 WIN sp bullet (soft point)
Despite their names, these bullets differ only by the fact
that one is jacketed and the other is a “soft point.” Same
velocity and same mass: equal amount of kinetic energy
but totally different “profile” of energy transfer along the
bullet path. The amount of energy transfer but mainly the
timing of this transfer is crucial in determining a particu-
lar profile. It is essential to realize that the maximum
amount of energy transfer can take place deep in the tissue
(with severe damage deep under an innocent-looking
superficial wound) and that entry-exit wounds can occur
in different combinations

* You may also observe fragmentation of the
bullet with two or more secondary paths or
deformation without fragmentation.

The entry hole may be small, corresponding to
the actual caliber of the bullet presenting tip for-
ward or it may be much greater, for example

Fig. 8.4 Ricochet effect (Swiss Army Ballistic
Laboratory in Thun, Switzerland. ICRC war surgery sem-
inar, 2005). A 7.62x51 fmj bullet (same as in lower
blocks of 38-1) has been destabilized just before impact
by placing a wooden broomstick along its flight path (note
the small nick on the stick) resulting in a sideway impact
of the bullet with a resulting almost instant transfer of
energy totally different from the lower blocks profile in
Fig. 9.3. This phenomenon is actually quite common in
real cases when bullets are fired through vegetation or hit
walls or ground before the final human target

when a bullet strikes the target sideways. This lat-
ter mechanism was called “ricochet” [4] by
Kneubuehl, and it happens every time the bullet
hits something in flight, like a branch, or bounces
off a hard surface and is destabilized before hit-
ting the target (Fig. 8.4).

The “neck” is the initial tract. It is narrow,
generally no more than twice the caliber of the
bullet. The narrow tract indicates a very low
energy transfer to surrounding tissues (Fig. 8.5).
The critical feature here is its length as it
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Fig.8.5 (a) X-ray of low velocity bullet lodged adjacent
to proximal humerus and (b) clinical picture. You can
appreciate the entry wound

indicates the distance traveled by the bullet
before tumbling.

After tumbling there is an intermediate part,
the belly, of much larger diameter and volume.
This is the part of the bullet path with maximum
energy transfer, the amount of which can be visu-
alized by the volume of the belly part. This part
corresponds to the temporary cavity where tis-
sues are stretched in a radial and outward way
with respect to the bullet path. The final tract may
be single or multiple according to a possible frag-
mentation of the bullet. In this part the energy
transfer is low again as indicated by the narrow-
ness of the tract.

This kind of wound profile is a conceptual tool.
It shows the behavior of a particular bullet in a
homogeneous medium. It can be used to compare
different bullets” behavior. Obviously, every single
bullet has its own wound profile depending on

Fig. 8.6 (a) A fighter looking for targets from a roof in
Libya and (b) A 50 mm caliber machine gun in an Afghan
police vehicle

such factors as velocity, mass, ability to expand or
not, and tumbling characteristics (Fig. 8.6). Mass
and velocity are the two determinants of the kinetic
energy carried by the bullet at the moment of
impact. The kinetic energy is directly proportional
to the mass while it is proportional to the square of
the velocity. Thus, to increase the energy of a pro-
jectile, the firing system must increase the veloc-
ity, as it can be seen from the following equation:

KE=1, MV
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where KE =kinetic energy in the bullet, M =mass
of the bullet, and V=velocity of the bullet.

Increasing the mass is not practical in terms of
magazine capacity or total number of rounds that
can be carried around by a single soldier.
Therefore, a quest for high velocity and small
calibers has taken place in the last few decades.
The important point to remember is that high
velocity is associated with a higher kinetic
energy, thus giving a particular bullet a higher
wounding capacity. The actual wound is the
result of how much of this energy is transferred to
the tissues. The maximum energy transfer occurs
when the bullet tumbles in the tissues, i.e., when
the cross-sectional area abruptly increases, and
obviously, this will reach 100 % if the bullet
comes to a rest within the tissues. The velocity
that determines the available amount of kinetic
energy is the one at the point of impact on the
target, which can be quite low, and not the muz-
zle velocity, which is supersonic in all modern
assault rifles.

The analysis of wound profiles has some
interesting surgical applications: First of all it is
important to notice that the transfer of energy is
not homogeneous along the bullet path. This is
important regarding the extension of the debride-
ment to be done in different parts of the wound.
Maximum tissue damage will occur in corre-
spondence of the temporary cavity while tissue
surrounding the “neck” portion of the tract may
experience very little damage. It also means that
a wound can have a superficial benign aspect
while deeper anatomic structures are severely
damaged (Fig. 8.7). The length of the “neck” can
exceed the width of a human limb as is the case
of the 7.62x51mm wound profile where it is
around twenty centimeters (see Figs. 8.3 and
8.4), or it can be significantly shorter like the one
associated to the 5.45 mm fired by the AK-74
(less than 5 cm). Some bullets behave differently
at different velocities, not only in terms of quan-
tity of energy that is transported and released but
also in terms of different morphology of the
wound profile itself with maximum energy trans-
fer occurring at different depths. The other point
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Fig. 8.7 (a) Entry-exit wounds at mid-thigh level (St.
Kizito Hospital, Karamoja, Uganda, 1997), these wounds
of identical appearance are most likely produced by a fmj
bullet with a long initial “neck.” The bullet exited the slim
thigh before tumbling. (b) A bullet has penetrated this leg
and impacted the bone. Significant fragmentation is
evident

is that many jacketed bullets do break apart,
especially at high velocities (short-range shoot-
ing), creating secondary tracts in different direc-
tions implying an even more thorough
debridement and meticulous exploration of the
wound.

So far we’ve considered the behavior of bul-
lets in glycerine soap (with a density very close
to muscle) which is a human body tissue simu-
lant. It is possible to add to glycerine soap some
elements to simulate specific biological tissues
structures, such as the bone or blood vessels.
For the bone, in “wound ballistics,” Kneubuehl
uses hollow cylinders of different wall thick-
nesses filled with gelatin, to simulate bone mar-
row, and covered with a latex film, to simulate
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Fig. 8.8 Severe fracture pattern in left distal femur
(Emergency Hospital, Lashkar Gah, Afghanistan, 2008),
this kind of severe fragmentation can be seen in patients
that were hit while walking or running. Weight-bearing
long bones like tibia and femur undergo a complex
sequence of compression, flexion-extension, and rota-
tional forces during the gait. If a bone is hit exactly when
under maximum stress from flexion or rotation forces,
extreme fracture patterns can be the result. According to
witnesses, this young woman was hit by a single shot
while running away from a firefight. She ultimately was
amputated at thigh level

periosteum. This artificial bone is then inserted
in a glycerine soap block. Many different
fractures can be observed, from simple punch-
hole fractures to butterfly patterns which are
generated by an increase in hydraulic pressure
in the marrow. It is interesting to note that, all
the bone fragments are found within the tempo-
rary cavity and that they are not acting as sec-
ondary missiles.

Fracture patterns seen in the field on real
patients are sometimes of such a severity (see
Fig. 8.8) that some additional mechanism must
have a role. Forces like compression, extension,
and torque acting on a bone are modifying and
amplifying the fracture pattern. This is more
marked on lower limb skeletal structures because
of body weight action. A bone, like the femur or
tibia, hit during the weight-bearing part of the
gait will fracture in a much more severe and
unpredictable way than if not weight bearing.
The lesion shown in Fig. 8.8 has been produced,
according to witnesses, by a single shot on a run-
ning woman fleeing the firefight.

8.1 Treatment Principles

In treating ballistic fractures, some principles are
firmly established. A broad review of the litera-
ture from different sources [5-8], either civilian
or military, shows a wide consensus on some
basic points:

e All war wounds are contaminated and the first
goal of war surgery is the avoidance of infection.

* The single most important surgical procedure
in the treatment of ballistic lesions is the initial
debridement and irrigation.

 Irrigation is done with large volumes (from 31
upwards) and low pressure (bulb or gravity
fed systems).

e The first choice for irrigation fluid is sterile
normal saline [9], the second choice is potable
water.

* Although antibiotics should be given as soon
as possible, they are NOT a substitute for
proper surgical debridement.

e War wounds are NEVER closed primarily.

e Initial rigid internal fixation is contraindicated.
Initial stabilization must be achieved by
external fixation, skeletal traction, or splints/
casts following the principles of damage con-
trol orthopedics.

e Treatment should systematically include soft
tissue management from the beginning.

* Delayed primary closure for standard ballistic
wounds is done at 4 or 5 days after initial
debridement (Fig. 8.9).

8.1.1 First Steps

After life-threatening injuries have been ruled out or
taken care of, the patient must be washed. This
means tap water and soap (e.g., castile soap) in a
suitable workspace in the emergency room or
immediately before the operating room. All wounds
should be covered by sterile dressings and these
should NOT be removed at this point before sur-
gery. The washing of the wound and its immediate
surroundings is done in operating room under
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Fig. 8.9 (a) X-ray of a young female’s left foot gunshot
wound, (b) clinical picture, and (¢) an external fixator has
been placed to reestablish length of the lateral column fol-
lowing thorough debridement and wash out

anesthesia. This initial washing is NOT part of the
irrigation process which is done in conjunction with
the debridement, which is the surgical removal by
sharp excision of all debris and devitalized tissues:

e Skin: sharp excision of skin edges of the
wound (1-2 mm). Skin is precious for soft tis-
sue so spare as much as possible.

* Muscle: excision of dead or nonviable muscle
is particularly important although it is often
clinically difficult to distinguish viable muscle
from nonviable one. The four C’s may be used
as a guide (color, consistency, contraction, cir-
culation) but in many borderline instances
they have proven unreliable.

* Bone: loose bone fragments with no soft tissue
attachment to must be removed. If you decide
to leave a bone fragment in situ, make sure it
has a strong attachment to soft tissue and try to
assess its vascularization by snipping a bit of it
and check for bleeding. Exposed bone may be
protected by soft tissue coverage. For example,
medial gastrocnemius rotation flap is an excel-
lent reliable technique for the proximal tibia.

* Fat: liberal excision of fat.

* Nerves, vessels, and tendons: as far as possi-
ble these structures must be protected.

Although debridement is based on simple
principles, it is actually technically demanding
and the surgeon must keep in mind that it is the
most important  single surgical procedure
determining the final outcome. When performing
a debridement a surgeon should always anticipate
the needs of the delayed primary closure. The
need for flaps or skin grafts should be assessed
and anticipated for the next surgical plan of
action. If there is a plastic surgeon in the field, or
someone with similar expertise, the procedure
should be carried in close coordination.

e Irrigation: This is closely associated with
debridement. Its importance is such that in their
excellent book Combat orthopedic surgery,
Owens and Belmont dedicate a full chapter to
this issue. Irrigation has been practiced for cen-
turies yet with minimal scientific background.
All kinds of additives have been used according
to personal beliefs or experience of individual
surgeons. The vast majority of them have been
shown to be at least useless and potentially
harmful (hydrogen peroxide, for example, is still
occasionally used despite its recognized tissue
toxicity). The current recommendations of the
US Army Institute of Surgical Research which
are used in the Joint Theater Trauma System
Clinical Practice Guidelines (JTTS-CPG) are to
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Fig.8.10 (a) An x-ray showing a bullet in a knee, (b) medial incision and removal of bullet from inside the joint, and

(c¢) removal of plastic cartridge from a bird-hunting rifle

use of normal saline, sterile water, or tap water
(potable) if one of or both the former are not
available. The optimal method of delivery is by
gravity-fed systems or by bulb syringes, no pulse
lavage or high-pressure systems.

The volume of fluid required is large, from
one to over ten liters. For open fractures you may
use the following volumes: 3 1 for Gustilo I, 6 1
for Gustilo II, and 9 1 minimum. These large
amounts can quickly deplete your normal saline
stock, so be prepared and order more (if possible)
or use sterile (boiled) or potable water in the ini-
tial phases of irrigation & debridement and use
saline only for the final washout (see Fig. 8.9).

8.1.2 Intra-articular Bullets

One of the few indications to explore and remove
bullets from patients is when these are lodged in

a joint, the spinal canal. The presence of a bullet
in a joint can cause a severe inflammatory reac-
tion and synovitis which will damage the knee
joint (see Fig. 8.10).

8.2 Compartment Syndrome

and Fasciotomies

Compartment syndrome can occur in any limb
segment but is prevalent in the leg and the fore-
arm. The examination of patients must always be
done with this possibility in mind. The indication
for fasciotomy is based solely on the clinical
examination. The presence of distal pulses does
NOT rule out developing compartment syn-
drome, neither does an open fracture. Pain is
greater than expected, relentless and doesn’t sub-
side even after splitting or removal of every ban-
dage or cast, and is refractory to adequate
analgesia. It is elicited by palpation of the
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Fig. 8.11 A H-incision technique for decompression of
anterior and lateral compartments (Emergency Hospital,
Kabul, Afghanistan, 2012); the anterior compartment may
be missed if the skin incision on the lateral side of the leg
is too posterior. Don’t incise more than two finger breadth
from the tibial crest. When you encounter the deep fascia
make a first, short, transverse cut to positively identify the
intermuscular septum. From each end of this first trans-
verse cut, you can then make two parallel longitudinal
incisions to decompress the anterior and lateral
compartments

involved compartment and by passive stretching
of muscle compartments. The classic five P’s
(pain, paraesthesia, pallor, paralysis, pulseless-
ness) are signs of advanced compartment syn-
drome, and you should never wait for these
before making a decision. Military protocols fol-
lowing a gunshot wound to the extremities
include prophylactic fasciotomies to prevent the
development of compartment syndrome. There is
no place for semi or partial fasciotomies. Always
use full length skin incisions and make sure ALL
compartments are decompressed (Fig. 8.11) (see
Chap. 28).

8.3 Fracture Management

Always think about what is the simplest and saf-
est solution. Conservative treatment should
always be considered, even at some “functional”
cost. In well-resourced healthcare systems, some
conservative treatments are not acceptable
because of inferior functional outcomes when
compared with operative or complex reconstruc-
tive procedures. This higher functional outcome
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cannot be an argument in an austere environment,
where either the equipment or the implants them-
selves are simply not available or the risks associ-
ated with internal fixation are not acceptable. A
remote community farmer is much better with a
femur fracture treated conservatively resulting in
a modest degree of shortening that can be com-
pensated with a shoe raise, than with an infected
plate which may eventually lead to an osteomy-
elitis from which he may never recover. You must
think in terms of reasonable results even if some-
times you’ll have to choose the lesser evil.

e Splints: unless you have the luxury of ready-
to-use fiberglass splints with padding and
bandage, you’ll have to make your own with
POP (Plaster of Paris) in a traditional way.
These POP splints are inexpensive and can be
adapted to many clinical settings. They are
most useful for upper limb fractures and for
leg and foot fractures. The use of POP splints
for femur fractures is much less efficient than
traction or external fixation, but can be used in
the pediatric setting. Do not forget however
that POP in a tropical or equatorial
environment, with high ambient humidity,
will take a long time to harden and it may be
difficult to tolerate.

e Traction: very efficient, fast, and easy to apply.
Skeletal traction for lower limb is best done
with Steinman pins through calcaneus for leg
fractures and through proximal tibia for femur
fractures. Traction through distal femur should
not be used as it denies the possibility of
further treatment with Perkins traction. For
humerus fractures, traction is applied by
means of a Kirschner wire (K-wire) through
the olecranon. The use of a K-wire implies a
tensioning traction bow is necessary, so you
should make sure it is available. Inadequate
traction, or poorly set up and monitored, can
cause great harm, so you must be familiar in
its application and use, and close attention to
pin site care must be adhered to (Fig. 8.12).
Traction is applied through a transtibial

Steinmann pin, a simple rope traction bow, and a

custom-made traction weight. The distal half of

the bed is removable and can easily be put back
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Fig. 8.12 (a) Perkins traction for femur fractures
(Complexe Pediatrique, Bangui, Central African
Republic, 2013). (b) Transolecranon traction for open

in position during the intervals between the exer-
cise sessions (four to six times a day).
* Among conservative treatment options, only

the Perkins traction is able to fulfill the follow-
ing points: maintenance of alignment of bone
fragment, excellent rotational control (when
the knee is flexed and the leg is vertical, physi-
ological rotation is automatic), avoidance of
distraction (because of muscle contraction),
encouragement of joint motion, and mainte-
nance of muscle tone. Mean duration of trac-
tion is eight weeks. This method has been
extensively used in many remote African hos-
pitals and owed its popularity to Maurice King
Peter Bewes who described it in details in
Primary Surgery, a bible for low-tech environ-
ments published by Oxford University Press.

In transolecranon traction for open fracture of
distal humerus (Fig. 8.12b) after immediate
surgical debridement in theater, the use,
initially, of this makeshift overhead traction
system allowed for optimal care of the wound

fracture of distal humerus (complexe pediatrique, Bangui,
Central African Republic, 2013)

in the anterior aspect of distal arm. An associ-
ated closed fracture of distal forearm is also
present. This young patient was successively
treated with a cast, applied with the traction in
situ. In austere environments, it is impossible
to engage in complex reconstruction and
osteosynthesis of open comminuted periartic-
ular fractures. The conservative approach is
the safest alternate and, very often, gives satis-
factory results.

External fixation: if available, it is the best
solution for treatment for fractures with soft
tissue loss or vascular lesions. The realities in
an austere environment require that an ex-fix
should be simple, effective, and quick to
apply. Generally half-pins and monoaxial
static configurations, like the older Hofmann
design, are adequate. Classic configuration of
three pins above and three pins below the
fracture site with a double bar should be the
goal. This configuration is stable enough to
allow weight bearing and can be progressively
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Fig. 8.13 Proximal humerus fracture from bullet injury
treated with T-shaped ex-fix (Emergency Hospital,
Lashkar Gah, Afghanistan, 2008), when one of the frac-
ture segments is short, this configuration is simple and
effective. Notice the soft tissue wound safely healed. This
patient was treated initially with thorough debridement
and irrigation, followed by immediate stabilization with
this ex-fix. A delayed primary closure (DPC) was per-
formed 5 days later. The ex-fix was retained as a definitive
stabilization

“deconstructed” to render it dynamic thus
allowing for a better fracture site compres-
sion. When one of the bone fragments is short,
you can use a T-shaped configuration to avoid
spanning the joint and still allowing mobiliza-
tion (Fig. 8.13). In many instances, an ex-fix
can be used as definitive stabilization, other-
wise they can be removed as soon as the soft
tissue deficit has healed and substituted by a
cast.

8.4  SoftTissue Management

All war wounds, whether or not they are associ-
ated with fractures, are left open after the initial
surgery. Nevertheless, you must plan your clo-
sure strategy right from the beginning. At initial
surgery you should anticipate the need for
eventual flaps or skin grafts. The standard classic
procedure, strictly followed by such organiza-
tions like the international committee of the red
cross (ICRC) and the NGOs Emergency and
Medicines sans frontieres (MSF), is that the
wound is treated by delayed primary closure
(DPC) after 3 to 6 days post-op. This is a basic,
safe strategy that proved successful in many

Fig. 8.14 Cross-leg flap for open right leg fracture
(Emergency Hospital, Kabul, Afghanistan, 2012), picture
taken at three weeks post-op, just prior to weaning proce-
dure. The pedicled flap was raised from the medial aspect
of the left proximal leg at DPC time (five days after initial
trauma), along with a cancellous bone graft from the iliac
crest and stabilization with an ex-fix. Donor site was
immediately covered with an SSG. Pedicled flaps like this
one and the inguinal MacGregor flaps are still a work-
horse in many remote parts of the world

civilian war hospitals in the last decades all over
the world. Nevertheless, you will still encounter
wounds that cannot be managed this way at the
prescribed time and will need further debride-
ment and irrigation before they become safe for
closure, or the soft tissue defect is such that some
sort of plastic or reconstruction procedure may
be necessary [10, 11]. In this latter case, always
start with the simplest procedures like spontane-
ous granulation (second intention), split-thick-
ness skin graft (SSG), and local rotation flaps.
(See Chap. 46) (Fig. 8.14).

8.4.1 Amputations

The decision to amputate is always a difficult
one except when the magnitude of the trauma is
such that there are no doubts in anybody’s
mind, particularly in the patient’s mind. It is
often the result of emotionally charged discus-
sions with the patient and/or the relatives.
Religious beliefs concerning body integrity are
often involved. Not an easy task, there are no
substitutes here for experience and surgical
wisdom (see Chap. 29).
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8.5 Physiotherapy

It is an integral part of the treatment and should be
started immediately. It requires dedicated person-
nel that you will have to train on he spot to meet
the specific needs of your patients. (See Chap. 23.)
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