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orthopaedic surgery in modern warfare

We live in troubled times. Increased
opposition reliance on explosive devices,
the widespread use of individual and
vehicular body armour, and the improved
survival of combat casualties have created
many complex musculoskeletal injuries
in the wars in Iraq and Afghanistan.
Explosive mechanisms of injury account
for 75% of all musculoskeletal combat
casualties. Throughout all the echelons
of care medical staff practice consistent
treatment strategies of damage control
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orthopaedics including tourniquets,
antibiotics, external fixation, selective
amputations and vaccuum-assisted
closure. Complications, particularly
infection and heterotopic ossification,
remain frequent, and re-operations

are common. Meanwhile, non-combat
musculoskeletal casualties are three times
more frequent than those derived from
combat and account for nearly 50% of
all musculoskeletal casualties requiring
evacuation from the combat zone.
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usculoskeletal combat casual-

ties during the wars in Iraq and

Afghanistan differ from those of

previous conflicts because of the
development of opposition tactics, the nearly
universal use of individual and vehicular body
armour and the far-forward deployment of con-
temporary medical technologies and treatment
algorithms.™ Enemies of US/Coalition Forces
in Iraq and Afghanistan have employed uncon-
ventional tactics, including terrorism and insur-
gency, to offset the US/Coalition Forces’ modern
and well-equipped combat forces. The enemy
weapon of choice has been the improvised ex-
plosive device (IED), which is constructed from
conventional or homemade explosive material
and tactically employed in the form of buried
artillery rounds, antipersonnel mines and car
bombs. Consequently, over 75% of US combat
casualties are caused by explosive injuries, rep-
resenting the highest proportion in US military
history.4 Explosive blasts produce devastating
and often contaminated injuries to all body sys-
tems. All US soldiers use individual body armour,
including protective vests and Kevlar helmets,
which has minimised the impact of otherwise
life-threatening injuries;
this is evidenced by the
decrease in lethality of a
gunshot wound to 4.6%*
from 33% in the Second

World War.s  Addition-
ally, the US introduced the
Mine-Resistant Ambush-

Protected Vehicle (MRAP)
to counter the burgeon-
ing IED threat. Significant
advances in the approach
to combat medical care
include equipping all US
soldiers with tourniquets.
These have significantly
pre-hospital
rates in

decreased
death
members as a result of

service

extremity exsanguination,
from the 9% seen during
the Vietham War to 2%,

with  minor associated
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morbidity.®7 Additionally, the US military devel-
oped and implemented the Joint Theatre Trau-
ma System and Joint Theatre Trauma Registry
to permit a systematic approach to battlefield
care analysis that may decrease mortality and
improve outcomes after combat injury. These
endeavours have produced 27 evidence-based
clinical practice guidelines, which include the
damage-control resuscitation guideline. This has
decreased the mortality rates of combat casual-
ties requiring a massive transfusion (> 10 units
red blood cells/24 hours) from 32% to 21%.%

Modern body armour and up-armoured
vehicles have greatly increased the protection
of critical central body systems, while leaving
the extremities relatively exposed to primary
(shockwave), secondary (projectile) and tertiary
(burns) blast-related effects that result in a large
number of complex musculoskeletal injuries
with heavy bacterial contamination and multi-
ple concurrent injuries (Fig. 1). The importance
of appropriate treatment of combat-related
musculoskeletal injuries cannot be overstated,
as 84% of all medical discharges from the mili-
tary have at least one orthopaedically related
disqualifying condition.®
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MUSCULOSKELETAL COMBAT CASUALTIES
AND IN-THEATRE TREATMENT
As of 2 April 2012, there have been 47 483 US
service members wounded in action and
4986 combat deaths in the Iraq and Afghani-
stan Wars.*® Early studies on these conflicts
reported that between 49% and 54% of all
soldiers injured sustained a musculoskeletal
injury to an extremity.+" A prospective, longi-
tudinal cohort study of 4122 deployed soldiers
reported musculoskeletal combat injury rates
per 1000 soldier combat years as follows: soft-
tissue/neurovascular injury, 32.8; closed frac-
ture, 6.4; open fracture, 5.0; major amputation,
2.1; and minor amputation, 0.6. Most notable
was that 44% to 82% of all combat fractures
were open3" and that explosive injuries fre-
quently had significant associated soft-tissue
defects that required multiple debridements
before amputation or definitive flap coverage.™
There are five echelons of care for combat
casualties, with each echelon progressively fur-
ther from the battlefield but possessing increas-
ingly advanced medical capabilities (Fig 2).3
The initial management of all combat casual-
ties includes the use of Advanced Trauma Life

Figure 1a — pre-operative clinical photograph of a mangled distal lower extremity. Figure 1b — anteroposterior radiograph of
a different mangled limb. Both demonstrate the severe contamination, with osseous and soft-tissue injuries, that are associated

with blasts from improvised explosive devices. Both limbs required immediate transtibial amputation during the first debride-
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Fig. 2 Diagram of the Joint Echelons of Care in the Military Health System. BN = battalion, COMMZ = communications zone, CONUS = continental
United States, OCONUS = outside continental United States, USMC = United States Marine Corps. (Reproduced with permission from Owens BD,

Belmont P} Jr, eds. Combat Orthopaedic Surgery: Lessons Learned in Iraq and Afghanistan. SLACK Inc, 2001; Thorofare: New Jersey.)

Support protocols supplemented with clinical
practice guidelines for resuscitation and the
management of specific injuries. Minor injuries
can be treated at more forward, lower echelons
of care and the service member may remain in
theatre until returned to duty; more extensive
injuries are evacuated to higher echelons of
care. The principles of damage-control ortho-
paedics, including controlling haemorrhage,
preventing infection and preserving func-
tion are practised throughout the evacuation
chain."s Antibiotics'7 and tetanus prophylax-
is, when necessary, are given. Field tourniquets,
particularly for proximal/junctional injuries,
should generally be removed in the controlled
environment of the operating theatre where
direct vascular control is most feasible. Mus-
culoskeletal combat wounds are thoroughly
debrided and irrigated and are universally man-
aged in an open manner with either negative
pressure wound therapy using vacuum-assisted
closure (VAC; KCI Inc., San Antonio,Texas)™® or
conventional absorbent dressings. Additionally,

wound VACs reduce the need for painful dress-
ing changes during the evacuation process and
have been demonstrated to operate safely at
altitude during aeromedical evacuation. Exter-
nal fixators and splints are used to provisionally
stabilise fractures.”?° The external fixation of
pelvic and long-bone fractures reduces blood
loss, allows for ongoing resuscitation and pro-
vides access to wounds while maintaining frac-
ture stability (Fig 3).* Lower echelons of care
perform any essential immediate amputations,
but every effort is made to initially preserve
limbs when they are perfused or revascular-
ised, often using temporary vascular shunts.>>
When performed, traumatic amputations are
completed in an open, length-preserving fash-
ion, as maximum retention of viable tissue pro-
vides surgeons at the higher echelons of care
with more options for coverage and length
preservation. Extremity fasciotomies for com-
partment syndrome are performed in approxi-
mately 30% of limb casualties, often prophylac-
tically before medical evacuation.* Blast-injured
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tissues and wounds evolve slowly, and con-
tinued evidence of necrosis and residual con-
tamination becomes evident for days, or even
weeks, after injury. All wounds are re-inspected,
with significant injuries often undergoing a for-
mal irrigation and debridement at 24 to 72 hour
intervals, as each combat casualty progresses
through the echelons of care. The majority of
musculoskeletal casualties are evacuated to a
Level IV facility within 48 hours of injury.®

DEFINITIVE TREATMENT OF COMPLEX

MUSCULOSKELETAL COMBAT INJURIES

Once the patient arrives at a Level IV or V facil-
ity, definitive treatment measures progress as
rapidly as wounds permit. Although the ortho-
paedic surgeon’s role in this process is impor-
tant, a large rehabilitation team consisting of
trauma and plastic/reconstructive surgeons,
specialists,
physical and occupational therapists, psychia-
trists, prosthetists/orthotists, and social work-
ers is critical to the success of rehabilitation.

pain rehabilitation physicians,



The
dedication to, and family sup-
port during, the rehabilitation
period cannot be overstated.

importance of patient

Although early flap cov-
erage of open fractures has
been shown to be beneficial
in civilian trauma settings, in
a combat environment most
flap coverage is delayed be-
cause of a combination of
slowly wounds,
multiple injuries and systemic

evolving
polytrauma, and the time
constraints of the evacua-
tion process itself.? Wounds
are closed when the patient
is physiologically stable and
the gross tissue appearance is
consistently healthy, although
in due course more objective means of assess-
ing the suitability of a wound for closure may
be feasible.>+2s Dermal replacement scaffolds
have proved beneficial in covering small areas
of exposed tendon and bone instead of for-
mal flap coverage®, and have been used more
liberally in recent years in order to increase
the robustness of delayed split-thickness skin
grafts, particularly over distal residual limbs.
Contrary to some reports in the civilian litera-
ture, rotational flap coverage within the zone
of injury is still performed when tissue con-
ditions permit, with good results when com-
pared with free-tissue transfer.?

Many fractures are still treated with in-
tramedullary or internal fixation, particularly
type | or Il injuries, or those for which defini-
tive external fixation is impractical or impos-
sible. However, concerns about high infection
rates have limited the use of intramedullary
nails for type IlIB and llIC injuries.?® A high
union rate and relatively low complication
rate were noted in one study of open combat-
related tibial fractures that had been treated
with ring external fixation and a standard
treatment algorithm.? Nonetheless, injury
treatment and fracture fixation must be indi-
vidualised to the patient given the wide vari-
ety of injuries to the bone, articular surfaces,
and neurovascular systems, as well as the
volume of soft-tissue and muscle loss.

The majority of combat-related amputa-
tions are immediate traumatic or early ampu-
tations for unsalvageable distal extremities.
For these patients, the ultimate amputation
level is often determined by the extent of

the initial bone and, more importantly, soft-
tissue loss, provided that an open, length-
preserving procedure has been performed

in the combat theatre. After serial irrigation
and debridement, residual limbs are closed at
the most distal practicable amputation level,
while avoiding excessively long or short lev-
els. This is based on the ability to obtain ro-
bust soft-tissue coverage, often using atypi-
cal skin flaps, while salvaging as much bone
length and joint surface as possible. Extensive
surgical intervention is indicated in order to
salvage a functional knee or elbow joint, and
local and free-tissue transfers have been em-
ployed with good effect toward this end when
soft tissues were insufficient to maintain a
transradial or transtibial level. Distal amputa-
tions should not be routinely revised through
the site of more proximal fractures. Despite
a high infection rate, all fractures eventually
healed and salvage of the amputation level
was successful in all patients in a recent series
of associated amputations with proximal frac-
tures.3> Appropriate traction neurectomies of
all named nerves are critical to avoid painful
neuromas. Stable anchorage of the distal soft
tissues through a combination of deep myo-
desis and superficial myoplasty is essential in
order to improve residual limb control, secure
padding, and prevent symptoms such as soft-
tissue snapping, instability or redundancy.
Split-thickness skin grafts, although avoided
when possible, are often placed over distal re-
sidual limbs to salvage length after synthetic
neodermis incorporation, provided that the
underlying soft tissues are robust and viable.

Fig. 3 Clinical photograph of
an active-duty service member
who sustained bilateral limb-
threatening tibial fractures af-
ter a blast injury. The fractures
were provisionally stabilised
with external fixators. The
segmental bone loss in his
right tibia, after thorough ir-
rigation and debridement, had
antibiotic beads placed within
the defect. The left lower
extremity was treated with
vacuume-assisted closure and a
“Jacob’s Ladder” large vessel
loop configuration applied to
the skin margins by skin staples
in order to initially treat the

associated soft-tissue loss.

Approximately 15% of amputations are
performed more than 12 weeks after injury
in a delayed, elective fashion33?, usually as a
result of persistent pain or limited function
after an apparently successful limb salvage.
Amputation can occasionally be required be-
cause of late complications such as recurrent
infection and/or nonunion.s3 As with the pub-
lished civilian literature, nerve function on ini-
tial examination is neither a reliable predictor
of ultimate function nor a good criterion for
early amputation in the absence of direct, vis-
ualised nerve disruption.34 Enthusiasm for the
modified Ertl tibiofibular synostosis technique
of transtibial amputation has waned because
of the persistent absence of a detectable func-
tional benefit (unpublished data). Recently,
casualties have demonstrated a higher reop-
eration and complication rate with this proce-
dure as compared with traditional transtibial
amputation.3 Prosthetic advances, including
more pliable sockets and improved suspen-
sion mechanisms, recreational specialty limbs
and terminal devices, and microprocessor and
powered knees and ankles, have substantially
increased the functional outcomes likely for
wounded warriors with limb loss.3¢ Approxi-
mately 15% to 20% of patients with severe
injuries to the lower extremity, whether ulti-
mately treated with limb salvage or amputa-
tion, will return to duty either with or without
a military specialty (vocational) change.’»7 A
number of patients with either an amputation
or successful limb salvage have redeployed
to the combat theatre in active roles after
rehabilitation.

360
Bone & Joint3% | VOLUME 1 | ISSUE 5 | OCTOBER 2012
i




COMPLICATIONS

Complications after the definitive management
of combat-related injuries to the extremity are
frequent and remain a constant shadow over the
rehabilitation process. Two, in particular, warrant
mention. Infections can be devastating and fre-
quent, developing in approximately 15% to 40%
of injuries, depending on the specific patient
population and injuries studied.’®?83°35 Despite
the attention given to Acinetobacter baumanniin-
fections early in the conflicts, the majority of early
infections actually result from other gram-nega-
tive organisms, and the majority of late infections
are created by gram-positive organisms. Un-
fortunately, multi-drug-resistant organisms are
common. The treatment of infections involves
aggressive serial debridement, culture- and
sensitivity-specific antibiotics, frequent use of
antibiotic-impregnated polymethylmethacrylate
beads or spacers, and temporary implant remov-
al, when feasible. Most infections can be success-
fully eradicated in this fashion, with recalcitrant
infections often involving necrotic bone, com-
promised soft-tissue envelopes, and/or retained
implants. Loss of some residual limb length after
the treatment of deep infection of a residual limb
is common, but loss of a functional joint level is
fortunately exceedingly rare.

Heterotopic ossification (HO), the mature
formation of lamellar bone in non-osseous
tissue, occurs in approximately 63% of all major
injuries to an extremity, including both salvaged
limbs and amputations.3®3 The development
of HO can cause pain and limit joint movement
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through soft-tissue tethering or direct impinge-

ment. This can lead to arthrofibrosis, entrap
critical neurovascular structures (Fig. 4), and
cause persistent symptoms and/or recurrent
skin breakdown. Primary prophylaxis with ei-
ther local radiotherapy or non-steroidal anti-in-
flammatory drugs is generally either not feasible
or medically contraindicated after blast-related
multi-system trauma. The only treatment for
persistently symptomatic HO remains surgi-
cal excision, which can be difficult, bloody,
and fraught with wound complications. While
many patients with HO remain asymptomatic
or respond to conservative measures, more
than 25% eventually require surgical excision.
Research into combat-related HO is thus a topic
of substantial research focus with regard to
physiological causes, potential early diagnostic
methods, and prevention.4>4

MUSCULOSKELETAL NONCOMBAT AND
NON-EMERGENCY INJURIES

Two longitudinal cohort studies of a US Army
Brigade Combat Team reported a 347% increase
in noncombat compared with combat musculo-
skeletal casualties.># These investigations found
that noncombat injuries accounted for 48% of
all musculoskeletal casualties that were medi-
cally evacuated to an echelon IV/V facility.># Ad-
ditionally, many service members sustained non-
emergency musculoskeletal injuries which were
treated conservatively in theatre and ultimately
required surgery after their combat tour.#44 The
incidence rates of anterior cruciate ligament dis-

Figure 4a — three-dimensional CT scan reconstruc-
tion of a patient with severe heterotopic ossification
(HO) incarcerating his superficial femoral vessels and
severely limiting the range of movement of his knee
because of quadriceps and adductor involvement,
resulting in secondary arthrofibrosis. The patient
was neurovascularly intact distally in this otherwise
sound limb, and underwent successful excision of
the HO and lysis of knee adhesions without injury to
the entrapped vessels. Figure 4b — post-operative
anteroposterior radiograph of this patient’s distal

femur and knee.

ruption and first-time shoulder dislocation, as
noncombat injuries, are nearly five times greater
than those seen in a civilian population. This is
indicative of the daily rigours of the combat envi-
ronment.#3 Further examination of these Brigade
Combat Team service members who completed
a combat deployment revealed that 19% had an
orthopaedic consultation on their return and 4%
required an orthopaedic surgical procedure; more
than 50% of these involved the knee or shoulder.44

The large number of musculoskeletal non-
combat4 and non-emergency injuries has in-
creased the importance of providing treatment
at the appropriate echelon of care in order to
minimise troop loss. Therefore, the US Army
established
Consultation Programme in order to assist re-

the Telemedicine Orthopaedic
motely deployed medical providers with expert
orthopaedic advice.* In an early analysis of the
programme, surgical intervention or medical
evacuation was only recommended in 25% and
16% of the consultations, respectively, whereas
virtually all service members requiring ortho-
paedic advice would previously have been evac-
uated to higher echelons of care.+

CONCLUSION

The initial management of all open musculoskel-
etal combat wounds includes patient stabilisa-
tion and urgent debridement and irrigation of
wounds, followed by provisional stabilisation of
fractures. Wounds should initially be treated with
a VAC or left open and generally require serial pro-
cedures to permit safe and durable closure or cov-
erage. The definitive treatment of severe injuries
most often occurs at high-volume, higher echelon
facilities with greater technical resources, after
both the combat casualty and combat wounds
have stabilised. Despite high complication rates,
remarkable functional outcomes are possible in
many instances with surgeon diligence, patient
dedication, and the involvement of a multidiscipli-
nary rehabilitation team of experts.
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