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Abstract—Extremity injuries comprise the majority of battle-
field injuries and contribute the most to long-term disability of
servicemembers. The purpose of this study was to better define
the contribution of muscle deficits and volumetric muscle loss
(VML) to the designation of long-term disability in order to
better understand their effect on outcomes for limb-salvage
patients. Medically retired servicemembers who sustained a
combat-related type |11 open tibia fracture (Orthopedic cohort)
were reviewed for results of their medical evaluation leading to
discharge from military service. A cohort of battlefield-injured
servicemembers (including those with nonorthopedic injuries)
who were medically retired because of various injuries (Gen-
eral cohort) was also examined. Muscle conditions accounted
for 65% of the disability of patients in the Orthopedic cohort.
Among the General cohort, 92% of the muscle conditions were
identified as VML. VML is a condition that contributes signifi-
cantly to long-term disability, and the development of therapies
addressing VML has the potential to fill a significant void in
orthopedic care.

Key words: battlefield, disability, extremity, function, injury,
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INTRODUCTION

Trauma contributes substantially to the global burden
of disease and injury; upwards of $400 billion yearly
(2010 data) in associated medical costs and loss of pro-
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ductivity in the United States have been reported [1].
Injuries primarily related to lacerations and multiple
wounds account for ~11 percent of years lived with dis-
ability worldwide (2010 data) among all diseases and
other conditions [2]. Likewise, the majority of injuries
sustained in recent military conflicts (Operation lIraqi
Freedom and Operation Enduring Freedom [OIF/OEF])
is to the extremities and often involves severe musculo-
skeletal injury [3-4]. These injuries are costly, both in
terms of money spent on treatment and rehabilitation and
also in terms of separation of highly trained personnel
from the military [5-6]. Characterization of extremity
injuries in OIF/OEF, including their impact on the ability
of soldiers to return to duty, has highlighted the deleteri-
ous consequences of fractures on patient outcomes [3-7].

The clinical emphasis for the treatment of severe
extremity trauma is on bone healing [8]. However, the
fact that 82 percent of combat-related fractures are open

Abbreviations: OEF = Operation Enduring Freedom, OIF =
Operation Iragi Freedom, PEB = U.S. Army Physical Evalua-
tion Board, VML = volumetric muscle loss.
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highlights the importance of soft-tissue repair for func-
tional recovery of salvaged limbs [3]. In addition to open
fractures, 53 percent of all extremity injuries are pene-
trating soft-tissue wounds [3], and “muscle conditions”
rank high among the primary factors directly leading to
partial disability from combat-related injuries [5]. That
is, despite successful bone repair, which facilitates limb
salvage, the residual muscle condition and associated
functional deficiencies can contribute to chronic disabil-
ity. These lingering muscle conditions are considered part
of the natural sequelae of severe musculoskeletal trauma
because there are currently no therapies available to the
orthopedic surgeon to regenerate these extensive soft-
tissue injuries. In order to develop effective therapies for
such muscle conditions, it is critical to better understand
the nature of these soft-tissue injuries.

While muscle conditions ubiquitously reference mus-
cle injury of various etiology (e.g., strain, crush, and blast
trauma), limited clinical reports [9] and our unpublished
observations suggest that soft-tissue trauma and ensuing
surgical care (e.g., fasciotomy and debridement) often
culminate in volumetric muscle loss (VML) injury
[10]—a traumatic or surgical frank loss of muscle tissue
that cannot be endogenously regenerated and results in
chronic loss of function. To this end, the primary purpose
of this study was to determine the contribution of VML
to service-disqualifying disability following battlefield
trauma in patients. An Orthopedic cohort that had type I11
open tibia fractures was used to demonstrate that VML is
a major cause of service-disqualifying disability in ser-
vicemembers with this injury. A General cohort of
patients with both orthopedic and nonorthopedic injuries
was included to put the magnitude and frequency of this
disability condition in perspective and context of all
wounding patterns.

PATIENTS AND METHODS

This study was conducted under a research protocol
approved by the U.S. Army Medical Research and Mate-
riel Command Institutional Review Board. The U.S. Army
Physical Evaluation Board (PEB) consists of military and
medical personnel who evaluate injured and ill service-
members in order to determine their qualifications to con-
tinue Active Duty military service. The PEB can rule that
an injured servicemember is adequately recovered to
return to his or her military occupation or that he or she

should be separated from the military or medically retired.
The physical conditions that contribute to the inability of
the medically retired to return to Active Duty are consid-
ered service disqualifying, disabling conditions. Each dis-
abling condition is also considered by the PEB and
assigned a percentage rating, which reflects to what degree
that condition detracts from the servicemember’s physical
fitness. This percentage rating both reflects on a spectrum
how disabled a servicemember is and corresponds with the
disability payment for which he or she is eligible. The PEB
designates conditions as service disqualifying and assigns
the disability percentages by thorough review of the ser-
vicemember’s medical documentation from various spe-
cialty providers. For example, a VML injury may be
confirmed in the medical documentation by a physical
therapist or orthopedic provider who, upon examining the
servicemember, documents a persistent decrement in
motor power or a frank defect in an injured muscle group.
In the current study, the PEB results from two previously
published studies [5-7] of wounded servicemembers were
further examined for injury information and disability
related to VML. VML was identified by documentation
from a physical therapist or orthopedic provider of a motor
weakness and/or frank loss of muscle tissue.

To evaluate the impact of VML on long-term service-
disqualifying disability in an orthopedic-specific popula-
tion, the first cohort (Orthopedic cohort) consisted of
patients with combat-related type 11l open tibia fractures
sustained between 2003 and 2007 [7]. This cohort was
composed of 123 servicemembers, 94 who were medi-
cally discharged from the military by the PEB for their
leg injury [7]. PEB results for muscle conditions indica-
tive of VML (documented muscle loss and persistent
functional and/or strength deficit) were tallied to calcu-
late the effect of VML on this orthopedic-specific popu-
lation, both in disability and cost.

To determine the significance of VML in a population
of battlefield-injured servicemembers medically retired for
various reasons, including both orthopedic and nonortho-
pedic injuries, we examined an additional cohort (General
cohort) that consisted of 450 wounded servicemembers
who were medically evacuated from war between 2001
and 2005 and who eventually were all medically dis-
charged because of their combat injuries [5]. Among these,
377 had at least one orthopedic-related disability. The PEB
disability results were examined specifically for the 39
individuals with a muscle-related disabling condition [5].
The PEB record was examined to determine which of the
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muscle-disabling conditions corresponded with an injury
resulting in VML. In both cohorts, the mechanism of
injury, frequency of VML injury by anatomic region, and
average percent disability per anatomic region were identi-
fied. The percent disability and total disability from VML
were also tallied and used to calculate the projected life-
time disability cost caused by VML among this cohort
using each subject’s rank, base pay per rank, and projected
life expectancy [11-12].

RESULTS

The demographic information of the soldiers medi-
cally discharged in both cohorts is displayed in Table 1.

Table 1.

Demographics and disability within two cohorts examined. General
represents U.S. Army Physical Evaluation Board (PEB) results of
patients medically retired because of various conditions. Orthopedic
represents PEB results of patients medically retired because of type Ill
tibia fractures.

Variable Orthopedic General
Average Age (yr) 25 26
Male (%) 100 97
Average Overall Disability 50 55

Rating (%)

E| 80
% 60 -
-

04
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Examining the tibia fracture cohort (Orthopedic cohort),
23 individuals among the 94 medically retired service-
members (24%) had a muscle-related disability. Twenty
subjects were injured by an explosion, while three sus-
tained a gunshot wound. The average percent disability
for all conditions was 50 percent; muscle conditions
accounted for 65 percent of this group’s disability. Seven
individuals were medically discharged solely because of
their disabling muscle condition. Among the open frac-
tures sustained, 7 were Gustilo and Anderson type IlIA,
15 were type 111B, and 1 was type I11C. In addition to the
muscle loss sustained at the time of injury, 61 percent (14
of 23) of these subjects required a rotational muscle flap
to achieve soft-tissue coverage for their fracture. As
expected, the majority of the VML disabling conditions
in this cohort were to the anterior and posterior compart-
ment of the leg (Figure 1). The nature of the injury
mechanism causes injuries to other regions of the lower
limbs as well, which increases the challenges for the
injured servicemembers to fully recover. The percent dis-
ability for each body region is displayed in Table 2.
Within the Orthopedic cohort, the average entitled life-
time disability payments for VML was $444,200 USD
per individual [12]. For this cohort of 23 patients, the
sum cost for VML-related disability is a projected
$10,125,500 USD.

(%)
3 Gluteal and/or hip abductors

" Hamstrings
11 ] Quadriceps

25 [ Leg, posterior compartment

50 Bl Leg, anterior compartment

Distribution of volumetric muscle loss (VML) per body part for Orthopedic cohort (patients medically retired because of type Ill tibia

fractures).
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Table 2.

Average percent disability granted per body part for Orthopedic
cohort (patients medically retired because of type Il tibia fractures)
and General cohort (patients medically retired because of various
conditions).

Average Disability (%)

Body Region -
Orthopedic General
Deltoid — 30
Biceps/Triceps — 13
Forearm Flexors/Extensors — 22
Gluteal and/or Hip Abductors 13 40
Hamstrings 40 37
Quadriceps 33 26
Leg, Posterior Compartment 21 26
Leg, Anterior Compartment 28 20

The average overall disability rating for the cohort of
patients in the general wound population was 55 percent.
Of 450, 39 individuals were previously reported to have
been medically discharged because of a muscle-related
disabling condition [5]. Of these, 36 (92%) had con-
firmed volumetric loss to a major muscle group and/or
residual muscle weakness. For those with a muscle con-
dition, the muscle condition accounted for 53 percent of
their total disability. Thirty of these were injured by an
explosion, while the remaining six were injured by a gun-
shot wound. Sixty-seven percent of the VML injuries

were to the lower limbs (quadriceps leg, posterior and
anterior compartments, gluteal and/or hip abductors, or
hamstrings) (Figure 2). The average percent disability
granted per body region is displayed in Table 2. Fifty-
eight percent (n = 21) of individuals also had a fracture,
14 percent (n = 5) had a concomitant nerve injury, and
5 percent (n = 2) sustained a concomitant vascular injury
in the limb with the VML. The VML was associated with
a painful scar, which in itself received a disability rating
in 17 percent (n = 6) of subjects. The projected lifetime
disability costs for those with VML in the general dis-
ability population is on average $341,300 USD per indi-
vidual [12]. This indicates that each of these 36
individuals is entitled to disability payments over their
projected life span of this amount solely because of their
muscle-related disability. For this small cohort of 36
patients, the projected lifetime disability cost for VML
totals $12,286,000 USD.

DISCUSSION

The documentation of patient outcomes following
severe trauma during times of war has revealed that a
large number of injuries that occur subsequent to trauma
are to the extremities [3,5-6], which is crucial information
to better understand how to improve outcomes for
wounded servicemembers that also may translate to

(%)

100+ [ Leg, anterior compartment
e Qrelldddddddddcicddd 8 Hamstrings
< 30 DL, g Deltoid
E' 11 (] Gluteal and/or hip abductors
% 604 _' 11 I Biceps/triceps
.s 40- 14 Forearm flexors/extensors
é 14 [ Leg, posterior compartment
,3 20+
a 0 31 [ Quadriceps
Figure 2.

Distribution of volumetric muscle loss (VML) per body part for General cohort (patients medically retired because of various conditions).
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improved care for civilian trauma patients. Despite the
large number of musculoskeletal extremity injuries
incurred following trauma in both the civilian and military
population, the nature of the soft-tissue injury and its
effect on patient disability is largely undefined. More spe-
cifically, the extent to which VML directly contributes to
disability in those with orthopedic-specific conditions
(type I tibia fracture) was not known. To address this
knowledge gap, we examined muscle conditions within a
population of servicemembers that was discharged specif-
ically for a type Ill open tibia fracture (Orthopedic
cohort). To evaluate the overall effect of VML in a popu-
lation of servicemembers retired for various reasons, we
examined muscle conditions leading to permanent disabil-
ity that were primarily identified as VML injury. Muscle-
related conditions (i.e., VML) contributed 65 percent to
the permanent disability in the type Il open tibia fracture
cohort. VML was responsible for disability in 8 percent of
the patients (36 of 450), even when including patients
medically retired for various reasons. Collectively, given
the large contribution of muscle-related conditions and
hence VML to permanent disability, these data highlight
the deleterious effect of chronic muscle impairment on
long-term patient outcomes.

Based on the frequency of orthopedic injuries from
combat [3—-4] and the large contribution of VML to dis-
ability, the treatment of VML has the potential to
improve outcomes for a large number of patients. How-
ever, it is important to take into consideration the inher-
ent limitations of using the retrospective PEB data to
qualify the impact of VML. Given the paucity of avail-
able data regarding VML, it is currently not possible to
correlate the degree of functional loss to a given disabil-
ity rating. The PEB also designates conditions that are
service disqualifying, which may or not may equate to
actual disability or any functional limitation outside of
the demands of military service. There may be other tis-
sues injured, such as nerves, that contribute to the mus-
cle-related disability. Unfortunately, the extent of the
contribution of nerve injury is difficult to ascertain based
on our current data. That being said, it is important to
point out that VML was also objectively identified by a
documented loss of skeletal muscle. Another factor that
may have affected the impact of VML on disability is the
potential for amputation; given that some of the patients
in both cohorts may have undergone elective amputation
due to infectious complications and bone nonunion, it is
possible that the current findings may in fact be an under-
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estimation of the true cost of VML. Nonetheless, more
than 14,500 servicemembers have been evacuated as a
result of battle injuries [13-14]. A percentage of those
will be medically retired, and based on the results of the
current study, a significant percentage of those will have
VML. It is also important to consider the contribution of
VML to other orthopedic-related injuries. For example,
the impact of muscle weakness due to VML on osteoar-
thritis was not specifically examined [9]. However, it is
logical to speculate that an alteration in gait and joint
loading has the potential to exacerbate symptoms of
osteoarthritis [15]. Although the current data highlight
the direct impact of VML disability, its indirect effect on
other comorbidities such as joint pathology remains
unknown. Lastly, the prevalence of VML injury that is
not documented as relating to a debilitating condition by
the PEB but may negatively affect physical activity,
return to duty, and quality of life remains undefined.

Despite a tremendous amount of attention given to
bone healing after type Il open tibia fracture, based on the
current findings it is appropriate to conclude that soft-tissue
complications make the majority contribution to disability
of salvaged limbs. The finding that 50 percent of the frac-
ture cohort had a VML localized to the anterior compart-
ment is intuitive given the nature of the cohort examined.
However, it is interesting to note that although this cohort
was evaluated based on evacuation due to tibia fracture, the
remaining percent distribution was accounted for by VML
injuries in other muscle regions, which included 25 percent
in the posterior compartment. Whether this is specifically
associated with donor site morbidity resulting from flap
coverage was not examined in this study; however, another
logical possibility is that this is a reflection of explosion
injury to multiple muscles.

A common treatment course following severe extremity
injury in servicemembers may involve an initial coverage of
bone with a free or rotational muscle flap. While rotational
muscle flaps may succeed in providing soft-tissue coverage
(e.g., rotational gastrocnemius muscle flap to cover an
exposed tibia), they do not restore strength of the underlying
traumatized musculature and may result in donor site mor-
bidity. An unfortunate consequence may be the creation of a
VML injury. In such a situation, orthopedic strategies are
available to improve bone healing; however, the therapies
available for treating the VML are lacking. For example, the
use of a ringed external fixator and distraction osteogenesis
are strategies at a surgeon’s disposal, but even after bone
healing and substantial rehabilitation, significant deficits in
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the functioning limb may persist because of the muscle
injury. Patients may choose to avoid amputation with the use
of an energy-storing orthosis (e.g., Intrepid Dynamic Exo-
skeletal Orthosis; IDEO ™) [16], which will be a permanent
assistive device requiring maintenance and replacements
through the military or civilian system. Unfortunately, even
with the highly effective orthotic, patients’ physical activity
levels cannot be returned to full function. For many others
for whom the VML is not in the lower leg, the orthotic
device is not applicable.

Understanding the severity and nature of muscle
injuries following severe limb trauma is important to the
development of effective therapies. Human skeletal mus-
cle possesses a remarkable ability to repair and regener-
ate following moderately severe injury [17-18]; the
remaining soft-tissue envelope and the critical elements
within it (e.g., basal lamina and satellite cells) remain
intact enabling an appropriate myogenic and immuno-
genic response [19]. For these injuries, adjunct therapies
(e.g., growth factor delivery or immune modulation) may
be appropriate to restore or enhance the endogenous
regenerative response. An important distinction is drawn,
however, when considering a frank loss of skeletal mus-
cle, i.e., VML injury, in which all endogenous regenera-
tive elements are absent from the defect area. It is critical
to take this difference into account when developing
strategies for VML repair, i.e., therapies effective for
injuries in which the overall architecture is intact may be
inadequate for VML.

The precise relationship between the magnitude and
geometry of VML and the resultant degree of functional
impairment has not been determined. To date, a total of
eight VML cases have been reported among four studies
[9,20-22], but standardized assessments of VML magni-
tude and strength loss or disability are not consistently
provided. Complicating the distinction of debilitating
VML are the unique characteristics of various muscle
units (e.g., quadriceps vs anterior tibialis muscles) and
their recruitment during daily living and work activities.
Preclinical models of VML reliably indicate that a rela-
tively small VML (10%-20% loss of muscle) can result
in a disproportionately large strength deficit (30%-90%)
[23-24], suggesting that disabling conditions may result
from a lower threshold of muscle loss than expected. The
data available for the current study are limited to infor-
mation within the medical record, which did not include
dimensions or magnitudes of volume loss; the docu-
mented VML injuries were likely large because of their

visual distinction during patient assessments. Although
the specific characteristics of VML (i.e., amount of mus-
cle loss) likely varied among patients within each cohort
and the degree of VML injury (i.e., extent of functional
impairment) could not be documented, the overall con-
clusion that VML contributes to disability is still sup-
ported. Prospective investigations are warranted and
necessary to predict functional loss and potential disabil-
ity per VML injury characteristics. The study of VML is
still relatively new; a better understanding of these objec-
tive criteria of VML will undoubtedly improve a clini-
cian’s ability to improve patient care.

CONCLUSIONS

The major findings are that in an orthopedic-specific
population (limb salvage type Il tibia fracture) muscle
conditions (VML) account for 65 percent of disability
and failing to adequately address soft-tissue deficits
results in persistent muscle weakness that plays a large
part in poor outcomes following injury. VML contributes
to >90 percent of muscle conditions that lead to long-
term disability when considering patients who have been
medically retired because of various injuries. The impact
of VML on the general population is significant when
one considers that muscle conditions rank among the top
10 most frequent unfitting conditions [5]. Decades of
ground-breaking research have provided clinicians with
therapeutic options for the treatment of bone complica-
tions. It is crucial to direct efforts toward the treatment of
muscle deficits that follow successful bone repair. Given
the large contribution of VML to these muscle deficits
and the unique etiology of VML, it is imperative to spe-
cifically address this type of injury to improve outcomes
for a large number of patients. This information is impor-
tant to the orthopedic researcher and basic and transla-
tional scientist for the development of appropriate
therapies and will aid with informing funding initiatives.
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