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Preface

This report was intended to facilitate the Eighth Department of 
Defense (DoD) International State-of-the-Science Meeting (SoSM) 
on Blast Injury Research. The SoSM series was established in 2009 
under the authority of the DoD Executive Agent (EA) for Blast Injury 
Research. Its purpose has been to identify knowledge gaps in blast injury 
research; ensure that DoD medical research programs address existing 
gaps; foster collaboration between scientists, clinicians, and engineers 
in blast injury–related fields; promote information sharing on the latest 
research; and identify immediate, short-term, and long-term actions to 
prevent, mitigate, and treat blast injuries. The eighth SoSM topic was 
“Limb Salvage and Recovery After Blast-Related Injury.”

A foundational part of each SoSM consensus process is a compre-
hensive background literature review. This review provides an overview 
of the literature and delivers a series of recommendations for future 
medical research relating to limb salvage, emphasizing prevention, mit-
igation, and treatment research and recommendations. This work may 
be of interest to senior military and medical leaders, DoD policymak-
ers, military and veterans research portfolio managers, and healthy and 
injured military service members and their families.

This research was sponsored by the the DoD Blast Injury Research 
Coordinating Office and conducted within the Forces and Resources 
Policy Center of the RAND Corporation’s National Defense Research 
Institute, a federally funded research and development center spon-
sored by the Office of the Secretary of Defense, the Joint Staff, the 
Unified Combatant Commands, the Navy, the Marine Corps, the 
defense agencies, and the defense intelligence enterprise. 
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For more information on the RAND Forces and Resources Policy 
Center, see www.rand.org/nsrd/frp or contact the director (contact 
information is provided on the webpage). 

http://www.rand.org/nsrd/frp


v

Contents

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
Figure and Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv
Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvii

CHAPTER ONE 

Background and Purpose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Purpose of the Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
Defining Blast-Related Terms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
Organization of This Report . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

CHAPTER TWO 

Review Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

CHAPTER THREE 

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Epidemiological Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Basic Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
Clinical Research  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

CHAPTER FOUR

Discussion and Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
Describe the Epidemiology and Outcomes of Limb Salvage After  

Severe Blast-Related Limb Injury . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29



vi    Limb Salvage and Recovery After Severe Blast Injury

Review the Evidence About the Decision to Salvage Versus Amputate  
a Limb After a Severe Blast-Related Limb Injury . . . . . . . . . . . . . . . . . . . . . . . 30

Examine Evidence and Innovations About Restoration and Reconstruction 
After Limb Salvage for Severe Blast-Related Limb Injury . . . . . . . . . . . . . . . 31

Review Evidence and Innovations About Rehabilitation,  
Reintegration, and Recovery After Limb Salvage for Severe Blast-
Related Limb Injury . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

APPENDIX

Planning Committee Members . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37



vii

Figure and Tables

Figure

 2.1. Literature Search Flow Diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

Tables

 2.1. Search Terms by Domain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
 2.2. Literature Review Eligibility Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7





ix

Summary

Introduction

The conflicts in Iraq and Afghanistan have led to important changes 
in the mechanism, severity, and complexity of blast-related battlefield 
injuries, largely because of the advent and increased enemy-combatant 
use of improvised explosive devices. These changes have led to more-
frequent blast-related traumatic injuries among deployed service mem-
bers. However, because of military medical advances and improve-
ments in protective equipment, a greater proportion of blast-exposed 
service members are surviving despite their severe injuries. Also, 
advances in surgical reconstruction and rehabilitation have led to an 
increased medical capacity to salvage limbs that, until recently, would 
have resulted in amputation. Collectively, these developments have led 
to important questions about when and how to emphasize limb salvage 
over amputation after severe blast-related limb injuries.

The U.S. Department of Defense (DoD) Blast Injury Research 
Coordinating Office (BIRCO) sponsored the Eighth Department of 
Defense International State-of-the-Science Meeting (SoSM) on Blast 
Injury Research to identify what is known and not known (knowledge 
gaps) pertaining to key blast injury–related topics and emerging issues. 
The topic of the SoSM was “Limb Salvage and Recovery After Severe 
Blast Injury.” To inform the SoSM and the associated consensus pro-
cess, the BIRCO requested that the RAND Corporation’s National 
Defense Research Institute conduct a comprehensive literature review 
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on limb salvage following severe blast injury. For the purposes of this 
review and in consultation with the SoSM planning committee mem-
bers (see the appendix), blast-related limb salvage is described as the 
restoration of limb and individual to maximum function after severe 
blast-related limb injury.

We also developed four main literature review objectives:

1. Describe the epidemiology and outcomes of limb salvage after 
severe blast-related limb injury. 

2. Review the evidence about the decision to salvage versus ampu-
tate a limb after severe blast-related limb injury. 

3. Examine evidence and innovations about restoration and recon-
struction after limb salvage for severe blast-related limb injury. 

4. Review evidence and innovations about rehabilitation, reinte-
gration, and recovery after limb salvage for severe blast-related 
limb injury. 

We sought to review studies to help us better understand blast-
related limb salvage, particularly as the research pertained to our four 
objectives. This search yielded 184 articles that met final full text 
review and 105 articles that met final inclusion criteria.

Findings and Recommendations

In presenting the findings from those 105 articles, we broke the litera-
ture into epidemiologic, basic, and clinical research. Details on these 
findings can be found in the report, but the overall finding is that 
there is a very limited body of empirical research on blast-related inju-
ries to extremities and subsequent limb salvage; much more research is 
needed. To focus our review findings and recommendations, we used 
the four literature review objectives as an organizational structure.
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Describe the Epidemiology and Outcomes of Limb Salvage After 
Severe Blast-Related Limb Injury
Findings

Severe limb injuries are common among combat-injured service mem-
bers. Persistent and disabling pain, sleep disturbance, depression and 
anxiety, and general loss of functioning are common after these inju-
ries. Most service members with severe combat-related limb injury are 
significantly disabled. An important gap is the absence of completed 
prospective, longitudinal studies with follow-up longer than one year.

Recommendations 

We recommend establishing theater-wide medical surveillance systems 
(e.g., Military Orthopaedic Trauma Registry), coupled with studies 
with follow-up of more than one year with military and U.S. Depart-
ment of Veterans Affairs collaboration. This will facilitate research to 
validate outcome measures, estimate rates of complications, improve 
prognostication methods, identify optimal candidates for limb-salvage 
efforts, and initiate prospective, longitudinal cohort studies with long 
follow-up. Presently, because the casualty flow is low, DoD extrem-
ity trauma research cannot be meaningfully conducted. Thus, we also 
recommend that DoD establish and maintain relationships with civil-
ian trauma centers and research platforms to support further research.

Review the Evidence About the Decision to Salvage Versus 
Amputate a Limb After Severe Blast-Related Limb Injury
Findings 

To date, prognostic assessment tools have largely failed as decision aids 
for clinicians and patients. There is no one-size-fits-all intervention for 
severe blast-related limb injuries, and there is a need for ongoing, inten-
sive efforts to share and study decisionmaking with patients, caregivers 
(as appropriate), and a multidisciplinary clinical team. Furthermore, 
there is limited evidence on the outcomes of amputation versus limb 
salvage overall and in clinically relevant subgroups.

Recommendations

We recommend that, during peace, longitudinal studies and con-
trolled clinical trials that address decisionmaking and clarify the rela-
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tive merits of limb salvage versus amputation should recruit patients 
from the vast U.S. network of civilian trauma centers. We further rec-
ommend that future research explore feasible clinical models of shared 
decisionmaking, patient-centered treatment planning, and patient-
reported outcomes pertaining to limb salvage–related decisions follow-
ing severe limb trauma. We recommend that military hospitals partner 
with civilian trauma centers and extremity trauma research platforms 
investigate the impact of military clinician training in such settings 
on the development and maintenance of limb salvage–related skills 
among military clinicians and to strengthen research ties.

Examine Evidence and Innovations About Restoration and 
Reconstruction After Limb Salvage for Severe Blast-Related Limb 
Injury
Findings 

Current evidence comparing various surgical approaches to limb sal-
vage for blast-related limb injury is preliminary at best.

Recommendations

As new salvage techniques are introduced, we recommend that a series 
of large, multicenter trials enrolling civilians is instituted. Depend-
ing on the military tempo of combat operations occurring in parallel 
with these studies, it might be possible to include patients with high-
energy sources of severe limb injuries from both military and civilian 
populations. This multicenter approach will maximize the likelihood 
of enrolling enough patients to obtain adequate statistical power to 
identify clinically important differences in outcomes when comparing 
treatment strategies.

Review Evidence and Innovations About Rehabilitation, 
Reintegration, and Recovery After Limb Salvage for Severe Blast-
Related Limb Injury 
Findings 

The most underdeveloped area of empirical research we reviewed per-
tained to rehabilitative approaches in caring for blast-injured patients 
with severe limb injuries. Promising programs have been identified, 
but codification and empirical evaluation are needed.
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Recommendations

We recommend research into complex multidisciplinary rehabilitation 
and reintegration strategies to support service members and their care-
givers in achieving recovery and possibly a return to military service. 
We recommend codifying complex rehabilitative interventions for 
limb-salvage patients and further exploring the feasibility, important 
outcomes, assessments of intervention fidelity, and specific randomized 
designs that are most appropriate for studying the effectiveness of com-
plex rehabilitative strategies for blast-related limb salvage and recov-
ery. Again, it might be possible to include patients with high-energy 
sources of severe limb injuries from both military and civilian popu-
lations. We also recommend developing validated outcome measures 
on limb strength, performance, and function, as well as rehabilitative 
psychosocial interventions that reduce service members’ suffering from 
chronic pain, persistent sleep disorders, posttraumatic stress disorder 
(PTSD), anxiety, and related consequences of these injuries. Finally, 
the signature orthopedic advance from the Operation Iraqi Freedom 
and Operation Enduring Freedom conflicts might be developing, per-
fecting, and deploying the dynamic ankle-foot orthosis in caring for 
severe lower-extremity injuries. This area needs continued focus, with 
an emphasis on continued improvement and broader application.
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CHAPTER ONE

Background and Purpose

Background

During the conflicts in Iraq and Afghanistan, there have been impor-
tant changes in the mechanism, severity, and complexity of blast-related 
battlefield injuries, largely because of the advent and increased enemy 
combatant use of improvised explosive devices (IEDs). Although explo-
sive blast in the theater of combat operations is not new, the rise in IEDs 
has changed the nature of extremity injuries from what it was in previ-
ous conflicts. The result has been more-frequent blast-related physical 
injuries among deployed service members and the more-regular need 
for acute medical responses directed toward the life-threatening com-
plications associated with these injuries. Blast exposures create wide 
bone and tissue injury not seen in other types of extremity injuries. 
Furthermore, blast-related bone injuries might not result in the types of 
fractures that orthopedic surgeons are accustomed to regularly seeing 
(Keeling et al., 2010; Owens et al., 2007).

Hidden explosives, such as IEDs, landmines, and booby traps, 
are to blame for as much as half of the injuries seen in field hospitals 
(Ramasamy et al., 2009). Most of these injuries are to lower extremi-
ties (Balazs et al., 2014). Military medical advances and improvements 
in protective equipment have resulted in greater survival despite severe 
blast-related injuries, and advances in surgical reconstruction and reha-
bilitation have resulted in an increased medical capacity to salvage 
limbs that previously would have been amputated. Collectively, these 
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developments have led to important questions about when and how to 
emphasize limb salvage after severe blast-related limb injuries.

The U.S. Department of Defense (DoD) Blast Injury Research 
Coordinating Office (BIRCO) sponsored the Eighth Department of 
Defense International State-of-the-Science Meeting (SoSM) on Blast 
Injury Research. The goal of the SoSM and associated processes is to 
identify what is known and not known (knowledge gaps) about key 
blast injury–related topics and emerging issues. The topic of the SoSM 
was “Limb Salvage and Recovery after Severe Blast Injury.” 

Purpose of the Review

To inform the SoSM and the associated consensus process, the BIRCO 
requested a comprehensive literature review on limb salvage following 
severe blast injury. This review focuses on scientific evidence from the 
academic and gray literature. For this review, the RAND Corporation—
with assistance from the planning committee—developed four main 
literature review objectives:

1. Describe the epidemiology and outcomes of limb salvage after 
severe blast-related limb injury.

2. Review the evidence about the decision to salvage versus ampu-
tate a limb after severe blast-related limb injury.

3. Examine evidence and innovations about restoration and recon-
struction after limb salvage for severe blast-related limb injury.

4. Review evidence and innovations about rehabilitation, reinte-
gration, and recovery after limb salvage for severe blast-related 
limb injury.

Defining Blast-Related Terms

Before proceeding to the literature review, the planning committee, in 
collaboration with us, discussed the terms blast-related and blast-related 
limb salvage, which are used in the review. 
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The planning committee described blast-related as injury from 
one or more blast-injury mechanisms, ranging from primary to qui-
nary (Department of Defense Directive 6025.21E, 2018). Primary 
blast injuries involve tissue damage that occurs in response to the direct 
physical effects of blast overpressure wave. Secondary blast injuries are 
those produced by fragments from the exploding device or secondary 
projectiles from the environment (e.g., debris, vehicle fragments). Ter-
tiary blast injuries result from blast-related displacement of body parts 
that strike other objects, causing a variety of injury types (e.g., blunt, 
avulsion, crush). Quaternary and quinary injuries result from other 
explosive products or the clinical consequences of environmental con-
taminants (e.g., biologicals, radiation, released fuels), respectively. This 
review, therefore, was concerned with all of these blast mechanisms. 

To ensure an expansive search of the literature, the planning com-
mittee described blast-related limb salvage as the restoration of limb 
and individual to maximum function after severe blast-related limb 
injury. There was agreement among the planning committee members 
that military personnel are a young, active group with higher levels of 
pre-injury fitness, which places high demands on their postoperative 
rehabilitation to ensure recovery to previous functional capability. It 
is also important to note the varied use of the term limb salvage in the 
literature that we reviewed. Specifically, many articles do not explicitly 
define limb salvage; instead, authors refer to it as “not an amputation,” 
“limb restoration,” or “limb-sparing” or use these terms interchange-
ably (Akula et al., 2011; Barla et al., 2017; Bennett, et al., 2018; Blair 
et al., 2016; Bosse et al., 2002; MacKenzie et al., 2007; Melcer et al., 
2017; Owens, et al., 2011; van der Merwe et al., 2016). Limb salvage is 
also described in terms of procedures, such as involving either local or 
free muscle flaps or microvascular free tissue transfer for wound cover-
age, management of vascular injuries, operative treatment and revas-
cularization, bone-grafting or bone transport, repair of a major nerve 
injury, treatment of a complete compartment injury or compartment 
syndrome, and plastic surgical techniques (Aoki, 2018; Brown et al., 
2011; Chung et  al., 2009; Doukas et  al., 2013; Penn-Barwell et  al., 
2015).
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The planning committee broadly defined limb salvage as resto-
ration of limb, with the goal to include literature that describes new 
approaches, promising advances of surgical techniques, or improve-
ments in responses following the injury. Additionally, the planning 
committee suggested this definition and expanded the scope of the 
search to provide meeting participants with information that might 
lead to innovative solutions to recovery after blast-related injury.

Organization of This Report

In Chapter Two, we discuss the methodology underlying the litera-
ture review. In Chapter Three, we present the findings in terms of 
epidemiological, basic, and clinical research. In Chapter Four, we dis-
cuss the findings in terms of the four literature review objectives and 
provide some recommendations based on those findings. Finally, in 
the appendix, we present a list of the members of the eighth SoSM 
planning committee. 
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CHAPTER TWO

Review Methodology

We consulted with the planning committee—a multidisciplinary group 
of experts on blast-related limb salvage and recovery—to develop ini-
tial search terms. After agreeing on search terms, we searched the peer-
reviewed and gray literature that described the occurrence and treat-
ment of military blast-related limb salvage. Specifically, we searched 
the peer-reviewed scientific literature on PubMed, Web of Science, 
and PsycINFO and searched the DoD gray literature on the Defense 
Technical Information Center (DTIC). The period of interest was cal-
endar year 2008 through calendar year 2018. Additional references 
were identified that (1) were published prior to 2008 or (2) did not 
meet inclusion criteria but either represented a seminal article (e.g., the 
original article describing the Parkland Formula for fluid resuscitation 
among burn patients [Scheulen and Munster, 1982]) or provided con-
text for interpreting the literature.

To initially develop search terms, we provided potential search 
terms based on the selected topic: blast-related burn injury. Sources 
included previous literature reviews for blast-injury research SoSMs, 
terms specifically relevant to blast-related limb salvage and recovery, 
and associated structured vocabulary (e.g., as listed in Medline Medi-
cal Subject Headings [MeSH]) used to search the literature databases 
noted in the previous paragraph. A preliminary literature search was 
then performed, and the results were used to improve the initial search 
strategy. Search terms used are summarized in Table  2.1 in terms 
of three domains: exposure, population and context, and specific 
programs.
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The literature review included any research that addressed one 
or more blast-related limb injury mechanisms, ranging from primary 
to quinary (as discussed in Chapter One), and research that addressed 
any part of the translational health research continuum, from founda-
tional research to health services research, as defined in the National 
Research Action Plan (NRAP). 

Table 2.1  
Search Terms by Domain

Domain 1:
Exposure

Domain 2:
Population and Context

Domain 3: 
Specific Programs

blast limb salvage Lower Extremity 
Assessment Project (LEAP) 

explos*, explod* extremity salvage Outcomes Following 
Severe Distal Tibia, Ankle 

and/or Foot Trauma: 
Comparison of Limb 

Salvage Versus Transtibial 
Amputation Protocol 

(OUTLET)

IED, IEDs mangled limb Military Extremity Trauma 
Amputation/Limb Salvage 

(METALS)

pressure wave mangled extremity Major Extremity Trauma 
Research Consortium 

(METRC)

overpressur* IIIB tibia fracture

pressure differential IIIC tibia fracture

grenade* extremity trauma

bomb* limb reconstruct*

landmine extremity reconstruct*

implosion, implode, 
imploding

limb recovery

mortar extremity recovery

mine field limb injury

limb trauma

extremity trauma

NOTE: * indicates a variety of words that include a given stem; for example, explos* 
refers to explosion, explosions, explosive, and so on.
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Two trained reviewers performed an initial screen of all citation 
titles and abstracts from the initial search, and articles were excluded 
if they were unrelated to the major review objectives (Table 2.2). Only 
English-language articles approved for general public release were con-
sidered. Reviewers compared assessments of inclusion and exclusion 
criteria to achieve inter-rater reliability and discussed any discordant 
results between themselves. If discordance was unresolved after their 
discussion, the review team was consulted to determine the appropri-
ate coding. 

For all citations that remained after the initial title and abstract 
screening, full-text articles were pulled and reviewed. We excluded 
studies that (1)  did not indicate a blast injury or blast assessment; 
(2) did not involve limb salvage or recovery after limb salvage (most 
often because all patients received amputations); (3) were an annual 
report of grant-funded work; or (4) were a commentary or editorial. 
Subsequent studies were identified based on searches of reference lists, 
clinical and safety guidelines, policy documents, other relevant gray 
literature, and planning committee recommendations. 

The search yielded 173 unique citations and 11 additional cita-
tions identified from secondary searches of reference lists from full-text 
articles, for a total of 184 citations (Figure  2.1). Given the limited-
number of articles, we opted to do a full screening of every manuscript 
identified. After full text review, 105 of these articles met the criteria 
for inclusion in the literature review. 

Table 2.2  
Literature Review Eligibility Criteria

Inclusion Criteria Exclusion Criteria

English-language articles only Article did not address review objectives 

Adults only Cancer-related limb salvage

Articles published from 2008 through 
2018, inclusivea

Commentary or editorial 

Human and animal model studies Administrative protocol or report

Approved for public release, 
distribution unlimited

a Older publications were included as necessary for background or to address a 
review objective.
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Figure 2.1 
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CHAPTER THREE

Results

This chapter summarizes findings from the articles meeting our crite-
ria for eligibility. We broke the literature into epidemiological, basic, 
and clinical research.

Epidemiological Research

Epidemiological studies help characterize the magnitude of the blast-
related limb salvage and recovery challenge for the military and 
common outcomes associated with severe blast-related limb injuries. 

A few studies have characterized blast-related injuries, includ-
ing limb trauma during the armed conflicts in Iraq and Afghanistan. 
As noted, hidden explosives—such as IEDs, landmines, and booby 
traps—are to blame for as much as half of the injuries seen in field 
hospitals (Ramasamy et al., 2009), with the majority of these injuries 
to lower extremities (Balazs et  al., 2014). Research from the United 
Kingdom showed that, among military personnel, 77 percent of people 
who were injured while deployed had an extremity injury and 11 per-
cent had at least one amputation. Thirty-three percent of individuals 
had an upper-extremity fracture, and 67 percent had a lower-extremity 
fracture. Of those, 69 percent of upper-extremity fractures and 58 per-
cent of lower-extremity fractures were open. This meant that extremity 
injuries accounted for a vast majority of combat injuries in the United 
Kingdom (Chandler et al., 2017). However, this research was not spe-
cific to blast-related extremity injuries.
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Symptoms and functional impairment after severe blast-related 
limb injury are generally significant, even after substantial periods of 
rehabilitation. One study of 130 service members with combat-related 
extremity trauma who were evacuated to Brooke Army Medical Center 
assessed pain, sleep disturbance, depression, and anxiety using vali-
dated measures at the time of hospital discharge. Among those symp-
tomatic patients, 88 percent met study criteria for significant levels of 
pain, sleep disturbance, depression, or anxiety; physical functioning 
and mental health functioning were roughly one and two standard 
deviations below population norms, respectively (Young-McCaughan 
et al., 2017). In a case series analysis of individuals injured during recent 
military conflicts who had undergone late amputation following limb 
salvage, poor mental health and dissatisfaction with limb reconstruc-
tion each were cited as reasons for undergoing late amputation in the 
majority of patients (Krueger et al., 2015).

Basic Research

Our search identified several animal studies addressing questions 
related to limb salvage. Spear et al., 2015, showed that the endothe-
lium is activated when tissue from rabbit hind limbs is exposed to a 
blast overpressure in the lab. The authors attempted to link the find-
ings to poor limb-salvage outcomes, suggesting that this endothelial 
activation might cause pathological changes in the surrounding tis-
sues. Shaw et  al., 2017, investigated the impact of blast overpressure 
exposure on cartilage in the hind legs of pigs. The researchers found 
that evidence of increased chondrocyte death in the cartilage of these 
limbs was associated with lab exposure to blast overpressure. Cell death 
increased over time in cells closer to articular surfaces, and the investi-
gators suggested that these changes might contribute to posttraumatic 
arthritis in blast-injured limbs. Using a rat model, Hurtgen et al., 2016, 
found that volumetric muscle loss injury impaired adjacent tibial heal-
ing after open fracture and was associated with specific immune system 
responses that might be targeted for prevention of delayed bone heal-
ing after severe traumatic injury.
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We identified a few basic science studies conducted on animals to 
investigate surgical techniques that may aid in limb salvage. Siemionow 
et al., 2017, demonstrated the efficacy of the epineural sheath jacket 
to prevent neuroma in rat sciatic nerves. Neuromas are often painful 
in limb-salvage patients and hinder quality of life; it is possible that 
this technique could be used in this patient population to improve 
functionality following injury. Ward, Ji, and Corona, 2015, showed 
that autologous minced muscle grafts can be used to treat volumetric 
muscle loss, a common problem in orthopedic trauma. The research-
ers found that autologous minced grafts can be volume-expanded in a 
collagen hydrogel and that 50-percent minced graph tissue suspended 
in a collagen hydrogel was associated with a functional improvement 
similar to that of a 100-percent minced graft repair. However, more 
research is needed to identify optimal carrier materials for expansion. 
Garg et al., 2015, demonstrated, in a rat “open fracture” model, that 
volumetric loss of skeletal muscle results in persistent functional defi-
cits that depend on muscle length and joint angle.

Clinical Research 

In this section, we review the outcomes of limb-salvage procedures and 
subsequent recovery intervention strategies. There are four major stud-
ies of limb-salvage treatment outcomes: the Major Extremity Trauma 
Research Consortium (METRC), Lower Extremity Assessment Proj-
ect (LEAP), Military Extremity Trauma Amputation/Limb Salvage 
(METALS) project, and U.S. Department of Veterans Affairs (VA) 
Vascular Injury Study (VAVIS). Although these projects are not spe-
cifically concerned with blast-related limb salvage and recovery, they 
are large prospective treatment studies that have shaped much of the 
scholarly discourse on the topic. In the following section, we summa-
rize these landmark studies and what is known from these and other 
treatment research studies. 
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Seminal Studies on Amputation and Limb Salvage
LEAP (Lower Extremity Assessment Project)

The LEAP study, a prospective, multicenter observational study, 
focused on clarifying the decision to amputate or salvage a limb when 
there was severe lower-extremity trauma. The researchers attempted 
to define characteristics of individuals who sustained these types of 
injuries, the environment surrounding these injuries, and the physical 
aspects of these injuries. The study also defined the secondary medical 
and mental conditions that arose from these injuries and their treat-
ments and looked at ultimate functional status and general health of 
the patients. The main finding from this study was that, while two-
year outcomes were similar between limb-salvage patients and those 
who opted for amputation, limb-salvage patients were more likely to 
be rehospitalized in that two-year period (Bosse et  al., 2002). The 
researchers evaluated all participants using the Sickness Impact Profile 
and found that predictors of a high (worse) score included rehospital-
ization for a major complication, low level of education, nonwhite race, 
poverty, lack of private health insurance, poor social-support network, 
low self-efficacy (the patient’s confidence in being able to resume life 
activities), smoking, and involvement in disability-compensation litiga-
tion (Bosse et al., 2002).

METALS (Military Extremity Trauma Amputation/Limb Salvage)

The METALS study was a retrospective cohort study that included 
324 service members deployed to Afghanistan or Iraq who had sus-
tained a severe lower-limb injury requiring either limb salvage, surgery, 
or amputation. The study defined limb salvage surgery as involving 
revascularization, bone graft or bone transport, local or free flap cover-
age, repair of a major nerve injury, or a complete compartment injury 
or compartment syndrome. The study measured function, depres-
sion, posttraumatic stress disorder (PTSD), chronic pain, and engage-
ment in sports and leisure activities. Using the Short Musculoskeletal 
Function Assessment, the researchers found that, in terms of function, 
patients had worse outcomes than population norms (except arm and 
hand scores). The researchers also found that 38.3 percent of patients 
screened positive for depressive symptoms, 17.9 percent screened posi-
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tive for PTSD, and 34 percent were not working, were on active duty, 
or were in school (Doukas et al., 2013). Patients treated with ampu-
tation had better functional outcomes than those who had salvaged 
limbs. These patients also had a lower likelihood of PTSD and a higher 
likelihood of being engaged in “vigorous sports” (Doukas et al., 2013).

Currently, METRC is conducting ongoing analysis of both the 
LEAP and METALS studies and is seeking to compare and contrast 
the similarities and differences of both studies and to advance evidence-
based patient-centered care (Rispoli and MacKenzie, 2012).

METRC (Major Extremity Trauma Research Consortium)

The METRC is a multisite clinical trials consortium that conducts 
studies relevant to the treatment and outcomes of orthopedic trauma 
sustained by military service members. The consortium includes more 
than 60 civilian trauma centers and four military treatment centers 
used to recruit patients; as of 2018, METRC was funded to conduct 32 
prospective studies. The consortium was driven by five criteria when 
designing, selecting, and supporting studies: Studies had to (1) be mul-
ticenter, (2) be multidisciplinary, (3) be coordinated with the consor-
tium to ensure quality, (4) address gaps in the research, and (5) have 
a sustainable approach (MacKenzie et al., 2017). Stinner et al., 2017, 
emphasized the importance of including civilian trauma centers; the 
researchers pointed out that the volume of participants needed to make 
more-conclusive discoveries was only possible by including civilian 
trauma centers in the study because combat casualty flow was episodic 
(Stinner et al., 2017). METRC has been successful at doing this (Major 
Extremity Trauma Research Consortium, 2016).

The work from the consortium is ongoing, and the research-
ers have developed a standardized set of measurement instruments to 
examine outcomes. These measurements cut across a defined set of key 
domains and include complications, depression, PTSD, pain, activity 
and participation, health-related quality of life, patient satisfaction, and 
health care utilization. The researchers have also developed a standard-
ized collection of sociodemographic and clinical covariates, which will 
be collected across all studies (Castillo, MacKenzie, and Bosse, 2012). 
Results were not published during the study period for this review.
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VAVIS (VA Vascular Injury Study)

The VAVIS is a longitudinal cohort study of veterans who have vas-
cular extremity injuries. Although the study is not specifically about 
limb salvage, it will collect information critical to understanding long-
term outcomes among limb-salvage patients. Critically, the research-
ers will be characterizing the preventive services received by individ-
uals with vascular repair and the related outcomes of those services 
and describing patient-reported functional outcomes (Shireman et al., 
2015). Although this study is promising, it has not yet produced results 
at the time of this review.

Surgical Approaches

Several reviews provide instruction relating to limb salvage–related 
techniques for surgeons and other clinicians. These reviews address, 
for example, lower-extremity reconstruction (Friedrich, Katolik, and 
Hanel, 2011; Soltanian, Garcia, and Hollenbeck, 2015); calcaneus 
fractures (Balazs et  al., 2014); flap-based reconstruction (Friedrich, 
Katolik, and Hanel, 2011; Sabino, Slater, and Valerio, 2016; Soltanian, 
Garcia, and Hollenbeck, 2015); and blast-related foot injuries (Balazs 
et al., 2014; Keeling et al., 2010). Limb salvage–related surgical proce-
dures typically are led by orthopedic surgeons; however, depending on 
the nature of the injury, vascular, neurosurgical, and particularly plas-
tic surgeons play significant roles (Boriani et al., 2017).

When limb salvage is conducted, proper steps should be taken to 
ensure that, when appropriate, external fixators are used and wound 
debridements are repeated until a stable soft tissue envelope suitable 
for reconstruction is achieved (Blair et al., 2016). In this section, we 
discuss published research on related surgical approaches to provide an 
overview. 

Flap construction is a major issue in limb salvage. In a meta-
analysis of free flap surgery for combat injuries, the authors found that 
dorsi flaps were the most commonly used and that the success rate was 
95.5 percent (Theodorakopoulou et al., 2016). With regard to blast-
related limb salvage specifically, Sabino, Slater, and Valerio, 2016, dis-
cussed in their review that reconstruction—including free flap as the 
most-commonly used technique—conducted more than seven days 
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after the injury allowed for patient stabilization and for the wound bed 
to be prepared. This is because blast injuries often have debris from the 
surrounding environment in the wound. The researchers also found 
that free tissue transfer had a high success rate in providing tissue out-
side the zone of injury while covering important structures for form 
and function. Finally, their review found that outcomes of fasiciocu-
taneous flaps were comparable to outcomes of muscle flaps, even after 
considering serious complications, such as proximal vascular injury, 
high platelet counts, and previous antifibrinolytic use (Sabino, Slater, 
and Valerio, 2016).

Another overview of approaches to foot injuries from blasts spe-
cifically made a note that a sufficient fat pad and range of motion were 
critical to the success of salvage surgeries if a service member wished to 
return to duty (Keeling et al., 2010). The researchers made the point 
when summarizing the cases they reviewed that a good result for the 
terminus of the salvaged foot was critical to the overall success of the 
salvage attempt (Keeling et al., 2010). 

In an uncontrolled follow-up study, Dickson et al., 2015, followed 
22 civilian adult patients (mean age 35, ranging from 17 to 64) with 
grade 3 open tibial fractures from traffic-, fall-, or crush-related acci-
dental injuries for a year after external fixation using a circular frame. 
Of these patients, 36  percent went on to experience problems with 
walking and 14  percent had difficulties with independent self-care; 
41 percent reported chronic pain, and 14 percent reported anxiety and 
depression. The researchers concluded, based on a review of previous 
studies, that circular frame fixation provided “good functional out-
comes in the majority of cases” (Dickson et al., 2015, p. 751).

Surgical Level and Subsequent Outcome

Amputation may occur to different anatomical levels that typically are 
determined by the injury, and it is important to consider these dif-
ferences when comparing the success of amputation procedures with 
that of limb-salvage procedures. Types of amputation may include 
foot, including toes or partial foot; at the ankle (ankle disarticulation); 
below the knee (transtibial); at the knee (knee disarticulation); above 
the knee (transfemoral); and at the hip (hip disarticulation). Ampu-



16    Limb Salvage and Recovery After Severe Blast Injury

tation and salvage can be bilateral (both legs) or unilateral (one leg). 
Tintle et al., 2010, state that as much limb length as possible should be 
maintained without compromising healing or leaving painful residual 
limb or poor soft issue coverage. Studies suggests that osseous integra-
tion technology as related to the complex blast injury patient with a 
deficient residual limb has become an established clinical treatment 
option with substantial benefits for patients with lower-limb amputa-
tion (Frölke, Leijendekkers, and van de Meent, 2017; Hebert, Rehani, 
and Stiegelmar, 2017; Isaacson et al., 2010).

All of the studies we identified focused on lower-limb amputa-
tion versus salvage, and most studies examined multiple or unspecified 
levels or degrees of amputation and salvage. The most-common speci-
fied levels of amputation and reconstruction were transtibial (Penn-
Barwell et al., 2015; Saddawi-Konefka, Kim, and Chung, 2008; Wilken 
et al., 2018) and foot (Bennett et al., 2018; Sheean, Krueger, and Hsu, 
2014). Those who underwent transtibial amputation were significantly 
more likely to return to active duty than those who underwent all other 
amputation levels (Krueger and Wenke, 2014). Most studies focused 
on unilateral amputation or reconstruction, although one study clearly 
included patients with bilateral amputation or reconstruction (Bennett 
et al., 2018).

The number of studies we found was small, making it difficult to 
draw reliable conclusions; however, we could not identify a clear dif-
ference between outcomes of amputation and limb salvage, nor did we 
identify changes in this finding based on the extent of injury.

Surgical Timing and Subsequent Outcome

Limb salvage is an ongoing process, and amputation may occur at 
any point during the initial hospitalization or later. We found that the 
definition of late amputation varied across studies. Late amputation 
could refer to any time after the initial hospitalization, after a recon-
struction procedure, or after another defined period—typically, three 
months. For example, studies used after 12 weeks (Huh et al., 2011) or 
after 90 days (Melcer et al., 2013) to define late amputation. Patients 
who receive late amputation tend to have worse mental and physical 
health outcomes, greater pain, and more complications compared with 
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patients who receive early amputation, perhaps because patients receiv-
ing late amputation typically have failed earlier treatments (Melcer 
et al., 2017). Research has found that common reasons for late ampu-
tation in upper extremities include loss of wrist or finger motion, neu-
rological pain, and heterotopic ossification (Krueger et al., 2014). One 
study found that early and delayed lower-limb amputation achieve sim-
ilar results, suggesting that the watchful waiting approach to amputa-
tion might be reasonable (van der Merwe et al., 2016).

Complications After Surgery

Initial surgery for limb injury, whether amputation or reconstruc-
tion, can result in complications, such as tissue infection, osteomyelitis 
(bone infection), flap failure (unsuccessful tissue transfer), anemia, sep-
ticemia, thromboembolic disease, osteoporosis, or the need for rehospi-
talization. Additional complications can arise because of general com-
plications following surgery, such as bleeding, reaction to anesthesia, 
and difficulty breathing.

Patients who undergo initial reconstruction may have additional 
complications, such as nonunion (bone healing complications), and 
might eventually need to undergo late amputation. In a systematic 
review of patients with IIIB and IIIC tibial fractures, complications 
after reconstruction included osteomyelitis (17.9  percent), nonunion 
(15.5  percent), secondary amputation (7.3  percent), and flap failure 
(5.8 percent) (Saddawi-Konefka, Kim, and Chung, 2008). The authors 
note that secondary amputation decreased with time across studies, 
likely because of improved salvage procedures, but that other rates of 
other complications have remained stable. 

In contrast, patients who undergo amputation may have the addi-
tional complication of phantom limb syndrome, in which pain or other 
sensations are experienced in the amputated limb. In a retrospective 
review of patients injured in the wars in Iraq and Afghanistan, this 
complication was observed in 56 percent of amputees (Melcer et al., 
2013).

In comparing relevant complications between initial amputa-
tion patients and reconstruction patients, results were mixed. Studies 
have found that patients who underwent initial amputation had lower 
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rates of rehospitalization (Bosse et al., 2002), fewer subsequent surger-
ies (Bosse et al., 2002), and shorter hospital stays (Barla et al., 2017). 
By contrast, another study found that amputees had nearly double the 
risk of complications, including anemia, septicemia, and thromboem-
bolic disease (Melcer et al., 2013). Amputees also had a higher risk of 
osteoporosis at one year post-injury, although there were no significant 
differences between the two groups in later years (Melcer et al., 2017).

Infections After Surgery

Our review of the wound infection literature relating to limb salvage 
was not exhaustive; note that blast injury–related wound infections 
were the focus of the sixth DoD SoSM (DoD Blast Injury Research 
Program Coordinating Office, 2016a; 2016b).

Studies have found conflicting or insignificant results link-
ing limb-salvage procedures to infection and wound healing. Some 
research found lower overall infection rates following amputation than 
following limb reconstruction (Barla et al., 2017; Bosse et al., 2002), 
while other research found higher rates (Melcer et al., 2013). One study 
found no difference in osteomyelitis between groups and no differ-
ence in nonhealing wounds (Melcer et al., 2013). Another study found 
lower rates of osteomyelitis after amputation (Bosse et al., 2002).

One literature review found that, among combat injuries, the 
infection rates among open lower-limb fractures were similar to or 
higher than rates in the civilian population, although reports varied 
widely, from 23 to 85 percent (Rivera, Wenke, and Pugh, 2016). Of 
note, this review included studies of injuries that were not blast related. 
Another study found that most wounds had low-virulence, environ-
mental gram-negative bacteria at initial testing that were not found 
again during therapy (Wallum et al., 2015). This study found a high 
incidence of contamination with environmental organisms that were 
not associated with infections during the course of the patient’s care 
(Wallum et al., 2015). Ongoing work by Bosse and O’Toole might add 
to the understanding of infection management among blast-related 
limb-salvage patients (Bosse et al., 2017; O’Toole et al., 2017). 
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Pain After Surgery

Pain outcomes are a substantial consideration for many patients and 
can occur regardless of treatment course. Importantly, long-term pain 
after limb salvage ultimately can lead patients to the decision to ampu-
tate. In a study of British service members with combat-related hind-
foot injuries, pain was cited as the most common reason (68 percent) 
for late amputation after initial reconstruction (Bennett et al., 2018).

Studies generally found lower levels of pain among patients who 
underwent amputation compared with those who underwent recon-
struction, although these differences appeared to dissipate over time. 
In a retrospective, observational study of individuals with traumatic 
limb injuries, individuals with amputations reported lower levels of 
pain compared with patients with limb salvage (Ladlow et al., 2016). 
However, these differences might dissipate over time; the research-
ers found the prevalence of pain to be very low in both groups and 
differences to be no longer statistically significant following hospital 
discharge. Similarly, Penn-Barwell et  al., 2015, found no significant 
long-term differences in prevalence of pain between those who under-
went amputation and those who underwent limb salvage. In another 
long-term study of outcomes between patients with reconstruction and 
amputation, there were no significant differences in any pain diagnosis 
between the groups at four years, although patients who underwent 
amputation had significantly lower rates of osteoarthritis, specifically 
(Melcer et al., 2017).

Psychosocial Status After Surgery

Poor short- and long-term mental health outcomes are frequent fol-
lowing traumatic injury, and this is especially true for individuals who 
have sustained combat-related injuries. As previously noted by Young-
McCaughan et al., 2017, service members with combat-related extrem-
ity trauma were assessed for pain, sleep disturbance, depression, and 
anxiety using validated measures at the time of hospital discharge. 
Eighty-eight percent had significant levels of pain, sleep disturbance, 
depression, or anxiety, and these symptomatic patients manifested 
mental health–related functioning roughly two standard deviations 
below population norms. Another large meta-analysis measured the 
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prevalence of PTSD and depression in patients after major orthopedic 
trauma, finding that, of 7,109 participants, 32.6 percent experienced 
depression and 26.6  percent experienced PTSD (Muscatelli et  al., 
2017). Another study, Archer et  al., 2016, reported that PTSD and 
depression were significantly associated with increased levels of pain at 
discharge from the hospital for patients with major orthopedic trauma 
to a limb. Additionally, in a case series analysis of individuals who had 
undergone late amputation following limb salvage, poor mental health 
and dissatisfaction with limb reconstruction were cited as reasons for 
undergoing late amputation in the majority of patients (Krueger et al., 
2015). 

Findings of mental health differences between patients with ini-
tial limb salvage and early amputation are mixed. In some studies 
comparing mental health outcomes between initial amputation and 
reconstructive surgery, there were no differences between groups. No 
differences in mental health were observed as measured by the Short-
Form 12-item (SF-12) Mental Component Score (MCS) (Barla et al., 
2017), the SF-36 MCS (Penn-Barwell et  al., 2015), or the Sickness 
Impact Profile (SIP) (Bosse et al., 2002). Similarly, no differences in 
anxiety and depression (Ladlow et al., 2016) or the prevalence of PTSD 
(Melcer et  al., 2017) were observed. However, one study of service 
members with combat-related hindfoot injuries found a higher prev-
alence of associated psychiatric-disabling conditions among patients 
who received reconstruction compared with those who received ampu-
tation (Sheean, Krueger, and Hsu, 2014). A meta-analysis of 11 studies 
comparing functional status in 769 patients with severe (“mangled”) 
lower-limb injury who received amputation and 369 patients who 
received reconstructive surgery found a small, but significant, differ-
ence favoring reconstructive surgery patients in terms of psychological 
functioning, but found no significant difference in physical function-
ing (Akula et al., 2011). 

The management of recovery expectations might be especially 
difficult after patients have undergone reconstructive limb-salvage sur-
gery. Readiness to Engage in Self-Management After Acute Traumatic 
Injury (RESMATI) is an instrument conceptually based on a stages-
of-change model. The RESMATI is potentially a good instrument to 
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evaluate injured patients’ readiness to engage in self-motivated recov-
ery efforts (e.g., increased activation and accessing relationships and 
learning resources) (Wegener et al., 2014). The Trauma Collaborative 
Care program, an intervention based on the principles of collaborative 
care, could also be a good model to help patients manage their own 
psychological care (Wegener et al., 2017). Most of these findings are 
not related specifically to limb salvage per se, and mental health issues 
can occur regardless of whether the limb is amputated or salvaged. 
However, as it relates to limb salvage, the management of recovery 
expectations might be especially difficult after patients have under-
gone reconstructive surgery. In the short term, pastoral care, teaching 
coping skills and mindfulness, peer education, and access to educa-
tional resources have been shown to be effective at mitigating some 
of the mental health issues following orthopedic trauma. In the long 
term, peer networks, such as the Trauma Survivors Network, have 
been shown to be effective (Vincent et al., 2015).

Functional Status After Surgery

Studies have shown that patients who underwent amputation had 
shorter time until full weight bearing (Saddawi-Konefka, Kim, and 
Chung, 2008), could walk greater distances, were more likely to be 
able to run (Ladlow et al., 2016), and had fewer gait deficiencies with 
more time spent on the affected limb (Mangan et al., 2016) compared 
with those who underwent reconstructive surgery. However, another 
study that examined longer-term mobility (an average of two years 
following surgery)—as measured by sit-to-stand, four-square step, 
and timed stair-ascent tests—found no difference between patients 
who underwent amputation and those who underwent limb salvage 
(Wilken et al., 2018).

One study found higher physical functioning scores, as measured 
by the Physical Component Score (PCS), among those who under-
went amputation (Bennett et  al., 2018), but other studies found no 
difference in physical function scores as measured by the SF-36 PCS 
(Bennett et al., 2018) and SIP (Bosse et al., 2002) between those who 
underwent amputation and those who underwent reconstruction.
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Return-to-work results likewise were mixed, with one study find-
ing faster return-to-work among amputees (Saddawi-Konefka, Kim, 
and Chung, 2008) and another study, focused only on service mem-
bers, finding that those who underwent reconstruction had lower levels 
of disability and were more likely to return to duty (Sheean, Krueger, 
and Hsu, 2014). One study also found shorter rehabilitation times for 
limb-salvage patients, compared with amputees (Ladlow et al., 2016).

In sum, these comparisons of physical functioning outcomes 
between patients who have undergone amputation and those who 
have undergone reconstructive surgery have yielded mixed results. The 
majority of studies that we identified found better outcomes in terms of 
mobility among patients who underwent amputation shortly after sur-
gery, but little difference was observed for other functional outcomes.

Costs of Care After Surgery

Although we did not identify high-quality evidence that consistently 
favored either amputation or limb salvage after severe limb injury, the 
largest differences might be related to costs. Indeed, one study pro-
jected lifetime health care costs that were nearly three times higher for 
amputation than for reconstructive surgery (MacKenzie et al., 2007).

Costs initially appear similar for both procedures; the MacKenzie 
et al., 2007, study found no difference in initial hospitalization costs 
between groups. However, amputation involved more-costly prostheses 
and higher lifetime medical costs (MacKenzie et al., 2007). Another 
study found that, even disregarding prostheses costs, lifetime medical 
costs were higher for those with amputation (Chung et al., 2009).

Surgical Decisions and Decision Aids for Treatment Selection

After severe high-energy or blast-related limb injury, both clinicians 
and patients often are faced with difficult decisions about when to 
amputate the injured extremity versus when to salvage and reconstruct 
it. There is general recognition that clinicians should have ongoing 
discussions about treatment options and risks with the patient and, 
as appropriate, family members or other representatives of the patient 
(Aravind, Shauver, and Chung, 2010).

The appropriate course of action is not always clear, and many 
have attempted to summarize the factors involved in these decisions 
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(Blair et al., 2016; Langer, 2014). Clinical factors often favoring ampu-
tation include (1)  when the extremity is avulsed (i.e., skin and soft 
tissue are partially or completely torn away), (2)  bony damage that 
cannot be surgically reconstructed, (3) severe combined injuries, and 
(4)  warm ischemia time of more than six  hours, resulting in exten-
sive soft tissue necrosis (Brown et al., 2011). However, predicting out-
come after severe blast-related extremity injury remains an inexact sci-
ence. Hanson-Viana et al., 2018, illustrates the challenges, describing a 
young, healthy adult male who suffered a severe fireworks injury result-
ing in a poor-prognosis popliteal vascular injury after some 12 hours of 
“hot” ischemia. An end-to-end anastomosis (reattachment) of the pop-
liteal vein and arterial repair were performed, and, at six months, the 
patient’s scars had healed and he was ambulating with a walking aid 
and “minimal limitations of knee movement” (Hanson-Viana et  al., 
2018). Research in civilian trauma centers found that amputation was 
significantly more common in lower extremities when the patient suf-
fered a blunt anterior tibia vessel injury as opposed to a posterior tibial 
or peroneal injury (Scalea et al., 2014). 

Outcomes of importance when deciding whether to amputate 
or salvage a limb after a blast or severe high-energy trauma exposure 
include survival; risk of surgical complications, including infection; 
functional and cosmetic outcomes; short- and long-term pain and 
psychosocial outcomes; and health care costs. A guiding principle in 
selecting limb salvage should be that the expected functional outcome 
for the patient will be at least as good as a best-level amputation. Out-
comes change over time, and both short- and long-term perspectives 
should be considered. To our knowledge, no randomized controlled 
trials have been reported to compare the results of amputation with 
those of limb salvage or reconstruction. Prospective and retrospective 
observational studies have been conducted (Saddawi-Konefka, Kim, 
and Chung, 2008). Assessing the link between intervention and an 
outcome in observational studies involves substantial uncertainty, 
although a few studies have attempted to control for potentially con-
founding factors, such as injury, patient, and environmental character-
istics. An extensive review on the decision to amputate versus salvage 
the limb has been completed by Rush, Arrington, and Hsu, 2012. 
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Although Dua et  al., 2014, studied 68 patients with popliteal 
artery trauma and found that patients with a Mangled Extremity 
Severity Score (MESS) greater than 7 had an increased likelihood of 
amputation, Balci et al., 2015, found that the MESS score had limited 
capacity as an amputation decision aid and instead recommended care-
ful conversation with patients before deciding on amputation versus 
limb salvage on clinical grounds. Brown et al., 2011, and Momoh and 
Chung, 2013, also concluded that the MESS lacked predictive utility.

Measures that predict outcomes that could aid clinical deci-
sions to amputate or salvage a severely injured limb are lacking (Cross 
and Swiontkowski, 2011). For patients who have already undergone 
limb-salvage surgery, the Short Musculoskeletal Function Assessment 
(SMFA), a 46-item self-report instrument, quantitatively assesses func-
tional status following orthopedic trauma. Scott et al., 2014, employed 
the SMFA for use in patients after vascular injury to an extremity. 
In a sample of 84 civilians with previous lower-limb injuries, Teicher 
et al., 2014, found the SMFA score was predictive of whether patients 
were likely to need future surgical procedures, develop more medical 
complications, or require a longer hospital stay; most of the predictive 
effect was among infected patients. Surgeons recommend clinical con-
siderations and regular, realistic discussions with patients as opposed to 
reliance on a scoring system to determine the best course of treatment 
(Tunali et al., 2017). Momoh and Chung, 2013, conducted a detailed 
review of preoperative scoring systems to identify patients who would 
benefit from early amputation and concluded that there was insuffi-
cient evidence to suggest that any of the several instruments previously 
studied were up to the task. 

Numerous assessments have been used in longitudinal studies of 
limb salvage to track mobility and physical function. Williams, Hill, 
and Kahn, 2014, developed the High-Level Mobility Assessment Tool 
(HiMAT) to assess patients following severe lower-limb trauma (“mul-
titrauma”), comparing findings to those obtained using the Functional 
Independence Measure (FIM) and the Lower Extremity Functional 
Scale (LEFS). The investigators reported that the HiMAT was more 
responsive and less susceptible to ceiling effects than the FIM and 
LEFS and was not well correlated with FIM and LEFS, suggesting that 
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it might be measuring somewhat different aspects of functioning and 
mobility (Williams, Hill, and Kahn, 2014). A study of a subsequent 
version of the HiMAT suggested that the measure was a unidimen-
sional assessment of high mobility with good construct validity and 
minimal floor and ceiling effects (Hill et  al., 2014). LEFS has been 
successfully used to demonstrate functionality following free tissue 
transfer surgery (i.e., dissection and detachment of vascularized tissue 
from one region of the body and transfer and reattachment to another 
body region) (Falola et  al., 2018). Of note, the reliability and valid-
ity of these assessments in patients with severe blast-related extrem-
ity injuries is unknown. Although there are more than 100 mobility 
measurement tools (Bushnell et al., 2015), to our knowledge, there has 
not been an evidence-based recommendation of which tool to use to 
measure long-term functioning and mobility after limb trauma surgery 
or interventions.  

In a retrospective case-control study, Petfield et al., 2017, inves-
tigated the impact on clinical management of virtual stress testing 
(VST) for 65 military patients with tibial fractures treated using exter-
nal fixation. VST is a noninvasive test that uses computed tomography 
(CT) to estimate the strength of healing bone tissue. Using post-hoc 
thresholds, the researchers were able to accurately identify all of the 
nine patients who failed the treatment and about three-fourths of those 
with an uneventful recovery after removal of the external fixator (Pet-
field et al., 2017). In a small, uncontrolled study of patients seen after 
high-energy tibial plafond fractures, LeBus and Collinge performed 
computed tomographic angiography (CTA), finding that the proce-
dure identified significant distal arterial abnormalities in slightly more 
than half of patients. They concluded that CTA was safe and poten-
tially useful in this preoperative context (LeBus and Collinge, 2008).

Prospective, observational evidence suggests that, in the short 
term, amputation might offer patients better pain and functional 
status outcomes than reconstructive surgery to salvage the limb (Bosse 
et al., 2002). However, these benefits might dissipate over time. In the 
LEAP study, one of the largest studies of patients with severe leg inju-
ries, patients underwent either amputation or reconstructive surgery 
and were followed for seven years. Although patients who underwent 
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amputations had better outcomes initially, there was no significant dif-
ference between the two groups in functional health outcomes after 
two  years, even after adjusting for potential confounders, including 
patient demographics and injury characteristics (Bosse et  al., 2002); 
results were similar at seven-year follow-up (MacKenzie et al., 2005). 

Rehabilitative Approaches

In perhaps the most-widely cited study of combat-related extremity 
trauma treatment, patients treated with amputation had better func-
tional outcomes than those who had salvaged limbs (Doukas et  al., 
2013). Early mobilization and strength training are fundamental to 
rehabilitation (Hoyt et  al., 2015). Rehabilitation of the patient with 
limb salvage was not as focused as it was for the patient with amputa-
tion until the development of the dynamic ankle-foot orthosis (AFO) 
and the Return to Run (RTR) clinical pathway. A signature contribu-
tion to the limb-salvage patient from Operation Iraqi Freedom and 
Operation Enduring Freedom was likely the transition of prosthetic 
fabrication techniques and advanced carbon-fiber materials from the 
amputation sector to orthotic development for the limb-salvage patient 
with residual limb dysfunction. The rehabilitation pathway involves 
early intervention in the limb-salvage patient’s recovery, with a focus on 
strength, horizontal plyometrics, and run retraining. Once the surgeon 
authorizes full weight bearing, the patient is fitted with a dynamic AFO 
and progresses to more-high-energy exercises, vertical plyometrics, 
strength and agility conditioning, and run retraining. It takes, on aver-
age, 12 weeks to complete the program (Owens et al., 2011). Sheean et 
al., 2016, found positive results using the RTR program among active-
duty service members with severe lower-limb trauma. Participants in 
their study had improved physical performance and patient-reported 
outcomes. A systematic literature review concluded that the RTR pro-
gram coupled with a dynamic AFO “can enable return to duty, return 
to recreation and physical activity and decrease pain in some high 
functioning patients” (Highsmith et al., 2016). Another study found 
that just more than 19 percent of service members wishing to return 
to their previous duty were able to do so after the RTR program (Patz-
kowski, Owens, et al., 2012). Potter et al., 2018, showed a significant 
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improvement in the SMFA score of limb-salvage patients fitted with 
and trained to use the dynamic AFO (Frölke, Leijendekkers, and van 
de Meent, 2017; Potter et al., 2018).

Crowell et al., 2016, showed clinically meaningful changes in self-
reported function and improvements to physical performance when 
using orthopedic manual physical therapy in addition to the RTR clin-
ical pathway. However, the study only included three participants and 
so was unable to demonstrate any statistically significant results. More 
research is needed in this area.

Prosthetics and Orthotics

A number of prosthetics, which replace body parts (such as amputated 
limbs), and orthoses, which support or align body parts (particularly 
in the case of reconstructive limbs), have been developed or improved. 
Only one study, which compared the limb-salvage population to the 
amputee population, specified type of orthosis used. In a study of mili-
tary trauma patients with unilateral lower-limb injuries, patients with 
amputation had better walking outcomes, including faster gait and 
more time spent on the affected limb, compared with patients in the 
reconstruction group, who completed a special training program and 
used a dynamic AFO (Mangan et al., 2016).

Exoskeletal Devices

Physical therapy may incorporate the use of orthotic devices to assist 
with rehabilitation and improve long-term function. Bedigrew et al., 
2014, found that integrating the use of a dynamic AFO improved 
physical performance, pain, and patient-reported outcomes; however, 
there was no comparison group in this study. The dynamic AFO also 
was tested as a device to help navigate stairs. Authors found that the 
device helps users navigate stairs unassisted (Whitehead, Esposito, 
and Wilken, 2016). Patzkowski, Blanck, et al., 2012, found that the 
patients receiving the dynamic AFO manifested better performance 
on validated tests of agility, power, and speed, compared with patients 
with no brace. 
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CHAPTER FOUR

Discussion and Recommendations

The review of recent literature on limb salvage and recovery after 
severe blast injury was intended to facilitate the eighth SoSM, a pro-
cess undertaken to determine topic-specific DoD research priorities. 
To focus our review conclusions and to facilitate the practical use of 
these conclusions in formulating research directions and priorities, we 
break the conclusions down to address each of the four main literature 
review objectives. For each objective, we discuss our findings and offer 
recommendations.

Describe the Epidemiology and Outcomes of Limb 
Salvage After Severe Blast-Related Limb Injury

Findings 

We found that severe limb injuries were common among combat-
injured service members—even more common than in the blast-injured 
subpopulation—and that most of these injuries were from explosive 
munitions. Subsequent symptoms include persistent pain, sleep distur-
bance, depression and anxiety, and general loss of functioning. These 
symptoms remain persistent and disabling, even after substantial reha-
bilitative care, and medical complications are common. Although a 
significant minority of service members have returned to duty after 
severe blast-related limb injuries, the vast majority with severe combat-
related limb injury are significantly and permanently disabled (Sheean, 
Krueger, and Hsu, 2014). The near absence of completed prospective, 
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longitudinal studies with follow-up longer than one year is an impor-
tant gap. 

Recommendations

To characterize the occurrence of severe blast-related limb injuries in a 
combat theater, the rapid, early establishment of theater-wide medical 
surveillance systems (e.g., Military Orthopaedic Trauma Registry) and 
studies with multiyear follow-up are needed. Identifying injuries in 
this manner will lead to opportunities to better validate outcome mea-
sures, estimate rates of complications, improve prognostication meth-
ods, identify optimal candidates for limb-salvage efforts, and initiate 
prospective, longitudinal cohort studies with long follow-up. 

Review the Evidence About the Decision to Salvage 
Versus Amputate a Limb After a Severe Blast-Related 
Limb Injury

Findings

To date, prognostic assessment tools have largely failed as decision aids 
for clinicians and patients. A consensus of expert clinicians has sug-
gested that there is no one-size-fits-all intervention approach to severe 
blast-related limb injuries and that ongoing, intensive efforts to share 
and study decisionmaking with patients, caregivers (as appropriate), 
and a multidisciplinary clinical team are needed. Treatment plan-
ning should be patient-centered and account for the patient’s perspec-
tive and addressing patient-reported objectives and needs (Aravind, 
Shauver, and Chung, 2010). Furthermore, there is limited evidence 
on the outcomes of amputation patients versus limb-salvage patients 
who encountered blasts specifically. This is problematic because blast-
related limb-salvage patients are more likely to have complications, 
such as infection, than non-blast-related severe limb-injury patients. 
Better evidence to guide decisionmaking is needed and efforts to accu-
mulate evidence during peacetime might be necessary.
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Recommendations

During peace, longitudinal studies and controlled clinical trials that 
address decisionmaking and clarify the relative merits of limb salvage 
versus amputation should recruit patients from the vast U.S. network 
of civilian trauma centers. Although classical blast-related injury in 
these settings is less than common, patients with other high-energy 
mechanisms of severe traumatic limb injury (e.g., motor vehicle acci-
dents) can be recruited from multiple centers in numbers that could 
make innovative and potentially convincing controlled trial research 
designs possible.

Future research should explore feasible clinical models of shared 
decisionmaking, patient-centered treatment planning, and patient-
reported outcomes pertaining to limb salvage–related decisions follow-
ing severe limb trauma. Military hospitals should partner with civil-
ian trauma centers and extremity trauma clinical research platforms to 
strengthen research ties and investigate the impact of military clinician 
training in these settings on the development and maintenance of limb 
salvage–related skills among military clinicians.

Examine Evidence and Innovations About Restoration 
and Reconstruction After Limb Salvage for Severe Blast-
Related Limb Injury

Findings 

Current evidence comparing various surgical approaches to limb sal-
vage for blast-related limb injury is preliminary at best.

Recommendations

As new salvage techniques are introduced, we recommend that a series 
of a large, multicenter trials enrolling civilians is instituted. Depend-
ing on the military tempo of combat operations occurring in parallel 
with these studies, it might be possible to include patients with high-
energy sources of severe limb injuries from both military and civilian 
populations. This multicenter approach will maximize the likelihood 
of enrolling enough patients to obtain adequate statistical power to 
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identify clinically important differences in outcomes when comparing 
treatment strategies.

Review Evidence and Innovations About Rehabilitation, 
Reintegration, and Recovery After Limb Salvage for 
Severe Blast-Related Limb Injury

Findings 

The most underdeveloped area of empirical research we reviewed per-
tained to rehabilitative approaches for the care of blast-injured patients 
with severe limb injuries. Promising programs have been identified 
(e.g., RTR program, dynamic AFO device), but more-robust efforts 
to codify and empirically evaluate these complex interventions and 
emerging technologies are needed. Studies evaluating an early and uni-
versal application of a dynamic AFO to the at-risk limb-salvage patient 
are needed to better determine the efficacy and clinical impact of the 
modern orthotic.

Recommendations

We recommend researching complex multidisciplinary rehabilitation 
and reintegration strategies to support service members and their care-
givers in achieving recovery and possibly a return to military service. 
We recommend—similar to the research strategies for limb-salvage 
and reconstruction interventions in our third recommendation—
codification of complex rehabilitative interventions for limb-salvage 
patients and exploration of the feasibility, important outcomes, assess-
ments of intervention fidelity, and specific randomized designs that are 
most appropriate for studying the effectiveness of complex rehabilita-
tive strategies. As for limb-salvage interventions (see the third recom-
mendation), we recommend that a series of a large multicenter trials 
enrolling civilians be instituted. Again, it might be possible to include 
patients with high-energy sources of severe limb injuries from both 
military and civilian populations, but in the absence of military or VA 
opportunities to recruit participants, civilian rehabilitative care can-



Discussion and Recommendations    33

didates with previous high-energy limb trauma injuries may provide 
reasonably generalizable results.

Rehabilitative psychosocial interventions that reduce service mem-
bers’ suffering from chronic pain, persistent sleep disorders, PTSD, 
anxiety, and related consequences of these injuries—consequences that 
can drive reductions in post-injury functioning—are essential, in addi-
tion to development and use of validated measures on limb strength, 
performance, and function. 
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During the conflicts in Iraq and Afghanistan, there have been changes 

in the mechanism, severity, and complexity of injuries from improvised 

explosive devices—changes that have resulted in a higher incidence 

of combat-related traumatic injuries. Battlefield medical advances 

and improvements in protective equipment have resulted in a greater 

proportion of blast-exposed service members surviving their severe 

injuries, and progress in surgical reconstruction and rehabilitation has 

resulted in an increased medical capacity to salvage limbs. Collectively, 

these developments have led to important questions about when to 

emphasize limb salvage over other treatment options, most notably 

amputation, for individuals with severe blast-related limb injuries.

To better understand limb salvage and recovery after severe blast-

related injury, the authors conducted a literature review of recent 

research on the topic. They considered completed research addressing 

one or more of four objectives: (1) injury epidemiology and outcomes; 

(2) the clinical decision to salvage the limb; (3) the process of limb 

restoration and reconstruction; and (4) rehabilitation, reintegration, and 

recovery strategies. They found that although there is a vast literature 

on limb salvage, there is limited research on military blast-related limb 

salvage. The authors make several recommendations related to future 

research into limb salvage and recovery after severe blast injury.
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