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Alex Lerner and Michael Soudry have produced an outstanding textbook that we all 
wish we did not need. Armed Conflict Injuries to the Extremities  provides a compre-
hensive approach to the treatment of the complex injuries that are encountered in 
areas of military conflict. Drs. Lerner and Soudry live in an area in which military 
conflict has provided a steady flow of both injured soldiers and civilians for many 
years. This has provided them and their colleagues with experience in the treatment 
of these complex injuries that should be shared with all orthopaedic surgeons and 
traumatologists who care for these injuries.

The authors have brought together a group of contributors who are the interna-
tional authorities in this field of severe trauma and its sequelae. The vast majority of 
contributors work at Level One trauma centers around the world. The content of this 
text addresses all aspects of care beginning with the organization of medical care 
when faced with mass casualties. Topics related to wound ballistics, anesthesia, 
transfusion principles in combat trauma, and the use of diagnostic imaging are 
focused and informative. The increasingly important principles of damage control 
orthopaedics, meticulous attention to initial soft tissue debridement, and the evalua-
tion of vascular trauma and primary fracture stabilization are covered in necessary 
detail. Additional topics related to prophylaxis of wound infections, evaluation and 
treatment of peripheral nerve injuries, and techniques to cover soft tissue defects 
provide the reader with the essential principles of management. The use of internal 
and external fixation for definitive bone reconstruction, particularly in the setting of 
severe bone loss, provides a guide for the management of these challenging injuries. 
The ever-present debate of limb salvage versus amputation is addressed as are the 
principles of amputation surgery. And, of course, complications of these injuries, 
including delayed unions, non-unions, and osteomyelitis, are discussed in equally 
impressive detail.

The authors utilize excellent illustrations and figures to further enhance the prin-
ciples emphasized in the text. Overall, the reader is provided with a clear and com-
prehensive roadmap for the treatment of these injuries. This text can certainly serve 
as a manual for orthopaedic surgeons involved in caring for patients injured as a 
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viii Foreword

result of military conflict. I congratulate Drs. Lerner and Soudry for producing an 
outstanding contribution to assist orthopaedic surgeons in the care they provide for 
these difficult and challenging problems. There is no doubt that the information con-
tained in this textbook will benefit the many caregivers involved, but most impor-
tantly, the patients who require care.

New York, NY, USA Joseph D. Zuckerman, M.D.  
Professor and Chairman  

NYU Hospital for Joint Diseases  
Department of Orthopaedic Surgery
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Throughout the long history of military medicine, the advances in the treatment of 
combat casualties paralleled the development of weapons and their destructive prop-
erties. The diversity and gravity of tissue damage depend primarily on the released 
energy. The use of modern high-velocity military weapons with high-energy poten-
tial results in more deep tissue damage than that caused by military weapons used in 
previous wars. The severe bone and soft tissue loss in patients from modern local war 
conflicts and terrorist activities requires special and specific approaches and methods 
of management.

Modern approach of such extensive damage, especially in the management of the 
limbs involved, requires an appropriative treatment protocol, based on the staging 
principles of damage control surgery.

Extensive experience of military medical personnel in different modern local mili-
tary conflicts allowed the implementation of new protocols in each area of treatment 
including the general stabilization of patients, anesthesia, fluid and bleeding control, 
and infection prevention.

Simultaneous long-term complex reconstructive operations performed in the acute 
period immediately after the injury event (“first hit”) prove to be deleterious as a new 
significant additional traumatic factor (“second hit”) exacerbates both the general 
condition of the patient and the local status of the injured limb. The focus of this book 
is staged treatment protocol based on damage control principles.

At present, routes of patients’ evacuation from the battlefield to definitive care 
involve a number of echelons of medical care, while at each stage treatment proce-
dures are carried out by different medical groups. Thus, in some patients this results 
in an interruption in the continuity of the complex treatment process.

This book presents an organized, comprehensive approach to war injuries to the 
limbs and summarizes the authors’ accumulated experience in the complex treatment 
of severe combat injuries to the limbs. We gathered a multidisciplinary international 
team of authors with diverse experience in different fields and aspects of the treatment 
of such challenging injuries. However, most of the chapters are presented by Israeli 
authors. Due to the difficult local geopolitical conditions, vast experience in the treat-
ment of severe war injuries to the musculoskeletal system is gained. The reality here 
is different from wars in other war arenas since the small size of the country permits 
a quick medical evacuation of the battlefield casualties to modern trauma centers 
within the first hours after injury events. This factor coupled with quality resuscita-
tion, effective general stabilization at the site of injury and during rapid transport, and 
modern medical equipment allows the saving of the lives of a large number of patients 
with multiple injuries, particularly those with severe trauma to extremities.
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However, management of these patients is performed using a single predetermined 
plan and under the permanent control of the same reconstructive medicine specialists, 
starting from the early stages of treatment until the final surgical reconstruction. 
Moreover, even after discharge from the hospital, most of these patients who posed a 
surgical challenge continued rehabilitation treatment under the guidance of the oper-
ating surgeon with continuous outpatient follow-up at the same trauma center. This 
not only facilitates the entire treatment process using a single predetermined plan and 
under unified supervision but also allows observing the treatment’s results and, if 
necessary, to make all timely needed adjustments and corrections. This unique situa-
tion allows exercising the healing process in all its phases, starting from the first 
hours after the injury, observing and studying its results, developing an optimal treat-
ment plan and recommendations for the management of these complex surgical 
patients, and providing necessary instructions and treatment protocols.

The staged treatment protocol, based on the minimally invasive methods of surgi-
cal fixation and the biological principles of tissue reconstruction by distraction tissue 
genesis using the versatile Ilizarov technique, permits the reconstruction of severely 
injured limbs and at the same time prevents and avoids serious complications.

We hope that this book will be helpful to orthopaedic, trauma, and military sur-
geons treating severe high-energy limb trauma, especially limb salvage in severe war 
injuries, and also elective limb reconstruction surgery and rehabilitation. We dedicate 
this book to our patients without whose courage, fortitude, and motivation to be reha-
bilitated our attempts would not have been successful.

Zefat, Israel Alexander Lerner
Haifa, Israel Michael Soudry
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1.1   Introduction

Modern armed conflict is notable in that the violence of 
today’s weaponry and the profound severity of wounds 
create frequent situations in which trauma care providers 
are faced with situations that severely strain available 
resources. When those resources are strained beyond 
existing capacity to treat the sheer volume of wounded, 
the event becomes a mass casualty incident. This chapter 
addresses the organization of urgent medical aid for 
trauma, primarily in the military setting. However, the 
concepts and application are readily applicable to civilian 
settings, and the intent is to outline key aspects of a suc-
cessful system for the spectrum of urgent medical care 
for the individual as well as the mass casualty event.

In consideration of the factors related to organiza-
tion for care of urgent trauma patients, a continuum 
ranges from the solitary severely wounded patient, 
where every available resource may be utilized to pre-
serve life and function, to the mass casualty situation, 
where the high numbers of injured overwhelm avail-
able resources. Modern military medical facilities  
and many civilian hospitals have adopted models of 

successful organizations and health systems directed 
toward a regional response to a massive terrorist event 
or natural disaster. We will also address individual con-
siderations of triage and initial assessment of the imme-
diate care patients. Recent armed conflicts internationally 
have focused on awareness of the requirement for not 
only military but civilian facilities and care providers to 
understand and be confident in addressing these poten-
tially chaotic conditions. The focus in these events, 
where resources are constrained or overwhelmed, 
becomes that of preserving the most lives and doing the 
most good for the highest number of patients [1].

1.2  Surge Capacity

The organizational structure for any center with poten-
tial for management of multiple casualties in rapid 
sequence or simultaneously is essentially identical for 
military or civilians. In Israel, where there are no fixed 
military hospitals, a strategic national approach has 
been quite effective [2]. This system is based upon 
preservation of hospital surge capacity, a concept that 
must be defined clearly and completely before other 
considerations are discussed. When a hospital is func-
tioning at a typical or normal tempo, the ability to react 
to unexpected urgent requirements has been termed 
surge capacity. In order to remain relevant to surge, the 
hospital must balance successful utilization and the 
business of medicine, while retaining a reserve. 
Historically, there has been no clear consensus on the 
definition of surge capacity, but the concept has been 
well described in a recent paper by Hicks et al. [3, 4]. 
They describe four interrelated resources that abso-
lutely require attention in planning and execution. 
Those are simply system, space, staff, and supplies. 
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Further examination into these areas yields thresholds 
of capacity to include conventional, contingency, and 
crisis. Conventional capacity refers to the hospital’s 
daily workload and their normal functions that are car-
ried on without modification of routine practices. 
Contingency capacity requires temporary expansion 
into existing space, staffing models, and logistics for 
mass casualty management, but can generally be sus-
tained within the existing system. Finally, crisis capac-
ity requires that routine hospital systems and all usual 
practice patterns are diverted toward sustainment and 
execution of the hospital wide emergency operating 
plan. In other words, every resource becomes commit-
ted to the care of the injured delivered to that facility. 
Sustainment generally requires outside support. The 
Israeli national system has identified several factors 
that are critical to success (Table 1.1).

Without a surge capacity, any hospital facing recep-
tion of multiple urgent casualties is ineffective. These 
guidelines present a validated list of priorities to enable 
the facility to be prepared. Preparation, however, only 
begins with development and maintenance of surge 
capacity. Additional factors often dictate the effectiveness 
once reception has begun. The resources available are 
critical, and include broad categories of logistic supply – 
blood products, ventilators, surgical equipment, and 
capacity to reprocess sterile material; space; personnel, 
and their training or level of preparation; communication 
capabilities; information technology systems; and medi-
cal records. Command and Control of the facility, entry 
access to the hospital, and security for both patients and 
hospital personnel are additional keys to success.

Any aspect of operating the facility may become 
the constrained resource, and therefore all sections of 
the organization play a critical role in preparation, exe-
cution, and recovery [5–7]. Additional factors in orga-
nization require confident leadership; continuing 
training; being alert to the potential contamination of 
patients or even the treatment facility with hazardous 
material [8]; expanded mortuary affairs facilities; and 
information technology and medical records [9]. 
Finally, planning requires consideration for rapid 
recruitment of external resources (personnel, space, 
and equipment) and hospital staff support in the con-
text of sustainment, rest cycles, emotional protection/
resiliency. Many civilian trauma centers never experi-
ence a mass casualty incident, and very few care pro-
viders will ever participate in multiple events. These 
are stressful and life changing and consideration of the 
personal impact on the hospital staff is an extremely 

important area when the team faces these situations on 
a recurrent basis.

1.3  Leadership

Leadership is the paramount factor that influences the 
outcome of an event. When the leader is strong, the 
organization yields to the direction and confidence of 
the leader. In the absence of a strong leader, a well 

 1.  Nationally coordinate resources – central authority for 
defining and enforcing policies; ensuring sufficient 
equipment, supplies, and stockpiles are prepositioned

 2.  Establish goals – for each facility’s surge capacity

 3.  Prepare standard procedures – supplies, leadership, 
communication

 4.  Continually monitor surge capacity – daily reporting 
bed, ICU occupancy, critical resource availability 
including ventilators, CT scanners

 5.  Design expandable facilities – prepare nonstandard 
patient areas for contingencies- medical gas, ventilation, 
power supply

 6.  Avoid emergency department overcrowding – rapid 
throughput

 7.  Promptly clear EDs – immediate dispositions on 
notification

 8.  Augment medical workforce – maintain current staffing 
rosters, contact information, communication plans, and 
reporting centers

 9.  Designate an adjoining site for minimal injury patients

10.  Distribute severely injured casualties among several 
hospitals

11.  Assign an EMS liaison to each receiving hospital – direct 
link to hospital leadership to transmit numbers, types, 
arrivals of injured patients, and relay capacity

12.  Designate a triage hospital – if the closest hospital is 
overwhelmed, it stops admitting and begins triaging to 
other facilities; focus changes to stabilizing and 
transport

13.  Frequently conduct rigorous full scale drills – annual 
full-scale exercise to include surgery times, resource 
elimination, security, and possible Weapons of Mass 
Destruction involving nuclear, biologic, and chemical 
hazards. Mandatory after action reviews

14.  Continually maintain surge capacity – establish balance 
between economic and cultural barriers; create 
incentives for hospital preparedness

Table 1.1 Israeli Surge Capacity Essential Tasks [2]
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defined organizational structure can preserve the insti-
tution until a leader emerges. At the bedside level, a 
well trained and confident trauma treatment team begins 
with the team leader, most often an emergency physi-
cian or surgeon. The team includes an airway expert; 
one or two medics who establish IV access; a procedure 
expert, addressing chest tubes, arterial access, and more 
difficult intravenous access; and a medical recorder 
(Fig. 1.1) The US military trauma training centers train 
personnel based on this concept and practice routinely 
in order to develop a spirit that fosters cooperation, 
communication, confidence, and competence [10]. As 
the scope of an event escalates, the leadership within 
the trauma department becomes another key to organiz-
ing what may rapidly devolve into chaos [11, 12]. Issues 
such as direction of traffic flow, communication, and 
accountability of patients require a central command 
location, where the leadership manages this operating 
picture. Many centers identify an external triage officer, 
directing priorities of patients into various areas of the 
hospital, and a surgical or internal triage within the 
emergency department. This individual maintains situ-
ational awareness of definite urgent surgical patients 
and the tentative order of priority into a surgical suite or 
bed. The surgical priority officer will also work with 

overall hospital leadership to prioritize assets like the 
Computerized Tomography (CT) scanner or ICU beds 
for postoperative patients. At the hospital level, the 
Incident Command System provides a logical and uni-
versally consistent model that will be described in detail 
shortly. Outcomes ultimately depend on leadership at 
every level and empowerment of every person involved, 
with constant training, frequent rehearsals, and consis-
tent after-action reviews to improve the process. Clear 
lines of communication and unity of the decision mak-
ing process are critical and must be understood by all 
members of the team (Photo 1.1).

The trauma team organization addresses single patient 
resuscitation, while the hospital leadership addresses fac-
tors affecting multiple patients, the entire hospital staff, as 
well as the external entities also impacted. In the United 
States Military, highly High mobile Forward Surgical 
Teams or FSTs, are surgical teams are designed to travel 
with combat units, or shortly behind, with the mission 
to provide far-forward trauma life support and damage 
control resuscitation or surgery. The civilian counterparts 
to this is are the International Medical-Surgical Teams, 
or IMSuRTs [5, 12, 13]. These teams are fairly similar in 
size, capability, and function. Consisting of 30 personnel, 
the IMSuRTs can be deployed worldwide in support of 
contingencies including trauma, burns, blasts, and natu-
ral disasters, such as the recent earthquake in Haiti. These 
teams can augment existing facilities or provide crisis and 
contingency management when existing infrastructure 
is eliminated by the event. Neither the IMSuRT nor the 
Forward Surgical Team is capable of sustained indepen-
dent surgical or critical care operations without external 
support. These teams include the commander and deputy 
and experts in trauma and orthopedic surgery; emergency 
medicine; anesthesia and critical care specialists; respira-
tory therapist; registered nurses trained in emergency care, 
operating rooms and critical care; as well as paramedics 
and logistics staff [5, 13]. Above these mobile teams, the 
organization of medical facilities capable of providing 
level III definitive care are major trauma centers, with 
intensive care units, advanced radiographic imaging 
capabilities, blood bank, and major surgical resuscitation. 
Each national military has its own specific organizational 
structure, and each branch of service within the United 
States military has distinct compositions. The critical 
components, however, all include competent surgical, 
emergency medical, critical care physicians, nurses and 
technicians, as well as intrinsic laboratory, radiology, and 
pharmacy sections that actively participate in the direct 
care. The requirements for blood mandates that this area 

Fig. 1.1 The standard trauma team organization – medics estab-
lish IV access, vital signs, assist surgeons or airway; team leader 
and recorder run surveys from foot of bed; airway management 
by emergency physician or anesthesia provider

Medic #1

Procedure
provider

Medic #2

Orthopaedic
surgeon

Recorder / RNTeam leader

Airway Doctor
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receives direct attention from the hospital command.  
In the event that requirements necessitate fresh whole 
blood drives, two way communication between the senior 
hospital leadership, the remote supply units charged 
with maintainting stock levels, and supporting units is 
vital. The requirements for blood mandate that this area 
receives direct attention from the hospital command, 
and two-way communications with the senior hospital 
leadership, the remote supply units charged with main-
taining stock levels, and supporting units, in the event of 
requirement for fresh whole blood drives, a topic to be 
discussed later. The command group includes the senior 
physician or chief of hospital professional services, the 
senior nurse, and chief of logistics. This  element must 
be geographically situated in an area where visibility 
and communications of any event and  minute-by-minute 
tracking of resources, patients, and available personnel 
are directly fed into the command center. Within these, 
the organization is similar to fixed civilian facilities. The 
difference is primarily in the expectation in a military 
unit that the mass casualty incident will happen at any 
moment, and it often does.

1.4  Hospital Incident Command System

In order to establish effective control, there must be 
a clear hierarchy within the decision-makers. A well 
practiced and validated system, known as the Incident 

Command System, or HICS, has been implemented 
within many civilian as well as military facilities  
[7, 11–14]. HICS represents an organizational struc-
ture, not a specific disaster plan. It should be flexible 
and adaptable to varying situations, capabilities, and 
nature of the event. This system establishes key leaders 
in the broad areas of operations, administration, plan-
ning, and logistics who all answer to a single incident 
commander [13]. This Incident Commander may be 
in charge of the disaster site, or the emergency depart-
ment, and represents unity of authority within the 
receiving hospital. The Operations Chief is responsi-
ble for execution of all tactical operations. In the mass 
casualty, this includes scene or hospital security, tri-
age, evacuation, and within the hospital- treatment and 
mapping of the various collection areas. The Planning 
Chief is responsible for preparation of actual con-
tingency plans, training and after action revisions of 
plans. This section should have a plan for everything 
from personnel protection to specific contingencies 
for anticipated disasters. The Planning Chief devel-
ops the comprehensive detail of event management 
from alerting hospital staff to providing protection of 
patients, hospital personnel and facilities or expanded 
mortuary services. Communication with neighboring 
units to provide additional personnel support, power 
generation, or nonstandard evacuation resources [11]. 
Planning should also include forging relationships 
with every possible source of assistance or support. 
The challenge is to forecast the need, to establish 

Photo 1.1 Trauma team 
focuses on initial airway 
management, resuscitation 
access, and primary survey, 
while team leader observes 
and directs interventions, and 
recorder maintains details of 
surveys and treatment
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communication, to develop relationships, and to forge 
agreements in advance of a crisis [11].

The Logistics section is critical to bolster diminish-
ing supplies or resources during the execution of an 
event and maintenance of resources beforehand. In the 
austere environment of contemporary armed conflict, 
nothing can be taken for granted. Power generation of 
electricity and medical gases, environmental control to 
patient areas or even to prevent overheating of medical 
equipment such as CT scanners become critical when 
degraded.  In these enviornments, resupply is often 
addressed in terms of weeks rather than hours for sur-
gical equipment, blood, or evacuation assets.

Less critical in military settings, but important in 
extension of civilian resources, the financial or admin-
istration chief handles costs, payments, and collections 
from an event.

1.5  Blood Product Management 
and Planning

Blood product management is one critical resource in 
every situation, from a single event to the worst mass 
casualty. Not infrequently, allocation in a massive 
transfusion protocol for a single patient in extremis 
can result in loss of other subsequent lives potentially 
savable. Commitment of blood products is important 
in the discussion of the organization, as this becomes 
a significant resource. Between 1975 and 2006, there 
had only been five disasters in the United States in 
which more than 100 units of blood were transfused, 
yet the potential is constantly present [15]. In contrast, 
deployed hospitals routinely transfuse at substantially 
higher rates, indicating the difference in injury pat-
terns with armed conflict. In deployments supporting 
Warriors, procurement and handling of blood products 
is managed at the highest levels of the health care sys-
tem, as an indication of the product importance. As high 
as 20% of combat casualties from Iraq and Afghanistan 
require blood transfusion and 7% will require massive 
transfusion exceeding 10 units of red blood cells in 24 
h [16–18]. Soffer et al. [19]. analyzed blood product 
utilization during 18 consecutive terrorist attacks in 
Israel with the goal of predicting resource require-
ments related to patient volume and severity of their 
injuries. These researchers described the packed cells 
per patient index (PPI). The group observed that the 

units of packed red blood cells (PRBC) transfused per 
patient were related to incident size. Smaller incidents, 
defined as less than 25 evacuated casualties averaged 
a PPI of 0.7 and larger incidents resulted in average 
PPI of 1.5. Half of the units of PRBCs were required 
in the first 2 h after the incident. An initial analysis 
of data from a single combat support hospital (CSH) 
data supported this concept. Beekley and coworkers 
noted a 22% transfusion rate for all evacuated casual-
ties during mass casualty incidents, and 4.2% requir-
ing massive transfusion [16]. The similarity of findings 
between these two studies led to a conclusion that the 
number of casualties triaged to receive urgent hospital 
care, in the face of effective scene triage, may provide 
a baseline estimate of blood requirements. It is impor-
tant to recognize the requirements for blood early, and 
anticipate resupply quickly.

1.6  Communication/Information 
Systems

A comprehensive discourse on organization of urgent 
medical aid requires detail on the critical role of com-
munications and information technology within the 
hospital. Here, civilian facilities may be at a signifi-
cant disadvantage, due to the association of military 
units with robust field communications networks. 
Regardless of scope of care, there is always a need to 
recall physicians and associated health care providers 
to render aid. Communications, therefore impacts 
direct links with physicians, internal communications 
between hospital sections and the leadership, and 
external links with evacuation resources, security ele-
ments, on-scene responders and triage officers, as well 
supporting elements and the public.

Effective planning and execution of communica-
tions for contingencies and mass casualty incidents 
mandates reliable systems and redundancy in these 
systems. The scope of reliability ranges from messen-
ger – the most effective and secure – to wired tele-
phones to radio, including hand-held walkie-talkie 
style devices, and cell phones and two-way pagers, 
now popular in many civilian organizations.

A recent study of a major US civilian center dem-
onstrated inadequate transmission and ineffective 
return communication or timely response in 48% of 
providers by cell phone and 22% by short message 
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signal (text messaging) [20]. The conclusions of this 
study were that alternative forms of communication 
are preferable. In military settings, use of cell phones 
and other wireless methods carries additional risk of 
breaches in security. The most secure method is by 
conventional land telephone, and this mode does not 
require power to continue. Within a hospital, where 
decision-makers may be mobile during the course of a 
major event, radio transmissions via handhelds works 
very well, with reasonable range. The use of human 
messengers is an excellent application of a labor pool, 
if people are available, and this can be extended to 
external communications as well when interacting 
with neighboring military units, or other facilities in 
the event of power or infrastructure failure.

One very important aspect of communications rests 
with the release of information to the public. Family 
members, municipal organizations, volunteers, and 
media all have varying needs to be met. A Public 
Information Officer, identified beforehand, and trained 
on techniques to release appropriate information, in a 
sensitive and factual manner is extremely valuable in 
these situations. As a hospital trains and practices in 
crisis management, so can a Public Information Officer. 
In any event, the information provided to outside par-
ties must respect individual patient privacy, yet strive 
to positively identify the casualties; to protect the hos-
pital staff and facilities; and remain as consistent as 
possible in a very fluid environment. This conveys 
confidence, and therefore gains trust within the com-
munity or region.

The advent of electronic medical records, and 
computerized information technology in urgent medi-
cal treatment has advanced the sophistication, and 
reliability of record retrieval. Whether the existing 
systems improve patient care in the mass casualty situ-
ation remains unanswered. Access to terminals when 
resources are overwhelmed has the potential for addi-
tional complexity. Reliable recordkeeping is best done 
at the bedside, as events are occurring in extremely 
rapid sequence. Regardless of the electronic support 
for a particular facility, training and familiarity with 
these systems is mandatory, and as in spoken commu-
nication, redundancy of distinct systems is critical.

The last aspect of communications that is important 
in this area involves the training and appraisal process 
following events. The After Action Review is a dia-
logue of staff and leadership that shapes future 
responses to such incidents. These are incredibly 

important, and equally important to involve all who 
had a role in the event. An open forum, permitting 
people at all levels of the organization to contribute is 
ideal, and in large events is best to conduct by sections 
initially, following resumption of normal activities, but 
before surge personnel depart. The emergency depart-
ment may conduct their AAR hours before the surgical 
section or intensive care units. Regardless of approach, 
the opportunity to remodel previous plans, improve 
major care processes, as well as to decompress much 
of the energy and frustration that may linger is essen-
tial to sustained well being of the group or section or 
even the hospital.

1.7  Characterization of Injuries

One important recent study reported on the activity 
of a large military hospital supporting high intensity 
stability operations over a 1 year period. The authors 
analyzed all activity for that year, and defined a mass 
casualty event as a single episode or multiple simul-
taneous events precipitating a surge in trauma resus-
citations by more than one standard deviation above 
the mean daily emergency department admissions. 
The hospital responded to 25 mass casualty events, of 
which 10 (40%) were from mortar attacks, 7 (28%) 
were associated with an explosive device, and 8 (32%) 
occurred as a result of combined explosions and gun-
fire [16]. Out of 539 patients treated in 26 collected 
events, 415 of these patients (77%) required opera-
tion. Wound excision was the most common surgery 
performed, in 168 (41%); laparotomy was second, 
performed in 76 (18%); and extremity amputation or 
fracture stabilization in 64 (15%) of the 415 patients 
managed surgically [16]. This pattern of wounding and 
the subsequent strain on resources becomes the single 
greatest factor in planning for surgical capacity. In con-
trast, reports from recent events not related to explo-
sions demonstrate major impact on other resources, 
but globally lower injury severity, and clearly less sur-
gical requirement. As an example, the bridge collapse 
in Minneapolis Minnesota, in the United States in 2007 
resulted in far lower surgical response [21]. In that sig-
nificant natural disaster, 127 people were injured, and 
on-scene triage resulted in emergent medical transport 
of 50 patients to receiving hospitals, and 33 additional 
self-referrals over then initial 24 hours following the 
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event. Sixteen of the 25 patients transported to the 
major trauma center had an average Injury Severity 
Score of 17 and required admission. This amounted 
to 13% admission rates and approximately half of 
these requiring surgeries. Similarly, analysis of the 
London bombings of July 2005 demonstrated that of 
775 injured people, 55 were severely injured, and 17 
required surgery [15]. They did not report injury sever-
ity scores, but in this confined space explosion event, 
30% of severely injured required surgery, although this 
amounted to 3% of the total injured. Among this large 
group, wound debridement (15) was the most common 
surgery, followed by lower limb amputation (11) and 
then laparotomy in five patients. Of the 58 total opera-
tions, 37 of these were extremity injuries accounting 
for 64% of surgeries. Also of note, in the resuscitation 
of these 55 patients, 264 units of blood products were 
transfused over the first 15 h. This utilization was only 
slightly higher than an average daily use.

1.8  Triage

Modern casualty evaluation, treatment, and evacuation 
(in civilian and peacetime military and combat sce-
narios) have become so immediate and efficient that a 
mass casualty situation can result at the receiving med-
ical treatment facility (Fig. 1.2) [23–40].

A mass casualty situation occurs when the number 
of casualties exceeds the medical treatment capabili-
ties available (medical personnel, supplies, or trans-
portation/evacuation assets). Triage – from the French 
trier (to sort) – is a casualty management system/pro-
cess for sorting a large number of injured personnel on 
the basis of where resources can be best used, are most 
needed, and/or are most likely to achieve success [41]. 
Triage is a dynamic patient care process that occurs, 
and is repeated, at every entry and egress point in the 
evacuation chain.

Unlike civilian trauma, military trauma (especially 
combat trauma) is predominantly multicasualty due to 

a mixture of blast and/or penetrating injuries affecting 
multiple organ system [24, 28–31, 36]. The ultimate 
goal of military medicine is to preserve life, limb, and 
eyesight while simultaneously returning the greatest 
number to combat. Situations where the decision needs 
to be made with regard to withholding or curtailing 
care to a wounded individual who in another setting 
may be salvaged, are rare in civilian and peacetime 
military trauma settings. This is, however, the essence 
of combat triage [41].

1.8.1  Triage – A Brief History

Napoleon’s surgeon, Baron Dominique-Jean Larrey, is 
often credited with establishing the ambulance corps, 
as well as, the modern battlefield triage system that set 
the priorities for evacuation [42]. During Napoleonic 
warfare; the larger force was often victorious. Hence, 
the highest priority patients were the ones that could 
be returned to duty quickly. Often, the severely 
wounded were left on the battlefield until the conclu-
sion of the battle. Larrey altered the established pattern 
of the times by going forward with his ambulances to 
evacuate the wounded who could potentially survive 
with surgical care (often amputations) [42].

During the U.S. Civil War, Charles Tripler and 
Jonathan Letterman further developed Larrey’s princi-
ples by formally establishing a military ambulance ser-
vice and forward aid stations. In the beginning of the 
war, wounded soldiers were often cleared from the 
battlefield after the fight, while medics rapidly returned 
the less seriously wounded back to their units to con-
tinue fighting. At First Manassas in 1861, it took nearly 
a week to get the 5,000 dead and injured soldiers off the 
field [43]. Tripler and Letterman formed teams of dedi-
cated personnel to go forward and retrieve casualties 
who could benefit from the emergent treatments of the 
times with success. Following the 7 Days Battle that 
ended the Peninsular Campaign in July of 1862, the 
ambulance corps was established by U.S. Army Special 

Operation

Enduring Freedom

Total

Iraqi Freedom

Timeframe

7 October 2001– 5 September 2009

7 October 2001–1 October 2009

19 March 2003 – 1 October 2009

Deaths

812

5,141

4,329

Wounded

3,896

35,390

31,494

Total

4,708

40,531

35,823

Fig. 1.2 Total casualties 
from Operations Enduring 
and Iraqi Freedom [22]
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Order 147 in August 1862. At Antietam in 1862, with 
about 23,000 dead and wounded, all the casualties were 
removed from the battlefield in 24 hours [44]. 
Letterman’s refinement of Tripler’s model of casualty 
management became the standard for the Union Army 
by an act of Congress in March 1864 [45–47].

Early in the twentieth century, technological revo-
lutions in warfare (machine guns, chemical and trench 
warfare) outpaced evolutions in medicine – as well as 
the ability to care for casualties. During WWI, casu-
alties in the thousands quickly overwhelmed the capa-
bilities of hospitals designed with capabilities in the 
hundreds capabilities in the hundreds. WWII with its 
global nature and warfare advancements such as tanks 
and air support stretched the capabilities of the medical 
system, especially transport of the wounded. With the 
advent of aeromedical transportation during the Korean 
War, the transportation times decreased from 12 to 28 
h in WWII to 4 h in Korea to less than 2 h in Operation 
Iraqi Freedom [33, 46]. The more efficient evacuation 
system necessitated a changed to the thinking in bat-
tlefield casualty care – from buddy care in WWII to 
standardized prehospital battlefield trauma care in the 
current Global War on Terror (Fig. 1.3).

1.8.2  Tactical Combat Casualty Care 
and PHTLS in the Military

Care of trauma patients advanced significantly with 
the advent of Advanced Trauma Life Support (ATLS) 
in 1979. While ATLS was geared towards surgeons, 

movement toward education of prehospital emergency 
personnel began shortly after. Prehospital Trauma Life 
Support (PHTLS) was launched in 1984. In 1988, the 
department of defense began to train its medics in 
PHTLS coordinated by the Defense Medical Readiness 
Training Institute at Fort Sam Houston, Texas. However, 
the differences between civilian and peacetime military 
trauma (predominantly blunt trauma, robust resources, 
relatively low risk to care provider) and battlefield 
trauma (predominantly penetrating trauma, austere 
conditions, high-risk to care provider) slowly gained 
recognition [1, 28, 30, 36, 48]. The tactical combat 
casualty care (TCCC) project was begun in 1993 by 
the Naval Special Warfare Command and development 
continued under the U.S. Special Operations Command 
[27]. TCCC guidelines were incorporated into PHTLS 
training manuals in 1999 as a chapter in military medi-
cine. In 2001, the Army’s 91WB program standardized 
the training of over 58,000 Army medics to include 
PHTLS.

TCCC’s goals are to educate the combat medic on 
the interventions that would address preventable causes 
of death on the battlefield (massive external hemor-
rhage, airway obstruction, tension pneumothorax) until 
the tactical situation allows more comprehensive care. 
Typically, TCCC follows three major phases: Care 
under Fire, Tactical Field Care, and Tactical Evacuation 
Care (TACEVAC). TACEVAC was formerly known as 
Casualty Evacuation or CASEVAC. The effectiveness 
of TCCC is borne in the historically unprecedented 
low case fatality rate in GWOT [33] An unforeseen 
 second-order effect of more efficient prehospital battle-
field care is the increase in the died of wounds (DOW) 

GWOTVietnamWWII

15.8%

9.4%

Case fatality rate

19.1%

U.S.Civil
War

WWI WWII Korea Vietnam GWOT

14.0%

4.0% 3.5%
2.4% 3.2%

4.8%

Died of wounds rate

Fig. 1.3 Died of Wounds (DOW) rate is the number of all deaths 
that occur after reaching a medical facility minus the patients who 
are returned to duty. The Case Fatality (CFR) rate is measure of the 

overall lethality of the battlefield for all wounded. While the CFR 
has steadily declined since WWII, the DOW has increased reflect-
ing the advanced in pre-hospital battlefield care [25, 26, 46]
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rate, as the casualties that would have been classified 
as killed in action (KIA) in previous wars are surviving 
initial evacuation and succumbing to their injuries after 
arrival at the hospital (Fig. 1.4).

1.8.3  U.S. Military Triage  
and Underlying Principles

An exhaustive discussion of the philosophical princi-
ples as it relates to battlefield triage is beyond the scope 
of this chapter but a brief overview is presented. By 
definition, a true triage situation occurs when the num-
ber of patients exceeds a medical system’s capability 
to provide optimum treatment to all (i.e., lack of medi-
cal providers, transportation, or logistics). As practiced 
and codified by doctrine, U.S. Military triage fosters 
the core values of human life, health, efficient use of 
scarce resources, and fairness while disregarding sev-
eral prominent ethical values inherent to medicine such 
as autonomy and fidelity [49, 50]. The most important 
aspect of triage is that it requires strong leadership. At 

whatever level along the care chain it takes place, the 
triage officer must be decisive, as experienced as con-
ditions permit, and effective in communications [11]. 
An effective triage instills confidence in patients and 
care providers, as well as delivering a certain degree of 
order to the chaos of a mass casualty event.

Human life: The triage system inherently seeks to 
maximally protect human life. However, given the scar-
city of resources, the preservation of all human life is 
not the absolute goal. Many triage systems allow for the 
loss of an individual life in order to provide life-saving 
treatment to other patients in need if the first patient’s 
injuries are so severe that the chance of success is too 
low, or would otherwise consume too many resources 
at the expense of other patients (e.g., a single patient 
treatment would exhaust the entire blood supply of a 
treatment facility currently taking casualties).

Human health: While triage systems prioritize 
patients in need of immediate life-saving treatment, it 
also provides priority to patients in need of emergent or 
urgent treatment to restore or preserve function (i.e., 
the dysvascular limb). In theory, triage systems provide 
opportunity to meet patients’ needs for both life-saving 

Care under fire

Phase defined by reduction on direct threat to patient and medic but

Patient is revaluated and HABCs are addressed. H=Hemorrhage,

Typically only emergency measures are employed in this phase such

This phase is dynamic and threats can re-emerge.Dedicated efforts

such as CPR are not initiated in this phase.

as re-check of tourniquet, needle thoracotomy,and dressings.

still in a tactically unstable environment

A=Airway, B=Breathing, C=Circulation.

Phase defined by direct and/or ongoing threat to patient and medic

Aid is rendered quickly to address an immediate life threat.

Typically little more than placement of tourniquet and movement of

patient out of line of fire

Tactical field care

Tacevac (aka casevac)

Tactical combat casualty care phases

Phase defined by movement of patient out threat zone and towards

Patient is re-evaluated and dedicated care may proceed in this phase.

This may be continuation of care by the first responder to advanced

 route to the next echelon on care

medical/surgical procedures performed by dedicated medical crews en

definitive medical care

Fig. 1.4 Three main phases 
of Tactical Combat Casualty 
Care(TCCC) [1] TCCC’s 
advancement of pre-hospital 
battlefield care has been a 
major contributor to the low 
case fatality rate seen in 
GWOT
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and non-life-threatening treatment. However, the less 
urgent condition may need to wait until the more seri-
ously injured have been treated or evacuated – even at 
the risk of pain, complications, or poor outcomes.

Efficient resource utilization: The goal of any tri-
age system is to maximize the use of scarce resources 
to achieve the best overall outcome. Hence, the triage 
system may direct the use of resources towards 
patients whose needs are the greatest and who have 
the greatest chance of a benefiting from the treatment. 
It may simultaneously direct resources away from 
patients who are too severely injured to be success-
fully treated at the time or whose injuries are too 
minor. It is important to note that the triage process is 
a continuum that cycles until either all patients are 
treated or all available resources have been expended. 
Thus, the patient who was deemed mid-priority in the 
first triage cycle may become a high priority in the 
next cycle, or even mid-cycle should his/her condition 
deteriorate.

Fairness: An action is defined to be procedurally 
fair if it conforms to the rules governing the practice. 
Substantively, an action is fair if it conforms to an 
accepted standard. Because triage decisions are made 
according to established criteria and rules, they can be 
judged to be both procedurally and substantively fair.

Autonomy: Contemporary biomedical ethical theo-
ries, especially in U.S. health care systems, heavily 
values to the principle of autonomy. This principle 
emphasizes the patient’s right to make choices about 
their health care (i.e., their right to informed consent) 
as well as the physician’s right to accept patients as 
well refuse requests for harmful treatment. However, 
in emergency situations (where triage is most applica-
ble) expectations of autonomy are diminished by both 
the patient and the medical provider. The patient is 
assigned to a treatment category based on their condi-
tion without consultation or consent. The triage officer, 
in turn, must curtail their clinical autonomy and must 
conform to established criteria and assign patients to 
appropriate categories.

Fidelity: In the traditional physician-patient rela-
tionship, the physician has a responsibility to act in the 
best interest of the individual patient above self- interest 
and above the interest of others. In triage situations, 
however, the physician cannot pledge unqualified com-
mitment to any patient but must conform to the estab-
lished rules.

1.8.4  Triage – Practical Application

The responsibility for sorting critically ill patients, tri-
age, ultimately is a life or death decision. This role can-
not be relegated to the untrained or unprepared medical 
personnel. The ideal situation is that the most experi-
enced physician, preferably with a surgical background 
and trauma experience, takes this position at level III 
facilities, or the trauma hospital. The process is rapid, 
and delay in decision-making or to permit treatment, 
risks the lives of many. Decisions for each event will be 
predicated upon situational awareness of the available 
surge capacity, access to resources to include the CT 
scanner, the Operating Room, ventilators, or evacua-
tion to higher levels or secondary facilities [1, 32, 51]. 
In armed conflict, as occurred in Mosul Iraq with the 
Dining Facility explosion of December 2004, the triage 
may be performed under risk of incoming hostile fire. 
Additionally, weather and distance to nearby support 
facilities influence decisions (Photo 1.2).

As previously stated, triage is a dynamic process 
that is performed at many levels from the battlefield to 
the combat support hospital and throughout the evacu-
ation chain. Each patient’s status can and often does 
change. Resource availability is equally dynamic. Vital 
signs or level of consciousness can deteriorate, as well 
as obstructions of airways and failure of tourniquets, 
and these all may serve to alter the condition status [1]. 
The essential step in triage is the categorization pro-
cess. Traditionally, the triage categories follow the 
DIME mnemonic – Delayed, Immediate, Minimal and 
Expectant. In mass casualty situations where both 
medical and surgical patients are encountered, the cat-
egory of Urgent has been used to differentiate the 
patient in need of surgery, but who can wait several 
hours (Figs. 1.5 and 1.6) [12].

However, surgical units such as the forward surgical 
teams may find that the division of patients into the tra-
ditional categories of little benefit. For surgical units, 
the division of patients into emergent, non- emergent, 
and expectant may be more useful. In this model, the 
emergent category will comprise of Immediate (requir-
ing attention within the next 15 min) and Urgent (tem-
porarily stable but requiring intervention within the 
next few hours). Up to 20% of patients presenting to 
a surgical unit will require urgent surgery and fall into  
the emergent category [41]. The non-emergent category 
is comprised of the Delayed and Minimal patients. 
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These patients, while injured and requiring medical 
care, are without significant risk to life, limb, or eye-
sight and do not require the same level of care as the 
emergent group (Fig. 1.7).

The expectant category is the most controversial 
and the most emotionally challenging for medical per-
sonnel, especially the triage officer [41, 49, 50, 52]. 

The distinction between the most severely injured 
emergent patient and the expectant patient has been 
blurred by the success of TCCC [28, 31, 33]. In civil-
ian trauma centers with unlimited resources, this cat-
egory would receive immediate treatment. However, 
in combat situations with multiple casualties, the 
resources expended on a severely injured patient with 

Triage category Characteristics

Tension pneumothorax,

Dysvascular limb

Lacerations with controlled bleeding,
fractures of small bones

Penetrating head wounds

Mutilating explosive wounds involving
multiple anatomic sites

3rd degree burn > 60% TBSA

Large muscle wounds

Long bone fractures

Penetrating abdominal wound in a
hemoddynamically stable,alert patient

Wounds so extensive chance of survival unlikely
even with optimal medical resources

Relatively minor injuries that can be helped by
non-medical personnel

No risk to life or consequence if more definitive
care is not rendered quickly

Temporarily stable but requiring care within the
next few hours

Patient is at risk if treatment or transportation is
delayed unreasonably

Unstable and requiring attention in the next hour

Threat to life, limb or eyesight without prompt
intervention

Example

Immediate

Urgent

Delayed

Minimal

Expectant

Fig. 1.5 Standard military 
triage categories [26]

Photo 1.2 Triage officer and 
registration team for Mass 
casualty situation in US 
Combat Support Hospital. 
The surgeon is surrounded by 
medics and security team 
with critical care personnel 
standing by to escort 
immediate care patients into 
trauma bay to initiate 
resuscitation
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a low chance of survival may mean that a less severely 
injured patient with a high chance of survival will 
not receive treatment. This is a difficult decision for 
all concerned, but it is essential to remember that this 
is a risk shared by all military personnel in wartime 
and that the triage process is not static. The expectant 
patient may become the immediate patient at the next 
triage cycle dependent upon the tactical situation at the 
time. As always, prior planning, taking into account 
all the internal and external factors affecting the triage 
decision making process, is essential to mitigate these 
concerns (Fig. 1.8).

1.8.5  The Evacuation Chain

It is important to reiterate that the triage process is not 
synonymous with the treatment process, nor does it 
mean that treatment stops when a patient is placed into 
their respective treatment category. Treatment begins 
at the point of injury in the form of self care, buddy 
aid, or via the combat medic. A mini-triage should 
occur at the point of injury as the combat medic apply-
ing TCCC principles may elect to bypass a patient with 
an obvious penetrating head injury in favor of treating 
a conscious patient with active hemorrhage. At the 

ICRC Triage categories

Category I–Priority for surgery

Category II–No surgery

Category III–Can Wait for surgery

Patient requires surgery to save life, limb, or eyesight with good
chance of survival or satisfactory recovery

Patients who are so severely injured they are unlikely to survive

-OR-

Patients wounds do not need surgery

Patient who need surgery not emergently
Fig. 1.7 International 
Committee of the Red Cross 
triage categories [20, 26]

NBC enviornment

2. Must be segregated immediately

1. The ordinance poses a continuing threat to patient, medical
facility and personnel, and other patients

3. Requires special handling Explosives Ordinance Detachment
personnel

1. Medical care is same as friendly patients

2. Potential for “suicide bombers” poses threat to medical staff and
other patients

3. Must be thoroughly screened prior to movement into triage area

1.

2.

3.

Specially protected personnel may provide care to emergent
contaminated patients prior to decontamination as necessary

Must be segregated from other patients

Must be decontaminated prior to entering the main treatment are

The contaminant on these patients poses a threat to the
medical staff and other patients

4.

Special triage categories

Retained/unexploded
ordinance

Enemy prisoners of war

Fig. 1.6 Special triage 
categories specific to combat 
environments [26]
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Factors affecting the triage decision making process

Tactical  Situation

Must coordinate with line commanders during medical 
planning in order to facilitate information flow

Liaison with tactical operation force essential component of 
triage decision making process.

Information concerning how, when and where expended
internal supplies (medical and non-medical) are critical
elements to consider

Influences decision to treat or not treat individual casualties

This factors confounds triage decision making process more
than any other

PRE-MTF: The time from injury to evacuation to MTF most
critical. The shorter the time interval, the more complex the
decision making process sorting the most emergent from the
expectant.

MTF: Time on the operating table is usually the choke point.
Damage control concepts most applicable in triage situa-
tions. On-table triage and re-triage may be necessary.

Expeditious evacuation to the next available echelon of care
is the rule in order to preserve valuable local supplies. In
OIF and OEF, the average time from injury to evacuation out
of theater is less than 72-hours

Evacuation platforms may be land or air based.

Air based assets decrease transportation time and increase
the range but require more coordination and have more con-
straints.

Local availability of drugs, blood, surgical instruments, and
sterilization capability greatly limits the number of patients
that may be cared for at any one time. 

Prior coordination with MTF, local, and theater of operations
logistical system is necessary to ensure adequate and timely
resupply.

The availability of the treatment facility to evaluate, treat,
and hold patients affects triage categorization. The number
of OR tables, ER/WARD/ICU beds, and available diagnostic
capabilities such as X-ray and CT are important  planning
parameters. For instance, an MTF with an available CT
scanner should plan to receive more head injuries than an
MTF with only plain X-ray capability.

In the era of split operations for CSH and FSTs, the capabili-
ity of the professional staff takes on special significance.
The MTF with 2 OR tables but olny one available surgeon
and/or aesthesia provider is effectively as limited as an MTF
with only one OR table.

The emotional stability and sleep status are important con-
siderations. Casualities from tenant units can test the ability
of the staff to remain clinically detached and lead to emo-
tional instability. Likewise, 24−36 hours of continuous opera-
tions may subject the staff to fatique that may warrant diver-
sion of casualities to allow sufficient crew rest.

Triage is an emotionally challenging duty and best handled
by trained staff. However, in triage situations, the medical
staff are often diverted to direct patient care duties and the
triage officer are often allied health officers. The personal
impact of this duty, especially in sustained operations, can
not be overemphasized. Unit cohesion directly improves the
groups ability to tolerate stress. Stress management tech-
niques should  be employed as soon as possible and accord-
ing to individual and unit traditions/belief systems.

Logistics (Resupply)

Time

Evacuation Assets

Logistics (On-Hand)

Space / Capacity

Personnel

Stress

Internal

External

Fig. 1.8 Factors affecting the 
triage decision making 
process should be considered 
in the pre-mission medical 
planning process to mitigate 
the inevitable stress that 
occurs upon reception of  
casualties [5, 20, 26]
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casualty collection center, the patients will undergo the 
initial formal triage process. Once the patients have 
been categorized (whether the DIME-U or the emer-
gent/non-emergent/expectant system is used will be a 
unit specific decision), each individual patient category 

will undergo further categorization where the priorities 
for evacuation will be set (Figs. 1.9 and 1.10).

Military medicine is hierarchically set according  
to echelons, or levels of care; with the higher levels 
possessing increasingly robust capabilities [41]. A mass 

Priority 1

Priority 1a

Priority 2

Priority 3

Priority 4

Requires evacuation within 2 h

Requires evacuation within 4 h

Routine evacuation within 24 h

Requires evacuation to nearest facility with surgical capability within
2 h

Convenience

Military evacuation priority categories
Fig. 1.9 Military evacuation 
priorities. Once casualties 
have been categorized 
according to emergent/
non-emergent categories, 
they are then re-categorized 
for evacuation t o the next 
appropriate echelon on  
care [26]

Fig. 1.10 Military levels or NATO Roles of care utilized in the evacuation chain from Level 1- point of injury care to Level-5 
Tertiary care center in the continental US geographically closest to the patient’s social support network [26]

Military Levels of Care

Level/Role

I

Self-aid

Buddy aid

Combat Lifesaver

Combat Medic

Medical Companies

Support Battalions

Forward Surgical Teams (FST)

Combat Support Hospitals (CSH)

Field Hospitals (FH)

Landstuhl Regional Medical Center,

Germany

San Antonio Military Medical Center

Walter Reed National Military Medical 
Center

Naval Medical Center San Diego

Immediate life saving procedures, combat 
stress support, casualty collection, and
evacuation to supporting medical element

Emergency resuscitative procedures are
initiated or continued. Patients that can be
returned to duty within 24–72 hour are
held at this level

Patients unable to survive movement over
long distances receive surgical care. Care
targeted to either return patient back to
duty or stabilize them for evacuation

Patients receive more definitive treatment
in order to stabilize them for transport to 
CONUS treatment facilities

Most definitive care provided to all
categories of patients. The ultimate
treatment capability for patients evacuated
from theater of operations to include
tertiary level care and full scope of
rehabilitative care

1ST medical care a patient
receives

Division level health support
providing initial resuscitative
treatment

Corps level health service 
support providing 
in-patient hospital support and 
intensive resuscitative support

Communication-zone level
health service support with
receipt of patients evacuated
form corps level facilities

CONUS- sustaining base of
health support

II

III

IV

V

Definition Careprovided Example
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casualty situation that exceeds the capabilities of a 
lower level of care unit may not be overwhelming at a 
higher level of care. The medical officer designated 
to be the triage officer should be familiar with both 
evacuation priorities and the levels of care available 
(Fig. 1.11).

1.8.6  Summary

Triage is a dynamic patient care/casualty management 
process for sorting a large number of injured personnel 
on the basis of where resources can be best used, is 
most needed, and/or is most likely to achieve success. 
The process is repeated at every entry and egress point 
in the evacuation chain. The ultimate goal of triage is 
to preserve life, limb, and eyesight while simultane-
ously returning the greatest number to combat. The 
crucial difference between combat triage and civilian 
trauma triage is that a decision to withhold or curtail 
care to a wounded service member, who in another set-
ting may be salvaged, may be necessary. As such, tri-
age is emotionally taxing. The triage officer should be 
familiar with the fundamentals of triage to include the 

underlying values, patient categories, evacuation pri-
orities, and the services available in the evacuation 
chain to higher level of care.

1.8.7  Initial Assessment and Life Support

Initial assessment of a casualty at a NATO Role II or 
III facility includes: Primary survey, Resuscitation, 
Adjuncts to primary survey, Secondary survey, Adjunct 
to secondary survey, continued postresuscitation mon-
itoring and reevaluation, and definitive care. Prehospital 
care focuses on hemorrhage control, since bleeding is 
the leading cause of preventable battlefield death [53, 
54]. Once arriving at an Role II or III facility, care 
more closely parallels the ATLS model.

The Primary Survey [55] is a systematic assessment 
of a casualty’s vital functions. The acronym ABCDE is 
utilized to assess patient systems in a prioritized man-
ner. Life-threatening conditions should be identified 
and managed simultaneously.

The “A” is for Airway maintenance with cervical 
spine precautions. The airway must be evaluated and 
managed as the first priority, since airway compromise 

Fig. 1.11 A notional layout of a triage area is presented. The 
fact that triage is a continuous, dyanamic process that is repeated 
at every entry and egress point in the evacuation chain cannot be 
emphasized enough. If necessary, an NBC decontamination, tri-
age, and treatment area can be setup away from and down wind 
of the main triage area. Care should be taken to locate dead and/

or expected patients from and out of sight of the patients. 
Another area should be allocated to care for the minimally 
wounded. The emergent category patients should then be re- 
triaged prior to movement to a casuality collection area for 
 evacuation, or to the operating room – if available
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can be an imminently life-threatening condition. All 
providers must assume that there is a cervical spine 
injury in cases where there is a blunt trauma element to 
the mechanism of injury. This precaution protects the 
spinal cord until a more detailed assessment can be 
performed. This is especially a concern in patients 
with an altered level of consciousness and any blunt 
injury proximal to the clavicles.

The “B” is for Breathing and ventilation. Adequate 
ventilation can be negatively impacted by conditions 
such as tension pneumothorax, flail chest with pulmo-
nary contusion, massive hemothorax, and open pneu-
mothorax. These disorders should be identified and 
managed during this stage.

The “C” represents Circulation with hemorrhage 
control. Hemorrhage is the leading cause of preventable 
death after battlefield trauma [53, 54]. Hypotension in 
the setting of trauma must be considered hypovolemia 
until proven otherwise. Clinical signs of hypovolemia 
include decreased level of consciousness, pale skin, and 
rapid, thready pulses. External hemorrhage should be 
identified and directly controlled during this stage.

The “D” is for Disability with respect to neurologic 
status. Rapid screening for neurologic injury should be 
performed. This includes determination of level of 
consciousness, papillary size and reactivity, lateraliz-
ing signs, and spinal cord injury level (if present). The 
Glasgow Coma Scale (GCS) is a rapid method of 
determining the level of consciousness of a trauma 
patient and has prognostic value (Table 1.2). The GCS 
categorizes the neurologic status of a trauma patient by 
assessing eye opening response, motor response, and 
verbal response [56]. Possible causes of decreased 
level of consciousness include hypoperfusion, direct 
cerebral injury, hypoglycemia, and alcohol/drugs. 
Immediate reevaluation and correction of oxygenation, 
ventilation, and perfusion should be performed. 
Afterward, direct cerebral injury should be assumed 
until proven otherwise. One of the guiding principles 
in managing a patient with a Traumatic Brain Injury 
(TBI) is to prevent secondary brain injury from condi-
tions like hypoxemia and hypovolemia.

The GCS (Table 1.2) can be utilized to stratify 
injury severity in patients with head injuries (TBI).

1.  Mild brain injury (GCS 14–15) – Patients with a 
mild brain injury often have had a brief loss of con-
sciousness (LOC) and may have amnesia of the 
event. Most have an uneventful recovery, but approx-
imately 3% will deteriorate unexpectedly [55].  

A CT of the head should be considered if the indi-
vidual lost consciousness for greater than 5 min, has 
amnesia, severe headaches, GCS < 15, and/or a focal 
neurologic deficit.

2. Moderate brain injury (GCS 9–13) – All these 
patients require a CT of the head, baseline blood 
work, and admission to a facility with neurosurgical 
capability.

3. Severe brain injury (GCS 3–8) – Patients with 
severe TBI require a multidisciplinary approach to 
ensure adequa te management and resuscitation of 
other life-threatening injuries and urgent neurosur-
gical care.

Finally, the “E” is for Exposure/Environmental control. 
This involves completely undressing the patient, while 
preventing hypothermia. All garments must be removed 
from the trauma patient to ensure thorough evaluation. 
Once the evaluation is performed, prevention of hypo-
thermia is critical. Blankets, external warming devices, 
a warm environment, and warmed intravenous fluids 
should be used to prevent hypothermia.

Assessment area Score

Eye Opening (E)

 Spontaneous 4

 To speech 3

 To pain 2

 None 1

BEST Motor Response (M)

 Obeys commands 6

 Localizes pain 5

 Normal flexion (withdrawl) 4

 Abnormal flexion (decorticate) 3

 Extension (decerebrate) 2

 None (flaccid) 1

Verbal Response (V)

 Oriented 5

 Confused conversation 4

 Inappropriate words 3

 Incomprehensible sounds 2

 None 1

Table 1.2 Glasgow Coma Scale (GCS)

Adapted from ATLS, 7th edn, p. 159 [55]
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Damage Control Resuscitation has proven benefi-
cial in the setting of combat related trauma [17, 22, 55, 
57]. In addition to airway and breathing priorities, cir-
culatory resuscitation begins with control of hemor-
rhage. Further detail on hemotransfusion will be 
covered in detail in Chap. 5. Initial fluid resuscitation 
should consist of 2–3 L of Ringer’s Lactate solution. 
All intravenous fluids should be warmed prior to or 
during infusion. If the patient is unresponsive to the 
fluid bolus, type-specific blood should be adminis-
tered. O-negative blood may be used if type-specific 
blood is not urgently available. Insufficient fluid resus-
citation may result in residual hypotension. Elevation 
of the serum lactate level (>2.5 mmol/L) is indicative 
of residual hypoperfusion [58, 59].

Adjunct to Primary Survey [55] should include 
Urinary and Gastric Catheters, continuous vital signs 
monitoring (ECG, blood pressure, pulse, pulse oxim-
etry, temperature, respiratory rate), and ABG. Initial 
X-rays and Diagnostic Studies are CXR, AP pelvis, 
and Lateral C-spine (if any degree of blunt injury). 
Screening radiographs of injured extremities should be 
performed as part of the secondary survey.

The secondary survey is a head-to-toe examination 
that begins once the primary survey is complete and 
resuscitative efforts have demonstrated a stabilization 
of vital functions.

Relevant medical history is still important in combat 
situations. AMPLE is an acronym that can assist in col-
lecting history information from the patient, unit, and/or 
prehospital personnel. It stands for Allergies, Medications 
currently used, Past illnesses/Pregnancy, Last meal, and 
Events/Environment related to the injury.

The head-to-toe physical examination should occur 
after the Primary Survey. The clinician must be sure to 
inspect the following body regions: Head, Maxillofacial, 
Cervical spine and neck, Chest, Abdomen, Perineum/
rectum/vagina, Musculoskeletal, and Neurologic.

Adjuncts to the Secondary Survey [55] include spe-
cialized diagnostic tests. These tests may include 
radiographs of the extremities, CT scans of the head, 
chest, and abdomen. In addition, diagnostic procedures 
such as bronchoscopy, esophagoscopy, and angiogra-
phy can be performed if the patient’s hemodynamic 
status permits.

Reevaluation is a continuous process during the 
evaluation and management of a trauma patient. 
Injuries may evolve in a life-threatening manner, and 
non-apparent injuries may be discovered.

Definitive care for each injury occurs depending on 
the priority of the injury and the physiology of the 
patient. This requires coordinated multi-disciplinary 
care.

Combat injured patients often have multiple system 
injuries. These can be from combination of blunt, pen-
etrating, and burn injuries. If not detected during the 
Primary Survey, the Secondary Survey should screen 
for life threatening injuries to the chest and abdomen.

Life-threatening thoracic injuries include tension 
pneumothorax, open pneumothorax, flail chest, mas-
sive hemothorax, and cardiac tamponade.

Tension pneumothorax is the result of increasing 
pressure within the pleural space from a pneumothorax 
with a flap-valve phenomenon. As air enters the pleural 
space without the ability to escape, it causes a medi-
astinal shift with impairment of venous return and car-
diac output. The clinical scenario involves decreased/
absent breath sounds, subcutaneous emphysema, and 
tracheal deviation. Emergent decompression is war-
ranted without the need for a diagnostic x-ray.

Open pneumothorax is also called a “sucking chest 
wound.” It occurs when there is a large chest wall defect. 
This external opening to the environment precludes the 
chest wall’s ability to generate the negative pressure 
within the pleural space required to inflate the lung. 
Treatment is to close the defect with an occlusive dressing 
that is taped on three sides. This creates a valve that allows 
air to escape but not to enter the defect in the chest wall.

Flail chest is a severe impairment of chest wall 
movement due to two or more rib fractures in two or 
more places, so that the segment has paradoxical move-
ment during respiration. The underlying pulmonary 
contusion is the true challenge in this clinical scenario. 
The pulmonary contusion may cause severe impair-
ment of oxygenation. Management involves ensuring 
adequate ventilation and appropriate fluid manage-
ment to prevent fluid overload of the injured lung. 
Mechanical ventilation may be necessary.

Massive hemothorax occurs when large amounts of 
blood (>1,500 mL) accumulate within the pleural 
space. This results in lung compression and impair-
ment of ventilation. Urgent, simultaneous restoration 
of blood volume and drainage of the chest are indi-
cated. Thoracotomy may be required in cases of ongo-
ing blood loss.

Cardiac tamponade is due to fluid accumulation 
within the pericardial sac. Diagnosis has been described 
by Beck’s triad: elevated venous pressure (distended 
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neck veins), decreased arterial pressure, and muffled 
heart sounds. A focused assessment sonogram in 
trauma (FAST) or pericardiocentesis may be necessary 
to establish the diagnosis. The pericardiocentesis may 
be diagnostic and therapeutic.

Life-threatening abdominal injuries can occur with 
varying degrees of frequency depending on whether the 
mechanism of injury was penetrating or blunt. Blunt 
injury to the abdomen may result in damage to the vis-
cera by a crush or compression mechanism. Penetrating 
injuries like blast injuries and gunshot wounds impart 
direct trauma to the viscera by laceration or perforation.

Pelvic ring injuries are of particular concern, since 
they may be the source of significant hemorrhage. 
Hypotensive patients with evidence of a pelvic ring 
injury should have urgent placement of a pelvic binder 
or circumferential sheet [60–62].

Shock is an abnormality of the circulatory system 
that results in inadequate organ perfusion and tissue 
oxygenation [55]. It can be divided into hemorrhagic 
and non-hemorrhagic shock. Non-hemorrhagic shock 
includes neurogenic, cadiogenic, tension pneumotho-
rax, and septic shock.

Hemorrhage is the acute loss of circulating blood 
volume. An element of hypovolemia is present in 
nearly all polytraumatized patients. Hemorrhage is the 
most common cause of shock [55].

Class of hemorrhage [63]

1. Class I hemorrhage is characterized by no measur-
able change in physiologic parameters (heart rate, 
blood pressure, urine output, etc.) despite a <15% 
blood loss (<750 mL).

2. Class II hemorrhage is characterized by mild tachy-
cardia (>100), a moderate decrease in blood pres-
sure, and low normal urine output (20–30 mL/h). It 
represents a 15–30% blood loss (750–1,500 mL).

3. Class III hemorrhage is characterized by moderate 
tachycardia (>120), a decrease in blood pressure, 
and a decrease in urine output (5–15 mL/h). The 
patient is typically confused. It represents a 30–40% 
blood loss (1,500–2,000 mL).

4. Class IV hemorrhage is characterized by a severe 
tachycardia (>140), decreased blood pressure, and 
negligible urine output. The patient is lethargic. It 
represents >40% blood loss (>2,000 mL).

Nonhemorrhagic shock is shock secondary to a physi-
ologic or anatomic derangement other than hypov-
olemia. Only after adequate resuscitation and control 

of hemorrhage should the diagnosis of nonhemorrhagic 
shock be entertained.

Neurogenic shock can occur as a result of loss of 
sympathetic tone to the heart and peripheral vascular 
system in cases of cervical spinal cord injury. Loss of 
sympathetic tone to the extremities results in vasodila-
tion, poor venous return, and hypotension. Due to unop-
posed vagal tone on the heart, tachycardia in response 
to hypotension is not possible. The resultant clinical 
scenario called neurogenic shock is one of hypotension 
and bradycardia. Assessment of the hemodynamic sta-
tus may be aided by a Swan-Ganz catheter [64, 65].

Cardiogenic shock is myocardial dysfunction that 
can result from blunt injury, tamponade, air embolism, 
or cardiac ischemia. Adjuncts such as ECG, ultrasound, 
and CVP monitoring may be useful in this setting.

As mentioned before, Tension pneumothorax can 
result in a mediastinal shift with impairment of venous 
return and cardiac output. Emergent decompression is 
necessary.

Septic shock may occur as the result of an infection. 
In trauma, this would be more likely in a patient pre-
senting late with penetrating abdominal injuries.

1.9  Conclusion

While outcomes for individual patients who have sus-
tained severe trauma depend greatly upon severity of 
the injury, immediacy of care, and skills of the trauma 
treatment team, they also rely heavily upon the organiza-
tional support within a hospital. Trauma involving mul-
tiple casualties requires a shift in the focus of priority to 
saving the greatest number with the available resources 
in a constrained environment. Resources including 
blood products, operating suite availability, diagnostic 
facilities, space, personnel and medical supplies can 
run short and thereby define or create the mass casualty 
situation. The organizational structure, prior training, 
appropriate planning and competent incident leadership 
play a substantial role in mitigating these constraints. 
Communications within the hospital staff, as well as 
among facilities receiving casualties requires reliable, 
secure mechanisms, and competent experts to maintain 
them as resources are strained. Communication with the 
community, the media, and especially family members 
who are seeking information or grieving adds a distinct 
level of complexity. Additionally, appropriate triage 
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at the scene, within the trauma bays, and in hospital 
resource allocation impacts the outcomes for the greatest 
number of patients, while continued reevaluation as the 
event progresses permit additional emphasis to further 
improve survival. Finally, initial stabilization, accord-
ing to the principles established with Advanced Trauma 
Life Support addresses urgent care of the individual thru 
application of an organized, rehearsed, and confident 
trauma team, and sets the stage for subsequent second-
ary surveys, and care for the extremity war injuries, as 
will be described in detail in subsequent chapters.
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2.1  Introduction

With globally increasing war, conflicts and terrorism 
acts, blast or bullet limb injuries are seen more often 
and present a surgical challenge.

The amount of tissue damage and the injury sever-
ity of gunshot injuries are due to the energy transmit-
ted by the bullets or projectiles, depending mainly on 
their velocity. Therefore, the injuries are not divided 
any more, as in the past, to “high- and low-velocity 
injury” but to “a high- or low-energy injury.”

Blast injuries are also energy related and mainly 
dependent upon the distance from the blast, the energy 
released from the bombing device, the media (air or 
water) and the environment in which the blast takes 
place (close or open). Although the injury may look 
superficial, it might be much worse and the external 
wound is sometimes only the tip of the iceberg.

2.2  Bullet and Projectile Ballistics

Projectile or bullet injuries may be classified as “low-
energy” or “high-energy,” which describe the amount 
of damage to the tissues. The factor that most affects 

the injury severity is the amount and the efficiency of 
energy transfer [1–5], which is mostly related to 
kinetic energy that is presented by the equation 
“Energy transferred = ½ M [(V entering)2 − (V exit-
ing)2] (M – mass; V – velocity)” in a bullet that does 
not “waste” energy on deforming. Other suggested 
theories are the momentum theory expressed as 
“Mass × Velocity” and the power theory related to 
“Mass × Velocity3” [6]. Ballistic wounds can be clas-
sified, according to the amount of energy causing 
them, into: high energy (>1,000 J); medium energy 
(250–1,000 J); low energy (<250 J) [7]. For example, 
this is the basic principle of successful open fracture 
classification system as described by Gustilo–
Anderson [8, 9].

The energy importance is represented by most shot 
wound classifications, such as the Red Cross classifi-
cation for war injury [10] that emphasizes wound 
severity in terms of tissue damage and injuries to spe-
cific anatomic structures. The injury is rated according 
to the size of the entry and exit wounds. It also catego-
rizes the presence of a cavity, a fracture, or an injured 
vital structure and the presence or absence of metallic 
bodies [10]. The modified Red Cross classification for 
civilian injuries, [11] which incorporates the ballistic 
and clinical aspects of gunshot injuries in civilians, is 
based on energy dissipation, vital structures injured, 
type of wound created, severity of bony injury, degree 
of contamination, and the modified Gustilo–Anderson 
open fracture classification system in which low-
velocity gunshot wounds are designated as Grade I or 
Grade II, based on the size of the skin wound and high-
velocity gunshot injuries are designated as Grade III 
injuries, regardless of wound size [12].

The cascade of a shot starts with pulling the trigger. 
This leads to the quick expansion of gas that may  
reach a temperature of over 2,800°C. This produces 
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pressures as great as 25 tons per square foot, which 
ejects the bullet and is responsible for its kinetic energy 
and devastating potential [3, 13].

The amount of kinetic energy delivered by the 
 hitting body (projectile, bullet, shrapnel…) at the time 
of impact depends mainly upon the squared velocity 
(E = ½MV2) and in a lesser degree to the projectile 
body mass. The longer the range, the lower the veloc-
ity is at impact [4]. The velocity is traditionally classi-
fied to high or low velocity, commonly refers to slower 
than the speed of sound in air, approximately 1,100 fps 
[usually projectile speed is below 1,000 to 2,000 feet 
per second (fps)], which generally is more common in 
the civilian population and usually causes less severe 
injuries as opposed to higher velocity (projectile speed 
is greater than 2,000 to 3,000 fps) such as military and 
hunting weapons which cause more severe damage 
and at high speed (4,760 fps), the rate of energy con-
version into mechanical tissue destruction can become 
proportional to the third power of velocity or even 
higher [4]. The velocity of the M-16 bullet is thrice 
that of the 0.22 bullet. This explains, why although 
M-16 has almost the same caliber and mass as the 0.22 
its kinetic energy is almost 10 times than the 0.22. The 
longer the barrel, the more time available for bullet 
acceleration by the expanding gases (therefore, for 
identical rounds, the gun with a shorter barrel produces 
a lower-velocity bullet) [14]. Following that, the bore 
(the evenly hollowed out inner part of the barrel) traps 
the gases that expand and reach velocities greater than 
the missile, further accelerating and destabilizing it for 
a short distance [13, 15]. The terms “low-velocity” 
and “high-velocity” although very common, can be 
very misleading [1, 16]. Although shotguns are techni-
cally low-velocity weapons, they cause major soft-
tissue, nerve, vascular, bone, and joint injuries [2, 17, 
18], resulting in a mortality rate nearly twice that 
attributable to other weapons. Even in “civilian gun-
shot injury,” considered relatively low-energy injury, 
severe damage might be induced. Of 60 patients who 
suffered from civilian gunshot injury, 36 had fractures, 
75% of them in the lower extremity, and 81% in long 
bones; 8 patients had 10 vascular injuries; 13 nerve 
injuries (16.8%), most of them of the deep peroneal 
nerve (38%) [19]. In a report from Vietnam, bullets 
were responsible for 30% of penetrating wounds, but 
caused 45% of the deaths [20]. It has been estimated 
that a person struck by a bullet, in a military conflict, 
has a one in three chance of dying. This compares to a 

1 in 7 chance of dying if struck by fragments from a 
shell, and 1 in 20 if struck by a fragment from a gre-
nade [21].

The energy transfer is also affected by the tissue 
involved in the projectiles tract, and is related to the den-
sity and rigidity of the tissue. More rigid tissue such as 
bone resists deformation, and offers a greater resistance, 
resulting in greater energy transfer. The energy transfer 
may cause tissue damage by direct laceration by the 
projectile. Energy lost due to the resistance of the tissue 
results in the development of compressive waves that 
radiate away from the projectile tract and can damage 
tissues (with the formation of a temporary cavity) by 
accelerating energy transfer to anything in contact with 
the projectile as it passes through the tissue (Cavitation), 
which is thought to be the most significant factor in 
 tissue injury from high-energy projectiles [20].

The higher bone rigidity compared to skin and mus-
cle produces a greater resistance and results in greater 
energy transfer, and commonly results in fracture of 
the bone [22]. Increasing projectile velocity was asso-
ciated with an increased cavitation and increased frag-
mentation. For low-energy weapons, such as handguns 
with a pre-impact velocity of approximately 200 m/s, 
60% of the fractures were incomplete and only 22% 
were multifragmentary. In high-energy weapons such 
as military or hunting rifles with a pre-impact velocity 
of nearly 1,000 m/s, all fractures were complete, and 
comminuted (multifragmentary) [22, 23]. In an  
in-vitro model, the comminuted segment was noted to 
involve 42% of the total length of the bone [20, 24].

The direction of the projectile is described as its 
rotation axis, and the deviation is a yaw. If the bullet 
remains parallel with its line of flight, the energy loss 
is proportional to the difference of velocity squares 
and hence the energy decreases over longer distances 
[15]. Under these conditions its initial direction, 
strikes the target. If a bullet wobbles and then tumbles 
to 90° to its initial direction, maximal energy transfer 
is achieved [1, 5]. The highly complex action of spin 
on a yawing bullet (precession), combined with a sec-
ond complicated motion of higher frequency and 
lower amplitude (nutation), will cause the projectile to 
rotate in a rosette pattern of motion, imparting stabil-
ity analogous to a spinning top [13, 15] (Fig. 2.1).

The use of helical grooves in the barrel rifling 
accompanied with a long narrow bullet helps to achieve 
gyroscopic stability to the bullet, reduces the tumble 
tendency of a non-spinning bullet, a combination that 
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causes the bullet to rotate in a rosette pattern of motion 
[4, 5, 15] and can reduce the accuracy. Once the bullet 
strikes the target, it may start to rotate and tumble due 
to energy and speed reduction and by that aggravate 
the tissue damage.

An exception is the shotgun in that although veloc-
ity is relatively low the damage induced to the tissue is 
relatively high. The damage is based on the powder 
charge, load, wadding, barrel length, choke, smooth 
bore, and range from target [17, 25]. The type and 
quantity of gunpowder affects the initial kinetic energy 
of the bullet. The load is composed of different sizes 
of shot, packed into the shell, usually a plastic. The 
role of wadding (paper, cardboard, plastic) is to fill up 
dead space in the shell, protecting the powder and 
shot, and seal the bore during firing to keep gas behind 
the pellets [3]. The choke is a partial constriction of 
the bore at the muzzle that condenses and controls the 
shot pattern. Tighter the barrel end, smaller is the 
spread of pellets and greater the length of the shot col-
umn [1]. The injury and spread of the bullet is reversely 
related to the distance from the target (the pellets sepa-
rate slightly less than 1 in/yd when moving from 2 to 
100 yd) [17, 25] and the barrel length (a minimum of 
18 in. is required by the federal law).

Shotgun injury severity can be divided basically 
into four categories in relation to the distance from the 
shotgun [17]: Type 0 – range of 20–50 m (maximal), 
 usually only skin penetration. Type I – range of 7–20 m 
(long range), usually causes scattered low-energy inju-
ries and does not penetrate deep to fascia. Type II – 
range of 3–7 m (close range), usually causes severe 
damage and does penetrate deep to the fascia.  
Type III – range of 0–3 m (point blank), causes com-
plete destruction when transferred kinetic energy 
exceeds the elastic limits of the tissue [4, 26], mainly to 
the muscles. Injured muscle fibers swell up to five 
times their normal size. It can be noted that there is 

clotting of muscle cytoplasm, loss of striations, and 
interstitial extravasation of blood. These are accompa-
nied by a six times increase of lactate levels and deple-
tion of adenosine triphosphate, creatine phosphate, and 
glycogen occurs [13, 27]. These changes create local 
edema, which may cause a compartment syndrome, 
further increasing the damage of the soft tissues [16]. 
The bones are also prone to damage with highly com-
minuted compound fractures and severe contamination 
owing to the wadding. The main neurovascular bun-
dles, unless directly injured are relatively less vulnera-
ble to injury [15] although in close-range injury about 
a third of the patients may have vascular or neurologi-
cal damage [2, 17, 28]. In many cases this severe com-
pound trauma results in amputation [2, 28].

The projectile or the bullet characteristics are dif-
ferent between the different weapon types and even the 
same weapon may use different bullets such as regular 
shape or hollow-point, copper or lead cover, metal or 
rubber projectile, which may dramatically affect the 
damage to the tissues (Figs. 2.2a–d). Large-caliber 
projectiles especially shot from magnum shells that 
contain more powder, have greater mass and velocity 
and hence cause more damage to the tissue. Bullets are 
composed primarily of lead or lead in combination 
with varying amounts of other metals (e.g., copper) 
depending on their desired final hardness [29]. The 
bullet may be physically altered by making a cavity at 
the tip (hollow-point), metal jacketing (e.g., soft-
point), and prescoring the bullet (e.g., dumdum), which 
makes it more likely to fragment when hitting a target 
or explosive devices [4, 5, 13, 16, 30].

The fully jacketed bullets with cupronickel or gild-
ing metal (copper or zinc) and a lead or steel core, are 
used primarily in assault rifles, usually loose only a 
small portion of their initial velocity and do not deform 
and therefore, unless hitting a hard object (bone, metal 
button, or armor), they tend to penetrate through the 
target and may create a radiographic “lead splatter” or 
“lead snowstorm” pattern [3, 13]. In contrast, the non-
jacketed bullets (e.g., dumdum, soft-nose, hollow-
point) lose their shape when hitting the target or shortly 
after that, widen, flatten, and double their surface area 
on the target in a mushroom effect and cause up to four 
times the volume of tissue damage [16], although in 
lower-velocity hollow-point bullets cause no more 
damage than a regular round-nose bullet [6].

Scoring the bullet makes it more likely to fragment 
when subjected to strong “in-flight” physical forces or 

Fig. 2.1 Demonstration of the bullet motion in a rosette pattern 
due to an action of spin on a yawing bullet (precession), com-
bined with a second complicated motion of higher frequency 
and lower amplitude (nutation)
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“mushroom” on penetrating the body (the dumdum, 
which was declared inhumane and outlawed at the 
Hague peace conference of 1899) [30, 31]. This differ-
ence between penetrating and perforating projectiles is 
that the perforating bullets transfer all their kinetic 
energy to the target [3, 4].

The combination of the projectile ballistic pattern and 
the biologic and mechanical properties of the tissue and 
body affect the damage and the wound shape [3, 4].

An impact velocity of only 150–170 fps is required 
to penetrate skin [17, 25]. Most bullet entrance 

wounds opposed to shrapnel’s are oval to circular 
with a punched-out clean appearance and are often 
surrounded by a zone of reddish damaged skin (the 
abrasion ring) Cherry-hue appearance is a clue to 
close-range injury of underlying muscle due to car-
boxyhemoglobin, formed by carbon monoxide 
release during combustion (Fig. 2.3) [3]. Tattooing 
of the skin also usually implies a close-range wound. 
At the entrance site, just 1–4 ms after striking the 
target a temporary cavity is created, which is propor-
tional to the energy transferred by the projectile [15] 

Fig. 2.2 Demonstration of the difference in tissue destruction in accordance to the bullet type, shot from 9-mm gun. (a, b)
Comminuted femoral fracture due to hollow-point shape bullet. (c, d) Superficial foot injury due to regular bullet

a b

c d
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and the tissue elasticity is left over as a smaller per-
manent cavity remains. The cavity is up to a maxi-
mum size of 10–40 times the bullet’s diameter with 
internal pressures reaching 100–200 atm [3, 4, 26, 
32]. In high-velocity injuries, the damage may be 
similar to the effect of an explosion [15]. Although 
less common, from the exit wound, the vacuum in 
the temporary cavity pulls foreign material into the 
wound [4, 13, 15, 26].

The wound area can be divided into the central pri-
mary track (the permanent cavity), which depends on 

tissue elasticity; the contused muscles near the tract; 
and the outer concussion area (changing congestion) 
[33], which inversely depends on the transferred 
energy (relatively low if any, in low-velocity “civilian” 
gunshot wounds [34] which may explain why it rarely 
requires a full wound exploration [35]. As energy 
increases, the area of the injured muscles increases 
and usually can be easily diagnosed by direct vision 
[15, 36]. This tissue behavior may explain the differ-
ent mechanism of injury such as stretching, crushing, 
tearing, or perforating. The direct range of damage is 
energy dependent and may reach a radius of a few cen-
timeters from the primary tract due to deformation of 
the penetrating projectile [4]. Penetrating projectiles 
(not exiting) deliver their total contained kinetic energy 
whereas those perforating (exiting) transfer signifi-
cantly less kinetic energy [3, 15, 37, 38]. Almost no 
extra damage, except that of direct injury to the pri-
mary tract, if “high-velocity” full-metal jacket heavy 
military rifle bullets, such as those fired by the AK-47, 
NATO 7.62-mm (American version), or the Israeli 
Galil rifles [14, 39–43] travels only in the soft tissue of 
an adult human thigh and there is almost little or no 
difference between the wounding effects of a low-
velocity bullets [13].

Secondary injuries in distanced organs may happen 
due to projectile traveling in the body after changing 
direction because of ricocheting after hitting a hard tis-
sue such a bone or by energy transfer to a different 
direction through fascial planes or vascular elements 
(Fig. 2.4a, b) [5, 23, 33, 43, 44].

The exit wounds can appear cone shaped; the base 
at the entry site, stellate, slit-like, crescentic, circular, 
or completely irregular and depends on the tissue 

Fig. 2.3 There is a circular entrance wound in the calf sur-
rounded by a zone of reddish damaged skin. The abrasion ring is 
seen around the wound

Fig. 2.4 The damage in the 
knee including the fracture of 
the patella (a) and the huge 
exit wound (b) is shown

a b
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density and the bullet behavior in different tissues or 
organ, the weapon and bullet characters, and it is not 
necessarily larger than the entrance wound [3, 4] 
(Fig. 2.5). At high velocities, mainly over 2,000 fps the 
bullet deformity and tumbling in the body usually 
causes a larger and more irregular exit wound than the 
entrance. These high velocities may allow the cavity 
formation at the exit site to suck into the wound for-
eign materials or debris [5].

2.2.1  Material Contamination

Material contamination caused by a combination of 
soil, clothing and skin, carried by the bullet or projec-
tile is a major complication. This happens in all kinds 
of projectile wounds. Weapon fragments have been 
shown experimentally to cut clothing and skin and to 
transport these into the wound [45]. In contrast to low-
energy wounds where the contamination is very lim-
ited and close to the wound track, in high-energy 
wounds the fragments tend to shred clothing into finer 
pieces, these accompanied with the high-energy pro-
jectile drive these particles throughout the large tem-
porary cavity so that contamination is dispersed widely 
away from the wound track [8].

Bacteriologic counts must reach 105–106 organisms 
per gram of tissue or per milliliter of fluid to classify as 
an infection. A canine study showed that immediately 
after injury by a low-velocity projectile, cultured 

bacteriologic counts were approximately 102. Cultures 
of the projectile tracks at 12 and 24 h after injury 
showed counts 1.1 × 105 and 4.8 × 105, respectively, 
showing that the critical level of bacteria is reached in 
projectile tracks of low-velocity gunshot wounds 
within 24 h of injury [46].

This explains why at least 24 h of intravenous anti-
biotic treatment is required in fractures caused by 
high-velocity weapons in conjunction with the appro-
priate wound and fracture care. Similarly, in fractures 
caused by shotguns, thorough wound debridement and 
24–48-h administration of intravenous antibiotics are 
necessary. However, in fractures caused by low-veloc-
ity weapons, although it is known that the bacteria 
count increases, there is not a preponderance of evi-
dence showing that there is a distinct advantage to 
using antibiotic prophylaxis in these injuries [47].

2.2.2  Lead Toxicity

Another possible complication is lead toxicity or poi-
soning which is much less common than thought. 
Since 1850, only 19 proven cases of lead toxicity were 
reported from projectile fragments retained in tissues, 
16 of them were located in a joint space or bone. The 
relative conclusion from the study was that lead toxic-
ity is an option only if the projectile is in or near a 
synovial space and only then should be removed [48].

2.3  Blast Mechanisms  
and Tissue Damage

Musculoskeletal trauma is the most common blast 
injury [49]. In the recent wars, most of penetrating limb 
injuries were not caused by bullets but by exploding 
devices or ammunitions such as bombs, grenades, or 
land mines [45, 50–56], whereas most victims of land-
mine explosions have extremity wounds, many of 
which require amputation [57]. However, in the last 
wars or battles the relative incidence of extremities 
trauma is the same if not higher. In the second Lebanon 
war, 44% of the injuries were in the limbs [58] and 
about the same in Oferet Yezuka at Gaza strip at 2009 
[59] an equal or higher number than reported in other 
earlier combats. The reasons for that are the better torso 

Fig. 2.5 Some exit wounds in the hand that appear circular and 
irregular and not much bigger than the entrance wound are 
shown
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armor (such as Ceramic vests) and head helmet (Kevlar 
made) that relatively protect the torso [60–63], a fact 
that can be learned by comparison of the injuries pat-
tern in the Iraq Freedom war between the protected US 
soldiers and the unprotected Iraqi soldiers (relatively 
higher extremities/torso injuries ratio in the American 
soldiers comparing to the Iraqi population) [64–66]. 
Another reason is the better survival rate of the severely 
wounded, due to better treatment and quicker evacua-
tion and hence more patients who suffer extremities 
injuries successfully arrive to treatment so more 
extremities injuries are treated. A computer modeling 
and investigation of the mechanisms of fatal limb 
amputations in blast victims on a goat hind limb showed 
that these injuries are primary blast injuries caused by 
shock wave coupling that directly caused fracture rather 
than by disarticulation or by flying debris [67]. All of 
the primary blast victims suffered from orthopedic 
injuries due to secondary or tertiary mechanisms [68].

In a retrospective study of hospitalized civilians as 
a result of a terror explosion, children on the contrary 
to adults were more likely to sustain severe injuries 
(27% vs. 12%) and traumatic brain injury (35% vs. 
20%) and less likely to sustain injuries to their extrem-
ities (35% vs. 57%) or open wounds (39% vs. 59%). 
The adolescent injury profile was similar to that of 
adults, however, adolescents presented less internal 
injuries, more contusions, and superficial wounds to 
extremities and were more likely to require surgery for 
mild to moderate wounds [69].

Furthermore, 85% of adult victims of terrorist 
bombings who require surgery have injuries to the 
extremities involving soft tissue alone or with fracture 
[49]. The relatively low cost, the preparation simplic-
ity, and the relatively large number of casualties make 
bombs and explosive devices to be the preferred 
weapon of terrorists, and contrary to the common tra-
ditional belief that these injuries are mainly military 
related, these injuries are being seen more frequently 
among civil surgeons during peacetime due to increas-
ing worldwide terrorism [49, 70].

The explosive device can be identified by the mech-
anism and intensity: Conventional weapons, for exam-
ple, grenades, aerial bombs, and mortar bombs are 
characterized by predominance of penetrating injuries 
from multiple fragments; Terrorist devices vary by the 
explosive amount (Car bombs which contain typically 
1–3 kg of commercial explosive positioned under the 
floor of directly beneath the driver’s seat might cause 

traumatic amputation of lower limbs associated with 
severe soft-tissue damage and often containing frag-
ments of metal from the car and vehicle upholstery; 
Bare charges, for example, Booby traps are small 
improvised devices (<10 kg) detonated remotely by 
wire or radio signal are characterized by primary blast 
injuries and ballistic injuries due to secondary frag-
ments; Lorry or van bombs are large devices (>40 kg) 
in which the detonation results in the formation of 
large secondary projectiles (from the body of the vehi-
cle) and crush injuries from secondary damage to 
buildings; Culvert bombs are very large devices 
designed to disrupt passing vehicles and the vehicle 
may be displaced and victims ejected and they may 
cause gross disruption and disintegration of the body 
(and are characterized by predominance of secondary 
and tertiary injuries and not primary blast injury). A 
relatively low mortality rate is apparent (up to 5%) 
unless the device is large, explodes in a confined space 
or there is structural collapse, and less than 50% of 
those arriving to hospital will require admission. 
Antipersonnel mines are characterized by a predomi-
nance of Traumatic amputation of foot or leg due to 
standing on a buried “point detonating” mine and the 
damage might be increased due to shrapnel [71].

As a bomb detonates, a chemical reaction converts 
the solid or fluid explosive into gas, which creates 
high-temperature thermal reaction accompanied with a 
blast wave at an initial speed of approximately 6,000–
7,000 km/s [72]. The difference between the blast 
“overpressure” and the surround’s pressure determines 
the blast strength and its potential to produce primary 
blast injuries.

Blast waves of conventional explosives are pressure 
pulses, a few millimeters thick, which travel at super-
sonic speed outward from the point of the explosion. 
These waves are characteristically of short duration, a 
positive wave with a rapid upslope that is followed by a 
longer smaller negative wave (Fig. 2.6) [73–75]. The 
pressure then drops below ambient air pressure [76], and 
the resultant vacuum effect can suck debris into previ-
ously unaffected areas. In an idealized open-air explo-
sion, the blast wave may be mathematically described 
by the Friedlander waveform [73]. However, blast effects 
are magnified if the explosion is in an enclosed space 
that contains the blast and causes amplification of the 
wave as its reflected off the enclosure surfaces [77, 78].

One exception is water; In air, the gas and air sur-
rounding the explosion are compressed and absorb 
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energy from the explosion. In water (or other liquid), 
due to the higher density of the medium relatively to 
air, the direct energy transmission of the blast wave is 
much more significant; because of it being incom-
pressible, there is little absorption and the pressure 
wave is transmitted with greater intensity over a longer 
range. The lethal range of an explosion in water is far 
greater than the same mass of explosion in air and this 
increases mortality in underwater explosions. The 
potential damage depends on (1) the size of the charge, 
(2) depth of detonation, and (3) distance from the tar-
get [79]. The shrapnel’s effect in contrary is lesser in 
water compared to air for the same reason, the energy 
lost in water is much more significant than in air.

Blast injuries have been generally categorized as 
primary, secondary, tertiary, or miscellaneous [73, 78].

In primary mechanism, the blast wave causes 
the direct injury, typically to air-containing organs: 
the lungs, small and (particularly) large bowels, and the 
auditory system [80, 81]. The suggested mechanisms 

for primary blast effects include: direct compressive 
effects of the blast wave; spilling, in which denser tis-
sue fragments into less dense tissue as the blast wave 
advances through the tissues; implosion, in which gas 
pockets momentarily contract and re-expand rapidly, 
injuring tissues, and stress and shear forces, which 
cause injury because of the differential response of tis-
sues to these forces [82, 83]. It has been demonstrated 
in previous researches that blast force has also exten-
sive, measurable pathophysiologic alterations such as 
elevations in the plasma arachidonic acid metabolites 
thromboxane A, prostacyciin, and sulfidopeptide leu-
kotrienes [84].

In secondary mechanism, the fragments from the 
bomb or the surrounding environment impact the sub-
ject causing blunt and penetrating injury [45, 85, 86]. 
This may cause mild or severe injuries to many of the 
survivors from the primary blast effect and it can cause 
damage to up to two thirds of the survivors [5, 87–90]. 
All of the primary blast victims have suffered from 
orthopedic injuries.

In tertiary mechanism, the blast wave propels the 
subject into another causing injury [91].

Other extra relative mechanisms of injury are expo-
sure to dust, thermal burns from an explosion, or burns 
from fires started by the blast, and inhalation of nox-
ious fumes.

The primary blast effect decreased inversely to the 
distance from the primary blast due to 1/r3 whereas the 
shrapnel’s continues longer to larger perimeter due to 
1/2 mv2. Therefore, the perimeter of direct blast injury 
is much smaller than the bomb fragments zone injury 
with initial velocities of 6,000 m/s [92] as demon-
strated in figure (Fig. 2.7). These bomb fragments are 
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Fig. 2.6 The short duration positive wave with a rapid upslope, 
followed by a longer smaller negative wave is shown
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shrapnel’s
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preplanned to aggravate the damage and they can be 
made from metal objects such as screws, pins, balls, or 
from other materials such as rubber, wood, plastics, 
and ceramics. Furthermore, these fragments may con-
tain biologic, chemical, or even radioactive elements 
that are dispersed by the bomb blast causing other 
forms of injury. (Fig. 2.8a, b).

Special devices such as the antipersonnel mine 
is designed to release a large amount of explosive 
energy at a short range, which often leads to either 
an immediate traumatic amputation, or delayed surgi-
cal amputation due to the extent of soft-tissue injury. 
The contralateral limb might also be severely injured, 
but usually less severe, without a risk of amputation. 
One exception is upper limb injuries due to mines’ 
handling (a professional risk of a sapper) [93]. The 
destructive effects of the antipersonnel mines are 
due to stress waves entering the limb, penetrating 
injuries from fragments, footwear, and soil, dynamic 

overpressure loads on tissues, and shear produced by 
the flow of products. Stress waves travel through a 
limb at about the specific sound speed of each tissue 
depending on the tissue acoustic impedance (related 
to density). These cause different energy loses in the 
interfaces between different tissues and lead to cel-
lular disruption, soft-tissue destruction, and bony 
microfractures. These may explain the relatively 
proximal injury extent, up to the thigh or demyelina-
tion of nerves up to 30 cm above the most proximal 
area of macroscopic recognized soft-tissue injury [67, 
94]. A retrospective analysis from the International 
Committee of the Red Cross, of 757 victims of anti-
personnel mines, has identified three patterns of inju-
ries among survivors [57].

A – Injuries occur when a buried mine is stepped 
upon and produce severe lower limb injuries including 
traumatic amputations; B – The device explodes near 
to the victim. This may be due to a buried mine acti-
vated by another individual, or due to a pull-action 
mine that is placed above ground level and activated by 
triggering a trip wire connected to the device. Lower 
limb injuries occur, but are less severe than in pattern 
A, with traumatic amputations less common. Injuries 
to the head, chest, and abdomen are common; C – 
Injuries occur when the device explodes while the vic-
tim is handling it, and this induces severe facial and 
upper limb injuries. In addition, other device-specific 
injuries to the face, thorax, and upper limbs can occur 
accompanied with high mortality [94].

Blast effects in vehicles, like bus blasts during ter-
ror events, have, in a way, different results, which are 
in between open area and closed space blast effects. 
Although a bus is a closed space, it has relatively soft 
“walls” and windows and therefore the energy and 
blast behavior is a bit different and the secondary or 
tertiary blast effects are more severe, probably because 
of the huge shrapnel potential and internal objects 
(such as the chairs) that may cause secondary trauma 
by collision with the human body that move forcedly 
toward them. The different behavior is represented in 
Table 2.1. It demonstrates the Israeli results of injuries 
caused by bus blasts due to terror suicide bomb attacks 
[77, 90].

Musculoskeletal trauma resulting from an explosive 
detonation is also manifested as primary, secondary, 
tertiary, or miscellaneous blast injury, in isolation or in 
combination. Although relatively uncommon in survi-
vor’s primary blast injury, especially high energy 
released can fracture bones and cause limb avulsions 

Fig. 2.8 Bomb fragments that are made of (a) screw and (b) 
pins are shown
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[49, 95] (Fig. 2.9). Limb amputation has a grave prog-
nosis, despite aggressive treatment, reporting that only 
9 of 52 servicemen who sustained traumatic amputa-
tions from explosions in Northern Ireland survived 
[71]. In the lower limb, the prevalence of traumatic 
amputation was significantly higher (p < 0.001) at the 
level of the tibial tuberosity than at other sites [96], 
contrary to the upper limb where significant tendency 
was reported that more traumatic amputation occurred 
through distal part. The suggested mechanism for pri-
mary blast-induced amputation was a combination of 
blast-wave-induced fracture, due predominantly to 
coaxial forces, followed by limb avulsion through the 
fracture site by dynamic forces (the blast wind) acting 
on the whole limb [67].

Secondary blast injuries caused by flying casing 
fragments or other debris are the blast injuries that 
most often involve the musculoskeletal system [97] 
and large enough fragments (higher but mainly lower 
velocity of <600 m/s) can cause direct limb amputa-
tion [67, 83, 98]. Upon striking tissue, even at a low 
velocity, these fragments may exhibit a tumbling or 

so-called shimmy effect that can increase the amount 
of tissue damage [36, 99]. More damage might be 
induced by moving environmental debris into the 
wound [45, 98, 100–102]. Furthermore, a large, slow 
projectile can crush a large amount of tissue, and pro-
jectile fragmentation that may occur within the body 
can greatly increase temporary cavity effects [61].

Many injuries such as soft crash or fractures are 
caused by tertiary mechanism when the victims are 
thrown to the ground or other objects [75]. 
Miscellaneous orthopedic blast injuries are much less 
common than secondary blast injuries and may include 
burns from the thermal effects of explosions or from 
secondary fires [76].

Most orthopedic blast trauma, however, is caused 
mainly by the secondary effect – penetrating fragment 
injury, which is the main cause of injury both in war-
fare and in most terrorist attacks in the Middle East 
and depends on subject distance from the detonation 
center, the shape and size of the fragments, and the 
number of foreign bodies implanted or created by the 
explosive [103]. The size and shape of the fragments 
may affect the extent of soft-tissue injury whereas a 
large flat irregular shape metal piece may induce severe 
muscle and skin damage because of the large contact 
area, in comparison to the less extensive damage 
caused by the relatively narrow path of a handgun bul-
let [104]. However, when comparing the effects of 
blast injury related to neurovascular damage, compart-
ment syndrome, and soft-tissue damage, local tissue 
damage may be slightly less extensive than with high-
velocity gunshot injuries [103].

2.3.1  Heterotopic Ossification

Other complication is heterotopic ossification which is 
seen in approximately 50–60% of patients from Iraq 
who sustain amputations as a result of severe war 
trauma, most commonly from detonating ordnance 
[105]. Although infrequently seen in civilian ampu-
tees, heterotopic ossification may interfere with pros-
thetic wear, result in additional surgery, and thus delay 
rehabilitation. The mechanism by which blast injury 
causes increased risk of heterotopic ossification is not 
clear and significant elevations in the plasma arachi-
donic acid metabolites thromboxane A2, prostacyclin, 
and sulfidopeptide leukotrienes were found in patients 

Mortality ISS > 15 Multiple injury

Open space 2.8% 6.8% 4.7%

Confined space 15.8% 11% 11.1%

Bus 20.8% 11% 7.8%

Table 2.1 The differences in blast results depends on the area 
they took place (Bus, Open space, Confined space) as measured 
by the percentage of mortality, high Injury Severity Score (ISS), 
and multiple injury among the wounded people

Fig. 2.9 Primary blast injury of the lower limbs is shown
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with acute injuries from explosive blasts compared 
with a control group with similar injury scores [106]. 
Systemic effects combined with sequela of regional 
bony and soft-tissue injury may play a role in the 
development of heterotopic ossification [107, 108].
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3.1  The Origin of Damage Control  
in Trauma

The concept of limited surgery to stop bleeding and 
attempt to save lives is not new among those facing 
extreme conditions. Since antiquity, surgeons have 
described packing as a technique to control surgical 
bleeding. Descriptions exist from the American Civil 
War, in documents from the late 1890s and in surgical 
descriptions from World War II. In the 1970s improved 
survival with therapeutic liver packing was described 
and in 1983, Stone et al. described abbreviated laparo-
tomy and intra-abdominal packing as a lifesaving tech-
nique for exsanguinating hypothermic, coagulopathic 
trauma patients. This strategy was applied throughout 
the 1990s for patients in extremis, as a last ditch salvage 
effort. Finally, in 1993 Rotondo et al. clarified and 
defined damage control as a strategy for improved sur-
vival of the most severely injured trauma patients [1, 2].

The term damage control was borrowed from a tra-
ditional Navy term and philosophy. In the Navy, dam-
age control refers to keeping a badly damaged ship 
afloat after major penetrating damage to the hull. 
Temporizing measures are used to limit further damage 
and stabilize the ship to allow for a thorough assess-
ment of the damage and development of a comprehen-
sive strategy for definitive repair [3]. The analogy to a 
severely injured patient is obvious. Hypothermia, aci-
dosis, and coagulopathy are recognized as a lethal 
combination, predictive of imminent death. Damage 
control measures aim to prevent or reverse these 

conditions. In damage control for trauma patients, the 
main tenets are to perform temporary operative proce-
dures to provide time for physiologic stabilization 
before definitive surgical care. There are four distinct 
phases of the damage control philosophy: the first is 
recognition of the at risk patient, next, temporizing 
operative procedures to limit ongoing injury, third, 
intensive care unit (ICU) care for resuscitation, and 
finally definitive procedures in the OR (Fig. 3.1, Image 
3.1). Basic to this philosophy is the idea that the sur-
geon does anything to keep the patient alive and accepts 
the morbidity of the early procedures and later returns 
to reconstruct and repair. The originally described sal-
vage techniques include temporary abdominal pack-
ing, temporary intravascular shunts or ligation of 
vessels, isolation of damaged loops of bowel with sta-
ples or tapes, and towel clamp closure of the abdomen 
[2, 3]. As damage control principles have become more 
widely accepted, systemic changes have been made, 
including an effort to identify at-risk patients and begin 
care preadmission.

3.2  Damage Control and Hemorrhage

Rapid and effective early care can improve survival 
and outcomes. Hemorrhage is the leading cause of 
preventable death after trauma, and strategies for pre-
serving vital function while preventing further blood 
loss are an essential first step in damage control, 
allowing for stabilization and safe transport. These 
principles are particularly applicable on the battle-
field, where resources are limited and multiple trans-
fers may be required. Several strategies, including 
tourniquet use, use of hemostatic dressings, and 
hypotensive resuscitation with novel fluids, are all 
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being employed. Exsanguination from extremity 
injuries is one of the leading causes of death in com-
bat. For these injuries, tourniquets can play a critical 
role in hemorrhage control. There is substantial evi-
dence that properly applied tourniquets provide effec-
tive hemorrhage control. Wider or double tourniquets, 
use of the lowest effective pressure, early use prior to 
the development of shock and minimization of total 
time while performing repeat exams have all helped 
to decrease morbidity. Recent studies have shown 
improved survival rates with tourniquet use, espe-
cially with early prehospital use and prior to onset of 
shock, and no evidence of increased limb loss or 
 permanent disability. The current Tactical Combat 
Casualty Care recommendations include use of tour-
niquets to prevent death by limb exsanguination when 
under fire, in mass casualties and with multiple hem-
orrhaging extremities; given the success of military 
use of the device, civilian use in disasters, mass casu-
alties and law enforcement environments has also 
been recommended (Fig. 3.2) [4, 5].

Hemostatic dressings also play a role in preventing 
death by hemorrhage. Non-compressible truncal and 
groin wounds and wounds of irregular depth and 
geometry are often impossible to tourniquet or apply 
sufficient pressure to control hemorrhage. The ideal 

hemostatic dressing is well tolerated, stable at room 
temperature, easy to use with minimal training, light-
weight, durable, inexpensive, and able to stop large 
vessel arterial and venous bleeding within minutes. 
There are commercially available gauze-like and gran-
ular dressings that have been used by the military with 
variable success. Several were discontinued due to 
thermal injury and thrombotic complications. 
QuickClot Combat Gauze (Z-MEDICA, Wallingford 
CT, USA) and CELOX (SAM Medical Products, 
Newport, OR, USA) are still being used (Fig. 3.2). 
Both function by conforming to the wound and activat-
ing intrinsic clotting factors. These dressings have the 
potential to improve survival in both military and civil-
ian traumas and warrant further investigation [5].

The goal for resuscitation in hemorrhagic shock has 
traditionally been to rapidly restore fluid volume with 
crystalloid or colloid solutions to maintain vital organ 
perfusion. It has been recognized that this leads to dis-
lodgement of new clot and increased bleeding, as well 
as dilutional coagulopathy and worsened abdominal 
compartment syndrome. In an influential study on 
humans with penetrating torso injuries, Bickell et al. 
concluded that delaying fluid resuscitation until hem-
orrhage is controlled improves survival and outcomes. 
Several other studies support hypotensive or delayed 

Fig. 3.1 Phase of damage 
control
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fluid resuscitation, though Dutton et al. found no dif-
ference in mortality for trauma patients resuscitated to 
a systolic blood pressure of 70 versus 100 mmHg. 
While overall the literature is conflicting, current strat-
egies for resuscitation include low volume fluid admin-
istration to a lower than normal blood pressure (~80–90 
mmHG, or a palpable radial pulse) to ensure adequate 
perfusion while allowing spontaneous slowing of hem-
orrhage and clot formation with native hemostatic 

mechanisms [6–8]. The types of fluids being used for 
resuscitation have also undergone an evolution. 
Hextend, as 6% hetastarch balanced saline solution, 
allows medics to achieve greater intravascular reple-
tion with smaller fluid volumes and less coagulopathy 
and blood loss intra-operatively. Novel colloids includ-
ing dextrans, gelatins, starch, and albumin are all being 
investigated. Dextran has been associated with ana-
phylaxis, renal failure, and increased bleeding and 

Image 3.1 Borderline polytrauma patient with ipsilateral fem-
oral and tibial shaft fractures. Damage control: external fixation 
of the long bone fractures, debridement of wounds. Definitive 

treatment: intramedullary fixation of the fractures in the stabi-
lized patient
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Image 3.1 (continued)
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seems to have a negative risk benefit ratio. Gelatins are 
regularly used outside of the USA for plasma expan-
sion, but are not used in the USA due to concerns for 
reduced clotting and prolonged bleeding time. New 
tetrastarches have the lowest risk of anaphylaxis and 
do not appear to influence coagulation or renal func-
tion. These are promising new solutions for resuscita-
tion. Albumin is well tolerated and does not affect 
hemostasis, but has increased mortality in patients with 
traumatic brain injury. Which of these fluids is best for 
volume expansion remains in question at this time [9].

3.3  Resuscitation

Damage control resuscitation during the hospital phase 
is focused on preventing or correcting the lethal triad 
of hypothermia, acidosis, and coagulopathy. Damage 
control resuscitation differs from traditional prehospi-
tal and emergency strategies by attempting to address 
all three conditions at the same time, either in the OR 
or in the ICU following damage control procedures. 
Traditional shock resuscitation involved support of 

blood pressure and urine output, plus rapid reversal of 
metabolic acidosis using crystalloid and packed red 
blood cells (PRBCs). Hypothermia is addressed with 
warming devices and by limiting exposure. Early 
coagulopathy was viewed as a byproduct of resuscita-
tion and little effort was made towards early correc-
tion. More recently, it has been recognized that 
coagulopathy is present at a very early stage and may 
be the result of acidosis-induced coagulation factor 
dysfunction, coagulation factor consumption, and 
hypothermia induced failure of platelet activation. 
Lactated Ringer’s solution and normal saline, used for 
standard crystalloid resuscitation, may actually worsen 
coagulopathy and acidosis by increasing reperfusion 
injury and leukocyte adhesion. In addition, massive 
transfusion of PRBCs is associated with increased 
mortality, while the safety of withholding PRBCs in a 
hemodynamically stable patient has been demon-
strated. Based on this data and the fact that the most 
severely injured 1–2% of patients, along with 7% of 
combat casualties, require massive transfusion, a new 
strategy for damage control resuscitation has been 
developed. The strategy involves addressing all three 
aspects of the lethal triad immediately upon admission. 

Image 3.1 (continued)



40 J.M. Keller and A.N. Pollak 

The INR, base deficit and temperature are corrected 
using repeated point of care testing, commercial warm-
ing devices, multiple blood products and pharmaceuti-
cals. Resuscitation is limited to keep blood pressure at 
~90 mmHg to prevent renewed bleeding from recently 
clotted vessels and intravascular volume is restored 
using thawed plasma as the primary fluid in at least a 
1:1 ratio with PRBCs. Recombinant Factor VIIa is 
used as required throughout resuscitation. For casual-
ties requiring continued resuscitation, the blood bank 
is notified to activate the massive transfusion protocol. 
This results in delivery of six units of plasma, six units 
of PRBCs, six packs of platelets, and ten units of cryo-
precipitate. Crystalloid use is limited to keeping lines 
open between units of blood. In military situations 
with the available resources, fresh warm whole blood 
from the walking blood bank is used as the primary 

resuscitative fluid in the most severely injured patients. 
In military experiences, patients treated with this pro-
tocol have minimal intra-operative coagulopathic 
bleeding and arrive in the ICU warm, euvolemic, and 
nonacidotic with a normal INR and minimal edema 
(Holcomb, Holcomb et al.).

The question of the optimal time to return for defin-
itive procedures after initial surgery and resuscitation 
is a difficult one. Premature subsequent surgery, prior 
to optimal hemodynamic stability and normalization 
of the inflammatory and coagulation systems, may 
result in coagulopathy, hypothermia, acidosis, cerebral 
edema, multiorgan dysfunction syndrome (MODS), 
and death. Delay of surgery beyond the optimal time 
may result in increased complications, infection or 
inability to complete optimal definitive care. Identifying 
this optimal moment remains elusive, often requiring 

CELOX

Fig. 3.2 Tourniquets and hemostatic dressings
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extensive laboratory and monitoring studies (Fig. 3.3) 
[3]. Studies from the Denver Health Medical Center 
suggest that the majority (70%) of patients are ready to 
return to the OR between 6 and 24 hours another 24% 
of patients were ready to return to the OR between 24 
and 72 hours [3, 10]. The question of optimal time to 
return to the OR becomes even more important and 
difficult to ascertain as damage control practices have 
expanded from abdominal surgery, and are applied to 
most aspect of general surgery, neurosurgery, urology, 
gynecology, and orthopedic surgery.

The expansion of damage control principles to a 
wider scope of surgical practices ensued with the suc-
cess of damage control general surgery and resuscita-
tion was showed to improve survival of severely injured 
patients. It has become clear that early extensive sur-
gery for extremity injuries leads to an excess of com-
plications. Homeostatic anomalies, abnormalities of 
the systemic inflammatory response, MODS and 
increased mortality have all been observed [11]. 
Hemorrhage and soft tissue injury are inevitably asso-
ciated with fractures. The injuries initiate a local 
inflammatory response, with increased local and sys-
temic levels of pro-inflammatory cytokines. Cytokine 
levels correlate with fracture incidence and degree of 
soft tissue injury, suggesting that these injuries play a 
major role in the release of pro-inflammatory media-
tors. The inflammatory response ultimately leads to 
microvascular damage, mediated by adherence and 
extravasation of activated polymorphonuclear leuko-
cytes. The neutrophils then release free radicals and 
proteases, resulting in damage to the vessel wall, 
increased capillary permeability, interstitial edema, 
and the development of MODS (Hildebrand). As 

understanding of the biological “first hit” of injury has 
increased, use of salvage procedures to decrease the 
magnitude of physiological harm has been initiated 
early and more frequently [2].

3.4  The Evolution of Damage Control 
Orthopedics

The advent of damage control orthopedics (DCO) in 
the late 1990s and early 2000s represented a major 
shift if philosophy for the treatment of orthopedic 
injuries in severely injured trauma patients. 
Historically, several eras of orthopedic care can be 
identified. In the 1960s delayed fixation of long bone 
fractures was recommended. Immediate stabilization 
was associated with mortality rates up to 50% due to 
perioperative pulmonary and cardiovascular compli-
cation. Fat embolism and pulmonary dysfunction were 
linked to liberation of intramedullary contents with 
nailing of long bone fractures. As a result, patients 
with long bone fractures were treated with traction or 
splinting for 10–14 days, until the effects of fat embo-
lism syndrome resolved and pulmonary, cardiovascu-
lar, neurovascular and coagulation systems had 
stabilized. While delayed fixation did seem to decrease 
pulmonary complications, delayed fixation and subse-
quent prolonged immobilization was fraught with 
complications. Multiple systems are adversely affected 
by prolonged recumbence and pneumonia, decubitus 
ulcers, vascular abnormalities, gastrointestinal stasis, 
aspiration, and psychological disturbances were all 
reported. Seibel et al. first made the association 
between delayed stabilization and more ICU days, 
more ventilator days, prolonged hyperglycemia, pro-
longed bilirubin elevation and more episodes of leuko-
cytosis and fever. In addition, prolonged immobilization 
is associated with protein malnutrition, disuse atrophy 
and stiffness, leading to compromise of long-term out-
comes [12–14].

In the 1980s, a major paradigm shift occurred in the 
treatment of long bone fractures in multiply injured 
trauma patients. Outcomes studies showed a  relationship 
between fracture fixation and acute respiratory  distress 
syndrome (ARDS), with better outcomes seen in patients 
treated with intramedullary nailing of femur fractures 
within the first couple days of admission [13–15]. Bone 
et al. performed the first prospective randomized trial of 

• Vital signs: blood pressure, heart rate, respiratory rate
• Core temperature
• Coagulation factors
• Serial hemoglobin and hematocrit
• Arterial blood gas
• Electrolytes, basic metabolic panel and enzymes
• Cardiac function: EKG, cardiac output, ejection fracture
• Peripheral vasculature: pulses, doppler, duplex
• Intraperitonealpressure
• Intracranial pressure and cerebral blood flow
• Endoscopic evaluation of GI system
• Imaging of head, chest and abdomen
• Angiography for persistent bleeding

Fig. 3.3 Monitoring studies to assess status after damage con-
trol surgery
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early (less than 24 h) versus delayed stabilization of 178 
patients with femur fractures. When stabilization was 
delayed in patients with multiple injuries, the incidence 
of pulmonary complications including fat embolism, 
pneumonia. and ARDS were higher. In addition, the 
number of ICU days was greater, length of hospital stay 
was longer and overall hospital cost was higher. Of note, 
none of the patients with isolated femur fractures 
required intubation or admission to the ICU, whether 
treated early or late, suggesting that the benefit of early 
fixation is seen specifically in polytrauma patients [16]. 
In addition to the change to early fixation in orthopedic 
care, advances were made regarding the overall physiol-
ogy of severely injured patients. Optimizing patients’ 
overall nutrition status was correlated with decreased 
ventilatory requirements and ventilation strategies sig-
nificantly improved. The cumulative result was a sig-
nificant change in philosophy, with the average time in 
traction for a femur fracture decreasing from 9 to 2 days. 
The idea of early fixation was loosely defined, some-
times leading to aggressive treatment protocols and fix-
ation of all orthopedic injuries, regardless of status; the 
negative effects of early fixation began to be seen. 
Patients undergoing drawn out operations suffered an 
excess of complications, including homeostatis anomalies, 
MODS, abnormalities of the systemic inflammatory 
response and increased mortality [11, 14, 17]. The effi-
cacy of immediate fixation of all injuries came into 
question. New information regarding the impact of 
trauma on the inflammatory system further brought into 
question the efficacy of immediate treatment in poly-
trauma patients.

3.5  Trauma and the Inflammatory 
Cascade

Crucial discoveries in the role of the inflammatory cas-
cade in trauma patients support the use of damage con-
trol principles, rather than a standard immediate 
fixation. The biologic load associated with open sur-
gery is determined by operative time and blood loss; 
this has been recognized as a “second hit,” which can 
push an already tenuous borderline patients into ARDS 
and MODS. The timing of secondary procedures is 
critical, to avoid causing further damage in severely 
injured patients. Immune monitoring may help to 

determine the optimal time for trauma patients undergo 
treatment (Fig. 3.4). Trauma causes sustained changes 
in the inflammatory response, with a hyperinflamma-
tory early stage, followed by a hypoinflammatory stage 
that often precedes organ failure. The magnitude of the 
response is proportional to the degree of trauma and is 
influenced by surgery and treatment. After primary 
fracture stabilization, transient cytokine secretion 
occurs, with different patterns based on type of sur-
gery; during intramedullary nailing, IL-10 decreases 
and HLA-DR increases. Pape et al. performed a pro-
spective randomized trial to determine if there were 
differences in the inflammatory response based on the 
type of the initial procedure performed on polytrauma 
patients. They found that IL-6 concentrations differed 
significantly during the perioperative course. In 
patients treated with primary intramedullary nailing, 
IL-6 levels increased to a peak level 24 h postopera-
tively. In the damage control group, admission  
IL-6 levels were elevated, but no further peak was  
seen either with external fixation or with secondary 
intramedullary nailing. The study did not find an asso-
ciation between the rise in inflammatory markers and 
clinical outcomes though [17].

Pape et al. also found significant differences in the 
pattern of procytokine secretions between patients 
treated with early and late secondary surgery, with 
patients in the early secondary stabilization group show-
ing an overall increase in proinflammatory release and a 
prolonged elevation of IL-6. Secondary surgery on days 
2–4 was associated with increased MODS versus 
patients treated on days 5–8, and mean IL-6 values at 
admission were higher in patients that developed 
MODS. A combination of initial IL-6 >500 pg/dL and 
surgery on days 2–4 positively correlated with the 

• Interleukin−6 (IL−6)
     – Reliable parameter for injury severity
     – Reliable predictor of post-operative complications
     – Level associated with magnitude of procedure

• IL−8
     – High levels in head injuries and chest trauma
     – Early predictor for survival after trauma

• IL−10
     – Late increase associated with infectious complications
• IL−18
      – Prognostic marker for survival in septic patients
      – No increase in trauma-induced systemic inflammation 

Fig. 3.4 Immune monitoring of significant markers in trauma 
patients



433 Damage Control Orthopaedics

development of MODS, whereas IL-6 >500 pg/dL and 
surgery on days 5–8 did not. There are several key points 
established by this study. First, it confirms the impor-
tance of IL-6 as a marker of the inflammatory response 
to blunt trauma and its complications. Second, patients 
in this study who had early secondary surgery and a 
higher association with grade II organ dysfunction had 
higher elevations of IL-6. Both the initial injury and the 
second hit of the operative procedure are closely related 
to the magnitude of the response. It is critical to mini-
mize postinjury damage during initial and secondary 
surgical procedures and the timing of secondary surgery 
is critical, to avoid deleterious activation of the inflam-
matory cascade and a second hit leading to organ dys-
function; surgery on days 2–4 should be avoided [18].

3.6  Long Bone Fixation  
in Damage Control

The idea of damage control orthopedics came about 
both as an extension of the use of damage control 
principles in general surgery, and a reaction to the 
poor outcomes noted with immediate surgery. Studies 
suggested worsening pulmonary complications in 
patients with certain lung injury profiles and poor out-
comes in patients with severe head trauma following 
musculoskeletal interventions. Substantial blood loss 
and subsequent resuscitation complicates fluid man-
agement, and anesthesia makes neurologic assessment 
impossible. Coagulopathic, hypothermic and hemo-
dynamically unstable patients were recognized as 
being at increased risk for complications from major 
operative interventions. Intramedullary nailing of the 
femur, in particular, became the focus of multiple stud-
ies. Larger diameter femoral nails, requiring reaming 
of the intramedullary canal are associated with better 
outcomes than smaller non-reamed nails with respect 
to union rates, rotational control, and restoration of 
femoral length [19–21]. However, it is also well estab-
lished that opening and reaming of the intramedullary 
canal liberates marrow contents, causing fat embo-
lism to the pulmonary system. These microemboli 
are thought to cause pulmonary dysfunction by both 
direct and indirect mechanisms. The pulmonary cap-
illaries are much shorter and have a lower pressure 
gradient than the general circulation, so mechanical 
occlusion of the capillary system could contribute to 

elevations in pulmonary pressure seen with fat embo-
lism, but is unlikely to be the primary mechanism. Fat 
emboli may also directly activate the pulmonary pres-
soreceptor reflex system by causing hypoxia in the 
capillary beds, or indirectly by liberating mediators of 
the system. Finally, reaming itself and the presence 
of fat emboli are thought to contribute to pulmonary 
dysfunction and ARDS by recruiting and activating 
polymorphonuclear leukocytes (PMNLs) and neutro-
phils; elevated levels of these factors are established 
risk factors for ARDS [17]. Pape et al. investigated the 
effects of reamed versus unreamed primary intramed-
ullary femoral nailing on lung function and pulmonary 
hemodynamics. They found that in patients undergo-
ing reamed nailing, a fall in the oxygenation ratio 
occurred upon reaming of the canal and remained 
worse for 2 days after trauma. In addition, the reamed 
nailing group had a significant increase in pulmonary 
artery pressure during reaming and a significant drop 
in post operative platelets. The authors concluded that 
these results were a result of a higher amount of fat 
embolization with reaming and that patients with pul-
monary injury should undergo unreamed nailing to 
avoid increased risk of ARDS. Of note, this study was 
a prospective, non-randomized trial with inclusion cri-
teria including a thorax AIS score of <2, indicating 
no severe injury [17]. This conclusion was controver-
sial and let to multiple subsequent studies attempting 
to answer the questions of whether the alterations 
in lung function seen intraoperatively had long term 
implications, and whether reaming was important to 
the development of ARDS. Bosse et al. performed 
a retrospective 2 center study comparing treatment 
of femoral fractures with IM nail versus plating and 
found no significant different in incidence of ARDS, 
pneumonia, pulmonary embolism, MODS or death. 
The overall rate of ARDS was only 2% [19, 22]. In 
a prospective, randomized, multi-center trial by the 
Canadian Orthopaedic Trauma Society, the group also 
found a much lower overall level of ARDS than Pape 
et al., at 3.7% in multiply injured patients, and found 
no difference between the reamed and unreamed 
groups in incidence of ARDS. Neither chest AIS, 
ISS or PaO2/FI02 ratio were predictive of develop-
ment of ARDS [23]. A prospective, randomized trial 
by Anwar, et al. also failed to identify any differences 
in incident of ARDS or other pulmonary parameters 
both acutely and late when comparing patients treated 
with reamed versus non-reamed nails.
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Scalea et al. presented results from a retrospective 
review of outcomes from a new protocol that had been 
in use, in which external fixation (EF) for femoral frac-
tures was used as a bridge to intramedullary nailing 
(IMN) in severely injured patients. In this study, 13% of 
324 patients with femur fractures seen from 1995 to 
1998 were treated with external fixation. Compared to 
the IMN group, these patients were significantly more 
severely injured, with a significantly higher admission 
ISS, GCS, percentage in shock, percentage with AIS-
head >3 and proportion requiring non-orthopedic sur-
gery and ICU care. The median OR time for EF was 35 
min, versus 135 min for IMN. No patients had intraop-
erative hypotension or hypoxia during external fixation. 
Mean time to conversion to IMN was 4 days. The authors 
concluded that the use of external fixation as a temporiz-
ing measure allows for the advantages of rigid fixation 
without the risk of hypotension and hypoxia associated 
with more extensive procedures in seriously injured 
patients. External fixation is rapid, causes negligible 
blood loss, and allows for later conversion to IMN when 
the patient has stabilized with minimal complications. 
The authors coined the term damage control orthopedics 
for this approach [24]. Nowotarski et al. confirmed that 
early conversion, within 2 weeks, from EF to IMN was 
safe; their series had a 97% union rate and 1.7% infec-
tion rate, similar to primary intramedullary nailing. The 
authors concluded that interim use of external fixation 
prior to one stage delayed intramedullary nailing is safe 
and effective for patients initially unable to tolerate 
internal fixation, providing the benefits of immediate 
stabilization and avoiding the complication associated 
with long-term external fixation [25]. Pape et al. and 
Taeger et al. have also reported decreased pulmonary 
complications and benefits to survival with a damage 
control approach consisting of external fixation and 
delayed definitive fixation [14, 26, 27].

As the benefits of damage control orthopedics have 
been supported for femoral shaft fractures and extrapo-
lated to all long bone fractures, the question has increas-
ingly become how to identify the subset of patients at risk 
for the development of ARDS and MODS that will ben-
efit from this protocol. A recent study by O’Toole et al. 
found that in severely injured patients undergoing initial 
IMN of femoral shaft fractures, the rate of ARDS was 
1.7% and death was 2.0%; in the DCO group there were 
no cases of ARDS, but the death rate was significantly 
higher, at 12.5%. This is attributed the fact that the DCO 
group was significantly more severely injured, with 

higher average ISS, higher average initial lactate values, 
and higher rate of exploratory laparotomy. This rate of 
ARDS is significantly lower than in previously published 
studies; the reason for this is not clear and may be due to 
different resuscitation protocols, shock care protocols or 
intrinsic patient differences. The use of DCO was also 
significantly lower than similar reports in the literature, 
12% versus 36%. The authors conclude that despite infre-
quent use of DCO and frequent use of reamed intramed-
ullary nailing, the incidence of ARDS is low, and that 
while DCO is lifesaving in a subset of patients, it is infre-
quently needed and it is possible that aggressive DCO 
coupled with early operative intervention for stabilization 
of femoral shaft fractures may actually be less safe and 
indicated than currently recognized [28]. It is therefore 
imperative to identify the group of patients that do not 
have sufficient reserves to undergo primary fixation.

Guidelines for damage control procedures in 
abdominal surgery have been established and include 
[11, 29]:

Coagulopathy preventing hemostasis•	
Inaccessible major venous injury•	
Long procedure in a patient with suboptimal •	
response to resuscitation
Need to manage an extra-abdominal life threaten-•	
ing injury
Need to reassess intra-abdominal contents•	
Inability to close the abdominal fascia•	

As damage control practices have become more com-
mon, multiple guidelines for identifying borderline 
patients requiring DCO protocols have also been pro-
posed. It is recognized that thoracic trauma places 
polytrauma patients at higher risk for complications. 
Accurate identification of the severity of lung paren-
chymal injury is vital, as underestimating the injury 
leads to unexpected complications. Computed tomog-
raphy (CT) scanning is of undisputed value and studies 
have shown that information of therapeutic conse-
quence is gained with CT in 70% of patients. CT scan-
ning has therefore become standard for polytrauma 
patients [11, 30, 31]. In addition to thoracic trauma, 
brain injury, multiple system injuries, and hemorrhagic 
shock have also factored into proposed criteria for 
identifying the borderline patients (Fig. 3.5) [11, 14, 
32]. More specific criteria can be used to categorize a 
patient as stable, borderline, unstable, or in extremis 
(Fig. 3.6). Three of the four criteria delineated in 
Fig. 3.6 should be present to qualify a patient for the 
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category. These more detailed criteria, including clini-
cal and lab values, may help to more accurately delin-
eate the appropriate treatment algorithm. The major 
categories considered are pulmonary function, coagu-
lation status, hemodynamic stability, tissue injury, and 
inflammatory parameters. Once the status of the patient 
has been determined, surgical priorities should follow 
a set order.

The first surgical priority is of course the save the 
patient’s life, then limb, when feasible. Initial procedures 
should be limited to 2 h or less. Open fractures should be 
irrigated and debrided. Further treatment of the fractures 
is determined by the overall status of the patient, but in 
general, fractures should be stabilized with external 

fixators, though splints may be sufficient for upper 
extremity injuries. For patients in extremis, guillotine 
amputations may be necessary for fractures with vascu-
lar injuries. Hemorrhage control is paramount for 
patients in extremis, with stabilization of vital parame-
ters in the ICU after the procedures; stabilization of 
major fractures is secondary. For unstable patients, major 
fractures should be stabilized with external fixators. For 
borderline patients, definitive fixation can be undertaken 
within the 2-hour time limit, if continuous reassessment 
of pulmonary status, coagulation and blood product 
requirements yields acceptable results. If sufficient 
results are not maintained, the patient should have sub-
sequent fractures treated with external fixation. Stable 
patients can undergo primary definitive fixation [14].

3.7  Damage Control and Pelvic Ring 
Injuries

Pelvic ring injuries are an indicator of high energy 
trauma and are often accompanied by extensive soft 
tissue injury and hemorrhage, proportional to the 
severity of the trauma. While rare, comprising just 
3–8% of all fractures, pelvic ring injuries are 

Parameter

Shock
Blood Pressure (mmHg) ≥100 ≤70
PRBCs/2hrs

Lactate (mg/dL)
Severe
acidosis

Base deficit (mmol/L)
Temperature (°C)

Coagulation

Platelet count(/mm3)
90000−
110000

<70000−
90000

Fibrinogen (g/L)
D-dimer (µg/mL)
Factor II and V (%)

Soft tissue injury
PaO2/FiO2 (mmHg)
Chest trauma (AIS) ≥2 ≥3 IV
Abdominal trauma
(Moore) ≤II ≤III III ≥III

Pelvic trauma (AO)
B or C
(slight)

C
(moderate)

External (AIS)
Crush or
>30% burn

Stable UnstableBorderline Extremis

80−100 <90
0−2 2−8 5−15 >15

normal ∼2.5 >2.5
normal

Normal Abnormal Abnormal

no data no data >6−8
<33 33−35 30−32

>110000 <70000
>1 <1∼1 DIC

DIC
90−100 70−89 50−70 <50

350−400 300−350 200−300 <200
1 or 2

A (none) C (crush)

I–II II–III III–IV
Fig. 3.6 Specific parameters to 
determine clinical condition [14]

• Polytrauma + ISS > 20 + thoracic trauma (AIS > 2)
• Polytrauma + abdominal/pelvic trauma +
   hemorrhagic shock (initial SBP < 90 mmHg)
• ISS > 40, without additional thoracic trauma
• Initial mean pulmonary arterial pressure > 24 mmHg
• Increase of pulmonary arterial pressure during
   intramedullarynailing of > 6 mmHg
• Bilateral femoral fractures
• Radiographic evidence of pulmonary contusion
• Hypothermia ( < 35C)
• Additional moderate or severe head injuries(AIS ≥ 3)

Fig. 3.5 Identifying the borderline patient
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significant sources of morbidity and have mortality 
rates ranging from 5% to 50%, depending on the cen-
ter [33]. Pelvic ring injuries can cause large retroperi-
toneal hematoma, which may mimic abdominal 
injuries, and are particularly dangerous due to the 
enormous potential space of more than 4L, leading to 
lack of auto-tamponad; exsanguinating hemorrhage is 
the major cause of death in multiply injured patients 
with pelvic ring disruptions. Immediate recognition of 
hemorrhage and effective control of bleeding are vital 
to survival. Concomitant bowel injury places these 
fractures at high risk for infection and the need for 
access to the abdomen for visceral or genitourinary 
system injuries may limit the treatment options for pel-
vic ring injuries.

Initial treatment of a pelvic ring injury must take 
into consideration all other systemic injuries, as well 
as hemodynamic status, the presence of an open frac-
ture and degree of soft tissue injury. The goal dur-
ing the acute phase of treatment of pelvic fractures 
is to prevent early death from hemorrhage. Arterial 
bleeds from the iliac vessels and their branches, as 
well as venous plexus and cancellous bone bleeding, 
can quickly lead to hemorrhagic shock. In a stable or 
borderline patient where hemodynamic status is con-
trolled, it is possible to undertake primary internal fixa-
tion of unstable injuries. Internal fixation with anterior 
and/or posterior SI screw placement is the treatment 
of choice for pelvic ring disruptions due to the clearly 
superior biomechanical advantages. However internal 
fixation is only a viable option in hemodynamically 
stable, adequately resuscitated patients with normal-
ized coagulation parameters. In an unstable patient, 
other methods of stabilization must be undertaken to 
control hemorrhage. The simplest method of stabiliza-
tion is a sheet or pelvic binder, placed at the level of the 
greater trochanters to splint the fracture and restrict the 
pelvic space. Prophylactic application of these devices 
is even satisfactory, as short term morbidity is negli-
gible. These devices are easy to use, effective, inex-
pensive and readily available. Potential disadvantages 
include soft tissue necrosis at the site of the binder. 
Though unreported, there are theoretical risks of vis-
ceral injury or sacral nerve compression [33].

External fixation can also be used for rapid stabi-
lization. It provides resuscitative, provisional and 
definitive treatment and can be placed in the trauma 
room if necessary. Traditional resuscitation frames 
have two pins placed into each iliac crest, starting at 

the anterior superior iliac spine (ASIS) and running 
perpendicular to the crest (Fig. 3.7). Despite the 
superficial starting point, these pins are difficult to 
place correctly due to variability in anatomy and dis-
ruption of the normal anatomy by the injury. Waikakul 
et al. reported an 18% rate of misplaced pins; infec-
tion rates for iliac crest pins range from 24% to 40%, 
and other well recognized complications include pin 
tract infections with associated abscess, osteomyeli-
tis and loosening aseptic loosening, loss of reduction, 
incisional hernia, impingement and nerve damage 
[34, 35]. In an effort to combat some of the problems 
with iliac crest pins, alternate sites have been 
described. Antero-inferior pins are placed in the 
supra-acetabular region, from anterior inferior iliac 
spine (AIIS) towards the sciatic notch. This frame 
allows patients to sit and dress with the frame in 
place, but requires use of an image intensifier in the 
OR for placement, as the deep location of the AIIS 
can be difficult to find and the long axis of the ilium 
in the transverse plane is highly variable and intra-

Fig. 3.7 Pin position for 3 types of external fixators (a) Antero-
superior pins (b) Supra-acetabular pins (c) Subcristal pins [34]
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articular pin placement has been reported, as have 
suprapubic hernias. [34, 36, 37] The increased soft 
tissue around the pins can be problematic, with 
decreases soft tissue stability and an associated 
increased risk of infection. The rate of infection for 
antero-inferior frames has been reported to be 24% 
[38]. Finally, Solomon et al. recently described low 
complication rates, good clinical function, and short 
operative times with placement of subcristal pins, 
starting from the ASIS and aimed parallel to the 
superior iliac crest towards the iliac tuberosity. The 
authors reported a 20% infection rate and no other 
complications in a series of 20 patients, followed an 
average of 3.2 years from the time of surgery. 
Subcristal pins seem to be a promising option for 
minimizing the complexity and complications of pel-
vic external fixator placement and use. Despite the 
difficulties in placement and care, external fixators 
remain the treatment of choice for pelvic ring injuries 
in unstable patients, when extensive soft tissue dis-
ruption, bowel or bladder injuries are present, and 
when the pattern of rami fractures prevents internal 
fixation [33, 34].

The pelvic C-clamp similarly provides compres-
sion and stability, but with two pins applied to the 
posterior ilium near the sacroiliac joints (Fig. 3.8). 
The greatest bleeding usually occurs posteriorly, 
from the sacral venous plexus and cancellous bone 
surfaces, and this device provides mechanically supe-
rior compression and effective pelvic tamponade. 
Multiple studies have found the C-clamp to be a safe 
and effective method of stabilization in exsanguinat-
ing patients with pelvic ring disruptions [39, 40]. 

The device can be rapidly applied, does not interfere 
with exploratory laparotomy, stabilizes the pelvis 
to prevent clot disruption, and in multiple studies, 
has been used without clamp-related complications 
[39–41]. Though it can be safely applied, complica-
tions can be significant, including loss of reduction, 
injury to the gluteal neurovascular structures, sacral 
nerve injury with compression of sacral fractures and 
displacement of the unstable hemipelvis into the true 
pelvis. In addition, use may be compromised in the 
presence of iliac fractures and trans-iliac fracture 
dislocations [33]. Despite these risks, the C-clamp 
remains a highly effective option for emergent pelvic 
stabilization.

Adjuvant treatments for control of hemorrhage in 
pelvic ring injuries include angiography with embo-
lism and pelvic packing. Both remain topics of intense 
discussion. Angiography is useful in hemodynamic 
instability with pelvic ring disruption in the presence 
of a single bleeding artery; only 20% of deaths from 
hemorrhage in pelvic ring injuries are attributable to 
major arterial bleeding. The actual incidence of arte-
rial bleeding remains unclear, but it has been reported 
that between 2% and 11% of pelvic ring disruptions 
have continued bleeding from named vessels amena-
ble to embolization [14, 41–43]. Agnoli et al. found 
that despite successful embolization of the bleeding 
vessels, mortality was still 47%, so the efficacy of 
embolization in pelvic ring injuries remains in ques-
tion [42]. Angiography is also time consuming, 
delaying other interventions, and requires dedicated 
facilities, available interventional radiologists and a 
patient able to tolerate the administration of contrast 
[33]. At this time it seems reasonable to recommend 
angiography as adjuvant treatment for continued 
bleeding after some form of external fixation in 
patients with hemodynamic instability with pelvic 
ring injuries.

Retroperitoneal packing has been successfully 
used with extreme hemorrhage. The rationale for pel-
vic packing is based on the beliefs that venous bleed-
ing can only be controlled by local packing, that 
bleeding from large bore vessels can only be con-
trolled surgically, and that laparotomy and pelvic 
packing allow for treatment of frequently encoun-
tered concomitant intraperitoneal lesions [39]. This 
technique is used concomitantly with external fixa-
tion of the pelvis, for mechanical stability and reduc-
tion of the fracture. The presacral and paravesical Fig. 3.8 Placement of C-clamp pins on the posterior ilium
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regions are then packed from posterior to anterior; 
packing is removed or exchanged after 48 hours. 
Ertel et al. reported on a series of 14 patients in 
extremis, with persistent hemodynamic instability 
after pelvic external fixation, requiring crash laparo-
tomy and pelvic packing; intra-operatively 13 of the 
patients were found to have continued  bleeding from 
the venous plexus and one had continued bleeding 
from the common iliac vein. The mortality for this 
group was 25% (5/20), with four patients dying of 
exsanguinating hemorrhage within the first 5.4 ± 3.3 
hours of admission; the fifth died of septic multi-
organ failure following bowel perforation. The sever-
ity of injury and extreme instability predicts a high 
mortality rate for these patients, making it  difficult to 
assess the survival benefit of pelvic packing;  
the  intra-operative observance of failed tamponade 
with external fixation suggests that pelvic packing 
may be beneficial for ongoing massive pelvic hemor-
rhage [14, 33, 39].

Overall strategies for effective treatment of severe 
pelvic ring injuries should focus first on immediate 
recognition of hemodynamic instability, followed by 
designation along one of three paths based on hemo-
dynamic status. Stable patients can be treated with 
 immediate ORIF, as definitive care with maximal 
biomechanical stability. Borderline patients should 
undergo continued reassessment with serial lactate 
levels, evaluation for other sources of hemorrhage in 
the chest or abdomen, and monitoring of resuscitation 
requirements. Patients should then be designated as 
stable for definitive treatment or uncertain and undergo 
the same damage control measures as unstable and in 
extremis patients. Damage control principles call for 
avoiding a second hit phenomenon from surgery, avoid-
ing inflammatory and immune dysfunction. For pelvic 
ring injuries, damage control consists of immediate 
stabilization with either a pelvic binder, external fix-
ator or C-clamp. With continued hemodynamic insta-
bility, angiography and embolization or pelvic packing 
should be considered. Angiography is only applicable 
for patients stable enough to tolerate contrast and 
undergo the time consuming procedure. Pelvic pack-
ing is especially pertinent when abdominal injuries 
are suspected, as these injures can be assessed and 
treated at the same time. Early pelvic fracture stabili-
zation leads to reduction in blood loss and transfusion 
requirements and is critical to reduce the risk of early 
fatal hemorrhage and late systemic complications.
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4.1  Introduction

A high-energy injury to a limb not only tears, disrupts, 
and causes tissue loss but often conceals an occult 
crushed muscle tissue mass, especially when a power-
ful blast force has acted on the wound. In this open 
crush wound (OCW) it is difficult to define the border 
between living and dead muscle. Another type of crush 
injury of a limb is the closed crush, typical of casual-
ties crushed under masonry, vehicles, or victims lying 
unconscious without movement for many hours 
(mechanical muscle-crush injury – MMCI).

An extensive muscle-crush injury culminating in a 
crush syndrome is often lethal unless treated aggres-
sively and promptly [1]. The systemic causes of death 
in MMCI are: hypovolemic shock, hyperkalemia, 
hypocalcemia, metabolic acidosis, and acute myo-
globinuric renal failure. This series of events begins 
with dehydration and is followed by the dangers of the 
reperfusion of the crushed tissues of the limb. The 
local causes of morbidity and mortality are the acute 
muscle-crush compartment syndrome complicated by 
overwhelming sepsis, often after fasciotomy, and gas 
gangrene in neglected open crush wounds.

4.2  History of MMCI

Larrey, a Napoleonic Army surgeon, described MMCI 
in 1812 in a comatose soldier poisoned by carbon mon-
oxide who developed muscle and skin necrosis in areas 

of the body which had been exposed to static, prolonged 
gravitational pressure [23]. In a retrospective review, 
Bywaters [12] reported that von Colmers had described 
traumatic muscle destruction in the Messina earthquake 
of 1909. Frankenthal [16] described MMCI in 1916, 
associated with acute renal failure in victims buried 
alive during the First World War. Bywaters’ pioneering 
work in the London Blitz (1941) was the first report of 
MMCI as the cause of acute renal failure in the English 
language literature [8, 9]. He subsequently studied an 
experimental model [10] and reviewed MMCI in its 
various aspects [11], establishing the basic principles of 
treatment using early, massive transfusion of fluids with 
alkalinization of the urine. Trueta et al. [37] had previ-
ously studied acute renal failure after crushing injury 
during the aerial bombardment of Barcelona during the 
Spanish Civil War (1936–1939) and published his work 
in 1943, having moved to Oxford.

4.3  Acute Mechanical Muscle-Crush 
Compartment Syndrome

4.3.1  Pathology and Pathophysiology

Muscle can survive circulatory ischemia for up to 4 h. 
Violent crushing destroys muscle immediately; even if 
the force is insufficient to mangle the muscle tissue, 
the combination of mechanical force and ischemia will 
cause muscle death within an hour. Any intramuscular 
mechanical force which acts continually above the dia-
stolic blood pressure causes this combination [22]. 
This form of acute rhabdomyonecrosis is familiar to 
spine surgeons in prolonged operations when the 
patient is positioned in the praying mantis position [15], 
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and to casualty officers admitting drug addicts who 
have been lying unconscious in one position without 
moving for many hours [29].

External mechanical pressure destroys the volume 
regulation of myocytes, whose cytoplasm is negatively 
charged and is hyperosmotic compared with the extra-
cellular fluid. By disrupting the impermeability of the 
sarcolemma, extracellular cations and fluid flow down 
the electrochemical gradient into sarcoplasm, over-
whelming the capacity of the cationic extrusion pumps 
[2, 13, 19, 25, 31] and leading to swelling of the myo-
cytes. Consequently, MMCI causes such gross edema 
that it may incarcerate much of the extracellular fluid 
and cause hypovolemic shock within hours of injury 
[1]. The local manifestation is acute muscle-crush com-
partment syndrome which develops rapidly in and 
around the crushed muscle as a reperfusion syndrome, 
and which appears immediately after the extrication of 
a trapped victim and the consequent removal of the 
crushing force. An ominous chain of events then unfolds 
as the crushed vasculature allows the rapid seepage of 
fluid and plasma proteins into the dead muscle that is 
sheathed within its inelastic fascial compartment. A 
hyperperfusion rebound phenomenon in the dead mus-
cle may also be involved [23]. We have always observed 
that crushed, dead muscle bleeds profusely [28].

When victims are rescued, they may be dehydrated 
as the rapid loss of fluid into the compartment may tip 
the balance into profound, hypovolemic shock. In 
addition, intracellular potassium ions released through 
the incompetent sarcolemma of the dead muscle cells 
surge into the general circulation at this reperfusion 
stage and set the stage for sudden hyperkalemic car-
diac arrest. This can occur very rapidly, as soon as 2 h 
after extrication [1]. Also, at this stage nephrotoxic 
myoglobin released from the disrupted muscle cells 
floods the circulation, creating the possibility of acute 
renal failure. Prolonged crushing of the torso leads to 
death so that those injuries which come to treatment 
almost exclusively involve the limbs.

4.3.2  Diagnosis

The diagnosis is usually obvious if the history is known 
and the limb is inspected. MMCI is not usually painful 
immediately after extrication, and the limb is often 

numb with a peripheral pulse that is almost universally 
present if the patient is not in shock. Direct arterial 
injury is very rare in closed MMCI. Swelling appears 
rapidly, causing an acute compartment syndrome and 
the limb can become turgid and brawny within hours 
without obstruction to the distal circulation. The 
crushed skin is bruised and discolored but remains 
intact. Pain develops gradually and may become 
excruciating. Intracompartmental pressure can be 
measured by intramuscular manometry as described 
by Whitesides et al. [38] in 1975 and Hargens and 
Mubarak [21] in 1981. Although the clinical picture is 
clear-cut, we know of cases which have been diag-
nosed as thrombophlebitis or paraplegia [28]. These 
patients were unable to give a history of being crushed, 
having been admitted in a confusional state.

4.3.3  Management

4.3.3.1  General

A nephrologist is not always immediately available. 
The orthopedic surgeon should have knowledge of the 
fluid requirements which are indicated in the early, 
emergency situation (Table 4.1).

In order to counter both the life-threatening hyper-
kalemia and hypocalcemia, and to prevent myoglobin-
emia from causing acute renal failure, massive fluid 
transfusion and alkalinization of the urine must be done 
as early as possible. Massive infusion must be com-
menced as soon as intravenous access has been 
obtained, even while the victim is still trapped [5] 
(Table 4.1). The sooner fluid replacement is established, 
the better the chance of avoiding renal failure [5].

Intraosseous transfusion must also be considered, 
should the intravenous route be inaccessible, particu-
larly prior to extrication.

4.3.4  Local

4.3.4.1  Open High-Energy Injury Crush Wound 
and Open MMCI (OCW)

When the skin is torn, laying open the MMCI or when 
faced with a high-energy wound, especially a blast 
wound, the treatment is the same as for any severe, 
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open wound: radical debridement, repeated as often as 
necessary (performed under general anesthesia when-
ever possible); the opening of fascia and extension of 
the wound in order to remove all dead tissues and 
achieve adequate drainage is frequently necessary. 
Prophylactic intravenous antibiotics are commenced 
immediately (see chapter on debridement). The sur-
geon must be constantly aware of the signs of sepsis 
(fever, mental obfuscation, tachycardia, plunging 
hemoglobin, hemolitic jaundice, and tachypnea), sig-
naling stealthy clostridial infection arising in the wound. 
Hence the wound is inspected regularly for swelling, 
subcutaneous crepitus, and malodorous “rotten apple” 
stench. Repeated bacterial swabs for direct microscopy 
and culture are taken at this time. Hyperbaric oxygen, if 
available, is specifically indicated in gas gangrene, as 
an adjuvant to radical excision of dead muscle, antibi-
otics, transfusion, and general intensive care support. If 
the sepsis fails to respond to aggressive treatment, 
amputation proximal enough to be performed through 
healthy muscle is indicated as a life-saving measure. 
The only way to be certain that muscle is healthy is by 
its response to electrical stimulation. The appearance 
alone may be dangerously misleading.

4.3.4.2  Closed MMCI – Acute Mechanical 
Muscle-Crush Compartment Syndrome

The classical management of an acute compartment 
syndrome has recently been reviewed [14]; an 

immediate fasciotomy is performed in order to achieve 
decompression, thereby improving both local and dis-
tal blood supply. The purpose of the fasciotomy is to 
prevent ischemic muscle death. This classical treat-
ment is not relevant to a closed MMCI, because in 
MMCI at least part of the muscle in the compartment 
is already dead. By converting the closed crushed limb 
segment into an open wound, profuse bleeding may 
occur, aggravating coagulopathy and complicating 
dialysis for myoglobinuric acute renal failure. Also, 
life- or limb-threatening sepsis now becomes a risk 
[28, 32]. Dead, crushed muscle bleeds abundantly, is 
deceptively normal in appearance, and can only be 
differentiated from healthy muscle by its lack of con-
tractility on electrical stimulation [28]. Excision of 
necrotic muscle is inevitably incomplete and must be 
repeated, often several times, under general anesthe-
sia. Acute mechanical muscle-crush compartment 
syndrome differs from other forms of compartment 
syndrome, in which at-risk muscle can be saved by 
fasciotomy because, in acute muscle-crush compart-
ment syndrome, the muscle is already dead. Worldwide 
experience has shown that the theoretical benefits of a 
fasciotomy in these circumstances are far outweighed 
by its hazards [27, 28, 32, 36].

Three hundred and seventy-nine fasciotomies per-
formed during the Turkish Marmara earthquake showed 
that the rate of fasciotomy was related to sepsis and 
sepsis to mortality [32]. (The authors concluded that 
fasciotomy was usually contraindicated. Unfortunately, 
the lesson was not learned. Following a further, 

1.  While the limb is being extricated, immediately start intravenous saline at a rate of 1 L per hour (the extrication stage may 
last many hours). Monitor arterial pressure, central venous pressure and urinary output as soon as possible.

2.  After extrication, continue intravenous infusion with 500 mL normal saline alternating with 500 mL 5% glucose at a rate of  
1 L per hour.

3.  On admission to hospital, add 50 mEq/L of sodium bicarbonate to each second or third bottle of glucose in order to maintain 
the urinary pH > 6.5.

4.  Once the urine flow is established, add 20% mannitol solution at a rate of 1–2 g/kg estimated body weight over about 4 h. 
Never exceed 200 g per day and never administer mannitol in the presence of established anuria.

5.  Optimal urine flow is 8 L per day. This will require an infusion of 12 L per day. This positive balance is largely explained by 
the limb edema in the crush region and is permissible when the kidneys are at risk.

6.  If bicarbonate has produced a metabolic alkalosis (arterial pH of 7.45), acetazolamide is given intravenously as a 500 mg 
bolus.

7. This regimen is continued until myoglobin has disappeared from the urine, usually by the third day.

Table 4.1 Recommended sequence of volume replacement during and after extrication of an otherwise healthy, adult crush victim 
with MMCI

Source: Adapted from Ron et al. [30]
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catastrophic earthquake at Bingol, Turkey, in 2003, 
routine fasciotomies were performed in almost 70% of 
the patients with acute muscle-crush compartment syn-
drome, 81% of whom subsequently developed wound 
sepsis [20]. Tetsuya et al. [36] reviewed the results of 
the treatment of crushing injuries in the 1995 Hanshin-
Awaji earthquake and concluded that there was no evi-
dence that fasciotomy improved the late outcome. 
Huang et al. [24], describing patients who were injured 
in the earthquake at Chi-Chi in China, and Nadjafi et al. 
[27] those injured in Iran in 1977 came to similar con-
clusions. Reis et al. compared two similar groups of 
crush injuries. One had undergone a routine fasciotomy 
with a high rate of sepsis and amputation while the 
other had been treated conservatively with no sepsis 
and no amputations [28]. In the past 35 years, they have 
treated 31 cases of acute muscle-crush compartment 
syndrome. Since adopting a conservative protocol in 
1982, no closed crush injury developed life-threatening 
sepsis and no urgent amputations have been required. 
A patient with a poor functional result following acute 
compartment syndrome in a crushed limb will require 
subsequent reconstructive procedures such as tendon 
lengthening, osteotomy, arthrodesis, or even a late, 
definitive amputation, in order to improve function.

In view of the accumulated evidence, it can now be 
categorically stated that fasciotomy is contraindicated 
in patients with closed acute mechanical muscle-crush 
compartment syndrome. It does not improve the out-
come for the limb, nor for the kidneys. Fasciotomy 
under these circumstances endangers life and limb. 
The only indication for fasciotomy is when the distal 
pulse is absent and when both direct, major arterial 
injury and systemic hypotension have been excluded.

Pressure can be reduced without invading the com-
partment and risking infection, by the use of the intrave-
nous hypertonic mannitol [4, 18], although this is strictly 
contra-indicated in the presence of renal failure. Mannitol 
has important favorable systemic effects, particularly in 
hypotensive, hypovolemic casualties. Intravenous hyper-
tonic mannitol expands the depleted extracellular vol-
ume and enhances cardiac contractility, as shown in our 
laboratory. Furthermore, mannitol actively redistributes 
fluids from edematous tissues and muscles and is thus 
able to reproducibly decompress clinical compartment 
syndrome in men, as well as in experimental canine 
models [3, 5]. To be on the safe side, mannitol is con-
traindicated in patients with anuria or in those whose 
blood creatinine is higher than 3 mg% [3, 5].

A further form of conservative treatment is hyper-
baric oxygenation (HBO). This specifically reduces 
edema and floods the tissues with oxygen dissolved in 
the extracellular fluid. This oxygen is available to the 
compromised cells without the energy expenditure oth-
erwise required for its transfer from hemoglobin [33]. 
In a series of patients with compartment syndrome 
who were treated with HBO, Strauss and Hart [35] 
noted that none progressed and none required a fas-
ciotomy. Our experience with hyperbaric oxygenation 
has been similar but, in common with Strauss and 
Hart [34], we have no specific experience with HBO in 
the treatment of acute muscle-crush compartment syn-
drome. However, the rationale for using hyperbaric 
oxygenation is overwhelmingly persuasive [30]. Based 
on the clinical evidence and cost analysis, medical 
institutions that treat open fractures and crush injuries 
are justified in incorporating HBO as a standard of 
care. Both Medicare and Undersea and Hyperbaric 
Medical Society guidelines list crush injuries as an 
approved indication for HBO. Military surgeons should 
familiarize themselves with this emerging treatment 
modality because of their role in the early management 
of these injuries [6, 7, 17, 26].

Orthopedic treatment should be primarily conserva-
tive. Joints are splinted in a functional position, while 
active and passive movements are encouraged as soon 
as pain allows. Finally, ischemic muscle contractures 
and paralysis caused by the destruction of muscle are 
corrected by late reconstructive surgery.
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The principles of anesthesia for the armed conflict 
patient require a broader view and must consider a host 
of anesthetic aspects both in the preoperative period, 
during the surgery, and often through postoperative 
period.

5.1  Preoperative Evaluation  
and Treatment

Nonemergent preoperative evaluation comprises a 
thorough medical history and physical examination, 
including at least evaluation of the airway and the car-
diovascular and pulmonary functions [37]. The pre-
operative evaluation of the armed conflict and trauma 
patient is an important part of the trauma treatment 
scheme (Fig. 5.1). It begins, whenever possible, with 
an understanding of the mechanism of injury, concurrent 
injuries, underlying medical conditions, and prehos-
pital treatment. When circumstances prevent obtaining 
a complete medical history, an abbreviated or “AMPLE” 
history should be taken during the secondary survey 
[1], including:

A – Allergies
M – Medications
P – Past medical history and pregnancy status
L – Last meal
E – Events

5.1.1  Evaluation of Underlying Medical 
Conditions

The medical status of the surgical patient is classified 
by the American Society of Anesthesiologists (ASA) 
classification (Table 5.1). The risks for perioperative 
morbidity and mortality are closely related to ASA 
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Fig. 5.1 Treatment scheme for the trauma patient
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class and dictate the extent of the perioperative test and 
evaluation. Unlike an elective surgical procedure, the 
preoperative evaluation for a surgical emergency might 
have to be limited to simple and critical tests, such as a 
rapid assessment of cardiovascular vital signs, volume 
status, hematocrit, electrolytes, renal function, urine 
analysis, and ECG [18].

5.1.2  Determination of Surgery Urgency

The timing of orthopedic surgery in the armed conflict 
trauma patient is of great importance. For isolated 
injury in an otherwise healthy individual, the timing 
of orthopedic surgery is directed mostly by the need 
to provide definitive treatment to the injury, in the 
presence of concurrent injuries or chronic medical 

conditions. The anesthesiologist and the surgeon must 
carefully weigh the risks and benefits of early surgery 
versus stabilization of the medical conditions and 
later surgical treatment. The traumatic injuries are 
classified as emergent (i.e., immediate risk of life), 
urgent (i.e., risk of life or loss of organ), and nonur-
gent (Table 5.2). Most of the severe orthopedic inju-
ries are classified either as urgent or nonurgent [50].

5.1.3  Preoperative Fasting

Preoperative fasting (Latin: Nil Per Os or NPO) is 
indicated for every planned anesthetic procedure, 
either under sedation or general or regional anes-
thesia, and has proved to significantly reduce the 
risk of gastric content aspiration and its subsequent 
pulmonary complications. Although challenged by 
many newer studies and concepts [8], the traditional 
NPO is still considered the standard of care, and 
dictate [38]:

Two hours following clear liquid ingestion (water, •	
tea)
Four hours following breast milk ingestion•	
Six hours following infant formula and nonhuman •	
milk ingestion
Six hours following a light meal (typically tea and •	
toast)
Eight hours or more following a full meal, includ-•	
ing fatty foods or large amounts

By definition, armed conflict trauma patients are con-
sidered “full stomach” and do not meet NPO guidelines. 

ASA class Physical status

1 Normal healthy patient

2 Patient with mild systemic disease

3 Patient with severe systemic disease

4 Patient with severe systemic disease 
that is in a constant threat to life

5 Moribund patient who is not expected 
to survive without the operation

6 Brain dead organ donor

E Emergency (delay in treatment would 
significantly increase the threat to the 
patient’s life or body part)

Table 5.1 American Society of Anesthesiologists’ (ASA) 
physical status classification

Emergency Urgent Nonurgent

Airway injury/obstruction Bowel perforation Stable spine fracture

Brain injury with midline shift Peripheral vascular injury Closed fracture/dislocation
Open eye injury Minor soft tissue injury

Tension pneumothorax
Open pneumothorax
Major vascular injury
Major cardiac/pulmonary injury
Pericardial tamponade
Exsanguinating hemorrhage

Unstable spine fracture
Traumatic near-amputation
Peripheral compartment syndrome
Open fracture/dislocation
Massive soft tissue injury

Table 5.2 Determination of traumatic injury urgency
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The benefits of early surgery must be carefully weighed 
against the risks of gastric content aspiration.

5.1.4  Laboratory Testing

As a part of the initial workup of the trauma patient, a 
number of blood tests are necessary:

Hematocrit or hemoglobin concentration•	
Coagulation studies, including platelet count and •	
fibrinogen levels
Blood type and cross-match•	

Consider:

Arterial blood gases•	
Serum chemistry (sodium, potassium, chloride, •	
blood urea nitrogen)
Serum amylase – in the presence of abdominal •	
trauma

5.1.5  Imaging Studies

Imaging studies for the armed conflict trauma patient 
depend on both the need (mechanism of injury, 
apparent and suspected injuries) and the feasibility 
(current medical condition and hemodynamic stabil-
ity). Traditionally, imaging series for the armed con-
flict trauma patient include an anterior–posterior 
(AP) chest, an AP pelvic, and a lateral C-spine X-ray. 
Additionally, both penetrating and blunt thoracic and 
abdominal trauma patients will go through a thoraco-
abdominal ultrasound [focused assessment with 
sonography in trauma (FAST) – focused abdominal 
sonography in trauma or extended FAST (EFAST)].

After primary stabilization and when the patient is 
stable enough for transfer to the computed tomogra-
phy (CT) suite, further imaging studies are preformed 
based on the specific injury. The increase in availabil-
ity and the decrease in scanning time are changing the 
practice of trauma workup, as is the use of whole-body 
multislice CT as the first line diagnostic tool in patients 
with multiple injuries. This is proving to save valuable 
time and improve patient care [51]. Prior to commenc-
ing either emergency or elective surgery, a quick pre-
operative checklist must be completed (Table 5.3).

Table 5.3 Preoperative checklist

Item Details

Preoperative evaluation Emergent/urgent/planned
Medical history/AMPLE
Airway assessment
C-spine injuries
Cardiopulmonary evaluation and 
vital signs
Laboratory/imaging studies

Surgical plan Estimated length
Positioning
Risk for bleeding
Possible complications/pitfalls

Anesthetic plan General/regional/combined 
anesthesia
Detailed plan

●Induction•	
●Maintenance•	
●Emergence•	
●Postoperative analgesia•	

Postoperative destination 
(transfer/ward/ICU)

Informed consent Surgery
Anesthesia

Operation room Emergency airway equipment 
available
Crash cart, defibrillator
Anesthesia supplies and 
medications
Anesthesia machine checked
Suction present and functioning

Monitors Monitors present and checked
Consider

● Invasive blood pressure •	
monitoring
 Central venous pressure •	
monitoring
● Neurologic monitoring (ICP/•	
SSEP)

Temperature OR temperature adequate (>24°C)
Temperature monitoring
Warming devices as needed

●Fluid warmer•	
●Heating mattress•	
●Forced air warmer•	

Blood products Type and cross-matching sent to 
blood bank
Blood products available at blood 
bank
Transfusion supplies
Blood products in OR (if needed)

(continued)
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5.2  Anesthetic Techniques

The selection of the appropriate anesthetic technique 
is dictated by the patient’s status, concurrent injuries 
(i.e., surgical or neurosurgical), and by the nature and 
the extent of the injury and planned surgery [50] 
(Table 5.4).

5.2.1  General Anesthesia

General anesthesia usually depresses the airway 
reflexes and ventilation and often requires airway man-
agement, either by a bag-mask device, a supraglottic 
apparatus such as the laryngeal mask airway, or an 
endotracheal tube, and ventilatory support. The induc-
tion and maintenance of general anesthesia is achieved 

by the use of medications holding analgesic, amnesic, 
and hypnotic and, on some occasions, neuromuscular 
blocking properties. Due to the broad range of physical 
status, many armed conflict trauma patients may not 
tolerate the depressive cardiovascular effect of anes-
thetic agents. In the hemodynamically unstable patient, 
endotracheal intubation, mechanical ventilation, and 
primary stabilization might be performed with the use 
of minimal doses of (or even without) anesthetic or 
amnesic agents. In these patients, the rate of recall may 
be as high as 43%, four times higher than for those 
treated with anesthetic agents [4].

5.2.1.1  Endotracheal Intubation

Endotracheal intubation provides definitive airway 
control, enabling positive pressure ventilation and, to 
some degree, prevention of aspiration of gastric con-
tent. It is considered the gold standard for many 
trauma patients [29] and is indicated either due to the 
nature of the surgery (i.e., prolonged surgery or the 
need for prolonged supine position, muscle relax-
ation) or due to the medical condition or concurrent 
injuries. In patients who are considered to have an 
empty stomach, endotracheal intubation is usually 
performed following preoxygenation with 100% 
oxygen. Anesthetic and possibly analgesic and mus-
cle relaxing medications are provided and, following 

OR operating room, ICU intensive care unit, ICP intracranial 
pressure, SSEP somatosensory evoked potentials

Table 5.3 (continued)

Item Details

Intravenous access Two large bore intravenous lines
Considerhigh flow central line
Consider rapid infusion system

Tubing Consider Foley catheter
Consider nasogastric tube

Factor General anesthesia Regional anesthesia

Airway Optimal for patients requiring airway/breathing 
support

Does not require airway instrumentation:
Prevents the need for difficult intubation
Decrease risk of gastric content aspiration

Patient cooperation Not needed – best for combative, uncooperative 
patients

May be needed

Concurrent injuries – May be insufficient

Traumatic brain injuries Impossible to monitor changes in consciousness – 
may require invasive ICP monitoring

Consciousness level can be easily 
monitored

Lengthy surgery – May be inconvenient for prolonged 
operations
Some regional anesthesia techniques 
limited in duration

Coagulopathy – Contraindicated

Analgesia – Optimal for postoperative analgesia

Table 5.4 Choice of general versus regional anesthesia for the trauma patient

ICP intracranial pressure
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positive pressure ventilation using a bag-mask device, 
an endotracheal tube is inserted using direct laryn-
goscopy. Although this technique is effective and 
safe for the patient with no gastric content, it is not 
suitable for all. The patient population considered 
“full stomach” are listed in Table 5.5.

5.2.1.2  Rapid Sequence Induction

Patients who are at risk of gastric content aspiration 
may better be intubated using a rapid sequence induc-
tion (RSI): following preoxygenation with 100% oxy-
gen and while cricoid pressure is applied, a combination 
of anesthetics (i.e., propofol, etomidate, thiopental, 
etc.) and a rapid acting muscle relaxant are adminis-
tered, rapidly followed by laryngoscopy and intuba-
tion, and without or with minimal ventilation using a 
bag-mask device [9]. When performed by trained, 
experienced personnel, this technique has proved to be 
effective and relatively safe in preventing the compli-
cations of gastric content aspiration [44]. For the sus-
pected difficult intubation, either an awake fiber optic 
intubation or an awake retrograde intubation, per-
formed while airway reflexes are intact, may be the 
safest option [5]. A “modified” RSI may be cautiously 
used for some patients either with gentle assisted ven-
tilation by a bag-mask device while maintaining cri-
coid pressure or by preservation of spontaneous 
ventilation. Premedication with metoclopramide, H

2
 

receptor antagonists, and oral sodium citrate decreases 
both volume and acidity of gastric content, and hence 
reduces pulmonary complications in the event of 
 gastric content aspiration [38].

5.2.1.3  Cervical Spine Injury

In the armed conflict trauma patients with a suspected 
cervical spine injury, stabilization of the cervical 
spine during airway manipulation is of immense 
importance. According to ATLS® guidelines, the 
anesthesiologist must be aware of the status of the 
C-spine workup for all trauma patients requiring 
intervention [1]. During emergency airway manage-
ment, the cervical spine must be manually stabilized 
by a dedicated provider to prevent unintentional 
movements [15]. During nonemergent intubation, a 
retrograde or fiber optic intubation technique has 
proven to be the safest [5].

5.2.1.4  Laryngeal Mask Airway

The laryngeal mask airway (LMA) is a supraglottic 
airway device. It does not provide definitive airway 
protection, and thus is better avoided in patients 
under risk of gastric content aspiration. Nonetheless, 
it provides a good alternative for short, elective 
cases and is growing in popularity as an alternative 
in difficult airway management and in prehospital 
settings [19].

5.2.2  Sedation

Anesthesia is defined as an alteration of mental status, 
memory and perception of pain. This process is not a 
definitive step, but rather a range – from mild sedation 
through moderate to deep sedation, ending in general 
anesthesia. For some minor orthopedic procedures, such 
as fracture manipulation or suturing, sedation might be 
a sufficient option, especially when combined with good 
local or regional anesthesia. Although an experienced 
nonanesthesiologist may provide sedation in many set-
ups outside the operating room, it is important to under-
stand that administering sedation requires the same 
standards as general anesthesia [2], including:

Preprocedural Evaluation•	
A properly trained, designated sedation provider, •	
who must not be the person responsible for the 
procedure

Patients with recent food or beverage ingestion

Patients with traumatic injury

Patients with impaired level of consciousness

Patients with obesity

Patients who are pregnant

Patients with gastrointestinal obstruction

Patients with hiatal hernia

Patients with gastro-esophageal reflux disease

Patients with diabetes mellitus

Table 5.5 Patient population at risk of gastric content aspiration
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Emergency equipment immediately available, •	
including ventilation and resuscitation devices, suc-
tion, and appropriate medications, together with 
reversal agents
Monitoring level of consciousness, breathing, oxy-•	
genation, and hemodynamic status
Recording of monitored parameters•	

Since the airway reflexes of the sedated patient are not 
fully preserved, the same fasting guidelines apply for 
patients under sedation as for those under general 
anesthesia. Furthermore, in full stomach patients, seda-
tion may result in gastric content aspiration; thus even 
for short procedures, definitive airway control with a 
cuffed tube in the trachea must be obtained. Many 
medications may be used for sedation and analgesia 
during short procedures (Table 5.6).

Opioids serve as first-line analgesic agents for the •	
trauma patient. These agents provide excellent 
dose-dependent analgesia combined with some 
degree of sedation, but at the risk of ventilatory 
depression and possibly apnea. In the case of respi-
ratory depression, both the sedative and the analge-
sic actions may be rapidly reversed by the opioid 
antagonist naloxone.

Benzodiazepines are used for sedation and amnesia •	
but exhibit absolutely no analgesic properties. 
Having a therapeutic index of >100, they are con-
sidered relatively safe. The sedative action of ben-
zodiazepines is rapidly reversed by the antagonist 
flumazenil, but at the possible risk of seizures in 
prone patients.

5.2.3  Regional Anesthesia

Regional anesthesia including neuroaxial anesthesia 
(i.e., spinal and/or epidural anesthesia) and peripheral 
nerve blocks are important and effective anesthetic 
options, either combined with sedation or general 
anesthesia or as a single modality. Although regional 
anesthesia is considered extremely safe in the general 
population, its use may not be safe in anesthetized or 
deeply sedated patients [3] or those suffering from 
coagulation pathology, either due to chronic antico-
agulant therapy, thrombo-prophylaxis, or as a result 
of massive bleeding and consumption of coagulation 
factors [35] (Table 5.7).

Neuroaxial anesthesia may be used for lower limb 
and pelvic surgery, and may be used as an analgesic 
treatment for multiple rib fractures. There is evi-
dence that regional anesthesia reduces both blood 

Medication Sedation/analgesia 
dose

Remarks

Benzodiazepines
Midazolam 0.01–0.1 mg kg−1

Diazepam 0.04–0.2 mg kg−1

Opioids
Fentanyl 0.5–1 mcg kg−1 May cause chest 

wall rigidity
Morphine 0.03–0.1 mg kg−1

Meperidine 0.2–1.5 mg kg−1

Remifentanil Infusion 0.05–0.3 mcg 
kg−1 min−1

Others
Propofol Bolus0.1–1 mg kg−1 BP

Infusion25–100 mcg 
kg−1 min−1

Etomidate 0.05–0.2 mg kg−1

Ketamine 0.5–1 mg kg−1 �HR, �ICP, 
causes 
brochodilation

Table 5.6 Sedation/analgesia doses for common intravenous 
agents

BP blood pressure, ICP intracranial pressure

Absolute Patient refusal
Increased intracranial pressure
Local infection/injury at insertion site
Severe obstructive valvular disease (aortic/
mitral stenosis)
Severe hypovolemia/shock
Coagulopathy
Platelets count below 90,000
Abnormal coagulation tests
Clopidogrel (Plavix) <5–7 days prior to surgery
LMWH therapeutic dose <18–24 h prior to 
surgery
LMWH prophylactic dose <12 h prior to 
surgery

Relative Moderate hypovolemia
Moderate obstructive valvular disease (aortic/
mitral stenosis)
Preexisting neurological deficits
Sepsis

Table 5.7 Contraindications for neuroaxial anesthesia
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loss and the risk of deep vein thrombosis and pulmo-
nary emboli during elective hip surgery compared to 
general anesthesia [34].

5.2.3.1  Spinal Anesthesia

Spinal anesthesia is administered by injection of local 
anesthetics, optionally with additional opioids, into the 
cerebrospinal fluid. It is most commonly achieved by 
insertion of a small gauge needle through the interverte-
bral space below the conus terminalis (second lumbar 
vertebra in adults, third or fourth vertebra in infants) to 
reduce the risk of spinal cord injury. A small gauge nee-
dle (22G–27G) with either a cutting edge (Quincke) or a 
pencil point tip (Sprotte) is inserted into the lower lum-
bar or lumbosacral intervertebral spaces and advanced 
through the intraspinous ligament and dura until cere-
brospinal fluid flows. Medications are then slowly 
injected, and a continuous spinal catheter may be left in 
place. Both the duration and the spread of the anesthesia 
are determined by the chemical properties and the dose 
of the injected medications, as well as the position of the 
patient.

The use of hyperbaric (“heavy”) local anesthetics 
for unilateral spinal block is achieved by the addition 
of glucose to the solution and leaving the patient in the 
lateral recumbent position for approximately 10 min 
following the spinal injection to enable good fixation 
of the anesthesia spread to the dependent side. This 
technique allows the use of lower doses and has a four-
fold less hemodynamic effect, thus making it a good 
selection for high risk patients [12].

Since the dura is perforated by the spinal needle, 
even a small amount of cerebrospinal fluid leak my 
cause postdural puncture headache. This is less com-
mon in males than in females, in the elderly population 
compared to younger individuals, and when using 
smaller needles and pencil point needles [45].

5.2.3.2  Epidural Anesthesia

Epidural anesthesia is provided by injection of medi-
cations into the epidural space. This may be done as a 
single injection but is usually accomplished by inser-
tion of a continuous epidural catheter through the nee-
dle. Combined spinal and epidural anesthesia (CSE) is 
widely used in orthopedic surgery, since it combines 

the rapid onset and deep sensory block of spinal anes-
thesia with the long duration and excellent control of 
anesthesia coverage of epidural anesthesia. CSE anes-
thesia may be performed by using two separate needles 
or by placing an epidural needle, inserting a long, small 
gauge spinal needle through it to provide the spinal 
anesthesia, and threading the epidural catheter after 
removal of the spinal needle.

5.2.3.3  Peripheral Nerve Blocks

Blockade of peripheral nerves may provide anesthesia 
for surgery to both upper and lower extremities. The 
increase in the use of ultrasound guidance and electri-
cal nerve stimulation provides better performance 
time, less complications, and better success rates [48]. 
Peripheral nerve blocks may be performed as a single 
injection or with an insertion of a catheter to enable 
continuous, excellent postoperative analgesia for a 
long period [31].

Contraindications for a peripheral nerve block are 
similar to the contraindications for neuroaxial anesthe-
sia, except for relatively minor coagulation abnormali-
ties that may still be accepted.

Complications of peripheral nerve blocks are very 
uncommon and include nerve damage (less than 1%), 
systemic local anesthetic toxicity (less than 0.01%), 
hematoma, and infection of the injection site.

 Nerve Blocks for the Upper Extremity

Somatic innervations to the upper extremity originate 
from the cervical and thoracic spine. The nerve roots 
exiting the spine from C5 to T1 conjoin to form the 
brachial plexus – the superior, middle, and anterior 
trunk – then divide into three anterior and three poste-
rior divisions which create the lateral, posterior, and 
middle cords. The common approaches for nerve 
blocks for upper extremity surgery include interscalene 
block, supraclavicular and infraclavicular blocks, axil-
lary block, and block at the wrist level (Table 5.8).

The interscalene approach targets the roots and 
trunks of the brachial plexus between the anterior 
and middle scalenus muscle. This block provides 
anesthesia for shoulder and upper arm surgery, but is 
usually insufficient for hand and forearm surgery, 
due to insufficient blockade of the inferior trunk 
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which provides the ulnar and median nerves. This 
block is relatively easy to perform but bears risks for 
unintentional intravascular, epidural, and even spinal 
injection and for unintentional blockade of the 
phrenic nerve (resulting in ipsilateral diaphragm 
paralysis), the recurrent laryngeal nerve (resulting in 
partial vocal cord paralysis) or the sympathetic chain 
(resulting in Horner’s syndrome). The interscalene 
block carries an almost 3% risk for transient neuro-
logic injury, the highest complication rate among 
upper extremity nerve blocks.

The supraclavicular approach targets the trunks 
and divisions of the brachial plexus lateral and 
cephalad to the subclavian artery. Enabling localiza-
tion of all three trunks, the supraclavicular approach 
may provide anesthesia for surgery of the upper arm, 
elbow, and hand. This approach bears a very low risk 
for nerve injury (approximately 0–0.2%) but a serious 
risk of pneumothorax.

The infraclavicular approach targets the cords of the 
brachial plexus lateral and cephalad to the subclavian 
artery. As in the supraclavicular block, localization of 
all three cords may provide anesthesia for surgery of 

the upper arm, elbow, and hand. This approach also 
bears a serious risk of pneumothorax.

The axillary approach targets the terminal nerves at 
the level of the upper third of the humerus. The radial, 
median, and ulnar nerves surround the axillary artery 
and may easily be localized separately. The musculocu-
taneous nerve is usually deep inside the coracobrachia-
lis muscle at upper and mid humeral level, and must be 
identified separately. The axillary block provides anes-
thesia to the hand and, with addition of anesthesia to the 
medial brachial cutaneous nerve, may be used for sur-
gery of the forearm. The median, radial, and ulnar 
nerves can be localized and anesthetized along their 
course distal to the elbow and at the level of the wrist, 
providing sufficient anesthesia for distal hand surgery.

 Nerve Blocks for the Lower Extremity

Somatic innervations to the lower extremity originate 
from the lumbar and sacral spine. The nerve roots exit-
ing the spine from L2 to L4 conjoin to form the lumbar 
plexus, providing mainly the lateral femoral cutaneous 
nerve, the femoral nerve, and the obturator nerve. The 
nerve roots exiting the spine from L4 to S4 create the 
sacral plexus, which provide mainly the sciatic nerve, 
the posterior femoral cutaneous nerve, and the puden-
dal nerve. The common approaches for nerve blocks 
for lower extremity surgery include the lumbar plexus 
or psoas compartment block, femoral block, sciatic 
and popliteal block, and ankle block (Table 5.8).

The lumbar plexus block, also known as the psoas 
compartment block, targets the entire lumbar plexus, 
hence providing anesthesia for anterolateral thigh and 
knee surgery and the cutaneous distribution of the 
saphenous nerve below the knee. Requiring a relatively 
deep needle insertion, this block bears a risk for unin-
tentional puncture of the kidney.

The femoral nerve provides sensory innervations to 
the anterior aspect of the thigh and knee. It may be blocked 
very easily at the level of the inguinal crease lateral to the 
femoral artery. It may be used, in addition to sciatic or 
popliteal block, for surgery of the knee and foot.

The saphenous nerve, exiting from the femoral 
nerve atthe distal femoral level, provides sensory 
innervations to the medial aspect of the leg. It may be 
blocked by subcutaneous injection below the knee.

The sciatic nerve provides sensory innervations to 
the posterior aspect of the thigh and, following its 

Upper extremities

Hand Wrist block
Axillary block
Supraclavicular/infraclavicular block

Radius/ulna Axillary block
Supraclavicular/infraclavicular ± interscalene 
block

Elbow Axillary block
Supraclavicular/infraclavicular ± interscalene 
block

Humerus Supraclavicular/infraclavicular ± interscalene 
block

Shoulder Interscalene block

Lower extremity

Foot Ankle block
Sciatic/popliteal block + femoral/saphenous 
nerve block
Femoral + sciatic block

Knee Femoral + sciatic block
Lumbar plexus block + sciatic block
Femoral block (for postoperative analgesia)

Thigh Femoral + sciatic block
Lumbar plexus + sciatic block

Table 5.8 Applicability of nerve blocks for a specific surgery
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division to the tibial and common peroneal nerves at a 
distal femoral level, to the anterior, lateral, and posterior 
aspects of the leg below the knee. The sciatic nerve may 
be blocked in the proximal thigh, using either an ante-
rior or posterior approach, or at the level of the popliteal 
fossa, known as a popliteal block. Since the medial 
aspect of the leg is innervated by the saphenous nerve, 
its blockade may be needed for leg and foot surgery.

Ankle block is performed by selectively blocking 
the posterior tibial, saphenous, sural, and the deep and 
superficial peroneal nerves at the level of the ankle. 
The ankle block does usually not require nerve stimu-
lation or ultrasound guidance and is extremely effec-
tive for foot surgery.

5.3  Intraoperative Management

5.3.1  Monitoring

The standards of monitoring of an anesthetized patient 
are dictated by the American Society of Anesthe-
siologists Standards for Basic Anesthetic Monitoring:

Standard 1:  Qualified anesthesia personnel shall be 
present in the room throughout the conduct 
of all general anesthetics, regional anes-
thetics, and monitored anesthesia care.

Standard 2:  During all anesthetics, the patient’s oxy-
genation, ventilation, circulation, and tem-
perature shall be continually evaluated.

The evaluation of vital signs must include continuous 
measurement of:

Inspired oxygen concentration – oxygen analyzer •	
(in ventilated patients only)
Blood oxygenation – pulse oximetry and assess-•	
ment of patient color
Ventilation – assessment of chest movement and •	
breath sounds, and expired CO

2
 analyzer. In venti-

lated patients, volume and pressure monitoring and 
disconnection alarms
Circulation – continuous ECG, evaluation of heart •	
rate and ST segment analysis (when indicated). 
Blood pressure must be evaluated at least every 5 
min or continuously using intraarterial pressure 
tracing
Temperature – when clinically significant•	

For the critically ill and trauma patient, invasive blood 
pressure is used both for continuous beat- to-beat blood 
pressure tracing and for repeated blood sampling.  
A good estimation of the intravascular volume status 
and fluid responsiveness can be made based on the 
ventilation effect on the pulse pressure variation [10]. 
Additionally, central venous or pulmonary artery pres-
sure measurement and transesophageal echocardiogra-
phy may be required in the unstable patient.

Intracranial pressure monitoring is used in a patient 
with traumatic brain injury under general anesthesia, 
where continuous evaluation of the level of conscious-
ness is impossible.

5.3.2  Body Temperature Regulation

Hypothermia is defined as core body temperature below 
35.5°C (94°F), while severe hypothermia is defined as 
core body temperature below 32.0°C (88°F).

Due to the nature of the injuries along with expo-
sure to the environment, long evacuation time, and 
transfusion of cold crystalloids or blood in the pre-
hospital setup, many armed conflict trauma patients 
may present suffering from various degrees of hypo-
thermia [33]. While severe hypothermia in trauma 
patients is directly associated with acidosis, coagu-
lopathy, and increased morbidity and mortality [22], 
even seemingly mild degrees of hypothermia are of 
significant importance. Mild hypothermia (1–2°C 
below normal body temperature) is associated with 
an over 10% increase in blood loss and over 20% in 
transfusion requirements [39]. Hypothermia also 
alters cell-mediated immune defenses and is associ-
ated with increased rates of wound infection, 
delayed wound healing, and prolonged hospitaliza-
tion [40].

Hypothermia is strongly associated with postopera-
tive shivering, which significantly increases the meta-
bolic requirements. Again, even mild hypothermia is 
associated with postoperative adverse myocardial mor-
bidity and mortality [40].

The combination of hypothermia, hypocalcaemia, 
and acidosis in the armed conflict trauma patient must 
be corrected early and aggressively, to prevent or stop 
the vicious circle of tissue damage and hemorrhagic 
coagulopathy [32].



66 A. Lehavi et al.

5.3.2.1  Patient Warming Techniques

The physical process of heat loss may be divided into loss 
via evaporation, conduction, convection, and radiation. 
The struggle against hypothermia should start as early as 
possible and must be conducted on all these fronts:

Preoperative warming – induction of both general •	
and regional anesthesia is associated with alteration 
of heat distribution from the core to the colder 
periphery. This is usually associated with a drop of 
at least 1°C of core temperature following induc-
tion of anesthesia. Prewarming of the patient using 
warm sheets or an active warming device may sig-
nificantly reduce this drop.
Prevention of evaporative heat loss may be achieved •	
by humidification of inspired air or oxygen and 
with the use of filters in ventilated patients.
Prevention of radiative and convective heat loss •	
may be achieved to some extent by covering exposed 
body surfaces.
Active warming – active surface warming may be •	
extremely effective when used timely and appro-
priately. The use of heating mattresses and forced 
air warmers is able to prevent a further drop of core 
temperature and warm a hypothermic patient [36].
Fluid warmers – although warming of cold intra-•	
venous infusion does not actively warm the hypo-
thermic patient, it may significantly reduce the 
development of intraoperative hypothermia, espe-
cially when large volumes of cold fluids (i.e., 
banked blood components) are used.

For severe hypothermia unresponsive to conventional 
warming means, more invasive warming techniques 
may be used, including careful repeated insufflation of 
the stomach (through a nasogastric tube) and the blad-
der (through a urinary catheter) with warm fluids. Life-
threatening hypothermia may be treated with peritoneal 
lavage using warm fluids or, in extreme cases, even 
with extracorporeal devices, such as the cardiopulmo-
nary bypass machine.

5.4  Hemodynamic Stabilization

Shock state is defined as an inability to supply ade-
quate tissue perfusion and oxygenation. Both the serum 
lactate and the base deficit provide a sensitive estima-
tion of end organ hypoperfusion [43]. Shock states 

may be divided by originating etiology to preload, 
contractility, obstruction, and afterload (Table 5.9). To 
further distinguish the injuries resulting in shock state, 
one should estimate the central venous pressure (CVP), 
representing right atrial preload, and may use invasive 
techniques to estimate the cardiac output (CO), repre-
senting cardiac contractility, and the systemic vascu-
lar resistance (SVR), representing the left ventricular 
afterload.

5.4.1  Hypovolemic Shock

Shock originating from inadequate preload usually 
results from hypovolemia and, in trauma, from hemor-
rhage. In the immediate, acute phase of the armed 
 conflict trauma patient’s treatment, a shock state is 
considered hypovolemic unless strong evidence sug-
gests otherwise. Hypovolemic shock is further classi-
fied by the estimated blood loss (Table 5.10). Reversal 
of hypovolemic shock will be achieved almost always 
by intravascular volume expansion, e.g., intravenous 
fluids and/or blood products.

5.4.2  Cardiogenic Shock

Shock originating from cardiac pump failure may be a 
result of exacerbation of congestive heart failure, 

Etiology Cause Treatment

Hypovolemic 
(preload)

Bleeding Volume 
expansionDehydration

Third spacing

Cardiogenic 
(contractility)

Heart contusion/trauma Optimization 
of preload

Myocardial ischemia Inotropes
Arrhythmias Chronotropes
Congestive heart failure Supportive 

devices

Obstructive Tamponade Specific 
surgical repairPulmonary embolism

Tension hemo/
pneumothorax
Aortic stenosis/ 
dissection

Distributive 
(afterload)

Neurogenic Vasopressors, 
fluidsAnaphylactic

Septic

Table 5.9 Etiologies of shock
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ischemic injury, or direct damage to the heart. Hypoxia, 
acidosis, hypothermia, and electrolyte abnormalities 
(hypocalcaemia, hyperkalemia) may also contribute to 
the cardiac depression. Treatment of cardiogenic shock 
will be achieved by optimization of electrolyte imbal-
ances and heart preload and afterload and, in certain 
circumstances, by intropic and chronotropic pharma-
cologic agents (Table 5.11). In unresponsive cases, an 
intraaortic balloon pump is used to support the failing 
heart while maintaining coronary perfusion.

5.4.3  Obstructive Shock

Obstruction of the blood flow to or from the heart 
may be caused by damage to the great vessels, tam-
ponade, tension pneumothorax, pulmonary emboli, 

or mass effect in the mediastinum. Treatment of 
obstructive shock is almost always directed towards 
the underlying cause – pericardial tamponade will 
need to be evacuated, either by percutaneous or open 
technique, tension pneumothorax must be drained. 
When obstruction of the great vessels occurs, specific 
surgical procedures (pulmonary artery thrombec-
tomy, repair of aortic dissection) may be the only 
solution.

5.4.4  Distributive Shock

Shocks originating from inadequate decrease in car-
diac afterload may be due to metabolic state (e.g., aci-
dosis, electrolyte disturbances, hypoxia, or hypercarbia), 
loss of sympathetic tone due to nerve or spinal cord 
injury, or from capillary leak origination from systemic 
inflammatory response syndrome (SIRS) or sepsis. 
Treatment of distributive shock is based on pharmaco-
logic vasoconstrictive agents (Table 5.11).

5.4.5  Fluid Resuscitation

The process of fluid resuscitation starts with an 
assessment of resuscitation volume requirements 
based on normal blood volume (approximately 60 
mL kg−1) and estimated fluid loss (Table 5.10). Serum 
hematocrit cannot provide a reliable estimation of 
blood or fluid loss [43] since acute bleeding does not 
result in immediate hemodilution. In the armed 

Class 1 Class 2 Class 3 Class 4

Blood loss (%) <15 15–30 30–40 >40

Blood Loss (volume, mL) <750 750–1,500 1,500–2,000 >2,000

Heart rate (bpm) NC >100 >120 >140

Blood pressure (mmHg) NC NC/reduced (� DBP) SBP <100 SBP <80

Respiratory rate (breath/min) NC >20 >30 >35

Consciousness Mild anxiety Anxiety Anxiety/agitation Confusion/lethargy

Urine output NC NC/Oliguria Oliguria Oliguria/anuria

Skin Pale Pale, sweaty Pale, sweaty, cool

Table 5.10 Classification of hemorrhagic shock

NC no change, SBP systolic blood pressure, DBP diastolic blood pressure

Medication Dose

Ephedrine Bolus 2.5–10 mg (25–100 mcg kg−1)

Phenylephrine Bolus 50–100 mcg (0.5–1 mcg kg−1)
Infusion 0.25–1 mcg kg−1 min−1

Epinephrine Bolus 0.05–1 mg (0.5–10 mcg kg−1)
Infusion 0.1–1 mcg kg−1 min−1

Vasopressin Infusion 0.5–5 mcg kg−1 min−1

Norepinephrine Bolus 5–10 mcg (0.1 mcg kg−1)
Infusion 0.1–1 mcg kg−1 min−1

Dopamine Infusion 0.5–20 mcg kg−1 min−1

Dobutamine Infusion 0.5–20 mcg kg−1 min−1

Table 5.11 Common vasopressors and inotropes in clinical use 
(adult)
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conflict trauma patient, fluid resuscitation is achieved 
using crystalloid solutions, colloid solutions, or blood 
products. Blood transfusion is discussed separately 
in Chap. 6.

5.4.5.1  Crystalloid Solutions

Crystalloids are salt solutions constituted of small 
molecules that diffuse easily from the intravascular to 
the interstitial space, which stands for more than 70% 
of the extracellular volume. Rapid diffusion of the salts 
results in a relatively small intravascular effect, only 
20–30% of the infused crystalloid remains intravascu-
lar. This dictates a rough 3:1 ratio for blood loss com-
pensation when using crystalloids only.

Lactated ringer [(LR) or Hartman’s solution] is a 
slightly hypotonic solution (273 mOsm L−1)  containing 
near-normal concentrations of sodium (130 meq L−1), 
chloride (109 meq L−1), potassium (4 meq L−1), and 
calcium (2.7 meq L−1). It also contains lactate 20 meq 
L−1, which makes it unsuitable for treatment in a situa-
tion of lactic acidosis. The calcium in the LR solution 
binds to the citrate in banked blood and might cause 
coagulation, thus LR solution should not be used for 
dilution of banked blood.

Isotonic saline [or normal saline (NS)] is a solution 
of 0.9% NaCl in water. It contains 154 meq L−1 sodium 
and 154 meq L−1 chlorine, and has an osmolarity of 
308 mOsm L−1. The high chloride concentration may 
induce hyperchloremic metabolic acidosis when used 
in large volumes (i.e., >3 L).

Hypertonic saline, both 3% and 7.5% NaCl, has an 
osmolarity of 1,027 and 2,533 mOsm L−1, respectively. 
Resuscitation with small volumes of hypertonic saline is 
effective for the trauma patient with traumatic brain injury.

Dextrose-containing solutions – 5% dextrose in 
water solution has an osmolarity of 278 mOsm L−1. 
Following administration, dextrose is rapidly metabo-
lized causing unwanted hyperglycemia and, leaving 
only the free water, it may induce cellular edema and 
injury. Other than in the treatment of hypoglycemia, 
dextrose-containing solutions have no place in fluid 
resuscitation of the trauma patient.

5.4.5.2  Colloid Solutions

Colloid solutions contain large molecules that stay 
inside the capillaries, increasing the oncotic pressure 

and, by altering the balance between intravascular 
hydrostatic pressure and extravascular oncotic pres-
sure, attract fluids from the interstitium into the capil-
laries. Colloid solutions are the most effective mean of 
increasing cardiac output.

Albumin – 5% and 25% heat-treated human albu-
min solutions are commercially available, with 
oncotic pressure of 20 and 70 mmHg, respectively. 
Having a half-life of 16 h, the intravascular volume 
expansion is about 1:1 using the 5% solution, and 
almost 4:1 when using the 25% solution. The 25% 
solution should be avoided in patients with true 
hypovolemia.

Dextran – 10% dextran 40 and 6% dextran 70 
solutions, both with an oncotic pressure of 40 mmHg, 
are commercially available. Dextran has the strongest 
intravascular volume effect, and its use, combined 
with hypertonic saline, may improve outcome in 
some trauma patients [43]. Dextran causes dose-
related coagulopathy in doses >20 mL kg−1 and may 
rarely induce renal failure due to reduced filtration 
pressure.

Hetastarch – 6% hydroxyethyl starch in 0.9% NaCl 
solution has an oncotic pressure of 30 mmHg, and 
hence has an excellent intravascular volume expansion 
effect of more than 1:1, which lasts for approximately 
10 h. The hydroxyethyl starch causes a bleeding ten-
dency caused by impaired platelet function and inhibi-
tion of clotting factors; thus its use should be limited to 
1,000 mL/24 h.

5.4.6  Inotropes and Vasopressors

Inotropes and vasopressors serve an important role in 
the treatment of the trauma patient, both in the acute 
phase and in later treatment. While inotropic drugs 
affect the heart’s contractility and may be beneficial 
following direct cardiac injury or in patients with 
heart failure, vasoconstrictive drugs are used to 
increase the peripheral vascular resistance in situa-
tions of distributive shock. The routine use of ino-
tropes and vasoactive agents is not recommended, 
because the etiology of shock in the trauma patient is 
almost always hemorrhagic. The use of vasopressin 
for uncontrolled hemorrhagic shock [49] has shown 
promising results.
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5.4.7  Hypocalcemia

Hypocalcemia is defined as a plasma concentration 
of less than 2.1 mmol L−1 (9 mg dL−1) or an ionized 
calcium level of less than 1.1 mmol L−1 (4.5 mg dL−1). 
Severe hypocalcemia is defined as an ionized calcium 
level of less than 0.9 mmol L−1 (3.6 mg dL−1). 
Hypocalcemia is very frequent in trauma due to 
hemodilution caused by colloid infusion [47] and to 
citrate administration as part of blood transfusion. 
Hypocalcemia imposes a risk for cardiac arrhyth-
mias, hypotension due to both decrease of cardiac 
contractility and peripheral vascular tone, and coag-
ulopathy. It is strongly associated with severe mor-
bidity and mortality in trauma patients [47] and must 
be briskly corrected.

Correction of hypocalcemia is achieved by the 
intravenous administration of either 10% calcium 
chloride or 10% calcium gluconate (10 mL of 10% 
solution contains 27 and 9 mg of elemental calcium, 
respectively). Repeated doses of 200–500 mg elemen-
tal calcium should be administered under careful 
monitoring of plasma-ionized calcium levels until 
normocalcemia is achieved.

5.4.8  Glycemic Control

Hyperglycemia has a detrimental effect in the armed 
conflict trauma patient. In multiple trauma patients, 
admission hyperglycemia is an independent risk factor 
for morbidity, especially infections, prolonged inten-
sive care unit, and hospital length of stay [28]. 
Administration of insulin, either as continuous infu-
sion or in intermittent boluses during the perioperative 
period in order to maintain blood glucose levels below 
200 mg dL−1, has proved to reduce surgical site infec-
tions in adults [26].

5.4.9  Resuscitation Goals

Resuscitation of the armed conflict trauma patient is an 
ongoing process, rather than a single intervention, with 
the goal of restoring and maintaining homeostasis. 
Resuscitation goals are:

Systolic blood pressure >100 mmHg (or 80–90 •	
mmHg if bleeding is not yet under control)
Heart rate <100 bpm•	
Cardiac index>3 L min•	 −1 m−2

Temperature >36°C•	
Urine output>1 mL kg•	 −1 h−1

Normal calcium, magnesium, potassium•	
Base deficit >0•	
Serum lactate <2 mmol L•	 −1

Hematocrit >25% (target may be higher in the very •	
young or elderly patients and in patients with isch-
emic heart disease or traumatic brain injury)
Normal coagulation studies (PT, PTT)•	
Platelet count >100,000 dL•	 −1

Fibrinogen >100•	

5.5  Postoperative Analgesia

Good analgesia has an important role in the rehabilita-
tion, both long and short term. While a ventilated 
patient in the intensive care unit may be treated with 
high doses of systemic opioids, patients with multiple 
injuries might suffer from severe pain and require 
intensive and educated efforts for pain relief.

5.5.1  Regional Techniques

Continuous nerve blocks using a specially designed 
perineural catheter with either continuous or patient- 
controlled infusion of local anesthetics may be used for 
several days postoperatively, and have proven to be safe 
and extremely effective for postoperative analgesia [11].

The use of continuous epidural for postoperative 
analgesia following lower limb surgery also provides 
excellent analgesia and, if properly used, enables the 
patient to be almost pain-free.

5.5.2  Systemic Analgesia

Systemic analgesia is based on NSAIDs, opioids, and 
other medications, alone or in combination. The con-
cept of “multimodal analgesia”, i.e., the use of more 
than one medication, with more than one mechanism 
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of analgesia, is believed to provide the best results. 
Patients at increased risk of complications from sys-
temic analgesia include those with obstructive sleep 
apnea, pulmonary disease, congestive heart failure, 
renal or hepatic failure, and those with head injury or 
altered mental status.

The medications may be administered by the nurse, 
either at specific time intervals or according to patient 
request, or taken directly by the patient, usually using 
a specially designed infusion pump. Patient-controlled 
analgesia (PCA) has proved to provide better pain con-
trol and greater patient satisfaction than conventional 
parenteral ‘as-needed’ analgesia [20]. Common PCA 
protocols are listed in Table 5.12.

5.6  Intensive Care

5.6.1  General Considerations

Severe extremity trauma has local and systemic, and 
immediate and delayed effects. Local effects are usu-
ally immediate and it is easy to recognize and plan 
treatment. Systemic complications may be occult, 
delayed in their development, and difficult to diagnose 
and treat. Obvious local events causing systemic and 
potentially life-threatening consequences are bleeding 
and infection that may lead to massive blood transfu-
sion, ARDS, sepsis, septic shock, and multiorgan dys-
function syndrome. Occult events that may start locally 
and evolve into a systemic problem with potentially 
detrimental complications are deep vein thrombosis 
and pulmonary embolism, rhabdomyolysis and severe 
renal failure, fat embolism and fat embolism syndrome. 
In addition there are systemic problems related to the 
general severity of the injury, especially in the setting 

of armed conflict multitrauma. These include aspira-
tion and pneumonia, acute lung injury and ARDS, sys-
temic inflammatory response, sepsis and septic shock, 
and critical illness polyneuropathy.

If the patients develop systemic complications, they 
may need intensive monitoring and advanced treat-
ment by an intensive care team experienced in the care 
of severe trauma cases. This may be part of the deci-
sion to transfer the patients to a regional trauma 
center.

5.6.1.1  Some Issues to Consider

Central nervous system: in comatose or obtunded 
patients, brain CT or MRI may need to be performed 
to evaluate events such as edema, hematoma, infec-
tion, or infarction.

Respiratory: if severe ARDS develops, the patient 
may require advanced ventilation modes. Mechanical 
ventilation should employ lung protective principles 
according to ARDS-Net protocols [25].

Cardiovascular: invasive hemodynamic monitoring, 
such as central venous pressure and invasive blood pres-
sure, should be performed and blood volume should be 
optimized to maintain adequate organ perfusion. Oxygen 
delivery should be supported so that central venous sat-
uration will be above 70%, according to the Rivers Goal 
Directed Therapy protocol [41]. Fluid over-load should 
be avoided to minimize lung and gut edema.

Renal: the goal of urine output should be no more 
than 0.5–1 cc kg−1 h−1. If the patient develops acute 
renal failure, renal replacement therapies such as hemo-
dialysis or hemofiltration may need to be performed.

GI tract – nutrition: maintenance of a positive nitro-
gen balance through adequate and preferably enteral 
nutrition is paramount to bone and soft tissue healing. 
If oral or nasogastric feeding fails due to gastro- paresis, 
a transpyloric duodenal feeding tube should be placed. 
If there is gut injury or failure, TPN should be given 
until the gut can be used again.

Stress ulcer prophylaxis: the proton pump inhibitor. 
Omeprazole or the H2 receptor blocker, ranitidine, is 
used to suppress gastric acid secretion and thus prevent 
the development of stress ulcers, erosive gastritis, and 
peptic ulcer that may cause severe upper GI bleeding.

Bowell management systems: in cases of severe pel-
vic trauma complicated with perineal wounds, fecal soil-
ing may lead to severe infection and sepsis. In the past, a 

Medication Background Bolus Lockout 
(min)

Morphine 0–2 mg h−1 0.5–2 mg 5–10

Fentanyl 0–50 mcg h−1 10–50 mcg 5–10

Hydromorphone 0–0.5 mg h−1 0.1–0.5 mg 5–10

Tramadol 0–20 mg h−1 10–40 mg 5–10

Ketamine 0–20 mg h−1 1–5 mg 5–10

Table 5.12 Common patient-controlled analgesia (PCA) 
protocols (adults)
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diverting colostomy was a mandatory solution. New 
bowel management systems (sophisticated soft rectal 
tube) that collect and divert fecal matter prevent this 
complication and reduce the need for colostomy [6].

DVT and PE prophylaxis: deep vein thrombosis 
and pulmonary embolism pose a constant threat to 
the immobile traumatized patient. A whole range of 
medical and mechanical solutions exist to address 
this all too common problem. Despite good under-
standing of the danger and its high incidence, many 
patients are still undertreated. Preventive measures 
include anticoagulant medication and mechanical 
devices, such as pneumatic compression devices and 
inferior vena cava filters.

Antibiotic therapy: in the case of open fractures or 
dirty soft tissue wounds, prophylactic antibiotic ther-
apy will be given for 3–5 days depending on the nature 
of the injury and degree of soiling. Thereafter, antibi-
otic therapy should be guided only by specific cultures 
and bacterial sensitivity.

5.6.2  Rhabdomyolysis

Definition: Traumatic rhabdomyolysis is caused by the 
destruction of skeletal muscle mass. This may be caused 
by direct crush of the muscles or ischemia caused by 
vascular injury or development of compartment syn-
drome. At the cellular level depletion of the energy 
source ATP leads to failure of membrane transporters, 
influx of calcium, and disruption of cellular membranes. 
As a result, muscle cell proteins and electrolytes leak 
into the blood stream. Creatine kinase (CPK) and myo-
globin are the most known and measured. Potassium is 
the main cellular electrolyte of interest due to its poten-
tial harm if renal failure develops.

5.6.2.1  Signs and Symptoms

Local: Depending on the nature of injury, local signs 
will reflect severity of damage to muscle tissue. In direct 
crush of a limb as well as in blunt or penetrating injury, 
all components of tissue should be considered: bone, 
blood vessels, nerves, and muscles. Bleeding, hema-
toma, edema, ischemia, pain, paresthesiae, and paralysis 
may all coexist. Severe edema may lead to compartment 
syndrome that further aggravates muscle damage.

Systemic: Muscle disruption leads to spillage of 
potassium, phosphate, urates, CPK, and myoglobin 
into the blood stream. Severe hyperkalemia may lead 
to cardiac arrhythmia and even cardiac arrest. 
Myoglobinemia may lead to renal tubular obstruction 
and acute renal failure. Typically, dark red urine is pro-
duced followed by oliguria and anuria. Blood creati-
nine level rises sharply, faster than BUN, leading to a 
drop in the BUN/creatinine ratio.

Mechanism of development of myoglobinuric renal 
failure: Acute renal failure (ARF) is the most common 
and life-threatening complication of rhabdomyolysis, 
with an incidence of 13–50% and a reported mortality 
of upto 59% [7]. For ARF to develop, two factors have 
to be present in addition to myoglobinemia: hypov-
olemia and aciduria. Myoglobin is filtered by the glom-
erulus into tubular fluid and, in an acidic environment, 
forms casts together with Tamm–Horsfall proteins that 
occlude the tubule. In addition, myoglobin contains 
heme proteins that generate toxic ferrum radicals that 
attack tubular cells. If anuria does develop, it may con-
tinue for 4–8 weeks before kidney function recovers.

5.6.2.2  Laboratory and Diagnostic Tests

Blood: High anion-gap metabolic acidosis; elevated 
CPK level above 5,000 units L−1; blood myoglobin 
above 1.5 mg dL−1; hyperkalemia, hyperphosphatemia, 
hypermagnesemia, hypocalcemia; hyperuricemia; fast 
rising creatinine with slowly rising BUN; elevated 
liver enzymes; clotting abnormalities leading to dis-
seminated intravascular coagulopathy.

Urine: Dark-colored, concentrated, acidic (pH<6.5) 
urine; Urine myoglobin above 100 mg dL−1; Urine 
casts; Positive dipstick test for blood with no red blood 
cells in sediment.

5.6.2.3  Monitoring

The patient should be in an intensive care unit experi-
enced in the care of severe trauma cases. Heart rate, 
ECG, arterial saturation, blood pressure, and tempera-
ture should be monitored continuously. Urine output and 
pH should be closely followed and maintained. Invasive 
monitoring should be performed – CVP and continuous 
blood pressure as well as repeated blood gas, lactate 
level, BUN, creatinine, and electrolyte measurements to 
rapidly detect life-threatening complications.
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5.6.2.4  Management

Local: Further ischemia of the muscles may lead to 
necrosis, infection, and loss of the limb. Hence revas-
cularization when necessary and fasciotomy in the case 
of compartment syndrome are part of the resuscitation 
phase. Debridement may be needed to prevent local 
infection.

Systemic

1. Correction of hypovolemia/dehydration –fast and 
aggressive fluid resuscitation to recover normov-
olemia is the first and most important mode of treat-
ment. Normal saline is the preferred solution 
although 0.45% saline or lactated ringer’s solution 
may be used as well.

2. Forced diuresis – maintenance of brisk urine flow 
of 1–2 mL kg−1 h−1 may reduce cast formation and 
tubular obstruction. Loop diuretics such as 
Furosemide may be used to “push” urine output and 
prevent oliguric renal failure. It should be noted that 
loop diuretics may acidify urine and urine pH 
should be closely monitored.

3. Mannitol – is a forceful osmotic diuretic. It mini-
mizes myoglobin tubular deposition, acts as a free 
radical scavenger, reduces blood viscosity, and 
dilates renal arteries. Its osmotic power may also 
promote edema reduction in injured muscle tissue. 
Mannitol-induced diuresis should be replaced 
promptly to prevent hypovolemia. If used in excess 
(above 200 g day−1),mannitol may induce renal fail-
ure, a condition known as osmotic nephrosis. In that 
case, mannitol may be removed by dialysis. This 
event can be prevented by monitoring the osmolal 
gap and keeping it below 55.

4. Alkalinization of urine: acidic urine promotes myo-
globin cast formation. Large volume crystalloid 
resuscitation may be enough to prevent urine acidi-
fication. If this fails, alkalinization of urine with IV 
sodium bicarbonate to keep pH >6.5 has been advo-
cated. Urine pH should be monitored to titrate bicar-
bonate dosing. Blood calcium level should be 
followed and hypocalcemia treated if symptomatic.

5. Renal replacement therapies: hemodialysis or 
hemofiltration are necessary to maintain balance in 
anuric patients. Fluid balance, acid base status, 

electrolyte level, and uremic material control are all 
enabled by daily or continuous renal replacement 
therapies. Full nutrition to caloric and protein goals 
should not be prevented by anuria and are key to 
recovery and survival. Dialysis enables nutrition by 
maintaining fluid and metabolite balance. 
Hemofiltration techniques with high flux filters 
have also been evaluated for the purpose of removal 
of myoglobin from the blood. This needs to be 
done, however, very early after injury as the half-
life of myoglobin in blood is very short, about 2–3 
h. Therefore it is usually ineffective.

5.6.2.5  Outcome

Most patients with rhabdomyolysis who survive the 
complexity of their injury will recover also from its 
complications. The development of acute anuric renal 
failure in critically ill patients adds 20–30% to their 
chances of over-all mortality. However, rhabdomyolysis-
induced renal failure is reversible and most patients 
regain normal renal function even after 4–8 weeks of 
anuria and dialysis [21].

5.6.2.6  Prevention

Once severe muscle injury has occurred, it is of para-
mount importance to prevent secondary injury. Early 
reperfusion and early recognition and treatment of 
compartment syndrome may prevent the development 
rhabdomyolysis. Treatment of hemorrhagic shock and 
hypovolemia are of crucial priority. Once rhabdomy-
olysis has developed, prevention of renal failure 
becomes the focus. Again, normovolemia in addition 
to forced diuresis and urine alkalinization may prevent 
the development of acute kidney injury.

5.6.3  Thrombo-Embolic Complications

Thrombo-embolic complications are still amongst the 
most common and life-threatening complications of 
severe extremity trauma. Most importantly, these com-
plications are underdiagnosed, undertreated, and fully 
preventable.
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Risk factors: The famous “Virchow Triad” of 
endothelial (vascular) trauma, stasis (immobiliza-
tion), and hyperviscosity (hypovolemia) occur in vic-
tims of severe (military) extremity trauma rapidly 
(sometimes within minutes) after injury. It is not sel-
dom that the initial treatment in the field includes 
immobilization, tight dressing, and tourniquets that, 
by definition, cause severe local pressure, stasis, as 
well as ischemia of arterial and venous vessels. These 
measures may lead to arterial and venous thrombosis 
even before the patient reaches hospital. Arterial 
thrombosis is easy to diagnose as the ischemic limb is 
evaluated. Venous occlusions are less obvious to 
diagnose and more difficult to treat in the face of 
bleeding diathesis that is a part of severe extremity 
(and military) trauma. From the time of injury until 
full recovery and mobilization, deep venous throm-
bosis and thrombo-embolism are continuous threats 
to the patient’s limb and life [46].

5.6.3.1  Deep Vein Thrombosis (DVT)

Definition: Deep vein thrombosis usually occurs in 
the lower extremity and is divided into proximal 
(thigh) or distal (calf) thrombosis. It may occur also 
in the upper extremity deep proximal veins where it 
usually is connected to indwelling venous catheters 
causing thrombophlebitis. DVT may also occur in 
pelvic and even abdominal veins. This event is dif-
ficult to diagnose and outside the scope of this 
chapter.

Signs and symptoms: Swelling, edema, pain (ten-
derness on palpation), and change in color of the 
affected limb are the hallmarks of DVT. It is impor-
tant to note, however, that the DVT itself may extend 
far beyond the location of local signs. Other symp-
toms may include superficial venous dilatation, 
enlargement of limb diameter, and elevated superfi-
cial temperature. Sometimes a thrombosed superficial 
vein may be palpated.

Differential diagnosis: In the context of extrem-
ity trauma, there are some important other condi-
tions that may be mistaken for DVT and have to be 
ruled out:

1. Infection – cellulitis, thrombophlebitis of wound 
infection, deep infection, osteomyelitis

2. Compartment syndrome

3. Ischemia due to arterial damage or occlusion
4. Rhabdomyolysis

5.6.3.2  Clinical Significance and Complications

 Local Complications (Limb Threatening)

1. Development of chronic venous valvular insuffi-
ciency (a late complication)

2. Skin ischemia leading to infection and chronic 
wounds

3. Phlegmasia cerulea dolens – venous gangrene 
leading to compartment syndrome and arterial 
ischemia; may lead to loss of limb and may even 
be life threatening

 Systemic Complications (Life Threatening)

1. Proximal progression of thrombosis to pelvis veins 
(in lower extremity), and to neck and chest veins (in 
upper extremity)

2. Pulmonary thromboembolism
3. Paradoxical embolism (through a patent foramen 

ovale)

5.6.3.3  Diagnosis

1. Ultrasonography – the detection of noncompress-
ible deep veins with echogenic material in the 
lumen confirms the diagnosis 94% of the time

2. Venography – a contrast venous angiogram
3. Plethysmography – impedance testing of the limb
4. D-Dimers – fibrin degredation products

5.6.3.4  Management

 Treatment Goals

1. To prevent clot extension – propagation
2. To promote clot-lysis
3. To prevent thrombo-embolism
4. To prevent local acute complications
5. To prevent late complications
6. To prevent recurrent thrombosis
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 Acute

 Systemic Anticoagulation (Heparin or LMW Heparin)

A: IV heparin titrated to prolong activated partial 
thromboplastin time (aPTT) to 1.5–2.5 of control 
value; the use of subcutaneous unfractioned heparin 
is not considered an adequate modality for the treat-
ment of established DVT [46].

B: Low molecular weight heparin – as adjusted to 
patient weight and renal function.

Heparin products should be discontinued in the case of 
a rapid drop in platelet count suggesting heparin-
induced thrombocytopenia (HIT), or if acute bleeding 
occurs.

5.6.3.5  Thrombolysis

Active clot lysis is usually reserved to cases of mas-
sive (hemodynamically unstable) pulmonary embo-
lism or in the rare case of venous gangrene due to 
massive ileo-femoral thrombosis. Percutaneous or 
surgical thrombectomy may be performed in the case 
of infected thrombophlebitis when generalized sepsis 
may be the result.

 Chronic

A: Warfarin: as soon as the patient’s condition stabi-
lizes, warfarin should be initiated overlapping hep-
arin therapy for 5–6 days. Heparin may be stopped 
after 2 days of INR in the therapeutic range (INR = 
2–3). Treatment should be continued for 3 months 
after ambulation of the patient.

B: Daily subcutaneous injections of LMW heparin for 
3 months after ambulation

5.6.3.6  Pulmonary Embolism (PE)

Definition: Pulmonary embolism occurs when a blood 
clot, usually from a DVT, is dislodged into the blood 
stream and travels (embolizes) through the heart into 
the pulmonary arterial tree. Paradoxical embolism 
occurs when the clot passes into the systemic circula-
tion via a patent foramen ovale.

Signs and symptoms: The larger the embolized clot, 
the larger will be the pulmonary vessel occluded and 
worse will be the clinical syndrome. PEs can be classi-
fied into acute massive or submassive and to chronic 
PE. The most dangerous in the context of severe trauma 
is the acute massive PE that may lead to rapid clinical 
deterioration and death within hours.

A massive PE is defined by the hemodynamic event 
it causes leading to acute right heart failure and circu-
latory collapse caused by cardiogenic shock. This is 
usually caused by occlusion of a main pulmonary 
trunk or a shower of emboli that occlude multiple ves-
sels and acutely raise pulmonary vascular resistance.

Differential diagnosis: a few other clinical syn-
dromes may mimic the symptom complex of PE. They 
must be ruled out as failure of their detection may lead 
to wrong treatment and death:

1. Tension pneumothorax
2. Cardiac tamponade
3. Acute myocardial infarction
4. Hemorrhagic shock
5. Cardiac arrhythmiae

Clinical significance and complications: In the case of 
a massive PE, the patient presents with acute hypox-
emic respiratory failure accompanied by circulatory 
collapse. In most cases, the patient will need mechani-
cal ventilation and circulatory support with fluids and 
catecholamines.

Workup: The initial suspicion of PE is based on the 
clinical syndrome. Every significant trauma (especially 
immobile) patient that presents with acute respiratory 
failure accompanied by hypotension, arrhythmia, and 
sometimes chest pain should be suspected of having a 
massive PE. Clinical examination may reveal signs of 
acute right heart failure as distended neck veins or an 
enlarged liver. If the patient has a CVP catheter in 
place, an elevated CVP together with hypotension 
should raise an alert; however, these signs are very 
unspecific and may be lacking in a hypovolemic 
patient. Part of the workup should also target the search 
for the potential source of the PE. If a lower limb or 
pelvic DVT is found, special attention should be paid 
to preventive measures to avoid additional PEs.

Chest x-ray film: Typically, the chest x-ray film 
shows normal or blood-less lung fields. Signs of pul-
monary hypertension or an enlarged right atrium or 
ventricle may be seen.
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ECG will show right axis deviation with signs of 
right heart strain – S3, Q3, inverted “T”.

Echocardiography (preferably transesophageal): In 
the case of massive PE, it will show a failing right ven-
tricle, enlarged right atrium, sometimes tricuspid and 
pulmonary valvular leaks, and sometimes a very cen-
tral clot may be seen.

Ventilation-perfusion (VQ) Scan: The VQ scan can 
define a low, medium, or high probability for the 
chance that a PE has occurred. However, in mechani-
cally ventilated patients, these scans are very hard to 
perform and to interpret.

CT angiogram: CTAngiography (CTA) is a very 
accurate and rapid technique to detect central or 
peripheral PEs. In most hospitals, this has become the 
standard of care and the most accurate and efficient 
way to rule in or out the existence of a PE.

Pulmonary artery angiography: As CTA is very 
accessible in most hospitals nowadays, pulmonary 
angiography is done very rarely. If the patient has a pul-
monary artery catheter in place before the occurrence 
of the PE, the catheter should NOT be hastily removed. 
It should not be inflated or wedged, but can be used for 
diagnosis and also, if necessary, for local administra-
tion of a thrombolytic drug such as urokinase.

5.6.3.7  Management

Treatment of PE contains general measures to support 
the respiratory and circulatory systems and specific 
treatment towards the embolus itself.

General support: It is most important to note that all 
the following measures are performed in the ICU and 
by experienced critical care specialists using advanced 
monitoring techniques. This situation is extremely criti-
cal, the patients’ condition may change within minutes, 
and decisions may need to be adjusted accordingly.

1. Mechanical ventilation – typically there is good 
lung compliance, accompanied by hypoxemia and 
hypocarbia. Therefore the patient may need 100% 
oxygen but a high PEEP will not improve oxygen-
ation and may actually worsen it by raising pulmo-
nary vascular resistance even more.

2. Inhalation of nitric oxide may help by causing pul-
monary vasodilatation and reduction of pulmonary 
vascular resistance.

3. Massive fluid resuscitation: right heart failure is 
usually fluid responsive.

4. Medication: adrenalin is the drug of choice as it 
improves cardiac function and supports the circula-
tion as well. Drugs that dilate pulmonary vascula-
ture, such as amrinone or isoproterenol, may be 
added. Special attention should be paid to the 
arrhythmogenic potential of these drugs.

Specific treatment: aimed at clot lysis or removal:

1. Systemic anticoagulation – systemic anticoagulation 
is used in all submassive PEs, if not contraindicated 
due to a bleeding issue. Systemic anticoagulation 
may be achieved by full heparinization or the use of 
high dose LMW heparin. In both cases, the goal is 
prevention of clot propagation and prevention of new 
DVT development as a potential source for a new PE. 
Systemic anticoagulation may also promote (although 
slowly) clot lysis by endogenous enzymes.

2. Thrombolysis – systemic or local, is mainly used in 
cases of massive PE, where right heart failure or 
circulatory collapse are significant and do not 
respond to simple supportive measures. There are 
various thrombolytic agents that have been in use 
for many years. Most of the experience with them 
comes from their use in acute MI. Streptokinase, 
urokinase, and TPA (tissue plasminogen activator) 
have all been used systemically or locally (by direct 
infusion into the pulmonary artery). It should be 
noted that no significant differences were found in 
outcome between the different delivery methods 
(systemic vs local) or between different agents. As 
in other cases, timing, local experience, and exper-
tise affect management protocols often [17].

3. Surgical clot removal – this heroic maneuver is 
reserved for patients who present in extremis who 
have a central pulmonary artery clot that can be rap-
idly approached and removed. If performed rapidly 
and skillfully, this operation that mandates going on 
peripheral cardiac bypass may be life-saving.

5.6.3.8  Outcome

The short-term outcome of PE depends on the speed of 
diagnosis, quality of supportive care, and use of any kind 
of an antithrombotic intravenous agent, depending on 
the severity of the clinical syndrome. In the long term, 
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the survivors of PE may still develop chronic pulmonary 
hypertension mandating medical therapy for life.

5.6.3.9  Thrombo-Prophylaxis – DVT  
and PE Prevention

The best way to avoid the serious complications of DVT 
and PE is to prevent them from occurring –primary pre-
vention. If DVT does occur, it is important to detect it as 
early as possible, before the development clinical signs 
–secondary prevention [16].

 Primary Prevention

Early ambulation – prevention of stasis
Detection and treatment of hypovolemia –  avoidance 

of hyperviscocity
Shortening or avoiding the use of tourniquets and 

compressive dressing – vascular trauma
Anticoagulation – the most common and effective 

method of preventing DVT in immobilized patients is 
to regularly administer low doses of anticoagulants 
subcutaneously. These include subcutaneous heparin 
or LMW heparin in doses adjusted to patient weight 
and renal function and with regard to platelet count 
and clotting tests.

Foot, calf, and thigh compression devices – in 
many trauma patients, the use of anticoagulant drugs 
is contraindicated due to the risk of bleeding. These 
are cases of multitrauma that include blunt or pene-
trating injury to the brain or the thoracic, abdominal, 
or pelvic organs. In addition, if clotting tests are abnor-
mal or the platelet count is low, the effect of subcuta-
neous. Anticoagulants may lead to bleeding. In these 
cases, the use of intermittent pneumatic compression 
devices may be a good alternative. Even the use of 
simple graded elastic stockings on calf and thigh pre-
vents stasis of blood in the legs. The best time to start 
using pneumatic compression devices is after initial 
evaluation and resuscitation of the patient in the emer-
gency room, or in the operating room at the latest. If 
these measures are delayed until the patient arrives in 
the ICU as often is the case, DVT may already have 
started to develop. The combination of deep sedation 
and immobilization, hypovolemia, hypothermia, and 
multiple blood product administration that occurs dur-
ing the first 24 h of hospitalization creates the perfect 
conditions for DVT to develop and PE to follow [23].

Secondary Prevention

Inferior vena cava (IVC) filters are temporary or per-
manent cages that are inserted transvenously into the 
IVC. They are used to prevent embolization of dis-
lodged thrombi from the legs up to the lungs. IVC fil-
ters are usually used when there is a high risk of DVT 
developing and the patient cannot receive SQ antico-
agulants and compression devices are not feasible as in 
cases of external fixations, mangled legs, or use of 
casts. Another indication is when severe pelvic trauma 
exists together with lower extremity trauma. In addi-
tion, if DVT or PE has already been diagnosed and sys-
temic anticoagulation is contraindicated due to the risk 
of bleeding, an IVC filter is used to prevent a new PE.

 Screening for DVT

In immobilized extremity trauma patients, the risk of 
developing DVT is very high. If the patient does 
develop DVT, it is imperative for it to be diagnosed 
and treated ASAP so that morbidity and complication 
such as PE may be prevented. Many DVT go unno-
ticed until they embolize. Therefore, routine screening 
for DVT in high-risk patients is advocated. The best 
way to detect subclinical DVT in the ICU is by per-
forming an ultrasound Doppler examination of the legs 
on a regular basis. If deep veins with echogenic uncom-
pressible material are detected, a DVT is diagnosed 
and systemic anticoagulation should be started. Only 
in this way can a sudden PE be prevented.

5.6.4  Fat Embolism (FE) and Fat 
Embolism Syndrome (FES)

Definition: The embolization of fat globules into the 
systemic circulation occurs in nearly all patients with 
long bone and pelvic fractures and significant ortho-
pedic procedures such as hip and knee joint replace-
ment. Fat globules enter via venous sinuses in the 
bones and travel to the lungs and into the systemic 
circulation via pulmonary capillaries and through ana-
tomical or functionally patent atrial foramen ovale. 
While usually asymptomatic, fat embolism (FE) may 
give rise to the fat embolism syndrome (FES), a criti-
cal and often fatal disease. Every long bone fracture 
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adds about 5% to the chance of developing FES, with 
mortality upto 20%. Table 5.13 displays the incidence 
of FE and FES.

Two main mechanisms are considered in the patho-
genesis of FES, the first being the “mechanical” and 
the second the “biochemical”. In the mechanical path-
way, fat globules cause mechanical occlusion of pul-
monary and systemic capillaries, thus causing local 
ischemia. The biochemical pathway is caused by serum 
lipases that release toxic free fatty acids from the small 
fat droplets that have penetrated the circulation and 
reached the lungs, brain, and other organs. Capillary 
endothelial cells are injured, followed by edema, and 
hemorrhage in affected organs.

Signs and symptoms: The clinical signs typically 
appear within 24–72 h of injury and their severity 
ranges from none or very mild to full blown life-threat-
ening FES. The speed of development and severity of 
symptoms is relative to the load of embolized fat.

The pathognomonic triad of symptoms includes  
(% incidence):

1. Petechial rash of conjunctivatrunk and axillae – 40%
2. Progressive hypoxemic respiratory failure – 50%
3. Altered level of consciousness, seizures, focal 

 deficits – 70%

5.6.4.1  Laboratory and Diagnostic Tests

Thrombocytopenia, anemia and coagulopathy; elevated 
serum lipase.

Reduced arterial and venous PO
2
 – in its severest 

form, FES displays life-threatening respiratory failure in 
the form of ARDS and diffuse pulmonary hemorrhage, 
pulmonary hypertension leading to right heart failure, 
brain edema, infarcts, and intracerebral bleeding.

Broncho-alveolar lavage – fat droplets in alveolar 
macrophages [14], level of neutral lipids, cholesterol, 
and cholesterol esters in lavage fluid [27].

Chest x-ray – diffuse bilateral infiltrates mostly in 
peripheral and basal areas.

High resolution CT of the chest – bilateral ground-
glass opacities, thickening of interlobar septa.

Ventilation-perfusion scan – subsegmental perfu-
sion defects with normal ventilation.

Transesophageal echocardiography – online detec-
tion of embolization during orthopedic procedures.

Brain MRI – shows multiple punctuate foci of 
hyperintensity in the cerebellar hemisphere, subcorti-
cal white matter of both cerebral hemispheres, thalami, 
and splenium of corpus callosum (Fig. 5.1).

5.6.4.2  Management

Supportive care is the main focus. The patient should 
be in an intensive care unit experienced in the care of 
severe trauma cases. Upto 50% of patients with FES 
will develop respiratory failure severe enough to 
require mechanical ventilation. Therapy should be 
guided according to the intensive care protocols 
described above. In the case of severe hypoxemia, the 
use of nitric oxide inhalation to improve oxygenation 
should be considered with extreme caution in the pres-
ence of thrombocytopenia, due to the risk of acute pul-
monary and intracranial bleeding. Prone positioning of 
the patient may be helpful to improve ventilation/per-
fusion mismatch caused by dependent atelectasis.

Steroid therapy for treatment of established FES is 
controversial. In a recent metaanalysis of six random-
ized controlled studies comparing steroid treatment to 
placebo, it was concluded that corticosteroids decrease 
the risk of developing FES and hypoxemia after long 
bone fracture of the lower limbs. The effect of corti-
costeroids on FES may be related to stabilization of 
the alveolar-capillary membrane/complement system, 
reduction of interstitial edema, and inhibition of the 
inflammatory response, as well as to delayed platelet 
aggregation. The dose and duration of methylpredni-
solone therapy ranged between 10 and 30 mg kg−1 
every 8 h, and from 3 to 12 doses [13].

5.6.4.3  Outcome

Mortality may reach 15–20%; however, most patients 
recover completely and regain all neurological func-
tions. Respiratory function may be reduced for some 

Event Fat embolism (%) Fat embolism 
syndrome (%)

Single fracture 
(long bone, pelvis)

90 4–5

Multiple fractures 100 20–30

Hip, knee 
arthroplasty

100 10–12

Table 5.13 Incidence of FE and FES
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time but it usually returns to normal after recovery and 
rehabilitation.

5.6.4.4  Prevention

Early (within 24 h from injury) immobilization and 
fixation of fractures will reduce the incidence and 
severity of FES. The use of nonreaming techniques for 
shaft stabilization to prevent elevation of intramedul-
lary pressure during fixation of long bone fractures has 
been advocated to reduce the intravasation of fat and 
other debris into the blood stream. Steroid therapy has 
been shown to prevent FES in hip replacement surgery. 
Steroids exert their protective effect by blocking com-
plement activation, preventing platelet aggregation, 
and lysosomemembranes stabilization, thereby pre-
venting the release of proteolytic enzymes. It is thus 
logical to administer steroids early after admission and 
diagnosis of long bone or pelvic fractures, especially 
in multitrauma cases. Therapy should be started prior 
to bone fixation surgery and may include methylpred-
nisolone 1.5 mg/kg IV every 8 h for 6–12 doses [24].

5.6.5  Critical Illness Polyneuropathy

Definition: Acquired neuromuscular dysfunction that 
causes severe weakness and disability occurs in 
20–50% of patients with prolonged critical illness [42]. 
In septic or multiorgan failure it may be found in 
50–100% of patients undergoing mechanical ventila-
tion for more than 7 days. Since the early observations 
of W. Osler in 1892, the evolving understanding of the 
pathophysiology of this syndrome has led to many 
synonymous names for it. Some of the names are 
descriptive and some refer to the potential mechanism 
of disease: ICU-acquired weakness, critical illness 
polyneuropathy, critical illness myopathy, critical ill-
ness neuro-muscular syndrome, acute quadriplegic 
myopathy, and acquired myosinopathy, all have been 
used to define this syndrome.

The common syndrome is a patient with prolonged 
critical illness who has severe diffuse muscular weak-
ness resembling quadriparesis and sometimes combined 
with failure to wean from mechanical ventilation.

Risk factors: Severe and prolonged critical illness, 
severe and prolonged sepsis and inflammation-related 

disease, prolonged mechanical ventilation, multiorgan 
dysfunction syndrome, prolonged treatment with 
systemic steroids, muscle relaxants, prolonged deep  
sedation, uncontrolled blood glucose, immobilization 
(disuse atrophy), malnutrition, hypoalbuminemia, hypo-
phophatemia, hypomagnesemia, and acute renal failure.

Pathophysiology: Various pathological mechanisms 
have been proposed as explanation of the development of 
critical illness polyneuropathy [30]. Among these are:

1. Axonal degeneration – sensorimotor axonopathy
2. Muscle fiber atrophy (mostly type 2 fibers) –loss of 

myosin filaments
3. Diminished muscle membrane excitability
4. Activation of proteolytic pathways – ubiquitin 

pathway
5. Reduced protein synthesis – altered transcriptional 

regulation of myosin synthesis

Differential diagnosis: Spinal cord injury or ischemia, 
Guillain–Barre syndrome, myasthenia gravis, porphy-
ria, upper motor neuron disease, muscular dystrophy, 
and other neuropathies.

Signs and symptoms: The distribution of involved 
muscles is mostly in spinal nerve innervated limb and 
trunk muscles, as well as in the diaphragm and inter-
costal respiratory muscles.

Clinical significance and complications: Skeletal and 
respiratory muscle weakness leads to prolonged mechan-
ical ventilation and immobilization. These significantly 
raise the risk of all intensive care related complications, 
such as aspiration, pneumonia and sepsis, pressure sores, 
deep vein thrombosis, and pulmonary embolism.

5.6.5.1  Workup

Clinical evaluation – functional assessment of skeletal 
muscle strength and respiratory muscle function.

EMG – decreased compound muscle action poten-
tial of motor nerves with normal sensory nerve con-
duction velocities and amplitudes.

Needle biopsy – reduced myosin:actin ratio by 
 protein gel-electrophoresis.

Open muscle tissue biopsy – muscle fiber atrophy 
with areas of necrosis and regeneration with decreased 
or loss of adenosine-triphosphatase staining.

Direct muscle stimulation – reduced nerve-evoked 
compound muscle action potential amplitude in 
patients with critical illness myopathy.
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5.6.5.2  Management

There is no specific treatment for critical illness 
polyneuropathy. The focus is on multisystem sup-
portive care, best nutritional support, infection con-
trol, mobilization and active weaning off mechanical 
ventilation, allowing the patient to exercise his respi-
ratory muscles as much as possible. In addition, all 
potential risk factors that are known to contribute to 
the syndrome of critical illness polyneuropathy 
should be minimized. The patient should receive 
passive and later active physical therapy, even when 
sedated or during mechanical ventilation, so as to 
prevent joint motion limitation, drop-foot, and mus-
cle contractures.

5.6.5.3  Prognosis

Mortality among patients with severe critical illness 
polyneuropathy is high and may reach 50–80%. This 
high mortality may be related to severity of the under-
lying condition leading to polyneuropathy. However, 
acquired severe weakness prolongs mechanical venti-
lation significantly raises the chance for all intensive 
care related complications to occur. For patients who 
survive their disease to recover and be released from 
the ICU, recovery is slow, requiring prolonged reha-
bilitation treatment. Complete functional recovery 
occurs in about 70% of patients. However, in upto 
30%, mild to severe disability will persist. In the mild 
case, even with good functional recovery, deep tendon 
reflexes may be reduced or absent, sensory loss, mus-
cle atrophy, hyperesthesia, and drop foot may occur. In 
the severe cases, persistent quadriparesis, hemiparesis 
or paraplegia have been reported.

5.6.5.4  Prevention

All potential risk factors should be minimized. The use 
of deep sedation, paralyzing drugs, and steroids should 
be controlled and stopped whenever possible. Tight 
glycemic control with the use of IV insulin has been 
shown to reduce the incidence of critical illness poly-
neuropathy. The duration of mechanical ventilation 
should be minimized with the use of proactive wean-
ing protocols run by qualified personnel.
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6.1  History of Blood Transfusion  
for Combat Injuries

The first blood transfusion was given to patients by 
James Blundell who initiated the transfusion of human 
blood to ten patients in 1818; five survived, four had a 
postpartum hemorrhage, and the fifth was a boy who 
bled after amputation. Lieutenant Oswald Robertson 
of the US Army Medical Officers’ Reserve Corps initi-
ated the use of citrated blood for military conflict vic-
tims in the battlefield during World War I (1917), 
following the discovery by Peyton Rous in 1915 that 
citrate added to collected blood could prevent coagula-
tion. Major L. Bruce Robertson reported the use of cit-
rated blood in a casualty clearing station, with the 
blood being drawn from volunteers in the field and 
transfused to wounded individuals who had significant 
blood loss, were in a state of shock and, therefore, 
were a poor operative risk [33]. A blood service pro-
viding stored citrated blood became available during 
the Spanish Civil War, both in Madrid, where Norman 
Bethune, leading the Canadian medical team in 1936–
1937, founded a mobile blood transfusion service, and 
in Barcelona, where similar corps were organized by 
Duran F Jorda. It developed into a fully established 
service in the London Blitz. During World War II, acid 
citrate glucose solution began to be added in a small 
volume of 70 cc to 450 ml of blood donation. While 
American troops used lyophilized plasma until 1945 

for transfusions on the battlefield, British Armed 
Forces employed citrated whole blood. During the 
Korean War, the most common blood product used 
was whole blood (500 ml bottles) and sometimes 30 
pints of blood or even more were transfused to seri-
ously wounded individuals in forward field hospitals 
during the first few hours after injury. Most of the 
blood was collected in the United States and trans-
ported to Korea by air. The O(Rh+) D positive whole 
blood was used for transfusion, although it was not 
matched prior to the procedure [6]. Stored whole blood 
(500 ml) continued to be used during the Vietnam War. 
At that time, plastic bags and tubing became available 
for blood collection and storage. Until April 1965, 
only O whole blood units were shipped from Japan 
but, by the end of 1965, all the blood shipped was ABO 
and matched ABO units could be administered [18]. 
Fresh frozen plasma (FFP) was introduced in October 
1968 for casualties with coagulopathy, and 5,965 units 
of FFP were reported to have been administered by 
December 1972. The ratio of FFP to stored whole 
blood administered in that arena was 1:172 units [25].

Pfefferman et al. [30] described the experience of a 
forward evacuation hospital on the Sinai front during 
the Israeli-Arab war in October 1973 and reported a 
23% mortality rate among 51 combat injured patients 
evacuated to the hospital and operated immediately 
upon admittance. A mean of 15 units of blood were 
transfused to these individuals. The first 8–10 units of 
blood given to each casualty were taken from the stored 
blood supply, which was less than 24 h old. When 
more blood was needed, it was drawn from donors into 
citrated bottles and immediately transfused to patients. 
Of the 12 injured who succumbed, three died of uncon-
trolled major vessel bleeding, two due to neurological 
causes and seven due to sepsis. All blood transfused 
was fresh whole blood by today’s criteria, containing 
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both fresh plasma with active coagulation factors and 
active platelets. The use of this modality was possible 
because of the short flight time from the blood dona-
tion centers (about 3 h) and a large number of volun-
teers donating blood at that time.

6.2  Currently Available Blood Products

Presently, in most developed countries, the use of 
whole blood in the management of severely combat 
injured individuals is considered obsolete for several 
reasons. Whole blood which includes both donor red 
blood cells and plasma is kept at 1–6°C. The product is 
known to lose activity of factors VIII and V within the 
first 24–48 h following donation. Platelets kept at low 
temperatures become dysfunctional within hours and 
there is no hemostatic benefit for this product. For 
these reasons and more, whole blood is currently sepa-
rated into several components shortly after donation 
(Table 6.1). Packed red blood cells (PRBC) are kept in 
storage at 1–6°C for up to 35 or 42 days depending on 
the anticoagulant/preservation solution. Fresh frozen 
plasma is frozen shortly after collection and is stored at 

−18°C for a year. Cryoprecipitate contains mainly 
fibrinogen, factor VIII, von Willebrand factor and fac-
tor XIII, and is stored at −18°C or lower for a year. 
This product is not available in many European coun-
tries where coagulation factor concentrates, prepared 
from large pools of donor plasma and undergoing sol-
vent/detergent treatment to increase safety, are in use.

Three types of platelet concentrates are currently 
available. The first is a random donor platelet concen-
trate prepared from individual units kept in special 
breathable bags and given in four to eight pooled units. 
This product is very sensitive to bacterial contamina-
tion and is kept for up to 5 days on a swirling tray 
(constant gentle agitation) in the blood bank. The sec-
ond product, now transfused to about 90% of US 
patients, is single donor platelets prepared by aphere-
sis, kept at 20–24°C for up to 5 days on a swirling tray, 
and containing 3 × 1011 platelets.

Recently, frozen platelets kept at −80°C, thawed 
and washed to remove preservation solution, were 
used in Iraq and Afghanistan by the Netherlands 
Armed Forces transfusion service stationed there [19]. 
These single donor platelets are frozen in DMSO and 
may be kept up to 2 years at −80°C. The processing 
time of thawing and resuspension is about 30–40 min. 

Product Storage 
temperature

Storage time Indication Dosage

Packed red blood cells 
(PRBC)

1–6°C 35–42 days Impaired oxygen transfer capacity. 
Addition of each unit roughly 
increases hemoglobin by 1 g

According to 
bleeding

Fresh frozen plasma  
(FFP)

−18°C or lower 1 year Impaired coagulation test results  
or massive bleeding

2–4 units

Cryoprecipitate −18°C or lower 1 year Low fibrinogen and massive 
bleeding

10 units for adult

Random donor platelets 20–24°C 5 days Thrombocytopenia less than  
105/mL and massive bleeding

4–8 units

Single donor platelets 
(SDP)

20–24°C 5 days 1 unit

Deep frozen platelets −80°C 2 years Massive bleeding with no other 
platelet product available

According to 
bleeding

Can be stored for up to 6 h  
when thawed

Frozen leukoreduced 
PRBC

−80°C 10 years Bleeding According to 
bleeding

Can be stored for up to 14 days 
when thawed

Deep frozen plasma −80°C 7 years Bleeding According to 
bleeding

Table 6.1 Blood components and their storage conditions
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Once the product is thawed and washed it should be 
administered within 6 h. An in vivo viability assay of 
cryo-preserved and thawed platelets infused to a SCID 
mice model revealed a 4-h survival of 40% versus 80% 
for fresh platelets and estimated half-lives of 2.5 ver-
sus 7 h, respectively [42].

The use of fresh whole blood for massively bleeding 
trauma patients was considered as having an almost 
miraculous effect on bleeding patients, but was first 
rejected by blood bankers and transfusion specialists 
due to serious safety issues [36]. The use of blood col-
lected less than 24 h prior to transfusion and kept at 
25°C provides platelet viability, retaining most of the 
coagulation factors, with no damage to red blood cells 
due to the storage effect, and increased immediate oxy-
gen carrying capacity compared to stored blood. On the 
other hand, this is a very wasteful way to handle blood 
inventory, given that a blood unit loses its advantages 
after 24 h of storage and needs to be discarded since it 
was kept in a nonrefrigerated environment for 24 h. The 
period of time between blood donation and its adminis-
tration as fresh whole blood is too short to perform the 
current state-of-the-art virology tests, including testing 
for viral nucleic acids; therefore, this product is rela-
tively unsafe and should be reserved only for extreme 
conditions of acute shortage of blood products supply.

Spinella et al. retrospectively examined 2,831 sam-
ples from fresh whole blood donor units transfused in 
Iraq and Afghanistan over 3 years and found five posi-
tive recombinant Immunoblot assays – three for hepati-
tis C and two for HTLV1 virus [37]. Another hazard is 
the possibility of transfusion-associated graft-versus-
host disease due to infusion of 108 viable white blood 
cells that have not been irradiated. A similar cohort of 
patients with combat-related trauma who were given at 
least one unit of blood was retrospectively assessed. 
Resuscitation with combined fresh whole blood 
revealed a 30-day survival of 95%, while the use of 
stored components revealed survival of 82% [36]. It 
should be kept in mind that these are retrospective stud-
ies where the groups receiving fresh whole blood were 
given additional VIIa at a higher rate than the group 
receiving blood components. Another worrisome issue 
is the fact that the mean age of blood transfused to 
combat wounded patients was 33 days [37], which is 
very close to the expiration date, while the mean age of 
blood usually given to civilian trauma victims is less 
than 15 days. Perkins et al. retrospectively evaluated 
the use of fresh whole blood for massively bleeding 

trauma patients compared to component therapy that 
included apheresis platelets. Among a cohort of 8,618 
patients treated in Iraq from 1/2004 to 12/2006, 128 
were treated with fresh whole blood. There was no sur-
vival benefit for those treated with fresh whole blood 
and adult respiratory distress syndrome (ARDS) was 
more prevalent in this group of patients. Time to supply 
of fresh whole blood was 3–4 h, and for apheresis 
platelets was 2.4 h [29].

The current Joint Theater Trauma System Clinical 
Practice Guidelines recommend a “last in, first out” 
policy, meaning an attempt to give the youngest units 
of blood available for patients in need of massive trans-
fusion. The recommendation is to give PRBC less than 
14 days old.

The Netherlands Military Transfusion Service 
developed a system to minimize the waste of blood 
products and ensure their stable supply. Packed red 
blood cells were frozen in 40% glycerol where they can 
be kept for up to 10 years at −80°C. Deep frozen plasma 
could be kept for 7 years at −80°C and platelets for up 
to 2 years. The products are thawed and washed using 
automated closed system cell processor (ACP 215). 
Packed red blood cells may be kept at 4°C for up to 14 
days, and platelets for up to 6 h following thawing, 
washing, and resuspension in thawed plasma [19]. This 
system requires stable power supply although backup 
system of liquid CO

2
 is installed.

6.3  Role of Coagulopathy in the 
Outcome of Trauma Patients

Coagulopathy of trauma is one of the main contribu-
tors to mortality in patients with massive bleeding. It 
has been considered a grave prognostic sign in trauma 
patients hospitalized in intensive care units [9]. 
Trauma-induced coagulopathy can develop in 24% 
of patients independent of hypothermia or acidosis  
[3, 11]. Massive bleeding affects coagulation in several 
ways, including dilution or consumption of coagula-
tion factors, cell shock generating cellular acidosis, 
 tissue injury that results in further consumption of 
coagulation factors, and iatrogenic causes such as cold 
fluids infusion that bring about hypothermia. All these 
factors led Cosgriff et al. to develop “the bloody 
vicious cycle model” of hemodilution, hypothermia, 
and acidosis, all contributing to coagulopathy [5]. 
Additional factors, such as platelet dysfunction due to 
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anemia, increased fibrinolysis, reduced platelet count, 
and coagulation factor deterioration, may also contrib-
ute to trauma-induced coagulopathy [10]. In several 
reported studies, coagulopathy was found to increase 
mortality in patients with an injury severity score (ISS) 
>15 [3, 20]. A 38% prevalence of acute coagulopathy 
was revealed using point-of-care devices in transfused 
combat casualties upon their arrival to the 31st Combat 
Support Hospital in Iraq. The mortality rate of patients 
suffering from coagulopathy was 24% compared with 
4% in those not presenting with coagulopathy. 
Coagulopathy and acidosis had mortality odd ratios of 
5.3 and 6.9, respectively [27].

In a small cohort of young soldiers evacuated from 
the battlefield in 2006 who required massive transfu-
sions as part of their management, even those who did 
not have coagulopathy on arrival, as happened in about 
24% of cases, developed it during the first 2 h post-
admission. In 21 military trauma victims with massive 
bleeding, a median INR (prothrombin time interna-
tional normalized ratio) of 1.26 (range, 1.12–2.2) was 
recorded at admission to hospital with a median value 
of 1.55 (range, 1.24–2.31) at 2 h after admission [7]. 
These results suggest the presence of coagulopathy as 
long as bleeding is not fully controlled. Since coagul-
opathy of trauma is known to be a major poor prognos-
tic factor, an attempt has been made in recent years to 
preempt its development by the early use of plasma 
and platelets in massively bleeding trauma victims.

6.4  Preemptive Therapy  
of Coagulopathy

Based on a computerized model, Hirshberg et al. [12] 
suggested that massively bleeding patients should be 
treated with a 2:3 ratio of FFP to packed red blood 
cells (PRBC) to adequately supply coagulation factors. 
Ho et al. [13] compared various strategies of fresh fro-
zen plasma transfusion for the prevention or correction 
of dilution coagulopathy. Once coagulopathy devel-
oped, a ratio of 1 or 1.5 FFP to every unit of PRBC had 
to be transfused in order to correct coagulopathy. 
Borgman et al. [2] reported a retrospective study of 
246 patients treated in a combat support hospital who 
received massive transfusion of 10 units of blood or 
more. The patients were stratified by a median ratio of 
FFP:PRBC. A low FFP to PRBC ratio was defined as 

1:8, medium as 1:2.5, and high as 1:1.4. The median 
ISS was 18 and mortality was 65% for the low ratio 
group, 34% for the medium ratio group, and 19% for 
the high ratio group. In these groups, mortality due to 
hemorrhage was 92%, 78%, and 37%, respectively. 
The intuitive message from this report was that a 1:1 
FFP to PRBC ratio may save many lives in combat-
induced trauma, and such a policy was widely adopted. 
We still need to keep in mind that this was a retrospec-
tive study, where the effect of a learning curve on the 
treatment of patients is possible. Moreover, since the 
protocol at the beginning of the study did not imply 
initiating therapy with a 1:1 FFP:PRBC ratio and 
plasma was given only after several units of PRBC, a 
biased population could be created. The median times 
to death in the low, medium, and high ratio groups 
were 2, 4, and 38 h, respectively. It is also possible that 
the patients who received a low FFP to PRBC ratio did 
not survive long enough to get plasma. A patient who 
needs 10 units of blood within 90 min may not be com-
parable to the one who requires 10 units of blood over 
a 24-h period.

Currently adopted 1:1 FFP to PC ratio for penetrat-
ing wound injuries was examined also in the civilian 
milieu where blunt injury is more common. A prospec-
tive multicenter study of the National Institute of 
General Medical Sciences performed during the years 
2003–2007 had the following eligibility criteria: 
patients with a blunt mechanism of injury, pre-hospital 
or emergency department systolic blood pressure of 
<90 mm Hg or an elevated base deficit (³6 meq/L), 
blood transfusion requirement within the first 12 h, and 
any injury with an abbreviated injury score of (AIS) 
³2, allowing the exclusion of patients with isolated 
traumatic brain injury. Among 1,036 patients with 
blunt injury enrolled in the study, the overall mortality 
was 33.5% and the overall complication rates of multi-
organ failure, incidence of nosocomial infection, and 
adult respiratory distress syndrome were 56.4%, 
46.5%, and 19.6%, respectively. When only patients 
requiring ³8 of PRBC during the first 12 h were ana-
lyzed (n = 415), the following results were obtained. 
Comparison of patients receiving a high ratio of 
FFP:PRBC (1:2; 1:3–4) with those receiving a low 
FFP:PRBC (£1:5) demonstrated the high ratio to be a 
significant independent predictor of survival (mortality 
HR0.38, p = 0.002) [35]. Twenty-four hours mortality 
for the high ratio group was 3.95% compared with 
12.8% for the low ratio cohort (p = 0.012). The group 
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of patients who received a higher FFP:PRBC ratio 
required a lower dose of PRBC, but received a greater 
amount of plasma and cryoprecipitate. There was no 
significant difference in overall survival [35]. The 
same cohort of patients, including all those who had 
blunt trauma, was analyzed for multi-organ failure and 
ARDS, excluding the patients who succumbed during 
the first 24 h. Of the entire study population (n = 1175), 
65%, 41%, and 28%, respectively, of patients received 
FFP, platelets, and cryoprecipitate. In regard to every 
unit given, FFP was independently associated with a 
2.1% and 2.5% increased risk of multi-organ failure 
(MOF) and ARDS, respectively. Cryoprecipitate was 
associated with a 4.4% decrease of MOF, while there 
was no association between platelet transfusion and 
any of the outcomes examined. When early deaths 
were also included in the assessment model, FFP was 
found to be associated with a 2.9% decrease in the risk 
of mortality per unit transfused [41]. The data suggest 
that the early use of FFP, cryoprecipitate, and platelets 
is beneficial to overcome coagulopathy of trauma and 
should be initiated early in massively transfused 
injured. However, for patients who require a lesser 
amount of blood and do not have coagulopathy, both 
benefits and risks should be assessed.

6.5  Northern Israel’s Experience  
in Handling Massively Bleeding 
Trauma Patients

On July 12, 2006, two Israeli soldiers were kidnapped 
and three others were killed by Hizbullah gunmen 
within Israeli territory. This incident led to heavy 
bombing of Lebanon and massive rocket attacks on 
northern Israel, home to 1.5 million people. A total of 
3,970 rockets were fired in that area, destroying thou-
sands of buildings and taking the lives of 39 civilians 
and 117 soldiers. During the 33 days of warfare, the 
wounded were evacuated to four regional hospitals 
and one level 1 trauma center. Transfusion manage-
ment of the injured in this conflict has been reported 
previously [8].

Modern armament is known to cause multidimen-
sional injuries. Their efficient treatment frequently 
necessitates transfusion of blood products or massive 
blood transfusions. The requirement for blood prod-
ucts for civilian trauma patients in the 2006 conflict 

was 6% of the trauma victims, similar to the number 
of patients (8%) who received PRBC in the urban 
trauma center in Baltimore [4]. In comparison, the 
blood usage in 6,533 injured civilians evacuated from 
the terrorist attack scene to nearby hospitals in the 
years 2000–2005 was 23%. Such a high rate of blood 
use in the latter case reflects a different origin and 
extension of injury resulting from shrapnel and metal 
bolts embedded in the bombs [34]. Blood require-
ments of wounded soldiers admitted to the Rambam 
Trauma Center during the 2006 conflict was 16%, 
twice as high as that reported by an urban trauma cen-
ter in the US. Forty-one percent of admitted soldiers 
requiring blood had massive transfusions, compared 
with 13%, 24%, and 30% reported by Huber-Wagner 
et al. [14], Malone et al. [21], and Como et al. [4], 
respectively, using urban trauma findings. US Army 
transfusion data, obtained during 10 months of activi-
ties in Iraq (beginning with March 2003), showed that 
massive transfusions were given to 60 of 281 injured 
patients (21%) [16].

The high rate of massive transfusions may reflect 
selected airlift evacuation to the level 1 trauma center. 
Another worrisome finding is the mean ISS of 19.2, 
ranging from 6 to 75, compared to the mean ISS of 
24.5, 22, and 21 reported in the urban trauma cohorts 
[4, 14, 21]. The relatively low ISS of patients receiv-
ing massive transfusions observed in the Rambam 
Trauma Center may reflect an excessive blood loss 
during prolonged evacuation, a median of 2 h for 
injured with ISS ³ 16 and 3.3 h for ISS <16, compared 
to the 72 min reported in the German Trauma Society 
cohort [14]. It could also be associated with the dev-
astating effect of modern anti-tank missiles and other 
armament, since most soldiers had penetrating 
wounds, while the vast majority of reported civilian 
patients had blunt traumas. These data show that the 
number of victims requiring blood transfusion is 
directly related to the kind of armament used at the 
conflict arena (improvised explosive devices, mortars, 
anti-tank missiles, ground-to-ground rockets, low 
velocity guns, mines, etc).

6.5.1  The Threshold of Blood  
Product Transfusion

Indications for the use of blood products in patients 
with combat trauma are similar to those for civilian 
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trauma patients. Sufficient oxygen supply to tissues is 
essential for acidosis prevention and, as long as full 
control of bleeding is not achieved, a hematocrit of 30 
should be maintained to provide oxygenation for vital 
organs and improve delivery of platelets to vessel 
walls, where they are needed for bleeding control. 
Since coagulopathy is a major detrimental factor for 
survival, observed in about one quarter of patients, 
preemptive therapy should be initiated immediately 
in patients with predictive massive bleeding. It is 
essential to draw blood for type, screen, and cross-
match immediately on admission to the trauma bay. 
Proper temporary labeling of unidentified uncon-
scious injured at that point is crucial, since a misla-
beled blood sample for type and cross could end with 
mistransfusion and death (Fig. 6.1 a and b). The blood 
bank should be notified if a patient received blood on 
the way to the trauma bay, since mixed RBC popula-
tions could be observed by the lab technician, if a 
patient with non-O type received O type blood. 
Simultaneously, blood samples for coagulation stud-
ies, such as prothrombin time (PT), partial thrombo-
plastin time (PTT), and fibrinogen level, should be 

sent to the lab marked as “immediate priority”. 
Transfused non-cross matched blood should be O D+ 
for a male patient and O D− for a female patient, if 
“non” typed blood is required. Usually, immediate 
blood typing can be performed within 5 min of arrival 
of a blood sample to the lab, and a full cross-matching 
and screening takes about 30 min and can be com-
pleted within this time frame.

The practice of using blood components for trans-
fusions allows giving transfusions of type O packed 
cells and type AB fresh frozen plasma to the patient 
without knowing his blood type. Following typing of 
the patient’s blood, all products should be supplied 
according to the patient’s blood type. There is no 
need to stick to O type blood even if 10 units or more 
were transfused. The reason for this is simple – once 
packed red blood cells are used, the amount of O type 
plasma transfused is dismal. Since type AB fresh fro-
zen plasma is transfused when the blood type is 
unknown, it contains no anti-A or anti-B antibodies, 
and there is no risk for hemolytic reaction when blood 
products are further given according to typed blood. 
Blood supply should be administered according to 
the massive transfusion protocol when applicable 
(Table 6.2; Fig. 6.2) and this protocol should be mod-
ified according to the specific patient’s need, once lab 
results are available. In a combined organ trauma that 
includes brain trauma, a rapid decline of fibrinogen 
level has been observed and, therefore, early use of 
cryoprecipitate should be considered before lab 
results are received. Fibrinogen level should be kept 
above 150 mg/dl in an actively bleeding patient, and 
platelet count should be maintained within the range 
of 100,000/ml in a patient with uncontrolled bleeding. 
Once blood type results are available, blood products 
should be administered according to the original 
blood type.

Case 1021
Unknown

Age 
ID 7012345-6*

 IIIIIIIIIIIII 

Case 1020
Adam Ben-Enosh

Age24
ID 5547552-1
IIIIIIIIIIIIIIIIIII

 

a b

Fig. 6.1 Label samples. Upon admission to the emergency 
department (ED), each patient receives a sequential four-digit 
case number, then a personal identification number (ID), and 
other details are recorded whenever possible. Both case and ID 
numbers appear on each patient’s label. Application of these two 
numbers reduces the possibility of misidentification in mass 
casualty events. Although a four-digit bold number is easy to 
verify, the computer system requires an eight-digit ID number, 
which is equal to the number of digits in the state ID. Therefore, 
a temporary eight-digit ID number is given to unidentified 
patients as well. Following specific identification of a patient, 
the temporary ID number is changed for the state number, and 
personal details, such as name and age, are added to the labels of 
these individuals. The case number issued at admission is not 
changed throughout the hospitalization period, providing for a 
continuous track of all patients admitted. (a) Label for an identi-
fied patient. (b) Label for an unidentified patient. The opening 
“70” denotes that the number is temporary

Pack 1 3 PC +3 FFP

Pack 2 3 PC + 3 FFP

Pack 3 3 PC + 2 FFP ± 6 units of platelets + 10 units 
of cryoprecipitate

Pack 4 4 PC + 4 FFP

Pack 5 4 PC + 4 FFP ± 6 units of platelets ± 10 units 
of cryoprecipitate

Table 6.2 Massive transfusion protocol at Rambam Health 
Care Campus, a level 1 trauma center

Repeat pack 4 followed by pack 5 if further supply is indicated
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ADHB Adult Massive Transfusion Protocol

Team Leader Responsibilities

Notify Coag Lab and send Coag
requests on the Labplus Urgent
form (orange border)

Activate protocol by ringing Blood
Bank (ext 24015) and say “I am
activating the Massive Transfusion
Protocol”

Call for each box as required

Make a decision to cease MTP and
contact Blood Bank

Blood Bank Responsibilities

Ensure X-match sample processed
ASAP after O neg release

Notify NZBS Medical Officer after
issuing MTP Box One

Thaw next box in advance and await
request

Ensure supply of platelets

Massive bleeding with either shock or
abnormal coagulopathy

Ensure  delivery of X-match specimen
to Blood Bank

Give 3 Units O-neg or type specific RBC

Ring Blood Bank to
Activate Massive Transfusion Protocol

Check Coags /
Platelets /FBC
ABGs / Ca++

MTP BOX ONE
2 Whole Blood or 2U

RBC and 2U FFP

Additional treatment thresholds

if PR >1.5 or APTT >40 consider additional 4 units FFP

if fibrinogen <1 g/L consider additional 3U Cryoprecipitate

if platelets <75 x109/L consider additional one pack platelets

if ionized Ca++ <1 mmol/L give 10 mls  Calcium

Contacts

Blood Bank - Ext 24015

Coagulation Lab - Ext 7572

Level 8 Anaesthetist - 021 496 374

rVIIa gate keeper – on call Liver
transplant anaesthetist

rVIIa Requirements

Ongoing haemorrhage after 10 U
RBCs

pH > 7.2

Platelets > 50

Fibrinogen > 1 g/L

Dose:90 mg/kg rounded to vial

MTP BOX THREE
4 RBC
4 FFP

+ 3U Cryoprecipitate

MTP BOX FOUR
4 RBC
4 FFP

1 adult Platelets

and alternate 3 &4...

rVIIa
90 mcg/kg
if indicated

MTP BOX TWO
4 RBC
4 FFP

1 adult Platelets

Check Coags /
Platelets /FBC
ABGs / Ca++

Check Coags /
Platelets /FBC
ABGs / Ca++

Repeat every
30 min

Fig. 6.2 Massive transfusion protocol from Auckland General Hospital, New Zealand (With kind permission of Dr. Kerry Gunn)
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6.6  Massive-Transfusion Protocols

In recent years, many trauma centers have initiated 
transfusion protocols. This has been shown to shorten 
the time for blood products supply and release the 
trauma team from exact calculations of blood product 
ratios. It is important to identify early those trauma 
victims who are massively bleeding. The Joint Theater 
Trauma System Clinical Practice Guidelines point out 
several risk factors suggestive of the need for massive 
transfusion. They include systolic blood pressure <110 
mm Hg, heart rate >105 bpm, hematocrit < 32%, pH < 
7.25, INR >1.4 and NIR derived O

2
 saturation <75%. 

Patients with three of the risk factors have a 70% prob-
ability of requiring massive transfusion, and patients 
with four risk factors have an approximately 85% risk 
of necessitating massive transfusion. The transfusion 
service at the Parkland Memorial Hospital in Dallas, 
Texas, suggested a cooperative effort between the 
departments of pathology, anesthesiology, and trauma 
surgery to develop a massive transfusion protocol 
which was implemented on a trial basis in 2004. The 
original protocol included five PRBC and two thawed 
FFP that were dispensed every 30 min from the blood 
bank. An apheresis platelet unit equal to 6 units of 
pooled random donor platelets was added to every 
other shipment and 10 units of cryoprecipitate were 
included in every third shipment. Recombinant factor 
VIIa was included in every third shipment [28]. The 
use of a massive transfusion protocol reduced the turn-
over time for the first shipment to less than 10 min and 
the time between the first and second shipment was 
reduced from 42 to 18 min [28].

Current protocols try to prevent coagulopathy by 
using a 1:1 ratio or 2:3 ratio of FFP to PRBC. Early 
preemptive transfusion of cryoprecipitate and platelets 
is included as part of the protocol and, in some centers, 
co-transfusion of activated factor VII is added as well. 
The American Joint Theater Trauma System Clinical 
Practice Guidelines available on the internet include an 
example of a massive transfusion protocol that includes 
a 1:1:1:1 ratio of PRBC, FFP, platelet unit, and cryo-
precipitate, and also suggests consideration of Factor 
VII (Table 6.3). There are two schools of thought 
regarding the use of massive transfusion protocols 
(MTP). One implies an automatic discharge of blood 
products every fixed time from initiation of the proto-
col. The downside of this strategy might be an accu-
mulation of blood products at the trauma bay and 

operation theater. The other school supports supply by 
demand, meaning that following activation of the pro-
tocol the blood bank technicians should have the FFP 
and cryoprecipitate thawed and ready for shipment. 
Thus, the products are immediately supplied on 
demand of the resuscitating team. Personally, I prefer 
the second school which allows better control of the 
blood product supply and refrains from the accumula-
tion of blood supply at the trauma bay where several 
injured are simultaneously treated and blood products 
could be mixed up and misgiven.

6.7  Use of Activated Recombinant 
Factor VIIa (rFVIIa) and 
Antifibrinolytic Drugs

The limitation of replacement therapy for profusely 
bleeding trauma patients suggests the need for addi-
tional approaches to the treatment of coagulopathic 
bleeding. Recombinant factor VIIa is approved world-
wide for the treatment of bleeding in patients with 
hemophilia A or B with inhibitors to coagulation fac-
tors VIII or IX. It is thought to work locally at the site 
of tissue injury where it binds to an exposed tissue fac-
tor. This binding activates factor X to Xa and generates 
a small amount of thrombin. Thrombin activates plate-
let factors V and VIII to further binding factor VIIa, 
more prothrombin to thrombin, and generates fibrin 
from fibrinogen. The interest in the use of recombinant 
factor VIIa for trauma injuries was initiated by a case 
report by Kenet et al. who treated a 19-year old soldier 

Pack 1 4 units of PRBC and 4 units of FFP 
Physician should additionally consider: 6 units 
of platelets, cryoprecipitate and +/− Factor VIIa

Pack 2 4 units of PRBC and 4 units of FFP

Pack 3 4 units of PRBC and 4 units of FFP, 6 units  
of platelets, cryoprecipitate and Factor VIIa

Pack 4 4 units of PRBC and 4 units of FFP, 6 units  
of platelets, cryoprecipitate

Pack 5 4 units of PRBC and 4 units of FFP, 6 units  
of platelets, cryoprecipitate

Table 6.3 A modified massive transfusion protocol at a 
CENTCOM Level III facility

Source: From Joint Theater Trauma System Clinical Practice 
Guidelines, February 2009
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with an abdominal penetrating gunshot wound that 
inflicted tears in the IVC and massive paravertebral 
muscle damage [17]. This patient with uncontrollable 
bleeding and an injury severity score of 25 stopped 
bleeding abruptly and recovered. A later report by 
Martinowitz et al. of 35 cases showed shortening of 
prothrombin time and partial thromboplastin time. 
Cessation of bleeding was achieved in 26 of 36 patients 
(72%) with a survival rate of 61% [23]. Several ran-
domized control trials evaluating the use of rFVIIa for 
reduction of bleeding in patients with brain trauma and 
general trauma revealed conflicting results. In a ran-
domized placebo-controlled study, Boffard et al. [1] 
evaluated the amount of blood required within 48 h of 
administration of factor VIIa. The eligibility criterion 
was the administration of 6 units of PRBC within 4 h 
of admission. In a group of 158 patients with blunt 
injury, a reduction of required blood products by 2.6 
units compared with controls was demonstrated fol-
lowing factor VIIa administration (p = 0.02). However, 
in a cohort of 143 patients with penetrating wounds, 
administration of VIIa did not result in significant 
reduction of PRBC units transfused [1]. A study of the 
effect of factor VIIa on the outcome of patients with 
intracranial hemorrhage also yielded conflicting 
results. In a cohort of 400 patients, a double blind pla-
cebo-controlled trial using a single dose of 40, 80, 160 
mg/Kg of factor VIIa or placebo revealed a limited 
growth of hematomas which was dose-dependent, as 
well as reduced mortality and improved functional 
outcome, despite a small increase in thromboembolic 
adverse events [24]. Unfortunately, a larger phase III 
study revealed no improvement in bleeding, mortality, 
or severe disability at the end of the study period (day 
90) [26]. Rizoli et al. performed a subgroup analysis of 
trauma patients treated in a randomized controlled 
study of three doses of factor VIIa (n = 60) versus pla-
cebo (n = 76). The treated group had significantly less 
episodes of ARDS, a comparable death rate, and fewer 
patients with multi-organ failure [32].

Regarding the use of recombinant Factor VIIa in 
combat injury, the level of evidence ranges from case 
reports to case series; however, no prospective ran-
domized trials have been performed. Spinella et al. 
[38] retrospectively reviewed a database from a com-
bat support hospital in Baghdad from December 2003 
to October 2005, including 124 patients who had mas-
sive transfusions of ³10 PRBC within 24 h. Forty-nine 
of these patients received rFVIIa and 75 did not. 

Roughly, 2/3 of the patients had explosion-inflicted 
injuries and one third had gunshot injuries. The group 
that did not receive Factor VIIa had a lower mean sys-
tolic blood pressure on admission (92 vs 105 mmHg) 
and received a substantially lower quantity of cryopre-
cipitate and fresh whole blood. The patients who did 
not receive FVIIa had a higher 24-h and 30-day mor-
tality rate (35% vs 14%; p = 0.01) (51% vs 31%; p = 
0.03), respectively, compared to those who received 
this product. It is of interest that the mortality rate 
caused by bleeding did not significantly differ in these 
groups [38]. Perkins et al. [29] examined the effect of 
early (prior to 8 units of PRBC) versus late administra-
tion of rFVIIa in a combat support hospital in Iraq. Of 
5,334 trauma injuries over 22 months (from January 
2004), 6.8% required massive transfusions. One hun-
dred and seventeen of these patients (32%) received 
rFVIIa. Complete records of the blood transfusions 
were available for 61 patients, 17 of whom received 
rFVIIa early and 44 who received VIIa later. Early 
administration of rFVIIa saved 5 units of blood; how-
ever, the mortality rate of one third was identical in 
both groups of patients [29].

The Canadian National Advisory Committee on 
Blood and Blood Products has concluded that, until 
large adequately powered clinical trials are available, 
demonstrating the benefit of rFVIIa in reducing rates of 
clinically important endpoints with acceptable risk, the 
routine use of rFVIIa for such indications cannot be 
recommended [26]. However, there will still be cir-
cumstances when the addition of rFVIIa may be neces-
sary for the management of individual patients. It 
should be remembered that thromboembolic complica-
tions were reported following rFVIIa administration in 
9.4% of patients [39]. All cardiovascular events and 
most cases of mesenteric ischemia were attributed to a 
combination of rFVIIa and a definable high energy vas-
cular injury [29].

Prior to administration of rFVII, several conditions 
need to be met in order to obtain an optimal response. 
Hemostatic and other measures need to be taken to cor-
rect coagulopathy, including administration of thawed 
FFP at a dose of 15 cc/Kg; if fibrinogen is less than 1 
Gm/L, then 10 units of cryoprecipitate should be given 
and patient’s blood pH should be >7.1, since rFVII is 
not active in lower pH. Anti-fibrinolytic agents have 
shown to have a beneficial effect in thoracic surgery.

Aprotinin is a direct inhibitor of fibrinolytic enzyme 
plasmin as well as an inhibitor of kallikrain, trypsin, 
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and factor XII. Tranexmic acid and aminocaproic acid 
are both inhibitors of plasmin binding to fibrin by 
occupying the lysine binding site of plasminogen 
proenzyme [22]. For young patients with no known 
atherosclerotic disease, the use of anti-fibrinolytic 
drugs should be considered, especially when increased 
fibrinolysis is observed.

6.8  Thromboelastography

Thromboelastography is a useful point-of-care tool 
for coagulation evaluation. It is widely employed in 
thoracic surgery for the identification of coagulopa-
thies. The test is based on continuous documentation 
of blood clot firmness during the entire coagula-
tion process. Thus, the beginning of clot formation, 
clot formation kinetics, and maximum clot firmness 
are assessed as well as its stability or lysis [31, 40]. 
Thromboelastography provides a dynamic and global 
assessment of the coagulation process with multiple 
endpoints reflecting the interaction between platelets, 

the clotting cascade, and fibrinolysis (Fig. 6.3). Clot 
initiation time (R time) is correlated with coagulation 
factors. Kinetics of thrombin generation, clot ampli-
fication and propagation are illustrated by an angle 
k – time to clot formation. Maximal amplitude of the 
clot is correlated with platelet number, and the time to 
clot resolution is correlated with fibrinolysis (Fig. 6.4). 
This bedside apparatus can add significant information 
regarding primary fibrinolysis, found by Johansson 
to be the cause of bleeding in 9% of civilian trauma 
patients [15]. Thromboelastography may be useful 
when patients are suffering from hypothermia and 
there is no correlation between the tests performed at 
37°C and the actual activity of coagulation factors in 
the hypothermic patients. In the animal model, hypo-
thermia combined with hemorrhagic shock and fluid 
resuscitation were found to result in prolonged initial 
clot formation time (R time) and time to maximum 
clot formation (K time), as well as impaired maximal 
amplitudes. Regular thromboelastography performed 
on TEG does not detect the use of ADP antagonists 
or arachidonic acid antagonists unless a special kit is 
used for platelets mapping.

Fig. 6.3 Flowchart of abnormalities detected by TEG
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6.9  Conclusions

Transfusion of blood products is an essential compo-
nent of the treatment of major trauma victims. 
Verification of the patient’s identity and providing safe 
blood components both to identified and unidentified 
injured in mass casualty events require established 
standard operating procedures. Early identification of 
patients with trauma-induced coagulopathy may be 
life-saving, since these patients tend to have higher 
mortality rates and, therefore, early supply of blood 
components is helpful for correction of coagulopathy 
and early damage control resuscitation. As rule of 
thumb, a higher injury severity score, acidosis, hypo-
thermia, and low blood pressure on admission are pre-
dictive factors for trauma-induced coagulopathy. These 
patients are also candidates for massive transfusion. 
For patients defined as in need of massive transfusion 
due to low blood pressure, high pulse rate, or high 
injury severity score, implementation of massive trans-
fusion protocol is beneficial. Frequent monitoring of 

CBC, prothrombin time, thromboplastin time, fibrino-
gen level, and the use of thromboelastogram may be 
helpful to adjust therapy with PRBC, FFP, cryoprecipi-
tate, rFactor VIIa, and antifibrinolytic agents. It should 
be emphasized that, while exposure to fresh frozen 
plasma is life-saving during a massive transfusion or 
coagulopathy scenario, it could be hazardous and leads 
to higher rates of multi-organ failure or transfusion-
related acute lung injury. Therefore, for patients who 
do not suffer from major bleeding or coagulopathy, the 
conservative use of this product should be recom-
mended. For massively bleeding patients, PRBC <14 
days old should be used when available. In cases when 
supply of blood or blood components is short, fresh 
whole blood may be considered, remembering that this 
product has not been checked with state-of-the-art tests 
for transmissible diseases, is not FDA approved, and 
may be justified only for immediate life-saving 
scenarios.

“There never was a good war or a bad peace” Benjamin 
Franklin (1706–1790)

Fig. 6.4 Examples of 
thromboelastogram patterns 
and interpretations. This is a 
representative TEG tracing. 
The numerical values of the 
parameters are along the 
bottom. Each parameter is 
indicated with a letter, as well 
as with the units of measure-
ment. Also associated with 
each parameter are the actual 
value and the normal range 
relative to a given sample type
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Treatment of combat injury, defined as a casualty to 
military personnel resulting from combat, has become 
an increasingly important aspect of modern medicine. 
Advances in medical care and improvements in both 
body and vehicle armor have combined to increase a 
wounded soldier’s odds of survival from 76.4% during 
the Vietnam War [30] to 90.4% in Iraq [7]. In spite of 
this fact, many survivors have sustained traumatic 
orthopedic injuries: approximately 70% of war wounds 
are musculoskeletal injuries, and 55% are extremity 
wounds. Combat injuries often involve high-velocity 
shells, which are likely to result in injuries that are 
very different from those seen in civilian trauma cen-
ters, which are due to lower velocity bullets. In modern 
combat fields the principle type of injury is caused by 
blast mechanism. This pattern of injury can be com-
plex, unpredictable, and diagnostically challenging 
[18]. Injuries from explosives are much more common 
in combat trauma, but terrorist acts that cause explo-
sive injury are taking place at an increasing rate. Recent 
estimates show a fourfold rise from 1999 to 2006 [40]. 
Thus, health-care systems must be able to respond to 
those affected, military and civilian alike.

The radiologist has a central role in attempting to 
reduce mortality and morbidity in this kind of injury. 

He should be able to recognize the spectrum of injuries 
inflicted by explosive devices causing blast injury. 
Characteristically, explosive injury has a higher pro-
portion of critically injured patients compared to other 
multitrauma events [18]. The role of radiology is not 
only to identify all the foreign bodies, but also to help 
surgeons decide which fragments need to be removed 
during thorough surgical debridement.

According to the Israeli trauma registry one third of 
terror victims suffer severe trauma [18].

7.1  Blast (Explosive) Injury

A detailed description and classification of blast 
injuries have been published elsewhere. Thus only a 
short simplified version will be presented in this 
chapter. Explosive’s injuries are classified into four 
categories: primary, secondary, tertiary and quater-
nary. Patients may be affected by one or more cate-
gories [18, 40].

7.1.1  Primary Injuries

These are a result of the initial very high pressure 
waves impacting at air–liquid interfaces [18]. The pri-
mary high-pressure wave spreads radially at the speed 
of sound displacing the surrounding air and generating 
winds of substantial velocity up to several hundred 
kilometers per hour [40]. In air it dissipates rapidly in 
proportion to the cube of the distance from the blast 
center. Thus the degree of tissue injury is directly 
related to the proximity of the victim to the explosion 
[18]. Several systems and organs are prone to primary 
blast injury: limbs and earlobes may be traumatically 
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amputated, rupture of the inner ear and eardrum, blast 
lung and viscus perforation of the gastrointestinal tract 
may occur. Primary blast lung injury may lead to an 
immediate death due to massive cerebral or coronary 
air embolism [18] (Fig. 7.1).

7.1.2  Secondary Injuries

These are caused by flying bomb fragments and debris, 
metallic and nonmetallic, causing penetrating trauma 
similar to wounds seen in civilian trauma [18, 40]. 
Fragment injuries comprise the most frequent and 
important mechanism in combat trauma [6].

Patients can be hit by one (Fig. 7.2), by a few 
(Fig. 7.3), or by a multitude (Fig. 7.4) of flying 
objects with damage to soft tissues, blood vessels, 
and bone [18].

7.1.3  Tertiary Injuries

These occur as a result of a long phase of negative pres-
sure displacing the whole body that impacts onto fixed 
objects. This causes blunt and penetrating injuries, 
head and cervical spine, as well as orthopedic injuries.

7.1.4  Quaternary Injuries

These include all other injuries mainly burns and 
smoke inhalation [18, 40].

Fig. 7.2 A 22-year-old male who sustained penetrating trauma 
to his right groin. The AP radiograph of the pelvis shows a 2-cm 
long shrapnel in his right groin and mild soft tissue emphysema. 
On physical examination the shrapnel was superficial with no 
signs of vascular or nerve damage

a

b

Fig. 7.3 (a) AP radiograph of the knees and (b) lateral 
 radiograph of the right knee of a 20-year-old male with shrapnel 
injuries (arrows) of both knees

Fig. 7.1 Primary blast injury in a 30-year-old male. Massive 
coronary and cerebral air embolism caused immediate death 
(not shown here). Air replacing blood is noted in bilateral super-
ficial femoral arteries below the inguinal ligaments (arrows)
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7.2  Bone and Soft Tissue Injuries

As many blast victims die from the primary blast 
effects at the explosion scene, it is the secondary and 
tertiary injuries that predominate among survivors [18, 
40]. Commonly, small puncture wounds hide multiple 
shrapnel fragments and severe underlying injuries [18, 
40]. It is important to remember that there is usually a 
much higher proportion of critically ill patients in blast 
injury than in another type of multitrauma [18]. In 

combat injuries a higher proportion of extremities 
injury exists as the head and torso are usually protected 
by some kind of armor.

All critically ill patients require a chest x-ray and 
FAST (focused abdominal sonography in trauma) in 
the emergency department [18]. The surgeon in charge 
of the patient decides on following x-ray and CT 
 studies based on the patient’s clinical condition. 
Unstable critically ill patients should be transferred 
straight to surgery for exploratory laparotomy/

Fig. 7.4 AP radiographs of a 19-year-old male with multiple 
shrapnel in the soft tissues of his (a) left buttock, (b) left lower 
extremity and scrotum, (c) soft tissue emphysema in the left 

thigh, (d, e) soft tissue hematoma in the left calf, burst fracture 
of the left fibula, and small undisplaced linear fracture of the left 
lateral malleolus

a b

c d e
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thoracotomy or other operative procedures to treat the 
cause for  hemodynamic instability. Stable critically ill 
patients can be transferred to the radiology department 
for further x-ray and/or CT investigation. Screening 
radiography of the limbs with penetrating injuries is 
performed [18].

Injuries may include soft tissues injury only 
(Fig. 7.5), blood vessel injuries (see below), or bone 
fractures, with complex comminuted fractures which 
are common (Figs. 7.6 and 7.7).

Further investigation of the extremities may include 
CT or CTA. In our institution almost all of the further 
imaging performed was done to exclude blood vessel 

a b

Fig. 7.5 (a, b) AP and lateral radiographs of the forearm in a 
20-year-old male with shrapnel injuries to the soft tissues only

a

b

Fig. 7.6 (a, b) AP and lateral radiographs of a 21-year-old 
patient with shrapnel injury of the left wrist, showing burst frac-
tures of the radial styloid and the scaphoid bone
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damage. Besides the answer to the presence of vascu-
lar damage, the CTA of the extremities could give 
more accurate information on: (a) damage to nerves 
with the sciatic nerve (Figs. 7.8 and 7.9) and common 
peroneal nerve (Fig. 7.10) as examples, (b) the pres-
ence of large soft tissue hematoma with the danger of 
compartment syndrome (Fig. 7.11) [16], (c) the loca-
tion of shrapnel around blood vessels (Fig. 7.12), and 
(d) the exact location of shrapnel in the bone 
(Fig. 7.13).

In patients with intra-articular fractures the CT 
study can add information in: (a) the exact location of 
intra-articular shrapnel (Figs. 7.14 and 7.15); (b) the 
severity of articular depression (Fig. 7.16) [23]; (c) the 
presence of ligament avulsion (Figs. 7.17 and 7.18) 
[22] or ligament tear (Fig. 7.19) [22]; (d) damage to 
tendons (Fig. 7.20); (e) rarely it can show meniscal 
entrapment into a fracture (Fig. 7.21); (f) rarely it can 
demonstrate meniscal tear (Fig. 7.22); and (g) the 
amount of lipohemarthrosis (Fig. 7.23) [8].

7.2.1  Limb Fractures and Traumatic 
Amputation

Limb fractures and traumatic amputations may be the 
result of a combination of primary and tertiary inju-
ries (Figs. 7.24 and 7.25). The primary blast shearing 

Fig. 7.8 Axial CT image of a 26-year-old patient showing left 
sciatic nerve swelling (arrow) compared to right normal sciatic 
nerve (arrowhead), adjacent hematoma, and posterior subcuta-
neous hematoma

Fig. 7.7 (a, b) Axial CT images of the legs (c, d) and coronal 
and sagittal CT reconstructions of the right leg in a 20-year-old 
male, showing burst open fracture of right tibia due to gunshot 
wound

a

b

c d
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wave runs along the bone and causes comminuted 
limb fracture; the limb subsequently flails in the ter-
tiary blast wind, which completes amputation of the 
residual intact soft tissue structures. The radiographs 
show the extent of the injuries and help plan the surgi-
cal strategy.

7.3  Arterial Injury

Arterial damage may occur after combat injury to the 
extremities. Outcome depends on rapid diagnosis and 
repair of the injury [21]. Prompt repair of arterial injury 
to the extremities improves outcome in limb function 

a b

Fig. 7.9 (a) Axial CT images of a 21-year-old male with shrap-
nel in or adjacent to the left sciatic nerve (arrow), showing 
swelling of the left sciatic nerve (arrow) in a more proximal 

image, as compared to the normal right sciatic nerve; (b) two 
more metallic foreign bodies are seen in the left vastus medialis 
and vastus intermedius muscles

Fig. 7.10 Axial CT image of the same 21-year-old male show-
ing hematoma (arrow) around left common peroneal nerve, 
compared to right normal common peroneal nerve (arrow)

a

b

Fig. 7.11 (a, b) Axial CT images of a 26-year-old patient show-
ing left calf hematoma and anterior subcutaneous hematoma

a

b

Fig. 7.12 (a, b) Axial CT images of a 21-year-old male show-
ing shrapnel in the soft tissues of the posterior left thigh, without 
involving the blood vessels
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and reduction of mortality related to blood loss [21]. 
Combat trauma is usually a result of blast trauma which 
includes penetrating and blunt trauma. Blunt trauma 
injures vessels by crushing tissue, dislocating joints, or 
breaking bones near arteries or veins. Penetrating inju-
ries, caused by sharp object or high-velocity projectile 
may result in a large spectrum of injuries to the vessels: 
from complete tear to partial laceration or traumatic 
dissection complicated with thrombosis of an artery.

7.4  Types of Vascular Injuries

7.4.1  Hematoma

Hematoma is the outcome of vascular disruption 
through blunt or penetrating injury. It may be confined 
to the surrounding soft tissues or it may expand and 
tract through fascial planes [9].

a b

Fig. 7.13 (a) Axial CT image and (b) reconstructed coronal CT image of a 21-year-old patient showing shrapnel causing fracture 
of the left lateral tibial plateau

a b

Fig. 7.15 (a, b) Axial CT images of the same 21-year-old 
patient with intra-articular shrapnel, one embedded in the left 
medial femoral condyle, a second one in the left posterior inter-

condylar fossa, several in the left Hoffa fat pad, and one in the 
soft tissues of the posterolateral aspect of the left knee

Fig. 7.14 (a) Coronal and 
(b) sagittal reconstructed CT 
images of a 21-year-old male 
with intra-articular shrapnel, 
embedded in the left medial 
femoral condyle

a b
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a b

Fig. 7.17 (a, b) Sagittal and 
coronal CT-reconstructed 
images of the knee in a 
28-year-old male showing 
avulsion fracture at ACL 
insertion

Fig. 7.16 (a–d) Coronal reconstructed CT images of a 26-year-old male showing Schatzker V left tibial plateau fracture

a b

c d
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On physical examination, there are skin ecchymoses 
and swelling, generally non-pulsating, of the soft tis-
sues in the injured region. Pulse may be diminished or 
absent when the hematoma is compressing a vessel.

Large hematomas occurring within a fascial com-
partment may result in compartment syndrome.

7.4.2  Pseudoaneurysm

Pseudoaneurysm is a contained hematoma caused by 
the loss of the integrity of the three layers of the arte-
rial wall. Penetrating trauma is the most common cause 
of this injury.

a bFig. 7.18 (a, b) Sagittal 
CT-reconstructed images of a 
25-year-old male with 
avulsion fracture of PCL 
insertion (arrow)

Fig. 7.19 Coronal recon-
structed CT image of a 
26-year-old patient showing 
left MCL tear (arrowhead) 
compared to normal right 
MCL (arrow)
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a b

Fig. 7.20 (a, b) Axial CT image of a 21-year-old patient with small radiopaque foreign body (arrow) in left patellar tendon causing 
small partial tear (arrow) of the tendon. Also shown is shrapnel in left lateral tibial plateau causing fracture

a b

Fig. 7.21 (a, b) Sagittal and 
coronal CT-reconstructed 
images of a 29-year-old male 
showing entrapment of 
lateral meniscus in Schatzker 
I right lateral tibial plateau 
fracture

a b

Fig. 7.22 (a, b) Coronal and 
sagittal reconstructed CT 
images of the knee in a 
28-year-old male with ACL 
avulsion fracture showing 
bucket handle tear (arrows) 
of medial meniscus
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7.4.3  Arterio-Venous Fistula (AVF)

This is a direct connection between an artery and a 
vein. It is generally the result of a penetrating injury 
(Fig. 7.26).

Most frequently, AVF is asymptomatic; however, 
when it is large it can result in high output cardiac fail-
ure. AVF can also cause distal limb ischemia by a 
“steal” of blood from the extremity via the vein.

Fig. 7.23 CT axial image in a 19-year-old patient showing lipo-
hemarthrosis in the suprapatellar bursa of the right knee

a b

Fig. 7.24 (a, b) Right hand of 23-year-old male with multiple 
metacarpal and phalangeal fractures of all his fingers, soft tissue 
hematoma, and emphysema

a b

Fig. 7.25 (a, b) Left hand of the same 23-year-old male with 
amputation of fourth and fifth fingers at the level of the proximal 
interphalangeal joints

a b

Fig. 7.26 (a, b) A 25-year-old male soldier with penetrating 
trauma to the left lower limb. CT maximum intensity projection 
(a) and volume rendering 3D reconstruction (b) images demon-
strate multiple shrapnel throughout the left lower limb causing 
complete tear of the mid-popliteal artery (arrow) with arterio-
venous fistula (AVF) formation. At surgery, a complete tear of 
the popliteal artery, vein, and nerve was found
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7.4.4  Arterial Embolization

Arterial embolization is caused by emboli dislodge-
ment from an injured site in the artery, resulting in a 
sudden distal arterial occlusion and acute limb isch-
emia (Fig. 7.27).

7.5  Clinical Signs of Arterial Injury

Clinical signs of arterial injury are divided into hard 
signs and soft signs:

Hard signs: loss of pulse, expanding hematoma, 
thrill or bruit, active bleeding, and neurological 
deficit [21]
Soft signs: cold limb, change in color, nonexpand-
ing hematoma, and non-pulsatile bleeding

There is a high correlation between hard signs and 
arterial injury and a lower correlation when only soft 
signs are present. Thus, in most studies, the presence 
of hard signs is an indication for arterial injury evalua-
tion [21, 36]. In other protocols hard signs are an indi-
cation for immediate surgical exploration, while 
imaging is used only in patients with soft signs and an 
abnormal ankle-brachial index [35].

A practical protocol, used in the authors’ institu-
tion, warrants imaging in patients with hard signs in 
cases of multiple injuries such as explosive injury, 
while patients with hard signs in single penetrating 
injuries, like stab wounds, are sent to surgery.

7.6  Imaging Modalities in Arterial Injury

The importance of immediate treatment in vascular 
trauma necessitates prompt diagnosis. The patient’s 
condition frequently raises the need to obtain maxi-
mum information in minimum diagnostic procedures. 
Wounded patients require rapid detection, localization, 
and characterization of the injury [10].

Different imaging modalities may be considered in 
the evaluation of the traumatized patient.

7.6.1  Doppler Sonography

The advantages of Duplex sonography are well known. 
It is a noninvasive examination, mostly not painful, 
and can be done in the patient’s bed in the Emergency 
Room or in the Operating Theater [32].

In experienced centers, it offers high sensitivity in 
comparison to the gold standards: digital angiography 
and surgery [19, 20, 41].

According to Bynoe et al. [4], color Doppler 
sonography can be used as a screening tool in vascu-
lar extremity injury in the stable patient who does 
not present hard signs of vascular trauma. Their 
study found that in identifying vascular injury, 

Fig. 7.27 A 26-year-old soldier accepted to emergency with 
multisystem penetrating trauma. Comminuted fractures of the 
right femur, multiple bony and metallic fragments are seen in 
the soft tissues. Segmental complete occlusions of the distal 
superficial femoral artery (white arrow) and the distal popliteal 
artery (black arrow) are seen on 3D reconstructed CT images. 
Operation revealed an intimal flap in the distal superficial 
femoral artery and arterio-arterial embolus in the distal 
popliteal artery
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Doppler sonography demonstrates a sensitivity of 
95% and has a specificity of 99% in excluding vascu-
lar injury. In an emergency, color flow Doppler and 
Duplex sonography have a role in the evaluation of a 
possible vascular damage, especially in proximity 
injuries [9].

However, Doppler sonography is a time- consuming 
method and is highly operator dependent [21]. 
Moreover, this examination is not feasible in open 
wounds with large soft tissue defects, with surround-
ing edema, hematoma, and bony fractures [19, 20, 
41]. The use of Doppler sonography is limited in the 
assessment of flow distal to the injury, and the pres-
ence of collaterals may interfere with the correct 
 diagnosis [10].

Duplex sonography is also limited by bulky dress-
ings and orthopedic hardware [19]. In addition, Duplex 
sonography is focused to the suspected region of injury, 
while unsuspected pathology may be missed.

7.6.2  Magnetic Resonance Angiography 
(MRA)

Magnetic resonance angiography is an excellent tool 
in the demonstration of vascular structures.

However, in the setting of acute vascular trauma in 
most trauma centers, accessibility and monitoring of 
the critically wounded patient within the magnet is a 
major problem and not practical [19, 21]. In addition, 
with penetrating trauma there may be metal pellets that 
are not compatible with MRI and may result in arti-
facts [10].

7.6.3  Conventional Angiography (CA)

In the past the gold standard of diagnostic modalities 
in the evaluation of traumatized vessels has been 
 catheter-based conventional angiography.

Conventional angiography, developed in the 1970s, 
allows an accurate diagnosis of arterial injury and is 
less invasive than open exploration. It carries an asso-
ciated morbidity of 1–2% [21], but the benefits of its 
high diagnostic accuracy and the possibility of percu-
taneous interventions outweigh the risks.

Conventional angiography may result in significant 
complications with a 0.6% major complication rate 
[9]. These include damage to the access vessel like 
hematoma, thrombosis, dissection, pseudoaneurysm 
formation, and arterio-venous fistula; distal emboliza-
tion of atheromatous or thrombotic material; and com-
plications related to the administration of contrast 
media.

In addition, angiography is a costly and time- 
consuming procedure that requires the presence of a 
trained and specialized team including an interven-
tional radiologist, a technician, and a specialized nurse. 
The time required for the team to arrive at the hospital 
and the duration of the procedure may delay the 
 definitive treatment that might be critical in a state of 
emergency [19, 35].

Conventional angiography remains the tool of 
choice in diagnosing or excluding vascular injury when 
other noninvasive modalities, namely, CT angiogra-
phy, fail to perform.

Conventional angiography has a major role when 
endovascular treatment is recommended.

7.6.4  CT Angiography (CTA)

Despite the high sensitivity, specificity, and accuracy 
of conventional angiography, its disadvantages raise 
the need for a noninvasive, quick, accurate, and easily 
accessible diagnostic imaging alternative.

Imaging of vascular injuries has undergone a dra-
matic change since the introduction of multi-detector 
computerized tomography (MDCT). Improved CT 
technology, providing rapid acquisition of thin axial 
slices, led to the development of CT angiography. 
Compared with conventional arteriography, CTA 
shows excellent sensitivity and specificity in diagnos-
ing occlusive disease in the lower extremities and in 
other parts of the body [25, 33].

Since 1999, CTA has shown excellent results for 
imaging traumatic arterial injuries [11, 19, 21] and is 
continuously replacing conventional catheter angiog-
raphy as it is in other nontraumatic vascular evaluation 
[3, 35–37].

Despite the growing use of CTA as the main diag-
nostic tool in vascular trauma, there are a few disad-
vantages that must be brought into consideration. 
Radiation exposure and the use of iodinated contrast 
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material with the possible allergic reaction or renal 
toxicity are of concern [38]. Radiopaque metallic frag-
ments create beam-hardening artifacts impairing CT 
angiography. In addition, in CT angiography there is 
difficulty in the demonstration of the pedal arteries 
[11, 25]; segmentation of anterior tibial artery from 
bone is impossible due to the proximity of the vessel to 
the fibula.

7.6.4.1  CTA Signs of Vascular Injury  
in the Extremities

CTA signs of vascular injury in the extremities include: 
active contrast medium extravasation – indicates an 
ongoing bleeding manifested as a blush of extraluminal 
contrast material in vicinity to the injured vessel [13, 
15] (Fig. 7.28).

Pseudoaneurysm – formation of an extraluminal 
sac filled with contrast material, that is, connected to 
the injured vessel by a neck at the site of mural disrup-
tion. Hematoma around an active bleeding or a pseudo-
aneurysm sac can vary considerably in size [15, 34].

Arterio-venous fistula – early venous filling on 
arterial phase, raises suspicion of AVF. Sometimes the 
exact site and nature of the communication between 
the artery and vein are not defined by CTA and con-
ventional angiography is recommended [15, 37] 
(Fig. 7.29).

Acute vessel change in caliber or contour – focal 
stenosis on CTA may indicate the presence of spasm, 
dissection, or external compression (Fig. 7.30).

Irregularity of the vessel wall with lumen narrow-
ing represents wall injury with partial thrombosis [38]. 
Intraluminal filling defect – can represent thrombus or 
intimal flap.

Intimal flap appears linear denoting the presence  
of focal dissection. Dissection may also appear semi-
lunar, eccentric stenosis, or segmental thrombotic 
 occlusion [15, 37].

Lack of segmental filling and occlusion – segmen-
tal vessel occlusion may result from transection or 
complete rupture (Fig. 7.30). Stenosis of a vessel can 
progress to lack of opacification and segmental occlu-
sion [31].

The occlusion may vary in length and distal recon-
stitution may occur via collaterals [15]. Proximity of a 

projectile tract to a neurovascular bundle and shrapnel 
less than 5 mm from a vessel, should raise high suspi-
cion of arterial injury [28] (Figs. 7.31–7.33).

7.6.4.2  Pitfalls

Occasionally, CT angiography studies may result in 
poor diagnostic quality. These are due to improper 
technique, to patient factors, and to source artifacts 
[21, 28]. Poor timing of contrast material bolus 

Fig. 7.28 A 21-year-old male patient with penetrating trauma to 
the right lower limb.(a) CT axial image at the level of the thighs 
shows a large hematoma (arrowhead) in the anterior aspect of 
the thigh, with air bubbles in an anteroposterior path (thin 
arrows). Inside the hematoma a blush of extravasated  contrast 
material is noted (thick arrow). Superficial femoral artery is well 
opacified. (b) 3D-reconstructed image shows torn branches of 
superficial and deep femoral arteries (arrowhead). The wounded 
was rushed to surgery because of an unstable cardiovascular 
state. CT diagnosis was verified

a

b
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resulting in inadequate vessels opacification is one of 
the most frequent pitfalls.

Injured patients’ restlessness due to pain or altered 
mental status may result in motion artifacts. Inability 
of a wounded patient to raise his upper extremities 

overhead when performing upper extremity CT angiog-
raphy may lead to streak artifacts from the adjacent 
torso.

Streak artifacts as a result of metallic fragments in 
the soft tissues may interfere with the evaluation of an 

a b c d

Fig. 7.29 A 21-year-old soldier with penetrating injury to the 
lower extremity. CT 3D MIP (maximum intensity projection) 
reconstruction of the lower extremities (a, b) shows a commi-
nuted fracture of the tibia, many metallic pellets below the right 
knee (thin arrow). Early venous filling in the right lower limb, 
suspicious of arterio-venous fistula (AVF) is noted (thick arrow). 

The numerous pellets below the right knee interfere with the 
visualization of the proximal part of the anterior tibial artery. 
Conventional catheter angiography was recommended. On con-
ventional angiography (c, d) there was no evidence of AVF; the 
arteries at the region of the fracture were normal

a b c

Fig. 7.30 A 22-year-old male with severe multisystem-blast 
injury. (a) Volume rendering and MIP (b, c) reconstructions of 
right lower limb shows comminuted fracture of tibia and fibula 
with multiple bony and metal fragments in the soft tissues. 

Occlusion of the posterior tibial and peroneal arteries (arrows) 
as well as segmental narrowing of the proximal anterior tibial 
artery (arrowhead) due to secondary spasm are noted
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adjacent vessel and prevent exact diagnosis (Figs. 7.32 
and 7.34).

According to Soto et al., in an early study in 1999 
using a single detector helical CT, and evaluating trau-
matized extremities, the sensitivity and specificity of 
CTA were 90–100% and 100%, respectively [36].

The same group published one more study several 
years later. Based on this study which also used a sin-
gle detector helical CT, CTA had a sensitivity of 
95.1% and a specificity of 98.7% in significant blunt 
and penetrating trauma to large extremity arteries 
[37]. Even better results are achieved in more recent 
studies, using MDCT.

According to the study of Seamon et al. [35], when 
comparing CTA, using a multi-detector CT system, to 

conventional angiography in extremity vascular injury, 
the sensitivity and specificity of CTA is 100%. The 
addition of conventional angiography or surgery to 
extremity CTA studies had no significant contribution 
to the diagnosis.

Inaba et al. also claim a sensitivity and specificity 
of 100% in a 3-year study employing MDCT in 59 
patients with 63 injured lower extremities evaluated 
by CTA [19].

Busquets et al. also reported a sensitivity of 100% 
in evaluating extremity trauma [3].

In addition to the high sensitivity and specificity, 
CTA offers a number of advantages over conventional 
angiography. It is a noninvasive examination, readily 
available in most institutions; it is not as time-consum-
ing as CA and it is cost effective. Moreover, in order to 
carry out a CTA examination there is no need to assem-
ble a specialized team; it allows the presence of moni-
toring equipment in close proximity to the critically 
wounded patient and the clinical team can remain at 
the CT console observing the patient and the evolving 
examination [11, 19].

Following data acquisition, multiplanar 3D recon-
structions can be easily obtained, facilitating the diag-
nosis and the planning of further management.

However, axial images should always be reviewed 
carefully because on the 3D images arterial lumen 
might be obscured by vascular calcifications as well as 
by foreign bodies and partial thrombosis [5, 10, 13, 14] 
(Fig. 7.35).

The authors conclude that in suspected vascular 
injury, the first diagnostic examination is CT 

a b

Fig. 7.32 A 21-year-old male soldier with a gunshot wound to 
the left leg. On axial slice (a), beam-hardening artifacts interfere 
with diagnosis (thin arrows). Coronal 3D reconstruction (b) 
shows a comminuted fracture in the left fibula. Big shrapnel 
(thick arrow) is located in proximity to the posterior tibial artery 
(arrowhead) that is intact

a

b c

Fig. 7.31 A 21-year-old male presented with penetrating blast 
trauma to the left thigh. Axial image (a), maximum intensity 
projection (MIP) (b), and volume rendering reconstructions  
(c), are demonstrated. Hematoma and air are seen in the soft tis-
sues of the left thigh. A large shrapnel (thick arrow) is detected 
in proximity (0.8 mm) to the superficial femoral artery (SFA) 
(thin arrow). At surgery, contusion of the SFA was found
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angiography. Conventional angiography is performed 
only when CTA is suboptimal due to metallic frag-
ments’ streak artifacts, when CTA findings are not 
definitive and when endovascular treatment is needed, 
based on CTA findings [11, 19, 31, 36, 37].

Considering radiation exposure, the CT dose index 
(CTDI) can be received or calculated for the study per-
formed. This is the radiation dose delivered by the CT 
scanning. The effective dose is a generic estimate of 
the overall harm to the patient caused by the radiation 
exposure during the scan [2]. The Health Physics 
Society (HPS, 1313 Dolley Madison Boulevard, Suite 
402, McLean, Virginia 22101) and the Radiological 
Society of North America (RSNA) estimate the effec-
tive dose of abdominal CT to be 10 millisieverts (mSv), 
which is equal to 3 years of natural background radia-
tion. Brenner and Hall in their review published in the 
New England Journal of Medicine [2] concluded that 
when a CT scan is justified by medical need, the asso-
ciated risk is small relative to the diagnostic informa-
tion obtained.

7.6.4.3  CTA Technique

A variety of protocols exist, most utilizing a 64 Multi-
detector CT [38] or less preferentially a 16 slice 
machine. Images are transferred through a local hospi-
tal network system to a dedicated work station. Images 
are initially assessed using axial slices followed by 3D 
reconstructions made by a radiologist or a dedicated 
technician. Data reconstructions using volume render-
ing, maximum intensity projection, and multiplanar 
reconstructions are vital in visualization of the arteries. 
In many institutes the radiologist and vascular surgeon 
view the images jointly [38].

Many protocols for a variety of scanners exist. A 
typical protocol for a 64 slice CTA of the lower 

Fig. 7.34 A 32-year-old male with penetrating injury to the 
chest, abdomen, and lower extremities. Peripheral CTA was per-
formed after chest and abdominal exploration. An axial slice of 
the lower limbs at the level of the calves shows two pellets in the 
left posterior muscle, accompanied by hematoma and air bub-
bles. The arteries below the popliteal trifurcation are intact. Note 
beam artifacts obscuring but not interfering with the diagnosis

a

b

c

Fig. 7.33 A 22-year-old patient with penetrating trauma to both 
lower extremities. (a) Reconstructed coronal 3D images show 
multiple shrapnel in both lower extremities. (b) Axial image at 
the level of the thighs demonstrates hematoma and air bubbles in 
the posterior aspect of the left thigh (thick arrow). Two shrapnel 
are seen in the posteromedial muscles (thin arrows) while no 
vascular damage is detected. (c) Axial image of the lower pelvis 
and upper thighs shows a pellet between the femoral artery and 
vein (arrowhead). At surgery, a hole in the medial aspect of the 
common femoral artery was found
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extremities usually includes the following parameters: 
scan length 1,200 mm, slice thickness 2 mm, incre-
ment 1 mm, kV 120, mAs 300, resolution standard, 
collimation 64 × 0.625, pitch 0.703, rotation time 0.5 s. 
FOV 350 mm, a sharp filter [35], matrix 512, and scan 
time 22–26 s. For contrast injection an 18 or 20 gauge 
venous access in the antecubital fossa is needed. 
Injection of contrast media is preformed with a dual 
head injector enabling a “chaser” injection of 40 cc 
saline. And 80–100 cc of contrast media is injected at 
a rate of 4 cc/s.

Delay of scan is usually determined with a bolus 
tracking protocol with threshold set at 180 HU and a 
post-threshold delay of 3 s. Oral contrast agent is not 
given.

Scanning is done from the level of the superior 
mesenteric artery for a full length lower extremity 
CTA or from the inguinal ligament to the feet for a 
limited CTA. For upper extremity CTA the injured 
limb is raised above the head to decrease the beam-
hardening artifact from the torso, and injection of con-
trast media is done from the contralateral arm. The 
64-row multi-detector CT offers the ability to integrate 
peripheral CTA into the routine thoracoabdominal 
trauma imaging protocols [28]. Increased acquisition 
speed of 3–6 s/body segment allows peripheral CTA 
and chest or abdominal CTAs to be preformed 

sequentially as needed. This is especially important in 
combat injury with multiple penetrating and blunt 
injuries in multilevel sites.

7.6.5  Endovascular Treatment

The introduction of CTA in the evaluation of suspected 
vascular injury is changing the role of conventional 
arteriography in the traumatized patient.

In the author’s institution, conventional arteriogra-
phy’s main role is in the need for endovascular treat-
ment. Another indication is inconclusive CTA due to 
metal fragments artifacts.

7.6.5.1  Percutaneous Transcatheter 
Embolization

Embolization to control active bleeding in the extremi-
ties is mainly done in the pelvic vessels and in the 
proximal branches of the femoral arteries [12, 24].

Grossman et al. recommend embolization also 
below the trifurcation of the popliteal artery in cases of 
bleeding and AVF, provided that one continuous vessel 
remains intact beyond the ankle joint [17].

Fig. 7.35 A 27-year-old 
male soldier with multiple 
pellets in both legs. 
Correlation of coronal 3D 
reconstruction with axial CT 
angiography scan allows 
identification of shrapnel 
requiring extraction because 
of threat to the superficial 
femoral artery (arrows)
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When treating a pseudoaneurysm, distal and proxi-
mal embolization is important. This method, known 
as “the sandwich technique,” is substantial for the 
obliteration of antegrade and retrograde flow to the 
 pseudoaneurysm [10].

Embolic agents in use include gelfoam, coils,  
and glue. A single agent or a combination may be  
used [10].

7.6.5.2  Stent/Stent Graft

Indications for stent or stent-graft insertion in the setup 
of vascular injuries include acute pseudoaneurysm, 
perforation, AVFs, and dissection [26, 32, 39].

There are two types of uncovered stents available: 
self-expandable and balloon-mounted stents.

Self-expandable stents are preferable in vascular 
injury because balloon-mounted stents may cause fur-
ther damage to the arterial wall. Furthermore, in tortu-
ous vessels, the flexibility of self-expandable stents 
enables rapid deployment whereas with balloon-
mounted stents deployment may be difficult [29].

In general, in the traumatized patient, uncovered 
stents are indicated in dissections and covered stents in 
pseudoaneurysms and arterio-venous fistulae [29].

In a large series of treatment with covered stents, in 
62 patients with peripheral vascular injuries, White et al. 
report injuries exclusion success rate of 94% [39].

Stent grafts occlude the tear in the arterial wall. 
They may at the same time also occlude side branches 
of the artery. In order to prevent this undesired 
 outcome, it is possible to use a combination of uncov-
ered stent with trans-stent coiling of the pseudoaneu-
rysm [1].

Piffaretti et al. report ten cases of blunt trauma to 
peripheral arteries containing pseudoaneurysms, AVFs, 
dissections, and expanding hematomas, being treated 
successfully with endovascular stents [29]. Limb sal-
vage in this retrospective study was 100%.

In this study, in a mean follow-up period of 
16 months, only one major late complication, complete 
stent-graft thrombosis, was detected and was treated 
successfully endovascularly [29].

Parodi et al. report 29 cases of posttraumatic 
pseudoaneurysms and AVFs of which 9 were in  
the extremities, all treated successfully with stent 
grafts [27].

7.7  Conclusions

In modern combat events, the major number of injuries 
is caused by blast trauma. Due to the helmet and chest 
armor that soldiers wear, a growing number of extrem-
ity injuries are encountered.

Bones and soft tissue injuries are evaluated by screen-
ing radiography and/or computerized tomography.

Vascular damages in the extremities is sometimes 
limb threatening and even life threatening.

Therefore, prompt and accurate diagnosis is needed 
for early and precise treatment. Immediate repair of 
vascular injuries to the limbs improves limb function 
and reduces mortality from blood loss.

CT angiography is the main diagnostic tool in sus-
pected vascular trauma. It is efficient and accurate in 
the evaluation of arterial injuries.

Specific CTA signs of vascular injury can be easily 
detected and additional information regarding bone 
and surrounding soft tissues is obtained [15].

When CTA is not diagnostic and when endovascu-
lar treatment is needed based on CTA findings, con-
ventional catheter angiography is performed.

References

 1. Assali, A.R., Sdringola, S., Mustapha, A., Rhiner, M., Denktas, 
A.E., Lefkowitz, M.A., Campbell, M., Smalling, R.W.: 
Endovascular repair of traumatic pseudoaneurysm by uncov-
ered self-expandable stenting with or without transstent coil-
ing of the aneurysm cavity. Catheter Cardiovasc. Interv. 53(2), 
253–258 (2001)

 2. Brenner, D.J., Hall, E.J.: Computed tomography: an increas-
ing source of radiation exposure. N. Engl. J. Med. 357(22), 
2277–2284 (2007)

 3. Busquets, A.R., Acosta, J.A., Colon, E., Alejandro, K., 
Rodriguez, P.: Helical computed tomographic angiography 
for the diagnosis of traumatic arterial injuries of the extremi-
ties. J. Trauma 56, 625–628 (2004)

 4. Bynoe, R.P., Miles, W.S., Bell, R.M., Greenwold, D.R., 
Sessions, G., Haynes, J.L., Rush, D.S.: Non invasive diagno-
sis of vascular trauma by duplex ultrasonogrphy. J. Vasc. 
Surg. 14, 346–352 (1991)

 5. Catalano, C., Fraioli, F., Laghi, A., Napoli, A., Bezzi, M., 
Pediconi, F., Danti, M., Nofroni, J., Passariello, R.: Infrarenal 
aortic and lower extremity arterial disease: diagnostic per-
formance of multidetector row CT angiography. Radiology 
231, 555–563 (2004)

 6. Cernak, I., Savic, J., Ignajatovic, D., Jevtic, M.: Blast injury 
form explosive munitions. J. Trauma 47(1), 96–103 (1999)

 7. Clouse, W.D., Rasmussen, T.E., Eliason, P.M.A., JL, C.M.W., 
Bowser, A.N., Jenkins, D.H., Smith, D.L., Rich, N.M.: 



114 A. Engel et al.

In-theater management of vascular injury: 2 years of the Balad 
vascular registry. J. Am. Coll. Surg. 204, 625–632 (2007)

 8. Costa, D.N., Calvacanti, C.F.A., Sernik, R.A.: Sonographic 
and CT findings in lipohemarthrosis. AJR 188, W389 (2007)

 9. Davidson, B.D., Polack, J.F.: Arterial injuries: a sonographic 
approach. Radiol. Clin. North Am. 42, 383–396 (2004)

10. Doody, O., Given, M.F., Lyon, S.M.: Extremities-indications 
and techniques for treatment of extremity vascular injuries. 
Injury 39, 1295–1303 (2008)

11. Engel, A., Soudack, M., Ofer, A., Nitecki, S.S., Ghersin, E., 
Gaitini, D.E.: Coping with war mass casualties in a hospital 
under fire: the radiology experience. AJR 193, 1212–1221 
(2009)

12. Entwisle, J.J., De Nunzio, M., Hinwood, D.: Case report: 
transcatheter embolization of pseudoaneurysm of profunda 
femoris artery complicating fracture of the femoral neck. 
Clin. Radiol. 56, 424–427 (2001)

13. Fishman, E.K., Horton, K.M., Johnson, P.T.: Multidetector 
CT and three dimensional CT angiography for suspected 
vascular trauma of the extremities. Radiographics 28,  
653–665 (2008)

14. Fleiter, T., Mervis, S.: The role of 3D-CTA in the assessment 
of peripheral vascular lesions in trauma patients. Eur. J. 
Radiol. 64, 92–102 (2007)

15. Gakhal, M.S., Kamyar, A.S.: CT angiography signs of lower 
extremity vascular trauma. AJR 193, W49–W57 (2009)

16. Gonzalez, R.P., Scott, W., Wright, A., Phelan, H.A., 
Rodning, C.B.: Anatomic location of penetrating lower-
extremity trauma predicts compartment syndrome develop-
ment. Am. J. Surg. 197, 371–375 (2009)

17. Grossman, M.D., Reilly, P., McMahan, D., Kauder, D., 
Schwab, C.W.: Gunshot wounds below the popliteal fossa: a 
contemporary review. Am. Surg. 65, 360–365 (1999)

18. Hare, S.S., Goddard, I., Ward, P., Naraghi, A., Dick, E.A.: 
The radiological management of bomb blast injury. Clin. 
Radiol. 62, 1–9 (2007)

19. Inaba, K., Potzman, J., Munera, F., Mckenny, M., Munoz, 
R., Rivas, L., Dunham, M., DuBose, J.: Multi-slice CT 
angiography for arterial evaluation in the injured lower 
extremity. J. Trauma 60, 502–507 (2006)

20. Knudson, M.M., Lewis, F.R., Atkinson, K., Neuhaus, A.: 
The role of duplex ultrasound arterial imaging in patients 
with penetrating extremity trauma. Arch. Surg. 128, 
 1033–1038 (1993)

21. Miller-Thomas, M.M., West, O.C., Cohen, A.M.: Diagnosing 
traumatic arterial injury in the extremities with CT angiogra-
phy: pearls and pitfalls. Radiographics 25, S133–S142 
(2005)

22. Mui, L.W., Engelsohn, E., Umans, H.: Comparison of CT 
and MRI in patients with tibial plateau fracture: can CT find-
ings predict ligament tear or meniscal injury? Skeletal 
Radiol. 36(2), 145–151 (2007)

23. Mustonen, A.O., Koskinen, S.K., Kiuru, M.J.: Acute knee 
trauma: analysis of multidetector computed tomography 
findings and comparison with conventional radiography. 
Acta Radiol. 46(8), 866–874 (2005)

24. Nicholson, A.A.: Vascular radiology in trauma. Cardiovasc. 
Intervent. Radiol. 27(2), 105–120 (2004)

25. Ofer, A., Nitecki, S., Linn, S., Epelman, M., Fischer, D., 
Karram, T., Litmanovich, D., Schwartz, H., Hoffman, A., 
Engel, A.: Multidetector CT angiography of peripheral 

 vascular disease: a prospective comparison with intraarterial 
digital subtraction angiography. AJR 180(3), 719–724 
(2003)

26. Onal, B., Ilgit, E.T., Kosar, K., Akkan, K., Gumus, T., 
Akpek, S.: Endovascular treatment of peripheral vascular 
lesions with stent-grafts. Diagn. Intervent. Radiol. 11, 170–
174 (2005)

27. Parodi, J.C., Schonholz, C., Ferreira, L.M., Bergan, J.: 
Endovascular stent-graft treatment of traumatic arterial 
lesions. Ann. Vasc. Surg. 13(2), 121–129 (1999)

28. Pieroni, S., Foster, B.R., Anderson, S.W., Kertesz, J.L., 
Rhea, J.T., Soto, J.A.: Use of 64-row multidetector CT 
angiography in blunt and penetrating trauma of the upper 
and lower extremities. Radiographics 29, 863–876 (2009)

29. Piffaretti, G., Tozzi, M., Lomazzi, C., Rivolta, N., 
Caronno, R., Lagana, D., Carrafiello, G.: Endovascular treat-
ment for traumatic injuries of the peripheral arteries follow-
ing blunt trauma. Injury 38(9), 1091–1097 (2007)

30. Rich, N.M., Hughes, C.W.: Vietnam vascular registry: a pre-
liminary report. Surgery 62, 218–226 (1969)

31. Rieger, M., Mallouhi, A., Tascher, T., Lutz, M., Jaschke, W.: 
Traumatic arterial injuries of the extremities: initial evalua-
tion with MDCT angiography. AJR 186, 656–664 (2006)

32. Rowe, V.L., Lee, W., Weaver, F.A.: Acute arterial occlusion 
secondary to trauma. Semin. Vasc. Surg. 22, 25–28 (2009)

33. Rubin, G.D., Schmidt, A.J., Logan, L.J., Sofilos, M.C.: 
Multi-detector row CT angiography of lower extremity arte-
rial inflow and runoff: initial experience. Radiology 221, 
146–158 (2001)

34. Saad, N.E.A., Saad, W.E.A., Davies, M.G., Waldman, D.L., 
Fultz, P.J., Rubens, D.J.: Pseudoaneurysms and the role of 
minimally invasive techniques in their management. 
Radiographics 25, 5173–5189 (2005)

35. Seamon, M.J., Smoger, D., Torres, D.M., Pathak, A.S., 
Gaughan, J.P., Santora, T.A., Cohen, G., Goldberg, A.J.: A 
prospective validation of a current practice: the detection of 
extremity vascular injury with CT angiography. J. Trauma 
67(2), 238–244 (2009)

36. Soto, J.A., Munera, F., Cardoso, N., Guarin, O., Medina, S.: 
Diagnostic performance of helical CT angiography in trauma 
to large arteries of the extremities. J. Comput. Assist. 
Tomogr. 23(2), 188–196 (1999)

37. Soto, J.A., Munera, F., Morales, C., Lopera, J.E., Holguin, D., 
Guarin, O., Castrillon, G., Sanabria, A., Garcia, G.: Focal 
arterial injuries of the proximal extremities: helical CT arte-
riography as the initial method of diagnosis. Radiology 218, 
188–194 (2001)

38. White, P.W., Gillespie, D.L., Feurstein, I., Aidinian, G., 
Phinney, S., Cox, M.W., Adams, E., Fox, C.J.: Sixty-four 
slice multidetector computer tomographic angiography in 
the evaluation of vascular trauma. J. Trauma 68, 96–102 
(2010)

39. White, R., Krajcer, Z., Johnson, M., Williams, D., 
Bacharach, M., O’malley, E.: Results of a multicenter trial 
for the treatment of traumatic vascular injury with a covered 
stent. J. Trauma 60, 1189–1195 (2006)

40. Wolf, S.J., Bebarta, V.S., Bonnett, B.C., Pons, P.T., 
Cantrill, S.V.: Blast injuries. Lancet 374, 405–415 (2009)

41. Zierler, R.E., Zierler, B.K.: Duplex sonography of lower 
extremity arteries. Semin. Ultrasound CT MR 18, 39–56 
(1997)



115A. Lerner and M. Soudry (eds.), Armed Conflict Injuries to the Extremities,  
DOI: 10.1007/978-3-642-16155-1_8, © Springer-Verlag Berlin Heidelberg 2011

8.1  Introduction

Soft-tissue injuries of wounds in a war zone represent 
perhaps the greatest challenge in limb reconstruction 
[8, 45]. The major factor determining the outcomes in 
high-energy injuries to the limbs is the severity of the 
soft-tissue damage, and surgical treatment is the most 
important prophylactic measure to prevent infection 
[17]. The first surgical procedure determines the long-
term outcome [36].

After stabilization of the patient’s general condi-
tion, a thorough head-to-toe examination must be per-
formed, checking the blood supply to the limbs, their 
neurological status, bone stability, and soft-tissue con-
dition. Early evaluation of the severely injured extrem-
ity and primary radical debridement is a crucial phase 
in the management of patients after open high-energy 
injuries [41]. It is essential to examine more than just 
the wound area; the entire extremity must be evaluated 
and radiographs of the adjacent joints must be obtained 
[4]. Fracture patterns in radiographs help determine the 
energy of the injury, although the soft-tissue damage is 
usually greater than that which is visually evident [65]. 

Each wound should be evaluated completely and 
treated appropriately. The extent of soft-tissue damage 
frequently dictates treatment protocol [26].

The essential basic principles of contemporary surgi-
cal débridement were well delineated in the classic trea-
tise of Joseph Trueta, The Principles and Practice of War 
Surgery [58], which includes the following elements: (1) 
enlargement of the wound to permit adequate visualiza-
tion of the injured tissue, (2) assessment of injured tissue 
for viability, (3) excision of all contaminants and all non-
viable tissue, (4) stabilization of the fracture, and (5) 
establishment of appropriate drainage. The same princi-
ples are appropriate today, and aggressive tumor-like 
débridement of all necrotic and nonviable tissue, includ-
ing muscles and bone, is considered the most important 
single step in the management of soft-tissue injures 
related to trauma [28, 66]. The timing of definitive 
osseous stabilization varies and is dependent on the qual-
ity and integrity of the soft-tissue envelope (Fig. 8.1).

8.2  Tissue Damage Evaluation

Soft-tissue evaluation in patients suffering from severe 
high-energy trauma, especially penetrating blast limb 
injury, is a challenge. According to the study by Weil 
[63], no unique classification exists for this type of 
injury. The Red Cross EXCVFM wound classification, 
originally designed for gunshot injuries, can be applied 
with some modifications [18]. Bowyer et al. [6] used this 
classification for the evaluation of injured patients dur-
ing the Gulf War and suggested that it should be revised 
to include an assessment of neurological injuries.

Brumback [11] reported a study in which orthopedic 
surgeons had been asked to classify open fractures of 
the tibia on the basis of videotaped case presentations; 
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the average agreement among the observers was only 
60% overall, which was deemed to be moderate to 
poor. According to Zalavras [68], classification of an 
open fracture should be made only in the operating 
room, after performing thorough wound exploration 
and débridement. Dougherty [22] claimed that we do 
not have a precise scoring system for determining the 
amount of soft-tissue injury present, much less an abil-
ity to predict outcome. According to the results of their 
2005 review study, Rosell and Clasper [49] were also 
unable to identify any useful clinical classification that 
could adequately guide all necessary aspects of man-
agement. They recommended that high-energy injuries 
should be treated according to the individual ‘personal-
ity’ of the damage, taking into account the soft-tissue 
injury, the bone involved, any associated joint involve-
ment or bone defect, and the energy transferred to the 
wound. The degree of contamination and soft-tissue 
damage are important factors in the classification of an 
open fracture, but they may be mistakenly overlooked 
in the preoperative examination, sometimes due to the 
relative small size of the traumatic wound.

8.3  Goals of Debridement

Open fractures communicate with the outside environ-
ment and the resulting contamination of the wound 
with microorganisms, coupled with the compromised 

vascular supply to the region, leads to an increased risk 
of infection as well as to complications in healing  
[54, 67]. The incidence of infection appears to be 
greater in high-energy wounds, especially combat blast 
injuries, than in low-energy wounds. Thus, emphasis 
should be placed on radical excision of nonviable tis-
sue and contaminants, including utilizing a thorough 
and effective débridement technique [36].

The aim of initial irrigation and débridement of open 
fracture wounds is to decrease the bacterial load pres-
ent in the wound as much as possible [42]. Lin et al. 
[37] stated that debridement and irrigation was the most 
commonly performed procedure due to the contami-
nated nature of combat injuries sustained in Operation 
Enduring Freedom, and reported an almost threefold 
lower incidence of repeat orthopedic procedures in 
patients undergoing adequate initial wound treatment 
before arriving at the tertiary military facility. The goal 
is a clean wound with viable tissues and no infection. 
The importance of timely performed thorough wound 
débridement and radical excision of necrotic tissue 
cannot be overstated. After irrigation of the wound, 
surgical débridement is the most important principle in 
open fracture management because nonviable tissues 
and foreign material enhance bacterial growth and 
 hinder the host’s defense mechanisms [67].

8.3.1  Timing of Debridement

Débridement and wound excision should be performed 
as soon as possible; early débridement significantly 
reduces the infection rate in war injured limbs [31, 35, 
46]. In his study, Tian [57] showed elevation of the 
number of bacteria in devitalized muscle tissue after 
missile wounding. Bacterial cultures were always posi-
tive if the specimens were taken immediately after 
injury. In a retrospective analysis of open fractures sus-
tained by U.S. military personnel during Operation Just 
Cause, Jacob [31] reported a threefold (66%) increase 
in infection rate in patients who did not undergo débri-
dement until their arrival at a tertiary medical facility, 
compared with those who underwent early débridement 
(22%). However, according to a study by Webb [62], 
the timing of débridement (less than 6 h after the injury, 
compared to 6–24 h after the injury) and the timing of 
soft-tissue coverage (3 days or less after the injury as 
compared to more than 3 days after the injury) had no 
apparent effect on clinical or functional outcome in the 

Fig. 8.1 Clinical appearance of patient suffering from crush 
injury to both lower limbs. Note severe extensive soft-tissue 
damage and skin degloving injury around right knee joint
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treatment of severe type-III open tibial diaphyseal frac-
tures. These data are consistent with the report by 
Harley et al. [30], in that there was no change in out-
come or the percentage of patients having a major com-
plication when fractures that were débrided within 6 h 
after the injury were compared with those that were 
débrided between 6 and 24 h after the injury.

8.4  Wound Irrigation

Copious irrigation is an essential part of wound man-
agement; however, the timing, the optimal fluid vol-
ume, the delivery method, and the kind of irrigation 
solution have not been determined [1]. In 2007, Owens 
[42] evaluated the effect of different delays in irriga-
tion on bacterial removal in an animal model. The 
results were as follows: earlier wound irrigation 
resulted in superior bacterial removal and a 70% ± 2%, 
52% ± 3%, and 37% ± 4% reduction in bacterial counts 
from the preirrigation level at 3, 6, and 12 h, respec-
tively. The clearance ratios were significantly different 
at all time points (p < 0.004).

Thorough and copious irrigation of contaminated 
wounds will lower the risk of infection [41]. Most sur-
geons use sterile saline for the irrigation of wounds  
[1, 20]. Different active solutions have been added to a 
saline medium with the aim of improving wound heal-
ing and preventing infection. The most popular addi-
tives are antiseptics, antibiotics, and soap, according to 
publications by Anglen [2], Brennan and Leaper [9], 
Conroy et al. [14], Gilmore and Sanderson [27], 
Lineaweaver et al. [38], Rogers et al. [47], Rosenstein 
et al. [48], Stevenson et al. [52], and Vilijanto [60].

8.4.1  Local Antiseptics

According to Crowley [20], the most commonly used 
local antiseptics are povidone-iodine (Betadine; Seton 
Scholl Healthcare Pty Ltd, Terrey Hills, UK) and chlo-
rhexidine gluconate (Hibitane; (Bioglan) Bradley 
Phamaceuticals Inc., West Fairfield NJ). These prod-
ucts are active against a broad spectrum of bacteria, 
fungi, and viruses, eliminating wound pathogens. 
Rogers [47] and Vilijanto [60] believe that, by reduc-
ing the bacterial load, the use of local antiseptics will 
lead to less pressure on the host defense system.  

In 1975, Gilmore and Sanderson [27] showed a statis-
tically significant reduction in wound infection with 
the prophylactic use of povidone-iodine.

At the same time, Vilijanto [60] also noted that the 
disadvantages of local antiseptics included toxicity 
toward host cells and cell function, which may cause 
delayed wound healing. In 1985, Brennen and Leaper 
[9] and Lineaweaver [38] showed their negative effect 
on microvascular flow and endothelial integrity, and 
their toxic effect on tissues, especially from undiluted 
forms of local antiseptic solutions. Recent studies have 
shown that some commonly used antibiotic and antisep-
tic solutions are also toxic to osteoblasts when applied as 
topical irrigants and may even cause delayed bone con-
solidation [15, 33]. However, no difference was found in 
infection rates between operative wounds treated with 
normal saline and those treated with povidone-iodine in 
the large series of Rogers et al. [47]. According to Norris 
[41], the use of topical antibiotic irrigation in orthopedic 
surgery requires further evaluation.

8.4.2  Local Antibiotics

According to studies by Anglen [1], Conroy et al. [14], 
and Rosenstein et al. [48], the most commonly studied 
antibiotics have been neomycin, whose mode of action 
is unknown, bacitracin, which interferes with cell wall 
synthesis, and polymyxin, which directly alters the per-
meability of the cell membrane and can reduce the rate 
of infection compared with the use of saline solution. 
The use of antibiotics as additives has also been investi-
gated, but the results are inconclusive; their use is not 
without risk of anaphylaxis and the promotion of antibi-
otic resistance will always be a source of concern [20].

8.4.3  Surfactants

The purpose of the widely used soap solutions to clean 
open wounds is to lower the bacterial load in the wound 
by removing the bacteria, rather than killing them. In 
1999, Conroy [14] found that soap appeared to be at 
least as effective as many antiseptics and antibiotics. In 
2005, Anglen [2] compared soap and antibiotic solu-
tions for the irrigation of wounds in open fractures of 
the lower limb and showed that neither method had a 
particular advantage. However, there is no consensus 
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regarding optimal volume, pressure, and the desirable 
additives to the irrigation fluid [32].

8.4.4  High-Pressure Pulsatile Lavage 
(HPPL)

According to a study performed by Draeger [23], suc-
tion and sharp debridement, as practiced by most sur-
geons, may remove foreign bodies well without the use 
of high-pressure pulsatile lavage (HPPL). Moreover, 
HPPL may drive some contaminants deeper into tissue 
already compromised by trauma, rather than removing 
them. Furthermore, this study supports the conclusion 
that pulsatile lavage may further damage soft tissue 
more than low-pressure irrigation with bulb syringe 
and suction irrigation. Also, according Zalavras and 
Patzakis [50], pulsatile flow per se does not add to the 
effectiveness of irrigation. However, the 2008 study by 
Keeling [26] recommends that copious irrigation of at 
least 9 liters of normal saline solution per wound should 
be delivered throughout the wound by pulsatile lavage.

Based on current evidence, Crowley [17] made the 
following treatment recommendations for the local 
irrigation of wounds in the management of high-energy 
open fractures:

1. Normal saline should be used routinely for the irri-
gation of fractures.

2. The use of antibiotics and antiseptics as additives 
should be limited because of inconclusive evidence 
and potential risks.

3. Low-pressure irrigation methods should be used 
routinely.

4. Surgeons who continue to use high-pressure pulsed 
lavage systems should limit the pressure to 50 psi.

8.5  Debridement Technique

Thorough débridement is critical; it is the most impor-
tant step in preventing complications, especially infec-
tion [34, 35, 59]. Aggressive extensive debridement of 
all damaged tissue surrounding bullet tracts from high-
velocity military weapons has been standard military 
surgical practice. Inadequate debridement remains the 
major cause of chronic infection after severe extremity 
trauma [55]. In 2003, Bartlett wrote: “The evaluation 
and treatment of damaged muscle remains one of sur-
geon’s greatest challenges” [4]. Inadequate debride-
ment of open fractures is often the rule rather than the 
exception, because tissue devitalization is usually not 
appreciated immediately [16, 29, 46, 55]. Inadequate 
excision of missile wounds of the extremities will leave 
necrotic tissue in the wound, predisposing to infection 
and to possible later amputation [69]. No principle is 
more important in the care of an open fracture than 
copious irrigation and meticulous wound debridement, 
including necrotic muscles [64] (Fig. 8.2).

Before the patient is anesthetized, a thorough neu-
rological examination of the injured limb should be 
conducted, unless the patient is unconscious, or a 

a b

Fig. 8.2 (a, b) Clinical pictures of the lower limbs after blast injury demonstrate severe, extensive wide-spread damage to skin  
and soft tissue with post-traumatic skin and soft-tissue loss
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proximally placed tourniquet is in place, creating limb 
numbness.

In performing a primary debridement procedure, 
the involved limb is prepared circumferentially and 
draped free so as to leave all important skeletal land-
marks visible. A tourniquet is applied to the proximal 
part of the extremity, to be used only when necessary 
(active bleeding); otherwise, the debridement proce-
dure is completed without inflating the tourniquet. 
This prevents additional ischemic damage to already 
severely traumatized tissues during the operative pro-
cedure. In addition, there may have been prolonged 
tourniquet time from the injury event until hospital 
admission, especially in the treatment of war trauma 
patients with prolonged time of evacuation from the 
battlefield due to severe combat conditions. Even when 
a tourniquet is obligatory, the tourniquet time should 
be kept to a minimum, since using a tourniquet in treat-
ing lower extremity trauma has been shown to increase 
the incidence of wound infection, presumably by 
increasing tissue hypoxia and acidosis [51, 67].

Generally, the operation is performed with repeated 
thorough washing of the post-traumatic wound and skin 
on all surfaces of the injured extremity with a chlorhexi-
dine soapy scrub followed by normal saline and/or 
Ringer’s solution. An additional flushing with hydrogen 
peroxide solution is also recommended [28]. All visible 
and palpated foreign bodies must be removed from the 
wound. All devitalized soft tissues in the wound bed 
must be thoroughly removed during the debridement 
procedure. Denuded and comminuted bone fragments 
with questionable viability must also be removed. Wound 
excision is performed usually by making a longitudinal 
incision, which allows decompression of the wound, 
avoiding crossing joints longitudinally [50]. Wounds are 
surgically extended into the adjacent “normal” tissues 
along the lines of described surgical exposure to allow 
for complete visualization and adequate exposure of the 
tissues in the trauma zone. Primary surgical debridement 
of the wound must be radical and aggressive, with exci-
sion of all devitalized tissues which can be a source of 
tissue necrosis and infection in the future. The margins 
of the entrance and exit wounds should be excised and 
the track thoroughly irrigated [3]. Excision of the wound 
skin edges not only removes devitalized tissues but also 
improves the exposure of the depth of the wound. At the 
same time, peripheral nerves and tendons, unless 
detached, should not be débrided radically during the 
primary debridement procedure [13].

The borders of the tissue damaged area with the 
normal tissues in cases of high-energy trauma are usu-
ally contused and cannot be precisely distinguished. 
The classic symptoms of the “four Cs” – color (red, 
not pale or brown), consistency (not waxy or “stewed”), 
contractility on being pinched, and capillary bleeding 
when cut – must be checked and detected during surgi-
cal debridement of muscle [3, 7]. According to Volgas 
et al. [61], these four Cs of muscle viability used to 
assess what needs to be excised are very subjective and 
highly dependent on the experience of the surgeon. We 
fully agree with Bartlett that the surgeon’s experience 
in interpreting all these important physical findings is 
the most influential factor ultimately.

When the borders have been defined, all nonviable 
skin, subcutaneous fat, and muscle should be removed 
sharply. All intact segmental muscular vascular 
branches must be preserved to avert further local mus-
cle ischemia. All nonviable tissue must be removed, 
while as much functional tissue of the tendons, joint 
capsule, and ligaments as possible are spared during 
extensive debridement unless they are extremely con-
taminated or macerated. The surgeon should observe 
the wound cavity and the tissues for any foreign mate-
rial that may have been carried into the wound. Injured 
nerves or tendon should be marked with sutures during 
the primary debridement procedure for later elective 
repair surgery [50] (Fig. 8.3).

Debridement of nonviable soft tissue and irrigation 
with normal saline are repeated during the operative 
procedure. All denuded bone fragments must be 
removed from the wound, avoiding devascularization 
of the fracture zone. In some cases, loop magnification 
during the debridement procedure may be useful. 
According to Brusov [12], a 5–5.5 cm degloving of the 
periosteum from the bone ends can be detected in most 
cases of high-energy trauma. According to current 
publications, the extensiveness and extent of the bony 
debridement is controversial, with recommendations 
varying from replacing large free contaminated corti-
cal fragments to removing cortical bone until bleeding 
from the edges is seen [39]. The free bone fragments 
are most often saved to add to the mechanical integrity 
of fixation. According to McAndrew [39], deep wound 
infection occurred in 7–25% of patients in whom free 
and devascularized cortical fragments were saved, and 
these failures were common due to inadequate bone 
debridement. At the present time, the various possibili-
ties of the Ilizarov method in providing not only stable 
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fracture fixation in patients who suffered from severe 
bone comminution and extensive post-traumatic bone 
loss, but also effective bridging of bone defects using 
later distraction osteogenesis, allows for optimal nec-
essary aggressive debridement during the primary sur-
gical procedure. This reduces the quantity of nonviable 
tissues in the depth of the wound, diminishing the risk 
of wound deterioration and avoiding multiple surgical 
procedures in the future. Finally, radical excision of 
necrotic tissue, as proposed by Godina [28] should be 

performed so that all nonviable tissue, including bone, 
is removed (Fig. 8.4).

8.6  Fasciotomy

For patients with vascular injuries (Gustilo IIIC frac-
tures) or when an open crush injury is significant, pro-
phylactic fasciotomies should be performed to prevent 
compartment syndrome (Figs. 8.5 and 8.6).

Acute compartment syndrome may occur in mas-
sively traumatized limbs and must be considered as a 
real cause of limb ischemia. Swelling of muscle fibers 
to as much as five times normal size can be observed, 
and local edema may lead to compartment syndrome 
with further increase of the insult to the soft tissues of 
the injured segment [25]. While the presence of an 
open fracture wound does not prevent the extremity 
from the complication of compartment syndrome, an 
open fracture does not automatically relieve the com-
partment of the injured limb, and even these patients 
can go on to develop compartment syndrome [5].

The liberal use of fasciotomies not only releases 
compromised muscle compartments, but also facili-
tates thorough wound inspection in the deep levels of 
the injured limb. Fasciotomy must be performed if any 
question of compartment syndrome exists. According 
to Moed [40], prophylactic fasciotomy is indicated if 
there is the slightest indication that compartment 

Fig. 8.3 Clinical appearance of the lower limb after gunshot wound (a) Appearance on admission, before debridement, (b) after 
surgical debridement

a b

Fig. 8.4 Clinical picture of a patient suffering from open high-
energy lower-limb fracture due to blast injury. An emergency 
procedure is carried out with stabilization of facture with tubular 
AO external fixator. Note viable wound edges after performing 
primary radical débridement procedure
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a b

Fig. 8.5 Clinical pictures demonstrate operative procedure of fasciotomy in treatment of patient who suffered from acute compart-
ment syndrome after high-energy lower-limb injury. (a) Skin incision, (b) opening of fascia

Fig. 8.6 Twenty-one-year old male suffering from open Gustilo-
Andersen type IIIC right tibial fracture due to blast anti-tank 
rocket injury. Fasciotomy was performed during primary debri-
dement due to acute compartment syndrome. (a, b) X-ray at 
time of injury. Note comminution and displacement of tibial and 
fibular bone fragments. (c) Immediate fasciotomy was per-
formed to handle acute compartment syndrome, (d, e) 
Radiological pictures after primary stabilization of the fracture 
using hybrid external fixation. (f) Clinical appearance of the 
right lower limb fixed with unilateral tubular external fixation 

frame. Note open post-fasciotomy wound, (g, h) Clinical appear-
ance after skin grafting, good wound healing, (i, j) Conversion 
of tubular external fixator to Ilizarov circular frame is performed. 
Clinical appearance of the leg from medial and lateral side, (k, l) 
Radiological pictures after conversion to Ilizarov external fixa-
tion demonstrate stabilization of fracture in position of reduc-
tion, (m, n) After 6 months of external fixation, the Ilizarov 
frame was removed. X-rays 1 year later demonstrate bone heal-
ing of the fracture in good alignment

a b
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Fig. 8.6 (continued)
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syndrome will occur. The development of this danger-
ous complication should not be overlooked (Fig. 8.7)!

In war injuries in particular, a low threshold of sus-
picion is recommended for the use of fasciotomy in the 
overall treatment of lower limb fractures (Fig. 8.8).

If the wound is heavily contaminated and the soft-
tissue damage is deep and extensive, it is difficult to 
judge the extent of primary surgical tissue excision. 
When finishing primary debridement procedures in 
patients suffering from high-energy injuries, primary 
closure of wounds must be avoided because of con-
tamination and retention of necrotic tissues. The widely 
accepted standard of care of soft-tissue injury associated 

with open fractures is to leave the traumatic wound 
open after the initial surgical debridement [64]. Pollak 
[45] suggested that utilizing traditional wet-to-dry 
dressings is safe and sufficiently effective during 
medical transportation and on the first day of the treat-
ment. In the Vietnam conflict, Brown [10] obtained 
very good clinical results and a low rate of infection 
with the open-wound technique; however, current con-
cepts suggest that these wounds may be closed earlier 
when conditions are optimized (Figs. 8.9 and 8.10).

8.7  Repeated Debridement

During primary inspection and debridement of the 
wounds of patients who suffered from high-energy 
injuries, especially after combat trauma, it is usually 

Fig. 8.9 Clinical picture taken five days after fasciotomy dem-
onstrates good tissue condition in the open postdebridement 
wound

Fig. 8.10 Clinical appearance of the severely injured lower 
limb due to blast injury demonstrates tubular external fixation 
with open postdebridement wound

Fig. 8.7 Clinical picture illustrates fasciotomy performed for 
treatment of acute compartment syndrome due to blast injury 
with tibial and fibular fractures and circular burns

Fig. 8.8 Thirty-three-year old male with crush injury to the left 
forearm. Immediate fasciotomy was performed to handle acute 
compartment syndrome. The ulnar bone fracture was stabilized 
using Wagner external fixation frame
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not possible to assess the level and extent of the tis-
sue damage precisely; as a general rule, meticulous 
repeated surgical debridements are required to 
achieve the best possible control of local infection. 
Repeated serial debridements are required for patients 
with high-velocity war injuries, especially those suf-
fering from blast and crush injuries. There is usually 
a need for repeat debridement 24–48 h after the ini-
tial surgical procedure. A second-look procedure and 
repeated surgical debridement should be performed 
under general anesthesia. Serial inspection under 
anesthesia and debridement of necrotic tissue should 
be undertaken until final wound closure is deemed to 
be safe. According to Zalavras et al. [68], new tech-
niques for debridement, such as the use of the Versajet 
Hydrosurgery device (Smith and Nephew, Memphis 
TN) have shown the benefit of reducing tissue loss 
during initial or second-look procedures (Figs. 8.11 
and 8.12).

8.8  Management of Retained Bullets, 
Shells, and Shrapnel in the Limbs

In high-energy injuries, retained missile fragments 
encountered during debridement are removed during the 
procedure. Removing these fragments from the wound 
cavity causes little additional trauma and can signifi-
cantly lower the potential for sepsis. A thorough search 

should be made to remove not only radiographically 
detected metal fragments but also other incidental debris, 
including fragments of clothing, skin, and hair. In our 
experience in treating mine blast victims, we often find 
fragments of stones during surgical debridement.

The need to remove the foreign bodies depends pri-
marily on the location of the retained missiles. Their 
continuous presence can lead to toxicity of the central 
nervous system, the peripheral nervous system, and 
the gastrointestinal, renal, and hematological systems. 
The literature suggests that patients with retained intra-
articular lead bullets after gunshot wounds are at risk 
for the development of systemic lead poisoning [21, 70]. 
Aggressive surgical therapy may be needed for these 
patients [56]. Missiles retained in the joints or bursa 
can result in mechanical abrasion, mechanical obstruc-
tion, and destructive arthritis, leading to arthro pathy. If 
possible, foreign materials should be removed arthros-
copically. Arthrotomy is often necessary for adequate 
debridement, followed by surgical restoration of the 
articular surface. In uncomplicated cases, arthroscopy 
can provide valuable diagnostic information and defin-
itive treatment [43]. In addition to avoiding the mor-
bidity associated with arthrotomy, arthroscopy allows 
easier access to intra-articular areas, which are diffi-
cult to visualize, such as the posterior aspects of the 
knee joint. Removing the intra-articularly placed for-
eign bodies is best performed in the early stages of 
treatment but is not a life-saving procedure, especially 
in the management of multi-injured patients, and can 
be postponed if necessary. Open or arthroscopic 
removal of bullets or other foreign bodies is performed 
in these patients as an elective procedure [70] 
(Fig. 8.13).

Foreign bodies close to neurovascular formations 
and irritating them must be removed as soon as possi-
ble with great care. In later stages of treatment, there 
may be indications for removing foreign bodies that 
provoke septic complications.

Shrapnel injuries were once confined historically to 
wars and the battlefield, but today these wounds are 
seen more frequently in noncombatants because of the 
increase in world-wide acts of terror [44]. Specific 
wound care should be performed, depending on the 
amount of energy of the blast, the patient’s general 
condition, anatomic site of the trauma, and related 
injuries. Eylon [24] suggests that nonsurgical treat-
ment of shrapnel in soft tissue is the preferred option 
since, in most cases, it does not cause any short- or 

Fig. 8.11 Clinical appearance of the thigh after serial repeated 
debridement procedures (after crush injury lower limb, tubular 
external fixation) demonstrates deep soft-tissue and bone 
necrosis
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Fig. 8.12 Twenty-eight-year old male suffering from severe 
crush injury to right upper limb Gustilo-Anderson type IIIB. 
Primary treatment included debridement and trans-elbow bridg-
ing using minimally invasive Ilizarov half-rings external fixation 
frame. (a) Clinical picture demonstrates severe crush injury to 
right upper limb with extensive tissue destruction and exposed 
bone fragments, (b) Clinical appearance on second day after 
trauma. Trans-elbow external fixation right upper limb by 
Ilizarov device. Open postoperative wounds. Note swelling and 

skin cyanosis without evident signs of soft-tissue necrosis, (c, d) 
Fifth day after trauma. Poor local condition with necrotic tissues 
dictates wounds revision and necrectomy. Repeated surgical 
debridement was performed, (e) Seventh day after trauma. Septic 
condition. Clinical appearance of extensive tissue necrosis of 
right forearm and around elbow joint. (f, g) Above-elbow ampu-
tation in the relatively healthy tissue borders was performed. 
Humeral shaft facture fixed by Ilizarov external fixation frame 
with coverage of exposed bone fragment by local soft tissue

a

c d

b



1278 Tissue Debridement

Fig. 8.13 Eighteen-year old female suffering from GSW to left 
lower limb. (a) Radiography on admission demonstrates sub-
capital fracture of left femur and presence of metal foreign body 
(bullet) in the intracapsular zone, (b) Surgical debridement of 
the wound, removal of the foreign body, and internal fixation 
using dynamic HIP screw were performed. Postoperative radio-
gram demonstrates anatomical reduction and internal fixation of 
the left subcapital femoral fracture (A. Lev El and H. Shehada, 
Sieff Medical Center, Safed, Israel)

a

b

Fig. 8.12 (continued)

e

g

f
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long-term complications. However, they also think that 
delayed degradation of the shrapnel can occur in rare 
cases and cause complications that necessitate surgery. 
In general, according to Stromberg [53], shrapnel is 
left inert in the tissue and is removed at a later (sub-
acute) stage of treatment only when absolutely neces-
sary, such as in cases of systemic toxicity or local 
tissue complications (e.g., abscess, foreign body gran-
uloma, etc) (Fig. 8.14).

According to Peyser et al. [44], the fundamental 
principles guiding shrapnel wound management are 
proper evaluation and excision of necrotic or contami-
nated tissue. Serial débridement is often necessary in 
high-risk injuries (e.g., excision of muscle that is 
merely questionable at first assessment but may 
become necrotic at a later stage). Shrapnel in the 
wound tract is usually removed during the acute stage; 
other shrapnel is either left for delayed removal or 
retained in the tissue for life. Factors that help the 

surgeon determine whether the wound is high- or low-
risk include time to treatment, path of the projectile, 
bone involvement, and the number of projectiles [61]. 

a b c

Fig. 8.15 Twenty-one-year-old-patient suffered from open com-
minuted fracture of the left humerus due to anti-tank rocket blast. 
Debridement of the wound and tubular unilateral external fixa-
tion were performed immediately on admission. (a) Radiograph 
after primary external fixation shows comminuted fracture of the 
humeral bone by a large metal foreign body and number of small 
foreign bodies in the elbow region, (b) The foreign body was 

removed during conversion to Ilizarov external fixation frame. 
Clinical photo demonstrates complex foreign body (gyroscope 
of the anti-tank rocket), (c) Radiological picture at 1-year fol-
lowup demonstrate solid bone consolidation of the humeral frac-
ture by presence of number of small metal foreign bodies in soft 
tissue around elbow joint

Fig. 8.14 Clinical appearance of injured lower limb after blast 
injury demonstrates multiple shrapnel entrance wounds
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Fig. 8.16 Twenty-one-year-old male 
was injured by anti-tank rocket blast. 
Debridement of the wound and tubular 
unilateral external fixation were 
performed immediately on admission. 
Final treatment of both lower-limb 
fractures was performed using the 
Ilizarov method. At 2-year follow-up, 
patient suffered from painful right leg 
and foot and restricted ankle joint 
motions. (a, b, c) Radiographs at 
2-year follow-up demonstrate fracture 
consolidation with presence of multiple 
foreign bodies around ankle joint and 
in soft tissues of right foot.  
(d) Removal of intra-articular foreign 
bodies from the ankle joint and right 
foot was performed. Intra-operative 
radiogram demonstrates identification 
of intra-articular foreign body using 
thin wires, (e, f) X-ray pictures at  
6 months followup

a

c

b
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Nonsurgical treatment can be successful for nonin-
fected small-fragment wounds (<2 cm) that are lim-
ited to soft tissue, do not involve viscera or vascular 
structures, and are not caused by a landmine [7]. Such 
wounds can be cleaned and dressed and patients given 
prophylactic antibiotics [19].

Foreign bodies that cause unpleasant and painful 
feelings upon movement, from wearing clothing and 
shoes, and foreign bodies that are easily palpated 
under the skin are usually removed at later stages. 
However, it is difficult, and sometimes impossible, to 
remove all missile fragments that are retained in the 
limbs. The morbidity of the removal procedure can be 
significant. Excellent long-term results can be achieved 
without the routine removal of missile fragments 
(Figs. 8.15 and 8.16).
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9.1  Introduction

High-energy injuries can lead to gross contamination 
of the bone and soft tissue, resulting in the likelihood 
of infection, nonunion, and wound-healing complica-
tions [21]. Adequate limb stabilization protects the 
soft tissues from further injury by fracture fragments 
and facilitates the host response to bacteria (despite the 
presence of implants), wound care, and mobilization 
of the patient, enabling early motion of adjacent joints 
and contributing to early functional rehabilitation 
[5, 34]. In the treatment of polytraumatized patients 
and in patients suffering from extensive severe trauma 
to a single limb, external fixation provides a quick and 
minimally invasive approach [4, 7, 17, 18, 27, 28]. 
External fixation is helpful in severe soft-tissue dam-
age and contamination because it avoids hardware 
implantation and does not compromise fracture vascu-
larity. External fixation is simple and is associated with 
minimal blood loss. It is applied at a site distant to the 
injury (extrafocal) and does not interfere with wound 
management. Spanning external fixation is becoming 

popular and may be safely converted to another method 
when applied away from the zone of injury [20, 24]. In 
contrast to skeletal traction, treatment with initial 
external fixation improves patient mobility and nurs-
ing, which is beneficial for many aspects of manage-
ment, including pulmonary toilet [11].

In the management of severely injured patients, 
external fixation frames provide quick stabilization of 
the shattered bones with minimal surgical invasion and 
without additional disruption of the damaged soft tis-
sue [6]. The principle behind this method is stabiliza-
tion of fracture fragments by a combination of 
transfixion of fracture fragments and an external stable 
framework distanced from the wound, capable of 
repeated adjustments [36]. There is no need for the 
insertion of massive foreign bodies (internal fixation 
devices) into the fracture zone, using an appropriate 
surgical approach requiring additional incisions and 
dissection, resulting in unnecessary additional soft- 
tissue trauma and necessitating adequate soft-tissue 
coverage of the striped bone ends, fracture zone, and 
implants. Thus, fracture stabilization is achieved with-
out further compromising the already damaged soft-
tissue envelope [5, 23]. The wounds are easily accessed 
and local treatment, including future surgical proce-
dures, is easily applied. This versatile method of bone 
fixation can be employed in almost any fracture con-
figuration, locality, severity, and/or extent of tissue 
damage. Generally, reduction and stabilization of bone 
fragments should be performed with minimal trauma 
to the tissues, avoiding additional dissection, striping, 
and iatrogenic devascularization of the bone fragments 
(“primum non nocere”). Methods of external fixation, 
techniques using indirect fracture reduction, and meth-
ods that obviate the need for direct exposure of the 
fracture site avoid some of the complications associ-
ated with open reduction and internal fixation of the 
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bone fragments. This is especially true for high-energy 
fractures due to modern war injuries. According to 
Efimenko [9], the introduction of functionally stable 
external osteosynthesis methods improves the results 
of treatment of gunshot limb fractures. External skele-
tal fixation is the preferred initial treatment for stabiliz-
ing severe open missile fractures to the limbs, reducing 
morbidity and rate of limb amputations [13, 32].

Modern external fixation equipment is relatively 
easy to use and teach. It achieves quick and effective 
primary fracture stabilization. These very important 
properties are suited to primary operations, often exe-
cuted under emergency conditions by duty teams of 
orthopedic surgeons, in the absence of highly skilled 
specialists in the field of limb salvage and reconstruc-
tion. Temporary external fixation has been recom-
mended to provide relative bone stability while the soft 
tissue heals, prior to formal open reduction and internal 
fixation. According to Haidukewych [13], using a pro-
tocol of temporary external fixation in complex periar-
ticular fractures will allow “time to prepare the patient 
for surgery, prepare the surgeon for what needs to be 
done, and prepare the injured extremity for surgery”.

9.1.1  Important Advantages

Extrafocal fixation technique, avoiding additional •	
traumatization and devascularization of the fracture 
zone (retention of the fracture hematoma without 
disturbing local soft tissue)
Relatively easy application•	
Rapid and sufficiently stable fracture fixation, using •	
few parts
Adequate fixation for any fracture configuration•	
Low morbidity, minimally invasive, providing pain •	
control
Allows temporary transarticular bridging in intra- •	
and juxta-articular injuries
Facilitates medical evacuation•	

9.1.2  Disadvantages

Patient discomfort•	
Requires daily pin-tract care•	
Local pin-tract infection•	

Occasional interference with soft-tissue recon-•	
struction
Muscle transfixion can result in neighboring joint •	
stiffness
Need for prolonged ongoing follow-up•	

9.2  Unilateral External Fixation

Unilateral tubular external fixation is a rapid, efficient, 
and simple method of good primary fracture stabiliza-
tion, facilitating vascular repair, easy wound access, 
monitoring of compartment pressure, maintaining dis-
tance between bone fragments, and preventing con-
tracture of the muscles, while allowing mobilization of 
the limbs and evacuation, all of which are needed in 
the acute trauma setting [1, 16, 17, 22, 26–28]. The 
ease of mounting of the unilateral tubular external fix-
ator in most fracture patterns is also a great advantage. 
Thus, unilateral tubular external fixation frames for 
primary fracture stabilization applied away from the 
zone of tissue damage is the preferred tool in severe 
trauma to the limbs [4, 12, 18, 33]. They quickly estab-
lished themselves as a quicker and easier method of 
primary fracture treatment than other methods of exter-
nal fixation, especially in treating polytraumatized 
patients [25]. The time required to place a tubular 
external fixator to the injured segment for fracture fixa-
tion is 20–30 min [16, 30]. This rapidity is particularly 
appropriate in treating polytraumatized patients as 
well as in a mass causality situation (Fig. 9.1).

This frame configuration is stiff enough to maintain 
alignment under adverse loading conditions, and is 
modular and applicable to a wide variety of injuries. 
The unilateral application of the fixation device and the 
one-sided technique for insertion of half-pins to the 
bone minimize the risk of iatrogenic soft-tissue dam-
age, possible injury to the main vessels and nerves, and 
undesirable “transfixation” of the musculotendinous 
units. This is especially advantageous in treating 
patients suffering from proximal femoral and humeral 
bone fractures, as compared to the insertion of transfix-
ing thin wires of circular fixation frames. It is easier for 
the orthopedic surgeon to insert half-pins into the bone 
fragments than transfixion wires, especially under 
emergency conditions. The assembled unilateral fixa-
tion device allows performing the initial debridement 
and future secondary procedures on the soft tissues 
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a b

Fig. 9.1 (a, b) Clinical appearance of temporary skeletal stabilization in treatment of patients suffering from severe polytrauma 
(“orthopedic damage control”)

without having to remove the fixation frame. The uni-
lateral fixation frame is more comfortable for the 
patient’s personal hygiene and daily activities during 
prolonged periods of external fixation, especially when 
treating patients suffering from proximal femoral and 
proximal humeral fractures. Many different external 
fixation systems for almost every anatomical location 
in the body have been developed: AO, Hoffmann, 
Orthofix, Dinafix, Stryker, EBI-fixators, etc. (Fig. 9.2).

9.2.1  Unilateral External Fixation 
Application Technique

Limb preparation: On completion of primary debride-
ment, all surgical instruments, drapes, and surgical 
gloves are discarded. The injured limb is re-prepared 
and re-draped according to the basic rules of surgical 
asepsis. The entire operated limb must be draped free 
and remain unimpeded for the ongoing visual 

Fig. 9.2 (a, b, c, d) Different types of unilateral tubular external fixation devices

a b

c d
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inspection of the color of the distal parts of the injured 
limb (fingers or toes), capillary filling, and palpation of 
the peripheral arterial pulses. Also, visual and palpa-
tory determination of anatomical features is essential. 
Severe and unusual trauma situations may dictate 
unorthodox sites for the insertion of fixation elements 
to the bone anywhere on the limb and in any direction. 
The adjoining joints must be observed during surgery 
to avoid unintentional malpositioning (usually malro-
tation) of the bone fragments during the bone fixation 
procedure, which is possible if the limb is hidden by 
drapes. Positioning an external fixation frame across 
adjoining joints (temporary transarticular bridging) 
requires the operated limb to be fully exposed [18].

Prior to a half-pin insertion procedure, major ves-
sels, nerves, musculotendinous units, large bone frag-
ments, and pertinent skeletal landmarks should be 
marked on the skin using a marker pen. The nonana-
tomical localization of important structures due to the 
displacement of the bone ends and the soft tissue must 
be kept in mind! The surgeon should use any type of 
external fixation frame he is trained to use, providing 
that it is quick and simple to apply. Our fixator of 
choice for most primary stabilization procedures is the 
AO (Synthes AG, Chur, Switzerland) tubular external 
fixator in a one-plane unilateral configuration. It is 
very simple to use and its application is easy to learn; 

it is practical to use, stiff and modular enough to 
accommodate a wide variety of complex fracture pat-
terns [2]. A small number of parts of the set allow a 
wide variety of fixation frame assemblies.

9.2.2  Half-Pin Choice

The stability of external fixators is determined by the 
diameter of the inserted screws, the configuration of the 
external frame, and the materials used for its compo-
nents [31]. A pair of 5.0–6.0 mm threaded half-pins is 
introduced into each of the main bone fragments (proxi-
mal and distal). We recommend 6 mm half-pins for their 
greater bending stiffness and accordingly greater stabil-
ity, especially when performing tibial and femoral frac-
ture fixation (Fig. 9.3). The bending stiffness of the 6 
mm screw is almost twice that of the 5 mm screw [26].

Using 5 mm screws will raise the stability of their 
fixing in the bone by shortening their threaded part to 
such a degree that the more massive nonthreaded part 
of the screw will settle in the nearest cortex. Performing 
this simple technique can correspond to the rule, “the 
cross-sectional area of the screw in the proximal cortex 
should be as large as possible”, distributing the load 
over a larger area in the bone [26] (Fig. 9.4).

a b

Fig. 9.3 Clinical pictures demonstrate inadequate and unstable 
external fixation of the femoral fracture using unilateral tubular 
fixator (one tube frame with two pairs of 5 mm half-pins), caus-
ing loss of fracture reduction, secondary limb deformity, soft-
tissue irritation, and bending of relatively thin half-pins. (a) 

Clinical appearance of local soft-tissue wounds around half-pins 
due to unstable external fixation and local skin pressure due to 
very close clamp position, (b) Clinical photogram of the parts of 
removed external fixator demonstrates bending of the relatively 
thin half-pins
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For most femoral fractures, the half-pins are posi-
tioned at the lateral thigh, but they may be placed either 
anteromedially or anterolaterally for tibial fractures. To 
minimize postfixation restriction of motion in adjacent 
joints, the half-pins must be inserted into the bone in 
functionally neutral zones and in places with the least 
soft-tissue thickness, avoiding undesirable transfixation 
of the musculotendinous units. Generally, in order to 
avoid injuries to nerves, vessels, tendons, and muscles, 
the surgeon must be familiar with the anatomy of the 
different cross-sections of the limbs and make use of the 
recommended pin placement sites (so named “safe 
zones”). In difficult and technically demanding situa-
tions of complex trauma, the half-pins may be inserted 
into the bone under direct visual control. Each patient, 
especially after high-energy trauma with severe soft-
tissue damage, needs an individual approach in choos-
ing the right place for insertion of the half-pins and their 
number. The better the skin and soft-tissue condition at 
the insertion site, the less the possibility of developing 

local pin-related complications during the treatment 
period. If necessary, and in patients with complex clini-
cal conditions where other appropriate sites for the 
insertion are absent, emergency temporary fracture sta-
bilization can be performed by introducing the Schanz 
screw even to the uncovered bone (Fig. 9.5).

As soon as possible thereafter, this site must be cov-
ered by a soft-tissue flap, or the Schanz screw must be 
changed to another in a more acceptable location. 
Generally, the half-pin location must be planned to 
avoid disturbance of the nearby soft-tissue reconstruc-
tive procedures.

Increasing the diameter of the half-pins and also their 
number in each of the fragments of fixed bone greatly 
helps to achieve stability of fractures fixation. In treating 
large and obese patients with oblique configuration of 
fractures or severe comminuting of bone fragments, and 
also for stabilization of femoral shaft fractures, it is 
desirable to introduce three or even more half-pins into 
the proximal and distal main fragments (Fig. 9.6).

a

c d

b

Fig. 9.4 Intraoperative shortening of the standard 5 mm threaded 
screw. (a) Standard 5 mm threaded screw, (b, c) Cutting of the 
long threaded part of the screw, (d) Intraoperative roentgeno-

gram. Note more massive nonthreaded part of the screw inserted 
into nearest cortex
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Keeling [15] recommends utilization of hydroxyapatite-
coated tapered half-pins in performing external fixation 
procedures, which have been associated with both a lower 
prevalence of pin-track infection and improved pullout 
strength.

9.2.3  Introduction of Half-Pins 
to the Bone

The use of the image intensifier under a sterile plastic 
cover is recommended for selecting the right place, as 
is premarking the skin so that safe pin placement can 
be performed. A thin Kirschner wire, used as a probe, 
is helpful to determine the position of displaced bone 
fragments and to find the correct site and optimal 
 direction for the subsequent bone pin insertion. The 

Fig. 9.5 A 19 year-old-male with open Gustilo-Andersen type 
IIIB proximal tibial fracture with severe bone comminuting and 
massive soft tissue lost due to blast injury by anti-tank rocket. 
Primary debridement and trans-knee tubular external fracture 
fixation were performed. Clinical picture demonstrates emer-
gency fracture stabilization, performed by temporary insertion 
of a Shanz screw to the uncovered tibial bone fragment

a b

Fig. 9.6 (a, b) Radiographs demonstrate stabilization of comminuted femoral fractures using unilateral external fixation frames 
with number of half-pins inserted into the proximal and distal bone fragments
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recommended technique of low-speed and fractional 
drilling for half-pin insertion into the bone must be 
adhered to rigorously to avoid thermal damage to the 
hard and soft tissues. First of all, an approximately  
1 cm longitudinal skin incision is stabbed, followed by 
preparing the channel down to the bone bluntly, using 
a straight clamp. A trocar and a drill sleeve must be 
used for bone drilling and for the subsequent introduc-
tion of the half-pin into the bone to protect the sur-
rounding soft tissues from thermal damage and from 
twisting around the revolving instrument and implant 
(drill and half-pin). The trocar must be centered on the 
bone before drilling. We recommend predrilling in the 
near and far bone cortex, because self-drilling half-
pins, especially in the hands of insufficiently trained 
surgeons, can be dangerous for the surrounding soft 
tissues, and especially for the anatomical structures 
located beyond the far cortex (Fig. 9.7). Moreover, 
predrilling using a small diameter drill bit lessens heat 
production during screw insertion.

Meticulous and disciplined implementation of the 
external fixation half-pin insertion protocol and careful 

sterile treatment of the skin around the half-pins can 
diminish pin-tract infections, Shanz screws loosening, 
and loss of fracture fixation during long periods of 
external fixation (Fig. 9.8).

For maximal mechanical stability of the external 
bone fixation, the Schanz screws must be inserted 
across both cortices, with the point of the pin protrud-
ing from the opposite cortex. Monocortical screws, 
which gain purchase on the near cortex only, can lead 
to early loosening and unstable fracture fixation.

Important: Avoid, if possible, intracortical screw pass 
that results in weakening the bone and increasing the 
pathological fracture risk at this level. The correct depth 
of insertion is achieved by feeling the opposite cortex 
during manual screw introduction. The final check of the 
position of the screws is by the intraoperative radiologi-
cal examination. After piercing the opposite cortex, the 
screw’s tip should be carefully advanced 2–3 mm more 
to ensure bone anchorage.

Important: Avoid excessively deep screw insertion 
and dangerous sharp tip protrusion! Exact radiologi-
cal control is mandatory, especially during far cortex 

Fig. 9.7 Insertion of the threaded screw to the bone. (a) The trocar centered on the bone before the drilling procedure, (b) Bone 
drilling, (c) Insertion of standard screw using universal chuck with T handle

a b c
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penetration, because the pull back of a half-pin inserted 
too deeply results in diminution of the stability of the 
half-pin in the bone.

Following screw insertion, the skin incisions are 
inspected. Any skin tension around the screws must be 
released by extending incisions.

The site of the insertion of half-pins into the bone 
fragments close to the fracture zone is 3–4 cm from the 
ends of the main bone fragments. The most proximal 
and distal half-pins are introduced into the bone near the 
metaphyseal zone (Fig. 9.9). This very stable, wide-
based bone fragment fixation facilitates the management 

a b

Fig. 9.9 (a, b) Radiological 
appearance of stabilization of 
the comminuted humeral 
fracture by unilateral AO 
external tubular fixation 
frame. Note wide base of the 
bone fragments fixation

Fig. 9.8 Radiographs 
demonstrate a typical 
screw-related complication 
of bone external fixation. (a) 
Radiological appearance of 
loosening due to severe bone 
resorption around the screws, 
(b) External fixation of the 
distal radial fracture. Note 
radiological signs of 
pathological fracture of the 
second metacarpal bone 
around mini-Shanz-screw

a b
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of each main fragment during the fracture reduction pro-
cedure, and prevents screw loosening by loading during 
manipulations and early movement of nearby joints 
(Fig. 9.10).

The wider the base of the external fixation frame, 
the more stable it is, the less the danger of local 
 pin-tract infection and pin loosening, and the less the 
loss of reduction of the bone fragments during the 
long-term treatment period (Fig. 9.11).

Initially, the outer ends of the Schanz screws in 
each main bony fragment are connected by two 
short longitudinal tubes. Reducing the distance 
between the bone and the longitudinal tube increases 
the stiffness of the frame. The shorter the length of 
the half-pins (the distance from the skin to the lon-
gitudinal tube), the more rigid the external fixation 
will be. However, the pin fixators and the tubes 
should never press on the skin, and special care 
needs to be taken in the presence of post-traumatic 
and post operative edema. For fractures with large 

areas of  segmental comminuting or bone loss, a 
stiffer double-tube or even a triple-tube unilateral 
frame may be used. Such a frame is preferred for the 
fixation of femoral factures in massive or obese 
patients, each of the two main fragments being pro-
vided with three 6.0 mm Schanz screws. Each of 
these proximal and distal blocks is then connected 
using a universal joint or tube-to-tube clamp to two 
intermediate connecting tubes. Manual alignment 
and reduction is stabilized by tightening tube–tube 
clamps onto the connecting tubes. Keep the rota-
tional alignment in mind before the final tightening 
of the connecting clamps!

Skeletal fixation in treating multi-injured patients 
should commence with the segment that is nondis-
placed or least displaced (Fig. 9.12). Then, proceed 
to the crossover fixation of the bone fragments with 
more significant displacement. The opposite 
sequence of steps, leaving nondisplaced or mini-
mally displaced fractures to the final stage of the 

a
b

Fig. 9.10 (a, b) Radiographs demonstrate tubular external fixation of the tibial shaft fracture. Note wrong too short distance between 
each pair of half-pins inserted to both of main bone fragments
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operation, and performing initial manipulations on 
the more displaced segments of the injured limb, has 
the hazard of losing the acceptable fracture align-
ment of the initially undisplaced or least displaced 
bone fragments, which were left unfixed at the 
beginning.

Keep in mind the localization of musculotendinous 
units and collateral ligaments to preserve the range of 
early postoperative motions! Evasion of the articular 
capsule during the insertion of fixation elements 
avoids undesirable joint irritation and dangerous 
articular septic complications due to deep pin-tract 
infection.

It is important that overdistraction, used primar-
ily for reduction of the bone fragments, is released 
during final stabilization of the external fixation 
frame.

9.3  Specific Anatomical Locations

9.3.1  Femoral Bone Fractures

All Schanz screws are inserted usually into the proxi-
mal and distal bone fragments from the lateral side 
through the external vastus of the quadriceps muscle. 
Passage of one of the proximal screws through strong 
bone at the lesser trochanter creates an increased level 
of stability. If external fixation by a unilateral frame is 
planned for a long time, each of the two main frag-
ments is fixed with three half-pins (Fig. 9.13), 

Fig. 9.11 Radiological pictures demonstrate tubular external 
fixation of comminuted tibial shaft fracture. Note radiological 
signs of loosening due to instability caused by too short distance 
between pairs of half-pins inserted to bone fragments

Fig. 9.12 Stabilization of segmental femoral fracture using 
 unilateral tubular external fixation frame
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optimally of 6.0 mm diameter, especially in large and 
obese patients. Insertion of the pins with the knee 
flexed avoids knee stiffness during the postoperative 
period.

The insertion of an additional half-pin (or half-pins) 
in multiplanar directions can further increase the level 
of fracture fixation stability in a unilateral external 
frame (Fig. 9.14).

9.3.2  Tibial Bone Fractures

The Shanz screws are usually inserted from the antero-
medial side of the leg due to triangular configuration of 
the tibial bone, anchoring to both the internal and 
external bone cortices. Direct anteroposterior direction 
of screw insertion is dangerous because the tip of the 
drill may slip off the smooth sharp anterior tibial crest 
(Fig. 9.15). In addition, heat production is excessive 
during drilling of the hard and thick bone cortex in this 
zone and the intracortical position of the inserted screw 
may be wrong, even breaking the anterior aspect of the 
bone. When dealing with short distal or proximal tibial 

fragments, it is desirable to fix with two or three half-
pins, with two of them inserted into the metaphyseal 
zone at the same level (Delta frame configuration) 
(Fig. 9.16).

9.3.3  Humeral Bone Fractures

We recommend inserting a pair of screws to the proxi-
mal humeral bone fragment from the lateral side, and a 
pair of screws to the distal bone fragment from the 
posterior side (proximal to the olecranon fossa), 
thereby avoiding the radial nerve. Never insert screws 
in the middle third of the humeral bone, due to the high 
risk of damaging the radial nerve! (Fig. 9.17). The 
most distal screw of the frame in patients with very 
short distal humeral fragments can be inserted from 
the lateral side above the lateral humeral epicondyle 
(Fig. 9.18). The drilling needs to be careful in this 
zone, on the sharp lateral edge of the humerus. When 
anatomical orientation is in doubt, insertion of a half-
pin into the bone is performed in an open manner using 
a small incision.

a bFig. 9.13 (a, b) Radiographs 
demonstrate external tubular 
fixation of the femoral shaft 
fracture. Note fixation of 
each of the bone fragments 
using three half-pins
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9.3.4  Forearm Bone Fractures

External tubular stabilization of forearm fractures is 
performed by introducing screws to the proximal third 
of the ulna and distal third of radius; in this location 
they are subcutaneous, easily palpated, and biggest 
(Fig. 9.19).

Thin Schanz screws (2.7 and 3.5 mm in diameter) 
are indicated for fixation of the small forearm bones to 
avoid iatrogenic fractures at the site of the screw inser-
tion (Fig. 9.20).

9.4  Small Bone External Fixation Frames

The use of small external fixators with 2.7 and 3.5 mm 
special Schanz screws is indicated for management of 
patients suffering from complex open high-energy 
fractures of the upper limbs by performing primary 
surgical fixation of the relatively small forearm and 
hand bones. The rules and principles for using small 
external fixators are the same as for standard size 
external fixation frames, including Delta configura-
tions for relatively short bone fragments, and tempo-
rary transarticular bridging if needed. These small 
external fixator configurations may be applied also to 
stabilize the small bones of the feet in treating complex 
high-energy trauma to the lower limbs with severe 
soft-tissue damage (Fig 9.21).

Additional percutaneous thin wire fixation may 
be required to optimize alignment and effective bone 
stabilization, especially in patients suffering from 
severe bone comminution. Connecting the additional 

Fig. 9.15 Radiological appearance of comminuted tibial frac-
ture fixed using unilateral AO external tubular frame

Fig. 9.14 Clinical pictures demonstrate lateral external stabili-
zation of the femoral bone using unilateral Orthofix frame with 
augmentation by additional half-pin inserted to proximal bone 
fragment in the anterolateral direction and connected to the fixa-
tion frame by AO tube and clamps
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percutaneous thin wires to the external fixation frame 
can prevent their loosening and maintain reduction of 
the fixed bone fragments. This connection between 
additional wires and the fixation frame can be achieved 
using standard parts from the external fixation set or 
even using bone cement “bars” (Fig. 9.22).

9.5  Multiplanar Configurations 
of Fixation Frames

The use of multidirectional and multiplanar half-pins 
in a unilateral external frame can significantly increase 
the stability of the fracture fixation. However, the one-
plane configuration of the external frame itself, where 
all bone-fixing elements are lead in one plane and only 
on the one side of a fixed segment, is less obstructive, 
and generally suffices for most injury situations. Frame 
designs, where half-pins are lead through bone frag-
ments in one plane but are fixed from two sides of the 
fixed limb segment, are more effective in neutralizing 
multidirectional bending and torsion movements [2]. 
Raising the level of stability is possible also by using 

the fixation device based on multischeduled introduc-
tion of bone-fixing elements and multiplanar sectoral 
design of the frame [29] (Fig. 9.23).

Application of radiolucent carbon fiber rods to 
external fixation frames improves imaging control of 
fracture reposition and fixation, and the radiological 
follow-up of the consolidation process (Fig. 9.24). 
This is very useful in treating patients with complex 
intra- and periarticular fractures.

9.6  Transarticular Bridging

In the treatment of patients suffering from complex 
peri- and intraarticular fractures (Figs. 9.25 and 9.26), 
extensive osteoligamentous injuries and severe intra-
articular penetrating injuries, in the presence of dam-
age to the capsule and ligamentary complex of joints 
adjoining the fracture site (Figs. 9.27 and 9.28), tem-
porary transarticular bridging of the injured limb is 
indicated [5, 6, 12, 17, 35] (Fig. 9.29).

In addition, temporary transarticular bridging serves 
as an effective tool for increasing the stability of 

a bFig. 9.16 (a, b) Radiological 
pictures demonstrate tibial 
fracture stabilization using 
external tubular Delta frame
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fixation in patients with fractures with a very short 
para-articular bone fragment. Technically, such tran-
sarticular fixation can be achieved by inserting two or 
three additional half-pins to the bony diaphysis from 
the opposite side of the fixed joint. The external ends 
of these group of half-pins are fixed to each other and 
then to the primary external fixation device, thereby 
increasing the stability of the fracture fixation itself. 
Two longitudinal tubes are enough for this transarticu-
lar crossing. Such a construction, although appearing 
outwardly to be massive, has relatively little weight 
and allows early patient mobilization, significantly 
easing nursing problems.

To bridge the shoulder joint using an external fixa-
tion frame, a number of screws must be inserted into 

the scapula and other screws into the humerus 
(Fig. 9.30). A thin Kirschner wire, used as a probe, is 
strongly recommended to determine the scapular posi-
tion and to find the right sites and optimal directions 
for screw insertion into the irregular shape of the scap-
ular bone.

Elimination of the bone fragments displacement 
and anatomical reduction of the fractures at the stage 
of primary surgical debridement prevents pressure of 
the bone fragments on the soft tissues and helps 
uncomplicated wound healing. The fracture reduction 
procedure, performed in the acute phase of treatment, 
usually presents insignificant technical difficulties, 
especially under open wound conditions in which the 
fracture zone and the bone fragments are exposed, 
making fracture reduction under direct vision and 
manual control relatively easy. The soft tissues are 
relaxed immediately after injury and there is no spasm 
or contracture. Therefore, the most precise anatomical 
reduction of the bone fragments is best performed as 
early as possible. Great care must be taken to secure 
proper rotational alignment of the bone fragments 
before tightening the clamps. Accurate positioning of 
the bone fragments in the primary fixation frame is 
important, taking into account that conversion to the 
final definitive skeletal fixation may be delayed or even 
impossible in some patients [14]. However, precise 
anatomical reduction of the bone fragments at the stage 
of performing primary wound debridement in patients 
with high-energy injuries cannot be an end in itself, in 
a grave general condition or multiply injured patient, 
at a time when damage control principles are the para-
mount priority. The surgical procedure for treating 
these patients must be minimally traumatic and per-
formed as soon and as quickly as possible, so as to be 
least disruptive of the patient’s general condition. The 
aim is to achieve stable fixation by eliminating gross 
bone fragment displacement and to relieve pressure on 
the skin and neurovascular structures.

9.7  Limb Suspension in the Early  
Post-traumatic Period

Prolonged immobilization, especially in transarticular 
fixation, results in constant pressure on the skin and 
soft tissues of the posterior aspect of the limbs in 

Fig. 9.17 Tubular external fixation of humeral shaft fracture 
(status after blast injury)
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Fig. 9.18 Stabilization of humeral bone fracture using AO 
external tubular fixation frame. (a, b) Radiological pictures 
demonstrate displaced humeral bone fracture, (c) Introducing 
half-pins using triple trocar, (d) Clinical picture demonstrates 
lateral localization of the proximal half-pins and lateral and 

 posterior localization of the distal half-pins, (e) Clinical picture 
demonstrates final configuration of the tubular external fixation 
frame, (f, g) postoperative X-rays demonstrate acceptable posi-
tion of the fixed humeral bone
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supine patients, especially involving the heels of 
unconscious or sedated patients or those with lower-
limb denervation. For these patients, additional ele-
ments are added in assembling the external fixation 
frame to achieve continuous limb suspension and pre-
vent compression of the posterior aspect of the limb by 
the weight of the limb and the external fixator. This is 
done by attaching additional tubes to the fixation frame 
so as to form a triangular assembly (apex at the ante-
rior fixation rod, base across the mattress). Limb sus-
pension also diminishes limb edema in the early 
post-traumatic and postoperative period (Fig. 9.31).

A similar device is a large ring from a circular 
Ilizarov set, which is attached to the distal part of the 
unilateral external fixator (Fig. 9.32). An additional 
important benefit is that the posterior aspect of the 
limb can be easily accessed for any necessary treat-
ment, including operative procedures, such as plastic 
skin coverage.

Furthermore, this simple temporary attachment, 
holding the limb segment in the necessary position, 
can be used to facilitate operative procedures on 
severely injured limbs (Fig. 9.33).

Even if external fracture fixation is planned only as 
a provisional measure, it is desirable to carry it out as 
precisely and carefully as possible (in view of the gen-
eral and local condition of the patient), as this tempo-
rary method can be successfully used as definitive 
treatment in some cases. Some authors have reported 
the effectiveness of external fixation as definitive treat-
ment as well as the value of early bone grafting in 
patients suffering from severe injuries with bone loss, 

along with dynamization and gradual build-down of 
the fixation frame [3, 8, 19]. In such cases, the external 
fixation frame should be maintained until final solid 
fracture healing (Fig. 9.34).

9.8  Hybrid Frames (Modular 
Combinations in Various Types 
External Fixation Devices) in Primary 
Fractures Stabilization Set

The simultaneous use of different external fixation 
systems, such as the tubular together with the circular 
(Ilizarov), makes hybrid modular fixation systems, 
using a relatively small number of components, which 
provide options for the optimal fixation of severe high-
energy injuries (Fig. 9.35).

It is advantageous to exploit the merits of the unilat-
eral tubular external fixator in choosing a method for 
definitive fracture fixation: simplicity, ease of use, less 
transfixation of soft tissues, accessibility to the soft tis-
sues of the injured limb segment, and positioning of 
the limb, especially in the external fixation of proximal 
femoral and humeral fractures. At the same time, the 
fixation device should possess the unique features of 
the circular external fixator: ongoing correction/adjust-
ment during the entire period of external fixation, reli-
ability of fixation, suitability for full weight-bearing, 
even in patients with comminuted fractures and large 
bone defects. Hybrid external fixation combines the 
desirable properties of different kinds of external 

Fig. 9.19 Clinical appearance of temporary tubular external 
fixation of forearm bones. (a) External fixation of forearm bones 
in treating patient suffering from polytrauma. Note ulnar local-

ization of the proximal and radial localization of the distal bone 
screws, (b) Tubular external fixation in treating patient suffering 
from open radial fracture with severe tissue loss

a b
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fixators. The hybrid system is minimally invasive and 
requires less transfixation of the surrounding soft tis-
sues as compared to the standard thin wire circular 
fixation frame. It combines the advantages of both 
 unilateral cantilever and ring/wire external fixation 
systems, and provides a good solution for metaphyseal 
and intra-articular fractures with severe soft-tissue 
damage.

The concomitant use of different kinds of fixation 
frames creates problems in assembling the diverse 
parts. To solve these problems, “transitional blocks” 
connecting the different systems have been developed, 

such as the modified AO single adjustable clamps, 
which allow the tubular rod of the external fixator sys-
tem to be connected to the ring of the Ilizarov set [10]. 
However, the diversity and severity of tissue damage 
due to high-energy injuries create a demand for differ-
ent simple and reliable methods of intersystem fixation 
for the various external fixation frames. We emphasize 
the use and need for only standard units of the avail-
able sets, because all the above-mentioned construc-
tions are modular adaptations of the different frame  
systems and can be achieved without specially designed 
parts (Fig. 9.36).

Fig. 9.20 Fifty-four-year-old male sustained open Gustilo-
Andersen type IIIA right ulnar fracture. (a, b) Clinical pictures 
of right forearm demonstrate extended skin and soft-tissue 
damage, (c, d) Admission radiographs demonstrate commi-
nuted right ulnar facture, (e, f) Immediate debridement and 
primary external fixation using tubular frame was performed. 

Postoperative radiographs demonstrate realignment and external 
fixation of the ulnar bone. Note ulnar bone loss, (g) Conversion 
to internal fixation with bone grafting procedure was performed 
after healing of soft-tissue wound. Radiographs at 1 year fol-
lowup demonstrate solid bone healing

a
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Each external fixation frame is tailored to a specific 
surgical problem and anatomical site. For example, in 
the presence of thin or fragile bone or for fixation of 
small bone fragments, thin wires must be used. In ana-
tomical areas with a thick soft-tissue envelope, Schanz 
screws are recommended if the bone is sufficiently 
massive.

The hybrid external fixation frame combines the 
advantages of each system, and provides sufficient 

closed reduction and three-plane stabilization with a 
minimally invasive fixation technique. It allows early 
mobilization and reduces the risk of osteomyelitis and 
further tissue damage. This modular nonconstrained 
apparatus provides the orthopedic surgeon with more 
options to solve complex problems common in patients 
suffering from high-energy limb injuries.

Standard industrially produced hybrid fixators are 
generally composed of one ring (half-ring or 5/8 ring) 

a b

Fig. 9.21 Stabilization of foot fractures using small tubular external fixation sets. (a) Radiological pictures, (b) Clinical view

a b c

Fig. 9.22 (a, b, c) Clinical and radiological appearance of distal 
radial fracture stabilization using small tubular external fixation 
set with additional transfixation of articular bone fragments by 

thin wires, firmly connected to external fixation frame with bone 
cement
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a

c d

b

Fig. 9.23 (a, b, c, d) Clinical and radiological appearance of multiplanar design of different tubular external fixation frames

a b

Fig. 9.24 (a, b) Clinical and radiological views of tubular external fixation using radiolucent carbon fiber rods mounting for primary 
stabilization of a comminuted tibial fracture due to GSW
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a b

Fig. 9.26 (a, b) Clinical and radiological appearance of temporary trans-elbow bridging using AO tubular external fixation frame

Fig. 9.25 (a, b, c) Clinical and radiological appearances of tem-
porary trans-knee bridging using AO tubular external fixation 
frames for treating patients suffering from polytaruma. Note 

 lateral localization of the femoral screws and anteromedial 
localization of the tibial screws in the clinical pictures

a

c

b
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a b c d

Fig. 9.28 Twenty-three-year-old male sustained left lower-limb 
injury with closed tibial shaft fracture, knee dislocation, and tear 
of popliteal artery. Immediate knee reduction, popliteal artery 
repair, and tubular external fixation of tibial fracture with tempo-
rary knee bridging were performed. Four-compartment fasciotomy 
as a primary damage control technique was performed through 
two incisions. (a) Radiograph on admission demonstrates tibial 

shaft fracture, (b) Stress radiography in operating room demon-
strates knee instability, (c, d, e) Postoperative radiographs demon-
strate tubular external fixation of left tibial fracture with trans-knee 
bridging, (f, g) Radiographs 6 months after removing external 
fixation frame demonstrate good bone healing, (h, i) Clinical 
appearance of left lower limb at 6 months follow-up. Note good 
post-fasciotomy wound coverage after skin grafting procedure

Fig. 9.27 Fifty-year-old male sustained left upper limb crush 
injury with open elbow fracture-dislocation and skin degloving. 
Immediate radical debridement, fracture-dislocation reduction, 
and trans-elbow bridging with hybrid external fixation were 
 performed. (a, b) Clinical photos on admission demonstrate 
extensive soft-tissue damage around the elbow joint and skin 

degloving, (c) After reduction of elbow dislocation and external 
fixation of the fracture, reinsertion of triceps muscle was per-
formed, (d) In postoperative period, elbow joint was temporarily 
protected using hybrid external fixation bridging. Clinical 
appearance of the left upper limb at 3 weeks follow-up demon-
strates uncomplicated soft-tissue healing

a

c d

b
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Fig. 9.28 (continued)

a b c

Fig. 9.29 A 32-year-old male suffering from open Gustilo-
Andersen type IIIA left ankle fracture-dislocation due to crush 
injury. Immediate debridement, fracture reduction with minimal 
invasive percutaneous internal fixation, and temporary trans-
ankle bridging using AO tubular external fixation frame were 
performed. (a) Clinical appearance of left ankle on admission, 
(b, c) Radiographs on admission demonstrate bone comminut-
ing and fracture-dislocation of ankle joint, (d, e) Postoperative 

radiographs demonstrate anatomical reduction and fixation of 
tibial fragments by screws, intramedullary fixation of the fibular 
bone using a thin nail, distal syndesmotic stabilization by screw, 
trans-ankle external fixation, (f) Clinical view of lower limb 5 
days after trauma demonstrates tubular ankle bridging. Note 
skin edges adaptation using single suture, (g) Radiographic pic-
ture at 6 months follow-up demonstrates bone healing in good 
anatomical position
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d
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Fig. 9.29 (continued)

a b

Fig. 9.30 (a) Radiological 
picture after comminuted 
proximal humeral fracture 
due to blast trauma 
demonstrates trans-shoulder 
bridging using tubular 
external fixation frame with 
radiolucent carbon fiber rods. 
(b) Clinical view demon-
strates anterior position of 
screws inserted in the 
scapula and lateral position 
of the humeral bone screws
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a b

Fig. 9.33 (a, b) Extension of external fixation frame to elevate position of the injured limb segments during surgery

Fig. 9.31 (a, b) Clinical 
appearance of extension of 
external fixation frames to 
elevate position of the injured 
limbs for soft-tissue 
protection

a b

Fig. 9.32 Twenty-three-year-old male sustained bilateral lower-
limb crush injuries with extensive skin degloving, open Gustilo-
Andersen type IIIB right femoral fracture. Debridement of the 
wounds and external tubular fixation of right femoral fracture 
were performed immediately on admission. (a) Clinical picture 

in pronated position after completing skin grafting procedure on 
5th day after trauma. Right femur fixed by external unilateral 
tubular frame, (b) Extension of external fixation frame by large 
size Ilizarov half-ring provides skin graft protection and allows 
supinated position of patient in early postoperative period

ba
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Fig. 9.34 Forty-year-old male suffering from open Gustilo-
Andersen type IIIB fracture left femur due to crush injury. 
Immediate debridement and fracture reduction with AO tubular 
external fixation frame were performed. (a) Clinical view  

6 months after trauma demonstrates full weight-bearing of right 
lower limb fixed by unilateral tubular external fixation frame,  
(b, c) Radiographic picture at 6 months follow-up demonstrates 
bone healing of left femoral fracture in good anatomical position

a b c

Fig. 9.35 (a, b, c, d) Clinical 
appearance of different 
hybrid frames using only 
standard units of available 
external fixation sets

a
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Fig. 9.36 Thirty-six-year-old male sustained displaced proxi-
mal right femoral fracture, open proximal right tibial and right 
pylon fractures due to high-energy crush. Closed reduction and 
primary internal fixation of femoral fracture by PFN, hybrid 
external fixation of proximal tibial and pylon fractures was per-
formed. (a) Clinical appearance of right lower limb on admis-
sion. (b, c) Radiological pictures demonstrate comminuted 
displaced fracture of proximal tibial bone and pylon fracture. (d, 
e, f, g) Radiological pictures after primary stabilization proce-
dure demonstrate internal fixation of the proximal femoral frac-
ture using PFN, external fixation proximal tibial fracture, and 
temporary bringing of pylon fracture. (h, i) Clinical appearance 
of the right lower limb after external fixation of tibial-foot trans-
fixation with hybrid frame. (j, k) Ten days later, open reduction 

and minimal internal fixation of right pylon fracture using medial 
placed plate and osteoset granules was performed. Additional 
stability was provided using hybrid external fixation bridging. 
Postoperative radiograms demonstrate restoration of the articu-
lar surface, medially placed internal fixation plate and external 
fixation bridging. Note radiological signs of osteoset augumen-
tation. (l, m) Foot frame was removed 6 weeks later for ankle 
joint mobilization. Clinical appearance of early active mobiliza-
tion during external fixation period. (n, o, p, q, r, s) External 
fixation frame was removed 2 months later. Radiological pic-
tures at half-year follow-up demonstrate bone healing of all right 
lower-limb fractures in good alignment. (t, u, v) Clinical appear-
ance of ROM of right knee and ankle joints at 6 months 
follow-up
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Fig. 9.36 (continued)
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placed above the metaphyseal zone, with the unilateral 
part above the diaphyseal zone of the injured bone. 
This frame achieves stable bone fixation. However, 
this frame has a static quality only (simple fixation 
frame), only fixing the position of the bone fragments, 
achieved by manual repositioning in the operating the-
ater. The option of active influence on the position of 
the bone fragments is absent in this frame. We recom-
mend the use of a modified assembly of the hybrid 
frame; to add the capability of active reduction, one 
additional ring is included, placed between a basic 
(proximal or distal) ring and the unilateral unit of the 
hybrid fixation frame. This ring may even be “unmar-
ried” (without any direct fixation to the bone frag-
ments); by connecting this ring to the basic ring with 
threaded rods, the ability of controlled compression/
distraction is gained. Threaded rods with hinges add 
the capacity of repairing angular deformation, and 
repositioning the block placed between the rings allows 
the correction of side displacement of the fragments or 
malrotational deformations (Fig. 9.37).

The modularity of modern external fixation sets 
allows for fixator assemblies suitable for each patient’s 

Fig. 9.37 Hybrid frames assembled with two distal rings and 
possibility of continuous dynamic influence on the fracture site: 
x-ray picture demonstrates humeral fixation frame, with addi-
tional “unmarried” ring, placed between a basic distal ring and 
the unilateral unit of the hybrid fixation frame

Fig. 9.36 (continued)

u v
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specific situation. These combinations can be achieved 
with a modest quantity of construction elements, 
avoiding large, crude fixation constructions containing 
unnecessary components. These systems are relatively 
light and comfortable for patients. Moreover, they are 
more convenient in clinical practice. The least number 
of construction elements reduces the cost of treatment 
and shortens surgical time (very important in mass 
casualty situations). The use of modular and custom-
assembled hybrid frames results in better patient com-
pliance and a wider range of motion than is obtained 
with standard classic all-wire constructs.

References

 1. Atesalp, A.S., Yildiz, C., Başbozkurt, M., Gür, E.: Treatment 
of type IIIa open fractures with Ilizarov fixation and delayed 
primary closure in high-velocity gunshot wounds. Mil. Med. 
167, 56–62 (2002)

 2. Behrens, F., Johnson, W.D., Koch, T.W., Kovacevic, N.: 
Bending stiffness of unilateral and bilateral fixator frames. 
Clin. Orthop. 178, 103–110 (1983)

 3. Behrens, F., Searls, K.: External fixation of the tibia: basic 
concepts and prospective evaluation. J. Bone Joint Surg. Br. 
68, 246–254 (1986)

 4. Bumbaširevic, M., Lesic, A., Mitkovic, M., Bumbaširevic, 
V.: Treatment of blast injuries of the extremity. J. Am. Acad. 
Orthop. Surg. 14, S77–S81 (2006)

 5. Camuso, M.R.: Far-forward fracture stabilization: external 
fixation versus splinting. J. Am. Acad. Orthop. Surg. 14, 
S118–S123 (2006)

 6. Carmack, D.B.: Conversion from external fixation to defini-
tive fixation: periarticular injuries. J. Am. Acad. Orthop. 
Surg. 14, S128–S130 (2006)

 7. Covey, D.C.: Combat orthopaedics: a view from the trenches. 
J. Am. Acad. Orthop. Surg. 14, S10–S17 (2006)

 8. Edwards, C.C., Simmons, S.C., Browner, B.D., Weigel, 
M.C.: Severe open tibial fractures: results treating 202 inju-
ries with external fixation. Clin. Orthop. 230, 98–115 
(1988)

 9. Efimenko, N.A., Shapovalov, V.M., Dulaev, A.K., et al.: 
Characteristic of combat trauma and treatment of gunshot 
fractures of long bones of the limbs [in Russian]. Voen. Med. 
Zh. 324(4–12), 80 (2003)

10. Gautier, E., Stutz, P.: Combination of the small external fix-
ator and standard tubular system. Injury 25, 35–38 (1994)

11. Giannoudis, P.V., Abbott, C., Stone, M., et al.: Fatal sys-
temic inflammatory response syndrome following early 
bilateral femoral nailing. Intensive Care Med. 24, 641–642 
(1998)

12. Griffiths, D., Clasper, J.: Military limb injuries/ballistic frac-
tures. Curr. Orthop. 20, 346–353 (2006)

13. Haidukewych, G.J.: Temporary external fixation for the 
management of complex intra- and periarticular fractures of 
the lower extremity. J. Orthop. Trauma 16, 678–685 (2002)

14. Harwood, P.J., Giannoudis, P.V., Probst, C., et al.: The risk 
of local infective complications after damage control proce-
dures for femoral shaft fracture. J. Orthop. Trauma 20, 178–
186 (2006)

15. Keeling, J.J., Gwinn, D.E., Tintle, S.M., et al.: Short-term 
outcomes of severe open wartime tibial fractures treated 
with ring external fixation. J. Bone Joint Surg. Am. 90, 
2643–2651 (2008)

16. Labeeu, F., Pasuch, M., Toussaint, P., et al.: External fixation 
in war traumatology: report from the Rwandese war (October 
1, 1990 to August 1, 1993). J. Trauma 40, S223–S227 
(1996)

17. Lerner, A., Fodor, L., Soudry, M.: Is staged external fixation 
a valuable strategy for war injuries to the limbs? Curr. 
Orthop. Relat. Res. 448, 217–224 (2006)

18. Lerner, A., Reis, D., Soudry, M.: Severe Injuries to the 
Limbs. Staged Treatment. Springer, Berlin/Heidelberg 
(2007)

19. Marsh, J.L., Nepola, J.V., Wuest, T.K., et al.: Unilateral 
external fixation until healing with the dynamic axial fixator 
for severe open tibial fractures. J. Orthop. Trauma 5, 341–
348 (1991)

20. Mazurek, M.T., Burgess, A.R.: Moderators’ summary: stabi-
lization of long bones. J. Am. Acad. Orthop. Surg. 14, 
S113–S117 (2006)

21. Melvin, J.S., Dombroski, D.G., Torbert, J.T., et al.: Open 
tibial shaft fractures: I. Evaluation and initial wound man-
agement. J. Am. Acad. Orthop. Surg. 18, 10–19 (2010)

22. Nikolic, D.K., Jovanovic, Z., Turkovic, G., et al.: 
Supracondylar missile fractures of the femur. Injury 33, 
161–166 (2002)

23. Norris, B.L., Kellam, J.F.: Soft-tissue injuries associated 
with high-energy extremity trauma: principles of manage-
ment. J. Am. Acad. Orthop. Surg. 5, 37–46 (1997)

24. Owens, B.D., Wenke, J.C., Svoboda, S.J., White, D.W.: 
Extremity trauma research in the United States Army. J. Am. 
Acad. Orthop. Surg. 14, S37–S40 (2006)

25. Pallister, I., Empson, K.: The effects of surgical fracture 
fixation on the systemic inflammatory response to major 
trauma. J. Am. Acad. Orthop. Surg. 13, 93–100 (2005)

26. Pfeil, J.: Heidelberg External Fixation. Unilateral Fixation 
Techniques in Limb Deformity Corrections. Thieme, 
Stuttgart/New York (1998)



162 A. Lerner et al.

27. Pryor, J.P., Reilly, P.M.: Initial care of the patient with blunt 
polytrauma. Clin. Orthop. Relat. Res. 422, 30–36 (2004)

28. Roberts, C.S., Pape, H.C., Jones, A.L.: Damage control 
orthopaedics. Evolving concepts in the treatment of patients 
who have sustained orthopaedic trauma. J. Bone Joint Surg. 
Am. 87, 434–449 (2005)

29. Solomin, L.N.: General Aspects of Transosseous 
Osteosynthesis by Ilizarov Apparatus [in Russian]. Morsar, 
St. Petersburg (2005). p 544

30. Stein, H., Weize, I., Hoerer, D., et al.: Musculoskeletal 
trauma: high- and low-energy injuries. Orthopedics 22, 965–
967 (1999)

31. Tencer, A.F., Johnson, V.: Biomechanics in Orthopedic 
Trauma: Bone Fracture and Fixation. Martin Dunitz, London 
(1994)

32. Watson, J.T., Moed, B.R., Karges, D.E., et al.: Pilon frac-
tures. Treatment protocol based on severity of soft tissue 
injury. Clin. Orthop. 375, 78–90 (2000)

33. Webb, L.X., Bosse, M.G., Castillo, R.C., the LEAP Study 
Group, et al.: Analysis of surgeon-controlled variables in the 
treatment of limb-threatening type-III open tibial diaphyseal 
fractures. J. Bone Joint Surg. Am. 89, 923–928 (2007)

34. Zalavras, C.G., Patzakis, M.J.: Open fractures: evaluation and 
management. J. Am. Acad. Orthop. Surg. 11, 212–219 (2003)

35. Zalavras, C.G., Marcus, R.E., Levin, L.S., Patzakis, M.J.: 
Management of open fractures and subsequent complica-
tions. J. Bone Joint Surg. Am. 89, 883–895 (2007)

36. Zinman, C., Norman, D., Hamoud, K., Reis, N.D.: External 
fixation for severe open fractures of the humerus caused by 
missiles. J. Orthop. Trauma 11, 536–539 (1997)



163A. Lerner and M. Soudry (eds.), Armed Conflict Injuries to the Extremities,  
DOI: 10.1007/978-3-642-16155-1_10, © Springer-Verlag Berlin Heidelberg 2011

10.1  Background

As in several other medical fields, there have been 
remarkable improvements in the twentieth century in 
decreasing the mortality rate from combat wounds. For 
instance, existing data indicate a mortality rate of 8% 
among a total of 153,000 US soldiers wounded in 
World War I, while mortality rates in World War II and 
in the Vietnam War were 4.5% (total wounded 599,724) 
and 3.6% (total wounded 96,811), respectively [28]. 
Improvements included improved protective personal 
equipment, better training, the expertise of combat 
medics enabling life-saving care to be provided at the 
point of injury, and the rapid evacuation of casualties 
to surgical care provided in close proximity to the point 
of injury. These measures have enabled personnel to 
survive near-catastrophic injuries but, eventually, have 
placed them at the highest risk for developing wound 
infections. Sir William Osler, writing on the difficul-
ties of casualty care in 1914, stated: “And here comes 
in the great tragedy – sepsis everywhere, unavoidable 
sepsis!… The surgeons are back in the pre-Listerian 
days and have wards filled with septic wounds. The 
wound of shrapnel and shell is a terrible affair, and 
infection is well nigh inevitable.” [38].

Ninety-five years later, his quote remains pertinent 
because combat-related injuries still carry a great risk 
of infection. War wounds are distinct from peacetime 
traumatic injuries because these higher velocity 
projectiles and/or blast devices cause more severe 
injury and accompanying wounds are frequently 

contaminated by clothing, soil, and environmental 
debris [2]. In addition, the pattern, number, and sever-
ity of injuries; presence of devitalized tissue, foreign 
bodies, clots, and fluid collections; time from injury to 
evacuation or antimicrobial therapy; and microbiologic 
contamination introduced during care in the medical 
system, all these constitute important conditions influ-
encing the outcome of war wounds. Despite the devel-
opment of improved protective personal equipment, 
orthopedic injury patterns remained unchanged. From 
World War I to operations in Somalia, approximately 
65% of the total number of injuries suffered by casual-
ties were orthopedic [57] with extremity injuries repre-
senting the most common type of injury sustained in 
combat (~65%) [22].

10.2  The Nature of the Problem

Historically, surgeons and hospital epidemiologists 
have stratified operations into clean, clean–contaminated, 
and contaminated procedures on the basis of the expe-
cted quantity of bacteria introduced into the operative 
site during surgery. Although the magnitude of bacte-
rial inoculation into the wound still has some predictive 
value regarding the risk of developing a wound infec-
tion, patient- and procedure-related risk factors also 
contribute greatly to this risk. Wounds caused by weap-
ons are characterized by extensive tissue destruction, 
and often there is deep penetration of metal fragments, 
dirt, and debris into wounds that may not be detected at 
time of surgery. Therefore, traumatic wounds are clas-
sified as contaminated or dirty wounds. Ana tomical 
variations in regional blood flow and skin flora also 
play a part in determining the likelihood of infection. 
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Wounds on the highly vascularized face or scalp are 
less likely to be infected than wounds in less vascular-
ized areas [21]. Combat-related injuries are caused by 
shear forces; however, compressive forces cause more 
devitalization of tissue and, therefore, crush wounds are 
more susceptible to infection [50]. Because of the 
nature of the injuries (wounds caused by improvised 
explosive devices, mortars, rocket-propelled grenades, 
and gunshots) and protective gear, extremity wounds 
are prevalent [1]. Patients typically suffer multiple inju-
ries, involving on average 1.6 different body parts [59]. 
Explosive devices typically result in a greater number 
of injury sites and greater severity of injuries [34]. 
Factors influencing the development of wound infec-
tions in a combat theater include wound type and sever-
ity, the presence of embedded foreign material or 
fragments (such as soldier’s clothing, dirt, and debris), 
evacuation time from point of injury to medical care, 
initiation of antimicrobial agents, adequacy of initial 
wound debridement, immediate wound care, definitive 
surgical care, rehabilitative care, prior antimicrobial 
pressure, and the presence of nosocomial pathogens, 
especially multidrug resistant (MDR) pathogens at 
treatment facilities.

10.3  The Wound Microenvironment

The bacteriology combat-related wound has been a 
significant factor in determining antibiotic treatment 
guidelines. The epidemiology of these wounds has 
changed significantly since Alexander Fleming charac-
terized bacteria-infecting wounds during World War I 
[15, 52]. This includes a shift from Clostridia species 
in World War I, to Streptococcus pyogenes and Staphy-
lococcus aureus in World War II, to gram-negative 
bacilli (Pseudomonas aeruginosa, Enterobacter spe-
cies, Escherichia coli, and Klebsiella species) since the 
Vietnam War [27, 29, 46, 54]. During the Korean con-
flict, it was noted that the bacteria responsible for 
infecting wounds varied with the seasons, with more 
staphylococci, streptococci, and Clostridium in winter 
months and fecal pathogens in summer months [35]. 
Seasonal variation in bacteria-infecting wounds was 
also noted during the Vietnam conflict [30]. It was 
observed that bacteria transitioned over time within a 
combat-related injury. Typically, an even representa-
tion of gram-positive bacteria such as Staphylococcus 

spp. and gram-negative bacteria such as Pseudomonas 
aeruginosa, Enterobacter aerogenes, Proteus spp., and 
E. coli existed at the time of injury but, over the course 
of therapy, resistant gram-negative bacteria were res-
ponsible for the majority of infections, especially fur-
ther back in the evacuation chain [35]. During Operation 
Iraqi Freedom (OIF), samples from war wounds were 
obtained shortly after injury for aerobic culture [1]. 
Approximately one-half of the culture results were 
positive, with most cultures yielding gram-positive 
skin flora. Similar to the Vietnam War experience, 
gram-negative rods accounted for the majority of 
wound infections during OIF. Among 56 patients evac-
uated to US Navy hospital ship between March and 
May 2003, and meeting a criteria for infection (84% 
wound infections and 38% bloodstream infections), 
Acinetobacter species (36%) were the predominant 
organisms, followed by Escherichia coli and Pseudo-
monas species (14% each) [45].

One of the primary lessons learned during World  
War II was the role of nosocomial transmission of dis-
ease, with up to 86% of patients having hospital-associated 
infections [31, 33, 48]. Similar to previous wars, wound 
infections developed days after injury during OIF and 
were usually acquired in the hospital setting [1]. It was 
proposed that initial antimicrobial agents used at the 
time of injury were responsible for drug pressure lead-
ing to increasingly resistant bacteria. A study from the 
Yom Kippur War [26] reported that 80 of 88 episodes of 
wound infection (91%) diagnosed among 624 consecu-
tively admitted battlefield casualties occurred during 
administration of antibiotic therapy.

10.4  Epidemiology of Combat-Related 
Wound Infections Caused  
by Multidrug-Resistant Organisms

With the possible exception of Acinetobacter baumannii–
calcoaceticus complex (ABC), the bacteria-infecting 
combat-related wounds in the past decade are similar to 
those described in wars of previous periods [35]. The 
major change in the recent epidemiology of combat-
related wound infections is the development of infec-
tions due to MDR bacteria, notably ABC, but also with 
extended spectrum beta-lactamase-producing bacteria 
such as Klebsiella pneumoniae, methicillin-resistant 
Staphylococcus aureus, and MDR Pseudomonas 
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aeruginosa [1, 5, 10]. A. baumannii is a well-known 
cause of health-care-associated infections, particularly 
among intensive care unit patients. Because the organ-
ism has developed substantial antimicrobial resistance, 
treatment of infections attributed to A. baumannii has 
become increasingly difficult [55]. Since 2003, the inci-
dence of MDR Acinetobacter infection in military treat-
ment facilities has increased significantly [1, 10]. The 
majority of isolates are cultured from wound specimens; 
however, the increase in incidence has involved all cul-
turable sites, including blood. Of 45 patients with  
A. baumannii bloodstream infections at Walter Reed 
Army Medical, 29 (64%) patients sustained traumatic 
injuries in the Iraq/Kuwait region. Of these, 18 (62%) 
had bloodstream infections detected from blood cultures 
obtained within 48 h of hospital admission after transfer 
from a combat theater medical or other military medical 
facility [5]. The majority of Acinetobacter isolates cul-
tured from hospitalized, injured personnel have been 
MDR, unlike isolates cultured before the war. Although 
some of the patients identified in this report had evidence 
of bloodstream infections at the time of admission to 
military medical facilities, whether the infections were 
acquired from environmental sources in the field or dur-
ing treatment at (or evacuation from) other military med-
ical facilities (e.g., field hospitals) is unknown [5]. 
Never theless, it is unlikely that wounds are colonized at 
the time of injury with dirt and debris containing MDR 
gram-negative bacteria. Based on cumulative data, noso-
comial transmission is likely propagating infections with 
these bacteria [35].

Whole-genome sequencing of a resistant, epidemic 
strain showed that A. baumannii was able to switch 
genomic structures, likely accounting for the rapid 
resistance mutation acquisition under antibiotic pres-
sure [16]. The original source of A. baumannii is not 
clear; however, countries in the Middle East at the 
onset of OIF had MDR gram-negative bacteria, includ-
ing ABC, complicating the care of patients in their 
intensive care units [24, 25, 47].

10.5  Combat-Related Extremity Injuries 
and Open Fractures

Open fractures, defined as those communicating with 
the outside environment through a skin wound, are a 
major source of morbidity after trauma. Orthopedic 

trauma comprises the vast majority of war injuries, as 
70% of casualties involve the musculoskeletal system; 
26% are fractures and 82% of the fractures are open  
[8, 9, 39, 40]. There is a relatively even distribution 
between the upper and lower extremities, with hand 
trauma representing 36% of upper extremity injuries 
and tibia and fibula injuries constituting 48% of lower 
extremity injuries [9]. Thus, it is not surprising that the 
incidence of osteomyelitis in combat-related extremity 
injuries is from 2% to 15% [5, 37, 58]. Prior to World 
War I, the mortality rate associated with open fractures 
ranged from 80% to 90% [20]. However, modern trauma 
systems have led to greater early survival rates, and 
chronic osteomyelitis, nonunion, loss of function, or 
even limb loss represent the most important long-term 
morbidity of open fractures. High-energy, high-grade 
open fractures of the lower extremities, especially of 
the tibia, are considered to be at especially high risk of 
infection [11, 12, 19, 44]. These wounds often harbor 
bone fragments or soft tissues with a marginal blood 
supply and may have soft-tissue envelopes that are 
inadequate to cover the bone. Such injuries constitute 
a culture medium with an almost permanent exposure 
to the bacterial hospital flora. Moreover, antibiotics 
poorly penetrate devascularized tissues, which are also 
an unfavorable environment for phagocytes’ action. In 
a recent retrospective cohort study of 110 cases of 
osteomyelitis among casualties of the OIF and 
Enduring Freedom, infection involving the lower 
extremities was more than twice as frequent as osteo-
myelitis of the upper limbs in both the initial and recur-
rent episodes [58].

Studies of antibiotic use in open fractures became 
more standardized following the important study by 
Gustilo and Anderson [18], which revised the grading 
of open fractures, especially among “Grade III” frac-
tures with extensive soft-tissue damage (Table 10.1). 
That and later studies showed that fracture grade and 
the degree of associated soft-tissue damage are inde-
pendent determinants of infection risk [12, 19]. Despite 
its enormous contribution to the understanding and 
management of open fractures, the Gustilo–Anderson 
classification has limitations recently summarized by 
Hauser et al. [20]. Fracture grades can be modified on 
the basis of operative findings, and the classification is 
subjective and suffers from a high degree of interob-
server variability [53]. Also, retrospective discrimina-
tion between Grades IIIb and IIIc fractures was clearly 
arbitrary. Successful vascular reconstructions appear 
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to have converted Grade IIIc to functional IIIb frac-
tures, while a failure of revascularization led to pri-
mary amputations and elimination from the study 
group. Thus, the rates of infection found by Gustilo 
et al. in their original studies were nearly identical for 
Grade IIIb and IIIc fractures [19]. Moreover, although 
Grade IIIc fractures were defined as those requiring 
vascular reconstruction, many Grade IIIb fractures dis-
tal to the knee clearly harbored vascular injuries. 
Lastly, both ischemia/reperfusion injuries and com-
partment syndromes are frequent after vascular repairs 
and may contribute to secondary vascular insufficiency 
at the fracture wound. Thus, vascular repairs are inac-
curate surrogates for wound ischemia. These consider-
ations mandate that analyzes of antibiotic use in 
high-grade (Gustilo IIIb–IIIc) fractures be approached 
with the greatest care. Inadequate revascularization of 
Grade IIIc fractures will lead to infection and limb loss 
[49], but no study has looked at the success of revascu-
larization per se as a predictor of the success of frac-
ture wound prophylaxis. Nonetheless, some sort of 
grading system must be used if antibiotic prophylaxis 
study groups are to be compared in an interpretable 
fashion. The relative increase in infection between 
Gustilo Grades IIIa and IIIb fractures was initially esti-
mated at 10- to 15-fold [19]. Later studies reported 
infection rates ranging from 0% to 9% for Grade I 
fractures, from 1% to 12% for Grade II fractures, and 

from 9% to 55% for Grade III fractures [3, 6, 7, 11, 18, 
19, 43, 44].

Paralleling the increasing risk of infection is the ris-
ing hazard of gram-negative infections in patients with 
severe soft-tissue injuries and prolonged intervals to 
wound closure [3, 11, 12, 18, 44].

10.6  Prevention of Infections 
Associated with Combat-Related 
Extremity Injuries

Early and aggressive management of extremity 
wounds, starting with interventions near the battlefield, 
have resulted in improved outcomes [37]. The major 
objectives of the management of extremity injuries, 
whether in the civilian community or in the military 
setting, are to prevent infection, promote fracture heal-
ing, and restore function. Current methods to prevent 
infections in these types of injuries are derived primar-
ily from controlled trials of elective surgery and civil-
ian trauma as well as retrospective studies of civilian 
and military trauma interventions. Recently, a commit-
tee consisting of military and civilian experts in infec-
tious disease, trauma, preventive medicine, infection 
control, critical care, and several surgical specialties 
including general and orthopedic surgery reviewed the 
relevant civilian and military trauma literature to draft 
recommendations for the treatment of casualties based 
on the available evidence. The committee experts were 
asked to develop recommendations for the reduction or 
prevention of infections in combat-related injuries. 
The conference was sponsored by the United States 
Army Office of the Surgeon General and hosted by the 
United States Army Institute of Surgical Research at 
Fort Sam Houston, Texas, on June 11–12, 2007. An 
attempt was made to assign a level to denote both the 
strength of recommendations and quality of evidence 
available to support those recommendations. The 
Infectious Diseases Society of America/US Public 
Health Service rating system was utilized (Table 10.2). 
Limitations in using a rating system in the guidelines 
included the fact that randomized, controlled trials 
have not been performed in combat zones and that 
generalizing civilian trauma care data to combat trauma 
care may not be valid because of the differences in 
mechanisms of injury, time to access, diagnostic capa-
bilities at initial receiving facilities, the austere nature 

I. Low-energy clean wound less than 1 cm with minimal 
soft-tissue injury

II. Wound greater than 1 cm with moderate soft-tissue 
damage

III. Soft-tissue component often defined as disruption greater 
than 10 cm without periosteal stripping. High-energy wound 
with skin wound greater than 10 cm involving extensive 
soft-tissue destruction, segmental fracture with displacement 
or bone loss, high degree of contamination, and vascular 
injury

IIIa. Fracture wound greater than 10 cm with crushed tissue 
and contamination but usually with adequate soft-tissue 
coverage

IIIb. Fracture wound greater than 10 cm with crushed tissue 
and contamination having inadequate soft-tissue cover 
associated with periosteal stripping and often requiring 
transfer of vascularized tissue for soft-tissue coverage

IIIc. Open fracture associated with a major vascular injury 
that requires repair for limb salvage

Table 10.1 Gustilo-Anderson classification of open fractures
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of many of those facilities, and access to and type of 
medical care systems. The guidelines were eventually 
published [22] and they integrate the most recent avail-
able evidence and expert opinion, from within and out-
side the US military medical community, to provide 
guidance to US military health-care providers in the 
diagnosis, treatment, and prevention of infections in 
those individuals wounded in combat. Table 10.3 sum-
marizes the major recommended clinical practice 
guidelines for the prevention of infection after combat-
related extremity injuries.

10.7  The Use of Antibiotics in the 
Management of Combat-Related 
Extremity Injuries

Antibiotics were introduced toward the end of World 
War II, when open fractures were treated on the battle-
field with topical sulfonamides and definitive care was 
given at forward medical facilities. Reliance on antibi-
otics proved unsuccessful in open fractures that were 
closed primarily, while delayed closure of open frac-
tures was successful in nearly all cases despite bacte-
rial wound contamination [14]. Nevertheless, the use 
of antibiotic prophylaxis in an attempt to diminish the 
rate of infective complications, particularly after open 
fractures, has been considered standard for the last 30 
years. Since there have been no randomized, con-
trolled trials on the use of antibiotics in combat-related 

injuries, many recommendations are based on a num-
ber of expert opinion publications. Two major areas of 
controversies are the use of the best agent and the 
duration of prophylaxis. The role of antibiotics at the 
time of injury on the battlefield is also debatable. For 
instance, the British military uses relatively narrow-
spectrum agents, typically penicillin with a beta-lactamase 
agent, similar to agents recommended by the Inter-
national Committee of the Red Cross at the time of 
initial surgical evaluation [13], while the US military, 
at least for those unable to receive surgical care in a 
rapid manner, has proposed broader spectrum agents 
[4, 36]. Given the concern of antimicrobial resistance 
with broad-spectrum therapy, narrow-spectrum antibi-
otic therapy might be of greater long-term benefit, but 
this remains to be answered.

The use of antibiotics in the management of open 
fractures in the civilian community has been exten-
sively analyzed. A Cochrane review published in 2004 
revealed that antibiotics had a protective effect against 
early infection compared with no antibiotics (relative 
risk 0.41; 95% confidence interval [CI], 0.27–0.63; 
absolute risk reduction of 0.08; 95% CI, 0.04–0.12 
and number needed to treat 13; 95% CI, 8–25) [17]. 
This effect was solely because of the high activity of 
b-lactams against streptococci and staphylococci. Pro-
longed courses of broad-spectrum antibiotics are often 
cited as the standard of care for prevention of infective 
complications of open fractures. The origins of these 
recommendations are obscure, but probably relate to 
the seminal study of Patzakis et al. from 1974 [42]. 

Strength of recommendation Recommendation quality of evidence

Category Definition Grade Definition

A Good evidence to support a 
recommendation for use

I Evidence from at least one properly 
randomized, controlled trial (RCT)

B Moderate evidence to support  
a recommendation for use

II Evidence from at least one well-
designed clinical trial without 
randomization or from cohort or 
case-controlled studies

C Poor evidence to support a  
recommendation for or  
against use

III Expert opinion

D Moderate evidence to support  
a recommendation against use

E Good evidence to support a  
recommendation against use

Table 10.2 Strength of recommendation based on quality of evidence rating system

Adapted from the Infectious Diseases Society of America/US Public Health Service rating system
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Table 10.3 Clinical practice guidelines for the prevention of infection after combat-related extremities injury

I. Care at point of injury (Level I)

A. Evacuate to surgical care within 6 h (BII)

B. Bandage wound with sterile dressing; stabilize fractures for evacuation to Level IIb/III (AII)

C. Single dose of oral or intravenous (i.v.) or intramuscularly (i.m.) antibiotics (within 3 h of injury) should only be given if 
evacuation is delayed (AII)

II. Patient care without surgical support (Levels I and IIa)

A. Level I (Battalion Aid Station)

1. Evacuate to surgical evaluation within 6 h (BII)

2. Primary wound management consists of irrigation to remove gross contamination (BIII); use normal saline, sterile or potable 
water (AI); under low pressure (BII) with no additives (DII)

3. Bandage wound with sterile dressing (AII)

4. Intravenous antibiotics within 3 h of injury (AII); i.v. infusion of antibiotics is preferred over i.m. in hemodynamically 
compromised patients

5. Antibiotic choice (AI) without enhanced gram-negative activity (DIII) (Cefazolin is the recommended agent)

6. Tetanus immunoglobulin and toxoid as appropriate (AII)

B. Level IIa (medical company)

1. Same as Level I (Battalion Aid Station)

2. Consider treating at the local facility with a single dose of antibiotics, without surgical evaluation for small retained fragments 
that only involve soft-tissue injury (roentgenogram confirmation of no bone involvement, no joint or vascular involvement, and no 
break of pleura or peritoneum), wound entry/exit lesions less than 2 cm in maximal dimension, wound not frankly infected (BII)

III. Care with surgical support (Levels IIb and III)

A. Casualties should undergo surgical evaluation within 6 h of injury (BII); surgical intervention can be delayed past 6 h based 
on tactical reasons (CIII)

B. Do not obtain routine pre- or postprocedure microbial cultures (EII); cultures should only be obtained when there is clinical 
evidence of infection

C. Wounds should be aggressively debrided with removal of all necrotic tissue and foreign bodies that can be easily reached (AII)

D. Wounds should be irrigated until clean; extremity injuries should be irrigated based upon type of fracture (type I [3 L], type 
II [6 L], and type III [9 L]) (BIII); Irrigation fluids can include normal saline or sterile water; potable water may be used in the 
event when these solutions are not available (AI). Fluid additives are not recommended (DII); no high-pressure irrigation 
should be performed (BIII low pressure (less than 14 PSI), DII high pressure)

E. Antibiotics should be infused within 3 h of injury (AII); avoid overly broad-spectrum antibiotics and minimize duration (for 
extremity injuries with fracture: first-generation cephalosporin [AI]); enhanced gram-negative activity agent is not recommen-
ded [DIII]); in case of multiple trauma antibiotics activity should best reflect the most contaminated site (abdominal > face > 
CNS/eye/extremity); duration should be short (BII) and not extended for open wounds, drains, or external fixation devices 
(BIII); antibiotic cement can be used for extremity injuries in patients not evacuated (BII), but should not be used for patients 
expected to be evacuated or transferred in 1–3 days (DIII); topical wound therapy is not recommended

F. Adjunct therapy includes tetanus immunoglobulin and toxoid as necessary (AII)

G. Extremity wounds should be left open in theater (EII, immediate primary closure); VAC appears effective in the combat 
zone (BII) but its role during air evacuation is unclear at this time (CIII); if no evacuation at 3–5 days consider closing wounds 
if no evidence of infection (BII)

H. Extremities should be stabilized by external fixation if required but close clinical monitoring for infection is essential

IV. Care associated with personnel not evacuated rapidly out of the combat zone

A. Should reflect Levels IV and V care outlined in the accompanying reviews; facility-specific antibiograms should be 
developed (AII); infection control procedures should be implemented (AII); management strategies after 72 h of admission 
should emphasize nosocomial infections

Adapted from [22] and [37]
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This randomized, placebo-controlled study was the 
first to examine infection rates in open fractures as a 
specific function of antibiotic use and included 310 
patients over a two-year period, most with tibial frac-
tures. Fractures with associated vascular injuries were 
excluded and all wounds were closed primarily, an 
atypical surgical method by modern standards. The 
groups appeared to be comparable in their surgical 
management. Patients were randomized into three 
groups to receive no antibiotics, penicillin and strepto-
mycin, or cephalothin. All patients were treated for 
10–14 days, a regimen that currently would be regarded 
as therapeutic rather than prophylactic. The study 
groups had infection rates of 13.9%, 9.7%, and 2.3%, 
respectively, a difference that was significant only 
between the cephalothin and placebo groups. These 
data provided strong evidence of the efficacy of first-
generation cephalosporins in managing open long-bone 
fractures. In the same article, however, Patzakis et al. 
retrospectively reviewed the bacteriology of the frac-
tures that became infected [42]. In the placebo group, 
the infecting organisms included gram-positive, gram-
negative, and, rarely, clostridial species. The penicillin/
streptomycin-treated group developed infections with 
Staphylococcus aureus and Enterobacteriaceae, includ-
ing Pseudomonas, while infections in the group that 
received cephalothin typically yielded gram-negative 
species. These ancillary findings led the authors to sug-
gest that combining streptomycin with a cephalosporin 
would reduce infection rates further, but that hypothesis 
was not tested. In a posterior study in 2000, Patzakis 
et al. compared single-agent ciprofloxacin prophylaxis 
with the combination of cefamandole and gentamicin 
in a randomized, double-blind study in 163 patients 
with open fractures well stratified as to grade [41]. The 
groups appeared equivalent. The overall infection rates 
in this study were high, which probably is related to 
delays in management because patients were only 
started on antibiotics within “12 h postinjury” (reported 
mean time from injury to surgery was 24 h). 
Ciprofloxacin monotherapy had higher failure rates in 
comparison to cephalosporin in combination with an 
aminoglycoside for type III fractures (8 of 26 cases vs. 
2 of 26 cases, respectively), but this difference was not 
statistically significant.

The optimal duration of antibiotics is also not 
clear. There is a major misconception among many 
surgeons about the need for prolonged antibiotic 

prophylaxis. Prospective studies have revealed ther-
apy as short as one day may be as effective as the 
traditionally recommended 5 days of therapy [11, 
32, 51]. There are data suggesting that prolonged 
courses of antibiotics are complicated by systemic 
infections due to resistant organisms [23, 56].  
A recent systematic review of the literature on the 
effects of prophylactic antibiotic administration on 
the incidence of infections complicating open frac-
tures was performed by the Surgical Infection 
Society [20]. The data reviewed by that group sup-
ported several important and practical conclusions: 
(1) a short course of first-generation cephalosporins 
begun as soon as possible after injury significantly 
lowers the risk of infection when used in combina-
tion with prompt, modern orthopedic fracture 
wound management; (2) there is insufficient evi-
dence to support other common management prac-
tices, such as prolonged courses or repeated short 
courses of antibiotics, the use of antibiotic coverage 
extending to gram-negative bacilli or clostridial 
species, or the use of local antibiotic therapies such 
as beads; (3) large, randomized, blinded trials are 
needed to prove or disprove the value of these tradi-
tional approaches.

The recently published guidelines for the preven-
tion of infection after combat-related injuries reached 
practically the same conclusions [22, 37]. Accordingly, 
these guidelines recommend the early use of cefazolin 
or another intravenous first-generation cephalosporin 
at Level I/IIa medical care in the combat zone for all 
extremity injuries (AII) (Table 10.3), although substi-
tutions should be considered if other injuries, including 
central nervous system or abdominal/thoracic injury, 
necessitate alternative agents with enhanced gram-negative 
and anaerobic activity. Enhanced gram-negative ther-
apy even for type III fractures is discouraged (DII) 
(Table 10.3). At Level IV/V medical care, antibiotics 
should include those agents started earlier in the evacu-
ation chain but these should be stopped after 24–72 h if 
there is no evidence of infection upon evaluation of the 
wound. Overall, Level I/IIa/IIb/III should emphasize 
wound preemptive therapy, while Level IV/V should 
be treating only infected wounds and using periproce-
dure antibiotics as part of routine care. There is also no 
evidence to support continuing antibiotics during evac-
uation or continuing antibiotics until the wound is 
covered or until all drains are removed.
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11.1  Incidence of Vascular Trauma  
in Armed Conflicts

The reported incidence of combat vascular trauma has 
been low in the past with a range of only 0.2–4% [1, 2]. 
This was probably due to excessive mortality during 
prolonged evacuation time. In more recent reports from 
the wars in Afghanistan and Iraq, this incidence increased 
to 6.8% [3, 4] probably due to better immediate resus-
citation and evacuation from the battleground. Even 
more so in our recent experience of the Lebanon 2006 
war in which the rate of vascular injuries increased to 
7.6% of all casualties and to 10.8% in the subgroup of 
soldiers only [5]. Vascular injuries are mostly caused 
by penetrating trauma due to small arms used in direct 
combat, high-velocity bullets, and pellets (Fig. 11.1).

Less frequently, blunt trauma is the cause of acute 
vascular occlusion. In modern wars, better torso pro-
tection of soldiers by advanced ceramic armored vests 
caused a new injury pattern, so vascular injuries of the 
limbs are now the main cause of severe bleeding, isch-
emia, amputations, and death (Fig. 11.2).

Almost half (46%) of all combat vascular injuries 
are affecting the lower limbs, and almost a quarter the 
upper limb [5].
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Fig. 11.1 Pellets and fragments of missiles aimed at both civil-
ian and military targets during the 2006 Second Lebanon War

Fig. 11.2 Typical CTA of a complex combat injury causing 
skeletal and soft tissue destruction and vascular thrombosis
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11.2  Methods of Hemorrhage Control

In vascular trauma, the goal of treatment is twofold: 
First to stop continued bleeding, and then to revascu-
larize ischemic limbs. Injured patients with limb vas-
cular trauma are frequently saved from exsanguinations 
by liberal use of rubber tourniquets that are available 
to almost every soldier in the battlefield nowadays. 
Improvised tourniquets are seldom used (Fig. 11.3).

Local prolonged hand pressure to stop bleeding is 
used only temporarily until a tourniquet is applied. 
Prolonged pressure during evacuation has been used in 
one case only in the 2006 Lebanon War where bleed-
ing was from the inaccessible subclavian artery. On the 
other hand, mortality was reported in cases where an 
injured artery bleeding could not be stopped before 
evacuation, as may happen with iliac artery injury. This 
liberal use of tourniquets and prompt removal upon 
arrival to the hospital seem to save lives without seri-
ous side effects of secondary ischemia or nerve injury.

11.3  Tourniquets

Extremity vascular injuries are associated with approxi-
mately 9–10% mortality rate due to exsanguinations. 
Tourniquets (Fig. 11.3) are the basic equipment of every 
medical team to control battlefield hemorrhage. On the 
other hand, unnecessary abuse may result in limb isch-
emia and paralysis leading to amputation and improper 
use does not stop the bleeding. Tourniquets were utilized 

in 3–8% of extremity injuries in Iraq. In the Israeli 
Defense Force, every soldier has a tourniquet that can be 
used when deemed necessary, even without the presence 
of a medical team. In our 2006 Lebanon War experi-
ence, tourniquets were liberally used in 39% of all 
extremity vascular injuries and were removed only in 
the operating room [5]. Tourniquets were beneficial in 
11 patients and overused (abused) in 2 additional patients 
without adverse effects. In a recent publication [6], eight 
tourniquets were used at Kandahar Airfield Base: five 
saved life, one was misused and one overused. Prehospital 
tourniquet use in Operation Iraqi Freedom was associ-
ated with improved hemorrhage control without adverse 
outcomes related to its use [7]. These findings support 
liberal use of tourniquets and refute the policy of their 
utilization as a last resort option.

11.4  Evacuation Methods of Casualties 
with Vascular Injuries

Rapid evacuation from the arena of injury to the near-
est vascular facility is of utmost importance in vascu-
lar trauma. The time factor is important both in 
reducing continued uncontrolled bleeding and for 
reducing tissue ischemic time of the injured limb 
when tourniquets are applied. Emergency evacuation 
should be ordered otherwise mortality may ensue. 
Evacuation by helicopter is the most rapid method 
when the vascular facility is remote (Fig. 11.4). 
However, ground vehicles may prove to be faster 
when the arena is close [8].

Fig. 11.3 A combination of dressings and tourniquet used in the 
battlefield in an attempt to stop arterial bleeding

Fig. 11.4 Evacuation by a dedicated helicopter from the battle-
field to a vascular facility
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11.5  Triage in Emergency Room

Vascular injuries assume a first priority in treatment par-
adigms since shortening of the time of bleeding and the 
time of ischemia are of paramount importance in saving 
lives and limbs of the injured. When a vascular injury is 
identified clearly, the patient is rushed to the operating 
room without further delay. Classical hard physical signs 
of vascular injury include active hemorrhage, pulsatile 
or expanding hematoma, bruit or thrill and clear signs of 
ischemia: pain, pallor, paralysis, paresthesias, pulseless-
ness, and poikilothermy (The 6 P’s). Some of these signs 
may mislead in complex injuries and cause both false 
negative and false positive diagnoses.

When such injuries are suspected by physical exam-
ination but not certain, then vascular imaging is required. 
A simple handheld Doppler apparatus is very helpful in 
identifying arterial flow in the Dorsalis Pedis or the 
Tibialis posterior arteries, especially in patients with 
severe vasospasm (Fig. 11.5). Sophisticated Duplex 
ultrasound machines have yet to prove efficacy in the 
treatment algorithm of the suspected vascular injury.

11.6  Vascular Injury Imaging

Precise identification of injured blood vessels is of 
utmost importance for the success of treatment. 
However, in complex modern war limb injuries, with 
multiple penetrating wounds, the exact extent, sever-
ity and location of the vascular injury is not always 
straightforward. High-quality vascular imaging helps 
to identify such injuries (Figs. 11.6 and 11.7).

In other cases, imaging may exclude significant 
injuries, especially in patients with shock, large 

Fig. 11.5 CTA demonstrating severe vasospasm of arteries in 
the area of severe limb injury

Fig. 11.6 Multiple penetrating wounds of the limbs causing 
limited vascular injury

Fig. 11.7 CTA of the patient in Fig. 11.6. Accurate diagnosis of 
a single arterial injury is possible
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hematomas, and large bone fractures. In these cases, 
an unnecessary vascular exploration may be avoided.

The routine use of old “gold standard” angiography 
is no longer indicated because of its time consumption 
which spans hours, and its inherent inaccuracies includ-
ing 15% false negative rate [9, 10]. Instead, multislice 
CT Angiography with rapid reconstruction became our 
preferred method of imaging in war trauma. CTA is 
rapid, accurate, and provides additional information 
such as size of hematoma, periarterial hematoma, bony 
fragment compression, unexpected injuries, proximity 
of shrapnel, and more details (Fig. 11.8). See Chap. 6 
for a more detailed discussion.

11.7  Priority in the Operating Room

First priority in the OR is for rapid blood-loss control. 
If tourniquets are still applied, they should be released 
as soon as possible under controlled conditions. If 
bleeding resumes, direct pressure is applied on the 
point of bleeding and proximal control of the artery is 
gained. Distal control is also required to reduce bleed-
ing. Then the injured segment of the blood vessel is 
approached and repair is started by standard vascular 
methods. If the patient is successfully stabilized with 
no more overt or occult bleeding, we use intravenous 
Heparin to avoid secondary thrombosis of injured 
blood vessels. Only after bleeding is stopped and 
revascularization is secured other necessary fixations 
and repairs are undertaken. Intensive care unit 

is recommended for 24 h following surgery due to 
hypovolemic shock, reperfusion injury, hypothermia, 
and bleeding diathesis. In addition, frequently multiple 
wound debridement or skin grafts are necessary to 
clean devitalized tissues in order to prevent infection 
or graft exposure.

11.8  Mechanisms of Vascular Injury

The large physical forces and thermal effects applied 
to the vascular wall during the traumatic event may 
cause a spectrum of injuries. These may range from a 
mild contusion of the adventitia or a minor intimal 
damage to a complete transaction of the vessel. 
Sometimes a small intimal flap may develop over 
time to an occluding dissection with distal ischemia 
(Fig. 11.9), especially in the popliteal artery.

A lateral laceration of the vessel wall is sometimes 
causing unstoppable continuous bleeding because the 
blood vessel is unable to use the inherent protective 
mechanism of contraction and spasm (Fig. 11.10).

Spontaneous thrombosis is frequently seen in the 
injured segment, usually on both sides of the injury up 
to the nearest uninvolved branch. A pseudoaneurysm 
or a pulsating hematoma may develop if the arterial 
bleeding is partially contained by adjacent tissues and 
fasciae. An arteriovenous fistula may develop when 
both an artery and an adjacent vein are lacerated simul-
taneously (Fig. 11.11).

Fig. 11.8 CTA performed preoperatively to identify injured and 
uninjured vessels. This enables well-planned access and repair 
strategy

Fig. 11.9 Intimal flap and thrombosis of the brachial artery 
caused by a large penetrating fragment
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11.9  Methods of Vascular Repair

After control of bleeding, the vessel is inspected and 
the best method of repair is decided. Simple repairs of 
injured blood vessels are preferred (Fig. 11.12).

A segment of the injured vessel is resected if 
required (Fig. 11.13).

Lateral suture of lacerations and debridement of 
short segments with end-to-end anastomosis when 
possible are rapid and effective with few complications 
(Fig. 11.14).

Reversed venous bypasses are used when required, 
usually if the gap is of more than 3 cm long (Fig. 11.15). 

Multiple segments of injured vessels may be repaired 
by short venous segments. Synthetic grafts should be 
avoided if possible because of a higher risk of throm-
bosis and infection.

Fig. 11.10 Lateral laceration of an artery causing continuous 
bleeding

Fig. 11.11 Bilateral iliac arteriovenous fistulas caused by mul-
tiple penetrating fragments

LATERAL SUTURE PATCH GRAFT END TO END

Fig. 11.12 The various methods of simple vascular repairs

Fig. 11.13 Debridement of an injured arterial segment is neces-
sary to achieve healthy endothelialized edges for repair

Fig. 11.14 End-to-end repair after resection of a short arterial 
segment
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Ligation of a major vessel should be used only in 
dying patients. All vascular repairs should be well cov-
ered by viable clean tissues to prevent late infection 
and bleeding (Figs. 11.16 and 11.17).

In our recent experience, interposition reversed 
venous grafts were used in 38.5% of cases, end-to-
end anastomosis in 23%, lateral repair or patch in 
15.5%, whereas primary ligation was reserved for 
small arteries and for veins (7.5%). In 13% of recent 
cases, we used endovascular methods of embolization 
or vascular occlusions. Covered stents are seldom 
used, mainly in relatively inaccessible segments like 
the subclavian or iliac artery (Fig. 11.18). Extra-
anatomic bypasses are rarely required.

11.10  Endovascular Methods

Although potentially easier, the use of endovascular 
techniques in combat injuries is still rare, though more 
cases were treated in recent combat events. In our 
experience, open repair is more expeditious in the 
limbs than endovascular techniques, except in trunk 
vascular injuries. In the recent 2006 conflict, we used 
covered stents for limb vascular injury only in the sub-
clavian artery injury (Fig. 11.18). We used other endo-
vascular methods of embolizations and occlusions in 
vessels like iliac arteries and veins (see more details in 
Chap. 6).

11.11  Temporary Shunt

The use of temporary shunts is still controversial in the 
literature. Eger et al. from Israel were among the first 
authors reporting on the use of temporary vascular 
shunts in the modern era [11]. Although ischemia to an 
extremity has a lower treatment priority than massive 
hemorrhage, a temporary shunt may be inserted very 
quickly. The shunt serves for temporary revasculariza-
tion by restoring blood flow to the leg, thereby reduc-
ing the ischemic time until the definitive vascular 
procedure is performed. Recent studies in animal model 
have confirmed a physiologic beneficial effect of tem-
porary vascular shunts [12]. Early shunting protects the 
extremity from further ischemic insult and reduces 
 circulating markers of tissue injury (Fig. 11.19).

Fig. 11.15 Multiple-reversed venous interposition grafts of two 
arterial segments and one venous segment

Fig. 11.16 Large soft tissue defect after external fixation and 
vascular repair. Every vascular structure must be covered by 
viable myocutaneous flaps

Fig. 11.17 Large soft tissue defect after external fixation and 
vascular repair. Every vascular structure must be covered by 
viable myocutaneous flaps
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Temporary shunt utilization for a major extremity 
vascular injury is recommended when other injuries 
assume first treatment priority or when prolonged evac-
uation/transportation times to a trauma center are 
expected. When dealing with a combined vascular, 
skeletal and soft tissue trauma, treatment priorities are 
dictated by limb ischemia. These injuries, especially 
when involving the popliteal artery, are associated with 
high limb loss rates. With a stable fracture, the vascular 
surgeon can perform the definitive repair followed by 
external or rigid internal fixation of the fracture. If, how-
ever, the fracture is unstable or the orthopedic surgeon 
needs to shorten the limb, a temporary vascular shunt  
is needed and the definitive vascular repair will be per-
formed after the orthopedic treatment. Temporary vas-
cular shunts in wartime casualties were used with 
beneficial effects by us and by others [5, 13–16].

Technique: Injuries are exposed, proximal and distal 
control are achieved, vessel edges are debrided, throm-
bectomy is performed, and heparinized saline is admin-
istered, and then a temporary shunt is inserted and 
secured in place. Shunts may be made of improvised 
plastic lines of different diameters or specialized shunts 
like the Javid Shunt for Carotid repair (Fig. 11.19).

Possible problems include dislodgment and espe-
cially thrombosis in the range of 2–22% in both mili-
tary and civilian patients, and especially for shunts 
used in distal or very small arteries [13–16].

11.12  Compartment Syndrome 
and Fasciotomy

Prophylactic fasciotomy should be performed every 
time the question “should it be done?” in a trauma 
patient is raised. Four compartment fasciotomy 
(Fig. 11.20) of the leg proved to be effective in limb 
salvage after ischemia-reperfusion.

Exact measurement of the compartment pressure is sel-
dom helpful. Classical indications for prophylactic fas-
ciotomy are prolonged limb ischemic time (more than 6 h), 

Fig. 11.18 Endovascular 
repair of a lacerated subclavian 
artery with a covered stent

Fig. 11.19 A Javid shunt is used for temporary revasculariza-
tion of ischemic limb tissues
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a combined arterial and venous injury, and a massive soft 
tissue injury [17–19]. However, compartment syndrome 
may develop even after short periods of ischemia.

Clinical judgment is preferred and there is no real 
need to use sophisticated instruments to measure 
compartment pressure. The aim is to prevent compart-
ment syndrome from happening rather than to treat it 
once it is diagnosed resulting in an irreversible neu-
ronal damage [17]. If fasciotomy is not done immedi-
ately, then treatment with intravenous hypertonic 20% 
Mannitol solution should be considered in an attempt 
to prevent the later development of a compartment 
syndrome [20].

Fasciotomy of the forearm and palm should be con-
sidered if prolonged hand ischemia occurred or a large 
hematoma is threatening hand function (Fig. 11.21).

Fasciotomy as a treatment for compartment syn-
drome should be performed on clinical grounds: pain, 
paralysis, swelling, edema, and paresthesia. Once 
compartment syndrome is diagnosed, fasciotomy is an 

urgent procedure for limb salvage [17–19]. Seventy-
eight percent of our patients with combat-sustained 
extremity vascular trauma underwent fasciotomy, sim-
ilar to the results in Iraq (Fig. 11.22).

11.13  Arterial Versus Venous Injury

Arterial injuries of the extremities are manifested by 
life-threatening hemorrhage or by ischemia resulting 
in limb loss. Hard signs for vascular injuries are active 
arterial bleeding, expanding or pulsating hematoma, 
ischemia (pallor, pulselessness, paresis, or paralysis), 
and a thrill/bruit. Presence of a hard sign with a single 
entry and/or exit wound lead to surgery after the pri-
mary assessment in the emergency room. Soft signs 
which call upon further investigation of a possible vas-
cular injury include a history of a moderate hemor-
rhage, hypovolemic shock, decreased but present 
peripheral pulses, peripheral neurologic deficit, or 
proximity to a named large artery. With multiple inju-
ries or the presence of soft signs for a possible vascular 
injury, imaging is necessary for both the correct diag-
nosis and the choice of the preferred treatment. A high 
index of suspicion in high-energy trauma is mandatory 
especially in periarticular knee and elbow injuries or a 
gross displacement fracture.

In sharp contrast, severe venous trauma is mani-
fested by hemorrhage, not ischemia. Bleeding may be 
internal or external and rarely may lead to hypov-
olemic shock. Unlike arterial injury, repair of major 
extremity veins has been a subject of controversy  
[21–23], and the current teaching is to avoid venous 
repair in an unstable or multi-trauma patient. Our 
experience in the 2006 Lebanon War leads to prefer-
ence of venous repair over ligation, even when an 
interposition graft, rather than simple repair is needed 
[24]. Repair of a vein is of special importance when 
this vein is the only venous drainage route, as in the 
popliteal vein (Fig. 11.23).

11.14  Amputation

Among the vascular risk factors for limb amputation are 
ischemias of longer than 6 h, which may reach 50% with 
ischemia of more than 12 h, a combined injury of both 
the popliteal artery and vein, and a failed vascular 

FOREAM AND PALM FASCIOTOMY
INCISION

Fig. 11.21 Method of fasciotomy of the forearm and palm of 
the hand

ANTERIOR COMPARTMENT

TIBIA

MEDIAL
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DEEP POSTERIOR
COMPARTMENT

LATERAL INCISION
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FIBULA

SUPERFICIAL
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Fig. 11.20 The four compartments of the leg and method of 
fasciotomy by one lateral and one medial long incisions
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reconstruction. Amputation rates due to vascular injuries 
are decreasing over time from 60% in World War II, to 
12% in Vietnam, 9% in Iraq, 5% in Ireland, 2% in the 
1982 Lebanon War, and 0% in the recent 2006 Second 
Lebanon War [5, 24]. The continued improvement of 
results seem to be due to multiple factors like a high 
index of suspicion for vascular injury, better imaging 
techniques, coupled with a quick and meticulous inter-
vention, performed by experienced vascular specialists, 
in a multidisciplinary team [25, 26]. Primary amputation 
should be considered in a severely mangled limb [27] 
with irreversible ischemia. However, the new technical 
possibility to initially shorten limbs and repair all neuro-
vascular elements with later elongation (Fig. 11.24) may 
save many limbs from unnecessary amputations [28].
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12.1  Introduction

Nerve injuries sustained during armed conflict are eas-
ily overlooked in life-threatening conditions or in the 
presence of extensive musculoskeletal damage. This 
phenomenon is so prevalent, in fact, that the commonly 
used Red Cross Wound Classification [8] ignores them 
altogether, although these peripheral nerve injuries rep-
resent 10% of all injuries and 30% of extremity injuries 
[20]. However, since these nerve injuries will ultimately 
determine the functionality of the injured limb [25], it 
is of major importance to perform an even superficial 
initial neurological assessment and to act upon it as 
soon as the victim has reached a medical facility.

12.2  Definitions

Most war injury articles deal with firearm injuries, 
separating them into low and high velocity, ignoring 
stab injuries. We do, however, agree with the position 
of the American College of Surgeons Committee on 
Trauma [1] that stab injuries have their place in war 
and terrorism acts and should as such be included in 
the missile velocity grading. In these conditions, three 
types of injury can be defined:

12.2.1  Low-Velocity Injury

Low-velocity injuries are caused by an assailant thrust-
ing a knife or any equivalent hand-energized missile.

12.2.2  Medium Velocity Injury (The Usual 
“Low Velocity” of Firearm Injury)

Medium-velocity injuries are caused by bullets or by 
flying objects (or shrapnel) propelled by the explosion, 
fragmentation of the missile, or shattering of the bone.

12.2.3  High-Velocity Injury

High-velocity injuries are caused by military or hunting 
rifles when the wounding capacity of a bullet increases 
markedly above the velocity of 600 m/s [1, 4].

12.3  Nerve Injury Mechanism

Understanding the mechanism of the nerve injury is 
critical in determining the treatment, for the lesion can 
be the result of an indirect or of a direct trauma.

12.3.1  Indirect Nerve Trauma

The indirect nerve trauma can occur in several condi-
tions, some more obvious than the others:

12.3.1.1  Nerve Trauma When a Blast Throws 
the Victim

Nerve trauma can be caused by the victim being thrown 
by the blast or “tertiary blast” [1]. In this situation, the 
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nerve deficit is located away from the point of the mis-
siles’ impact or associated fractures, in an apparently 
healthy area but for a subcutaneous hematoma. It may 
involve nerves, which are anatomically vulnerable 
such as the ulnar nerve at elbow level and the common 
peroneal nerve at knee level.

12.3.1.2  Nerve Stretching Due to a Displaced 
Fracture

As in civilian injuries, a fracture displacement or a dis-
location may stretch the nerve that is situated in its 
vicinity, such as the radial nerve in humeral fractures 
and the sciatic nerve in knee dislocation.

In warfare or terrorism conditions, these skeletal 
injuries could be a consequence of a fall caused by the 
blast but more often are caused by the direct hit of 
the bone by a medium- or high-velocity missile. The 
nearby nerve could in these conditions be injured by 
the fracture rather than the missile.

12.3.1.3  Shock Waves to the Adjacent Tissues 
Produced by a Penetrating Missile

In this situation, there is an obvious breach of the soft 
tissues but the nerve is not in the direct path (also called 
permanent cavity) of the missile. The nerve injury is 
indirect [26], due to a temporary cavitation phenome-
non, which dislodged the nerve, causing a dysfunction 
of the microcirculatory metabolism [13]. The tempo-
rary cavity is produced by the impaction of tissue par-
ticles as a result of the energy delivered by the moving 
missile. This kinetic energy progresses in the tissues 
around the point of impact as a shock wave.

If the temporary cavitation is negligible in low-
velocity trauma, it can reach a diameter up to six times 
that of the missile in the case of medium-velocity 
trauma and 30 times that of the bullet in high-velocity 
trauma [1] with internal pressure reaching 100–200 atm 
[2]. This shock wave does explain why nerve damage 
can occur at some distance from the bullet tract itself in 
medium but even more so in high-velocity injuries.

To differentiate the permanent cavity from the tem-
porary one is, in our opinion, crucial. If the nerve is 
situated in the path of the permanent cavity, the odds are 
that the nerve has sustain a direct hit, which will require 

immediate or rapid attention. If the nerve is situated in 
the path of the temporary cavity, the odds are that the 
nerve injury consists of a simple neuropraxia, which 
will usually have a spontaneous favorable outcome.

This may explain the discrepancy when considering 
the spontaneous recovery rate of nerve injuries caused 
by low-, medium-, and high-velocity missiles.

In low-velocity hand-produced injury, the tempo-
rary cavity is negligible. It means that a nerve deficit 
will almost always be caused by a nerve laceration (as 
is usually the case in domestic lacerations).

In medium- and high-velocity trauma, the tempo-
rary cavity represents a volume far greater than that of 
the permanent cavity. It means that the odds are in 
favor of the nerve being situated in the path of the tem-
porary cavity, which may explain a nearly 70% [14, 16] 
rate of spontaneous recovery.

Radiologic imaging is essential to help determine 
the path of the missile. Plain X-rays will assess the 
position, number, size, and shape of the metallic frag-
ments and identify bone injury. CT scan accurately 
determines the relation between the fragmented bone, 
missiles, and the injured nerve. However, while the 
ultimate exam to determine the precise extent of both 
permanent and temporary cavities would be the MRI, 
this exam may be dangerous if metallic fragments are 
situated close to a major vessel or nerve [17] because 
of the ferromagnetic properties of some missiles.

12.3.1.4  Heat

It is often postulated that heat caused by the explosive 
charge upon firing, the friction of the bullet in the bar-
rel, then while airborn, may cause burn injuries to 
encountered nerves [26]. However, this notion is con-
tested by others [27], who maintain that the contact 
between heated bullet and soft tissues is too limited in 
time to cause any harm to surrounding tissues.

12.3.2  Direct Nerve Trauma

12.3.2.1  Low-Velocity Injury

In low-velocity injuries, the cavitation is minimal and 
the soft-tissue lesion is situated along the tract left by 
the weapon. Impact points are limited in number and 
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well defined. Each wound is carefully assessed to avoid 
overlooking additional lesions.

In this type of injury, neurological deficit is almost 
always due to a sharp nerve laceration.

12.3.2.2  Medium-Velocity Injury

In medium-velocity injuries, nerve damage can be 
caused by a vast range of missiles depending on the 
type of device used.

In handgun injuries, the impact points are usually 
limited in number and well defined. The nerve lesion is 
quite circumscribed even if the stumps are contused. 
A short nerve graft is usually required.

If a shotgun is used, the number of pellets can reach 
a few hundred. At close range (up to 6.5 m), they have 
a devastating effect on the bone and soft tissues includ-
ing extensive nerve lesions [3, 15]. At farther ranges, 
the penetration potential of the pellets is poor, hardly 
penetrating the deep fascia.

In injuries by explosive devices (mine, bomb, hand 
grenade), the victim is struck by shrapnel released by a 
nearby blast, a phenomenon also called “secondary 
blast” [1]. In these conditions, impacts may number 
from one to a multitude (Figs. 12.1–12.3) and their 
nature range from metallic fragments issued by the 
device, (mine debris or hand grenade), to objects 
released from the environment (dirt, glass, stones, 
etc.). The type of nerve injury depends, therefore, on 
the nature of the penetrating missile.

12.3.2.3  High-Velocity Injury

In high-velocity injuries, the missiles cause direct and/
or indirect vast soft-tissue lesions due to the fragmen-
tation of the projectile or of the shattered bone [29]. 
The nerve loss is usually extensive requiring long 
grafts. In case of additional bone loss, the skeleton 
shortening eliminates the dilemma of using a long 
nerve graft, which has slim or no chance of success.

12.3.2.4  Iatrogenic Injury

Iatrogenic lesions represent up to 5% of the nerve inju-
ries [12]. Even if the initial treatment is done under 
difficult conditions, one cannot forget to apply the 

basics of surgery: rushing can itself cause a completely 
avoidable lesion in addition to those already sustained 
by the patient (Fig. 12.4).

12.4  Treatment Guidelines

In most of the articles dealing with weapon injury, and 
more specifically emergency gunshot wound manage-
ment, nerve injuries bear no weight in the decision 
making [3, 5, 7, 11, 25]. However, our approach is to 
treat the nerve lesions due to war or terrorism as 
aggressively as we do in cases of civilian nerve injury.

12.4.1  Emergency Procedure Scheduled 
for a Concomitant Lesion

If emergency surgery on the limb is required because 
of orthopedic or vascular imperatives, the exploration 
of the injured nerve should be mandatory, regardless of 
the type of missile (Fig. 12.5). Extremely easy to per-
form in instances of recent trauma, the nerve dissec-
tion is fast and will be essential in deciding the 
appropriate treatment [27].

12.4.1.1  Nerve Continuity

If the nerve is found in continuity, the treatment will 
consist of a simple follow-up. A further neurolysis will 
be indicated if clinical or EMG improvement does not 
occur within 6 months or if the recovery is still insuf-
ficient after 9 months.

At this point, the surgical procedure consists of 
releasing the injured nerve from the adjacent scar tissue 
and eventually from its anatomical tunnels, such as the 
cubital and Guyon tunnels for the ulnar nerve and car-
pal tunnel for the median. In case of extreme scarring 
around the nerve, an optional fasciocutaneous flap may 
provide a more favorable environment for the nerve.

12.4.1.2  Nerve Disruption

If the nerve is found severed with a possibility of an end-
to-end suture, even after debridement, one should pro-
ceed with the repair, provided the patient is stable. 
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Fig. 12.1 Multiple impacts 
of the lower and upper left 
limbs (a) from stones 
propelled by a landmine 
which was planted under a 
pavement (secondary blast). 
Plain X-ray films allow a 
quick assessment of the 
nature, number and position 
of the projectiles to be 
removed (b)

b

a
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In these conditions, the trimming should be generous 
until normal neural tissue is revealed. Our opinion is that, 
when feasible, an end-to-end suture of the nerve per-
formed during the initial emergency procedure gives the 
repair the highest chance of success because of the per-
fect adaptation it allows. This condition, however, occurs 
mainly in cases of low- or medium-velocity trauma.

If an end-to-end suture of the nerve cannot be per-
formed as is often the case in high-velocity missiles, a 
tagging of the stumps and even a few loose stitches to 
bring them closer are recommended [4, 18]. As soon as 
local conditions allow, a delayed graft will be performed. 
This nerve repair may be done in conjunction with the 
replacement of the external fixation for an internal device 
(intramedullary or plate) [9] or with a muscular or fas-
ciocutaneous flap in case of tissue coverage inadequacy.

Fig. 12.4 Gunshot wound of 
the proximal aspect of the 
humerus, treated in emer-
gency by external fixation 
without prior neurological 
examination. At 2 weeks, the 
patient is referred because of 
an high radial palsy. 
Exploration of the radial 
nerve reveals that the distal 
pin was drilled into the nerve, 
far from the original injury

a b

Fig. 12.2 Exploration reveals a partial laceration of the sciatic nerve (a) and a simple bruising of the ulnar nerve (b)

Fig. 12.3 The stumps of the partial sciatic injury are contused 
and will be resected (a). A cable sural graft, harvested from the 
opposite leg, is performed (b) (void in the muscles left by the 
injuring stone seen deep to the repair)

a

b
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Performing an immediate nerve graft in a poten-
tially infected area, as advocated by some [10], is a risk 
to consider with care (Fig. 12.6). On the other hand, 
delaying grafting until well after the wound has healed 
is pointless, since the dissection will then be more dif-
ficult to perform.

12.4.2  No Other Lesion Requiring 
an Emergency Procedure

Contrary to the statement that neurological deficit 
alone is not an indication for surgery since it often 

Mandatory nerve exploration

Nerve in continuity Nerve disruption

Follow-up
Immediate repair

if end-to-end
suture

possible

Tagging
if end-to-end

suture
impossible

Immediate
graft in

selected
cases

New neurolysis at 6 months
if recovery insufficient

Nerve graft at 2 weeks

Fig. 12.5 Treatment algorithm in case of emergency procedure 
scheduled for a concomitant lesion

Fig. 12.6 Combined bone and neurovascular lesions due to rifle 
injury (a). In emergency the fracture will be stabilized by exter-
nal fixation and the neurovascular lesions will be repaired after 

debridement using saphenous grafts on the popliteal artery and 
vein (b) and a cable sural graft on the tibialis (c)

a

b c
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resolves spontaneously [3], the risk of leaving a nerve 
lesion untreated is in our opinion unacceptable and 
justifies a more aggressive early approach (Fig. 12.7).

12.4.2.1  High Suspicion of Isolated Indirect 
Nerve Trauma

In clear conditions of indirect nerve trauma, the injury 
is usually due to a neuropraxia, reversible within 1–9 
months [16]. There is, therefore, no indication of an 
immediate nerve exploration [4], if no other surgical 
procedure is required in this area (such as a fracture 
fixation).

If there is no clinical sign of nerve recovery within 
1 month of the trauma, an electrodiagnostic study 
should be scheduled to differentiate neuropraxia from 
a more severe injury.

If the EMG shows signs of early recovery, a simple 
follow-up will take place 2 months later. At the end of 
this period, in the absence of clear spontaneous recov-
ery, a neurolysis is indicated to release the nerve from 
the scar tissue, areas of anatomical entrapments, bone 
fragments, or callus.

However, if the EMG shows signs of denervation 
such as spontaneous fibrillation and muscle irritability 
an immediate nerve exploration and repair is required.

We oppose the prolonged neurolysis delay (4–9 
months) based on the Omer time scale [16]. If pro-
longed delay may seem justified by the high rate (70%) 
of spontaneous nerve recovery in cases of nearby trauma 
or nerve found in continuity during the original explo-
ration, it is in actuality contradicted by the poor results 
of late neurolysis in the remaining 30% of the nerves.

12.4.2.2  High Suspicion of Isolated Direct 
Nerve Trauma

If emergency limb surgery is not required by a con-
comitant lesion, but the nature or the path of the mis-
sile raises high level of suspicion of direct nerve injury, 
the timing of the exploration depends mostly on the 
type of lesion.

 Low-Velocity Injury

In case of low-velocity injury, the risk of infection is 
identical to that of common domestic nerve injury.

The neurological deficit is usually due to a sharp 
laceration of the correspondent nerve. Proceeding with 
the nerve repair in emergency usually eliminates the 
need to trim the stumps and optimizes the quality of the 
repair by allowing a perfect orientation of the stumps, 

High suspicion of nerve
INDIRECT trauma

High suspicion of nerve
DIRECT trauma

No indication for
immediate surgery

Low velocity Medium velocity High velocity

Thin shrapnel Large missile

Repair at 2–3
weeks (graft)

Immediate repair

1 month assessment
EMG if no clinical recovery

Spontaneous
fibrillations

Electrical signs
of recovery

Immediate
nerve

exploration

Neurolysis at 2
months if no clear
clinical recovery

Fig. 12.7 Treatment 
algorithm if no other lesion 
requires an emergency 
procedure
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guided by vasa nervorum running at the surface of the 
epineurium (Fig. 12.8). Nerve suture is performed 
under microscope, with adequate instrumentation and 
uses 8–10.0 nylon sutures.

Additional lesions such as tendon lacerations are 
attended to in the same procedure.

In the absence of optimal conditions to repair the 
nerve in emergency conditions (microsurgeon unavail-
able, lack of suitable instrumentation), the skin should 
be sutured, a splint applied to avoid nerve stretching, 
and surgery should be scheduled within 2 weeks of the 
injury. At this time, trimming of the nerve stumps is 
mandatory, which still allows an end-to-end nerve 
repair. The vasa nervorum is already less apparent at 
the surface of the epineurium, which could lead to mis-
judging the nerve orientation, guided at this point 
mainly by the shape of the nerve and the disposition of 
the fascicular groups on the trimmed stumps.

As more time passes, an end-to-end nerve repair 
becomes more unlikely since the trimming of the nerve 
stumps would have to be more extensive, mainly 
because of the neuroma that develops on the proximal 
nerve stump (Fig. 12.9). The slicing of the nerve has to 

be pursued until the fascicular groups are well seen 
(Fig. 12.10), leaving a gap, which may require a graft.

In case of a partial nerve injury, the need for imme-
diate treatment is even more obvious. Early repair of 
a partial nerve injury eliminates the risk of misjudg-
ing its orientation. However, leaving the lesion 
untreated could lead to secondary rupture if the limb 
is mobilized. Furthermore, delaying the repair cre-
ates a microsurgical challenge, as the intervening 

a

b

Fig. 12.8 Stab injury of the common peroneal nerve (a). An 
immediate nerve repair is performed whose orientation is guided 
by the vasa nervorum running at the surface of the epineurium (b)

Fig. 12.10 Nerve stumps must to be trimmed until normal 
 neural tissue is revealed

Fig. 12.9 Gunshot injury sustained without emergency nerve 
exploration. At 4 months, the patient is referred because of a 
high ulnar palsy. The exploration reveals an extensive neuroma 
of the proximal stump
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growth of a neuroma in continuity requires intraneu-
ral dissection. This is especially true when the clini-
cal deficit is incomplete but serious enough to justify 
surgery.

 Medium-Velocity Injury

Laboratory studies [5, 13] show that the muscle dam-
age is stable after 24 h, which leads most of the 
authors [4, 6, 7, 28] to advocate a simple course of 
antibiotherapy in emergency to prevent track infec-
tion if no other emergency procedure is required. 
The nature of the missile and thus the odds of finding 
a sharp nerve injury, put in balance with the risk of 
infection, are determinants for the timing of nerve 
surgery.

In case of thin shrapnel (metal fragments, glass) 
released by a secondary blast, the lesion is similar to 
the one found in low-velocity injuries. The odds of 
finding a clean nerve laceration are high and justify in 
our opinion an immediate exploration and repair 
(Fig. 12.11).

In case of gunshot wound injury or in case of any 
other type of large missile (stone, bolt…), the nerve 
stumps are presupposed to be torn and contused and 
often require a graft. A 2–3 weeks delay will not only 
ensure the absence of infection but will also more 
obviously differentiate injured from healthy tissues 
during surgery.

In case of a partial nerve injury, early surgery is 
even more important, since at this stage the use of an 
omega suture may be possible (Fig. 12.12). As in the 
case of low-velocity injury, the repair of the same par-
tial lesion at the late stage of neuroma in continuity is 
extremely difficult.

 High-Velocity Injury

Cases of high-velocity isolated nerve injury are rare. 
The nerve gap and stump contusion are presupposed 
wide and almost always justify a graft (Fig. 12.13).

a

b

c

Fig. 12.11 Neck injury sustained during a bomb attack. Three 
large pieces of metal were removed at ground zero. At 1 week, 
the patient is referred because of complete brachial plexus palsy 
(a). The exploration reveals a subtotal laceration of the superior 
trunk (b), which is sutured end-to-end (c)
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As in medium-velocity gunshot injury, a 2–3 week 
delay will ensure the absence of infection and will 
make the nerve debridement easier. Even if spontane-
ous recovery is frequent, the risk of alternatively leav-
ing a nerve injury untreated justifies this early 
exploration whose morbidity is negligible.

 Other Indications

As in any type of civilian injury, an immediate nerve 
exploration should be mandatory in case of neurological 

deficit occurring after a closed reduction of a fracture or 
of a dislocation.

12.5  Discussion

Armed conflict peripheral nerve injury represents a 
third of all extremity injuries, involving two (usually 
median and ulnar [21] or more nerves in 20% [29] of 
the cases. The median is the nerve most frequently 
injured (27%), followed by the ulnar (19%), then the 

Fig. 12.12 Victim of a bomb attack presenting with a complete 
high median-ulnar palsy caused by a single missile. Entry point 
is situated at the anterior aspect of the axilla (a) and exit point at 

scapular tip (b). Exploration reveals a bruising of the median 
nerve and a partial laceration of the ulnar nerve (c), treated by 
omega suture (d)

a

c d

b
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radial, peroneal and brachial plexus in equal (12%) 
proportions [24].

As with civilian injuries, radial nerve repairs are the 
most successful, giving good results in 90% of the 
repairs and 83% of the grafts [20] while high-level 
ulnar repair give the poorest results [19, 23].

Several elements have substantial negative influ-
ence on the final outcome. Since we have no control 
over most of them (such as the level of injury [21] or 
the need for a graft longer than 4 cm [9, 22]), delaying 
the repair beyond 3 months in the absence of signifi-
cant functional recovery [24] should be avoided.

In our opinion, even if spontaneous nerve recovery 
is frequent in medium- and high-velocity injuries, the 
risk of leaving a nerve lesion untreated justifies its 
early exploration, and outweighs the risk of performing 
a superfluous neurolysis.
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13.1  General Considerations

The extremities are the most common site to be injured 
by war weapons [1,2]. The location of the injury also has 
prognostic role, the worst being for those injuries located 
below the knees [3]. Weapons cause soft-tissue damage 
by several mechanisms: blast injuries produced by rock-
ets, grenades, mortar and land mines, gunshot wounds 
and burns. The most common combination is blast with 
fragmentation injuries [4]. Secondary lesions caused by 
mobilization of the fragmented bone or foreign bodies 
should also be considered during the patient’s examina-
tion. It was reported that 70–80% of combat injuries are 
caused by fragments from explosive munitions [5]. First- 
and second-degree burns are also common in soldiers 
injured during wartime. Smoke inhalation is one of the 
major causes of death in a war scenario [6]. It should be 
remembered that nonconventional weapons are some-
time used during war. Explosives that contain multiple 
metal objects are responsible for multiple site injuries 
with extensive soft-tissue destruction [7]. Vascular inju-
ries are very common in these cases. Considering that 

life-saving comes before limb salvage, the overall limb 
salvage rate in wartime is about 80% [4], while the rate 
is higher for the upper extremity.

Fifteen to twenty years ago, several scores of severe 
limb injuries were postulated to help the surgeon 
decide between amputation and limb salvage. The 
most common scoring systems are the Mangled 
Extremity Severity Score (MESS) [8], the Predictive 
Salvage Index (PSI) [9], and the Limb Salvage Index 
(LSI) [10]. The MESS is based on the degree of bone 
and soft-tissue injury (1–4 points), ischemia time (0–3 
points), systemic hypotension (0–2 points), and patient 
age (0–2 points). If the ischemia time is longer than 6 
h, the points are doubled. A score higher than 7 points 
is considered as a high prediction for amputation [8]. 
The PSI score is based on the severity of the bone 
injury, the level of the arterial injury, the muscle injury 
severity, and the ischemia time [9]. A score greater 
than 8 points is predictive for amputation. The LSI 
greater than 6 points regarding the severity of the injury 
to the arteries, deep veins, nerves, bone, skin, and mus-
cle and the length of the ischemia time is also predic-
tive for amputation.

Although the MESS score is well accepted, after 
reviewing the mangled extremity injuries in Iraq and 
Afghanistan, Brown concluded that management of bal-
listic extremity injuries should be different in compari-
son to civilian high-energy injuries [11]. In those wars, 
three soldiers with a MESS score of 6 (out of 77 cases) 
underwent amputation. According to Brown [11], the 
presence of vascular injuries in a patient with prolonged 
hypotension in the military environment is the main fac-
tor leading to primary amputation. The implementation 
of damaged control resuscitation before surgery, by the 
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administration of recombinant factor VII, plasma, and 
blood, can increase the operating time by better general 
stabilization of the patient [12].

The validity of the severity scores as a predictive 
factor for amputation has been criticized by some 
authors [13,14] for not being updated and for not con-
sidering advances made in the surgical field, which 
allow preserving even severely injured limbs [14].

13.2  Physical Examination

The initial physical examination should focus on:

Identifying the type of soft-tissue injuries (wounds, •	
crush, burns)
Evaluating the soft-tissue injury with regard to •	
extent of skin lesions and muscle and tendon lac-
erations. If skin lesions are easily identified, clini-
cal evaluation of the underlying lesions might be 
difficult, especially if the patient is unconscious. In 
unconscious patients, the surgeon should identify 
the potential injured structures by evaluating the 
trajectory of the weapon (entry and exit points of 
the bullet). In a conscious patient, the mobility 
maneuvers are important to identify the tendon or 
muscle injuries. Sometimes, local pain may restrict 
movement and make the examination more 
difficult.
Identifying the nerve and vessels injury is widely •	
described in Chaps. 11 and 12. We would like to 
emphasize the importance of identifying multilevel 
nerve and artery injuries (Fig. 13.1). After blunt or 
blast injuries, nerve contusion and neurapraxia with 
the nerve in continuity is frequent.
Evaluation of skeletal injuries is described in detail •	
in Chaps. 6 and 9.

Using different imaging methods to evaluate limb inju-
ries should be done concomitantly with the general 
investigations (e.g., total body computed tomography) 
or after stabilization of the patient. Doppler ultrasound 
can be of benefit in quickly evaluating the distal limbs. 
CT angiography or common angiography may be less 
available during wartime.

13.3  Timing of Soft-Tissue Coverage

There are several reports showing that aggressive deb-
ridement of wounds, followed by flap coverage within 
a few days (the sooner, the better) results in fewer 
amputations and fewer bone nonunions [15,16]. The 
available evidence shows that earlier coverage (within 
the first 72 h) is associated with fewer complications 
and shorter hospitalization time [17]. The sooner the 
open wound is closed after the initial debridement, the 

a
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Fig. 13.1 (a) Gunshot wound, (b) Exposure and repair of ulnar 
nerve and radial artery using a venous graft. Skin graft was 
placed after the repaired muscles, (c) One year later. Active 
extension, (d) One year later. Active flexion
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lower the contamination rate and the greater the over-
all success. For years, it was believed that early wound 
coverage within 72 h using free flaps increases the rate 
of success [16]. However, recent studies show that the 
initial coverage period for the upper extremity can be 
extended up to 21 days with good success rates [18,19]. 
Yaremchuk [20] obtained good results even when the 
free-flap reconstruction was delayed considerably.

There is still controversy regarding the proper time 
of wound coverage during wartime. Due to multiple 
trauma, the location of the injuries and the severity of 
the damage, early flap reconstruction becomes a diffi-
cult and uncertain project. Kumar [21] reconstructed 
the limbs 7 days after the injury and reported low rates 
of flap failure and infection. Due to widespread use of 
negative pressure wound therapy, delay in reconstruc-
tion is no longer detrimental [21]. In a different study 
[22], the same author reported that the average time for 
flap reconstruction during wartime was 31 days. The 
high contamination rates of combat injuries with 
Clostridium is another reason to postpone definitive 
closure of these wounds [23]. Subacute limb recon-
struction using flaps demonstrated a low total and par-
tial flap loss with acceptable infection rates [22]. The 
subacute period was considered to be 72 h to 3 months.

13.4  General Strategies of Treatment

High-velocity injuries are associated with wider zones 
of injury, and treatment particularities should include 
extensive debridement, evaluation of the surrounding 
area, and identifying potential compartment syndromes. 
Because most wounds are contaminated with pieces of 
cloth, soil, and foreign bodies, aggressive debridement 
accompanied by thorough irrigation is necessary, while 
primary closure should be avoided. The preliminary 
evaluation in the emergency room is continued by a 
definitive evaluation in the operating room.

Evaluation of the injured area should include catego-
rization of the major lesion according to its cause: blast, 
burns, or gunshot. Secondary lesions should not be 
neglected, as they may be very severe. Even a small frag-
ment of bone or foreign body may damage the nerves 
and the arteries with serious consequences. A conscious 
patient may be evaluated using the needed imaging sys-
tem and a rigorous clinical check up that could reveal 

possible damage to nerves or vessels. When such an 
injury is suspected, a careful exploration is worthwhile, 
depending on the general condition of the patient.

Often, mangled extremity injuries and blast injuries 
are associated with segments that cannot be recon-
structed. These “spare parts”, which are actually free 
segments, may be used to reconstruct other zones [24]. 
At the initial debridement, the wounds are washed with 
diluted antiseptics. For larger wounds, pulse-lavage is 
preferred. The wounds are left open or the skin edges 
are approximated over drains. Usually 48–72 h later, 
wound revision is performed with secondary debride-
ment and thorough wound irrigation. When a burn and 
soft-tissue crush is present, a third and even fourth deb-
ridement is performed on the seventh to tenth day after 
the initial injury. This is the time period that is necessary 
for skin necrosis delimitation. The period of time men-
tioned above is a guideline, which should be adjusted in 
accordance with the general condition of the patient.

The management of vascular injuries in the extrem-
ities is widely reported in Chap. 11. However, we 
would like to emphasize the importance of choosing 
the order of anatomical reconstruction according to the 
severity of the injury and the time from injury. The 
order of reconstruction, either the bone or the arteries 
first, depends on the ischemia time. The time of injury 
is important when there are devascularizing injuries. 
The more proximal the location of the limb injuries, 
the more are the devascularized muscles, and the isch-
emia time is more critical. The muscle ischemia time is 
around 4–6 h. The temperature of the ischemic tissue 
is also important. The lower the temperature, the better 
the tissue response to the injury and the ischemia. 
However, there is a real risk of reperfusion injury when 
a significant amount of muscle has been affected. In 
this situation, with prolonged ischemic time, it is pref-
erable to use a temporary vascular shunting. Temporary 
vascular shunting is described in military and civilian 
wars as being important during acid–base correction, 
hemodynamic instability, rewarming, during skeletal 
stabilization, and during transportation to an upper 
level of care [25–27]. At the initial debridement, the 
ends of the major nerves should be marked with sutures 
or clips if primary repair is not possible. The soft-tis-
sue reconstruction should be done after skeletal stabi-
lization, vascular, tendon, and nerve repair. The order 
in which these are performed can vary according to the 
type of injury, level of injury, and exposure of 
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Fig. 13.2 (a) Mangled thumb and thenar eminence, (b) Comminuted intraarticular fracture, (c) Osteosynthesis (d) One year after. 
Extension, (e) One year after. Flexion, (f) One year after. X-ray
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important anatomical elements (Fig. 13.2). Ideally, 
soft-tissue coverage should be durable, low profile, 
mobile in joint areas, and sensate for regions where 
friction is present such as fingers, palm, and plantar 
areas.

In war injuries, particularly, there is subsequent sig-
nificant local edema, which may lead to the develop-
ment of compartment syndrome or to enlargement of 
the wound. Avoiding wound enlargement can be done 
by placing rubber bands in a crisscross manner along 
the wound edge. The VAC (Vacuum Assisted Closure) 
device prevents wound enlargement and actively 
reduces edema. Choosing the type of soft-tissue cover-
age should be done in accordance with the patient’s 
overall status. Preservation of limb length is important 
but this should not interfere with function. Achieving 
stable and durable soft-tissue coverage of a functional 
limb is the goal of soft-tissue reconstruction.

Soft-tissue management usually necessitates sev-
eral procedures. An average of 3.7 procedures was 
needed for limb injuries caused during wartime [28]. 
The blood supply to the lower extremity is poorer than 
to the upper extremity [29]. The skin in the anterior 

part of the calf is thin and the tibia can easily be injured. 
Due to its dependent position, the lower limb is fre-
quently associated with post-traumatic venous stasis. 
As a weight-bearing organ, the lower extremity needs 
good support and the plantar area should have good 
sensory innervation.

When performing soft-tissue reconstruction, the 
concept of “reconstructive ladder” should be used only 
as a guide (Fig. 13.3). With recent advances in flap 
designs and available sophisticated devices such as 
VAC therapy, the treatment should be adjusted to uti-
lize perfectly all the available armamentarium. Ideally, 
the surgeon who is involved in the debridement proce-
dure should continue the reconstructive phase. It is 
easy to amputate but it is hard to reconstruct. We are in 
favor of preserving a limb when the life-threatening 
condition is ruled out. The patient should be the one to 
decide the outcome of the limb.

13.5  Negative-Pressure Wound Therapy

Negative-pressure wound therapy has frequently been 
reported often to be helpful in closing wounds. VAC is 
a well-accepted method of closing wounds, or as a 
means to clean and prepare the wound for definitive 
closure, either by flap or skin grafting (Fig. 13.4). It 
acts by applying constant or intermittent negative 
pressure on the wound bed, and it is relatively easy to 
be applied. After completion of the debridement and 
hemostasis, a polyurethane foam dressing is trimmed 
to fit the size of the wound. A suction tube is placed 
inside the foam. A plastic sheath covers the foam to 
seal it and allow the suction from the deep site. The 
suction tube is connected to a pump, which can be set 
at different pressures. The most commonly used pres-
sure is 50–200 mmHg. The VAC system decreases 
fluid excess, produces arteriolar dilation, improves 
microcirculation, and removes enzymes, cytokines, 
and collagenases as well as other factors that may 
inhibit wound healing [30–32]. The VAC system has 
also been reported to decrease bacterial contamination 
of the wound [33]. For closing larger wounds, a longer 
time period is needed and, in this case, the VAC is 

VAC Free flaps

Local flaps

Regional flaps,
distant flaps

Acute shortening
bone transport

Skin graft

Direct closure

Secondary closure

Fig. 13.3 The revised reconstructive ladder
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used to prepare the wound for a safer closure by local 
or free flaps, thereby reducing hospitalization time 
and costs [31]. There are several reports that show the 

benefit of VAC treatment for acute limb injuries [34]. 
The main applications are:

For initial wound care, because war wounds may be •	
heavily contaminated and not ready for primary 
closure; reducing contamination and edema will 
allow adjustment to the best way to close the wound 
several days later.
To cover exposed bones and tendons, keeping them •	
wet and promoting the development of granulation 
tissue to cover them.
To close fasciotomy wounds.•	
For wound closure in a definitive method for patients •	
in poor general condition.

Successful VAC therapy has been reported for temporary 
or definitive coverage of white structures (bones, ten-
dons, nerves), as well as the hardware in mangled extrem-
ity and war injuries [18,28]. Possible complications of 
negative-pressure wound therapy are: minor bleeding, 
especially during dressing changes [35], pain, infection 
[36,37], and rarely, fluid depletion in older patients [38].

13.6  Skin Grafts

When no white structure is exposed and the wound bed 
has good granulation tissue, skin grafts can be used for 
coverage and definitive closure of the wound. Split thick-
ness skin grafts (STSG) are thinner and have a better 
chance to “take”. They can be used as meshed or 
unmeshed. Meshed grafts have the advantage of allowing 
seroma and hematoma drainage (Fig. 13.5). Maintaining 
good contact between the graft and the recipient bed is 
important for a successful take. Unlike skin grafts per-
formed immediately on clean wounds, those related to 
war injuries usually need preparation by repeated dress-
ing changes due to wound secretions and contamination, 
and only then can skin grafting be completed. The 
meshed graft may be applied after VAC treatment, which 
is helpful for preparing the graft bed for a better graft 
“take”. The most common donor areas for STSG are the 
thighs and buttocks. However, the area can be adapted 
according to the wound distribution over the body areas. 
A 0.0010–0.0012 in. is the most common thickness for 
the graft. Full-thickness skin grafts are rarely used when 

Fig. 13.4 (a) High-energy injury to the foot; exposed bone. (b) 
The wound is covered by the sponge of VAC system. (c) A few 
days later with good granulating tissue
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dealing with war injuries. However, they are used for 
covering the joint areas. There is a limitation in donor 
area availability, as it needs to be closed primarily.

13.7  Flaps

Hundreds of flaps are described for dealing with soft 
tissue lost from the extremities. However, not all can be 
applied for war injuries. The most commonly used 
flaps in these situations are presented here. There are 
no different general principles of wound management 
for upper extremities as compared to lower extremities. 
Choosing the ideal coverage method depends on the 
defect size, the patient’s condition, the surgeon’s pref-
erence, and the associated injuries. Principally, 

pedicled flaps are more often employed than free flaps 
for closing war wounds [21].

Local Flaps. These can be axial or island and are 
usually used to cover small- to medium-sized defects. 
Their applicability in war injuries is especially for 
small wounds such as those produced by gunshot. 
When a larger wound is present, these flaps have lim-
ited applicability because their blood supply may be 
compromised. While they are not widely accepted to 
cover wounds in the acute phase, they might be useful 
at a later stage, several weeks after the injury. During 
this time they behave like “trained” flaps with a greater 
chance of survival. The 1:1 to 2:1 proportions should 
be considered for random flaps in the limbs. When an 
axial flap is used, there are reports of using long and 
thin flaps in the noncompromised areas.

Cross-Limb Flaps. These types of flaps were widely 
used in the past but are rarely employed nowadays. As 
a principle, the flap is harvested from the contralateral 
limb, set into the wound, and kept connected for several 
weeks. Most often, a period of 3 weeks is enough for 
establishing the blood supply to the flap from the periph-
ery and the wound bed, and disconnection of the pedicle 
may be accomplished. There are two main drawbacks 
of this method: the need for continuous immobilization 
of the limbs for about 3 weeks in order not to shear the 
flap pedicle and the donor area deformity, which usu-
ally requires a skin graft for closure. Generally, these 
flaps are used when no other reconstructive method is 
available or when a free-flap failure was encountered. 
The method has a high rate of success.

Regional Flaps. These flaps have good applicability, 
and are also indicated when the zone of injury is not 
extensive. They are categorized into fasciocutaneous, 
adipofascial, fascial, or neurovascular. They are reliable 
flaps when good planning and judgment is used. Medium 
to even large size wounds can be covered in this way.

Adipofacial Flaps. These flaps are used mostly to 
cover exposed structures on the hands and feet but also 
for exposed elbows, knees, and ankles.

Distant Pedicled Flaps. These flaps are rarely 
employed for the lower limbs for the same reasons as 
for not often using cross-limb flaps. The upper limb, 
being close to the thorax and the abdomen, is more 
favorable for these types of flaps. Soft-tissue injuries 

Fig. 13.5 Blast injury to the lower limb. Closure of fasciotomy 
with meshed skin graft
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to the hand and the distal forearms can be covered by a 
groin flap or lower epigastric abdominal flap. Arm 
injuries can also be closed by lateral thoracic flaps. 
The reconstruction is done in stages. First the flap is 
harvested, insetted, and kept connected for 2–3 weeks. 
In the second stage, the flap is detached and trimmed 
for the final inset. The period of limb immobilization 
can be shortened if periodic flap ischemia is simulated 
by external compression. When white structures are 
exposed, they can be covered by the same type of flaps. 
Flaps based on the Crane principle can also be used. 
After 2–3 weeks of the flap inset, the limb segment is 
extracted only with granulating tissue, thus leaving the 
donor skin paddle in place. The granulating tissue is 
subsequently covered by skin graft.

Muscle and myocutaneous pedicled flaps have more 
often been applied for lower limb reconstruction. There 
is no need for microsurgical anastomosis. The gastroc-
nemius and soleus muscle flaps are the most used flaps 
for calf wound reconstruction. These flaps have the 
advantage of filling the deep soft tissue loss to avoid 
dead space. Fascial and fasciocutaneous flaps are used 
more for upper extremity reconstruction or for areas 
where a thin, pliable tissue is required for coverage. 
There are numerous reports that muscle flaps are useful 
for open bone fracture coverage. In the past years, it 
has been proved that fascial, adipofascial, and fascio-
cutaneous flaps are not less successful for fractured 
bone coverage and for dealing with osteomyelitis 
[39,40].

 Free Flaps are indicated for:

Large wounds, when a local or regional flap would •	
not be sufficient for local or regional flap coverage.
Vascular reconstruction; emergent flow-through •	
free flaps are employed when soft-tissue defects 
and artery defects are present in an ischemic limb 
[29,41–44]. When the arterial defect is small, a T 
anastomosis can be used [45].
Exposed white structures, such as bones, tendons, •	
nerves, and major blood vessels.
Functional reconstruction, when significant mus-•	
cles have been destroyed; reconstruction of elbow 
flexion or ankle dorsiflexion is the problem most 
often encountered. Free functional muscle flap in 
the acute phase of mangled extremities was suc-
cessfully reported in 12 patients by Tu [29].
When sensate flaps are needed, such as for the plan-•	
tar or palmar area.

The main free flaps used are:

•	 Fasciocutaneous: anterolateral thigh (ALT), scapu-
lar, parascapular, medial or lateral arm, and radial 
forearm. The radial forearm free-flap RFF, scapu-
lar, parascapular, and ALT flaps have the advantage 
of having a long pedicle (average 10–15 cm), which 
enables the anastomoses in a more proximal and 
healthy area.

•	 Muscle or musculocutaneous flaps: latissimus dorsi 
(LD), serratus anterior (SA), rectus abdominis, and 
gracilis. The first two have a longer pedicle, with a 
larger diameter of the pedicle vessels.

•	 Fascial and adipofascial: temporal fascia (TF) and 
RFF flaps are the most often used in this category. 
They are mainly used for hand and fingers when 
thin and pliable soft-tissue coverage is needed.

•	 Visceral flaps: the omentum has the advantage that it 
can cover a large wound and is very thin and pliable, 
so it easily fills even the smallest defect. Its major 
disadvantage is that it has a very short pedicle.

•	 Bone flaps: such as fibula, rib or iliac crest, are rarely 
employed in the acute phase. They are used to sub-
stitute for bone defects and it is extremely impor-
tant to place them in a clean wound. Careful wound 
preparation is essential before flap insertion.

Techniques of flap harvesting are beyond the scope of 
this chapter. When a free flap is considered, a thor-
ough examination of the recipient vessel should be 
made. Post-traumatic vessel disease is a condition 
affecting the vascular wall of the vessels surrounding 
the injured area [46,47]. Using an injured vessel for 
vascularization of the free flap may endanger its via-
bility. A large distance between a healthy vessel and 
the defect may necessitate an interposition vein graft, 
which may be harvested from a noninjured area. For 
instance, when lower limb injuries are present, the 
upper limb may serve as a good donor site. The anes-
thesiologist should be told to spare one upper limb and 
not to place any intravenous line which can limit the 
donor area.

Isenberg [48] performed anastomosis at an average 
of 45.7 mm from the zone of injury in a traumatized 
lower limb. It is difficult to evaluate precisely the 
extent of zone of injury in war injuries, especially 
when blast explosions are associated. Inspection of the 
vessels under the microscope is the most accurate way 
to determine the level of the anastomosis.
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Often one intact distal artery (e.g., anterior or pos-
terior tibial) is enough for limb vascularization. When 
a single intact vessel is present and a free flap is desired, 
it may be anastomosed to the proximal or distal stump 
of the injured vessel, if good blood-reflow is proved. 
Flaps with long pedicles or vein grafts can be used to 
solve the problem. When this is not feasible, we sug-
gest a cross-leg flap. In the event of bilateral injuries, 
an end-to-side anastomosis to the single vessel is per-
formed. The veins are usually anastomosed to the 
comitant veins of the arteries; they have a smaller cali-
ber in comparison with the superficial veins but are 
deeper and better protected from trauma.

War injuries are usually associated with a signifi-
cant release of plasminogen and other procoagulant 
factors from the crushed tissue. The chance of throm-
boses is higher than after usual trauma [29]. Blast inju-
ries are often associated with vessel disruption (small 
to medium size; perforator) and endothelial injury that 
result in thrombosis of large and small vessels. The 
ischemic tissues release toxic oxygen radicals that 
result in cytotoxicity and acute inflammation that may 
cause failure of the free flap. Using anticoagulants in 
this condition is recommended. Our protocol is to 
administer 5,000 units of heparin I.V. intraoperatively; 
vessel irrigation with diluted heparin (200 cc N. Saline 
with 5,000 units of heparin) is also a part of the proto-
col. After surgery, we administer low-molecular hepa-
rin (Clexane) 40 mg twice a day for 5–7 days and then 
reduced to once a day if the patient ambulates. The 
dose is adjusted according to body weight. This proto-
col also covers the prophylactic antithrombotic therapy 
after bone fractures. From the second postoperative 
day, aspirin is administered for 3 weeks.

Most of the centers where free flaps are performed 
are well equipped with trained personnel. However, 
successful free-flap reconstructions in low-resource 
conditions were also performed during the Balkan war. 
With a portable binocular microscope, microsurgical 
Chinese instruments and sutures, Tajsic [49] had a low 
rate of complications.

Perforator Flaps are rarely used for war injuries. 
These types of flaps are nourished by small perforator 
vessels, which are often present in the zone of injury 
and are most probably compromised. However, for the 
secondary procedures that are done a few weeks or 
months later, they are also part of the physician’s arma-
mentarium. In the acute phase, they can be used only 
for covering small gunshot wounds.

13.8  Specific Flaps According  
to Anatomical Area

1. Upper limb (Table 13.1)
Flaps from the adjacent area are called local flaps. 

Those from other areas of the same limb which require 
two stages are called regional flaps. Those from other 
parts of the body (trunk) are called distant flaps. The 
thicker the pedicled flap, the greater the chance of sur-
vival, due to more vascular plexuses that are included 
within the flap.

(a)  Shoulder. Tissue loss at the level of shoulder 
can be easily covered with the surrounding 
muscles or fasciocutaneous flaps. The anterior 
and lateral surfaces of the shoulder can be cov-
ered by fasciocutaneous flaps from the anterior 
chest and by lateral upper arm flaps, while the 
posterior area can be easily reached by scapular 
and parascapular flaps. Pectoralis major, latis-
simus dorsi, SA, and trapezius flaps can also be 
used. A composite LD-rib flap can easily be 
used to reconstruct a defect of the humerus and 
the soft tissue with a single flap.

(b)  Arm. There is a significant amount of muscle in 
this area, so rarely is there a need for flaps to 
close defects here (Fig. 13.6). The workhorse in 
this area is the pedicled LD (Fig. 13.7), which 
enables large wound coverage or a functional 
transfer to restore elbow flexion. Lateral tho-
racic flaps can also be used for coverage of 
wounds in this area.

(c)  Elbow. The anterior part of the elbow is the typi-
cal area for scar contracture, thus it requires good 
tissue coverage after releasing the contracture. A 
brachioradialis muscle flap can be used for small- 
to medium-sized deep defects. For larger defects, 
the lateral arm flap represents a better choice. A 
pedicled, proximally based, radial forearm flap 
can also be used. Its advantage is that it is not 
bulky. A flexor carpi ulnaris flap, based on a supe-
rior pedicle, can be used for the medial part of the 
elbow. This is one of the last options because it 
sacrifices an active muscle. The anconeus flap 
has a limited arc of rotation. A pedicled LD flap 
can reach this area after humeral desinsertion. 
Fasciocutaneous free flaps may also be used.

(d)  Forearm. The most vulnerable area is the distal 
half where there is no muscle coverage and the 
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tendons are easily exposed after trauma. The 
blood vessels and nerves are also easily injured. 
This is an area where skin grafts are less often 
used due to the need for good soft-tissue cover-
age. To reduce bulkiness and achieve good tissue 
quality, thin muscle free flaps, such as the serra-
tus anterior (SA) muscle flap or thin fasciocuta-
neous flaps (ALT), can be used. We prefer not to 
use the contralateral RFF for forearm coverage 
as it sacrifices a major artery. The SA muscle is 
relatively thin, becomes thinner with time, and 
has a good aesthetic appearance. Scapular and 

parascapular flaps can also be used to protect 
the tendons and to enable their gliding. Rarely 
is there a need for a flap in the upper half of the 
forearm. Distant flaps, such as the epigastric and 
thoracic flaps, can be used but they need about 
3 weeks of immobilization before they can be 
detached from their pedicle. We keep this solu-
tion as a last option. Bone defects in this area 
can be managed by acute shortening and dis-
traction or free osseous flaps. A fibular free flap 
represents an excellent choice. These flaps are 
usually performed as secondary procedures.

Anatomic region Small to medium defects Large defects

Shoulder Local flaps SA

Pectoralis major LD

Scapular, parascapular Trapezius

Arm Local flaps Pedicled LD

Medial arm Lateral trunk

Lateral arm Fibula for bone defects

Elbow Local flaps Pedicled RFF

Brachioradialis Pedicled LD

Lateral arm

Forearm Local flaps SA

ALT

Scapular, parascapular

Epigastric, thoracic flap

Fibula for bone defects

Dorsal hand Local flaps ALT fascial flap

PIOP RFF

Groin

Volar hand Pedicled RFF SA

Ulno-dorsal pedicled flap Groin

Reverse ulnar perforator

PIOP

Fingers Cross finger Pedicled RFF

Flag RFF

Moberg Dorsalis pedis

Kite flap Groin

Island metacarpal

Table 13.1 The most commonly used flaps for upper limbs

SA serratus anterior, LD latissimus dorsi, RFF radial forearm flap, ALT anterolateral thigh, PIOP posterior interosseous
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(e)  Hand. Dorsal hand injuries can be closed with 
local flaps. Larger defects are better covered 
with a posterior interosseous (PIOP) flap, which 
can be taken either as a fasciocutaneous or fas-
cia only flap. The ALT fascial free flap can also 
be used for large defects. A lateral arm free flap 
is relatively thin and is also described for use in 
this area. The palmar area is usually covered by 
a distally based RFF (Fig. 13.8). The RFF flap 
or SA has also been described. A PIOP pedicled 
flap can also be used to cover first web space 
defects while the ulnodorsal pedicled flap is 
more often applied to the ulnar part of the hand. 
Reverse ulnar perforator adipofascial flaps can 
also be used to treat dorsal or volar defects. A 
groin flap (pedicled or free) is less used for 
hand coverage as the first choice due to the pro-
longed immobilization needed and the delay in 
the rehabilitation process (Fig. 13.9).

(f)   Fingers. Cross-finger, flag, and Moberg flaps 
have been widely applied for small defects 
located in this area. Island metacarpal fasciocu-
taneous flaps can be used to reconstruct the dor-
sal or the volar defects at the first and second 
phalangeal levels. Its application at the level of 
the distal phalanx is controversial and there is a 
high risk of venous congestion. Dorsal thumb 
defects are better reconstructed with a “kite-

flap” elevated from the dorsal area of the index. 
When multiple digits are involved and the 
wounds are large (either dorsal or volar), a radial 
forearm flap (pedicled, perforator-based or 
free), dorsalis pedis, or temporoparietal fascia 
flap can be used. The “Crane principle”, as 
described by Millard, is based on temporarily 
placing the hand in the abdominal subcutaneous 
tissue for about 2 weeks, time enough for gran-
ulation tissue to cover the wound. The granula-
tion tissue is subsequently covered with skin 
grafts. An abdominal flap can also be used but it 
needs subsequent defattening procedures. 
Defects over multiple digits represent an indica-
tion for a radial forearm reverse pedicled flap to 
syndactylize the fingers involved. This proce-
dure is better than using groin flaps, which are 
thicker and require finger immobilization. The 
fingers are kept attached to the groin for 2 
weeks. It is rarely used. Fillet flaps represent a 
good choice for using the mutilated part to 
reconstruct other areas (Fig. 13.10).

2. Lower limb (Table 13.2)
(a)  Thigh. Because the femur is surrounded by 

numerous muscles, it is very rare to use a 
flap to cover defects in this area (Fig. 13.11). 
However, when needed, vastus medialis, lat-
eralis, tensor fascia lata, or inferiorly based 
rectus abdominis flaps can be used. The vas-
tus lateralis is mainly used for covering tro-
chanteric wounds in the pubic area. The 
rectus femoris is less often used due to donor 
site morbidity. The ALT or anteromedial 
thigh can also be used when the zone of 
injury does not include the donor area.

(b)  Knee. Among the local flaps that may be 
used here are the medial, lateral, or bilateral 
gastrocnemius muscle flaps, when the zone 
of injury is not included in the popliteal area. 
The distal lateral thigh flap can also be used 
for defects in the knee area and the popliteal 
fossa. Medial saphenous neurocutaneous 
flaps can also be used for the reconstruction 
in this area. When this is not feasible, free 
flaps or cross-leg flaps can be employed.

(c)  Calf. The anterior region of the calf is the 
most exposed and injured area in the lower 
limb. The upper and middle part can be cov-
ered by gastrocnemius or soleus flaps 

a

b

Fig. 13.6 (a) Severe crushed injury combined with elbow frac-
ture. (b) Several weeks after fracture stabilization and skin graft
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a

b

d

c

e

Fig. 13.7 (a) Complex arm and elbow injury associated with 
soft tissue defect, median, ulnar nerve, and brachial artery injury. 
(b) LD muscle flap is harvested. (c) Isolation of the vascular 

pedicle in order to enhance the flap mobility. (d) After flap inset. 
The arm and elbow soft-tissue defect is covered. (e) One year 
later
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(Fig. 13.12). Small wounds (e.g., gunshot) 
can be covered by anterior tibialis or exten-
sor digitorum longus flaps. The flexor halu-
cis longus is supplied by the peroneal artery 
and can be used for the distal third of the 

calf; however, the muscle is thin. 
Supramaleolar skin flaps from the lateral 
aspect of the leg can also be used. A per-
oneus brevis muscle flap is suitable for cov-
erage of the distal Achilles tendon. Sural or 
saphenous neurovascular island flaps can 
also be used for small-sized wounds, even in 
the lower third of the calf. Large wounds are 
better covered by free flaps. According to the 
defect size and the extension of the zone of 
injury, the most commonly employed flaps 
are LD, SA, and ALT. Composite osteocuta-
neous flaps, such as fibula or SA-rib flaps, 
are the most commonly used [50–52].

(d)  Ankle and foot. The dorsal part of the ankle 
and foot is best covered by thin flaps, such as 
fasciocutaneous or adipofascial flaps, such 
as ALT, groin flap, and parascapular flap. 
For small-to-medium-sized defects, reverse 
sural neurocutaneous flaps can also be used 
for the posterior aspect of the foot 
(Fig. 13.13). A medial plantar flap is suitable 
for restoring small-sized defects. Lateral 
calcaneal or peroneal muscle flaps can also 
be used for small defects. Good support and 
soft-tissue coverage is mandatory for the 
plantar area. For large defects, either muscle 
flaps (Fig. 13.14) covered by a skin graft or 
sensate fasciocutaneous flaps can be used. 
Some authors prefer to use sensate fasciocu-
taneous flaps [29,53]. Sensate ALT and lat-
eral arm flaps are preferred to muscle flaps 
[54,55]. The RFF flap is less used nowadays 
for foot reconstruction because it sacrifices a 
major artery, and also has more donor site 
morbidity compared to the ALT flap.

13.9  Complications of Soft Tissue 
Coverage

(a)  Early. Immediate complications are wound dehis-
cence, wound infection, and partial or total flap 
necrosis. Wound dehiscence and infections are 

Fig. 13.8 (a) Soft-tissue injury associated with extensor tendon 
defect. (b) The pedicled RFF is raised together with palmaris 
longus tendon in order to reconstruct the extensor tendon.  
(c) Three weeks later

a

b

c
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a b

Fig. 13.10 (a) Complex finger injury with impossible salvage for the fourth finger. (b) A fillet flap was used from the fourth finger

Fig. 13.9 (a) Mutilated hand with bone, flexor, and extensor injuries. (b) After debridement. (c) Groin flap in order to get good tis-
sue quality in the metacarpal area for a further digital transfer

a b

c
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quite often seen after these types of injuries 
because the wounds are contaminated. Wound 
debridement, secondary suture, or skin graft is 
usually the preferred treatment. Partial flap necro-
sis is more often encountered for pedicled or local 
flaps when the zone of injury was not correctly 
estimated. When the necrosis is small, conserva-
tive treatment followed by skin graft is enough for 
completion of the closure. When large wounds are 
present, they can be treated by the VAC system 
and skin grafting when the granulation tissue is 
adequate. When a free-flap failure occurs, a cross-
limb, other free flap, or distant pedicle flap can 
solve the problem. Infection is the main complica-

Anatomic region Small to medium defects Large defects

Thigh Local flaps LD

Tensor fascia lata

Pedicled rectus abdominis

Vastus lateralis

ALT

Knee Local flaps Free flap

Gastrocnemius Cross-leg

Distal lateral thigh

Neurocutaneous flap

Calf Local flaps LD

Gastrocnemius SA

Soleus ALT

Anterior tibialis Fibula, SA-rib or iliac crest for 

bone defectsExtensor digitorum longus

Peroneus brevis

Sural flap

Saphenous flap

Ankle and foot Local flaps ALT

Sural flap Lateral arm

Medial plantar Muscle flap with SG

Lateral calcanean

Peroneus brevis

Table 13.2 The most common flaps for lower limbs

LD latissiums dorsi, ALT anterolateral thigh, SA serratus anterior, SG skin graft

Fig. 13.11 Good granulating tissue covering the muscles after 
blast injury to the thigh
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tion associated with the treatment of war-induced 
wounds. When it affects the major arteries, it may 
lead to limb amputations [53]. When the soft-tis-
sue infection is restricted to the superficial layers, 
irrigations and/or local and systemic antibiotics 
are enough for management. Deep layer infection 
needs to be evacuated and drained. Antibiotic 
treatment is a must in these circumstances. The 
rate of infection is variously reported in the litera-

ture. Godina [16] reported a very low rate (1.5%) 
of infection and a 0.75% flap failure when the 
free-flap reconstruction was done within the first 
72 h in this series. Because of environmental con-
tamination and evacuation procedures, even with 
multiple washouts and debridement, the infection 
rate can be very high. The traditional recommen-
dation of fracture fixation and wound coverage 
within 6 h from injury is not always feasible  during 

a b

c d

Fig. 13.12 (a) Harvesting of the medial hemisoleus muscle. (b) Isolation of the perforator vessel coming from the posterior tibial 
vessels. (c) Before tunneling to cover the tibia. (d) Two weeks after skin grafting the muscle
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a b

c d

Fig. 13.14 (a) Complex injury with metacarpal fractures, ten-
don lacerations, and desinsertions and soft-tissue defect. (b) The 
lowest three strips of the SA muscle are harvested. (c) The flap 

is inset. The artery was anastomosed end-to-side to the anterior 
tibial vessels and the vein is anastomosed end-to-end to the 
 comitant vein. (d) One year later

a b

c

Fig. 13.13 (a) Several weeks after complex injury to the ankle. The hardware is exposed in the wound. (b) Harvesting of the sural 
neuromiocutaneous flap. (c) Two months after
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wartime when evacuation from the battlefield and 
transportation may be delayed. Murray [56] 
reported a 2–15% rate of osteomyelitis associated 
with war injuries.

(b)  Late. Late complications are represented by scar 
problems and functional impairment. Scars are 
more often constricting than hypertrophic or keloid 
and represent a minor problem compared to the 
functional impairment. They can easily be cor-
rected by techniques of scar release. Functional 
impairment may be associated with bone, nerve or 
tendon injuries. Arthrolisis, neurolysis, and tenoly-
sis can help in improving function. Secondary pro-
cedures are often necessary after war injuries. The 
goal is to improve mobility, sensibility, and tissue 
quality. It is wise to wait several months for soft-
tissue maturation before starting the secondary 
procedures. Bone and nerve grafting have priority 
and should be done as soon as possible. All sec-
ondary procedures, which require immobilization 
such as bone or nerve grafts, should be done first.

Amputation is inevitable at times, either due to severe 
limb injuries (Fig. 13.15), or possible life-threatening 
complications such as sepsis [57]. When complica-
tions are severe or life-threatening (septic shock, etc.), 
amputation of the limb represents a life salvage proce-
dure. A nonsensate limb (especially a weight bearing 
one) is less desired than a good prosthesis. Reflex sym-
pathetic dystrophy, joint stiffness, and hypoesthesia 
associated with functional impairment lead to limb 
amputation. Korompilias [57] reported an early return 
to work for patients who had early amputations. The 
medical costs and time off work are reduced in these 
situations [58,59]. The decision regarding the amputa-
tion level should be taken by the orthopedic and the 
plastic surgeons together [60]. There are situations 
when an above-knee amputation can be converted to a 
below-knee one by using a fillet flap or other flaps to 
preserve length.
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14.1  Introduction

14.1.1  The Problem

During the twentieth century, there has been both an 
evolution of medical care as well as the severity of 
injury encountered in wounded military personnel (see 
Table 14.1). This multifactorial change of injury pat-
terns and the present US involvement in multiple areas 
of conflict, including Afghanistan and Iraq poses both 
a significant challenge and an increasing burden of dis-
ease to the military orthopedic surgeon. Between 
October 7, 2001 and August 24, 2009, American com-
bat forces in Operation Iraqi Freedom (OIF) and 
Operation Enduring Freedom (OEF) sustained over 
40,000 casualties with 5,117 deaths [4]. Of those 
wounded in action, 9,612 (30.5%) required medical 
evacuation from the theater of operation [4].

Orthopedic injuries have made up a large compo-
nent of these casualties. Owens and colleagues [27] 
estimated that during October 2001–January 2005, 
54% of all wounded soldiers participating in OIF/OEF 

injured sustained a musculoskeletal injury to an 
extremity. In total, 53% of wounds were penetrating 
injuries to the soft tissues and 26% were fractures 
with the tibia most commonly involved in the lower 
extremity, and the hand in the upper extremity. Of all 
fractures 82% were open fractures. Belmont and co-
authors [5] also reported that nearly half (49.4%) of 
all soldiers in an Army Brigade Combat team wounded 
in action during “The Surge” had a musculoskeletal 
extremity injury.

14.1.2  The Civilian Experience: 
Provisional External Fixation  
in the Staged Treatment of 
Musculoskeletal Injuries

In the civilian population, the treatment of high-energy 
musculoskeletal injuries has evolved dramatically over 
the past two decades. Much of this has been in res-
ponse to the fact that severe soft-tissue injury, swell-
ing, and contamination all dramatically increase the 
risk of infection, particularly when associated with 
open reduction and internal fixation. Therefore, one of 
the principal components of this evolution has been the 
introduction of staged protocols, including provisional 
external fixation followed by a delay of days to weeks 
before definitive internal fixation is performed. This 
form of treatment is generally utilized in one of three 
scenarios: (1) A critically injured patient, (2) the pres-
ence of a wound with a significantly damaged and 
tenuous soft-tissue envelope, or (3) a severely contam-
inated open fracture. In each of these cases, the use of 
temporary external fixation stabilizes fractures or dis-
locations by as minimally an invasive means as possi-
ble in order to bridge the treatment of the patient from 
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the period of the acute injury to the time of definitive 
internal fixation.

Damage Control Orthopedics (DCO) allows the 
medical team to avoid a “second hit” to a severely 
injured patient with a fragile physiologic status. Once 
the patient’s physiologic parameters have normalized, 
then definitive treatment can proceed with a lower risk 
of complications. Indeed, multiple studies have con-
firmed this, showing lower rates of morbidity and mor-
tality with DCO [25, 28, 32].

Likewise, a tenuous soft-tissue envelope needs time 
for edema and local ischemia to improve in order to 
avoid catastrophic outcomes that can be associated with 
primary open reduction and internal fixation in this set-
ting. The use of staged protocols in such high-risk areas 
as the distal tibia (pilon), proximal tibia, upper extrem-
ity, and distal femur has been shown to dramatically 
reduce these complication rates, even in the presence of 
high-energy open fractures [15, 19, 29, 34, 37, 39].

In the final scenario, a surgical team may prefer 
additional trips to the operating room in order to con-
firm that an adequate debridement of a severely con-
taminated wound has been achieved before committing 

to definitive fixation. While earlier reports noted 
alarmingly high rates of infection when converting 
external fixators to intramedullary nails in the tibia 
[21, 23], more recent studies appear to support this 
strategy in both the tibia [3, 6, 8, 18, 21, 33, 38] and 
femur [6, 25, 28, 32] provided that the duration of 
external fixation is short and there is no evidence of 
pin-tract infection.

14.1.3  The Military Experience

While these civilian principles are applicable to war 
wounds, it is important to appreciate that the combat 
experience of US military medical personnel in OIF/
OEF has been quite different from that encountered 
either in the civilian realm or even in previous military 
conflicts (see Table 14.1). This is due to an “irregular 
war” where much of the military effort has been 
focused against enemy combatants who use unconven-
tional tactics (e.g., terrorism, insurgency, guerilla war-
fare) to counter the traditional advantages enjoyed by a 
larger and better-equipped opponent [4].

Level Military Civilian

I Self-care/buddy care EMT care

Combat lifesaver

Combat medic/Navy corpsman

II Area medical support facility EMT care continues

Forward surgical team

Forward resuscitative surgical system  
(may have surgical capability)

III Combat support hospital Trauma center care

Expended forward surgical team

Medical/surgical/trauma care (patient holding 
capacity available)

IV Landstuhl Regional Medical Centre (limited 
definitive surgical management outside of  
combat zone)

Continue trauma center care

V Walter Reed National Military Medical Center Continue trauma center care

Brooke Army Medical Center

San Diego Naval Medical Center

Specialized care and follow-up care

Table 14.1 Comparison of military and civilian levels of care

Reprinted from [2, Table 1]
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As a result, most coalition casualties have been the 
result of ambush and/or the detonation of Improvised 
Explosive Devices (IEDs) made of homemade, com-
mercial, or military explosives [4, 5, 13]. These later 
devices, which include buried artillery rounds, antiper-
sonnel mines, and car bombs [4, 13, 22] have contin-
ued to evolve and presently are estimated to cause 63% 
of all deaths during OIF [4, 7].

The morphology of wound patterns has also been 
affected by the defensive use of body armor, Kevlar 
helmets, and heavily armored vehicles [4]. The former 
two provide critical protection for the head, chest, and 
abdomen, which decreases the possibility of a life-
threatening injury [22]. With respect to the later, the 
increased deployment of mine-resistant ambush pro-
tected vehicles with “V”-shaped hulls designed to 
deflect explosive forces under the vehicle has lead to a 
99% reduction in fatalities from roadside bombs since 
2006 [4, 39]. However, while increasing survivorship, 
these protective strategies also tend to lead to a greater 
proportion of injuries to unprotected body areas such 
as the head, neck, and extremities.

With respect to increased rates of survivorship, one 
also has to consider the evolution of medical care itself, 
particularly that of the treatment of infectious disease. 
This has lead to a ninefold decrease in the ratio of dis-
ease and non-battle-related injuries to true combat 
injuries from 16:1 during World War I to only 1.75:1 
during OIF [4, 5]. Other advances in medical care have 
included antibiotics, battlefield first aid training, strate-
gic placement of forward surgical teams, and decreased 
time to medical evacuation.

The byproduct, however, of increased survivorship 
and a greater proportion of injuries to the extremities is 
that the present day military orthopedic surgeon faces 
the unique challenge of both more complex and more 
severe injuries in battle. For example, a database review 
by Stansbury and co-authors [35] determined that 7.4% 
of all casualties with extremity injuries who did not 
return to duty within 24 h had sustained major extremity 
amputations. Furthermore, 88% of these traumatic 
amputations were due to an explosive mechanism and 
18% of these amputees had sustained multiple extrem-
ity amputations. Another review found that extremity 
injuries made up 86.7% of all casualties, fractures made 
up 52% of all casualties, and amputations were com-
mon, occurring in 7% of survivors and 50% of soldiers 
killed in action or not surviving their injuries [30].

14.1.4  The Military Paradigm (Echelons 
of Treatment)

Provisional external fixation is now the primary method 
of initial stabilization of extremity fractures sustained 
in the combat theater, having been employed success-
fully as a military surgical adjunct since WWII [1, 2,  
9, 43]. Fixators can be issued in simple sterile “peel-
pack” sets containing all the needed components to 
quickly assemble and place a basic construct, includ-
ing a hand-powered pin driver.

The value of this technique lies in its ability to:  
(1) allow rapid stabilization of injured extremities,  
(2) facilitate a staged surgical protocol that minimizes 
additional insult to damaged soft tissues, (3) allow 
additional time to adequately debride the wound bed 
before insertion of local implants, and (4) serve as a 
key component in damage control surgery. For severe 
wounds requiring frequent dressing changes or those at 
risk for compartment syndrome, external fixators have 
a distinct advantage over splints and casts, which inhibit 
direct access to and inspection of the wound. Unlike 
the former, these latter modalities can lead to problems 
such as ischemia, pressure necrosis, and compartment 
syndrome. Additional advantages include the use of 
ligamentotaxis to reduce fracture fragments and the 
ability of the frame to serve as “traveling traction.”

With respect to Damage Control Orthopedics 
(DCO), external fixators can be applied easily and 
quickly – with few resources required if placed in the 
field. However, the military model of DCO has some 
distinct differences compared with its civilian counter-
part. In the military environment, fixators are used to 
provisionally treat fractures for both stable and unsta-
ble patients in order to facilitate rapid transport of the 
injured soldier through multiple echelons of care. This 
is in contrast to the civilian model, where both provi-
sional treatment and definitive management are typi-
cally undertaken at the same hospital.

In the system of the US military, delivery of medi-
cal care is segregated into discreet echelons (see 
Table 14.1), ranging from echelon I (“buddy care”) to 
echelon V (military hospitals in the continental USA.
Echelon II (e.g., forward surgical teams) and III facili-
ties (e.g., combat support hospitals) are the typical 
locations for combat application of external fixation to 
temporize the wounded soldier. Definitive care is 
undertaken at the highest echelons (IV and V) [2]. 
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Upon arrival at an advanced care facility, those frac-
tures that have been temporized can be converted to 
definitive stabilization, as long as certain criteria for 
this conversion are satisfied.

14.1.5  Considerations

Conversion to definitive fixation requires careful evalu-
ation of multiple factors including overall physiologic 
status of the patient, associated injuries, the wounding 
mechanism, condition of the soft-tissue envelope, pres-
ence or absence of pin-tract complications, presence or 
absence of segmental bone loss, and the determination 
of the preferred implant(s) for definitive stabilization. 
Each of these factors has a direct impact on the timing 
of conversion, which is critical to providing the patient 
with an optimal functional result, while minimizing 
complications. This chapter will focus on the above cri-
teria for conversion, timing, and the proper selection of 
fixation and techniques for definitive reconstruction.

14.2  Wounding Mechanisms  
in the Combat Environment

Understanding the mechanism of an injury has clear 
utility in both diagnosis and management of orthopedic 
injuries. The military combat environment is no excep-
tion. Belmont et al. [4, 5] recently reviewed the epide-
miology of combat wounds in Operation Iraqi Freedom/
Operation Enduring Freedom (OIF/OEF). They noted 
that casualties caused by penetrating ballistic trauma 
(i.e., gunshot wounds) have steadily decreased over the 
twentieth century (see Fig. 14.1). In OIF/OEF, gunshot 
casualties have continued to decline, while casualties 
due to explosive mechanisms have increased substan-
tially, the latter making up 80% of all injuries.

Over the course of the twentieth century, there has 
been a gradual increase in the number of casualties due 
to explosives relative to that of gunshot wounds (see 
Fig. 14.1) [4, 5, 27, 43]. Gunshots (ballistic trauma) 
was the dominant form of injury in World War II, 
accounting for 65% of casualties. By the time of the 
Vietnam Conflict, this figure had fallen to only 35% of 
casualties [4]. This trend has continued during the 
recent conflicts in Iraq and Afghanistan, with the ratio 
of injuries due to explosive mechanisms climbing 

dramatically commensurate with the enemy’s use of 
Improvised Explosive Devices (IEDs).

In fact, analyses of wounding patterns during OIF/
OEF have identified explosive mechanisms as respon-
sible for 75% of orthopedic injuries and 81% of all 
injuries [4, 5, 27]. In contrast, the 16–23% casualty fig-
ure for ballistic trauma during this period was the low-
est proportion of military wounds from gunshots in 
history [4]. The result of this shift is that the injured 
soldier is more likely to have sustained both multiple 
as well as more severe injuries.

The implication of this data is that blast injuries 
account for the majority of extremity trauma in mod-
ern warfare and as previously discussed (see Chap. 2), 
blast injuries have unique wounding patterns and fre-
quently involve contamination with high infection 
rates [2, 4, 5, 20, 27, 43].

Because these injuries are dissimilar in many ways 
to the civilian injury patterns cautious application of 
the recommendations of this chapter is urged until cur-
rent military data are available to confirm or deny their 
applicability (Fig. 14.2).

14.3  Rationale and Timing of 
Conversion to Definitive Fixation

14.3.1  Synopsis

While external fixation has emerged as the preferred 
technique for the initial treatment of the most severe of 
extremity injuries, it encompasses its own unique set  
of problems such as pin-site infections, and high rates 
of malunion and nonunion. Therefore, only under 

Gunshot Explosion
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Fig. 14.1 Percentage of mechanism of injury from previous US 
wars (Wounded in Action – Returned to Duty) (Reprinted from 
[4, Figure 1])
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certain circumstances such as severely contaminated 
high-energy open tibial fractures does it become the 
preferred method of definitive treatment [1, 16, 20, 43]. 
In contrast, the many advantages of conversion to inter-
nal fixation include the opportunity for improved frac-
ture reduction, superior union rates [3, 6], improved 
biomechanics of fixation [14], and increased patient 
tolerance. However, these benefits must be weighed 
against the risks associated with conversion to internal 
fixation. Arguably the greatest concern that the surgeon 
faces is the potential development of deep infection 
related to either the original injury or to the additional 
presence of fixator pins or wires.

Therefore, the conversion from provisional external 
fixation to definitive fixation requires careful decision-
making with the goal to obtain the best functional out-
come, while minimizing the risk of infection (Fig. 14.3). 
Critical to the decision-making process is the clinical 
course of the wounded combatant upon arrival at US 
definitive care facilities. These sites are often the first 
opportunity for thorough examination of injuries as 
well as the first chance to obtain proper radiographs or 
advanced imaging of the injured extremities. Patients 
are often taken to the operating room multiple times for 
wound debridement before definitive reconstructive 
plans can be established. Definitive treatment plans  

Fig. 14.2 A 36-year-old male was accidentally shot in the leg 
with a shotgun during a hunting trip. (a–c) He suffered an 
open, left-sided grade IIIC tibial shaft fracture with marked 
comminution. He also presented with complete functional defi-
cit to his anterior compartment. He was taken to a local trauma 
center for irrigation and debridement (I&D), stabilization with 
and external fixation and a saphenous vein revascularization of 
the popliteal artery. Subsequent multiple I&D procedures were 
performed (including compromised bone). A negative-pressure 
wound therapy dressing was placed over the wound sites. An 
Inferior Vena Cava (IVC) filter was also inserted. (d) On day 3, 
a reamed, locked tibial intramedullary nail was inserted. (e, f) 
At 2 weeks following the injury, the patient was transferred to 
our institution for definitive management of his injuries. Repeat 
I&D was performed, the proximal interlocking screw was then 

removed to allow some correction of alignment and a percuta-
neous locking plate and screws were placed along the lateral 
surface of the tibia and a VAC dressing was applied. (g) 
Radiographs at 19 months illustrate some callus formation  
and a broken proximal interlocking screw. (h, i) Exchange  
IM  nailing was planned and performed with placement of 
Demineralized Bone Matrix (DBM) and a Bone Morphogenetic 
Protein-7 (BMP-7) supplement. (j) At the latest follow-up visit 
at 29 months following revision surgery, he presented with 
good radiographic and clinical findings including increased 
callus formation and consolidation of the fracture, well-healed 
soft tissues, resolution of most pain symptoms, a return to 
activities of daily living and some recreational activities includ-
ing weight training and skiing. A slight dorsiflexion lag was 
still present

a b

c
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Fig. 14.2 (continued)
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a

Fig. 14.3 A 17-year-old male was involved in a head-on colli-
sion with a tractor trailer. After being trapped inside the vehicle 
for approximately 1 h, he was extricated and flown to a local 
trauma center. He was diagnosed with an open, Grade IIIC left-
sided AO/OTA Type C3.3 distal femur fracture with segmental 
defect and an ipsilateral tibial shaft fracture. External fixation 
was placed for initial stabilization and antibiotic beads were 
subsequently placed in the defect at 3 days following injury. 
Open Reduction and Internal Fixation (ORIF) was performed 
with placement of an intramedullary (IM) locked nail for treat-
ment of the tibial shaft fracture and then ORIF of the distal 
femur fracture with placement of a Less Invasive Stabilization 
System (LISS) locking plate and screws. One week later the 
antibiotic beads were removed and the defect was prepared for 
bone graft placement. A second incision was made along the 
lateral border of the ipsilateral fibula and a free vascularized 
fibula bone graft was harvested for transplant to the femoral 
defect. It was docked in a double barrel fashion and stabilized 
using screw fixation. Following surgery he returned for regular 
follow-up visits. Three months after surgery all of the fractures 
were healing with incorporation of bone graft. The LISS plate 
was removed 4.5 years following the initial surgery. The clinical 
and radiographic follow-up illustrated excellent results with 

bony union, full range of motion and complete resolution of pain 
and return to preinjury activities. (a) Photograph of the vehicle 
and the scene following the accident. (b–d) Anteroposterior 
(AP) X-rays illustrating an AO/OTA Type C3.3 distal femur 
fracture with segmental bone defect and an ipsilateral tibial shaft 
fracture. (e–g) AP and lateral radiographs following placement 
of external fixation and antibiotic beads at the site of the seg-
mental bone defect. (h) Counterclockwise from top-left; pre-
operative plan, fluoroscopic images showing placement of 
intramedullary nail for the tibial shaft fracture, and locking 
screws and open reduction and internal fixation (ORIF) of the 
distal femur fracture with placement of a LISS locking plate and 
screws. (i–k) Immediate postoperative radiographs demonstrat-
ing adequate fixation and alignment (l) AP radiographs illustrat-
ing preparation of distal femoral bone defect for placement of 
vascular bone graft. (m) AP X-radiograph following free vascu-
larized fibular bone and placement of screw fixation. (n–q) AP 
and lateral X-rays 3.5 years following ORIF showing healed a 
distal femur fracture with incorporation of the fibular bone graft 
and a healed tibial shaft fracture. (r, s) AP and lateral X-rays 8 
months following removal of LISS plate and screws and 4.5 
years following fracture surgery

are best formulated when adequate debridement has 
 created a clean wound with healthy soft tissue and bone 
remaining. As Anderson et al. [1] have pointed out:

Most injuries are open with a variable amount of bone, 
articular surface, and soft-tissue loss. Timing of definitive 
fixation and coverage is made by the attending surgeon 
based on objective appearance of the wound and a variety 
of clinical and laboratory parameters. When eventual 
useful function of a limb appears to be limited, patients 
are offered the choice of limb salvage or amputation. For 
those who elect limb salvage, bone stabilization and soft-
tissue coverage is completed as soon as possible. The 
most advanced techniques in soft-tissue and fracture 
management are used in the surgical treatment of these 
injuries … Historically, even in recent conflicts, casting, 
traction, and external fixation have been the mainstay  
of fracture care of war-injured patients. Currently, 
however, internal fixation is used when the fracture 

pattern and soft tissues are felt to be appropriate for such  
instru mentation. External fixation is used when extended 
periods of time are needed to débride wounds adequately. 
Upper extremity injuries are treated with a combination 
of internal and external fixation. Femur fractures 
generally are treated with intramedullary rods; tibia 
fractures frequently are treated with external fixation. 
Periarticular injuries are typically plated with locking 
plates to provide optimal control of segments and early 
mobilization. Segmental bone defects are treated by 
various techniques, including bone grafting, bone 
transport, and use of bone morphogenetic proteins.

There is unfortunately little high-quality evidence in 
the orthopedic literature to support specific decisions 
regarding definitive management. Despite recent favor-
able outcomes utilizing staged protocols, it must be 
emphasized that most of the available literature is 
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based on civilian trauma. Such a setting can be far dif-
ferent from the more austere environment encountered 
in modern military conflicts where injuries are sub-
stantially more severe due to explosive ordnance [4, 5, 
27], 82% of extremity injuries are open fractures [4], 
and wound contamination is invariably encountered 
upon arrival at the highest levels of care [1].

14.3.2  The Pin Tract

It is important to understand the natural history of 
the external fixator pin tract when developing a 
management strategy for converting to definitive 
fixation. Of particular concern is the risk of infec-
tious cross-contamination of the definitive surgical 
corridor from the pin sites, which can lead to disas-
trous consequences – particularly in the setting of 
secondary intramedullary nailing (IMN) of long-
bone fractures [21, 23]. Limiting or avoiding this 
cross-contamination involves four possible strate-
gies: (1) Minimizing the time between the place-
ment of the temporary external fixator and its 
removal for staged reconstruction, i.e., a “safety 
window”; (2) Treatment of the pin sites by debride-
ment and/or antibiotics; (3) Allowing a time for 
healing of the pin sites after pin removal before 
definitive surgical treatment with internal fixation, 
i.e., a “safety interval;” and (4) Modifying the fix-
ator itself (hydroxyapatite or antibiotic coatings) or 
its method of placement (predrilling).

Several animal studies have attempted to elucidate 
these factors. In a canine model, Respet et al. [31] eval-
uated both the time from pin insertion to pin-tract con-
tamination and the time from pin removal to 
intramedullary (IM) sterilization. Kirschner wires 
were placed under sterile conditions and monitored for 
4 weeks before removal. By 2 weeks postinsertion, 
50% of the pin tracts were culture positive, rising to 
67% after 4 weeks. Following pin removal, the wounds 
were allowed to heal with the IM canal sampled at dif-
ferent time points. While there was a 50% positive cul-
ture rate when IM canals were sampled within 1–2 
weeks after removal, no medullary canal was found to 
be infected when the pin tracts were allowed to heal 
for a total of 3 weeks. Therefore, the investigators sug-
gested that regardless of the duration of pin retention, 
a 3-week safety interval should be considered between 

pin removal and secondary osteosynthesis to prevent 
fixator-related infectious complications.

Clasper et al. [11] demonstrated the spread of infec-
tion from contaminated pin sites in a sheep tibial 
model. Both the proximal and distal pins of a linear 
3-pin fixator construct were contaminated, leaving the 
middle pin undisturbed. Yet by 2 weeks, all three of 
the pin tracts in all of animals demonstrated intramed-
ullary contamination. Furthermore, at this time point 
60% of the animals demonstrated intramedullary 
infection up to 7 cm remote from the pin sites. Of clin-
ical importance, the authors also observed that while 
only 80% of the pin sites appeared clinically infected 
at 2 weeks, 100% of the pin tracts were culture 
positive.

Clasper and his group [12] then evaluated different 
treatment methods for avoiding intramedullary sepsis 
at the time of secondary intramedullary nailing (IMN). 
Staphylococcus aureus was used to inoculate pin sites 
in a similar sheep model. Two weeks later, the exter-
nal fixation was converted to intramedullary fixation 
in a single-stage fashion. The control group (n = 6) 
received no treatment before IMN whereas the 
 experimental group (n = 6) had local irrigation and 
debridement of the pin tracts, systemic antibiotics, 
intramedullary lavage, and local antibiotics. All ani-
mals in the control group went on to develop over-
whelming local infection with septic knee joints and 
medullary sepsis. In the experimental group, despite 
normal clinical appearance in five of the six animals, 
only one lacked evidence of infection at necropsy. The 
authors concluded that their treatment was successful 
at reducing but not eliminating medullary infection 
after secondary IMN.

While these animal studies appear to support 
staged conversion with removal of fixator pins before 
2 weeks and a possible additional “safety interval” of 
another 3 weeks before internal fixation, they fail to 
identify whether there is a “safe window” for single-
stage conversion (IMN at the time of fixator removal). 
In contrast, several clinical studies seem to support 
this tactic and are discussed below in their respective 
sections on diaphyseal fractures and periarticular 
fractures.

One of the problems that plagues fixators in both 
military and civilian settings is the association 
between loose pins and pin-tract sepsis. It may be that 
the loose pin is the inciting factor in the development 
of associated pin-tract infections and not the reverse 
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[17]. The addition of hydroxyapatite coating has been 
shown to improve the strength of the pin–bone inter-
face [24], which secondarily decreases the rate of 
pin-site infection. However, since external fixators 
applied in theater are frequently removed within 1 
week of application, hydroxyapatite-coated half-pins 
are not currently used in US military peel-pack fix-
ators. Presently, the United States Army Institute of 
Surgical Research (USAISR), in part with coopera-
tion from industry, has developed lipid-stabilized 
hydroxyapatite/chlorhexidine-coated stainless steel 
and titanium pins for use with external fixation sys-
tems [26]. These pins have a more cost-effective role 
in the use of external fixation for definitive treatment 
(the so-called “built-up”  fixator). Antibiotic-coated 
pins may also have a role in decreasing the risk of 
pin-site infection.

14.3.3  Staged Treatment of Diaphyseal 
Fracturess

When considering diaphyseal long-bone fractures tem-
porized with external fixation, the two primary con-
cerns facing the surgeon are the achievement of bony 
union and preventing deep infection. Current practice 
in military medicine favors converting these injuries to 
another form of definitive treatment. Despite the lack 
of any large published series documenting its effec-
tiveness for war-related injuries [14], civilian data sup-
port conversion to definitive fixation. Implant options 
for converting shaft fractures from temporary to defini-
tive fixation include intramedullary devices, plate/
screw constructs, ring (i.e., skinny wire) fixators, and 
“built-up” (i.e., hybrid) fixators.

Multiple civilian studies exist on the secondary 
intramedullary nailing of diaphyseal fractures of the 
tibia or femur after initial management with an exter-
nal fixator. Several early investigations [21, 23] con-
demned the protocol due to unacceptable infection 
rates ranging from 20% to 44%. When a pin-site infec-
tion had been present during treatment, infection rates 
rose to 71–100%. In contrast, Maurer et al. found that 
only 1/17 patients without a pin-site infection devel-
oped deep infection after IM nailing. Importantly, 
these studies involved high-energy open tibial shaft 
fractures where the duration of fixator use was often 
upward of 50 days.

Following these reports, other authors have reported 
lower rates of complications utilizing aggressive wound 
protocols including pin-site infections, early external 
fixator removal (a “safety window”), and short periods 
between fixator removal and delayed intramedullary 
nailing (a “safety interval”) [3, 8, 18, 33, 41, 42].

Blachut and colleagues [8] retrospectively reviewed 
41 open tibial shaft fractures treated initially by pro-
visional external fixation followed by delayed IM 
nailing. Fixators were maintained an average of 17 
days (range 6–52), followed by a short period averag-
ing 9 days (range 0–24) in either a cast or calcaneal 
traction to allow the pin site wounds to heal before 
nailing. With every operation, patients received 48–72 
h of prophylactic antibiotics. Two patients developed 
deep infections (5%), which were successfully treated 
with retention of the nail. There were two nonunions 
and one delayed union. The authors attributed their 
low rate of complications to their meticulous serial 
debridements, early wound closure (generally by 5–7 
days), and early fixator removal.

A similar retrospective study of 16 tibial shaft frac-
tures (50% were open) by Johnson et al. [18] demon-
strated a 0% rate of infection after staged treatment. 
External fixators were removed at an average of 12 
weeks after injury (range 3–25) with a safety interval 
averaging 13 days (range 5–30) before delayed IM 
nailing. Two patients had pin-site infections at the time 
of removal. Patients received an average of 8 days pre-
operative antibiotics and 11 days postoperative antibi-
otics, generally a cephalosporin. No patient developed 
a deep infection and all fractures healed.

Wheelwright and Court-Brown [41] retrospectively 
discussed the outcomes of 21 patients with tibial shaft 
fractures (11 open and 10 closed) treated with a provi-
sional external fixator for an average of 8.2 (range 
7–16.3) weeks. One patient underwent immediate nail-
ing with external fixator removal. The other 20 had 
delayed nailing after a safety interval of 12 days (cast 
or calcaneal traction) to allow the pin tracts to fill with 
stable granulation tissue without any associated dis-
charge. Secondary nailing was never attempted in the 
face of a pin-site erythema or drainage. One patient 
(4.8%) developed a deep infection that was felt to be 
unrelated to the pin sites.

Siebenrock and co-authors [33] retrospectively 
evaluated the outcomes of 135 high-energy/mostly 
open tibial shaft fractures that were initially treated 
with external fixation. The group of patients (n = 24) 
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treated with delayed intramedullary nailing had the 
lowest rates of infection (4.1%), nonunion, and 
malunion – as well as the shortest healing time com-
pared with definitive treatment in the fixator or delayed 
plating. Delayed intramedullary nailing was performed 
at an average of 6.4 weeks after injury as a single-stage 
conversion in 52% of the patients, within 7 days of fix-
ator removal in 16%, between 8 and 21 days in 16%, 
and after 21 days in 16%.

The only randomized, controlled trial (level II data) 
related to secondary conversion was performed by 
Antich-Androver and colleagues [3]. In a group of 39 
patients, who had been treated with provisional exter-
nal fixation for an average of 27 days, 22 had conver-
sion to a cast. The other 17 patients underwent delayed 
IM nailing after an additional mean interval of 10 
days in a long-leg cast after fixator removal. All 
patients were treated with short-term broad-spectrum 
antibiotics. Only one patient (5.8%) developed a deep 
infection in the IMN group. Finally, there was only 
one nonunion and no angular malunions in the IMN 
group versus respective rates of 29.6% and 50% in the 
cast group.

In most of the above studies, the majority of patients 
underwent a “safety interval,” which averaged 9–13 
days between removal of the external fixator and sec-
ondary IM nailing of the tibial diaphyseal fracture. In 
theory, a safety interval should decrease the risk of 
deep infection at the time of definitive treatment by 
allowing early healing of pin sites and sterilization of 
the intramedullary canal. However, while there are no 
large series documenting the safety of single-stage 
conversion in tibia fractures (i.e. intramedullary nail-
ing at the time of fixator removal), more than half of 
the patients in the series by Siebenrock and co-authors 
[33] were treated in this way. Also, a recent small case 
series of four patients described one-stage conversion 
of type IIIB open fractures from external fixation to 
unreamed IM nailing with simultaneous flap coverage 
[38]. None of the four patients developed an infection.

Yokoyama and co-authors [42] attempted to define 
specific risk factors for deep infection after staged con-
version of open tibial shaft fractures from provisional 
external fixation to IMN. Of interest, the only factor 
they found to be statistically significant was the timing 
of definitive wound closure. None of the 20 patients 
undergoing closure within the first week developed an 
infection as opposed to 31.8% of those undergoing 
closure more than a week after injury. Neither the 

duration of external fixator placement, interval between 
fixator removal and IMN, nor the presence of pin- site 
problems or superficial infections were statistically 
significant. However, all these demonstrated concern-
ing trends. When the fixator had been in place greater 
than 3 weeks, the rate of infection rose from 0% to 
20%. A safety interval of less than 2 weeks was associ-
ated with an infection rate of 17.9% versus 14.3% if 
waiting period was longer. The presence of a pin-site 
infection raised the risk of deep infection after IMN 
from 14.7% to 25%, and the presence of a superficial 
infection increased this risk from 14.8% to 20%. The 
authors therefore concluded that while not significant, 
these findings cannot be ignored without a large pro-
spective study.

Compared to the tibial shaft fracture, the results of 
staged treatment of the femoral shaft fracture appear to 
be superior with better union rates and infection rates 
ranging as low as 1.7–3% [25, 28, 32].

Nowotarski et al. [25] evaluated 59 femur fractures 
in 54 patients, all of which were initially treated with 
external fixation due to “physiologic instability” or 
vascular injury. Forty of the fractures were closed and 
19 were open. Their criteria for one-stage conversion 
were duration of external fixation less than 2 weeks, no 
systemic signs of infection, no erythema, or drainage 
from the pin tracts, and no loose pins. Fifty-five of the 
fractures met these criteria. Their protocol for conver-
sion called for debridement of pin tracts, curettage of 
bone holes, and re-prep/drape before insertion of a 
reamed IMN. Importantly, the majority of cases were 
converted to IMN within 1 week of external fixation. 
Their overall infection rate for secondary IMN was 
1.7% with a 95% union rate at 6 months.

Scalea et al. [32] evaluated 43 patients with femur 
fractures initially managed with external fixation, 35 
of which were later converted to IMN. The median 
time in the fixator was 4 days (range 2.5–6). There 
were few complications (14% overall) with one case of 
pin-site bleeding, one hardware failure, and one patient 
with acute osteomyelitis (3%). However, follow-up for 
these patients was short, limiting any major conclu-
sions. Pape and co-authors [28] evaluated a 2-decade 
long shift away from early total care to damage control 
orthopedics and found no change in rates of infection, 
local complications, or hardware failure when com-
pared with patients undergoing primary intramedullary 
nailing. Patients spent an average of 4.6 days in an 
external fixator before conversion to an IM nail. Only 
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one patient in the damage control group (n = 191, of 
which 61 were conversions from provisional external 
fixation to an IMN) developed osteomyelitis.

Finally, upper extremity diaphyseal fractures can 
also safely undergo provisional external fixation, fol-
lowed by internal fixation. Suzuki et al. [37] retrospec-
tively reviewed 17 such patients with humeral shaft 
fractures (9 for Damage Control and the rest due to the 
severity of the extremity injury). All had planned fix-
ator removal and conversion to plate fixation at an aver-
age of 6.2 (range, 2–14) days after the injury. Two 
patients developed infected nonunions, both attributed 
to the presence of contaminated open injuries rather 
than pin-site problems. The authors concluded that pro-
visional external fixation of a humeral shaft fracture 
with planned conversion to plate fixation within 2 weeks 
is a safe and effective approach in selected situations.

While the above studies appear to demonstrate the 
efficacy and safety of provisional external fixation of 
diaphyseal fractures followed intramedullary nailing, 
as well as support for judicious single-stage conver-
sion, the absolute length of time a fixator can remain in 
place before risks of conversion become unacceptable 
remains undefined.

In an effort to better elucidate this risk, Bhandari 
et al. [6] performed a meta-analysis of 22 papers 
(3 level IV papers on the femur; 1 underpowered level 
II study and 14 level IV studies for the tibia; and 4 
level IV studies covering both tibia and femur frac-
tures) on provisional external fixation of diaphyseal 
fractures that were treated later with secondary 
intramedullary nailing (IMN).

For femur fractures, the vast majority of patients 
studied had their fixator in place for £15 days before 
conversion to IMN. Only six studies (n = 185 patients) 
reported a planned protocol for the removal of external 
fixators and conversion to IM nails, which included 
curettage of pin tracts and perioperative antibiotics. 
The overall rate of infection after a mean of 10 days of 
external fixation and one interval day to IMN was 
2.6%. There was no stated absolute length of time in 
an external fixator before the risk of complications 
increased. However, the authors concluded that plau-
sible infection rates for single-stage conversion of 
external fixation of femoral diaphyseal fractures to 
IMN were 3.6%, with union rates reaching 98%. Only 
one study discussed the use of a delayed interval (five 
patients). In this report, fixators were in place for 
upward of 50 days with an average of 17 days between 

fixator removal and conversion to IMN, resulting in an 
infection rate reaching 40%.

For tibia fractures, the duration of external fixation 
varied widely. There were 9 studies (n = 268 patients) 
that reported a planned conversion from external fixa-
tion to an intramedullary nail and 12 studies (n = 236 
patients) that reported IMN as a reconstructive measure 
for nonunions, delayed unions, or malunion. All but 
one study reported a policy of conversion to an 
intramedullary nail only if the pin tracts were clear of 
infections. The typical protocol at the time of fixator 
removal included curettage, irrigation, and debridement 
of the pin tracts, and antibiotics. Retaining the fixator 
for £28 days resulted in an 83% reduction of infectious 
complications after conversion to IMN. Overall, 
Bhandari et al. noted plausible infection rates averaging 
9% with union rates near 90%. Interestingly, a delayed 
interval of >14 days between fixator removal and IMN 
was found to have a significant increase in postconver-
sion infections (32% vs. 5%) presumably due to a 
selection bias to delay conversion longer for those 
patients with complicated clinical courses and longer 
fixator use.

14.3.4  Staged Treatment of Periarticular 
Fractures

Staged management of periarticular injuries has 
become the standard of care in both civilian and mili-
tary settings. Goals for periarticular reconstruction 
include the following: (1) anatomic restoration of the 
articular surface, (2) stabilization of the reconstructed 
articular surface to diaphysis, (3) restoration of motion, 
and (4) avoidance of complications such as infection 
and soft-tissue problems.

Upon arrival at definitive care facilities, multiple 
factors regarding the injury are assessed including the 
condition of the soft tissues, the nature of initial injury 
(i.e., open or closed, high energy vs. low energy, etc.), 
the possible need for further surgical débridement, 
associated open fasciotomy wounds, location of previ-
ously placed external fixator pins, condition of existing 
external fixator pins, mechanical stability of the exter-
nal fixator configuration, bone loss, soft-tissue loss, 
associated neurovascular injury, and the presence or 
absence of infection [10]. Advanced axial imaging can 
be obtained to aid in planning articular reconstruction.
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Once soft tissues have stabilized, definitive man-
agement options can be considered. These options 
include removal of the external fixator combined with 
formal open reduction and internal fixation, limited 
internal fixation augmented with external fixation, and 
definitive external fixation with either a ring or hybrid 
external fixator [10].

Multiple-staged protocols have been published in 
the civilian literature. In 1999, Sirkin and colleagues 
[34] retrospectively reviewed 56 pilon fractures (34 
closed, 22 open) treated with a staged protocol of 
immediate fibular ORIF and external fixation of the 
tibia that bridged the zone of injury by crossing the 
ankle joint. This was followed by delayed definitive 
ORIF of the tibia at an average time of 12.7 days for 
closed fractures and 14 days for open fractures. Partial 
skin necrosis occurred in 17% of closed fractures and 
in 10.5% of open fractures. This was successfully 
managed with oral antibiotics and local wound care in 
all cases without the need for a secondary soft-tissue 
procedure. Five percent of patients went onto deep 
infection, two-thirds of which were open injuries.

Patterson and Cole [29] reviewed their series of 22 
pilon fractures in 21 patients managed with a staged 
protocol. Similar to Sirkin et al., their initial manage-
ment called for immediate ORIF of the fibula plus an 
ankle joint spanning external fixator. The average time 
in the fixator for their patients was 24 days. They 
reported no infections, no soft-tissue complications, 
and a 95% rate of union at an average time of 4.2 
months.

Egol et al. [15] published a protocol on the staged 
management of tibial plateau fractures that included 
57 fractures in 53 patients (41 were closed injuries, 16 
were open). In their protocol, spanning external fixa-
tion across the knee was performed on the day of 
admission. At an average of 15 days, fractures were 
converted to open reduction and internal fixation or a 
ring fixator based on surgeon preference. They reported 
a 5% rate of deep infection, two-thirds of which were 
open fractures. Four percent of their injuries went onto 
nonunion and 4% developed clinically significant knee 
stiffness.

Kloen et al. in an unpublished data [19] reviewed 15 
open (3 Gustilo Type I, 5 Type II, 3 Type IIIA, and 4 
Type IIIB) distal humeral, intra-articular fractures man-
aged with a staged protocol. All patients were initially 
managed with spanning external fixation across the 
elbow joint for an average of 7 days followed by 

conversion to formal ORIF. The average time to union 
was 4.6 months. Complications were seen in 11 
patients. Additional surgical procedures were required 
in eight patients, including bone grafting for delayed 
union, open release for stiffness, hardware removal, 
ulnar neurolysis and transposition, resection of hetero-
topic ossification, and elbow arthrodesis in one patient 
for osteomyelitis and nonunion. Smith and Cooney 
outcomes were good to excellent in 9/15 fractures.

14.3.4.1  Management of the Fixator at the  
Time of Reconstruction

Several authors have offered specific recommenda-
tions to minimize fixator cross-contamination of the 
surgical site at the time of periarticular fracture man-
agement. Sirkin et al. [34] managed the external fixator 
at the time of definitive stabilization by removing all 
components except the fixator pins, which were 
prepped into the operative field. This allowed for the 
pins to be used secondarily with a femoral distractor as 
a reduction aid, or to augment fixation with application 
of a new external fixator postoperatively.

Watson and associates [39] evaluated a standard-
ized surgical cleansing protocol for in situ fixators in 
96 patients (55% initially had an open fracture) under-
going 108 secondary procedures (ORIF, bone grafting, 
wound coverage). At the time of the secondary proce-
dure, 21% had some evidence of mild pin-tract infec-
tion, but none had purulent drainage. The protocol 
consisted of initially cleansing the entire limb and fix-
ator pins with 95% isopropyl alcohol. Next, the  external 
fixator was cleansed with a routine aqueous povidone-
iodine (Betadine) scrub solution for 6 minutes, fol-
lowed by similar preparation for the limb. Both the 
fixator and the extremity were then coated with a spray 
Betadine paint solution and draped into the operative 
field. A deep postoperative infection developed in only 
two patients (2.1%) and both initially had sustained 
type IIIB open fractures. The duration of time in the 
frame before surgery, the presence of mild pin-tract 
infection (serous drainage, erythematous skin around 
the pin, or frank loosening) and preoperative cultures 
were not predictive of postoperative infection.

Based on these series, prepping either the fixator 
pins or the entire frame into the operative field can be 
a safe and effective adjunct in the staged management 
of periarticular fractures.
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14.3.5  Ring (“Skinny Wire”)  
and “Built-up” Fixators

Another option for definitive management is to retain 
the fixator with modifications/additions to improve 
alignment and stability. Lerner et al. [20] retrospec-
tively reviewed 47 patients with 64 extremity fractures 
sustained in combat theater. Twenty-eight were caused 
by blast injuries, the remaining 19 from high-velocity 
gunshot wounds. All were open fractures (14 Type 
IIIA, 40 Type IIIB, and 10 Type IIIC) and all were 
managed with irrigation, debridement, and unilateral 
external fixation within 3 h of injury. Wound coverage 
was obtained within 5–7 days, at which time the fix-
ator was converted to a hybrid or circular (Ilizarov) 
frame and patients allowed full weight-bearing and 
full range of motion encouraged. With this technique, 
the authors achieved a 91% union rate (range 2–54 
months). Pin-tract infections were the most common 
minor complication, occurring in 79% of patients in 
this study. Other authors have noted good experiences 
with the use of ring fixators for the definitive treatment 
of open tibia fractures [2, 16].

The alternative to skinny wire fixation is the addi-
tion of additional pins and/or bars to the preexisting 
unilateral frame applied as provisional fixation. This 
“built-up” construct is better able to maintain the pro-
visional reduction of the fracture during a potential 
long transport time to a facility for definitive treatment 
[2]. In some cases, such a construct may also serve as 
definitive treatment [1, 43].

14.3.6  Consideration for Primary 
Definitive Internal Fixation

Primary open reduction and internal fixation of frac-
tures performed in theater subjects is fraught with an 
increased risk of infection. For example, 46% of 
upper extremity wounds of patients admitted to 
Bethesda during OIF/OEF were found to be culture 
positive [2]. Zeljko and co-authors [43] noted high 
complication rates after primary internal fixation dur-
ing the Croatian War with four of eight patients devel-
oping osteomyelitis.

However, despite the austere environment of the 
combat theater and the limited amount of resources 

(i.e., lack of instrumentation, power equipment, and 
fluoroscopy, etc.) available to treating surgeons, cer-
tain fracture patterns/locations may be amenable to 
definitive fixation at the time of injury.

Although the literature is particularly sparse in this 
area, Stinner et al. [36] recently performed a retrospec-
tive review of 47 patients with 50 fractures treated by 
ORIF in the theater of combat operations (echelon’s II 
and III) during OIF/OEF from 2001 to 2008. The 
majority of these were hip, forearm, and ankle fractures 
(68%) with 32% being open fractures. Seventy-eight 
percent of these injuries healed without postoperative 
complications or secondary procedures. Infectious 
complications were low (one patient with medial mal-
leolar screws). Of note, the epidemiology of their pop-
ulation undergoing acute definitive fixation starkly 
contrasted with that of the typical wounded participant 
in this conflict. Their patients had relatively low ISS 
scores (average ISS = 11) and only 32% of their patients 
had sustained an open fracture, compared with the 
entire population during OIF/OEF where 82% were 
open fractures. The authors concluded that acute defin-
itive management had a role, but limited scope. It is felt 
to be appropriate for less severely injured soldiers with 
less complex wounds and bony injuries.

14.4  Conclusions

In the management of diaphyseal fractures in the 
trauma patient, secondary intramedullary nailing 
after external fixation can be a safe treatment with 
high union rates (98% in femur, 90% in tibia), a low 
incidence of malunion, and an acceptable risk of 
deep infection (3.6% in femur, 9% in tibia) [6]. For 
periarticular fractures treated in this way, various 
authors have demonstrated improved outcomes – 
particularly lower rates of wound complications, 
without increased infection rates related to the 
external  fixator [15, 19, 29, 34, 29].

However, certain clinical criteria for conversion to 
definitive fixation should be satisfied before proceeding 
with internal fixation. These include: no systemic signs 
of infection, normal WBC, normal sedimentation rate, 
absence of active pin-tract infection, granulated healed 
pin sites, physiologic stability, and a stable-sealed soft-
tissue envelope [1, 6, 8, 21, 23, 25, 41, 42]. This last 
condition may actually be the most important [42].
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The recommended management of pins and/or pin 
sites at the time of definitive fixation includes: periop-
erative antibiotic prophylaxis, irrigation and debride-
ment of the pin tract, and curettage of bone holes before 
proceeding with internal fixation [6, 12, 21, 23, 25, 42]. 
However, there is currently only weak evidence to 
directly support these practices.

Conversion of provisional external fixation of a dia-
physeal femur or tibia fracture should be undertaken as 
soon as possible. This safety window has not yet been 
defined. However, most of the patients in series report-
ing low infection rates had a fixator in place for no more 
than 2 weeks [6]. Furthermore, there is evidence that 
converting tibia diaphyseal fractures to secondary 
intramedullary nailing within 28 days results in an 83% 
risk reduction for deep infection [6]. Finally, data from 
animal models would suggest that by 2 weeks, 50% of 
pin tracts may be culture positive and that within 2 weeks 
such contamination could have spread to the intramedul-
lary canal despite a normal clinical appearance [11, 31]. 
Therefore, the “safety window” between placement of 
an external fixator and conversion to an IM nail appears 
to be less than 2 weeks and potentially shorter.

In the absence of pin-site complications, early one-
stage conversion within the first week after injury 
appears to be safe with low rates of infection for both 
femur and tibia fractures. However, the presence or 
even history of a pin-tract infection, or a long duration 
of fixator placement, appears to justify a short “safety 
interval” between the removal of the fixator and second-
ary intramedullary nailing. The appropriate length of 
this “safety interval” remains a subject of much debate.

While many clinical studies support an interval of 
approximately 2 weeks [3, 6, 8, 18, 33, 42], data from 
animal models would suggest that it takes 3 weeks to 
sterilize the medulla after removal of a fixator [31]. On 
the other hand, while unclear and perhaps due to selec-
tion bias, waiting greater than 2 weeks may paradoxi-
cally increase the risk of infection [6].

While not a first choice, the use of built-up fixators 
to manage diaphyseal fractures can produce union rates 
comparable to secondary IMN and therefore may be 
the optimal choice in certain circumstances [1, 20, 43]. 
Short-term pin-tract infections are high but long-term 
complications are low. Minimal osteosynthesis can be 
added with potentially improved union rates and lower 
complication rates for appropriately selected patients 
and fracture patterns. Data on secondary ORIF for shaft 
fractures are lacking. Biological techniques (i.e., sub-
muscular plating) likely have a role depending on 

surgeon preference/experience but do not demonstrate 
superiority (or even equality) in the literature when 
compared to intramedullary nailing.

Staged management of periarticular fractures has 
dramatically reduced complication rates (especially 
wound related) in both lower and upper extremity inju-
ries. The articular surface should be reconstructed ana-
tomically and reattached to the diaphysis in appropriate 
alignment. Assessment of soft-tissue readiness is cru-
cial in conversion. Proper execution of fixator place-
ment in the field can improve outcomes by avoiding 
future surgical corridors. Including the pins or the 
entire fixator in the sterile prep at the time of conver-
sion is safe and can aid reduction techniques and aug-
ment fixation postoperatively [34, 39].

Finally, it is important to once again consider that 
most of the data on staged treatment of wounds with 
provisional external fixation is based on the civilian 
experience. There remains limited data comparing 
treatment options in the combat theater, but differences 
likely exist due to the very different nature of the 
wounding mechanisms. Therefore, any recommenda-
tions need to be tempered by this uncertainty as well as 
the anecdotally high infection rates reported after 
intramedullary nailing of open tibial fractures second-
ary to blast or high-velocity gunshot injuries [2].
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15.1  Introduction

An acceptable emergency fracture reduction fixation 
using a unilateral tubular external fixation frame often 
can be continued until bone healing is completed. 
However, unilateral external fixation, as a definitive 
method of skeletal stabilization in patients suffering 
from high-energy injuries, has been associated with a 
high rate of nonunion [10, 20, 37]. Therefore, in most 
cases, it is necessary to achieve secondary optimal 
fracture reduction and control over the fracture. This 
will require a transition to other methods of definitive 
fracture fixation best performed after the final cover-
age of the wounds has been completed.

Conversion to internal fixation is widely used in low-
energy trauma and also in patients suffering from high-
energy trauma with ample soft tissue coverage of the 
fracture zone and the bone fragments (see chapter 14). 
In severely injured patients who have suffered extensive 
tissue damage and loss in the fracture zone, conver - 
sion to internal fixation methods is prone to serious 
complications.

The introduction of a surgical fixation implant causes 
additional trauma to the soft tissues, further reducing 
the vascularity of the fracture site. Combined with the 
presence of a large metallic foreign body, compromised 

soft tissue cover leads to septic  complications and 
 nonunion [36]. These circumstances arise in complex 
combat or terror trauma presenting with extensive deep 
tissue damage and loss, and multiple foreign bodies in 
the fracture zone and surrounding soft tissues. To pre-
vent the development of serious complications, final 
fracture stabilization with a multidimensional and mul-
tifunctional method of definitive circular/hybrid exter-
nal fixation is recommend [17].

Contrary to internal fixation methods, it is not 
imperative to wait until final and safe fracture site soft 
tissue coverage has been achieved when using external 
fixation frames. Bone reconstructive procedures can be 
safely carried out as early as the first days after injury. 
This is an important advantage, because closed frac-
ture reduction becomes more difficult the longer the 
wait for complete wound healing. This has been dis-
cussed in the previous chapter on primary fixation.

Unilateral fixation frames have only a limited abil-
ity to reposition bone fragments during the fracture 
reduction procedure. Hence, frequently, the primary 
tubular external fixation used for the emergency pri-
mary stabilization must be changed to a hybrid or ring 
system to achieve final reduction, stabilization, and 
control over the fracture. In order to perform this tran-
sition efficiently with minimal additional trauma to the 
patient, we use the Shanz screws from the primary 
tubular external fixator which were applied initially 
and add tension wires and additional Shanz screws (as 
many as required) for the reduction and stable final 
fixation of the bone fragments.

The extraordinary potential of the Ilizarov method 
for tissue neogenesis is a solution for almost any extent 
of bone damage, including massive bone loss. This 
method allows the performance of radical bone end 
debridement in the knowledge that future bone length 
restoration will be possible. Taking into consideration 
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the availability of many publications dealing with the 
Ilizarov method and its application in various orthope-
dic and trauma conditions, we limit ourselves here to 
describing the principles that govern the treatment of 
severe complex fractures of the limbs. A period of spe-
cialist training and experience in treating these patients 
is essential [34].

In the case of severe periarticular fractures, atten-
tion must be paid not only to reduction and stable fixa-
tion of the bone fragments, but also to releasing the 
primarily bridged joints as soon as possible, in order to 
preserve their range of movement. Additional imag-
ing, before the final reconstructive procedure, is man-
datory for the diagnosis of missed fractures, foreign 
bodies, or a distant extension of the fracture. Meticulous 
preoperative planning of the surgical procedure and 
the appropriate optimal fixation frame configuration 
give the best chance for success.

15.2  Conversion from the Unilateral 
Tubular Fixator to Ilizarov  
Circular Frame

One of the principal advantages of the circular Ilizarov 
frame is the ongoing ability to actively influence the 
position of the bone fragments during the entire period 
of external fixation [29]. This allows guided, closed, 
gradual, atraumatic, and pain-free final alignment of 
the bone fragments, without the need to attain immedi-
ate definitive reduction surgically (a onetime poten-
tially traumatizing procedure involving soft tissue 
tension around the bone fragments causing vascular 
disturbance in the bone fragments, especially undesir-
able in high-energy injuries).

Five to seven days following trauma (or when the 
general and local soft tissue conditions permit), the uni-
lateral tubular external fixator can be exchanged for a 
circular or hybrid fixation frame that enables the closed 
final fracture reduction and early functional mobiliza-
tion (including full weight-bearing) [16] (Fig. 15.1). To 
optimize the sterility of the operative field, the primar-
ily placed unilateral external fixation frame is removed 
before the ultimate preoperative cleaning of the injured 
limb segment. At this time, the tubes of the unilateral 
frame are removed and the stability of fixation of each 
of the Shanz screws is examined. It is desirable to pre-
serve and use Shanz screws of the primary fixation 

frame without signs of local pin-tract infection, having 
good fixation to the bone and situated in the “correct 
localization,” that is, Shanz screws that do not transfix 
muscles and tendons and joint capsule. Unstable Shanz 
screws, screws with signs of local infection, and screws 
located over tendon-muscle units resulting in the restric-
tion of joint motions must be removed.

15.3  Preserving Bone Alignment During 
the Conversion Procedure

It is desirable to preserve good bone fragment reduc-
tion achieved by the primary operative skeletal stabili-
zation during the conversion procedure from the 
unilateral tubular external fixation frame to the circular 
Ilizarov or hybrid external fixation device. When there 
is a good primary fracture reduction, redundant parts 
of the primary tubular external fixator should be 
removed only after the final hybrid or circular frame 
provides bone fragment stabilization. In order to per-
form this transition efficiently and with minimal addi-
tional tissue traumatization, we recommend, whenever 
possible, the inclusion of the primarily inserted half-
pins of the cantilever tubular external fixator to the 
final circular frame [17] (Fig. 15.2).

To attach the Shanz screws to the circular Ilizarov 
frame without loss of fracture fixation, we recommend 
the following steps. To make room for the circular 
frame, the tube more distant from the limb of the dou-
ble unilateral tubular frame must be moved even fur-
ther toward the outer ends of the Shanz screws and 
then strongly reattached. Thereafter, the tube placed 
nearer the injured limb segment can be removed. Thus, 
an adequate space is provided for mounting a circular 
external fixation frame around the still fixed segment, 
preserving the previously achieved alignment. Then, 
the Shanz screws of the primary tubular external fix-
ator should be firmly attached to the circular frame by 
affixing them to the corresponding rings.

Under these special circumstances, to maintain the 
sterility of the operative field during the conversion 
procedure, the inner hollow of the tubes of the primary 
external fixator are flushed copiously and frequently, 
using a syringe charged with an antiseptic solution. 
Similarly, at each stage, the Schanz screw surface 
underneath released clamps is rinsed with an antiseptic 
solution (Fig. 15.3).
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Fig. 15.1 A 30-year-old female who sustained multiple high-
energy trauma with open comminuted right leg fractures. Primary 
skeletal stabilization of the right lower limb was achieved using 
bridging unilateral external fixation frames in the context of 
“damage control” surgery. (a, b) CT reconstruction pictures 
at admission demonstrate comminuted displaced fractures of 
proximal tibial and fibular bones. (c) Radiological picture after 
axial realignment and primary external fixation for emergency 
stabilization. (d) Clinical appearance of bridging external fixa-
tion of right lower limb. Note signs of soft tissue damage around 
the knee joint and proximal leg. (e) After 5 days, conversion to 
hybrid/Ilizarov external fixation frame with closed reduction of 

tibial fractures was performed. Temporary knee bridging was 
continued for additional 4 weeks due to extensive soft tissue 
damage around the knee joint. Clinical picture after conver-
sion demonstrates the inclusion into the new fixation frame of 
half-pins from the primary tubular frame. (f, g) Fixation in the 
Ilizarov external fixation frame was continued after freeing the 
knee (removal of the bridging); active knee mobilization and 
full weight-bearing on the right leg was allowed. Radiological 
pictures after 7 months of external fixation demonstrate the 
bone-healing process and good alignment. (h) Radiological 
appearance at a 2-year follow-up demonstrates bone healing of 
the right tibial fracture in good alignment

d e
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It is undesirable to reuse the contaminated removed 
elements of a primary fixation frame without first care-
fully resterilizing them. Optimally, only presterilized 
fixation elements should be used!

To the most proximal ring of the Ilizarov frame, we 
attach the supporting post-masculine or post-feminine 
end. The proximal half-pin is fastened to the support-
ing post-masculine end or post-feminine end using an 

encircling buckle with nuts. A similar fixation proce-
dure is arranged to the distal ring of the circular device. 
Additional thin wires and half-pins are introduced to 
the main bone fragments and only now, after ensuring 
the stability of the fracture fixation, the remaining tube 
of the primary unilateral fixation frame is removed. 
Thus, the hazard of secondary displacement of the 
bone fragments with loss of alignment and additional 

a b c

Fig. 15.2 Radiological appearance of conversion stages from 
tubular to circular external fixation frame. (a) Radiological 
pictures demonstrate external fixation of the right tibial frac-
ture using tubular fixation frame. (b) Intraoperative radiogram 
demonstrates conversion to an Ilizarov circular frame by the 

temporary retention of the previous stabilization in the primar-
ily placed tubular frame. (c) External tubular frame was 
removed only after stable fixation of the tibial bone in the cir-
cular frame was performed

Fig. 15.1 (continued)

f g h
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traumatization to the soft tissues can be avoided, the 
operative procedure can be shortened, and the expo-
sure to intraoperative irradiation of the patient and 
operating staff is diminished. Finally, more tension 
wires and additional Shanz screws to correct inade-
quate positioning of bone fragments and to provide 
final stabile fixation are added. The number of rings, 
transosseous wires, and Shanz screws vary according 
to fracture patterns (Fig. 15.4).

Moreover, part of this procedure (mounting of the 
circular external frame on the base of the available 

Shanz screws of the primary tubular external fixator) 
does not need anesthesia and can be performed directly 
in the hospital ward, saving operating room time, as 
only additional tension wires and Shanz screws need to 
be inserted later under anesthesia (useful in the mass 
casualty situation when operating room and anesthesia 
time are at a premium).

15.4  Ilizarov Frame Assembly 
Technique for Fracture  
Reposition and Fixation

15.4.1  General Principles

Different methods of Ilizarov frame assembly exist:

(a) Preliminary mounting of the fixation frame before 
surgery

(b) Mounting the circular frame around the fixed 
limbs’ segment during surgery

(c) Separate mounting of the proximal and distal fixa-
tion blocks of the frame above corresponding 
proximal and distal main bone fragments that are 
set in a position of realignment and then firmly 
connected together by the frame

Fig. 15.3 Cleaning inner hollow of the tubes of the unilateral 
external fixator using antiseptic solution

ba c

Fig. 15.4 (a, b) Radiological pictures demonstrate conversion 
from tubular to circular external fixation of the comminuted 
femoral fracture in a patient who suffered from GSW to left 
lower limb. (a) Primary external fixation using unilateral tubular 

external fixation frame. (b, c) Conversion to Ilizarov external 
fixation frame using Shanz screws from the cantilevered primary 
tubular frame and closed reduction of the fracture in the circular 
frame
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When the mounting of an Ilizarov/hybrid frame is 
planned, we recommend the preliminary assembly of 
the external fixation circular frame before surgery. 
Preliminary frame assembly reduces operative time. 
Standard ring constructions that have been assembled 
in advance should be kept sterile according to the com-
mon practice of sterilization and storage for surgical 
instruments [2]. To facilitate storage and sterilization, 
the frame can be divided into two half-ring-based 
assembly groups.

The inner diameter of assembled rings must be at 
least 4–5 cm larger than the maximum diameter of the 
appropriative operated limb segment. After fitting the 
circular frame on the injured segment of the limb and 
correcting the rings’ position according to the location 
of the fixed bone fragments, the frame is stabilized. If 
this necessary stabilization of the frame itself is not 
executed at this early stage of the operation, one or two 
nuts found to be loose later during the procedure may 
result in a loss of the entire system’s stability, and also 
in the loss of the frame’s reduction effectiveness. 
Moreover, if early stabilization of the frame is 
neglected, the forces acting during the guided transfer 
of displaced bone fragments will result in unexpected 
deformities of the fixation frame itself. This mistake 
can cause technical difficulties and wastes consider-
able effort and time, necessitating a repetition of ear-
lier stages of the operative procedure.

For convenience of the procedure and the simplifi-
cation of aperture choice on the rings for fixing thin 
wires and Shanz screws, each pair of rings of a pre-
adjustment frame is first connected to each other by 
only two threaded rods (not yet by four rods as used in 
the finished frame). However, such a device is insuffi-
ciently stable for fracture reduction. The stress created 
during fracture reduction can lead to a deformation of 
the incomplete fixation device. Therefore, after wire 
and Schanz screw fixation to the corresponding rings 
and before performing the fracture reposition, it is nec-
essary to extend the mechanical stability of the frame 
by increasing the number of threaded rods up to four 
(the recommended number of the interring rods), and 
only then to carry out the reduction.

Just as in unilateral frames, if the location of the 
proximal and distal levels of fixation (rings) is dis-
tanced from the site of the fracture as much as possible 
and the intermediate rings are close to the fracture site 
(long lever arm fixation of main distal and proximal 
bone fragments), rigidity of stabilization in the circular 

frame will be enhanced. A short frame may be more 
comfortable for the patients in their daily activities but, 
due to its lesser stability, may create significant prob-
lems during the course of the treatment.

High-energy injuries are associated with severe 
post-traumatic swelling of the injured limb. This, and 
the necessity to preserve a sufficient space for the 
approach to soft tissue wounds, dictate the need to 
apply larger-diameter rings than is usually recom-
mended in the assembling of the circular frame in stan-
dard situations (recommended distance between the 
skin of the fixed limb segment and the frame is about 
2–3 cm in the standard situation), according to each 
particular circumstance (Figs. 15.5 and 15.6).

Increasing the ring diameter results in a reduction in 
bone fragment fixation stability. The longer the wire 
lever length and the larger the ring diameter, the less 
the mechanical stability of the fracture fragment fixa-
tion. To eliminate this undesirable effect, we recom-
mend, when using large-diameter frames, the insertion 
of one or two more thin wires or half-pins into each of 
the main bone fragments, and also the installation of 
additional threaded rods between the rings. Increased 
stability of the fracture fixation can also be achieved 
by the use of olive wires in the fixation construction.

The number of rings in the external frame is also 
directly proportional to the degree of mechanical sys-
tem stability and, correspondingly, to the reliability of 
fracture fixation. The standard Ilizarov fixation frame 
usually contains four rings, two per fixed main bone 
segment. Especially when using large-diameter rings, 

Fig. 15.5 Radiological picture demonstrates high-energy distal 
femoral fracture stabilized using an Ilizarov frame with 
 big-diameter rings
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it is very important to remember the need for two-level 
fixation of each main bone fragment. One or even two 
additional rings are needed for stable fixation and 
active influence on isolated intermediate large bone 
fragments when treating patients suffering from seg-
mental fractures. In the assembly of the external fixa-
tion frame, including large-diameter rings, one or two 
additional threaded connection rods must by placed 
between the rings. The rods should be oriented perpen-
dicularly to the rings; oblique or bent positioning of 
the connecting rods will lead to the deformation of the 
construct when tightening the nuts and must be 
avoided. The frame stability is inversely proportional 
to the distance between the rings above and below the 
fracture and, consequently, additional threaded rods 
must be included to the fixation frame with relatively 
large interring distance in the treatment of patients suf-
fering from extensive bone comminuting.

Two thin wires per ring are usually used in the stan-
dard configuration of the Ilizarov frame. The greatest 
stability is obtained with a 90° crossing of the ring 
wires. In practice, to avoid soft tissue transfixation, the 
wire-crossing angle is often considerably less and, 
thus, the stability is decreased, especially when 

angulation between the wires is less than 45°. Using 
thin wires with olives can raise the level of mechanical 
bone stability in the fixation frame. A similar effect 
can be achieved by using large-diameter Shanz screws; 
therefore, for fixation of femoral or tibial bones, we 
usually use 6-mm-diameter half-pins. Internal stability 
provided by direct contact of main bone fragments can 
contribute to the general stability provided by the 
external fixator. In transverse fractures, shearing forces 
can be controlled by applying simple compression 
across the fracture site. The victims of high-energy 
injuries, especially war injuries, usually suffer from 
comminuted fractures, often with some bone loss. In 
such situations, in the early stages of the treatment, 
stability is provided only by the fixation frame itself. 
Consequently, some additional fixation elements (thin 
wires, half-pins) must be added to increase the level of 
stability of each main bone fragment and, correspond-
ingly, of the whole external fixation construct.

It is possible also to avoid unnecessary fixation 
frame enlargement by the asymmetrical placement of 
the fixed limb segment into the circular fixation frame, 
preserving a greater distance between the skin and the 
inner part of the ring only on the inferior-dependent 

ba

c d

Fig. 15.6 Big-rings circular fixation frame used for bone stabi-
lization and soft tissue protection in the treatment of open tibial 
and foot fractures with circular skin degloving. (a) Clinical pic-
ture demonstrates extensive left lower limb degloving injury. 

(b) External fixation using trans-ankle Ilizarov external fixa-
tion. (c, d) Clinical pictures at a 2-year follow-up demonstrate 
good ankle ROM
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surface of the limb, since the likelihood of swelling is 
greatest on the posterior aspect of the thigh, calf, arm, 
and forearm. However, even when using asymmetric 
positioning of the injured limb segment in the external 
fixation frame, it is necessary to ensure symmetrical 
fixation of the distal bone fragment with regard to the 
proximal one. Asymmetrical positioning of a limb seg-
ment in the frame, especially asymmetrical localiza-
tion of the bone relative to the center of the frame, 
diminishes the stability of fixation.

The circular fixation frame can be modified, supple-
mented, or simplified at any time postoperatively 
according to the status of the injured limb and the 
functional needs at each concrete stage of the rehabili-
tation process.

Wire insertion technique: Using his free hand and 
holding a pad moistened in alcohol for additional dis-
infection and cooling of the wire, the surgeon directs 
the thin wire. After puncturing the skin and soft tissue 
and impinging onto the bone, and before proceeding 
with the drilling, it is desirable to thrust and compress 
the soft tissues by hand onto the bone; this simple 
maneuver diminishes the tendency of the soft tissue to 
be caught up and twist around the rotating wire, creat-
ing additional skin and soft tissue damage.

The proper wire diameter should be used to ensure 
sufficient wire strength and to maintain appropriative 
stiffness of the fixation frame. The 1.8 mm wires are 
recommended for femoral, tibial, and humeral frac-
tures in adults, while the 1.5 mm wires are recom-
mended for forearm bone fractures and pediatric 
patients. Identical to the half-pin insertion technique, 
low-speed drilling with frequent stops is used to insert 
the thin wire into the bone to avoid heat necrosis of 
surrounding soft tissues and bone.

The thin wire must be tensioned to 130 kg and then 
fixed in the ring of the fixation frame. When perform-
ing tightening of the wire to the ring, the head of the 
fixation bolt is held stationary with one wrench while 
turning the nut with another. If the non-fixed bolt turns 
during the tightening procedure, the thin wire will 
bend, resulting in displacing forces acting on the trans-
fixed bone fragment. The wire fixator must be aligned 
with the corresponding wire (but never bend the wire 
to fit the fixator!), because tensioning of the bent wire 
may result in the displacement of the bone fragment 
fixed by this wire. Bending can be avoided and fixation 
of the deviated thin wire (or half-pin) can be performed 

by placing washers between this wire and the ring, or 
using male- or female-posts in cases of marked deflec-
tion of the fixation elements. The orientation of the fol-
lowing additional wires is assisted by observing the 
direction of previously inserted thin wires and half-
pins and their relationship to them, reducing radiation 
exposure for the patient and surgeon by lessening the 
frequency of fluoroscopic control.

Do not hasten to remove the undesirably oriented 
wires – they can serve as useful temporary reference 
points or as a “joystick” tool.

Insertion of the thin wires not only in the plane of 
the ring, but also in various other oblique planes 
improves the fracture’s fixation stability. Introduction 
of wires into the bone from various sites on the ring 
also creates additional mechanical stability (the bone 
may be significantly weakened by the insertion of 
wires from different sites but in one single plane of the 
ring and thereby cause an iatrogenic fracture – this 
must be carefully avoided). Generally, the introduction 
of thin wires into the bone fragments from various sites 
on the rings is not only possible, but also desirable. If 
a pin or wire creates tension of the soft tissues, restrict-
ing the motion in the adjoining joints, it must be with-
drawn and reinserted. The entire procedure is performed 
under fluoroscopic imaging control. The final review is 
by two plain standard anteroposterior and lateral radio-
graphs, and additional radiographic views if needed.

For equal distribution of functional load-bearing 
forces during the fixation period, the tension on the 
various thin wires must be similar: if there are different 
levels of wire distraction, the more tensioned wire 
takes a greater load, which can result in its breakage 
and end with a loss of stability in the circular frame 
and secondary displacement of the bone fragments.

15.4.2  Specific Locations

15.4.2.1  Femur

During surgery to the thigh, the patient is placed in the 
supine position with a small sandbag elevation under 
the buttocks or lumbar zone on the side of the injury. 
This prevents deformation of the thigh muscle, skin, 
and soft tissue mass caused by the supine position, and 
avoids transfixation of the soft tissues by thin wires 
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and half-pins in a nonanatomical shifted position. 
Noncompliance with these simple positioning princi-
ples causes excessive tension of the skin and soft tis-
sues around the implanted wires and pins, leading to 
pain, pin-tract infection, and joint stiffness. On detect-
ing such soft tissue deformities in the final stage of the 
operation, it is necessary to release skin tension by 
small incisions in the skin over the corresponding 
wires and pins. For gross soft tissue deformities and 
severe skin tension around implanted elements, it is 
necessary to reinsert the offending wire or Schanz 
screw to avoid the complications previously enumer-
ated. A circular frame for the stabilization of femoral 
fractures usually includes two distal rings and one full 
ring placed more proximally, with an additional most 
proximally placed half-ring. For treating fractures in 
the middle or proximal third of the femoral bone, two 
proximal half-rings are used (a full ring would create 
great discomfort at the level of the upper one-third of 
the thigh). A distally placed half-ring or 5/8 ring allows 
early knee mobilization during the period of fixation 
when using the Ilizarov circular/hybrid frame 
(Figs. 15.7–15.9).

Insertion of the fixation elements must always com-
mence from the side of the location of the known vul-
nerable neurovascular elements: due to the possible 
unexpected deviation of the wires or Shanz screws 
while they traverse the hard tissues of the limb.

Start the fixation procedure by inserting the thin 
wire in the supracondylar zone of the femoral bone. In 
keeping with these principles, this wire is introduced 
from the medial side in a lateral direction parallel to 
the articular line and also parallel to the surface of the 
operating table. Then the wire is fixed in the distal ring 
or 5/8 ring of the Ilizarov frame.

The most proximal half-pin is introduced generally 
into the bone at the level of the lesser trochanter. The 
assistant, holding the shin and foot, performs manual 
axial distraction in the rotationally aligned position 
and then the proximal half-pin is fixed to the proximal 
half-ring frame. A towel bolster is placed beneath the 
posterior surface of the thigh at the level of the inter-
mediate rings to eliminate sagging of the bone ends in 
the fracture zone. Then fracture fragments distraction 
in the external fixation frame is performed. Additional 
resonating wires with olives (traction effect) and half-
pins (“joystick” maneuvers) are introduced into the 
bone fragments; after achieving fracture reduction, 
they are fixed to intermediate (“unmarried”) rings of 
the frame. Pin configuration, described by Catagni and 
Cattaneo (“Delta pattern”), and including one frontally 
oriented thin wire and two posteromedial and postero-
lateral half-pins with a 60° crossing angle on the distal 
femoral ring, provides good skeletal stability with the 
least soft tissue transfixation near to the knee joint.

The rigidity of the fixation frame itself is checked 
before performing the reduction procedure!

The classical circular frame introduced by Gavriil 
Abramovich Ilizarov used only thin wires. Half-pins 
have become more widely used as bone fixation ele-
ments in later generations of circular fixation frames, 
especially in femoral fixation frames. At the present 
time, most circular frames use half-pin fixation in the 
proximal part of the femoral bone and thin wires (or a 
combination of wires and half-pins) in the distal part 
of the femoral bone. Transfixation of significant mus-
cle bulk is unavoidable when applying external femo-
ral fixation and frequently causes restriction of 
movement of the knee joint, not only during the exter-
nal fixation period, but also after removing the fixation 

a b

Fig. 15.7 (a) Clinical and 
(b) radiological appearance 
after stabilization of the 
complex open femoral 
fracture using Ilizarov 
external fixation frame, 
includes a distal ring and 5/8 
ring and two proximally 
placed half-rings
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a bFig. 15.8 (a, b) Clinical 
pictures demonstrate 
stabilization of open femoral 
fracture caused by GSW 
using Ilizarov external 
fixation frame, includes a 
distal ring and 5/8 ring and a 
proximally placed ring and 
half-ring

a b

Fig. 15.9 (a, b) Radiological 
pictures demonstrate 
stabilization of distal femoral 
fracture using Ilizarov 
external fixation frame, 
includes a distal ring and 
half-ring and proximally 
placed two half-rings



24315 Definitive Skeletal Reconstruction: Conversion to the Ilizarov Method

frames. To prevent this severe complication, the fol-
lowing tactics are recommended:

1. Avoid insertion of the thin wires and half-pins 
through muscle-tendon units. The “Delta pattern” 
orientation of fixation elements, described by 
Catagni and Cattaneo, is the optimal configuration 
of the fixation frame near the knee joint.

2. When inserting thin wires near the joint line which 
cross from the extensor to the flexor surface, the 
knee must be flexed until the wire crosses the bone; 
then the knee must be extended during the passage 
of the wire through the flexors. This produces a 
definite reserve of soft tissues near the joint and 
diminishes mechanical obstacles to joint motion 
during the external fixation period.

3. Proper patient education of the need for early active 
and passive motions of the joints of the operated 
limb, along with early functional loading, including 
weight-bearing, must be instituted.

4. Effective analgesia in the postoperative period 
allows early functional mobilization.

5. Avoid prolonged fixed positioning of the limb, 
especially full extension or gross knee flexion. It is 
essential to preserve some flexion (10–15°) in the 
knee joint at all times, including during early post-
operative limb elevation.

15.4.2.2  Tibia

When operating on the leg (calf), an elevation bolster 
is placed under the thigh, freeing the posterior aspect 
of the calf, thereby avoiding flattening of the calf under 
its own weight and the danger of excessive skin and 
soft tissue transfixation and the complications con-
nected with it. The stabilization of the tibial fracture is 
commenced by the insertion of the proximal reference 
metaphyseal thin wire, which must be introduced from 
the anterolateral aspect of the shin (proximal or ante-
rior to the fibular head) in a posteromedial direction in 
the plane of the articular surface of the knee.

The assistant, holding the foot, performs manual 
axial distraction in rotational alignment (visual and 
palpatory orientation of the foot and knee is manda-
tory; thus, the knee and ankle joints must remain 
uncovered throughout). The distal tibial bone frag-
ment must be fixed in the distal ring of the frame 
using another reference thin wire inserted in the 
supramalleolar zone from the posteromedial site in 

the anterolateral direction. Insertion of both these 
wires is guided by intraoperative imaging; parallel 
positioning according to the knee and ankle joint line 
is desirable. Insertion of these para-articular wires in 
a position deviated from the joint lines can cause mal-
angulation of the main bone fragments after tension-
ing and fixation of the wires onto the preassembled 
hard frame. A similar mal-angulation of the bone 
fragments can be observed by tightening the nuts on 
the threaded rods that are not in the correct perpen-
dicular position relative to the corresponding rings. 
Sideways displacement of bone fragments can result 
after tensioning of obliquely inserted proximal and 
distal para-articular wires. A small deviation of thin 
wires from a plane parallel to the articular surface of 
the corresponding joint need not be an indication for 
reinserting the wire; this can be corrected by adding 
washers between wires and rings or by fixing the wire 
ends to the opposite side of the ring (accordingly to 
the deviated wire’s deflection).

A towel bolster is placed between the posterior sur-
face of the calf and the rings to eliminate sagging of 
the bone ends in the fracture zone, thereby preserving 
alignment. Distraction of the bone fragments in the 
frame is then performed (a slight overdistraction is 
desirable). Then, under radiological control, angula-
tions or side displacements of the bone fragments can 
be corrected using one olive wire above the fracture 
site and another olive wire below attached to the cor-
responding intermediate rings of the frame. The oppo-
site end of the olive wire must also be tensioned and 
fixed to the corresponding ring after performing trans-
lation of the bone fragment. The end of the wire clos-
est to the olive should be marked by a rubber plug to 
prevent wrongly directed withdrawal traction during 
the final fixator removal procedure. We also recom-
mend marking both ends of the olive wire differently 
because, during the prolonged period of external fixa-
tion, a single plug may fall off (Fig. 15.10).

Not only traction but also pushing of the olive wires 
can be used in some cases for bone fragment transposi-
tion. Then, after final positioning of this single bone 
fragment and its radiological verification, it can be 
transfixed to the nearby corresponding main distal or 
proximal fragment (Fig. 15.11).

Temporary bone fragment overdistraction, required 
at the stage of fracture reduction, must be corrected 
and released at the end of the operative procedure. The 
reverse, achieving some compression at the fracture 
site, is desirable for the treatment of patients with 
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 non-comminuted fractures. However, not only overdis-
traction of the bone fragments, but overcompression 
can also be a mistake. Overcompression of oblique-
shaped bone ends and overcompression of insuffi-
ciently stabilized bone fragments can result in an 
unwanted deformation.

15.5  Fibular Stabilization in Distal 
Tibiofibular Fractures

The method of minimal invasive fixation in circular/
hybrid external fixation frames allows effective stabili-
zation of severely comminuted complex fractures in 
the distal third of the tibial bone (including pylon frac-
tures) and is well established in the treatment of these 
challenging injuries. Rigid fixation of the fibular bone 
by plating and screw is an obstacle in the use of the 
Ilizarov method; it abolishes its unique ability to exert 

an ongoing dynamic influence on the tibial bone frac-
ture site. Rigid fixation of the fibula deprives the 
Ilizarov method of its multiple possibilities, converting 
it into a static external fixation device. Moreover, the 
potential of filling in a large bone defect and lower 
limb-length restoration using the method of callotasis 
is excluded by the presence of rigid fibular fixation. 
Open reduction and internal fixation of the fibula in 
tibial plafond fractures treated with external fixation 
that spans the ankle is associated with complications, 
and good clinical results may be obtained without fix-
ing the fibula [43].

We recommend closed fibular bone repositioning in 
the Ilizarov circular frame, utilizing the method of 
ligamentotaxis with olive wires for reduction and fixa-
tion. When open fibular repositioning is needed, bone 
stabilization is best performed with intramedullary 
placed (antegrade or retrograde) thin rods or wires. We 
use a preconstructed circular fixation frame, consisting 
of a proximal block of two rings for tibial shaft fixa-
tion; one more distally placed free ring above the meta-
epiphyseal level, and a foot ring. Distraction is 
performed between the tibial block and the foot ring 
for ligamentotaxis and realignment of the bone frag-
ments. Transfixation of the bone fragments using thin 
wires connected to the intermediate meta-epiphyseal 
ring is performed after achieving radiological anatomi-
cal reduction. Additional olive wires are an effective 
tool for performing closed reduction of residual dis-
placement of bone fragments.

15.5.1  Open Reduction and External 
Fixation

In patients in whom a closed fracture reduction attempt 
was unsuccessful, especially in treating displaced 
intra-articular fractures where precise anatomical 
reduction is needed, open reduction must be per-
formed, keeping in mind the balance between the 
potential positive effects of precise articular recon-
struction in very severe injuries and the potential com-
plications of the open surgery, particularly in the 
presence of local soft tissue damage. A careful atrau-
matic technique that minimizes direct injury to the soft 
tissues during definitive fracture surgery is crucial 
[40]. This is facilitated when performing open reduc-
tion of the bone fragments in the presence of an exter-
nal fixation frame, which allows a small surgical 

Fig. 15.10 Clinical pictures demonstrate stable external fixa-
tion of high-energy tibial fracture using Ilizarov radiolucent car-
bon frame sufficient for early full weight-bearing. Note good 
wound coverage using free tissue flap (latissimus dorsi muscle)
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approach and, accordingly, is accompanied by less soft 
tissue traumatization. Distraction, ligamentotaxis, and 
axial alignment are by the frame itself. Also, the thin 
wires with olives assist the closed reduction in the 
external fixation frame to achieve final reduction 
(Fig. 15.12).

The surgeon should quickly pass on to the open 
fracture reduction when he realizes, after a few 
attempts, that closed reduction is unlikely to succeed.

Fracture reduction is simplified in treating 
patients having open fractures with exposed bone 

ends as compared to the reduction of closed frac-
tures. Open reduction is performed in these patients 
through the wound in the final stage of debridement 
and maintained with clamps or by applying thin 
wires through the reduced bone fragments for tem-
porary fixation to keep them in the aligned position. 
Then the preassembled frame is applied on the 
injured limb segment and thin wires and half-pins 
are introduced into the bone fragments according to 
the fracture configuration and soft tissue condition. 
The clamps and wires of the temporary fixation can 
be removed once stable fixation of the fragments in 
the circular/hybrid external fixation frame has been 
achieved.

The wire, used for the stabilization of separate bone 
fragments must not be fixed to the ring which is con-
nected to one of the main bone fragments, if you plan 
to perform compression (or distraction) between these 
intermediate and main fragments in the future.

In the presence of good soft tissue coverage over 
the bone fragments and fracture site, it is possible to 
augment external fixation by fixing a single major bone 
fragment using additional cannulated screws. To pre-
vent the spread of superficial pin-tract infection and its 
extension into the deep tissues and bone around the 
implanted screws, contact between screws and thin 
wires or half-pins of the external fixation frame must 
be avoided (Fig. 15.13).

a b

Fig. 15.11 (a, b) Radiographs demonstrate external fixation of bilateral tibial fractures in patient who suffered from blast injury to 
lower limbs, using classic four-ring Ilizarov frames (radiolucent carbon rings)

Fig. 15.12 Open reduction of pylon fracture, accompanied by 
distraction, ligamentotaxis, and axial alignment in the circular 
external fixation frame
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Fig. 15.13 A 43-year-old female sustained an open fracture of 
the left distal tibia with severe bone comminuting. (a, b) 
Radiological pictures demonstrate displaced fracture with severe 
comminuting of distal third of the left tibia. (c) Surgical explora-
tion and debridement of the wound were performed. Clinical 
view after debridement of the wound and minimal internal fixa-
tion of the large bone fragment during fracture stabilization in 
the circular Ilizarov frame. (d, e) Intraoperative radiological 

 pictures after performing intramedullary fixation of the fibular 
bone using a thin nail and Ilizarov external fixation of the tibial 
bone. Note single intra-fragmental screw in the tibial bone with-
out contact with implanted elements of external fixation frame.  
(f) Radiological pictures at half-a-year follow-up demonstrate 
solid bone consolidation in good alignment. (g, h) Clinical pic-
tures demonstrate ankle joint ROM at follow-up half-year after 
removing the external fixation frame
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15.5.2  Bilateral Lower Limb Injuries

Bilateral lower limb injuries, often encountered in 
severe high-energy trauma, enforce long periods of 
bed rest. The patient can only mobilize himself or her-
self early if the fracture fixation succeeds in enabling 
full weight-bearing on at least one of the injured limbs. 
The stability of fixation in the circular Ilizarov frame is 
usually sufficient to allow full weight-bearing on the 
injured limb, even in the presence of major bone loss. 
Stable external fixation of at least one of the limbs in 
the Ilizarov frame allows mobilization and early 
weight-bearing on this limb with crutches. This affords 
a basis for the functional treatment of the contralateral 
injured leg.

Bilateral injury to the lower extremities that results 
in amputation of one leg and limb salvage surgery on 
the other is a situation of unusual complexity, and one 
that requires surgeons to use considerable foresight in 
determining treatment strategies. The Ilizarov external 

fixation device is indicated in limb salvage when con-
tralateral amputation is present, as it fulfills the criteria 
for early amputee rehabilitation while simultaneously 
achieving cyclic loading that facilitates fracture heal-
ing in the residual limb. The patient’s capability to 
bear full weight on the limb, fixed using a circular 
external fixation device, allows the unimpeded inde-
pendent and concomitant adjustment of the prosthesis 
to the stump of the contralateral limb (Fig. 15.14).

15.5.3  Primary Circular/Hybrid Fixation 
Frame Assembly

After severe trauma, it is sometimes possible to per-
form the definitive precise reduction and fixation of 
the bone fragments as the primary surgical procedure, 
avoiding the need for a secondary operative orthope-
dic procedure. This can only be done if the patient’s 

Fig. 15.14 A 25-year-old male sustained bilateral lower limb 
injury with open Gustilo–Andersen type IIIA fractures of left 
tibia and severe crush injury right leg with incomplete amputa-
tion. Extensive wound debridement at the open fractures and 
fasciotomy were performed. Primary skeletal stabilization of 
both the legs was achieved using unilateral external fixation 
frames. Right leg was amputated 7 days latter due to ischemic 
necrosis. (a) Clinical picture of the lower limbs at admission. (b) 
Axial realignment and external fixation were performed on 
admission in high-energy compound tibial fractures for emer-
gency stabilization. (c) Radiological picture demonstrates exter-
nal fixation of left tibial fracture. (d, e) Radiological appearance 

after conversion of the unilateral tubular frame to the Ilizarov 
frame demonstrates good axial alignment of the multi- 
comminuted tibial fracture. (f) Clinical photo demonstrates full 
weight-bearing using walker at the early postoperative period. 
(g) Clinical picture demonstrates good soft tissue healing at left 
leg after skin grafting, preparation of right leg stump for pros-
thetic fitting. (h) After removing the Ilizarov external fixation 
frame, the patient continues rehabilitation process with full 
weight-bearing on left leg, protected by hinged brace for addi-
tional 5 months; right leg was fitted with prosthesis. (i, j) 
Radiological appearance at a 1-year follow-up demonstrates 
bone healing of left tibial fracture in good axial alignment

a

b
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Fig. 15.14 (continued)
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general condition is stable and concomitant life-threat-
ening injuries are absent. The blood supply to the limb 
must be adequate: vascular repair can be impeded by a 
circular frame around the injured limb. Equally, the 
treatment of soft tissue defects, demanding local or 
free tissue transfer for the coverage of the wound, is 
obstructed by circular fixation. The absence of a well-
trained expert in the Ilizarov method is also an abso-
lute contraindication to the performance of a technically 
difficult procedure at the primary stage of treatment of 
a severe limb wound.

Application of the circular Ilizarov device can be 
performed in stages. A circular frame may be used at 
the stage of primary limb stabilization similar to the 
commonly used unilateral fixation frame. Such a frame 
contains only two proximal and distal rings, or even 
four classical rings, limiting primary fixation of the 
bone fragments only to most proximal and most distal 
rings. Fracture stabilization in the alignment position 
is the only aim in this first emergency stage of treat-
ment. The fixed limb is suspended in the circular frame 
at an elevation, maintaining not only the fracture stabi-
lization but also protecting the skin and soft tissues on 
the inferior surface of the limb from any pressure. A 
specific indication for primary stabilization of the bone 

fragments using a circular or hybrid external fixation 
frame is immediate bone fixation in patients suffering 
from complex fractures combined with extensive dam-
age or loss of skin and soft tissues on the posterior sur-
face of the injured limb. The next stage is the secondary 
final precise reduction and stable fixation of the bone 
fragments in the circular frame, and this is performed 
only after stabilization of the patient’s general and 
local condition: this involves upgrading of the frame to 
the optimal construct. The modularity of the circular/
hybrid fixators permits the construction of an appropri-
ate customized frame (Fig. 15.15).

15.5.4  Hinged Fixation of Extensive 
Periarticular Injuries

Severe trauma to the major joints, especially the knee 
and the elbow, is common in modern war injuries [28]. 
These high-energy injuries are usually associated with 
massive soft tissue damage and ligament and capsular 
tears [42]. Reliable stabilization of the periarticular bone 
fragments enabling simultaneous early motion opti-
mizes the functional outcome of these complex injuries. 

Fig. 15.15 A 36-year-old male, victim of a blast injury who 
sustained an open comminuted fracture of the right tibia. (a) 
Radiological pictures demonstrate comminuted fracture of the 
right tibial bone. (b, c) Debridement and primary external stabi-
lization using Ilizarov circular frame were performed. 
Radiological pictures demonstrate acceptable position of the 

bone fragments, multiple foreign bodies (shells) in the fracture 
region. (d) Radiological pictures at a 1-year follow-up demon-
strate solid bone consolidation in good alignment. (e,f) Clinical 
pictures demonstrate full knee ROM at a 1-year follow-up after 
removing the external fixation frame

a b c



250 A. Lerner and N.D. Reis

This early mobility will result in less joint stiffness. The 
combination of stability with motion is provided by the 
modular circular/hybrid external fixation frame.

Only after stable fixation of the periarticular frac-
ture (before bridging) can the joint be physically and 
radiologically examined for occult ligamentous and 
capsular injuries. Unstable knee, elbow, or ankle joints 
are first managed by external fracture fixation from 
both sides of the joint, connected by hinges that pro-
vide lateral stability and enable immediate function.

We recommend trans-articular hinged external fixa-
tion not only after periarticular fractures, but also for 
patients with massive periarticular soft tissue injuries 
due to high-energy trauma.

When adequate fracture fixation is not achieved 
(multi-fragmental fractures or extremely short periar-
ticular fragments), and also for severe damage to the 
joint capsule and ligaments, it is necessary to use pro-
longed bridging-dynamic fixation: after finishing the 
definitive reduction and fixation of the fracture, the 
threaded rods of the temporary bridging-rigid articular 
fixation are changed to hinged rods, placed in the axis 
of articular motion. The mechanical proprieties of such 
a modular dynamic external fixation frame allow the 
temporary limitation of the range of motion according 
to the requirements of the level of stability, condition 

of the wound, and tendomuscular and neurovascular 
damage.

The hinges are usually applied to both the lateral 
and medial sides of the injured joint. This is helpful if 
a high degree of stability is needed. The most impor-
tant step in assembling the trans-articular hinged fixa-
tion is the proper placing of the axis for articular 
motion. This is a technically demanding procedure and 
requires accurate anatomical placement of the hinges. 
A mistake in the setting of the hinge axis creates dis-
placing forces, causing further damage to the articular 
cartilage by overcompression or damage to the liga-
mentary complex by overdistraction. In addition to 
carefully observing the anatomical landmarks, we do 
not primarily attach the hinge firmly to the correspond-
ing ring, but observe the hinge during articular motions. 
Declination of the hinge from the ring during these 
articular motions indicates an incorrect selection of the 
axis of movement of the joint. This dynamic test must 
be repeated after changing the location of the hinge. 
The absence of displacement of the hinge during joint 
movement is a good indicator for the accurate selec-
tion of the axis of motion. Only then should the hinges 
be firmly fixed to the corresponding proximal and dis-
tal rings. Then the same procedure is repeated from the 
opposite side of the transfixed joint (Fig. 15.16).

Fig. 15.15 (continued)
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Fig. 15.16 A 23-old male who suffered from comminuted tibial 
plateau fracture of left knee and acute compartment syndrome. 
(a, b) Radiological pictures on admission demonstrate multi-
comminuted tibial plateau fracture. (c) Immediate fasciotomy 
was performed and the fracture stabilized using bridging tubular 
external fixation frame. Radiological picture demonstrates knee-
joint bridging stabilization. (d, e) Ten days later, conversion to 

trans-knee hinged Ilizarov external fixation frame was per-
formed. Due to presence of post-fasciotomy wound irritation, 
closed fracture reduction achieved using ligamentotaxis and 
olive wires as pull and pushers. (f, g) Radiological pictures at 
2-year follow-up demonstrate solid fracture healing. (h, i) 
Clinical pictures at a 2-year follow-up demonstrate 0–90° ROM 
of left knee joint
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Some articular distraction must be preserved with 
the hinges to prevent the articular surfaces from dam-
aging each other by compression of the joint cartilage 
and prevent displacement of the intra-articular bone 
fragments during weight-bearing.

Contrary to some existing configurations of exter-
nal articular hinged fixation frames, we do not use 
articular axial wires. There are no pins within the joint, 
reducing the risk of joint irritation and infection [26]. 
Therefore, we justify the use of an axial articular wire 
only if it is absolutely necessary for the mechanical 
fixation of intra- or periarticular bone fragments.

ROM exercise is instituted as tolerated, avoiding 
the pain of muscle spasm. Restoring articular motion 
requires much effort, time, and strong motivation of 
the patient. Moreover, transfixation of soft tissues in 
the external fixation frame restricts movement in the 
adjacent joints, which will remain until the transfixing 
elements are removed.

The necessity for trans-articular fixation recedes 
during consolidation and maturing of the fracture cal-
lus. Then the ring on the opposite side of the joint and 
the hinges can be dismounted. External fixation of the 
fracture itself is continued until fracture consolidation 
is sufficient.

15.5.5  Peculiarity of Upper Limb 
Reconstruction: Methods  
of Isolated Hybrid External 
Fixation of the Humerus, Ulna, 
and Radius

The elbow is the most susceptible joint of the upper 
limb to war injury [1]. These fractures are often unsta-
ble, having intra-articular and/or periarticular compo-
nents. The destroyed elbow is characterized by a global 
injury to bone and soft tissue [6]. Surgical reconstruc-
tion of elbow fractures is difficult because of the com-
plex anatomy of the joint and the need to begin 
postoperative motions as soon as possible [44]. 
Associated soft tissue injuries, fracture type, and 
degree of bone comminution are the main factors that 
dictate the type of fixation. The elbow joint has a poor 
potential for good function following high-energy 
intra- and juxta-articular fractures, in spite of good 
anatomical realignment [28, 44]. Prolonged elbow 
immobilization also leads to joint stiffness and poor 
function.

The specific anatomical locality of the fracture 
necessitates some special steps for optimal fixation. 

Fig. 15.16 (continued)
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The neurovascular topography dictates the strict abid-
ance of safe zones during the insertion of thin wires 
and half-pins to the bones. As a rule, a pair of half-pins 
into each side of the fracture is enough for primary 
fixation of bone fragments.

Distal humeral fractures and severe intra-articular 
elbow fractures need temporary articular bridging. 
Proximal half-pins introduced into the bone at the level 
of the proximal and mid-third of the humeral bone, and 
application of proximal pins of the external fixator 
through the humeral head are needed in extended com-
minuted humeral shaft fractures [3]. A distal half-pin 
should be introduced at the level of the proximal third 
of the ulnar bone. The relatively small diameter of the 
ulnar bone in the mid-third demands the use of small-
diameter half-pins to prevent iatrogenic fractures. 
Primary fixation on the forearm level in patients with 
comminution of the proximal ulnar bone is done by 
insertion of half-pins to the distal radial bone. Such a 
frame provides relatively lesser stability of fixation 
due to the comparatively long distance between the 
proximal and distal pairs of half-pins. Therefore, these 
configurations demand earlier conversion to a final 
fixation frame. Additional fixation of the forearm 
bones using mini-external fixation sets is used in treat-
ing patients with multiple comminuted fractures.

In the humerus, use primary half-pins when per-
forming conversion of the primary tubular external fix-
ator to the circular frame (as long as their localization 
is accurate, their stability is good, and there are no local 
soft tissue problems). It is necessary to insert a third 
half-pin or thin wire in some patients to increase stabil-
ity of fracture fixation. External fixation of the distal 
humeral fragment is technically difficult. Use two thin 
olive wires, inserted through the internal and external 
humeral epicondyles. An additional half-pin, located 
more proximally and inserted through the posterior 
bone surface, provides sufficient stability to the fixation 
of the distal bone fragment. Overdistraction separating 
the bone fragments must be recognized and avoided 
during the finishing touches of fracture fixation, because 
this can significantly extend the time of bone healing 
and external fixation in the frame. The likelihood of 
nonunion is also increased. In contrast, some shorten-
ing of the united humeral bone will not adversely affect 
future upper limb function. Using commercially 

available hinged elbow external fixators is technically 
demanding [39]. The most critical step is the correct 
placement of the axial pin. Care must be taken to pro-
tect the ulnar nerve during insertion of the axial pin. In 
contrast, the Ilizarov external fixator provides for 
mounting a hinged frame without needing the precisely 
inserted and potentially dangerous axial wire.

In treating patients with extensive multi-commi-
nuted fractures of the humeral bone, it is possible to 
perform closed reduction and sufficient fixation in the 
acceptable alignment using the hybrid external fixation 
frame as “a mobile skeletal traction device” with a 
minimal number of inserted thin wires and half-pins. 
Two or three half-pins are inserted to the proximal 
main fragment of the humeral bone. Only one distally 
placed thin wire, introduced through the olecranon in 
the coronal direction, is sufficient to allow closed 
reduction of the bone fragments, using the method of 
ligamentotaxis. Moreover, this provides early func-
tional mobilization of the elbow joint [17].

In forearm injuries, it is important to preserve 
pronation/supination motions during the period of 
external fixation [44]. This requirement can be guaran-
teed only by utilizing separate bone fixation for each of 
the forearm bones. To solve this problem, fixation of 
the forearm bones is done using a pair of separate uni-
lateral frames, circular frames, or hybrid fixators. We 
prefer separate fixation of forearm bones in two hybrid 
external fixation frames. The ring (or half-ring) is 
placed over the distal fragment of the radius and 
attached to the bone using thin wires and half-pins. 
The unilateral part of this fixator is placed over the 
proximal radial fragment and fixed to the bone using 
two or three thin half-pins.

Stabilization of the ulna is performed in the reverse 
order: a half-ring is positioned over the proximal bone 
fragment (and fixed using thin wires and half-pins), 
while the unilateral part of the frame is attached to the 
distal bone fragment using small-diameter half-pins. 
This method of fixation of forearm bones allows rota-
tional motions during the period of external skeletal 
fixation. “Heroic” attempts to force the severe com-
plex fracture into the “procrustean bed” of the standard 
available fixation frame must be discarded. Active and 
assisted passive motions should be initiated on the 
 second postoperative day (Fig. 15.17).
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The upper limb has a high potential for healing and 
regeneration due to its rich blood supply and the 
absence of weight-bearing loading required for the 
lower limb. Functional restoration is likely, even in 

patients with very severe injuries. According to the lit-
erature, a primary neurological deficit after gunshot 
wounds to the upper limb resolves in time in 70% of 
patients without any specific intervention [19] 
(Fig. 15.18).

15.5.6  Primary Arthrodesis for Joint 
Destruction

Extensive articular and periarticular destruction make 
surgical salvage impossible. Arthrodesis as an alterna-
tive to limb amputation has many functional and psycho-
logical benefits. Primary arthrodesis is advocated as a 
treatment for severe intra-articular fractures with severe 
tissue loss [1, 7]. When the articular surface is destroyed, 

Fig. 15.17 Isolated hybrid external fixation of humeral, ulnar, 
and radial bones after blast injury to left upper limb

Fig. 15.18 A 21-year-old male with blast injury to left upper 
limb. Gustilo IIIC radial bone fracture with severe bone and soft 
tissue loss. (a, b) X-ray on admission demonstrates comminuted 
intra-articular distal radial fracture with severe bone loss. (c) 
Clinical pictures after primary tubular external fixation demon-
strate extensive skin and soft tissue loss. (d) Closed reduction of 
articular surface with external fixation in Ilizarov frame was per-
formed. Clinical picture after skin grafting and conversion to 
Ilizarov frame. (e) Gradual restoration of radial bone length in 

the Ilizarov frame was started. Control x-ray demonstrates 
reduction intra-articular bone fragments with relative shortening 
of the radial bone. (f, g, h) Clinical pictures demonstrate early 
wrist mobilization in the hinged Ilizarov frame. (i, j) Free micro-
vascular bone grafting (fibular autograft) was performed after 
restoration of radial bone length in the Ilizarov frame. (k, l) 
X-ray and clinical pictures at a 1-year follow-up demonstrate 
bone healing after bone grafting of the radial bone defect with 
good functional ROM

a b c
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the external fixator maintains length and stability during 
the consolidation of an arthrodesis site [44].

A multitude of different methods of arthrodesis 
have been described. Large joints are not easily fused 
and most reported techniques have complications 
(nonunion, infection, and malunion). In the face of 
severe and extensive bone loss, inadequate soft tissue 
coverage, contamination and the presence of foreign 
bodies, the use of internal fixation is precluded. 
Residual cartilage must be excised and meticulous sur-
gical debridement of all non-vital tissues must be per-
formed. The Ilizarov external fixation frame stabilizes 
the bone and the wound while simultaneously per-
forming arthrodesis of the destroyed joint. The hybrid/
circular external fixation is assembled and customized 
in order to achieve the desired alignment and compres-
sion across the fusion site.

When properly applied, the Ilizarov/hybrid frame 
provides stable immobilization of the joint in three 
planes with stable fixation against shear and torsion 
stress, while axial loading is allowed without 

detrimental effect on the fusion site [11]. This versatile 
apparatus is highly modular and provides three- 
dimensional control over bone and joint deformities 
and instabilities. The frame is usually tailored for the 
particular patient and may be used for shortening, 
lengthening, compression, distraction, and bone trans-
port. These parameters are determined intraoperatively 
but may be repeatedly and reversibly refined postop-
eratively throughout the healing process in order to 
eliminate any residual deformity.

Furthermore, this configuration of circular thin wire 
frames minimizes surgical invasiveness and provides 
the surgeon with remote control over the fusion pro-
cess during the immobilization period. Joint resection 
is performed using standard techniques. Then the joint 
to be fused is temporarily stabilized using two crossed 
transosseous wires (half-pins). Begin by mounting the 
external fixation frame with the insertion of a pair of 
thin wires around the arthrodesis site: one wire from 
the each side of the joint. The open operative wound 
allows the insertion of the wires at the required 

Fig. 15.18 (continued)
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distance from the arthrodesis site and in the correct 
direction, with a minimal expenditure of time and radi-
ation exposure to the patient and the surgical team. 
These wires are fixed to two rings connected together 
with threaded rods. Thereafter the wound is partially 
closed, leaving a small opening for visual and palpa-
tion control of the arthrodesis site during assembly of 
the fixation frame. This technique has some advan-
tages in comparison with the commonly recommended 
technique of apparatus assembly following skin clo-
sure. The first-inserted pair of the thin wires serves as 
a reference point for insertion of the following wires 
and half-pins during final mounting of the frame. The 
placement of the proximal and distal rings (or half 
rings) of the frame at a distance from the arthrodesis 
site increases stability of fixation. The final closure of 
the wound and arthrodesis site is performed by placing 
the last two to three sutures in the skin, whereupon 
additional thin wires and half-pins are inserted from 
each ring to further stabilize the fixation frame. The 
operative procedure is concluded by removing the 
temporarily placed wires and transfixing the arthrode-
sis surfaces. Compression of the arthrodesis bone sur-
faces is now performed.

All wires and half-pins are situated extra-focally 
and, therefore, further damage to the involved tissue is 
avoided. In patients with severe shortening due to 
trauma tissue loss or as a result of extensive articular 
surface resection, limb-length restoration by distrac-
tion osteogenesis at the site of the fusion or at the site 
of an additional elongation corticotomy/osteotomy can 
be performed.

The method of the limb-length restoration by dis-
traction osteogenesis at the site of the arthrodesis after 
20–30 days of compression has been recommended [5, 
21]. This technique, in cases of war and other severe 
high-energy injuries, is not applicable because of the 
low potential for distraction osteogenesis in the com-
promised tissues in the zone of injury. Bone elongation 
is achieved more easily and safely away from the injury 
site.

Micromovements in the axial plane stimulate bone 
formation and enhance osseous healing [14]. Hence, 
early ambulation and weight-bearing are encouraged 
and may be initiated almost immediately. Permanent 
compression in the arthrodesis zone must be main-
tained during the entire period of fixation in the exter-
nal frame. After frame removal, all lower limbs are 
protected in a POP walking cast (Fig. 15.19).

In patients suffering from high-energy injuries to 
the elbow joint with extensive bone and soft tissue 
loss, complicated by local infection, all options of sur-
gical reconstruction are precluded, including total 
elbow arthroplasty. Elbow arthrodesis serves as a sal-
vage option. The modular external fixation frame can 
be tailored to provide adequate skeletal stabilization in 
a preferred elbow position for fusion. Gradual sequen-
tial adjustment of the frame to 90° flexion can be used 
in treating patients with severe soft tissue loss, avoid-
ing the need for additional complex skin flap proce-
dures by gradual diminution of the soft tissue defect 
(Fig. 15.20).

15.5.7  Limb Salvage in Severe Bone and 
Soft Tissue Loss

15.5.7.1  Bone Reconstruction by Callotasis 
(Bone Induction at the Site of Injury)

High-energy limb trauma may be accompanied by 
extensive bone loss. Bone loss may occur from extru-
sion of bone fragments at the time of injury, during 
debridement of the open fracture when devitalized 
segments of the bone are removed, or as a result of a 
combination of both, thereby creating a defect [12]. 
Severe damage to or loss of soft tissues complicates 
the healing of bone loss. Especially in the treatment of 
combat trauma (gunshot wounds and blast injuries), 
foreign bodies are present in the tissues, increasing the 
hazard of post-traumatic local sepsis. All these factors 
increase the likelihood of failure of bone grafting. In 
contrast, the method of controlled gradual distraction 
of bone fragments stabilized and fixed in the external 
fixation frame utilizes the osteogenic properties of the 
existing bone, not only for the fracture healing pro-
cess, but also for the appropriate filling of the bone 
defects. Soft tissue tension during distraction in the 
frame also has some stabilizing effect on the overall 
fixation system. Callotasis is successfully utilized in 
elective orthopedics for limb elongation using osteot-
omy or corticotomy, and also for restoring the length 
and shape of the bone in the treatment of fractures 
caused by low-energy trauma in the presence of ade-
quate blood circulation in the fracture zone. However, 
severe high-energy limb trauma, especially crush inju-
ries and war trauma, resulting in the destruction of 
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Fig. 15.19 A 24-year-old male who suffered from open left dis-
tal tibial fracture-dislocation with severe bone loss resulting 
from crush injury. (a, b, c) Clinical and radiological pictures on 
admission demonstrate open fracture-dislocation of the left 
ankle joint with severe tibial bone loss. (d) Lateral radiogram on 
admission demonstrates ipsilateral femoral and patellar frac-
tures. (e) Primary intramedullar femoral nailing and tension-
band-wire patellar fixation were performed, left ankle joint was 
realigned and transfixed using tubular external fixation device 
with trans-ankle rod augmentation. (f, g) Two weeks later, distal 
articular bone fragment was removed due to tissue necrosis. 
Conversion to Ilizarov external trans-ankle fixation was per-
formed. Radiological appearance of left lower limb after 
intramedullar femoral nailing, tension-band-wire patellar fixa-
tion, and trans-ankle Ilizarov external fixation. Note significant 

tibial bone loss. (h) Four weeks later, proximal tibial cortico-
tomy was performed to eliminate distal tibial bone defect using 
bone transport technique. X-ray taken 4 months after cortico-
tomy demonstrates tibial bone transport (11 cm) with incorpora-
tion of distal tibial bone end into talar bone. Note relatively weak 
bone regeneration. (i) Early full weight-bearing was allowed 
during entire period of stabilization in the external fixation 
frame. Clinical appearance of custom curved foot plate attached 
to the foot ring of the frame. (j) Ilizarov frame was removed after 
15 months of external fixation. After removing the Ilizarov 
frame, functional loading was continued using walking brace. 
Radiological appearance of solid bone regeneration. (k, l) 
Clinical appearance at a 1-year follow-up after removing the 
Ilizarov fixation frame
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Fig. 15.19 (continued)
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periosteal soft tissues and damaging the blood supply 
to the fracture site, reduces the local osteogenic poten-
tial, and often excludes the possibility of using the 
injury site for elongation and bone defect restoration. 
In the treatment of high-energy limb trauma, callotasis 
requires the presence of vascularized soft tissue cover-
age of the fracture site, contact between bone frag-
ments, and only a small extent of bone tissue loss (up 
to 3 cm long). Metaphyseal localization of the callota-
sis site is preferred, owing to the greater vascularity of 
the metaphysic. The diminished vitality of the tissues 
in a zone of high-energy limb trauma greatly extends 
the period needed to achieve solid bone consolidation 
and, accordingly, prolongs the duration of fixation in 
the external frame. When the radiological appearance 
is that of a sparse bone regenerate, the rate of bone 
distraction must be decreased or temporarily stopped. 
An interim return to compression can be performed 
repeatedly (“accordion” maneuver) until a positive 
effect on bone induction is shown on the control radio-
graphs (Fig. 15.21).

Major reconstructions are better performed in relatively 
healthy tissue zones away from the focus of tissue 
damage.

15.5.7.2  Bone Reconstruction Using the Bifocal 
Technique

The absence of vascular  tissue coverage of the fracture 
site, lack of contact between the bone fragments, loss 
of bone tissues (more than 2-3 cm), and diaphyseal 
localization of the fractures are the factors that deny 
regenerative tissue potential in the fracture zone and 
prevent distractional osteogenesis and solid fracture 
healing. Diaphyseal high-energy fractures of the lower 
extremities with extensive soft tissue and bone loss are 
the most common indication for utilizing the bifocal 
method of reconstruction.

The Ilizarov method is the most reliable way to 
restore bony continuity in a segmental defect and 
maintain equal limb length [23]. Bone regeneration is 

a b c

Fig. 15.20 A 20-year-old male with open Gustilo–Andersen 
type IIIB fractures of right humeral shaft, right proximal ulnar 
and radial bones with severe bone comminuting, and bone and 
soft tissue loss due to gunshot injury. Circular external stabiliza-
tion of fractures and stable fixation of the elbow joint in a 
90°elbow position for arthrodesis due to extensive tissue injury 

and loss, and neurological upper limb damage. (a) Clinical 
appearance of the trans-elbow fixation using Ilizarov external 
circular device. (b, c) Radiological pictures performed at a 
2-year follow-up demonstrate solid elbow fusion at the 90° 
position
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achieved by using osteotomy/corticotomy through a 
healthy area of bone in a zone of intact soft tissues, 
preferably metaphyseal in location, preserving the 
periosteum, and away from the zone of injury. The 
proximal metaphyseal location is the site of choice 
rather than the distal metaphysis because of its supe-
rior bone regeneration capacity [9]. The technique of 
osteotomy/corticotomy is of crucial importance, 
because the bone-healing process must occur in the 
osteotomy site. Therefore, it is necessary to use a “low-
energy technique” of bone cutting (especially in high-
energy trauma), which is minimally invasive and 
respects the vascular supply of the bone. A bone- 
cutting technique that damages the bone blood supply 
will delay or even prevent bone regeneration. Bone 
cutting using an oscillating or Gigli saw risks thermal 
damage. A percutaneous minimally invasive technique 
of subperiosteal bone cutting is chosen: only a small 
incision is required and bone viability is not compro-
mised. The periosteum is incised longitudinally and 
elevated using a small periosteal elevator. Multiple, 

small 2 mm drill holes are made in the line of the 
planned bone cut and the cortices are severed using a 
small 5–8-mm osteotome. Now, careful rotation of the 
rings in opposite directions until a cracking sound is 
heard completes the procedure of the bone division 
(osteotomy–osteoclasis technique). After a 7–10-day 
latency period, the original length of the bone shaft is 
restored by gradually increasing the corticotomy gap, 
moving the intercalary segment away from the cortico-
tomy site.

This technique permits the consolidation of the 
original fracture and also the elimination of the bone 
defect by the gradual controlled transfer of the mobi-
lized intercalary bone fragment until it contacts and 
“docks” with the opposite bone fragment. Fixation in 
the external circular frame facilitates controlled grad-
ual distraction in the zone of elongation, provides suf-
ficient three-dimensional stability in the fracture zone, 
simultaneously eliminating deformities, and effec-
tively compresses the fracture zone once the interca-
lary fragment has docked.

Fig. 15.21 A 19-year-old male with open Gustilo type IIIB left 
proximal tibial fracture with severe bone comminuting and mas-
sive soft tissue loss due to blast injury by antitank rocket. (a) 
Radiogram at the time of injury demonstrates severe comminut-
ing of the proximal tibial bone. (b, c, d) Primary emergency care 
was carried out with debridement of soft tissues and stabiliza-
tion of the fracture, including temporary knee bridging, using a 
tubular external fixation frame. Clinical and radiological appear-
ance of the left lower limb after completing primary surgical 
debridement procedure. Note extensive skin and soft tissue loss 
over distal third of left thigh, knee joint, and proximal half of left 
leg. (e) Free tissue muscle latissimus dorsi flap and local muscle 
gastrocnemius flap were used to cover the exposed tibial bone 
and fracture site. The unilateral tubular trans-knee frame was 
exchanged at this stage for a circular tibial Ilizarov frame with 
freeing of the knee joint. Clinical appearance showed complete 
soft tissue coverage of the bone and fracture site. (f, g) 

Postoperative period was complicated by post-traumatic osteo-
myelitis of the tibial bone. Repeated serial debridement of the 
fracture site with sequestrectomies was performed. Local septic 
process and severe scarring in the fractures zone preclude bone 
graft procedure to replace the tibial bone defect. Repeated cycles 
of distraction-compression in the external fixation frame were 
used to stimulate bone regeneration process. Five centimeters of 
bone regeneration was achieved. X-rays demonstrate signs of 
bone consolidation process during fixation in the Ilizarov frame. 
(h, i) X-ray pictures 6 months after removing the Ilizarov frame 
demonstrate bone healing in good alignment with solid bone 
regeneration. Total time for external tibial fixation in the long-
term treatment of this complex patient was 48 months. The 
patient was fully ambulatory during most of the treatment time. 
(j, k, l, m) Clinical photos at a 6-year follow-up after the removal 
of the Ilizarov frame demonstrate good function of the right 
lower limb. No recurrence of the local septic process was noted

a b c
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Fig. 15.21 (continued)

f g

h i j

d e



262 A. Lerner and N.D. Reis

New bone forms within the distraction zone as a 
result of the tension–stress effect, the bone defect 
thereby being filled in without the need for bone graft-
ing. Distraction forces applied to the bone also create 
tension in the surrounding soft tissues, specifically the 
skeletal muscles, and initiate the sequence of adaptive 
changes known as distraction histiogenesis. Gradual 
lengthening may trigger events leading to tissue for-
mation: angiogenesis in the dermis due to tissue 
hypoxia, dermis formation after tissue expansion, and 
muscle hypertrophy or hyperplasia that occurs by the 
recruitment of satellite cells [25]. Contemporaneously 
with bone regeneration limb lengthening, muscle 
growth is stimulated through muscle cell proliferation 
and fusion with lengthened myofibers at the level of 
the myotendinous junction. The production of large 
numbers of myogenic cells incorporated into the exist-
ing muscle fibers enables skeletal muscles to adapt to 
the new dimensions during lengthening [22, 24].

This technique of reconstruction is preferred in 
the management of patients after high-energy shin 
fractures with severe tibial bone defects and intact 
fibular bone, when the length of the injured limb seg-
ment is preserved. Reliable holding of the transported 
bone segment in the accurately assembled circular 
frame directs its controlled passage during the bone 
transport procedure. A rail technique of navigation of 
the bone fragment with introduction of a wire or thin 
nail into the medullary canal (often utilized in 

elective reconstructions) is unnecessary and bears the 
hazards of possible reactivation of infection and its 
extension along the nail and bone segment.

A distraction rate of 1 mm/day (1/4 mm × 4 per day) 
is recommended. Restoration of extensive bone defects 
demands a long period of external fixation, including 
the period of distraction and maturation (approxi-
mately 1 month of distraction and external fixation 
time per 1 cm of elongation). To shorten the length of 
treatment, especially external fixation time, a bifocal 
elongation osteotomy/corticotomy procedure may be 
performed.

Soft tissues lying in the route of the movement of 
the intercalary bone fragment (so-called bone trans-
port) may shrink (collapse inward), due to the absence 
of the inner underlying hard tissue mass, resulting in 
shrinking of the circumference of the soft tissue enve-
lope. Under these circumstances, if bone transport is 
continued, the skin can become invaginated onto the 
upper end of the transported bone fragment. Then, 
continuing bone transport can lead to the pinching and 
atrophy of the indrawn skin between the bone 
fragments.

With the onset of the signs of this dangerous com-
plication, the rate of bone fragment movement must be 
slowed or even stopped. Subcutaneous thin wires can 
be used to support the sagging tissues, or elevation of 
the sagging skin is done by the shifting local soft tissue 
flaps or excision of the infolded skin.

Fig. 15.21 (continued)
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During the prolonged period needed in treating 
large bone defects, a dense fibrous scar may form near 
the target fragment, preventing intimate bone-to-bone 
contact and bone union (the “docking” problem). In 
these patients, excision of the dense fibrous tissues 
from the docking site is needed to allow bone contact. 
At the time of debridement of the open trauma wound, 
it is desirable to perform reshaping of the “kissing” 
contact surfaces of the bone ends which are to meet 
after transport later on, to improve their contact sur-
faces and to achieve better stability when compressive 
forces at the fracture site are applied during the final 
stage of “docking.” An optional cancellous autogenous 
bone graft can be added to improve bone contact and 
fill residual defects on the facing surfaces of the bone 
ends. Bone grafting can be done only when signs of 
local infection are absent. Using the bifocal technique, 
extensive bone loss can be restored without the need 
for massive bone grafting.

A special technique is needed for open fractures 
with partial circumferential bone loss. Some bone 
remains (usually the posterior cortical area of the tibial 
bone) which is insufficient for bone stability due to its 
small bulk, even after bone union occurs. Moreover, 
such fragile fragments do not permit closure of the 
bone gap between the main bone ends necessary for 
strong bone healing. Damaged or absent local soft tis-
sues that have suffered high-energy trauma preclude 
the use of an open bone graft. The gradual transfer of 
the bone fragment most connected to intact soft tissues 
shaped to the frontal aspect of the bone defect solves 
this difficult problem. The bone fragment to be trans-
ported is detached from the frontal end of one of the 
main bone fragments (partial corticotomy with bone 
transport).

Ring external fixation has the added benefit of 
immediate weight-bearing in the presence of extensive 
bone loss [13].

15.5.8  Acute Temporary Malalignment  
in Limb Salvage

15.5.8.1  Acute Limb Shortening

Open fractures do not heal without good coverage of 
the fractured area by well-vascularized soft tissue. 
Many complications are avoided if this step is 

completed early. The use of local and distant tissue 
flaps is not recommended due to the unavailability of 
viable local soft tissue or poor local healing potential 
due to a compromised vascular supply (single vessel 
limb, conditions after revascularization procedures) 
[8]. Revision flap coverage may not be an option after 
previous flap necrosis, and amputation remains the 
standard option for such patients [32]. For patients in 
whom high-energy limb trauma has caused open frac-
tures and extensive soft tissue and bone loss, tempo-
rary limb shrinking using the Ilizarov external fixation 
device is an option to salvage the limb. Shortening of 
the severely injured limb is used to close an extensive 
soft tissue defect. Acute limb shortening followed by 
re-lengthening is a powerful technique for bridging 
soft tissue and bone defects and restoring limb func-
tion utilizing one continuous staged procedure [4].

Immediate soft tissue coverage achieved by acute 
shortening avoids the need for and morbidity of local or 
distant tissue flaps and free tissue transfers. Acute short-
ening with subsequent progressive lengthening of the 
bone is an accepted alternative for patients with an abso-
lute or relative contraindication for free and local flaps, 
allows dealing with large soft tissue and bone defects, 
and eliminates dead spaces at sites of tissue loss.

Ample redundant soft tissue provided by acute 
shortening is used to cover exposed bone fragments 
and fracture area. After acute shortening, the need for 
free flap reconstruction is rare; most defects are closed 
primarily or by simple small local flaps or split skin 
grafts. Moreover, acute shortening in patients suffering 
from open fractures with vascular injuries (Gustilo 
type IIIC fractures) eliminates the need for blood 
 vessel grafting by making end-to-end vascular suture 
possible, even overcoming the increased gap created 
by debridement of the ends of the injured vessels.

Temporary shortening of the severely injured limb 
after extensive radical debridement allows preserving 
of the potential for structural and functional restoration 
by guided graduated distraction with the Ilizarov 
method. The technique allows restoration of relatively 
large bone defects without the need for bone grafts  
and complicated local or free flaps, avoiding morbid-
ity of donor sites and other serious complications. 
Additionally, the mechanical quality of the distracted 
bone is superior to cancellous bone grafts [38]. Lack of 
a donor site, morbidity, decreased operating time 
(important for patients with multiple organ trauma), 
good handling of both soft tissue and bone defects, and 
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low complication rates are the main advantages of 
acute shortening for complex limb injuries [23, 31, 33]. 
Bone defects and soft tissue loss are handled 
simultaneously.

For a transversely oriented soft tissue defect, acute 
shortening produces adequate contact of the wound 
edges. In contrast, limb shortening for a longitudinally 
oriented wound can result in divergence of the wound 
edges, thereby creating a dilemma with regard to clos-
ing the soft tissue defect. An S-shaped extension of the 
wound solves this predicament. This simple maneuver 
permits the closure of the wound by the counter trans-
fer of the conforming skin-fascia flaps (Figs. 15.22 and 
15.23).

In acute shortening, progressive lengthening using 
the Ilizarov device is based on the same principle of 
tension stress that allows bone regeneration. The 
lengthening phase can be started only after complete 
soft tissue healing (usually after 2–3 weeks). The 

gradual distraction rate provides acceptable cosmetic 
results, and the bone length is restored during axial 
distraction (when the bone edges were well approxi-
mated and aligned at the acute shortening procedure). 
The restricted length that can be gained in the presence 
of extensive soft tissue trauma, caused by a high-
energy injury, limits this callotasis technique. An addi-
tional metaphyseal corticotomy/osteotomy is indicated. 
Two-level elongation corticotomy of the proximal and 
distal bone fragments is indicated for patients having 
extensive bone defects. This procedure improves the 
structural quality of the regenerated bone, while the 
elongation and fixation time is shortened.

Acute shortening of the upper limb is well toler-
ated by patients. The upper extremity is a non-weight-
bearing organ, thus it accepts shortening better while 
retaining more function as compared to the lower 
limb during the drawn-out lengthening procedure 
(Figs. 15.24 and 15.25).

a b
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Fig. 15.22 A 23-year-old male with open Gustilo–Andersen 
type IIIB tibial fracture with bone and soft tissue loss secondary 
to blast injury. Acute shortening procedure was performed after 
radical wound debridement with the removal of free bone frag-
ments and bone ends resection. (a) Primary stabilization of tibial 
fracture using tubular external fixator is performed. (b) 
Radiological picture demonstrates good bone ends contact after 

acute limb shortening and conversion to circular Ilizarov frame. 
(c) Clinical picture of the leg demonstrates adequate closure of 
transversely oriented soft tissue defect after performing acute 
shortening procedure. Note metal “horseshoe” attachment to the 
frame used for temporary compensation of the lower limb-length 
discrepancy and performing early weight-bearing on the injured 
limb
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Fig. 15.23 Schematic representation of technique of temporary 
acute shortening. (a) Presentation of the limb on admission – 
open fracture with bone and soft tissue loss. (b) Debridement 
with acute shortening and stabilization in the external circular 

frame. (c) Proximal elongation tibial osteotomy is performed. 
(d) Limb length is restored by bone regeneration in the osteot-
omy site

a b

c d
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Fig. 15.24 A 26-year-old male with open Gustilo–Andersen 
type IIIC tibial fracture with bone and soft tissue loss secondary 
to blast injury. (a) Clinical picture on admission (6 h after 
injury). (b) X-ray on admission demonstrates a comminuted 
fracture of tibial and fibular bones with bone loss. (c) Clinical 
appearance of leg in the operating theater after thorough wash-
ing of the wound using antiseptic solutions and soap. (d) Distal 
limb perfusion is restored using temporary intraluminal vascular 
bypass shunt to the tibialis anterior artery. (e) Intraoperative 
radiological picture at the stage of bone debridement. (f) Primary 
stabilization of tibial fracture with tubular external fixator is per-
formed with temporary limb shortening. This procedure allows 
performing final vascular reconstruction by the end-to-end 
suture. (g) Clinical picture 3 days later: wound coverage using 

skin grafting was performed. (h) Clinical picture 2 weeks later 
demonstrates good skin graft healing. (i) At this stage, conver-
sion to Ilizarov circular frame was performed. (j) Radiological 
picture after conversion to Ilizarov frame demonstrates contact 
between proximal and distal bone fragments. (k) Radiological 
photo performed 1 month after proximal elongation tibial corti-
cotomy. (l) Radiological picture performed 8 months after prox-
imal corticotomy shows good bone regeneration at site of 
elongation. (m, n) Radiological photos after completing recon-
struction procedure. Tibial fracture is healed, 12-cm elongation 
is achieved, and leg length is restored. Total time in external 
tibial fixation: 18 months. (o, p, q) Clinical photo at follow-up 
one year after removal of Ilizarov frame demonstrates limb-
length restoration and good ROM of knee and ankle joints

b

c d e
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Fig. 15.25 A 23-year-old male with open right humeral frac-
ture Gustilo-Andersen type IIIB with bone and soft tissue loss 
resulting from blast injury by antitank rocket. (a) Clinical 
appearance of right arm after primary debridement and skeletal 
stabilization using tubular unilateral external fixation frame.  
(b) Control postoperative x-ray of the right arm demonstrates 
severe bone loss, multiple small metal foreign bodies at facture 
zone. (c) After repeated debridement procedure, acute shorten-
ing was performed to diminish soft tissue defect. Control radio-
gram demonstrates contact between proximal and distal bone 

fragments fixed in Ilizarov external fixation frame. (d) Three 
weeks later, after healing of soft tissue wound, proximal humeral 
corticotomy was performed to eliminate distal bone defect using 
distraction osteogenesis technique. X-ray taken 1 month after 
corticotomy demonstrates humeral bone elongation. (e, f) 
Clinical pictures demonstrate active mobilization of right upper 
limb during external fixation in Ilizarov frame. (g, h) Ilizarov 
frame removed after 6 months of external fixation. Radiological 
appearance of humeral bone at 1-year follow-up demonstrates 
solid fracture healing and restoration of humeral bone length

a b

c d
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15.5.9  Acute Shortening and Angulation

In a patient with combined bone and soft tissue 
defects, it is mandatory to achieve skeletal stabiliza-
tion and to cover the exposed bone as soon as possi-
ble, preferably during the initial care. In casualties 
who suffer from a one-side-located extensive soft tis-
sue defect, the fracture site bone remains uncovered, 
even after performing acute shortening. Additional 
bone shortening is often unacceptable. On the other 
hand, residual bone exposure indicates the need for 
soft tissue reconstruction by a free flap as the only 
remaining alternative. However, acute shortening 
combined with angulation directed to the side of the 
main soft tissue loss to cover the exposed bone is the 

treatment choice to eliminate the soft tissue defect [8]. 
Primary closure of the soft tissue defect can be 
achieved without tension on the edges of the wound. 
The need to further shorten the bone or the use of 
complicated soft tissue reconstructive procedures can 
be avoided. The presence of post-traumatic vessels 
disease [15], an entity described after trauma includ-
ing changes in the vascular wall and the perivascular 
tissue, the bad general condition of the patient and the 
absence of microsurgical skills reduce the chance of 
success of a free flap. The peripheral pulses, color, 
and capillary refilling must be checked at this stage  
to make sure that the angulation does not cause any 
vascular compromise. The acute angulation must be 
abandoned if signs of vascular compromise of the 

Fig. 15.25 (continued)
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limb periphery appear. For this reason we perform 
this procedure without draping the foot or the hand. 
The angulated bone fragments are fixed using a hinged 
Ilizarov fixation frame. The hinges above the angula-
tion site must be locked (Fig. 15.26).

Gradual progressive correction of the angulation can 
be initiated only when the wound is completely closed, 

usually after 3–4 weeks. The Ilizarov external fixator 
gains soft tissue length by stretching the skin and the 
scars, resulting in a good soft tissue envelope at the end 
of bone distraction. The pace of correction depends on 
the scar and soft tissue condition. Haste must be 
avoided! When realignment is achieved, an elongation 
corticotomy can be performed (proximally or distally, 

Fig. 15.26 Schematic representation of technique of temporary 
acute shortening and angulation. (a) Presentation of the limb on 
admission – open fracture with bone and soft tissue loss. (b) 
Debridement with acute shortening and stabilization in the 
external circular frame. Note uncovered fracture site after 

 performing shortening procedure. (c) Acute angulation is per-
formed to diminish soft tissue wound and coverage of the frac-
ture site. (d) The leg is gradually realigned using Ilizarov frame. 
(e) Proximal elongation tibial steotomy is performed. (f) Limb 
length is restorated by bone regeneration in the osteotomy site

a b c

d e f
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Fig. 15.27 A 59-year-old male with open comminuted distal 
tibial fracture Gustilo–Andersen type IIIB with soft tissue 
loss on anterior aspect of the leg due to road traffic accident. 
(a) Admission x-ray. (b) Repeated surgical debridement with 
necrectomy and removal of free bone fragments were per-
formed. To minimize the bone debridement and the soft tissue 
defect and to compact the bone edges, acute shortening (6 cm) 
and additional anterior 40° angulation at the fracture site was 
completed. The angulated bone fragments were secured with 
hinged Ilizarov frame (clinical photo). (c) Clinical photo 
demonstrates transversely oriented wound that closed without 

significant soft tissue deformity. Three weeks later, after heal-
ing of the wounds on the anterior aspects of the legs, gradual 
correction of misalignment was started. The axial alignment 
was restored over a period of about 3 weeks, by performing 
isolated anterior distraction of the hinged external fixation 
frame (x-ray). Leg length restoration was rejected by patient. 
(d) Radiological photos at a 6-year follow-up demonstrate 
radiological signs of consolidation. (e, f, g) Clinical views at 
a 6-year follow-up demonstrate active motions at the ankle 
joint. Orthopedic shoe with 5-cm elevation to left leg used by 
patient
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according to local tissue conditions and localization of 
the longest bone fragment). In patients with large bone 
defects, a second corticotomy can be performed to 
increase the rate of lengthening. Full weight-bearing is 
promoted in the early postsurgical period by attaching 
an additional foot ring or plate to the external fixation 
frame, correcting the temporary shortening created. 
Intensive daily physiotherapy for muscle strengthening 
and prevention of stiffness and joint contractures starts 
on the first postoperative day and must be continued 
during the entire fixation period (Fig. 15.27).

15.5.10  Acute Shortening, Angulation, 
and Malrotation

In some especially complex cases of severe high-
energy trauma with combined bone and soft tissue 
loss, the bone fragments remain exposed and deprived 
of soft tissue coverage even after performing acute 
shortening and angulation. Consequently, an additional 
step to achieve a soft tissue covering for the bone is 
required. Supplementary rotational displacement of 
the ends of the injured segment can bring about a 
decrease of the wound size, and approximate the edges. 
The temporary gross deformity created supplies 

enough soft tissue to cover the bones and bring about 
rapid autogenous wound closure without the need for 
any grafting procedures [35, 41]. A multiplicity of 
repeat debridements is avoided, since the initial debri-
dements can be as radical as necessary in the sure 
knowledge that the wound can be closed. Once healing 
is well established and infection has been avoided, the 
deformity can be gradually secondarily corrected and 
limb axis and length restored.

The fixed limb segment is usually eccentrically sit-
uated in the circular fixation frame, and the bone itself 
is also eccentrically located within the limb segment. 
The center of rotation of the frame is always placed 
exactly in the center of the ring. Thus, performing rota-
tion in the circular frame, a bone fragment attached to 
the ring in an eccentric position (outside the center of 
rotation) can result in lateral displacement with regard 
to the facing bone fragment, fixed onto the opposite 
side of the external fixation frame. The greater the 
malrotation, the more asymmetric is the position occu-
pied by the bone fragments in the rings, and the greater 
the lateral translation of the fragments in the final stage 
of the derotation procedure. By attaching additional 
connection plates to the rings at the point nearest to the 
bone, the external configuration of the frame is 
changed. In this way, the bone is placed in the central 
position of the modified external frame and also in the 

a b c

Fig. 15.28 Schematic plane of the derotation process in the cir-
cular fixation frame. (a) Note eccentric position of fixed seg-
ment of the limb and also bone fragments in the circular fixation 
frame. Rotation center of the frame in performing the rotation 
motion placed in the center of the ring. (b) Lateral displacement 
of the eccentrically placed bone fragment due to rotation in the 

circular frame. (c) Attachment of additional connection plates to 
the rings helps to change external configuration of the frame. 
Resulting from this procedure, the bone fragments are placed in 
the central position of the modified external fixation frame, also 
the center of the rotation motion
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center of followed rotation (the bone is now in the cen-
ter of a new virtual ring). Thus, during the process of 
derotation, the bone will retain its central position, and 
lateral displacement of the moved bone fragment can 
be avoided (Fig. 15.28).

Continuing the treatment of this complex patient, 
gradual derotation of the limb in the Ilizarov frame was 
performed later, together with distraction of the bone 

regenerate and full limb-length restoration. The derota-
tion process can be combined in time with the process of 
elongation in the frame, which can significantly shorten 
the general duration of external fixation time and, 
accordingly, the general treatment time (Fig. 15.29).

Similar maneuvers to establish and later reverse a 
combination of malalignments can be performed in a 
Taylor Special Frame [27, 30].

Fig. 15.29 A 49-year-old male who suffered from open Gustilo 
type IIIC left distal tibial fracture with severe tissue and bone loss 
due to road traffic accident. Lesion of tibialis anterior and poste-
rior arteries was found on exploration of the wound. (a) Admission 
x-ray of both lower limbs. (b, c) Primary emergency care was car-
ried out with debridement of soft tissues, repairing tibialis anterior 
and posterior arteries, and stabilizing the fracture with a tubular 
external fixator. Fixation of bone fragments was performed with 
anteromedial angulation due to severe soft tissue loss on the anter-
omedial side of the tibial bone and fracture site. (d, e) Even after 
performing anteromedial angulation, the fracture site remains 
uncovered with 7 × 3 cm soft tissue defect. (f, g) Angiography per-
formed in planning of definitive reconstructive procedure shows 
occlusion of repaired tibialis anterior artery. (h) Assembly of cir-
cular Ilizarov external fixator was performed, preserving position 
of bone fragments achieved by the primary fixation procedure. 
(Note fixation of cantilevered half-pins of the primary tubular fix-
ator to the rings of the Ilizarov frame.) Thus, the site of vascular 
anastomosis of the single remaining repaired tibialis posterior 
artery was undisturbed. (i, j, k, l) Additional malrotation of foot 
and distal tibial fragment resulted in significant decrease of wound 
width, bringing its edges together. Radiological and clinical views 

of the malaligned limb included acute shortening, angulation, and 
malrotation. The angulated bone fragments are secured with a 
hinged Ilizarov frame, including foot attachment. (m, n, o, p) 
Four weeks after angulation procedure, the wound was completely 
closed and progressive correction of the angulation was initiated. 
Three weeks later, the angular malalignment was gradually 
restored (clinical and radiological views) and compression of the 
tibial bone fragments was performed. (q, r) Radiological photos 
performed 2 months after proximal elongation tibial corticotomy 
show good bone regeneration. (s, t, u) Note: Attachment of addi-
tional connection plates to the ring changes external configuration 
of the frame. Thus, during derotation process, bone retains its cen-
tral position, and lateral displacement can be avoided. (v) Full 
weight-bearing on fixed Ilizarov frame leg at early stage of derota-
tion procedure. (w, x, y, z) Clinical and radiological photos after 
completing the reconstruction procedure. A 12-cm elongation is 
achieved and leg length is restored. Total time in external tibial 
fixation: 13 months. (z1, z2, z3, z4, z5) Clinical and radiological 
photos at follow-up half -year after removal of Ilizarov frame. 
Radiological photos demonstrate bone consolidation of distal 
tibial fracture, with solid bone regeneration after completing 
12-cm proximal tibial elongation

a b c
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15.6  Summary

Generally, primary temporary acute malalignment by 
shortening and angulation (“shrinkage”) of the criti-
cally injured limb segment while stabilized in an exter-
nal fixation frame allows the use of the remaining vital 
soft tissues to cover wounds in severe limb injuries 
with massive combined bone and soft tissue loss, 
avoiding the risks of traumatic complex tissue trans-
plantations, and facilitating vital blood vessel and 
nerve repair. Large wounds with exposed bone heal 
rapidly by the apposition of healthy soft tissues. Limb 
axis correction and tissue induction or reconstruction 
are then achieved by gradual realignment and distrac-
tion through one or more osteotomies/corticotomies 

using Ilizarov’s callotasis bone induction technique 
and controlled by circular or hybrid frame external 
fixation constructs [18]. Stable three-dimensional bone 
stabilization in the circular fixation frame allows early 
functional weight-bearing even in such complex 
patients. Following frame placement, the patients 
should be encouraged to walk as soon as tolerable with 
full weight-bearing.

Returning to the axiom that the condition of the soft 
tissues is the determining factor in treating patients 
suffering from high-energy trauma, we emphasize that 
fixation of the injured limb in the circular frame estab-
lishes optimal conditions for the soft tissues in the 
early definitive phases of the treatment process. 
Circular frames enable continuous elevation of the 
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Fig. 15.29 (continued)
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injured segment and afford all-round mechanical pro-
tection, shielding the limb evenly on all sides from 
pressure and avoiding gravitational impingement on 
the skin and soft tissues on the inferior surface of the 
limb. Moreover, by using this method, it may be unnec-
essary to apply circular pressure bandages to the 
injured limb segment with possible distal limb edema. 
Local pressure on the wound, if needed, can be 
achieved by placing a pressure cotton pad between the 
wound and the corresponding ring of the frame, elimi-
nating undesirable pressure on other areas near the 
injured segment. Fixation in the circular frames can be 
a useful method of treating complex injuries such as 
burn trauma, especially circular burns, compartment 
syndrome, and post-fasciotomy conditions.

Proper fixation of the frame components is essen-
tial: all wires, bolts, nuts, and rods should be securely 
fastened. Thus, additional inspection of the assembled 
fixation frame must be performed in the final stage of 
the operative procedure, checking the degree of its sta-
bility and also the stability of the fracture fixation. Skin 
and soft tissue tension around fixation elements are 
checked and eliminated. Unreleased skin tension may 
cause severe postoperative pain and joint stiffness, and 
can lead to local skin necrosis and pin-tract infection.

15.7  Conclusion

A staged protocol of external fixation, including pri-
mary temporary unilateral tubular stabilization fol-
lowed by definitive circular Ilizarov/Taylor/hybrid 
fixation and reconstruction by the use of customized 
frames, is an effective method for the treatment of 
patients with severe damage to the limbs caused by 
high-energy war injuries.
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16.1  Introduction

War injuries of the hand cause great morbidity and loss 
in manpower. Because these wounds are not fatal and 
often apparently innocuous, the priority level for evac-
uation and early surgery is low. In patients with com-
plex multiple injuries, treatment of the hand injury 
receives little or no priority.

Body armor and helmets have reduced the mortality 
of injuries to the torso and head while leaving the 
extremities vulnerable to injuries caused by roadside 
bombs, shrapnel, and other explosive ordnance. The 
result is that many wounded are occasionally left with 
debilitating injuries to the limbs. These injuries are dif-
ficult to manage since they combine severe soft tissue, 
bone and vascular injuries, often leaving military sur-
geons with the decision to amputate or attempt to sal-
vage a severely injured limb. Future provision of military 
protective gear should be directed to outfitting soldiers 
with flexible, flame-retardant gloves that serve to protect 
the hand and wrist while allowing for dexterity [6]. The 
development of hand surgery as a specialty has been 
closely linked to military surgery and surgeons, particu-
larly in the USA, and since World War II [2, 15].

Hand injuries are common and may constitute con-
siderable workload and impact on the military popula-
tion as a result of the large number of patients who are 

placed on restricted duties following hand trauma, and 
those who require aeromedical evacuation for further 
treatment. The concept of damage control surgery has 
found particular application in the military environ-
ment. Casualties are evacuated from the point of 
wounding to an appropriate point of care. This evacua-
tion is channeled through a succession of facilities of 
increasing medical capability.

Injuries to the hand are of particular significance 
since they limit function. There is a clear relationship 
between occupation and predisposition to hand inju-
ries. Manual workers have been identified as being at 
particular risk [10, 17]. The nature of the work under-
taken by military personnel on operations is often 
manual and physical and predisposes to hand trauma. 
Risks vary for different occupational roles within the 
military. Military personnel on operations are also 
required to handle personal weapons and to operate 
armored vehicles, often in proximity to other soldiers 
and the local civilian population. It may be necessary 
to adopt a lower threshold than normal for hospital 
admission, or close supervision, in order to include a 
margin for safety. The majority of the hand injuries 
treated in this environment do not require a hand sur-
geon and most do not require hospital admission.

Principles for the management of war wounds have 
remained consistent since the concepts advanced by 
Larrey [20]. Thorough debridement and management 
of the soft tissues are vital. Staged surgery has found 
particular application in the management of war 
wounds [3]. Even when adequate debridement is 
achieved in the field, internal fixation is usually avoided 
in these circumstances due to the risks of infection 
[16]. The selection of wounds for primary closure 
requires judgment and confidence in the original deb-
ridement. Where there is doubt, debridement and 
delayed closure is a sound approach.
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Military surgeons and emergency medicine physi-
cians should be adequately trained in, and prepared 
for, the initial management of hand trauma, whatever 
their parent specialty. Definitive treatment may require 
consultation with a specialist hand surgeon. There are 
few specialist hand surgeons in the military and their 
availability cannot be guaranteed.

The general principles of war surgery apply equally 
to all parts of the body, but there are special emphases 
when applied to the hand. Because of the potentially 
serious and occasionally devastating consequences of 
any hand injury, however apparently trivial, an orderly 
and thoughtful approach to treatment is mandatory. 
Since the disability potential of hand injuries is so 
great, and the danger of iatrogenic damage so real, all 
war hand surgery should preferably be performed by 
experienced hand surgeons. Unfortunately, this is often 
not feasible, which underscores the importance of the 
frontline care-provider having knowledge of hand 
wound management and treatment. A manual briefly 
detailing the principles of war surgery of the hand 
should be available in all field stations and primary 
care hospitals so that less experienced surgeons may 
have a ready reference.

The surgeon operating on a hand wounded by a 
high-velocity missile usually has to deal with exten-
sive soft tissue damage and comminuted fractured 
bone. Often, definitive primary excision cannot be 
 performed because the extent of tissue death is greater 
than what the primary appearance suggests.

16.2  Primary Care of the Wounded 
Hand

When a hand injury is accompanied by shock and no 
other external injuries are apparent, internal injuries 
should be sought and definitive treatment of the hand 
injury delayed until the cause of shock has been 
defined. Once the casualty has been resuscitated and 
major injuries dealt with, definitive primary treatment 
of the hand should be commenced without delay. Any 
constrictive objects, such as rings and watches, should 
be removed immediately. Sterile dressings are applied 
to the wounds, with sterile dry pads placed in the web 
spaces between the fingers to avoid skin maceration. 

Copious cotton is wrapped lightly around the hand, 
which is then splinted in any comfortable position 
since the preferable intrinsic-plus position is not often 
practicable. Ideally, the hand should be supported in 
the position of function with the wrist dorsiflexed 
approximately 30°, the metacarpo-phalangeal joints in 
70° flexion, and the interphalangeal joints in 10° flex-
ion. The thumb is supported in 45° of palmar abduc-
tion and slight flexion. Bandaging should be very light, 
and no pressure should be placed on the wounded limb. 
The limb is supported in a sling. Emergency tourni-
quets usually are not necessary. They are applied only 
if firm local pressure does not stop the bleeding and the 
patient is taken to the operating room. In severe crush 
and burn injuries, potent analgesics should be given. 
Primary care of the wounded hand should adhere to the 
following practical guidelines:

1. Observe the general principles of resuscitation as to 
airway control and bleeding control. The inability 
to surgically control life-threatening hemorrhage 
may necessitate the use of tourniquets or urgent 
amputation.

2. Early administration of systemic antibiotics (cepha-
losporin) is important, especially when war wounds 
cannot have timely surgical treatment. Tetanus tox-
oid is administered in accordance with the patient’s 
history of immunization.

3. Depending on surgical and anesthetic capability, 
operative treatment of wounds may be limited to 
local anesthesia and wound debridement to remove 
debris or incision to improve drainage. If wound 
incision or debridement is elected in the absence of 
blood-transfusion capability, care should be exer-
cised to avoid hemorrhage.

4. Remove easily accessible foreign bodies and 
detached pieces of tissue, and irrigate wounds. 
Inspect the track to remove debris and excise 
clearly nonviable tissue at both the entry and exit 
wounds. Debridement should be judicious rather 
than radical, and only clearly devitalized tissues 
are excised. Every bit of viable tissue should be 
preserved.

5. Leaving wounds widely open after debridement 
(including an apparently clean wound) is of prime 
importance. However, exposed joint capsules, ten-
dons, bone, and neurovascular structures require 
special consideration.
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6. Simple dressing should be applied, allowing 
drainage.

7. Delayed closure is carried out when wounds appear 
clinically clean, usually 4–10 days following 
debridement.

Hand injuries may be overlooked in polytrauma cases. 
Life-threatening priorities may dictate deferral of treat-
ment of the injured hand. Adequate dressing and limb 
immobilization may prevent further damage and blood 
loss. The limb is elevated, and systemic antibiotics are 
instituted. Hemostasis should be carefully accom-
plished with intermittent application of the tourniquet. 
Devitalized muscles, skin, debris, easily accessible 
foreign bodies, and grossly contaminated bone frag-
ments are removed.

16.3  Tourniquet-Related Morbidity

Improper or prolonged placement of a tourniquet due to 
poor medical training can lead to serious injuries, such 
as nerve paralysis and limb ischemia (Fig. 16.1a, b). 
There is a need for improved training among medical 
personnel in the use of tourniquets, as well as a need 
for an adjustable-pressure, commercial-type sphyg-
momanometer cuff with a large surface area that is 
appropriate for application to all limb parts. The need 
for continued blood occlusion should be repeatedly 

evaluated by intermittent release of the tourniquet and 
assessment of the bleeding.

16.4  Advanced Primary Management

16.4.1  Reassessment: General and Local

In the hospital, systemic reassessment is performed 
and therapeutic priorities are determined. Major life-
threatening injuries take precedence. The injured hand 
is meticulously inspected for viability of skin, bone, 
blood vessels, tendons, and nerves. Radiographs are 
performed to define any bony damage, fractures, dislo-
cations, bone loss, and embedded foreign bodies 
(Figs. 16.2a–c and 16.3). Patients with “soft” signs of 
vascular injury should preferentially be further evalu-
ated by duplex ultrasonography or CT angiography.

16.4.2  Anesthesia

General anesthesia is safe and useful when required 
for surgery on multiple limbs and organs. In isolated 
hand injuries, regional anesthesia is preferred. Regional 
anesthesia has fewer disturbances when compared to 
general anesthesia. Sympathetic block accompanying 

a b

Fig. 16.1 (a, b) An emergency tourniquet placed at battle field, was removed few hours later. The soldier had prolonged multiple 
peripheral nerve palsy. Notice the local ecchymosis and edema distal to the occlusion site
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b

Fig. 16.2 (a–c) Apparently innocent shrapnel wounds concealed retained foreign bodies and digital nerves injuries
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peripheral nerve block improves blood flow, prevents 
tissue hypoxia, and enhances healing. Regional anes-
thesia provides prolonged postoperative analgesia and 
decreases the need for narcotics. Supraclavicular, 
interscalene, brachial plexus, and axillary blocks are 
preferable to local infiltrations. By employing regional 
anesthesia, the need for advanced monitoring is 
avoided. Prolonged anesthesia and sympathetic block 
can be provided with continuous block.

16.4.3  Primary Wound Excision

Adequate and safe primary excision requires good 
light, a set of fine instruments, adequate analgesia, and 
pneumatic tourniquet. Visual magnification may be of 
a great help. The limb and wounds are flushed with 
copious amounts of sterile balanced solution. Irrigation 
evacuates debris, blood clots, and foreign materials. 
Jet lavage instrument may be helpful.

A tourniquet can be used during the debridement to 
minimize blood loss. The tourniquet guarantees good 
vision and enables the identification of delicate struc-
tures but should be released intermittently to assess 
the viability and vascularity of retained tissues 
(Fig. 16.4a–c). Continuous arterial occlusion should 
not exceed 1 h. All devitalized tissues should be 
excised to avoid infection and prevent later toxicity by 
necrotic tissues. Only living tissue can defend itself 
from bacterial invasion and multiplication [13].

16.4.3.1  Skin

Wound edges are not automatically excised; only those 
parts are excised that are definitely dead. The texture 
and color of the skin and the amount of bleeding from 
the edges and capillary filling after tourniquet release 
are useful indicators in decision-making (Fig. 16.5a, b). 
Skin edges are often ingrained with gun powder or dirt 
and tissue viability is rendered doubtful. Skin with 
marginal viability is retained. Repeated assessment is 
needed at 48-h intervals until wounds are clean.

Carpal tunnel decompression is commonly per-
formed in severe hand injuries to avoid acute compres-
sion of the median nerve. Whenever compartment 
syndrome is suspected, formal open fasciotomies 
should also be performed on the dorsum of the hand 
and forearm without delay (Fig. 16.6a–c). Fasciotomy 
incisions are planned so as not to compromise surgical 
approaches that may be required later.

16.4.3.2  Subcutaneous Tissues and Muscles

The principle of minimal excision applies equally to 
these structures. Irretrievably damaged muscles and 
totally shredded, crushed, or avulsed tendons are 
removed. Frayed tendon ends are trimmed smooth and 
preserved. Muscle viability is determined by its 
response to electrical stimulation. Special attention 
must be paid to hemostasis. Hematomas, like any other 
devitalized tissue, are defenseless against infection.

16.4.3.3  Vascular Structures

Injuries of either the radial or ulnar artery may be 
safely ligated, especially in polytrauma cases, since 
both have rich distal anastomoses. However, both 
arteries cannot be ligated without danger of ischemic 
necrosis in the hand. Since the radial or ulnar artery is 
absent in about 5% of the population, an attempt should 
be made to re-establish continuity, especially if both 
arteries are injured. Injured arteries are best recon-
structed by end-to-end anastomosis after adequate 
excision of damaged ends. Other options for vascular 
reconstruction include endovascular intervention, vein 
interposition grafting, and primary bone shortening 
followed by primary vascular anastomosis. Severance 

Fig. 16.3 Multiple rocket-shrapnel injuries of the palm
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a

c

b

Fig. 16.4 (a–c) Entrance wound caused by shrapnel. During debridement, lacerated extensor tendons were observed. The shrapnel 
had traversed the hand and was embedded in the palm

a b

Fig. 16.5 (a, b) Extensive tissue damage cause by blast injury. Notice the signs of thermal injury which complicates soft tissue 
healing
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of the dorsal venous network of the hand may result in 
persistent chronic edema of the hand. Venous recon-
struction may be necessary when most of the major 
dorsal vein has been damaged.

16.4.3.4  Nerves

Nerves should be identified and carefully inspected, 
preferably with the aid of visual magnification. 
Partially lacerated nerves are approximated and may 
be repaired. If the nerve is not found in continuity, the 
lacerated ends should be clearly marked and primarily 
sutured to surrounding tissues when possible to pre-
vent retraction. Direct repair or nerve grafting is risky 
in a contaminated or infected area.

16.4.3.5  Bone

Bone is preserved except for grossly contaminated 
detached cortical fragments not essential for structural 
stability. Bony fragments having the flimsiest soft- 
tissue attachment are retained. Anatomic reduction of 
fractures at this stage is unnecessary and may be unsafe 
(Figs. 16.7a–f and 16.8a–f). Readily accessible foreign 
bodies are removed, but meticulous evacuation of 
small embedded particles is not essential.

War fractures are almost always open and commi-
nuted fractures, usually presenting with both fragment 
displacement and bone deficit. This pattern of injury 
makes reduction and proper fixation difficult to achieve, 
and delayed bony union should always be expected, 
especially if the injury is complicated by infection.

a

c

b

Fig. 16.6 (a–c) Compartment syndrome of the volar forearm, was addressed by immediate fasciotomy.  Judicious approximation of 
skin edges enabled subsequent delayed primary wound closure
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Fig. 16.7 (a–f) Shrapnel injury with open metacarpal fractures, managed by early debridement and internal fixation. Subsequently, 
a radial artery flap was employed for definitive wound closure
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c

e f

d

b

Fig. 16.8 (a–f) An open comminuted fracture of the third meta-
carpal bone. Stepwise management included debridement, inter-
nal fixation by a trans-metacarpal Kirschner’s wires, followed 

by late bone autografting. Good bony incorporation and func-
tional results were achieved
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Addressing the fracture should be within the con-
text of the injured hand. War injuries may be devastat-
ing, and the optimal management should be guided by 
modest objectives dictated by functional rather than 
anatomical outcome. A severely traumatized hand 
must be stabilized. Battle injuries of the hand typically 
exhibit unstable fracture patterns requiring surgical 
stabilization. The choice of fixation device depends on 
several factors, including the type and location of the 
fracture, the severity of soft tissue damage, and subse-
quent soft tissue coverage requirements [1]. Stable 
fixation followed by bony union helps to control pain, 
provides a secure platform for soft tissue healing, reso-
lution of edema, early tendon and articular mobiliza-
tion, and allows effective rehabilitation. Stable fixation 
of open fractures also acts as a deterrent to infection. 
Awaiting solid bony consolidation before mobilization 
may jeopardize ultimate functional outcome, and may 
render the hand stable but worthless.

The type of fixation should be that which is most 
efficient and most readily applicable under the circum-
stances. The Kirschner-wire technique is the easiest. 
Comminuted fractures are challenging. Primary skel-
etal rigidity enables the surgeon to proceed with ten-
don and nerve surgery, and prevents the collapse and 
shortening of the skeletal frame. However, it is hard to 
achieve stable and durable direct reduction and fixa-
tion of fragments using Kirschner wires or cerclage 
wires. Skeletal traction or external fixation may be 
required for attaining alignment and stability, bridging 
comminuted fragments or bone deficits [5]. External 
fixation, the least invasive form of surgical skeletal 
fixation, is a widely accepted form of treatment for the 
severely traumatized extremity. A severely injured 
soft-tissue envelope will not tolerate acute extensive 
surgical dissection. Placement of an external fixator 
stabilizes the skeleton, provides excellent soft-tissue 
access [18], and allows adequate wound care. Internal 
fixation with rigid fixation is usually reserved for areas 
of healthy clean soft tissue, which is able to be 
closed.

Transarticular fixation should be removed or substi-
tuted as early as possible to avoid joint stiffness. 
Transmetacarpal fixation using transverse percutane-
ous Kirschner wires, bridging plates, external fixators, 
a spacer Kirschner-wire, or antibiotic-laden cement 
spacer may be utilized for bridging bone deficits, main-
taining the resultant gaps, and preserving length. Fresh 
cancellous bone can be placed in the defect. Maintenance 

of length allows the remaining musculature to function 
under normal tension. Definitive management may 
include structural corticocancellous bone grafting.

Early corticocancellous bone grafting of an injured 
hand could be used in selected cases with well-debri-
ded, surgically clean wounds as long as there is a rich 
blood supply. Adequate bone fixation, soft tissue cov-
erage, and broad-spectrum antibiotics given intrave-
nously will remove the risk of infection. Hand 
architecture is corrected while wound contracture and 
secondary deformity are avoided [1].

Fractures involving joint surfaces should always be 
reduced and internally fixed when technically feasi-
ble. The surgeon may contemplate attaining rigid fixa-
tion using plates and interfragmentary screws. 
However, screws and plates may be rather bulky in 
fixating phalangeal fractures, may cause stiffness, and 
may interfere with the functioning of adjacent tendons 
or irritate nerves. Flexible intramedullary rods can 
provide stable fixation while minimizing the extent of 
soft tissue trauma. Irreparably destroyed joints, espe-
cially interphalangeal joints and thumb metacarpo-
phalangeal joints, often require delayed primary 
arthrodesis.

The wrist joint in war surgery is occasionally 
doomed at presentation. Even though its fate is often 
arthrodesis, surgeons feel reluctant to employ this pro-
cedure at an early stage because of the rather long 
immobilization required. In less severe injuries to the 
wrist, the surgeon should try to restore articular align-
ment and regain length in order to preserve even a 
small amount of wrist motion. Wrist fusion is reserved 
as a final resort.

16.4.3.6  Amputation

Every effort should be made to avoid amputation, as 
currently available prosthetic hands provide only mini-
mal function. Only irreversibly damaged fingers are 
amputated (Fig. 16.9a–c). Thumb amputation should 
be regarded a last resort, contemplated only when ren-
dered beyond salvage at repeated evaluations. It is 
sometimes possible to preserve skin flaps and pedicles 
for reconstruction and coverage. Finger-tip amputa-
tions usually can be managed with topical antibiotics 
and local care until secondary healing is complete.

The decision of digit amputation should be pre-
ceded by repeated evaluations. Amputation is indicated 
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when irreparable vascular injury is present, or when 
the sum of tissue losses is such as to pose no chance of 
useful future function, and retention of the finger will 
impede functional restoration of residual tissues. 
Whenever possible, the finger should be filleted out to 
preserve as much skin as possible to cover palmar or 
dorsal defects [13] (Fig. 16.10a–e).

The wounds are left open and the hand is dressed 
with a nonadherent layer and gauze. The forearm 
and hand are splinted in the position of function. 
Postoperatively, the hand is elevated and antibiotics 
are continued. Dressings are not routinely changed 
until delayed primary surgery is performed. Dressings 
are open only in unexplained increasing pain, contin-
ual staining, or odorous draining.

16.5  Delayed Primary and Secondary 
Surgical Management

16.5.1  Wound Closure: General Principles

War wounds of the hand should not be primarily 
closed. The full extent of tissue damage cannot be 
assessed at the primary treatment phase. Wound secre-
tion, edema fluids, retained foreign bodies, and retained 
nonviable tissues require free drainage. Clean wounds 
that allow closure are usually attained between the 
fourth and seventh days. Wound closure is desirable at 
this stage to cover exposed tendons, fascia, and bone. 
Exposed tendons and fascia tend to necrosis after the 

a

c

b

Fig. 16.9 (a–c) A hand mangled by direct missile injury, sal-
vaged by primary damage control including debridment and 
bony stabilization, followed by definitive coverage and rehabili-

tation.  The decision of whether to amputate a mangled hand is 
often challenging. However, the use of mangled extremity scor-
ing system should not supplant the surgeon’s clinical judgment
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Fig. 16.10 (a–e) Complex missile injury of the hand. The middle finger was amputated since it was irreparable; skin was employed 
to cover the wound.  Kirschner wires provided an instant and simple fixation modality
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fourth day. Having decided to close the wound where 
skin loss prevents primary delayed closure, a split skin 
graft must be considered. At the time of wound clo-
sure, definitive treatment is also provided to fractures. 
Nerve and tendon repair procedures are best delayed 
until sound and healing has been present for 8–12 
weeks. Whenever wound closure creates dead space, 
delicate drains should be left in for several days.

16.5.2  Principles of Skin Cover

Skin cover in the hand is intended to achieve wound 
healing as rapidly as possible, to have a high-quality 
sensation in the skin covering all important tactile and 
prehensile surfaces, and to cover successfully all vital 
structures such as tendons and bones. Wound coverage 
may be achieved by split-thickness skin grafts, 
 vacuum-assisted closure (VAC) therapy, local flaps, 
distant flaps, neurovascular island flaps, myocutaneous 
flaps, and free flaps. Defects covered by healthy granu-
lation are satisfactorily covered by split-thickness skin 
graft. This modality does not provide good coverage 
for exposed tendons, bone, and joints. In such cases, a 
flap tissue is required.

The management of extremity injuries on the mod-
ern battlefield presents many unique and demanding 
challenges to reconstructive surgeons, especially in 
cases with limited potential donor sites for definitive 
wound coverage. The importance of well-vascularized 
tissue coverage in complex upper extremity wounds 
is paramount; this includes free and pedicled flaps 
tailored to each individual case [11]. Free flap cover-
age of complex upper extremity defects has important 
advantages, including avoiding tissue sacrifice from 
the extremity already functionally compromised by 
injury, and can cover a larger area with durable, well-
vascularized tissue than local or regional flaps [12]. 
The use of pedicled distant flaps has two advantages: 
their vascular supplies are obtained outside the zone of 
trauma and they do not require microscopic anastomo-
sis [11]. Pedicled distant flaps from the trunk include 
abdominal and groin region flaps. These flaps are used 
selectively when free flap donor sites are not avail-
able (lower extremity amputations or blast injury) or 

the overall patient condition requires shorter operative 
times [7].

16.5.3  Management of Bone Injury

Despite appropriate early management, few severe 
hand injuries will suffer from significant articular 
bone loss, hand dysfunction, or posttraumatic arthri-
tis. In these situations, arthrodesis remains a mainstay 
of treatment. Fusion is accomplished in the standard 
fashion. At the metacarpophalangeal joints of the fin-
gers, excisional or replacement arthroplasty should be 
considered.

Deformities due to malunion result in substantial 
loss of function. Operative correction applying com-
pression fixation is the treatment of choice [9].

16.5.4  Management of Nerve Injuries

As war wounds are always contaminated and the nerve 
injury always includes tearing or crushing, primary or 
delayed primary nerve repair is usually not appropri-
ate. Secondary nerve repair at 8–12 weeks after skin 
healing is recommended. Nerve ends that have been 
tacked together previously are easy to find, and the 
edges are refreshed and resutured. When gaps exist, 
which cannot be overcome by mobilization of the 
nerve ends or by joint positioning, nerve grafting is 
indicated. Potential donors include the sural nerve, 
 lateral cutaneous nerve of the thigh, saphenous nerve, 
or the lateral and medial cutaneous nerves of the fore-
arm. Bone shortening may allow end-to-end suture, 
provided that the shortening does not do further func-
tional damage. Nerve conduits as substitute for auto-
genous nerve grafts are occasionally used. Digital 
nerve repair by autogenous vein graft performed at an 
early stage has also been reported [19].

Painful neuroma is a cause of major hand disabil-
ity. Management of posttraumatic neuroma begins 
with nonsurgical techniques such as mechanical 
desensitization, ultrasound, and electrical nerve stim-
ulation. Surgery is considered only if these do not 
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provide adequate relief. Surgery includes resection, 
relocation, imbedding into muscle, or bone or nerve 
capping [21].

16.5.5  Management of Tendon Injury

Delayed primary tendon can be considered when the 
injury to the tendon is not of a crushing or lacerating 
type; even then, tenolysis will be required later in most 
cases. Extensor tendons should be repaired as a delayed 
primary procedure whenever possible. Crushed, avulsed, 
or shredded tendons are best excised to make place for 
the future secondary grafting procedures. This modal-
ity may necessitate the placement of polymeric silicone 
rods in the first stage to act as a spacer and to prepare 
for a new tendon bed when severe tissue damage with 
scarring has occurred. Reconstruction of the pulley sys-
tem is carried out at this stage. Tendon grafting or trans-
fers are performed at the late second stage. Only fingers 
with adequate circulation, protective skin coverage, 
proper bony alignment, and good passive range of joint 
motion are candidates for secondary two-stage tendon 
reconstruction. Arthrodesis may be a proper alternative 
to tendon graft or transfer in the reconstruction of the 
hand.

Patients with tendon adherence and loss of active 
range of motion despite a long rehabilitation program 
are considered for tenolysis. The procedure is techni-
cally demanding. Preoperative details of previous 
operations, postoperative treatment, patient’s motiva-
tion, and occupational needs must be taken into account 
prior to surgery [4, 9].

16.5.6  Amputation

Secondary amputation is performed if adequate circu-
lation is not realized or if uncontrollable infection 
exists. Late amputation is required if the finger is pain-
ful, stiff, useless, or interferes with the functioning of 
the other fingers. The loss of an isolated finger, except 
the thumb, is well tolerated; however, amputation of 
multiple fingers significantly compromises the hand 
functioning. Maintaining or reconstructing at least the 
thumb and one opposing digit is a minimal require-
ment for hand functioning.

16.6  Physiotherapy, Occupational 
Therapy, and Early Motion

Physical and occupational therapists play a critical role 
in evaluating, encouraging, instructing, and accompa-
nying the injured in the long rehabilitative course. 
Wound care is very important at the early stage and 
includes whirlpool, debridement, dressing changes, 
wound status monitoring, and pin care. Chronic swell-
ing is one of the main causes of stiffness due to lack of 
active muscle function and immobilization of joints 
leading to joint capsule and ligament contractures. 
Various modalities are applied to control edema, such 
as elevation, exercises, compression garments, retro-
grade massage, cold compresses, and contrast baths. 
Early motion prevents swelling. Motion is also psy-
chologically important, since it persuades the injured 
that functional recovery is attainable. External splint-
ing or fixation of fractures, and primary or delayed pri-
mary tendon and nerve repair militate against early 
motion. This is an additional reason to avoid tendon 
and nerve repair in the critical early phase when motion 
(at least passive) is key. Internal stabilization of frac-
tures is greatly advantageous in this respect. Reducing 
pain is mandatory, since pain interferes with early 
motion. Neuropathic pain is associated with blast inju-
ries with nerve involvement. It can threaten the out-
come of any intervention, and may evolve to a complex 
regional pain syndrome (CRPS). Skilled pain manage-
ment is required.

Custom-made thermoplastic static and dynamic 
splints are made to protect injured structures, to 
decrease pain, to mobilize stiff joint, and to enhance 
upper extremity function. An appropriate and individ-
ualized rehabilitation program helps the injured to 
resume the activities they are missing because of the 
injury.

16.7  The Hidden Injury: Psychosocial 
Implications of Hand Injuries

In addition to the motor function of the upper limb, 
the hand is also a sensory organ, supplementing the 
visual, auditory, and olfactory inputs. Mutilating hand 
injuries may produce severe psychological and emo-
tional sequelae [8]. Restoration of hand function and 
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appearance is a crucial part in the social rehabilitation 
of the patient and his self-image perception. These 
psychosocial consequences should be addressed con-
currently with functional rehabilitation [14]. Patients 
must also learn to live with the residual problems that 
cannot be made better.
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17.1  Epidemiology, Battlefield 
Stabilization, and Triage

17.1.1 Epidemiology

Extremity trauma in military personnel involved in 
armed conflicts is extremely common. War wounds are 
often caused by blast and fragmentation and are char-
acteristically extensive, heterogeneous, and severe. In 

recent conflicts, injuries to military personnel caused 
by blast mechanisms have resulted in more than 54% of 
the total number of penetrating injuries, an incidence 
that is similar to prior wars [66]. A blast mechanism 
accounts for more than 71% of the total number of 
extremity injuries and accounts for 86% of those requir-
ing fasciotomy [13, 17, 61, 66]. Exploding ordinance 
causes significant soft-tissue injury, vascular injury, 
burns, and severe fractures, of which 82% are open 
[61]. The incidence of compartment syndrome and 
limbs at risk in combat casualties requiring evacuation 
is estimated to be 15% [66]. Blast injuries require a 
more aggressive treatment approach than that for most 
civilian trauma, especially when the individual is in 
proximity to the blast radius. Multiple serial debride-
ment procedures are routinely necessary because of 
evolution of the wounds over time, in contrast to civil-
ian trauma where fewer debridement procedures are 
generally required.

The battlefield also imposes restrictions not typi-
cally encountered in the civilian environment. Surgical 
treatment in a combat environment is performed under 
austere conditions with limited resources and, at times, 
high volume. Initial care is focused on life- and limb-
saving procedures, stabilizing patients and their injured 
extremities to prepare them for evacuation to a higher 
level of care. Multiple injuries, analgesics, and seda-
tion, as well as the restricted space of the aircraft, make 
vigilant evaluation and treatment of extremity injuries 
extremely difficult during transport.

This chapter was prepared by United States military 
orthopedic foot and ankle specialists and details our 
experience and protocols for management of the severe 
lower extremity blast injuries encountered in recent 
military conflicts.
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17.1.2  Battlefield Stabilization  
and Triage

Our current medical evacuation system is organized 
into five echelons of medical care, with progressively 
increasing medical, diagnostic, and surgical capabili-
ties available as patients are transported to higher 
 levels [46]. Echelon I care is provided at or near the 
battlefield front via buddy aide, unit medics, and/or the 
Battalion Aid Station. Initial field assessment of all 
combat-injured soldiers follows Advanced Trauma 
Life Support (ATLS) protocols. Patients receive pres-
sure dressings or tourniquets as needed for hemorrhage 
control, intravenous access, cardiopulmonary resusci-
tation (CPR), and field intubation as required.

Echelon II and III care consist of forward surgical 
teams (FST) and combat support hospitals (CSH), 
respectively. Complete primary and secondary surveys 
may be delayed until patient arrival at echelon II or III, 
generally within minutes to a few hours of injury. 
These units have medical and surgical capabilities 
allowing emergency room-type triage and assessment, 
provisional fracture stabilization, initial surgical 
wound debridement, fasciotomies, hemorrhage control 
or vascular repair, and advanced medical resuscitation. 
Forward deployed surgical teams often provide initial 
damage control measures. However, the resources are 
limited and procedures are restricted. The highest level 
of care in the combat theater that has robust surgical 
capabilities is the CSH but, according to established 
doctrine, a limited patient-holding capacity. For this 
reason, patients are usually transferred as soon as they 
are stable enough to tolerate evacuation.

After being medically stabilized at the level II and III 
facilities in theater, patients are transported out of the 
combat zone, often within 24 h of injury to an echelon 
IV facility. Critically ill patients who remain intubated 
or require frequent transfusions or continued hemody-
namic pressor support are escorted on medical evacua-
tion flights by specially trained critical care teams, 
including physicians, nurses, and medical technicians.

For combat operations in Iraq and Afghanistan, the 
echelon IV hospital resides at Landstuhl Regional 
Medical Center in Germany. Patients with isolated or 
less severe injuries may receive definitive surgical or 
medical treatment at these facilities and then be trans-
ferred to the next echelon for rehabilitation versus a 
return to duty in theater. Patients can remain at 

the echelon IV facility for several days, allowing for 
further medical stabilization, operative debridement of 
contaminated wounds, and arrangement for aeromedi-
cal evacuation to appropriate stateside facilities.

Echelon V facilities are large medical centers equiv-
alent to civilian tertiary referral centers. They are the 
definitive treatment and rehabilitation centers for the 
vast majority of severe combat-related casualties.

War surgery necessitates medical evacuation and 
treatment by a number of different surgeons at different 
locations rather than a single surgeon at one site. During 
staged care over long aeromedical evacuations, casual-
ties are not able to be followed by a single surgeon, 
making it difficult to assess and monitor the evolution 
of the wounded extremity. The battlefield surgeon is 
faced with challenges in the management of leg and 
foot compartment syndromes because the recognized 
pathophysiology, diagnostic modalities, and treatment 
methods all involve controversy. Blast injury, high 
velocity gunshot wounds, and blunt trauma associated 
with combat operations cause injuries that may induce 
compartment syndrome. If untreated, muscle and nerve 
necrosis may occur. Subsequent myoneural fibrosis, 
contracture, infection, amputation, and systemic com-
plications are all possible. However, compartment 
 syndrome and its sequelae can be prevented or  mitigated 
by prompt intervention to maintain perfusion. At pres-
ent, recommendations for a low threshold for  fasciotomy 
are maintained to avoid missing the diagnosis; however, 
this exposes casualties to the risks of fasciotomy in 
false-positive cases.

In the combat zone, the diagnosis of compartment 
syndrome is even more heavily weighted towards clini-
cal evaluation than in the clinical setting. In this envi-
ronment, compartmental pressure measurements may 
be used if available but frequently do not enter into the 
treatment algorithm. The surgeon’s clinical diagnostic 
acumen is of prime importance in evaluating these 
complex injuries. One must not only account for what 
is seen at the time of presentation, but also predict how 
the injury will evolve during the course of evacuation 
when evaluation is difficult and surgery cannot be 
 performed. In order to minimize the incidence of 
 false-negative initial evaluations of the war casualty, 
prophylactic fasciotomies may be required prior to any 
clinical sign of compartment syndrome. Due to the 
staged treatment of the war casualty, prophylactic 
 fasciotomy may be performed during the latent stage of 
injury, but prior to clinical onset of compartment 
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syndrome. A therapeutic fasciotomy is performed when 
the syndrome is present based on clinical signs prior to 
air transportation.

Just as for fractures involving the long bones,  pelvis, 
and acetabulum, fractures involving the foot and ankle 
should be reduced as soon as possible. Unfortunately, 
most orthopedic surgeons are not accustomed to the 
severity of the foot and ankle injuries sustained du ring 
combat. This pertains to the comminuted nature of the 
fractures as well as the severity of the soft-tissue injury. 
Many of the injuries involve a mixture of fracture  
and dislocations of the hindfoot as well as midfoot. 
Persisting tendon attachments then cause further defor-
mity, which become more difficult to reduce as time 
passes (Fig. 17.1).

One of the most common injuries sustained is sec-
ondary to a tremendous force imparted on the plantar 
aspect of the foot, causing the talus to either dislocate at 

the talonavicular joint or fracture through the neck, then 
fracturing through the calcaneus and potentially exiting 
through the plantarmedial skin and soft tissues 
(Fig. 17.2). Reduction can be performed through the 
plantar wound and fixed with K-wires. The talonavicu-
lar joint should be pinned first if it is unstable with one 
or two K-wires, followed by reduction of the calcaneal 
tuberosity using a threaded 4 or 5 mm Steinman pin. 
Pinning the talonavicular joint helps to control the talus 
and provides a lever to assist with reduction of the cal-
caneal tuberosity. Reduction of talar neck fractures 
should be performed at this time as well to help control 
the body of the talus during reduction. Pinning of the 
subtalar joint with two or three K-wires through the pos-
terior calcaneus helps to maintain the reduction. Other 
fractures and dislocations of the midfoot should be 
reduced and pinned as possible, minimizing additional 
soft-tissue injury during the reduction and fixation.

a

c

b

Fig. 17.1 (a) Open talar neck and calcaneal fractures. (b, c) Provisionally stabilized with percutaneous K-wires
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17.1.3  Interim Wound Management 
Techniques

In the trauma setting, fasciotomy wounds are not closed 
at the time of the initial procedure. These wounds are 
often large and may not be closeable due to soft-tissue 
swelling, skin retraction, or tissue loss due to the open 
injury. Split-thickness skin grafts (STSG) may be 
required when the patient and the wound are stable. 
However, skin grafts are insensate and cosmetically 
unappealing. Wound management from the time of fas-
ciotomy focuses on control of soft-tissue swelling to 
allow recovery of injured tissues and, if possible, mini-
mize skin retraction. Absorbent dressings are usually 
applied along with a supportive splint. This allows for 
egress of fluids from edematous muscle during the 
staged evacuation to the definitive care facility.

Several techniques have been described to mini-
mize skin retraction to potentially obviate the need for 
STSG [5, 35, 73, 86]. The vessel loop or shoelace tech-
nique is commonly performed [5]. This technique 
involves interlacing elastic vessel loops over the wound 
through staples placed at the skin edges (Fig. 17.3). 
This procedure is quick, technically simple, and uti-
lizes readily available equipment. However, it suffers 
from a number of drawbacks. The thin vessel loops 
frequently do not have adequate tensile forces to allow 
for closure in battlefield injuries due to the significant 
soft-tissue swelling caused by blasts. It is not uncom-
mon for such swelling to cause the vessel loops to 
break. Dressing changes are difficult and carry with 
them the potential of having the staples dislodge from 

the skin. Equal distribution of force across the wound 
edges is not ensured with this technique.

Janzing and Broos [35] reported a comparison of 
three different techniques for closure of civilian fas-
ciotomy wounds in 15 patients. The mean time to 
wound closure for all groups was 9 days. They found 
that skin traction with vessel loops or prepositioned 
intracutaneous sutures provided good skin apposition 
without the necessity for skin grafting. The major 
advantage was that the material required was readily 
available in most operating rooms. However, they 
pointed out the potential risk of high compartment 
pressures during a prolonged time in the postoperative 
period, requiring close monitoring of limb perfusion.

Negative pressure wound therapy (NPWT), or 
 subatmospheric wound dressings (SAWD), have been 

a b

Fig. 17.2 (a) Open blast injury resulting in plantar extrusion of talar head fragment. (b) Provisional reduction and stabilization aids 
later salvage efforts

Fig. 17.3 Elastic vessel loops can be stapled to skin edges and 
interwoven to maintain tension and approximate the wound 
margins



29917 Foot Surgery in War Trauma

used successfully to provide fasciotomy and open 
wound control. This technique seals the wound from 
the outside environment and has been shown to increase 
blood flow, accelerate granulation tissue formation, 
decrease wound volume, remove wound exudates, and 
aid in bacterial clearance [31, 52, 74] (Fig. 17.4). The 
downside of this technique is that it requires a machine 
to provide suction, and the dressing sponges may be 
difficult to apply around external fixators and the irreg-
ular contours of the foot. Additionally, the supplies 
required may be of limited availability in the austere 
environment, and the machines are not easily moni-
tored for failure. Without suction, these devices may 
become a closed system that can result in wound sepsis 
[64]. Bluman et al. [7] described an augmented dress-
ing that extends the amount of time it may remain on 
the patient without applied vacuum by inclusion of 
antibiotic laden PMMA beads. Their technique also 
involves sewing the sponge to the margins of the 
wound and applying a liquid adhesive to the skin to 
allow better conformation to these irregular wounds 
and decrease maceration of the surrounding tissues.

Singh et al. [73] described their experience caring 
for war casualties in Iraq, using a dynamic wound clo-
sure device for closure of fasciotomy incisions. Eleven 
consecutive patients who had undergone a two-incision 
fasciotomy for compartment syndrome were studied. 
Ten of the eleven patients (91%) had their wounds 
closed in a delayed primary fashion after application of 
the wound closure device. They found that the patients 
benefited from the use of the device and avoided the 
need to create additional wounds in multiply injured 
patients, although follow-up of this small group was 

difficult due to the rapid evacuation of US soldiers to 
the United States and, in the case of host nation sol-
diers, their expedient discharge from the hospital.

17.2 Definitive Care Management

17.2.1 Initial Assessment and Planning

Upon arrival at the definitive treatment facility, patients 
receive a thorough hand-over-hand evaluation by the 
trauma surgery service, orthopedics, and plastic surgery 
(Fig. 17.5). Vascular surgeons are consulted for previ-
ously reported vascular repair or deficient peripheral 
pulses. Although the patients may have been examined 
previously and treated at locations closer to the point of 
injury, it is imperative to remain vigilant to avoid missed 
injury or evolving conditions. On admission, patients 
are started on broad spectrum antibiotics. Surveillance 
cultures are routinely performed to identify environ-
mental or nosocomial pathogens and ensure that the 
healthcare team subsequently performs appropriate iso-
lation protocol to avoid the spread of pathogens.

Blast-related lower extremity trauma presents many 
challenges in management not frequently experienced 
in high-energy civilian trauma. Several unique consid-
erations are still relevant at the definitive care center. 
The large amount of kinetic energy imparted from 
irregularly shaped projectiles creates a wide zone of 
soft tissue and bone injury [17, 28, 34, 61]. Moreover, 
the “outside-in” wounding mechanism of the blast 

Fig. 17.4 Negative pressure wound therapy (NPWT) on a com-
plex lower extremity wound

Fig. 17.5 Intraoperative assessment of complete extent of injury 
for open foot and ankle injury
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frequently results in a considerable amount of wound 
contamination from clothing, footwear, and environ-
mental contaminants. The bony component of these 
injuries also does not typically present with the charac-
teristic fracture patterns that many orthopedists are 
trained to manage (Fig. 17.6). This unfamiliarity 
increases the complexity of preoperative salvage plan-
ning and implementation. Since many of the blasts 
experienced in the current conflict are ground-based, 
the foot and ankle sustain a considerable amount of 
injury with regard to severity and extent of injury due 
to the direct proximity of blast [61].

17.2.2  Initial Operative Strategy  
and Limb Salvage Assessment

Several civilian authors have previously concluded that 
the ability to salvage severe open extremity trauma may 
be more related to the extent of soft-tissue compromise 

as opposed to the degree of bone injury [29, 79, 82]. 
A  similar trend has been noted by surgeons caring for 
blast-related extremity trauma, with the magnitude of 
soft-tissue injury usually dictating whether or not sal-
vage may be possible. Blast-related foot and ankle 
trauma frequently arrives with previously performed 
extensile fasciotomy to prevent the complications of 
intrinsic muscle death and subsequent joint contractures 
[50]. These fasciotomies compound the challenge of 
managing an already compromised soft-tissue envelope 
(Fig. 17.7). Additionally, delays in definitive wound 
management and provider turnover inherent in the evac-
uation of blast victims to definitive care centers further 
challenge the surgeon providing definitive care.

Continued aggressive wound debridement and 
irrigation is the cornerstone of any effort to salvage 
severe open extremity trauma. This should be per-
formed meticulously, by removing all nonviable soft 
tissue sharply with a scalpel [1, 38]. Dysvascular, 
nonarticular bone should likewise be removed, regard-
less of size, and discarded. An intraoperative assess-
ment must then be made by the operative surgeon with 
 plastic and  vascular surgery consultation, if necessary, 

Fig. 17.6 Complex foot and ankle fractures not easily described 
by classification systems

Fig. 17.7 Extensile foot fasciotomies associated with open 
wounds frequently complicate soft-tissue management
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on the likelihood of salvage with an ultimate goal of 
providing the patient with a painless, noninfected, and 
functional foot. With this goal in mind, numerous scor-
ing systems have been developed to predict the ability 
to salvage mangled extremities; all have been shown to 
have weaknesses [8]. Although still debated, the clear-
est indications for amputation are anatomic transection 
of the tibial nerve or an irreparable vascular injury with 
an ischemic distal extremity [21]. Several relative indi-
cations must also be considered. It is important to rec-
ognize the increased lower extremity amputation rate 
in the presence of multilevel segmental foot and ankle 
injuries. In addition, the combination of foot and ankle 
fractures with an ipsilateral open tibia fracture leads 
to an increased risk of amputation [42, 48]. Patients 
with Type IIIC fractures and those requiring extensive 
muscle flap coverage must particularly be made aware 
of the challenges of limb salvage. Attention must also 
be paid to those limbs with both a large soft tissue and 
bone deficit and associated arterial injury, since these 
extensively injured limbs have been shown to have a 
100% early or delayed rate of amputation in the blast 
population [27].

Ultimately, a frank intraoperative assessment by at 
least two surgeons experienced in limb salvage may be 
the most consistent way to decide whether a limb has 
the potential to be saved. Subsequent to this initial 
assessment, a team meeting should be held to solicit 
input from the treating services and to encourage dis-
cussion with patients and their families regarding limb 
salvage feasibility. Peer amputees and previous limb 
salvage patients should be made available for counsel. 
Except in the most extreme circumstances, ultimate 
limb salvage decisions should be made by the patients 
and their families based on data extrapolated from the 
civilian trauma literature [8, 21, 42, 47, 48].

17.2.3  Follow-on Wound Management

Serial debridement and irrigation at least every 24–72 h 
should then continue in an effort to establish a clean 
and stable wound bed. Contrary to lower-energy 
trauma treatment protocols in which a few debride-
ment procedures are necessary to render a wound clean 
and ready for reconstructive procedures, high-energy 
blast wounds require more surgical debridement pro-
cedures due to a longer period of wound evolution. Not 

only are tissue planes dissected by the force of the 
blast, but there is also projectile penetration across tis-
sue planes, frequently extending the zone of injury 
beyond the surgeon’s initial impression.

A tourniquet can be used during the debridement of 
blast extremity wounds to minimize blood loss. 
Although use of a tourniquet may hinder the ability of 
the surgeon to evaluate perfusion, it offers a trade-off 
to minimize the patient’s transfusion requirement in 
those requiring multiple debridement procedures of 
multiple extremities. Pulsatile lavage may be useful in 
initial debridement procedures as well as to remove 
large particulate debris and foreign matter. However, 
repetitive use of pulsatile lavage is felt to be of dimin-
ishing value and may even be harmful by causing local 
tissue trauma. Regardless of delivery method, a large 
volume, typically 9 L, will aid with dilution of wound 
contaminants to acceptable levels.

Large bone deficits can be filled with antibiotic-
laden cement spacers to attempt to control local wound 
bacterial levels and manage dead space (Fig. 17.8).  

Fig. 17.8 Antibiotic-laden cement spacer beads used as a void 
filler and local antibiotic delivery mechanism
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The use of NPWT has become common place [7]. The 
interim treatment of war wounds about the foot and 
ankle with NPWT has afforded many benefits, but its 
utility should not be misunderstood or overestimated. 
NPWT will not clean, debride, or sterilize a wound. 
NPWT cannot replace adequate, controlled surgical 
debridement. Also, these dressings should not be placed 
over an actively infected wound until the infection is 
controlled. NPWT that loses its seal creates a partially 
closed system conducive to bacterial overgrowth, and 
should be remedied or removed when identified.

One obvious practical benefit of NPWT is the ease 
of maintenance for physicians and nursing staff. Bulky, 
odorous gauze dressings are minimized. The frequency 
of dressing changes is decreased, improving patient 
comfort and minimizing the workload of caretakers. 
The application of NPWT about the foot and ankle can 
be challenging and often requires creativity. The 
sponge can be applied to multidimensional wounds in 
a stepwise, piecemeal fashion to maximize contact of 
the sponge with a wound. However, care must be taken 
to avoid losing bits of sponge in a wound that is com-
plex with many surfaces or one that is granulating rap-
idly. The contours of the foot and ankle and associated 
external fixation can make it difficult to achieve a seal. 
The skin may need to be prepped or cleaned in order to 
facilitate a seal. Application of small sheets in a 
“mesentery”-type fashion is helpful. A small amount 
of liquid adhesive may be added to facilitate a seal and 
limit the amount of tissue covered by adhesive. 
Placement of NPWT over exposed or compromised 
vessels is not recommended. NPWT may be used in 
conjunction with previously placed antibiotic cement 
beads balancing the benefits of each therapy with the 
loss of local antibiotic wound concentration due to the 
exudate being pulled off the wound [7].

In addition to aggressive wound management, team 
awareness should also be a high priority to prevent sec-
ondary iatrogenic injury. Heel pressure ulcers do occur 
and present a significant challenge once patients have 
arrived at definitive treatment facilities. These occur 
due to a combination of factors, likely to include 
decreased tissue perfusion from large or small vessel 
injuries, sensory deficits (either from nerve injury, 
nerve blocks, or epidurals provided for pain control), 
and prolonged evacuation time.

Acknowledgment of the frequency of this complica-
tion as well as continued surveillance is necessary to 
decrease the incidence of this occurrence. Unloading of 

the heel should be a constant goal of the physicians and 
nurses caring for the injured patients. In the presence of 
an external fixator, the liberal use of a “kick stand” or 
overhead suspended elevation adequately unloads the 
heel and should be constructed [4, 15] (Fig. 17.9).

17.2.4  Wound Closure

Once the wound appears stable, subsequent soft-tissue 
coverage by delayed closure, skin grafting, or vascular-
ized soft-tissue flap coverage is performed. Granulation 
tissue that appears in a wound is useful on many levels, 
but should not be considered a pivotal goal of wound 
care. The appearance of granulation tissue is an indica-
tor that a wound is capable of mounting a healing 
response at the local level, and the patient is capable on 
a systemic level. While granulation tissue is vascular in 
nature and will accept a STSG, it frequently is so abun-
dant that it protrudes through a meshed graft delaying 
full epithelialization or impedes wound closure or flap 
coverage incorporation and should be carefully debri-
ded prior to closure. If swelling and the local cutaneous 

Fig. 17.9 Use of an external fixator “kick-stand” should be con-
sidered to avoid additional iatrogenic tissue injury
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tissues allow, an attempt at delayed primary closure 
with sutures should be the primary choice. This allows 
the benefit of robust native tissue coverage of underly-
ing bone and tendon structures to avoid scarring and 
adhesions from forming. Typically, bone defects are not 
addressed at this time with grafting or reconstruction 
due to the risk of infection in these large wounds. 
Antibiotic spacers may be placed with a plan to retrieve 
them subsequently and perform bone reconstruction at 
6–10 weeks.

Skin substitutes, such as Integra Bilayer Matrix 
Wound Dressing (Integra Life Sciences, Plainsboro, 
NJ), have also been commonly used in wounds about 
the foot and ankle. Following incorporation of the 
 dermal analog, a split-thickness skin autograft is per-
formed, significantly limiting donor site morbidity from 
other types of soft-tissue flap coverage. Helgeson et al. 
reported successful results in achieveing soft-tissue 

coverage over exposed tendon or bone in war-injured 
patients, 83% of the time using Integra. In the successful 
cases, more sophisticated flap coverage was avoided, 
thus decreasing resource expenditure as well as avoid-
ing any potential donor site morbidity [30] (Fig. 17.10).

Fasciocutaneous, muscle, and free flaps may be 
necessary to cover vital tendinous, neurovascular, or 
bony structures. Classic teaching has described that 
flap coverage provided outside the first 7 days follow-
ing injury has been associated with increased infection 
rates and higher rates of flap failure [14]. Despite this 
historic tenet, a recent review of combat wounds that 
underwent flap reconstruction in the subacute time 
period (7 days to 3 months) by Kumar et al. [40, 41] 
supported the concept that delayed flap coverage can 
be safely achieved with good success. Limited civilian 
literature has also supported the safety of performing 
flap coverage during this subacute time period [76, 84]. 

a b

c d

Fig. 17.10 (a) Plantar-medial wound salvaged with serial debridements followed by placement of Integra. (b) 1 week, (c) 4 weeks, 
and (d) 10 weeks after initial treatment. The defect eventually healed without any need for further soft-tissue procedures
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In Kumar’s analysis of lower extremity, open fractures 
requiring flap reconstruction, the most commonly  
used flaps to the foot and ankle included free rectus 
abdominus, free anterolateral thigh, and pedicled 
 dorsalis pedis flaps [40].

17.2.5  Fracture and Bone Defect 
Management

Once wound closure has been successful and infection 
avoided, bone defect management may begin. Similar 
to the magnitude difference from civilian injuries with 
respect to soft-tissue management strategies, fracture 
management strategies in blast-related fracture care 
require careful consideration. The majority of these 
open injuries have associated bone loss, which must 
be addressed at final reconstruction. Additionally, the 
choice of fixation is not always straightforward due to 
the inherent risks of infection with use of internal fixa-
tion, the need to span large unsupported bone defects 
and interosseous ligamentous injury, and the frequent 
incidence of multilevel foot trauma.

Choices of fixation include traditional internal fixa-
tion, monoplanar external fixation, and ring external 
fixation, or a combination of approaches. In general, 
larger magnitude and compromised soft-tissue injuries 
and severe crush-type articular injuries are typically 
spanned with external fixation. Internal fixation is usu-
ally reserved for areas of previously uninjured soft tis-
sue or soft tissue, which is healthy and able to be closed 
primarily. A combined approach can be used effec-
tively to bridge multiple injury segments for overall 
structural support, while providing minimally disrup-
tive internal fixation to fine tune overall articular reduc-
tions (Fig. 17.11).

Several strategies are also available to manage the 
commonly associated bone defects, including vascu-
larized and nonvascularized autogenous bone grafting 
or allogeneic bone grafting. Structural and nonstruc-
tural grafts can be employed with and without supple-
mental extenders and bone-healing enhancers [72].  
In addition, distraction osteogenesis, bone segment 
shortening/rotationplasty, and fusion all have a role to 
play in salvaging massive bone defects in the foot 
(Fig. 17.12). Metal cages with cancellous bone graft-
ing [16] and the use of tantalum [10] have also been 
described for treatment of bone defects; however, the 

risk of deep infection associated with open, contami-
nated blast trauma has limited their use in this patient 
population. A discussion of management strategies by 
descriptive anatomic area now follows.

17.2.6  Forefoot Reconstruction

Injury to individual toes varies in severity. Most frac-
tures, even severely comminuted fractures, can usually 
be successfully managed with percutaneous retrograde 
pinning following restoration of alignment and length. 
Due to the nature of blast injury, many toe injuries 
result in partial or complete amputation. This is gener-
ally tolerated without much functional deficit, and cus-
tom toe spacers and shoe fillers are all that is usually 
needed to prevent subsequent forefoot deformity and 
accommodate the remaining foot in a shoe.

Amputation of the first, second, and fifth toes is 
slightly more complex. With amputation of the fifth 
toe, a prominent metatarsal head results and the lateral 
condyle of the metatarsal should be removed in order 
to taper the foot and prevent a painful prominence on 
the lateral side of the foot. With removal of the second 
toe, there is a loss of lateral support to the great toe and 
this can cause a severe hallux valgus deformity. In this 
situation, a ray amputation through the proximal meta-
physis of the second toe should be performed. The 
resulting gap between the first and third toes usually 
approximates itself and the hallux valgus deformity is 
avoided [75]. The great toe has been shown to be 
important during push off during the later phases of the 
gait cycle, particularly at quick paces. Strategies to 
replace great toe bone loss have been previously 
described, including vascularized and nonvascularized 
bone grafts. Vascularized bone grafting from the supra-
condylar ridge of the distal femur represents a viable 
option for salvage [58]. It may provide the extra bene-
fits of avoidance of infection due to a vascularized 
block of bone as well as more effective healing and 
incorporation into the local bone bed.

Fusion of the first MTP joint following injury and 
structural bone loss is also a widely accepted method of 
treatment [57]. Autograft bone block arthrodesis has 
been shown to be very effective and well tolerated in 
active patients [12]. The drawbacks include a secondary 
surgical site for graft harvest, which can result in the 
well-known complications of nerve injury, fracture, 
hematoma, and chronic pain. Myerson et al. [57] and 
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a

c d

b

Fig. 17.11 (a, b) Preoperative AP and lateral radiographs of 
open pilon and calcaneal fracture. (c, d) Postoperative radio-
graphs demonstrating stabilization with internal fixation to effect 

articular reduction and neutralization with a spanning hinged 
ring fixator to allow early range of motion
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others have described the use of structural allograft bone 
graft to replace bone loss when attempting fusion in the 
forefoot. In their series of 24 patients undergoing first 
MTP allograft bone block fusion, all achieved satisfac-
tory outcome, although 3 required repeat arthrodesis.

Metatarsal fracture can also be managed with per-
cutaneous pin fixation or internal fixation for simple 
fracture patterns. More severely comminuted fractures, 
segmental fractures, and multiple metatarsal fractures 
may best be treated with ring external fixation. 
Metatarsal bone loss is frequently seen and the man-
agement differs with regard to the medial and lateral 
columns. In the mobile lateral column of the foot, a 
patient may do well with a partial foot amputation  
and a lateral shoe filler. The medial column is much 
more critical for ambulation and should be restored. 
Strategies include autograft and allograft bone graft-
ing, either structural or cancellous [59]. Defects larger 
than 1 cm may be best treated with structural grafting. 
The benefits of a vascularized graft are quicker incor-
poration and remodeling potential [80]. The downside 
is graft harvest morbidity as previously outlined. 
Structural allograft bone grafts are attractive due to  
the unlimited supply and reduced donor morbidity. 
However, some concern persists regarding their poten-
tial for complete incorporation and risk of stress frac-
ture during resorption and remodeling [56].

The metatarsals may also be considered for distrac-
tion lengthening. This strategy has been successfully 
employed to address congenitally short metatarsal 
bones (brachymetatarsia) as well as iatrogenically cre-
ated short metatarsals, which frequently result in trans-
fer metatarsalgia [32, 67]. The benefits of this form of 

treatment include no donor site morbidity and a strong 
host bone once the regenerate has matured. The down-
sides include risks of pin tract infection, pain during 
lengthening, and a lengthy period of non-weight- 
bearing as the lengthening occurs and subsequent  
non-weight-bearing as the regenerated matures. This 
technique is performed by placing a mini external fix-
ator rail with two points of fixation in the proximal and 
distal segments. A corticotomy is then performed and 
lengthening proceeds at approximately 1 mm/day. 
Consolidation time varies, but is usually 2 months for 
each centimeter lengthened.

17.2.7  Midfoot Reconstruction

Myerson has outlined the important concepts for mid-
foot reconstruction as well as the risk factors for treat-
ment failure. He described the importance of identifying 
the full extent of the injury as well as the goal of obtain-
ing an open reduction to restore normal anatomy. The 
risk factors for failure of treatment include residual 
postoperative metatarsal angulation or diastasis of 
greater than 2 mm between the base of the first and 
second metatarsals [54, 55]. For these reasons, open 
reduction and internal fixation or primary arthrodesis 
is the standard treatment for severe tarsometatarsal 
joint fracture dislocations in a civilian setting. Blast 
injuries that affect the midfoot often result in highly 
complex injury patterns with severe contamination and 
soft-tissue compromise. In addition to the traumatic 
wounds, they are frequently complicated by fasciotomy 
incisions that provide additional difficulty achieving 
soft-tissue coverage. Schildhauer et al. [71] outlined a 
treatment plan for severe midfoot crush injuries with 
use of a temporary bridging 8–10 hole, 2.7-mm recon-
struction plate to maintain the anatomic alignment of 
the medial column of the foot while the comminuted 
fracture fragments consolidate. Seven patients treated 
at their center successfully received this treatment; 
however, all required hardware removal.

Due to the severe contamination of war wounds as 
well as the inability to provide early coverage to the 
blast-induced wounds, the previously discussed staged 
approach to the soft-tissue management and wound 
closure followed by conversion to ring external fixators 
has become common among military orthopedic sur-
geons worldwide [3, 37, 38, 44, 51]. The use of the ring 

Fig. 17.12 Rotationplasty of segmental calcaneal fracture with 
subtalar fusion to address bone loss
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external fixator has a number of advantages over stan-
dard open reduction and internal fixation techniques. 
The avoidance of additional surgical insult to the soft 
tissues as well as the absence of hardware placed within 
the bacterially colonized wounds are benefits of this 
treatment. Additionally, the use of the ring fixator 
allows for a near-anatomic reduction of the midfoot 
complex, while allowing for immediate ankle range of 
motion and early weight bearing (Fig. 17.13).

Injuries more proximal in the midfoot sometimes 
lead to medial or lateral column shortening and may 
result in abnormal foot alignment. Significant shorten-
ing to the medial or, more commonly, the lateral column 
frequently needs to be prevented. A similar approach 
using ring external fixation can be used with these inju-
ries; however, a monolateral external fixation system 
will often suffice to hold the column out to length. 
Antibiotic impregnated PMMA spacers are usually 
used with delayed bone grafting of segmental defects in 
order to restore both medial and lateral column length.

17.2.8  Hindfoot Reconstruction

Calcaneal alignment, as one third of the foot tripod, is 
critical to maintain appropriate length, width, and 
height to allow for near-normal shoe wear and gait. 
Bone loss in the calcaneus and destruction of the 

subtalar joint surface as a result of high energy open 
trauma is often complicated by critical soft-tissue loss. 
While soft-tissue reconstruction techniques for the lat-
eral and posterior aspects of the calcaneus have been 
utilized with fair success [62, 83, 85], there are limited 
options for reliable reconstruction of the plantar fat pad 
[33]. Plantar soft-tissue wounds are known to predict 
poor outcomes for open calcaneus fracture [29]. It is 
unclear whether attempted soft-tissue transfers can 
reproduce the function of the plantar fat pad and ampu-
tation in the presence of an open calcaneus fracture that 
will require flap coverage to be seriously considered.

Sanders reviewed open calcaneus fractures and sug-
gested that Gustilo type I and type II fractures associ-
ated with medial wounds could safely be treated with 
open reduction and internal fixation. He concluded, 
however, that Gustilo type II and type III fractures with 
wounds in other locations should not be treated acutely 
with internal fixation due to high rates of osteomyelitis 
and frequent subsequent amputations [29]. A staged 
protocol for these more severe open calcaneus frac-
tures is mandatory to ensure the optimal outcome. 
Internal fixation may be performed ultimately if the 
soft tissues allow. The use of minimal incision tech-
niques including the sinus tarsi approach and percuta-
neous screw fixation to obtain gross length and 
alignment may be the most effective initial approach. 
Ring fixation can also be used alone or in conjunction 
with limited internal fixation.

a bFig. 17.13 (a) Open 
comminuted midfoot fracture 
dislocation and associated 
metatarsal fractures. (b) 
Subsequent stabilization with 
neutral ring external fixation
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Extra-articular bone loss in the calcaneus can be 
managed in a variety of ways, depending on the extent, 
presence or absence of infection, and the soft-tissue 
envelope. There are several series documenting the use 
of bone graft substitutes in conjunction with internal 
fixation of calcaneus fractures [39, 59, 72]. Other tech-
niques for managing bony defects in the calcaneus 
involve utilization of autogenous or allograft bone [56, 
79, 85]. Some authors have utilized these techniques in 
combination with a local antibiotic [6]. This recent 
series demonstrated a very low infection rate by com-
bining vancomycin with an allograft bone mixture. 
In the case of an infected bony defect with a concomi-
tant soft-tissue loss, the Papineau technique can still be 
considered [22]. A “modern” version of this technique 
involves utilization of NPWT [2].

Intra-articular bone loss from the calcaneus result-
ing from blast injury frequently requires subtalar 
fusion. Augmenting the fusion with autograft or 
allograft may be necessary depending on the amount of 
bone loss and need to reconstruct anatomic calcaneal 
height [56, 59, 72]. Although large amounts of bone 
graft may require harvesting from the iliac crest, a safe 
and reliable source of autograft bone for foot and ankle 
surgery is the patient’s ipsilateral proximal tibia [25]. 
Alternatively, the remaining calcaneal bone stock can 
be realigned for in situ fusion or “rotationplasty” avoid-
ing the need for large amounts of bone graft.

The talus plays a critical role in gait and stance. The 
talus serves a unique position in the body as the 

junction between the vertical elements of the skeleton 
and the horizontal terminal weight-bearing extremity. 
The complexities of its many articulations are evi-
dence of this pivotal role in bipedal gait and stance. 
Fortunately, an isolated talus fracture with substantial 
bone loss is a rather rare injury and in most instances is 
accompanied by multiple ipsilateral fractures and soft-
tissue loss that frequently makes amputation the opti-
mal treatment. Fractures of the talus that involve 
minimal bone loss in the region of the neck can be 
managed with fixation methods such as plating that 
maintain the length and alignment of the neck follow-
ing soft-tissue management [23]. Misalignment of 
talar neck fractures into varus typically significantly 
changes the mechanics and contact stresses of the sub-
talar joint and can contribute to poorer outcomes [69]. 
Talar body fractures can be managed with internal fix-
ation or percutaneous pin fixation and supplemental 
external fixation to allow for fracture consolidation 
and maintenance of bone stock. Unfortunately, even in 
the case of an infection-free salvage, avascular necro-
sis can complicate ultimate outcome.

Successful management of talar bone loss due to 
extrusion, infection, or avascular necrosis is extremely 
difficult. Tibio-calcaneal fusion typically leaves a 
patient with a leg-length discrepancy unless large bone 
grafts are utilized [20]. Bifocal reconstruction tech-
niques with distraction osteogenesis at a different site 
can be utilized to perform the fusion and restore the 
limb length simultaneously [19] (Fig. 17.14). RhBMP 

a

b

Fig. 17.14 (a) Open 
extruded talar dome fracture 
treated with (b) attempted 
tibiocalcaneal fusion with 
Ilizarov distraction lengthen-
ing through the tibia
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used in conjunction with bone grafting has been well 
studied in the tibia and has been utilized in foot and 
ankle reconstructions, and may be performed follow-
ing spanning ring external fixation [36].

17.2.9  Combined Injuries

Although combination foot fracture is rare in the 
civilian setting, the magnitude and extent of the blast 
wave frequently causes injury to multiple areas of the 
foot and ankle in blast-related trauma [33]. Since 
multiple segment injury to the foot has been shown to 
be a risk factor for poor outcome, strategies to suc-
cessfully manage these severe injuries are still being 
developed. As with isolated injury, if the soft-tissue 
envelope permits and the wound appears to be rela-
tively contamination-free, open reduction with tradi-
tional internal fixation may be employed as the 
fixation method of choice (Fig. 17.15). However, 
when large areas of crush and segmental bone loss are 
present at multiple areas and associated intra-osseous 
ligamentous stability has been compromised, a com-
bination approach utilizing limited internal fixation 
and supplemental spanning ring external fixation may 
be a more appropriate choice.

17.3  Deformity and Complication 
Correction Following Limb Salvage

17.3.1  Treatment Strategy

Deformity and functional impairment in the foot and 
ankle secondary to blast injury are determined by bony 
injury and articular damage, injury to leg muscle com-
partments and to what degree extrinsic flexor or exten-
sor overpull is exhibited, injury to foot compartments 
and to what degree intrinsic overpull is exhibited, 
degree of motor nerve injury and resultant weakness of 
extrinsic and intrinsic muscles, and degree of sensory 
nerve injury leading to anesthesia, hypoesthesia, or 
hyperesthesia of the foot [9, 11, 63].

Nonoperative modalities are employed first in an 
attempt to obtain or preserve joint mobility, increase 
strength, and provide corrective bracing and accommo-
dative shoe wear. In the setting of refractory problem-
atic deformity, surgical strategies include release of 
residual or secondary nerve compression; release of 
fixed contractures utilizing scar excision, musculoten-
dinous lengthening or recession, tenotomy, or manipu-
lation with external fixation; tendon transfer or tenodesis 
procedures; arthrodesis or osteotomies; and ultimately 
amputation for severe nonsalvageable deformity.

a b

Fig. 17.15 (a) Open pilon 
and calcaneal fracture with 
subtalar dislocation treated 
with (b) open reduction and 
internal fixation through 
minimal incision techniques 
and subsequent wound 
closure
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17.3.2  Nerve Deficit  
and Neuropathic Pain

The evolution of military medical care to manage these 
severe injuries has also been accompanied by signifi-
cant changes in the diagnosis, management, and modu-
lation of both acute and chronic trauma-related pain 
[49]. Skilled pain management is required, as the neuro-
genic pain associated with blast injuries can often evolve 
to a complex regional pain syndrome and may also con-
tribute to posttraumatic stress disorder (PTSD). Early 
intervention from the point of injury, even in the austere 
environment, and aggressive management throughout 
the continuum of care are essential. A multimodal 
approach is preferred, which encompasses a wide range 
of procedures and medications. This includes regional 
analgesia with continuous epidural or peripheral nerve 
block infusions, judicious opioids, acetaminophen, anti-
inflammatory agents, anticonvulsants, ketamine, cloni-
dine, antidepressants, and anxiolytics as options to treat 
or modulate pain at various sites of action [49].

The clinical consequence of nerve injuries of the 
foot and ankle depend on the type, location, and extent 
of injury. Isolated nerve laceration is rare in blast 
trauma; therefore, the associated bone and soft-tissue 
injuries will also factor into the resultant functional 
deficit and reconstruction plans (Fig. 17.16). The func-
tion of nerves in the foot and ankle is primarily to pro-
vide sensation. The main problems associated with 
injury to sensory nerves are numbness and formation of 
a painful neuroma. Debilitating chronic pain syndromes 

may arise, which can take the form of complex regional 
pain syndrome type I (reflex sympathetic dystrophy) or 
type II (pain of neurogenic origin or causalgia).

In addition to providing sensory function, the tibial 
nerve innervates the intrinsic musculature of the foot, 
and the deep peroneal nerve innervates the extensor 
digitorum brevis and extensor hallucis brevis muscles. 
Injury to these nerves will result in an imbalance of the 
intrinsic and extrinsic musculature with resultant claw-
ing of the toes.

When possible, the preferred management of nerve 
injuries to the foot and ankle includes acute epineur-
ial repair and wound closure. If the distal end of the 
transected nerve cannot be found or the gap is too 
large to allow a tension-free repair, the proximal nerve 
stump should be transected proximally and buried deep 
in muscle to decrease the opportunity for painful neu-
roma formation. Management of a posttraumatic neu-
roma about the foot or ankle begins with nonsurgical 
modalities, including mechanical desensitization, tran-
scutaneous electrical nerve stimulation (TENS), local 
corticosteroid injection, medications, and custom shoe-
wear to offload painful or sensitive areas. If this does not 
provide adequate relief, diagnostic nerve blocks can be 
performed for localization, followed by neuroma resec-
tion and burial of the proximal nerve stump [26, 78].

Injury to the tibial nerve with complete loss of plan-
tar sensation has previously been considered an indica-
tion for amputation; however, this indication must be 
used cautiously in the setting of blast trauma. Without 
confirmed anatomic transection of the nerve, many 
patients will have a reversible deficit owing to a neuro-
praxia or an axonotmesis secondary to the blast, or 
local injury at the time of surgical debridement. These 
injuries may resolve over a period of months, while 
some may continue to show improvement up to 2 years. 
Some patients may develop enough protective sensa-
tion to allow a good functional outcome [51].

When allowed by the soft-tissue envelope, cable 
grafting of an anatomic transection of the tibial nerve 
may be considered [18, 60]. However, nerve grafting 
in the acute period is not recommended because the 
degree of injury of the truncated nerve ends is com-
monly underestimated. Truncated nerve ends within 
the zone of injury may appear to have retained fascicu-
lar architecture in the acute period, but may devolve 
into dense scar, which blocks axonal sprouting to a 
nerve graft. At the time of delayed nerve grafting of 
war wounds, the surgeon routinely must trim the 

Fig. 17.16 Blast injury patterns cause severe soft-tissue injury 
that precludes acute nerve repair
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truncated nerve ends by a centimeter or more until 
fresh, normal appearing fascicles are found.

17.3.3  Stiffness After Foot  
and Ankle Blast Trauma

Loss of motion in the foot and ankle increases joint 
forces and alters kinematics of the hip and knee. 
Occupational therapy, physical therapy, and other 
adjuvant measures are essential to preserve joint 
motion and permit secondary reconstructive options. 
Instructing the injured soldier and their families in 
joint mobilization exercises assists these efforts. Limb 

edema may limit motion and create stiffness and joint 
contractures as well as tenosynovial adhesions. This 
may particularly affect the foot digits, areas often 
neglected in therapy. The use of compression stock-
ings following soft-tissue stabilization may minimize 
the effects of this edema. Heterotopic ossification and 
muscle fibrosis can also tether and restrict extremity 
motion [51] (Fig. 17.17).

17.3.4  Chronic Infection and Treatment

A recent review of combat-related extremity injuries in 
US military personnel cited a rate of osteomyelitis 

a b

c

Fig. 17.17 (a) Radiographic, (b) clinical, and (c) intraoperative 
images of an extremity with diffuse heterotopic bone formation 
following blast injury. Diminished sensation, severe neurogenic 

pain, and fixed equinus contracture led this patient to elect a 
delayed below-knee amputation
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between 2% and 15%, with lower-extremity injuries at 
higher risk than upper-extremity injuries [53]. All open 
blast-related fractures are considered colonized; how-
ever, routine Gram stains and surface cultures have not 
been shown to be representative of the predominant 
organism causing the infection [53, 68, 81] or of the 
bacterial load [43, 65]. Differentiating between coloni-
zation and clinically significant infection is therefore 
based on clinical response and history. Determination 
of chronic infection and response to treatment involves 
interpretation of the clinical appearance of the wound, 
laboratory values (CBC, ESR, and CRP), and imaging 
studies (radiographs, CT scan, MRI, Indium-111-
labeled leukocyte scans, and PET).

Following appropriate surgical debridement, the 
use of antibiotic-impregnated cement beads or spacers 
in conjunction with parenteral antibiotics increases the 
chance of infection eradication. Methylmethacrylate 
spacers are very useful under flaps to preserve space 
for eventual bone grafting. In wounds with smaller 
bone deficits, osteoconductive materials such as cal-
cium sulfate may be considered (Fig. 17.18).

17.3.5  Posttraumatic Arthritis  
and Fusions

Secondary reconstructive procedures are tailored to 
the individual blast injury pattern. Despite appropriate 

early management, many of these severe foot and 
ankle injuries will progress to posttraumatic arthritis, 
or suffer dysfunction due to significant articular bone 
loss. In these situations, arthrodesis remains a main-
stay of treatment. Late osteotomies or joint fusions are 
accomplished in standard fashion with due consider-
ation to the increased risk for recurrent infection, the 
limitations of an impaired soft-tissue envelope, and 
the problems inherent in significant bone loss [51]. 
Compression fixation remains the treatment of choice. 
However, when bone defects are present, neutraliza-
tion fixation may be necessary to prevent a second-
ary deformity that could result from impaction into 
a bone defect [77]. The civilian literature has shown 
that although the loss of a major motion segment in the 
ankle or hindfoot often leads to arthritis in surrounding 
joints, most patients have improvement in pain relief 
and function and are satisfied with their outcomes for 
decades after the  procedure [77].

17.3.6  Deformity Correction Following 
Loss of Tendon Insertion

Acute tendon lacerations about the foot and ankle most 
commonly occur in isolated fashion with clean wounds 
and limited contamination. In this setting, acute repair 
is often advocated. In the setting of war injuries and 
blast trauma, critical structures may be segmentally 

a

b
Fig. 17.18 Bone voids in 
open contaminated wounds 
can be treated with antibiotic 
impregnated (a) PMMA 
beads for larger defects, or 
(b) injectable osteoconduc-
tive bone void fillers for 
smaller defects
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deficient including nerve, ligament, and bone as well 
as other tendon segments. While such wounds may be 
vascular and support a skin graft, flap coverage is often 
necessary to prepare for future reconstruction. Waiting 
until the flap has matured and wound inflammation has 
resolved promotes improved outcomes by reducing 
scar formation and the risk of infection. Tendons should 
be reconstructed or transferred in a delayed fashion, to 
avoid excessive scarring caused by the inflammation of 
the acute injury, and also because the early rehabilita-
tion requirements of tendon reconstruction may com-
pete with those of initial wound healing. However, the 
surgeon may consider placing silicone rods underneath 
flaps to create a favorable tunnel for tendon grafting.

Delayed reconstruction efforts must recognize what 
functional muscle units remain and account for other 
factors such as joint contractures, proximal nerve defi-
cits, and bony injury. When possible, routine procedures 
are preferred, such as Achilles reconstruction with turn-
down flaps or V-Y advancement of gastrocnemius fas-
cia, or a flexor hallucis longus augmentation. Foot drop 
secondary to tibialis anterior deficiency may be 
addressed with a turndown flap or transfer of the short-
ened tendon to the dorsal navicular. Tenodesis proce-
dures may be effective for injuries to the peroneals, 
flexor hallucis longus, flexor digitorum longus, extensor 
hallucis longus, and extensor digitorum longus [78].

Advanced reconstruction techniques will be 
required when presented with massive tissue voids and 
loss of multiple tendon units when conservative brac-
ing has failed and deformity is debilitating or progres-
sive. Some of the less common procedures for tendon 
imbalance include anterior transfer of the posterior 
tibial tendon and transfer of the peroneus longus to the 
calcaneus. An area of muscle fibrosis and tendon entrap-
ment may be bypassed using synthetic or allograft der-
mal products [51] (Fig. 17.19).

17.3.7  Residual Deformities After 
Compartment Syndromes  
and Blast Trauma

Deformities of the foot and ankle due to missed or 
undertreated compartment syndromes, or residual 
muscle injury and fibrosis secondary to blast injury, 
may be divided into extrinsic and intrinsic causes. 

Extrinsic deformities are due to injury mainly within 
the compartments of the leg, while intrinsic deformi-
ties result from injury to the soft tissues of the foot. 
Neurologic injury and muscle contracture both con-
tribute to the deformity. The most common deformities 
include ankle equinus, equinovarus, cavus, and claw or 
hammer toes [11, 24, 45, 63]. Less frequently, defor-
mities may be caused by an isolated compartment syn-
drome, such as necrosis of the tibialis anterior, long 
extensor muscles, or peroneal muscles.

a

b

Fig. 17.19 (a) Segmental loss of gastrocnemius-soleus inser-
tion into Achilles tendon treated with flexor hallicus longus 
transfer into calcaneus, incorporating distal Achilles and proxi-
mal musculotendinous structures into the repair. Integra applica-
tion and NPWT for 21 days was followed by split thickness skin 
grafting. Equinus splinting at 15º for 6 weeks followed by 
weight-bearing at 12 weeks in CAM walker. (b) Clinical photos 
demonstrate adequate healing
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Cavus deformities of the foot result from damage to 
the muscles of the deep compartment of leg or the tib-
ial nerve as contracture of the tibialis posterior muscle 
causes medial and dorsal subluxation of the talonavic-
ular joint [70]. Cavus posture of the foot may also 
result from compartment syndrome of the foot with 
resultant contracture of the intrinsic musculature, 
which also results in flexion of the metatarsophalan-
geal joints and extension of the interphalangeal joints 
[9]. Equinus and equinovarus deformities may result 
from damage to the superficial compartments of the 
leg. Varus deformity may result from either contrac-
ture of the gastrocnemius complex in the superficial 
compartment or overpull of the tibialis posterior or 
extrinsic toe flexors in the deep compartment [70]. 
Contractures of the deep posterior and anterior com-
partments will lead to clawing of the toes due to over-
pull of both flexors and extensors, with flexion of the 
DIP and PIP joints and extension of the MTP joints. 
Claw toe and hammertoe deformities may also result 
from compartment syndromes of the foot with injury 
and contracture of the interosseous and lumbrical mus-
cles. Contracture of the quadratus plantae may cause 

additional deformity due to its insertion on the extrin-
sic toe flexors.

When treating residual deformities and contractures 
from compartment syndromes or blast injuries, one 
must recognize the contributions of both the scarred 
and fibrotic muscles, as well as the remaining func-
tional muscle units. All fibrotic muscles must be 
released and excised, because incomplete excision will 
result in recurrence [45, 63].

At times, early procedures may be performed to 
prevent development of further deformity [63]. Release 
of claw toes via tenotomy may be effective, as well as 
heel cord lengthening or slide to prevent a major equi-
nus contracture. During late surgical reconstruction, 
muscle excision and releases of contracted joint cap-
sules and tissues are often required. Osteotomies and 
fusion procedures may also need to be considered to 
achieve a plantigrade foot.

Great care needs to be taken in handling the soft 
tissues in cases of late reconstruction. In situations 
where a tremendous deformity exists, or in the setting 
of a poor soft-tissue envelope, initial correction may be 
achieved with an external frame [63] (Fig. 17.20).

Fig. 17.20 (a) Severe equinovarus deformity in the setting of 
deficient anterior and lateral compartment distal tendon attach-
ments. (b) Hammertoes corrected and external fixator utilized as 

a virtual hinge to correct deformity prior to allograft tendon 
reconstruction.(c, d) Correction of deformity and improved 
range of motion after approximately 3 months

a

b
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18.1  Introduction

Owing to the improved protection afforded to the head, 
thorax, and abdomen by modern body armor, improved 
hemorrhage control on the battlefield, enhanced medic 
training, faster medical evacuation, and improved 
intensive care, orthopedic surgeons are now chal-
lenged by severe extremity injuries sustained on the 
battlefield that were infrequently seen in survivors of 
past conflicts [8]. One of the most difficult problems is 
the assessment of patients after complex extensive 
trauma to limbs: to begin limb salvage or to perform 
amputation of a critically damaged limb [11]. The 
management of limb-threatening injuries is a contro-
versial topic [24, 29]. Recent clinical advances in gen-
eral medicine, plastic and orthopedic surgery, and 
particularly technical advances in the care of severe 
soft- tissue and bony injuries provide the means to 
reconstruct limb injuries that would have been ame-
nable only to amputation in the past [6, 16, 19]. Not 
only military warfare, but also modern urban road 
 traffic and industrial as well as terrorist attacks are 

characterized by ultrahigh energy injury, resulting 
from the use of explosive devices of increasing power 
and destructiveness. Hence, the prevalence of injuries 
that are survived but which result in major limb ampu-
tation is unlikely to decrease [30].

Limb injuries caused by high-energy weapons 
often result in catastrophic bone and soft-tissue dam-
age and tissue loss [9]. These patients may have com-
bined penetrating, blunt, and burn injuries [14], 
thereby producing mangled extremities and making 
the decision to amputate or to salvage more complex. 
In extensive high-energy trauma, it is often very dif-
ficult to assess the viability of the extremity at first 
sight [4].

Early thorough irrigation and radical debridement, 
effective fracture stabilization, shunting of vascular 
injuries, modern methods of tissue coverage, better 
options for bone reconstruction, and advances in pros-
thetics contribute to improved outcomes compared to 
previous wars, both in limb salvage and with amputa-
tions [17]. Nevertheless, the treatment of limb-threaten-
ing injuries remains controversial. Many publications 
describe strategy, surgical techniques, and results of 
salvage [3, 4, 9, 11, 21, 27, 28, 30], while other investi-
gators have found that limb salvage may not be in the 
best interest of the patient and advise early limb ampu-
tation with rapid prosthetic fitting to reduce morbidity 
and achieve optimal functional outcome [10, 13, 15, 
31]. According to Bosse et al. [3], patients with limbs at 
high risk for amputation should be advised that recon-
struction typically results in 2-year outcomes equiva-
lent to those of amputation. However, he does not 
indicate precisely how the decision should be made.

To provide guidance, Busse et al. [5] systemati-
cally reviewed the available literature on outcomes 
following leg-threatening injuries treated by primary 
amputation or limb salvage and pooled the following 
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data: length of hospital stay, total rehabilitation time, 
cost, clinical outcomes, failure rate for limb salvage, 
function and quality of life, pain, return to work, 
factors associated with poor outcome, and patient 
preference. They concluded that functional outcome 
in patients who presented with leg-threatening inju-
ries was not significantly different whether managed 
by limb salvage or primary amputation, when 
reviewed at 7 years. Using over 1,900 citations from 
three large databases, Saddawi-Konefka [28] ulti-
mately extracted data from 28 articles that collec-
tively examined over 1,300 distinct patients. The 
finding was that there is still no proven superior 
strategy for treating patients with limb-threatening 
injuries.

18.2  Limb Salvage

This is the long, difficult, often painful, demanding 
process of a series of complex reconstructive opera-
tions, fraught with the possibility of severe complica-
tions for the damaged limb and for the general condition 
of the patient. The surgeon cannot guarantee a satisfac-
tory final result. During the long and complex treat-
ment regimen, complications may arise necessitating 
cessation of the salvage attempt and requiring amputa-
tion. Even in the remote period after completion of the 
limb salvage process, serious complications, such as 
chronic osteomyelitis, poor functional result, or severe 
pain syndrome, may require the patient and his attend-
ing physicians to review the need for amputation. In 
2007, Busse et al. [5] showed that limb salvage patients 
require more frequent additional surgery, are more 
likely to undergo rehospitalization, and suffer a higher 
rate of osteomyelitis as compared to primary amputa-
tion patients.

However, a positive outcome of reconstructive 
treatment allows the patient to return to a normal func-
tional level of daily activity and independence and, in 
some cases, to return to daily physical labor, including 
regular sport. Thus, this patient does not require ongo-
ing, expensive orthopedic services involved in repeated 
long-term prosthetic and orthotic fittings. Body image 
preservation has physiological and psychological sig-
nificance. Efforts to improve the rate of successful 
reconstructions also have financial merit: salvage 
reconstruction results in lower projected lifetime 

costs. According to MacKenzie et al. [23], the pro-
jected lifetime health-care cost for patients who under-
went amputation was three times higher than that for 
those treated with reconstruction ($509,275 and 
$163,282, respectively). Included in the calculation 
were costs related to (1) initial hospitalization, (2) all 
rehospitalizations for acute care related to the limb 
injury, (3) inpatient rehabilitation, (4) outpatient doc-
tor visits, (5) outpatient physical and occupational 
therapy, and (6) purchase and maintenance of pros-
thetic devices.

Patient compliance is an absolute requirement for 
the successful result of such a complex, prolonged 
treatment process of serial planned and unplanned 
surgical interventions (named the “preamputation 
limb salvage option” by Rozbruch et al. [27]). Most 
of our patients suffered from combat trauma to their 
limbs – young military personnel who, until the 
moment of injury, were completely healthy physi-
cally and mentally, highly motivated, conducting an 
active lifestyle, and highly estimated their body 
image. For such surviving service members, acute 
traumatic and early posttraumatic combat-related 
amputations are devastating physical and psychologi-
cal injuries [25]. Based on our personal experience, 
we found that the majority of such patients are psy-
chologically ready for the complex and long recon-
structive treatment process, which enables them to 
save the extensively damaged limb even if its func-
tional abilities prove to be less than normal, prefer-
ring such a result to amputation. The key to successful 
orthopedic surgery is proper patient selection [8]. 
Many of our patients who sustained devastating war 
injuries wanted to return to their units as soon as pos-
sible. These highly motivated patients make extraor-
dinary efforts during their recovery and rehabilitation 
to achieve optimal functioning.

During preoperative counseling, the patient must 
be informed that, despite the intention to salvage the 
limb, only after careful reexamination under anes-
thesia in the operating room will the final decision be 
made whether to save and reconstruct the limb or to 
perform amputation, according to the extent of the 
damage to the tissues of the limb and of the risk of 
further tissue necrosis and infection, leading to the 
advisability of late amputation as the best chance for 
good function [11]. There are times when it is not 
possible to make this difficult decision during the 
initial primary inspection of the patient, especially 
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when he is in a critical phase of damage control. 
Thus, only after complete debridement should the 
decision regarding reconstruction or amputation be 
made [4].

After carrying out emergency actions of general 
and local damage control, if the severely damaged 
limb does not endanger the general condition of the 
patient, the further regenerative and reconstructive 
part of treatment will often be carried out in another 
specialized medical center where the final decision 
between limb salvage and amputation will be made by 
an experienced team. Exploitation of modern means of 
electronic communications and the internet allows the 
immediate transfer of all available information regard-
ing the condition of the patient, including clinical pho-
tos and x-ray pictures, and the receipt of “on line” 
consultation with experts in the field of reconstructive 
surgery.

18.3  Amputation

Early amputation of the critically damaged limb brings 
about a more rapid functional recovery, a shorter stay 
in hospital, fewer operations, and fewer complications 
than patients who have successful limb salvage [19]. 
According to the study by Hertel et al. [18], the total 
rehabilitation time for patients who underwent pri-
mary amputation (median, 12 months; range, 2–108 
months) was significantly shorter than for those who 
underwent limb salvage (median, 30 months; range, 
12–72 months).

In view of the availability of advanced modern 
critical care and sophisticated methods of limb sal-
vage reconstruction, it is currently unusual to make an 
immediate decision to amputate, except in cases of 
total limb destruction such as injury by an overwhelm-
ing blast-explosive trauma causing extensive tissue 
damage and loss and/or a long period of limb isch-
emia due to primary vascular injury, crushing, or a 
prolonged period of tourniquet time. Occasionally, 
for patients in critical condition, early amputation of 
the extensively damaged limb with massive destruc-
tion of soft tissue can be life-saving. Immediate 
amputation shortens the duration of treatment, relieves 
the patient of the morbidity and suffering of many 
secondary complex and difficult reconstructive ortho-
pedic and plastic operative interventions, reduces the 

quantity and duration of medication (analgesics and 
antibiotics), and also reduces the total hospitalization 
period. The responsibility for and the determination 
of the indication for such a radical and irreversible 
operation must be taken by an experienced trauma 
surgeon [20].

Historically, one of the factors considered in the 
decision to amputate was severe bone loss with high 
risk for nonunion. In our opinion, in view of the 
Ilizarov method with its opportunities for bone heal-
ing and gradual restoration of extensive bone loss by 
distractional osteogenesis and also microsurgical 
free tissue transfer, bone loss should not be the 
defining or decision-making factor in determining 
amputation.

18.4  Classifications, Scoring,  
and Decision-Making

The choice of treatment strategy for the patient with 
critically damaged limbs is difficult and bears an awe-
some responsibility. Attempts to make this decision 
based entirely on various classification schemes (the 
Mangled Extremity Syndrome Index (MESI), the 
Predictive Salvage Index (PSI), the Limb Salvage 
Index (LSI), the Mangled Extremity Severity Score 
(MESS), etc.) are prone to pitfalls. According to 
Dougherty [11], the ability to quantify the severity of 
an injury and to predict its outcome is uncertain. 
Recent reports have shown that various extremity 
injury severity scoring systems developed in the last 
several decades to provide orthopedic and vascular 
surgeons with objective criteria and assist in the deter-
mination of the fate of a severely injured limbs are not 
reliable [1, 2, 12]. Bosse et al. [2] studied 556 “high-
energy”’ lower-extremity injuries and found that the 
use of injury severity scores, including the Predictive 
Salvage Index; the Nerve Injury, Ischemia, Soft-Tissue 
Injury, Skeletal Injury, Shock and Age; Hanover 
Fracture Scale-97, and the Mangled Extremity Severity 
Score has not improved the accuracy of the decision-
making process for amputation versus reconstruction, 
and the sensitivity and specificity of the scoring sys-
tems have not shown enough accuracy to predict 
outcome.

Based on their experience in both Gulf Wars, the 
Balkans conflicts and Afghanistan, as well as from 
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treating victims of terrorist action in Northern Ireland, 
Rosell and Clasper [26] found that no single classifica-
tion system was particularly useful in the assessment 
or management of missile injuries, although some 
could be used for retrospective audit purposes.

The study by Ly et al. [22] suggested that lower-
extremity injury severity scores are not predictive of 
the short-term (6 months) or longer-term (24 months) 
functional outcomes of limb salvage in patients who 
received aggressive treatment and showed little to no 
association between the injury severity scores and 
functional outcome improvement with time. They 
assessed differences in outcomes between patients for 
whom amputation had been recommended on the basis 
of their scores and patients for whom amputation had 
not been recommended. They showed that the subjects 
who underwent reconstruction, even though amputa-
tion had been “recommended,” did not do worse over-
all than subjects for whom amputation had not been 
recommended, suggesting that subjects who disre-
garded the recommendation for amputation did not 
have a resulting loss of function. The results of this 
study indicated that the lower-extremity injury severity 
scoring systems are not predictive of functional recov-
ery in patients who underwent successful limb recon-
struction, and they recommend that practitioners 
exercise caution when interpreting scores in the con-
text of potential recovery from high-energy trauma.

Data from the LEAP study [23] of patients undergo-
ing limb salvage as compared with those who undergo 
early amputation suggested that the prime injury factors 
that influence the decision to salvage limbs are muscle 
injury, absence of sensation, arterial and vein injury, 
while other factors played a much less significant role.

Cole [7] strongly recommends a problem list, devel-
oped by a highly trained orthopedic team, to prioritize 
interventions at all stages of the long-term treatment 
into the following order:

Vascular status
Open fracture with massive contamination
Soft-tissue devitalization
Long-bone instability
Emotional impact
Social impact
Bone healing
Psychological recovery
Then the team of surgeons and allied health profes-

sionals addresses each priority one-by-one prior to 
arriving at the decision point to save the leg. At each 

step during resuscitation and initial treatment, vari-
ables are carefully weighed and titrated according to 
the patient’s resources before a final commitment is 
made [7]. This is a special challenge in the treatment 
of patients suffering from bilateral lower-extremity 
limb-threatening injuries [29].

In summary, despite the undoubted importance of 
the available classification schemes, the final decision 
should be reached individually on the basis of a careful 
study of the patient’s general condition and the local 
condition of the damaged limb, the psychological con-
dition of the patient, and his ability and desire to 
undergo the long and difficult path of limb salvage. 
Although contemporary classifications have some 
value, the surgeon must make the final decision based 
on his own experience and the possibilities available 
for reconstruction and future useful function as rele-
vant to each individual case [4] (Figs. 18.1–18.3).

18.5  Clinical Examples of Lower  
and Upper Limb Salvage 
Reconstruction Using  
the Staged Protocol

18.5.1  Lower Limb Salvage

Both these cases illustrate that successful limb  
salvage can be achieved when injury scores indicated 
amputation (Figs. 18.1–18.2).

18.5.2  Upper Limb Salvage

(See Figure. 18.3)

18.5.3    Example of Complications after 
Primary Internal Fixation and 
Wounds Closure in Severe 
Destructive Injuries

Combined bone and soft-tissue loss, along with major 
nerve and vascular injury, created the need to consider 
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Fig. 18.1 Nineteen-year-old female, victim of a mine blast, 
sustained multiple injuries to both lower limbs, including open 
comminuted supracondylar fracture of right femur, open frac-
ture of right tibia–fibula with traumatic loss of distal half of the 
tibial bone, open fracture-dislocation of right foot bones with 
partial loss of calcaneal bone, open pylon fracture of left leg, 
and open fracture of left calcaneus with bone loss. Primary  
debridement, wound care, and primary external skeletal stabili-
zation using AO tubular frames were performed. Left leg fas-
ciotomies were needed due to acute compartment syndrome of 
left leg. (a) Admission x-ray demonstrated comminuted supra-
condylar right femoral fracture with radiological signs of for-
eign metal body; (b) radiological appearance of right leg on 
admission: note loss of the distal half of the tibial bone; (c) 
radiological appearance of left leg on admission: note distal 
tibial fracture with anterior epiphyseal comminuting and bone 
loss; (d, e) radiological appearance of both feet on admission: 

multiple right hind foot fracture-dislocations with partial calca-
neal bone loss; left calcaneal fracture with partial bone loss;  
(f–h) primary emergency care was carried out: debridement of 
soft tissues, left leg fasciotomies, fracture stabilization, includ-
ing temporary right knee bridging using tubular external fixators 
with additional hybrid fixation of both feet. Clinical appearance 
of both lower limbs after completing primary surgical interven-
tion. Note extensive skin and soft-tissue loss over both lower 
limbs; (i) radiological appearance of temporary right knee 
bridging; (j–l) conversion of unilateral tubular external fixation 
on right lower limb to Ilizarov frame and closure of postfas-
ciotomy wounds of left leg performed 6 days later. Postoperative 
clinical appearance of both legs; (m–p) radiological appearance 
of right femur and right foot after conversion to Ilizarov fixa-
tion. Note that closed reduction of the right foot fractures-dislo-
cation in the Ilizarov frame is successful; (q, r) on the right leg, 
after bridging the bone defect in the Ilizarov frame, proximal 
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corticotomy for bone transport is performed; (s, t) radiological 
appearance of left leg and foot 3 weeks later. Conversion of uni-
lateral tubular external fixation on the left lower limb to Ilizarov 
frame is performed at this stage; (u, v) x-ray after 3 months of 
bone transport demonstrates weak bone regeneration of the 
right tibia; (w, x) 12 cm of bone regeneration is achieved. X-ray 
12 months after removing the Ilizarov frame demonstrates bone 
healing in good alignment with solid bone regeneration at site of 
bone corticotomy and also tibiocalcaneal fibrous union. Total 
time in external tibial fixation was 15 months. Patient was fully 
ambulatory during most of the treatment time; (y, z, z1, z2, z3) 
x-rays 12 months after removing the Ilizarov frame demonstrate 
bone healing of the right distal femoral fracture, right foot frac-

tures, and left tibial and calcaneal fractures; (z4, z5) during first 
6 months after removing the Ilizarov frame, the right lower limb 
was fixed using long orthosis with knee hinges (clinical appear-
ance); (z6, z7) clinical view of the next stage of rehabilitation – 
walking using functional brace with orthopedic shoe; (z8–z13) 
2 year follow-up: clinical appearance of both legs and standing 
without additional support. Thus, the clinical case reported here 
describes successful functional limb salvage of the right lower 
limb after severe blast injury which, according to some function 
scores mentioned earlier, had a score indicating amputation 
(concurrent severe ipsilateral foot injury, large intercalary soft-
tissue and distal tibial bone loss, and severe concurrent multiple 
injuries)
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Fig. 18.1 (continued)

amputation. However, the use of primary limb shortening 
and cooperation between orthopedic, vascular and plastic 
surgeons resulted in a useful functioning limb (Fig. 18.4).

In summary, inappropriate and inexperienced pri-
mary internal fixation by plating and primary wound 
closure after high-energy blast trauma associated with 
burns caused an acute compartment syndrome result-
ing in the right lower limb amputation and similar 
catastrophic limb-threatening complications in the left 
lower limb, all of which could have been avoided by 
the use of a simple staged treatment protocol based on 
damage control principles [21].

18.6  Conclusion

While the general surgeon is the leader of the trauma 
team in all respects concerning the general condition 
of the casualty, after resuscitation and stabilization of 
the patient’s condition it is the duty and function of 

the orthopedic surgeon to make the decisions concern-
ing the severe limb injury, in consultation with his 
vascular surgery colleagues. No one trauma case is 
identical to another: this is even truer for casualties 
caused by extensive high-energy trauma, especially 
those due to war injuries. Hence, the decision must be 
reached individually on the basis of careful study of 
the patient’s general condition, the local condition of 
the damaged limb, and the psychological status of the 
patient, especially in regard to his ability and desire to 
undergo the long and difficult path of limb salvage. 
The surgeon must make the final decision based on his 
own experience and the possibilities available for 
reconstruction and future useful function as relevant 
to each individual case, based on the principle of 
staged interventions, which take into account damage 
control protocols (general and local) [22]. Should he 
decide that the conditions for successful salvage do 
not exist or that the necessary surgical skills for its 
achievement will not be available, then amputation is 
indicated.
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Fig. 18.2 Twenty-one-year old male was injured by antitank 
rocket blast. (a, b) The clinical pictures demonstrate extensive 
bilateral lower limb injuries with massive tissue damage and 
loss; (c, d) primary x-rays demonstrate bilateral tibial fractures 
with signs of metal foreign bodies; (e, f) thorough debridement 
was performed. The fractures of both legs are aligned and stabi-
lized using AO tubular external fixation frame (primary shorten-
ing of right tibial bone ends by 5 cm was performed during limb 
salvage procedure – leg at high risk); (g) clinical photo on sev-
enth day after trauma demonstrates bilateral lower limbs exter-
nal fixation, open posttraumatic wounds with necrotic edges. 
Repeated debridement procedures were performed; (h) conver-
sion to Ilizarov external fixation was performed on the seventh 
posttrauma day on the left tibia. Radiological picture demon-
strates good position of the bone fragments; (i) posttraumatic 
period of the right lower limb complicated by soft-tissue necro-
sis and local septic condition. Clinical picture of right leg 3 
weeks after trauma demonstrates uncovered tibial bone and site 

at the facture with signs of osteitis; (j) clinical picture of the 
uncovered right ankle joint; (k, l) repeated debridement of 
necrotic soft tissue and right tibial bone was performed. After 
the complete removal of all necrotic bone, the tibial defect 
which remained was 10 cm long. Coverage of exposed tibial 
shaft, fracture site and right ankle joint by free microsurgical 
latissimus dorsi flap was performed. Clinical pictures demon-
strate full coverage of the bone fragments and ankle joint, exter-
nal stabilization using tubular frame; (m, n) Radiological 
pictures three weeks after proximal tibial corticotomy for bone 
elongation demonstrate bone gap. (o, p) Radiological pictures 
at six months follow up show bone consolidation of right tibial 
fracture, solid bone regeneration after completing 10-cm tibial 
elongation; (q, r s, t, u) Radiological and clinical photos at 
follow-up one year after removal of the Ilizarov frame show 
bone consolidation of tibial fracture and solid bone regenera-
tion after tibial elongation
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Fig. 18.2 (continued)

Fig. 18.3 Twenty-two-year-old female. This victim of a road 
traffic accident sustained a crush injury of the left upper limb 
with open fracture of humeral bone Gustilo type 3C with exten-
sive skin and soft-tissue defect and torn median nerve (incom-
plete amputation). Debridement, vascular reconstruction using 
autovenous grafting and primary stabilization using AO tubular 
external fixation frame was performed on admission. (a) Clinical 
picture demonstrates left arm after primary stabilization using 
tubular external fixation fame. Note extensive skin and soft- 
tissue defect of left upper limb; (b) postoperative period compli-
cated by thrombosis of the arterial graft with left upper limb 
ischemia. Revision of the wound was performed. Repeated deb-
ridement with resection of the bone ends enables diminished 
soft-tissue defect, bringing together brachial artery and median 

nerve ends and performing their end-to-end restoration without 
using additional grafts. Clinical picture of the wound after bone 
ends resection demonstrates significant bone defect; (c) clinical 
appearance after performing acute shortening procedure. Note 
adequate contact of bone ends; (d, e) postoperative radiological 
pictures demonstrate good reposition of the bone fragments 
fixed using tubular external fixation frame; (f, g) external fixa-
tion frame was definitively removed 4 months after injury. 
Radiological control 6 months after removing external fixation 
frame demonstrate solid bone healing in good alignment; (h, i) 
clinical appearance of the left elbow joint ROM at follow up 6 
months after removing external fixation frame. At this stage of 
the treatment, some significant clinical signs of the median nerve 
restoration were present
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Fig. 18.4 Seventeen-year-old male injured by mine blast. He 
suffered from extensive burns (80%) and bilateral open lower 
limb fractures. The patient had primary debridement in a local 
hospital. Immediate open reduction and internal fixation by plat-
ing of high-energy right tibial fracture with primary wound clo-
sure was performed. The wound after posttraumatic amputation 
of the right big toe was also primarily closed hermetically by 
sutures. The left distal tibial fracture was realigned and transar-
ticularly fixed using half-pins and wires. The wounds on the left 
leg after debridement were also primarily closed hermetically by 
sutures. Twenty-four hours later, he was referred to a Level 1 
Trauma Center due to signs of bilateral lower limbs ischemia.  

(a) Primary roentgenograms demonstrate bilateral tibial fractures 
with signs of metal foreign body; (b) roentgenogram after pri-
mary operation demonstrates fixation of the right tibial fracture in 
anatomical position using plating; (c) postoperative roentgeno-
gram and (d) CT-reconstruction after primary realignment and 
transarticular stabilization of the left tibial fracture using half-
pins and wires; (e, f) clinical photo of left lower limb on admis-
sion to Level 1 Trauma Center demonstrate fixation using 
transarticular half-pins, condition after circular burn injury, 
closed posttraumatic wound and sign of ischemia and skin necro-
sis; (g) clinical photo of right lower limb demonstrates condition 
after circular burn injury, closed posttraumatic leg and foot 

a b c d
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wounds, and sign of ischemia and skin necrosis; (h) thorough 
debridement and necrectomy of both legs was performed. The 
fracture of the left leg was stabilized using transankle hybrid 
external fixation frame. Note extensive skin and soft-tissue 
defects of both legs with uncovered left tibial plate; (i) postopera-
tive radiogram of the left leg demonstrates external fixation of 

realignment distal tibial fracture; (j, k) clinical appearance of the 
left leg 7 days later demonstrates extensive soft-tissue and bone 
necrosis; (l) additional debridement, necrectomy and bone resec-
tion was performed. Clinical appearance of the wound with 
severe soft and hard tissue defect; (m) acute shortening proce-
dure was performed to bring together bone ends and diminish 
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open wound; (n) radiological appearance after limb shortening 
and hybrid external fixation; (o) right lower limb below knee 
amputation was needed due to ischemic foot necrosis and septic 
condition; (p) clinical appearance after skin grafting of the post-
amputation stump left lower limb; (q–u) conversion to Ilizarov 
external fixation was performed on the left lower limb to achieve 
transankle stabilization needed for ankle arthrodesis; (v) stable 

fixation in the Ilizarov frame provides possibility of weight-bear-
ing loading to the single saved leg and early mobilization; (w, x) 
radiological pictures at 1 year follow up demonstrate shortened 
left leg with signs of ankle pseudoarthrosis; (y) At 1-year follow 
up, patient reported that ankle pseudoarthrosis was stable and 
pain free. Clinical picture demonstrates walking using short brace 
to left lower limb and prosthesis fitting to the right leg stump

q r s

t u

v w x y

Fig. 18.4 (continued)
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19.1  Introduction

Despite improvements in both orthopedic and vascular 
reconstructive surgery over the last 50 years, amputa-
tion is often the necessary treatment for severe combat 
extremity trauma. The current amputation rate of war-
related amputations is now twice that experienced by 
military personnel in previous wars [1, 2]. The rise in 
amputation rate is most likely due to the improvements 
made in soldiers’ protective equipment, which has 
decreased the ratio of killed to wounded from 1:4 in 
World War II, to 1:7 in today’s wars. Blast injury is the 
major form of severe injury in modern conflicts [3] 
(Fig. 19.1). Land mines, rocket-propelled grenades, 
bombs, artillery shells, and improvised explosive 
devices cause both lethal and nonlethal injuries. Sixty 
to seventy percent of nonlethal injuries are to the 
extremities [4].

The choice to perform an amputation is one of the 
most important and challenging decisions facing the 
military and civilian surgeon. Given our current geo-
political situation, it is very likely that surgeons will 
continue to be confronted with these complex patients. 
As a rule, making the difficult decision for amputation 

should not be seen as a failure of treatment but rather 
as a life-saving or function-preserving operation.

The following chapter will outline the evolving 
approach to this field of orthopedic trauma.

19.2  History

The history of amputation, as with war, is as old as the 
history of human kind.

Hippocrates, who stated that war was a “proper 
school for surgeons,” was one of the first to describe 
amputation. He recommended performing amputation 
within the insensate necrotic area of the extremity for 
the purpose of minimizing pain and bleeding [5]. In 
contrast, in the first century BCE, Celsus recommended 
amputation within the healthy part of the extremity, 
dividing the bone above the level of the soft tissue inci-
sion. He also advocated the usage of ligatures for the 
purpose of hemostasis [6].

The introduction of gunpowder in the thirteenth 
century and its later extensive use in the fifteenth and 
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Fig. 19.1 Lower extremity blast injury
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sixteenth centuries was a major turning point in battle-
field surgical procedures [7]. Open fractures and severe 
damage to the soft tissues were common, which neces-
sitated a more extensive surgical approach to amputa-
tion. In 1536, Ambroise Paré, a military surgeon [8], 
rediscovered Celsus’ principles: amputation through 
viable tissue and the use of the ligatures. While run-
ning out of boiling oil, which was used at that time for 
wound cauterization and sterilization, Paré learned that 
cold, not heat, is more beneficial for the control of 
wound bleeding. Pare is also credited with inventing 
artery forceps.

In 1588, William Cloves described the first success-
ful above-knee amputation and, in 1593, Fabry, in his 
monograph on gangrene, reported the first amputation 
through the thigh [8].

The introduction of Morel’s tourniquet in 1674 (the 
Spanish windlass) and Petit’s tourniquet in 1718 were 
significant steps in the control of hemorrhage and 
allowed for a better technique of amputation and the 
creation of more functional stumps.

The Napoleonic Wars led to further improvements 
in battlefield surgery. Jean Dominique de Larrey, of 
France, is considered one of the founders of military 
medicine. A legendary surgeon in Napoleon’s army, he 
designed horse-drawn carts called “flying ambulances” 
to carry surgeons and medical supplies into the field of 
battle. Larrey [9] and Guthrie of Great Britain advo-
cated early primary amputation. They found that early 
amputation was associated with a lower incidence of 
infection and less hemorrhage. Larrey, who was the 
first in 1803 to disarticulate the hip, amputated 200 
limbs and disarticulated 11 shoulders one night in 1812 
in the battle at Beresina River.

Another French surgeon, J. Lisfranc de St. Martin, 
in 1815 published a book on partial foot amputation. 
He also popularized the formation of flaps for better 
coverage of the amputation stump. In 1844, James 
Syme described ankle disarticulation.

The introduction of ether anesthesia in 1846 and the 
subsequent development of antiseptics led to more 
precise surgery and a lower risk of wound infection.

Nikolai Ivanovich Pirogoff (1801–1881), the most 
renowned military surgeon in Russian history, per-
formed hundreds of amputations during the Crimean 
War (1853–1856), in which France, the UK, the 
Kingdom of Sardinia, and the Ottoman Empire fought 
against Russia. The inability to provide ankle disarticu-
lation to his soldiers, who required Syme’s amputation 

(which he admired), led him to come up with what  
is known as the “Pirogoff amputation.” The Pirogoff 
amputation is a surgical salvage procedure for the com-
plex injuries of the forefoot, where there is considerable 
loss of the osseous and soft tissues. Part of calcaneus 
together with the fat pad is rotated and fused to the tib-
ial plafond, which allowed for a longer stump, elimi-
nated the need for below-knee amputations, and allowed 
for weight bearing. Pirogoff also introduced nurses on 
the battlefield and published the Atlas of Cross-sectional 
Anatomy based on sawed frozen sections.

During the American Civil War (1861–1865), the 
approach to amputations evolved further [10]. General 
anesthesia was available for the surgeons. There were 
nearly 55,000 amputations performed during the war. 
At the beginning of the war, surgeons learned, based 
on experience from the Napoleonic Crimean wars, that 
timing plays a crucial role in the outcome of amputa-
tions. Primary amputations were performed early after 
the initial injury, in crush injuries, gunshot fractures 
with extensive comminution, open fractures, partial or 
complete amputations, combinations of fracture and 
open joint injury, and fractures associated with nerve 
or vessel injury. An indication for secondary amputa-
tion was an infected wound. Later in the war, indica-
tions for amputations became more refined: gunshot 
fractures to the femur were not an indication for pri-
mary amputation and the use of splints helped to treat 
long bone fractures nonsurgically.

World War I (1914–1918) brought artillery into the 
battlefield, which caused over seven million deaths,  
19 million wounded, half a million amputations, and 
additional experience in the care of wounded soldiers. 
Fitzmaurice-Kelly [11] in 1916 reported on a method 
for skin incisions, which was made as distally as pos-
sible in order to allow it to retract with the subcutane-
ous tissue, while the muscle and bone were divided 
more proximally. This facilitated the preservation of 
the residual limb length and the prevention of infec-
tion and secondary hemorrhage. This procedure was 
called a “Guillotine” amputation, since the muscle and 
bone were cut at the same level. It was subsequently 
replaced with the construction of the flap which, after 
being left for some time, facilitated closure of the 
wound.

World War II (1939–1945) was plagued with heavy 
civilian casualties from massive aerial bombardments. 
The use of more modern medical support (blood and 
plasma transfusions and antibiotics) as well as surgical 
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advances (arterial repair), early evacuation, and better 
splinting made the salvage of many limbs possible.

While the mortality rates of the subsequent wars 
have significantly decreased, the amputation rate has 
remained high (~13%), which is quite likely due to 
more destructive weapons. In contrast to above-knee 
amputations carried out during WWI, below-knee 
amputations predominated during WWII.

Other important cornerstones in battlefield surgery 
include:

1873: Johannes Friedrich August von Esmarch •	
reported on a rubber bandage for use in bloodless 
and amputations.
1890: Girard and Jabouly reported the first success-•	
ful hindquarter amputation.
1920: Professor Janos Ertl of Hungary introduced •	
the osteomyoplastic technique and the flexible bone 
graft for both transfemoral and transtibial levels.
1943: Norman T. Kirk indicated that guillotine •	
amputations in a war setting should be performed  
as distally as possible, and revised later under 
calmer conditions.

Recent advances in the field of amputation, including 
improved debridement, bone stabilization, wound 
 coverage, and vascular reconstruction are based on 
experience with a vast number of combat casualties 
treated during the armed conflicts of the second half of 
the twentieth and the beginning of the twenty-first cen-
turies. These techniques combined with improved 
prostheses and rehabilitation programs have greatly 
improved the outcomes for amputees.

19.3  General Principles

19.3.1  Introduction

The general principles of trauma care, including rapid 
triage, transport, early stabilization, and definitive 
management, are similar in combat and civilian set-
tings. The differences arise in the number of casualties, 
mechanisms of injury, contingencies of combat, and 
distances to definitive care. In a civilian setting, trauma 
victims arrive in low numbers and are the victims of 
blunt or low-velocity penetrating trauma. Combat 
trauma care involves recurrent waves of multiple 

casualties caused by blast injuries as well as high-
velocity missile wounds from military assault rifles. In 
most cities, civilians are rarely more than 15-min from 
a definitive care center. In combat, definitive care can 
be more than 24 h away from the site of injury.

The differences in patient volume, degree of tissue 
destruction, and transportation time account for the 
higher number of amputations performed in combat. 
The incidence of amputation due to trauma in the 
 continental United States is 1.08 per 100,000 [12], 
compared to 14% of the orthopedic injuries in combat 
zones requiring amputation [13]. The primary concern 
is to save life over limb.

Combat extremity wounds are characterized by 
high-energy injury, extensive soft-tissue damage 
(Fig. 19.2), and prolonged injury to operation time. 
These factors lead to an increased risk of infection and 
inevitably higher amputation levels. A multidisci-
plinary approach to war injury is crucial in order to 
maximize functional rehabilitation.

19.3.2  Level of Care

The United States military utilizes a system of trauma 
management that is based on five echelons or levels of 
care [14]. Level I care is the immediate first aid that is 
initiated at the point of injury and is performed as self-
aid, buddy aid, or by combat lifesavers trained in wound 
care [15, 16]. The treatment is either definitive, in which 
case the injured soldier returns to duty, or triage to the 
next echelon of care. At this level, hemostasis, applica-
tion of a clean dressing, and extremity immobilization 
are the key principles. Transport to a Level II location is 
ideally performed in less than 1 h. Level II care has 
increased medical capabilities and is the first level at 

Fig. 19.2 Lower limb injury with extensive soft-tissue damage
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which basic life-saving surgical trauma/critical care is 
initiated. The Army Forward Surgical Team consists of 
twenty personnel, including one orthopedic surgeon, 
three general surgeons, and two nurse anesthetists [16]. 
The goal of the Level II echelon is patient stabilization 
through damage control surgery and transport to the 
Level III echelon within a 24-h period. A patient with 
major traumatic amputations is treated at this level. 
Level III echelon is the highest level of care available in 
the combat zone [15]. Here a patient is provided with 
further triage, all levels of surgical care, basic and inten-
sive postoperative care [16]. From Level III, the patient 
either returns to duty or is evacuated within 48–72 h to 
Level IV echelon care. The Level IV center is located at 
a military base outside the combat zone, but within the 
theater of war. All forms of medical care are available at 
the Level IV echelon. Level V echelon care occurs in 
US military teaching and research medical centers.

19.3.3  Medical Care

The extremity injuries are addressed after the patient’s 
airway, circulation, and breathing are managed accord-
ing to the ATLS protocol. In the case of exsanguinat-
ing hemorrhage from the extremities, hemostatsis with 
the use of tourniquets is the highest priority. The appro-
priate resuscitation is performed and the adequate anti-
biotics and tetanus toxoid are administered prior to 
wound management.

19.3.4  Blast Wound Amputation

The energy released in an explosion causes an excita-
tion of gas particles in turn leading to a blast wave, 
which travels between 3,000 and 8,000 m/s. The blast 
wave rapidly dissipates over distance and time [17], so 
that the further one is from the site of the explosion, 
the less likely one is to be injured. There are four cat-
egories of blast injury: (1) primary blast injury from 
the blast wave, (2) secondary injury due to shrapnel, 
(3) tertiary injury from blunt trauma, and (4) quater-
nary blast injury from burns, chemicals, or radiation 
[17]. Primary blast injury only occurs in the area 
immediately surrounding the explosion [18]. Traumatic 
amputations due to the shear and stress effects of the 
blast wave alone are rare [17] and are almost always 
associated with several other lethal injuries. More 
commonly, traumatic amputation results from second-
ary [18, 19] or tertiary blast injury. Land mine blasts 
create an “umbrella effect” (Fig. 19.3a, b) with the 
tearing of the soft tissues, stripping them off the bone, 
and extending proximally away from the visible site of 
the injury.

The principles of the treatment of a blast injury are 
immediate direct pressure at the site of the bleeding in 
order to control hemorrhage, followed by the rapid 
placement of a tourniquet above the site of the bleeding 
by the soldier or a squad mate [15, 16]. These maneu-
vers are life-saving, with 11% mortality rate verses 
24%, when a tourniquet is applied in the field as opposed 
to the emergency room [20]. Rapid evacuation from the 

a bFig. 19.3 (a, b) “Umbrella 
effect”
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battlefield to the field hospital with a Forward Surgical 
Team is mandatory [16]. Nonviable tissue is debrided at 
the field hospital. A guillotine amputation is performed 
if the limb is deemed unsalvageable. In the setting of a 
blast injury, determining the full extent of the tissue 
damage is difficult, if not impossible. A detailed physi-
cal examination and radiologic assessments are essen-
tial. Special attention should be paid to potential subtle 
vascular injuries. It has been shown that in the absence 
of vascular changes on physical examination, up to 
25% of the patients demonstrated positive findings on 
the angiography assessment [21]. Autologous grafts are 
recommended to reconstruct complex vascular injuries 
to minimize the risk of postoperative infection. 
Thorough debridement, even of small wounds, is essen-
tial to clean deep contamination and devitalized tissues. 
The wounds are left open and the patient returns to the 
OR in 24–48 h for a second inspection, further debride-
ment, and possible closure [22]. Immediate skeletal sta-
bilization and early soft-tissue coverage of exposed 
bone is essential [23]. There is a high risk of infection 
with blast injury. In the case of suicide bombings, trans-
mission of bacteria or viruses introduced by penetration 
of biological material contaminated with Hepatitis B or 
C into the patient’s extremity [24] or from the environ-
ment [25] has been reported.

19.3.5  Amputation in Crush Injury

Compression of the extremity may cause irreversible 
damage to the muscles with subsequent neurovascular 
compromise. The paucity of early local changes in the 
affected limb may be misleading. The crush syndrome 
may manifest with affected limb swelling, local red-
ness, skin pallor (Fig. 19.4) and pain with passive 
movement, parasthesia, and motor deficits. Clinically 
detectable vascular compromise may develop at the 
advanced stage of injury. Rhabdomyolysis (Fig. 19.5) 
may occur due to ischemic changes in the affected mus-
cles, which lead to muscle cell death [26]. If and when 
circulation is restored to the affected limb, the toxic by-
products of rhabdomyolysis can cause myoglobinuria 
(Fig. 19.6), with resultant renal failure, and hyper-
kalemia, which may cause fatal dysrhythmias. Medical 
treatment of the patient with a crush injury includes 
fluid resuscitation, treatment of electrolyte imbalance, 
and the prevention of renal failure. Alkalinization of the 

urine and serial serum electrolyte monitoring are 
recommended.

Crush injuries may present as compartment syn-
drome with or without associated skeletal injury. 

Fig. 19.4 Crush syndrome without 
violation of the soft-tissue envelope

Fig. 19.5 Rhabdomyolysis

Fig. 19.6 Myoglobinuria
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Circumferential dressings should be avoided as they 
may further compromise venous drainage and inflow. 
Limb elevation is not recommended since it may fur-
ther compromise muscle perfusion.

The treatment of crush injuries with closed frac-
tures is primarily conservative in an effort to avoid 
infection with the associated increased risk of death. 
External fixation has been successfully used for both 
unstable closed and open fractures [27].

Amputation in the setting of crush injury is consid-
ered in cases of severe soft-tissue damage, with or 
without fractures, and deteriorating renal, cardiorespi-
ratory function and sepsis. Amputation in this setting 
should be done promptly to reduce the risk of compli-
cations. The level of amputation in these patients is 
difficult to establish due to the appearance of the 
 tissues, and should be done is a staged fashion 
(Fig. 19.7a–d). All primary combat amputation wounds 
should be left open to avoid the risk of local infection 
or systemic sepsis.

19.3.6  Indications for Amputation

The ultimate goals of therapy for extremity wounds are 
preservation of life and maximizing extremity func-
tion. In this context, the decision-making process for 
the patient considered for amputation is based on mul-
tiple factors.

19.3.6.1  Patient Related

General Condition

Combat trauma care often involves treatment of a 
patient with multiple organ and multiple extremity 
injuries. When a patient presents, after suffering a trau-
matic injury with a threatened limb, factors such as the 
presence of hemodynamic and respiratory compromise 
and overwhelming sepsis must be considered not only 
in relation to the preservation or amputation of the 
affected extremity, but also the way the amputation is 
to be performed.

Local/Extremity Factors

Two main indications for amputation on the battlefield 
are:

1. Completion of the residual limb amputation
2. Irreparable major vascular injury

The Mangled Extremity: Complex injuries involving 
soft tissue, neurovascular structures, and the skeleton 
due to combat wounds are challenging due to exten-
sive tissue loss, prolonged ischemia, extensive con-
tamination, and the severity of the associated injuries. 
Two centuries ago, Larrey [28] defined the principle of 
the simplification of complex extremity wounds by 
amputation. Dramatic progress in the fields of vascular 
and reconstructive surgery now enables the salvage of 
extremities with devastating injuries. However, in the 
setting of a battlefield injury, wound simplification 
continues to have merit in selected cases. The principle 
of life over limb is paramount.

The mangled extremity of a blast injury brings limb 
salvage into the equation. Combined neurovascular, skel-
etal, and soft tissue loss presents the potential for limb 
loss [29]. Various scoring systems were developed dur-
ing the 1980s and 1990s by using variables such as age, 
mechanism of injury, shock, ischemia, and tissue dam-
age/loss, which attempted to provide an evidence-based 
approach to the decision of the reconstruction/salvage of 
the mangled extremity verses amputation [29–35]. The 
Mangled Extremity Score is the widest referenced sys-
tem to evaluate the mangled limb [31]. Bosse et al. per-
formed a prospective randomized trial on 556 patients 
with mangled lower extremities and demonstrated that 
none of the mangled extremity scoring systems could 
accurately predict limb loss [33]. Without further clinical 
data to guide the decision making, the clinical judgment 
of the practicing surgeon is required to decide on the 
long course of limb salvage versus amputation.

19.3.6.2  Surgeon and Facility Related

The surgeon’s skills, level of the facility where the sur-
gical care is provided, and the ancillary services are 
among the factors that will determine the surgical 
approach and outcome.
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Fig. 19.7 Staged below the knee amputation in the case of 
crush syndrome. (a) The wound undergoes an initial debride-
ment  with hemostasis. (b) On take back to the operating room, 
the stump is revised to allow for formal below knee amputation. 
(c) The wound is dressed with a sterile, non adhesive dressing 

(Xeroform™ Petrolium Patrolatum Gauze), which conforms to 
the wound and its edges that are approximated with synthetic 
monofilament nonabsorbable polypropylene suture. (d) The 
wound is then closed 3 to 5 days later in delayed primary closure 
fashion to decrease potential infection
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19.3.7  Determination of the Level  
of Amputation

The following are the factors to be considered when 
deciding at what level to perform a lower extremity 
amputation:

1. It should be carried out at the level of viable tis-
sues. In the acute setting, skin vascularity may be  
assessed by a trial skin incision [14]. Most of the 
time, the decision of the level of the amputation is 
based on clinical factors: skin color and tempera-
ture, presence of peripheral pulses, extent of the 
skeletal damage, and gross infection. When defin-
itive amputation is performed in a delayed fash-
ion, other diagnostic modalities, such as Ankle/
Brachial index, Transcutaneous PO2 measure-
ments [36], Arterial Doppler studies, Xenon 133, 
laser Doppler, and thermography, have been used 
to predict the healing potential of the amputation 
wound.

2. Bone cutting is carried out in consideration of the 
soft-tissue coverage, so that when the closure of 
the wound is performed, the skin is not under 
tension.

3. The weight-bearing area of the residual limb should 
be sensate and actively controlled.

4. Scars should not be located in the weight-bearing 
areas of the residual limb.

5. Avoidance of significant flexion contractures should 
be taken into account.

When an amputation is performed above the ankle, the 
below knee transtibial amputation is considered to be 
the more effective than transfemoral amputations. 
Below knee amputation preserve the knee joint, 
decrease oxygen consumption [37], and reduced peri-
operative mortality [38].

Attempts should always be made to preserve the 
lower limb at the lowest possible level. The shortest 
length for below-knee amputation should be at the 
level of the tibial tubercle to allow preservation of the 
extensor knee mechanism. When performing defini-
tive closure of the amputation, better stump shape and 
easier prosthetic fit are achieved with a residual tibial 
length of 15 cm or less [39, 40].

19.4  Surgical Technique

19.4.1  General

The decision to perform an amputation is made to save 
the patient’s life or preserve extremity function.

In the ideal situation, a multidisciplinary team is avail-
able to carry out the initial and later stages of amputation 
care while the most experienced surgeon performs the 
surgery. In a combat setting, the surgeon must don the 
mantle of general orthopedist and take care of the patient 
to the best of the surgeon’s and facility’s abilities.

The surgical management of the extremity is carried 
out in a staged fashion after the initial airway and breath-
ing are secured. The following steps are to be followed.

19.4.1.1  Hemostasis

If significant bleeding is encountered, immediate direct 
pressure at the site of the bleeding is applied in order to 
control the hemorrhage. This is followed by the rapid 
placement of a tourniquet above the site of the bleeding. 
The use of a tourniquet is necessary to ensure that the 
amputation is not compromised. The Combat Application 
Tourniquet System (CATS) used in the prehospital set-
ting by the US Army has improved survival by 23% 
relative to application in the Emergency Department 
[41, 42]. A sterile hemostatic dressing is then applied.

19.4.1.2  Secondary Examination

A secondary examination is then performed to exclude 
other injuries. A careful examination of the neurovas-
cular function, bone, and soft tissues of the injured 
extremity is essential. If an X-ray assessment is possi-
ble, it is performed in order to evaluate the integrity of 
the bone and the presence of foreign bodies, especially 
in the case of blast injuries.

19.4.2  Wound Care

If the mechanism of injury is due to a blast, the strategy of 
the wound care is based on the preservation of all viable 
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tissues, since the exact level of the soft tissue damage is 
not possible to assess in the immediate postinjury setting. 
The Open Length Preserving Amputation (in the past 
Open Circular Amputation) [43] does not preserve length 
[44] and might be challenging as far as residual limb 
healing and rehabilitation are concerned. Early aggres-
sive debridement, usually within 2 h, is performed with a 
skin incision made as distal as possible through the skin 
and fascia. All viable tissue is preserved for use during 
definitive reconstruction if, and when, needed. The next 
debridement is performed within 48–72 h and repeated 
again as needed. The definitive soft-tissue flaps are fash-
ioned in the later stages, since the degree of soft-tissue 
viability is difficult to assess at the initial stage. After the 
initial debridement, the wound is not closed primarily but 
rather covered with a sterile dressing or negative pressure 
dressing, such as vacuum-assisted closure (VAC; Kinetic 
Concepts, San Antonio, TX), if available. Fasciotomy 
and revascularization, if needed, using shunts or defini-
tive vascular reconstruction, as well as skeletal stabiliza-
tion with either internal or external fixation, are carried 
out based on the level of care available. Skin traction, 
used in the past to prevent skin retraction (Fig. 19.8), and 
transportation casts [44], are no longer commonly used 
because of improvements in wound management and 
transportation times. Various soft-tissue coverage tech-
niques, including local flaps [45–50], free tissue transfer 
[51–53], and split-thickness skin grafts [54, 55], have 
been used successfully. Multiple operative debridement 
is the rule prior to definitive delayed wound closure.

19.4.3  Below-Knee Amputation

This is the most common type of amputation, both on 
the battlefield and in civilian life. Blast, mainly from a 
land mine or booby trap, is one of the most common 
mechanisms.

A transtibial amputation can be performed in the 
presence of [54]:

1. A functional knee joint with no more than 20° loss 
of extension

2. A proximal tibia with a patellar tendon attachment
3. An adequate soft-tissue envelope with the mobile 

muscle covering distal end of residual limb
4. Full-thickness skin covering load transfer areas

Anesthesia: General anesthesia is the anesthetic of 
choice. In rare circumstances, amputation can be per-
formed under local anesthetic field block combined 
with local anesthetic infiltration of the tibial nerve.

Amputation Technique: Because of the nature of 
the battlefield, and wounds caused by blast injury, a 
guillotine amputation is commonly used. This means 
that amputation will be carried out in stages, with a 
secondary closure following the initial formation of 
the amputation stump. Only after serial wound debri-
dements is the amputation stump closed.

General Principles of the Below-Knee Amputation 
Technique: No matter what type of amputation is per-
formed, the skin flaps must be created with enough 
length to avoid closure under the tension (Fig. 19.9a, b).

A muscular cut is made approximately 5 cm distal to 
the bone transection, which allows for the appropriate 
padding or bone coverage and myoplasty (suturing mus-
cle, fascia to the anterior tibial cortex, via either periosteal 
layer or drilling holes through the cortex of the tibia for 
suture placement). By creating a myodesis effect (where 
the antagonistic muscles and fascia groups are sutured 
together), the triceps surae retraction risk is minimized.

No redundant soft tissue, neither “dog ears,” nor 
crevices are created at the final closure of the wound.

The skin should not adhere to the underlying bone, 
and there will preferably be no scar formation in the 
areas of the prosthesis contact.

A bone cut is made with either a cooled power saw 
or Gigli saw. An approximately 45° bevel is made in 
the anterior tibial cortex and the cortical edges are 
smoothly contoured by using a bone file to prevent 
skin breakdown with prosthetic use. No periosteum is 
striped off the bone. No periosteum should be removed 
in order to prevent the formation of ring sequestra or 
bone overgrowth.

A fibular cut was traditionally made approximately 
1 cm proximally to the tibial cut with proximo-laterally 

Fig. 19.8 Skin traction
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facing facet. The creation of distal tibiofibular bridging 
may require this approach to be changed.

Level of Amputation: The level of amputation is 
determined mainly by the extent of the soft-tissue 
injury. All reasonable attempts should be made to save 
tibial tubercle, so that active knee motion will be pos-
sible. Modern prostheses take advantage of the longer 
residual limb.

In some instances, when the proximal tibial fragment 
is short and/or there is soft-tissue deficiency to cover the 

distal stump, osteoperiosteal grafts that have been har-
vested from the removed limb can be used in the case of 
primary amputations. An unstable proximal tibiofibular 
joint in the case of a short residual limb can lead to the 
lateral displacement of the fibula due to the pull of the 
biceps femoris, which may cause prosthesis wear diffi-
culties. This is addressed by the arthrodesis of the proxi-
mal tibiofibular joint. Another way of creating a more 
sturdy and even “end-bearing” stump is by making a 
distal synostosis between tibia and fibula, which is a 
technique modernized and popularized by Ertl [56], 
Dederich [57], and others [58, 59]. In recent years, the 
“Ertl’s technique” has gained more popularity mainly 
due to the stable weight-bearing platform that it creates.

The major blood vessels are dissected and separately 
ligated by using double-ties in order to prevent the 
development of arteriovenous fistulas and aneurysms.

Tibial, superficial peroneal, deep peroneal, saphen-
ous, and sural nerves should be transected 3–5 cm 
proximal to the level of amputation. The nerve ends are 
often injected with long-lasting  anesthetics to reduce 
postoperative pain (Fig. 19.10). If the tibial nerve has 
bleeding vasa nervorum, it should be cauterized.

Prior to wound closure or the application of the 
dressing, the tourniquet is taken down and hemostasis 
is performed. The wound is irrigated with an irrigation 
solution of choice. A drain is placed for the prevention 
of hematoma. We use nylon #3.0 or #2.0 sutures in 

b

a

Fig. 19.9 (a, b) Below knee amputation flaps

Fig. 19.10 Injection of tibial nerve with long-lasting anesthetic
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order to close the skin layer (Fig. 19.11a, b). After a 
sterile dressing is applied, the extremity is placed in 
plaster splints in extension, making sure that the patella 
is free of pressure. The dressing and splint are changed 
between 2 and 10 days following surgery based on the 
condition of the wound at the time of closure.

19.4.3.1  Postoperative Management

As soon as the wound condition permits, a rigid light 
dressing is applied up to the mid-thigh while keeping 
the knee in extension. Adequate pain management is 
of major importance and a multidisciplinary team is 
needed to provide the comprehensive care. For more 
specific types of flaps and types of amputations, we 
recommend the Atlas of Amputations and Limb 
Deficiencies: Surgical, Prosthetic, and Rehabilitation 
Principles, ed. 3 AAOS [10].

19.4.4  Knee Disarticulation

Superior weight-bearing properties and better energy 
consumption favor knee disarticulation compared to 

above-knee amputations. However, difficulties with 
soft-tissue coverage make this type of amputation 
challenging. More proximal re-amputation is often 
required. Different surgical techniques [54, 55, 60–62] 
addressed the size and shape of the amputation stump 
and its coverage, so that an appropriate prosthesis 
can be used. This procedure is not used as often as 
transfemoral amputation due to inability to cover the 
distal femur with sufficient soft tissue. For this rea-
son, the muscle-balanced transfemoral amputation is 
preferred.

19.4.5  Above-Knee (Transfemoral) 
Amputation

This is the second most common type of amputation 
on the battlefield (Fig. 19.12a–c).

When the extent of the injury to the bone and soft 
tissues below the knee is so severe that it is impos-
sible to reconstruct the residual limb, an above-knee 
transfemoral amputation is indicated. The velocity and 
cadence of the gait and increased energy expenditure 
make this type of amputation inferior to more distal 
amputations.

a b

Fig. 19.11 Skin closure and 
cast with knee in extension. 
(a) The skin is closed with 
monofilament, interrupted 
sutures and then (b) casted 
with the knee in extension to 
prevent joint contracture
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19.4.5.1  Level of Amputation

Preservation of maximal residual length is impor-
tant for optimal prosthesis fit and function. If a more 
proximal amputation is required, the trochanteric part 
of the bone is saved to enable a better prosthetic fit. 
Muscle atrophy in a transfemoral amputation is a 
common occurrence and is related to both the residual 

limb length [63, 64] and the quality of the muscle 
stabilization [65]. The preservation of adductor mag-
nus is important to maintain adduction strength and 
muscular balance. The myodesis and myoplasty of the 
adductor muscle are performed keeping the appropri-
ate muscle tension. This is carried out by reattach-
ing the adductor magnus to the lateral femoral cortex 
(Fig. 19.13a–h).

a

c

b

Fig. 19.12 Above-knee (transfemoral) amputation. (a) The 
fish-mouth skin flaps and bone amputation level are marked, 
lateral view. (b) Schematic of the above knee amputation after 
amputation.  Note the bone is  shorter than the skin and muscle 

flaps with the apex of the skin and underlying soft tissie just 
distal to the bone cut, and that each individual named large 
vessel and nerve have been ligated. (c) In vivo above-knee 
amputation
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a

c d

b

Fig. 19.13 Re-attachment of the adductor magnus to the lateral 
femoral cortex. (a) Schematic of the final re-attachment of the 
adductor magnus to the lateral femoral cortex to allow for adduc-
tion of the femur post amputation. (b, c, d) Adductor magnus is 
immobilised and is gradually pulled over the amputated end of 

the femur. (e, f) Holes are drilled through the lateral femoral 
cortex to facilitate attachment of the adductor magnus. (g) The 
wound is closed in layers with absorbable suture deep and mono-
filament, interrupted sutures for the skin. (h) The wound is then 
dressed with fluffs and wrapped snugly in an elastic bandage
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e

g h

f

Fig. 19.13 (continued)
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19.4.5.2  Amputation Technique

As in a transtibial amputation, the surgical approach is 
staged: after the initial surgery, the wound is left open 
and is definitively closed only when the soft-tissue 
conditions permit [66]. The staged approach mini-
mizes the risk of infection and allows for a more planed 
reconstructive closure.

If the femoral shaft is fractured, it should be fixed 
prior to the final closure.

The patient is positioned supine and the hip is flexed 
while supporting the thigh with a rolled sterile blanket.

A tourniquet is used, but is deflated prior to the  
final soft-tissue closure in order to assure proper 
hemostasis.

A skin cut is performed in a way that no suture line 
and corresponding healing scar are placed at the distal 
end of the stump, which may interfere with the pros-
thesis use. The subcutaneous dissection is minimized 
to preserve perforating the fascial blood vessels.

Major blood vessels are dissected in the femoral 
canal and ligated with double ties and cut at the level 
of the bone section. The sciatic nerve is dissected and 
if bleeding from the central vasa nervorum is encoun-
tered, it is either cauterized or ligated together with 
nerve as far as proximal as possible. Infiltrating the 
sciatic nerve with a long-acting local anesthetic may 
minimize postoperative pain [67]. Smaller nerves are 
dissected and cut proximal to the bone cut.

Muscles: The quadriceps femoris is cut at the tendi-
nous portion just above the patella, and the adductus 
magnus is detached from the adduction tubercle and, if 
needed, from the linea aspera in order to allow for its 
transfer to the lateral cortex of the femur where it is 
anchored under slight tension. Hamstrings and poste-
rior muscles are divided slightly distal to the bone sec-
tion, while the tensor fascia is cut at the level of the 
bone section.

The bone edges are smoothened with a rasp and the 
wound is well irrigated after the tourniquet is deflated 
and final hemostasis is performed.

The quadriceps are then wrapped around the distal 
femur and sutured posteriorly to the posterior deep 
fascia.

A drain is placed under the muscle flaps and brought 
lateral and proximal to the planned site of skin closure.

We prefer to close the wound in layers. After the 
deep layer of tissue is addressed in the above-described 
reconstructive way, the subcutaneous layer is closed 

by using interrupted absorbable no. 2.0 sutures. The 
skin is closed by using no. 2.0 or 3.0 nylon sutures.

A sterile dressing is then applied. While a variety of 
dressings are available, we prefer to use semirigid 
dressing, utilizing a heavy plaster splint, which mini-
mizes hip flexion and helps control swelling. The 
sutures are removed 2–3 weeks after the surgery. 
Temporary prosthesis fitting is carried out 5–8 weeks 
after the amputation.

19.4.6  Hip Disarticulation

In a battlefield setting, this procedure can be required 
in case of a life-threatening hemorrhage or infection. 
It is usually performed in the regional center by a 
well-experienced and skilled team. For more detailed 
coverage of this particular subject, we recommend 
the Atlas of Amputations and Limb Deficiencies: 
Surgical, Pros thetic, and Rehabilitation Principles, 
ed. 3 AAOS [10].

19.5  Complications

Hemorrhage and infection are complications common 
to all operations. Amputations also have certain unique 
complications.

19.5.1  Early Complications

The early complications of amputation are delayed 
hemorrhage, skin flap breakdown, and infection [68].

19.5.1.1  Delayed Hemorrhage

Postoperative bleeding at the stump site occurs due to 
a missed vessel, which retracts into the surrounding 
tissues, vasospasm, or failed suture ligation of arteries. 
When postoperative bleeding is noted it is imperative 
to remove the dressing in order to visualize and suture 
the bleeding vessel. The wrong decision is to reinforce 
the dressing, which only serves to cover the offending 
vessel.
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19.5.1.2  Skin Flap Breakdown

Skin flap breakdown is due to technical error or poor 
blood flow to the flap (Fig. 19.14). The technical errors 
include closing the stump under tension, aggressive 
handling of skin edges with instruments, and excessive 
use of the cautery device when achieving hemostasis. 
To avoid technical errors when performing definitive 
amputations (as opposed to a guillotine amputation), 
great care must be taken to plan the incision to allow 
for adequate skin flaps and to close the wound in mul-
tiple layers of absorbable suture to minimize tension at 
the skin level. Please refer to the section on amputation 
technique for a description of the process. In young 
trauma patients, such as those who suffer devastating 
extremity injuries in war zones, perfusion to the skin is 
rarely a challenge, but in elderly patients who undergo 
amputation for peripheral vascular disease, crush injury 
to the skin with aggressive use of instruments leads to 
necrosis at the approximated skin edges. Minimal or 
no use of forceps on the skin edges will help avoid this 

complication. Excessive cauterization near the wound 
edges causes focal areas of necrosis, which lead to skin 
breakdown. A lack of adequate skin coverage is at 
times a problem when trying to salvage a below-knee 
amputation. Microvascular techniques are available 
that allow for myocutaneous free flap coverage of the 
distal tibia, which allow for adequate tissue coverage 
to avoid revision to an above-knee amputation [69].

19.5.1.3  Infection

Early surgical infection is a risk in all blast amputation 
wounds (Fig. 19.15). Gas gangrene and necrotizing 
fasciitis are dreaded complications. Gas gangrene is 
caused by the alpha-toxin produced by Clostridium 
perfringens. The alpha-toxin has been identified as 
phospholipase C and confers the virulence to C. per-
fringens [70]. Diagnosis is by physical examination 
noting subcutaneous crepitus, possible blister forma-
tion, and systemic signs of sepsis. The treatment of gas 
gangrene is intravenous antibiotics, penicillin and clin-
damycin, and surgical debridement [71].

Fig. 19.15 Infected open amputation stumpFig. 19.14 Skin breakdown
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19.5.2  Late Complications

The late complications of an amputation include stump 
instability, ulceration, neuroma, heterotopic ossifica-
tion, phantom limb pain, and contractures.

19.5.2.1  Stump Instability

Stump instability is due to an excess amount of muscle 
tissue left at the weight-bearing surface of the stump. 
The excess muscle acts as an unstable platform within 
the prosthesis, ultimately decreasing the utility of the 
prosthesis. Management of this complication is surgi-
cal excision of the excess muscle tissue followed by a 
repeat course of rehabilitation and prosthesis fitting.

19.5.2.2  Ulceration

Ulceration after surgery is a result of pressure on the 
skin at the stump from either immobility or from pres-
sure in the prosthesis. Immobility pressure ulcers are 
usually the result of being bed-bound. The posterior 
aspect of the stump ulcerates due to constant pressure. 
This may be avoided by floating the stump off the bed 
on pillows. Other methods to avoid immobility pres-
sure ulcers include specialized pressure-relieving mat-
tresses and adjusting the position of the bed every 2 h. 
Prosthesis pressure ulcers occur because (1) changing 
of the size of the stump over time and (2) lack of ade-
quate tissue to cushion the tibia.

19.5.2.3  Neuroma

Neuroma formation after amputation is a debilitating 
complication that may prevent the patient from achieving 
maximum mobility [72]. The initial therapy is neuroma 
prevention, which is achieved through careful surgical 
technique and avoiding excessive stretch of the nerve and 
use of electrocautery on the nerve itself. The treatment of 
neuroma formation is a surgical excision or ultrasound-
guided regional nerve blockade. Ultrasound-guided 
peripheral nerve blockade with bupivicaine and methyl-
prednisolone has been described with good results [73].

19.5.2.4  Heterotopic Ossification

Heterotopic bone formation is a well-described phe-
nomenon that causes pain in the amputated limb [74]. 
The first descriptions of heterotopic osseous forma-
tion are from the American Civil War [75]. The pres-
ence of heterotopic bone in the adult population has 
been brought to the fore by the wars in Iraq and 
Afghanistan. In one study, 64% of those patients who 
underwent an amputation for high-energy trauma 
developed heterotopic ossification [76]. Heterotopic 
bone formation may cause stump breakdown by caus-
ing pressure ulceration within the prosthesis. The 
treatment of heterotopic bone includes rest, refitting 
of stump sleeve, and ultimately excision of the het-
erotopic bone.

19.5.2.5  Phantom Limb Pain

Phantom limb pain for greater than 6 months occurs 
in up to 65% of all patients who undergo an amputa-
tion. At 2 years, phantom pain was present in 59% of 
patients [77]. In patients with existing pain, the limb 
pre-amputation has been found to have a higher inci-
dence of postoperative phantom limb pain [77]. Fifty 
to eighty percent of American servicement requiring 
amputation due to war-related injuries experience 
phantom limb pain [78]. A novel treatment approach 
is the use of Mirror Visual Feedback therapy, which 
works to “shrink” the size of the phantom limb and 
ultimately the pain associated with the amputated 
limb [79].

19.5.2.6  Contractures

Contractures after an amputation are due to improper 
surgical technique leading to a muscular imbalance in 
the patient’s stump, a lack of proper fixation of the 
extremity in extension during the initial postoperative 
phase, and/or a lack of adequate physical therapy and 
rehabilitation. Contractures are a severe problem 
because inability to fit the prosthesis may make it 
impossible to walk. A maximum of 20° angulation is 
allowed to achieve ambulation with below-knee 
prosthesis.
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19.6  Conclusion

The functional outcome following amputation is 
affected by the severity of injury, the quality of medi-
cal, surgical, rehabilitation, and prosthetic care, as well 
as psychological and social services support.

Choosing an amputation over a limb-sparing proce-
dure should not be considered a failure of treatment, 
but rather a reconstructive operation. For many severe 
extremity injuries, it is the most cost-effective method 
to rapidly return the patient to an active and productive 
life. If possible, the patient or the family should be 
involved in the decision to amputate.

The increased incidence of devastating extremity 
injuries due to high-velocity missile and blast injury 
and the widespread use of body armor mandate the 
continuing use of amputation in the management of 
combat casualties. Aggressive debridement and care-
ful attention to detail during the definitive amputation 
revision optimize the chances for successful 
rehabilitation.
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20.1  Introduction

Battlefield injuries, high-speed accidents, and work 
mishaps may cause fractures of the lower extremities. 
A limb with a fractured bone leads to significant dis-
ability. Generally, this disability is temporary and ends 
when fracture union is achieved. Delayed union or 
nonunion, however, may occur significantly more 
often after high-energy trauma, infection, or multidi-
rectional deformity [16]. Bone is the only tissue that 
can heal without scar formation. Bone fractures initi-
ate a complex interdependent sequence of events, 
including inflammation (the cellular and vascular 
response to injury), repair (the replacement of dam-
aged or necrotic tissue by cell proliferation and synthe-
sis of new matrix), and remodeling (the reshaping, 
internal reorganization, and replacement of repair tis-
sue) [23]. Knowledge of normal bone healing and the 
reasons for nonunion may help the surgeon to better 
plan the management of this complication. The lack of 
a normal healing process during the inflammation 
phase leads to an atrophic nonunion, or to a hypertro-
phic nonunion, if it occurs during the bone healing 
repair phase.

A fractured bone needs mechanical stability, bio-
logical sufficiency, and contact between properly 

aligned fragments for healing to occur. Bone defects or 
severe displacement of the fragments, infection, insuf-
ficient local blood supply, usage of steroids and non-
steroid anti-inflammatories [10], radiotherapy, soft 
tissue problems, and atrophic muscles and contractures 
may negatively impact the healing process.

Delayed union is a term used for a fracture that has 
not united within a period of time that is considered 
adequate for bone healing; the union is slow but will 
eventually occur without additional surgical or nonsur-
gical interventions. Thus, delayed union is mainly a 
clinical diagnosis [26]. According to the FDA, a diag-
nosis of nonunion may be established “when a mini-
mum of 9 months has elapsed since injury and the 
fracture shows no visible progressive signs of healing 
for 3 months.” The time frame, however, is different 
for different fractures. A fracture of the tibial shaft is 
not considered a nonunion until at least 9 months, 
while a fracture of the femoral neck can be defined as 
a nonunion after just 3 months. Tibial diaphyseal frac-
tures that do not exhibit a bridging callus sufficient to 
achieve clinical stability by 16 weeks are considered to 
be delayed union fractures [46]. On the other hand, 
nonunion refers to a fracture that will not unite without 
additional surgical or nonsurgical intervention (usually 
by 6–9 months). Of the long bones, the tibia is the most 
common site for nonunion development.

20.2  Classification

The most widely used classification is the Weber–Cech 
system [44] (Figs. 20.1 and 20.2). The nonunion is 
classified according to the radiographic appearance, 
which correlates with the fracture biology.
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Hypertrophic nonunions are characterized by abun-•	
dant callus formation. These nonunions are hyper-
vascular and offer excellent healing potential, given 
the right environment (Fig. 20.3, right). They result 
from insufficient mechanical stability. Hypervascular 

nonunions are subdivided into three forms: “ele-
phant foot,” “horse hoof,” and oligotrophic 
(Fig. 20.1). Elephant foot nonunions are hypertro-
phic and rich in callus, and result from insecure 
fixation, insufficient immobilization, or premature 
weight bearing. Horse hoof nonunions are mildly 
hypertrophic and poor in callus, and result from 
unstable osteosynthesis. Oligotrophic nonunions 
are not hypertrophic but are vascular with no callus, 
and result from distraction of the bony fragments.
Atrophic nonunions are characterized by an absence •	
of callus and atrophic bone ends, which may be 
tapered and osteopenic or sclerotic (Fig. 20.3, left). 
Bone vascularity is deficient and the bone suffers 
from poor healing potential. If there is a fibrous 
capsule around a freely mobile nonunion, filled 
with a viscous fluid and creating the appearance of 
a joint, then it is referred to as a pseudarthrosis. 
Atrophic nonunions result from insufficient blood 
supply to the bone fragments. Reed et al. showed 
that the number of blood vessels in atrophic non-
unions reaches the same level as in healing bone but 
at a later time-point. Diminished vascularity within 

Fig. 20.1 Vascular nonunions according to the Weber–Cech 
classification: “elephant foot,” “horse hoof,” and oligotrophic 
nonunion (from left to right)

Fig. 20.2 Avascular nonunions according to the Weber–Cech 
classification: torsion wedge, comminuted, defect, and atrophic 
nonunion (from left to right)

Fig. 20.3 A patient x-ray showing atrophic nonunion of the 
tibia (left). Another patient x-ray exhibiting hypertrophic non-
union of the femur (right)
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the first 3 weeks, but not at a later time-point, may 
prevent fractures from uniting [33].
Normotrophic nonunions share the characteristics •	
of both atrophic and hypertrophic nonunions. The 
bone ends exhibit moderate healing potential.

Ilizarov classified nonunions into two categories: lax 
and stiff. Lax nonunions have radiologically apparent 

atrophic bone ends, they exhibit pathological move-
ment at more than 7°, and they exhibit shortening of 
more than 2 cm. On the other hand, stiff nonunions fea-
ture hypertrophic bone ends, pathological movement of 
less than 7° and shortening of less than 2 cm [40].

Another recent classification for tibial nonunions 
was described by Paley and Herzenberg in terms of 
clinical mobility, which roughly correlates with the 
three categories of the Weber–Cech classification 
(Fig. 20.4). Although initially described only for tib-
ial nonunions, this classification may be applied to 
nonunions of other bones. In this classification, there 
are two major types: Type A – a bone defect of less 
than 1 cm; and Type B – a bone defect of more than 
1 cm.

A1: Lax (mobile) (Fig. 20.5)
A2: Stiff (nonmobile)

A2-1: No deformity
A2-2: Fixed deformity

B1: Bone defect, no shortening
B2: Shortening, no bone defect
B3: Bone defect and shortening

20.3  Evaluation

20.3.1  Clinical Evaluation

Clinical evaluation of the nonunited segment includes 
an inspection for gross deformity, overall alignment, 
venous stasis, and lymphedema. In segments with 
signs of local malnutrition, an arteriogram is advis-
able. A complete neurovascular examination must be 
carried out documenting the peripheric pulse status. 
The motor function and the sensitivity of the skin of 
the affected limb are checked, and an electromyogra-
phy must be obtained in cases with positive results. 
Limb-length discrepancy should be checked via spino-
malleolar measurement. In ambulatory patients, the 
gait pattern should be documented. The skin should be 
inspected for the presence, location, and healing status 
of previous wounds and incisions (Fig. 20.6). Pain and 
motion produced by the manual stress test applied to 
the nonunion site and any contracture at the adjacent 
joints should be checked and documented. Photographic 
documentation is also very useful for treatment plan-
ning (Fig. 20.7).

Fig. 20.4 Tibial nonunion classification described by Paley: 
Lax (A1), stiff without deformity (A2-1) and stiff with fixed 
deformity (A2-2) (upper row, from left to right). Bone defect 
without shortening (B1), shortening without bone defect (B2), 
and bone defect with shortening (B3) (lower row from left 
to right)
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Fig. 20.5 A patient with 
a lax humeral nonunion

Fig. 20.6 A patient’s tibia with scars from previous injury and 
surgery

Fig. 20.7 A patient’s clinical 
picture showing the deformity 
and shortening
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20.3.2  Radiologic Evaluation

True anteroposterior and lateral x-rays of the affected 
limb segment must first be obtained. The image should 
be perpendicular to the long axis of the segment. An 
orthoroentgenogram is useful to document and mea-
sure limb-length discrepancy and deformity (Fig. 20.8). 
In subtle nonunions, a computerized tomography (CT) 
scan will be helpful for the diagnosis (Fig. 20.9). If 
hardware causes the interpretation to be difficult, then 
plain tomography may be helpful. Bone scanning will 
identify increased uptake in viable nonunions but 
decreased uptake in nonviable nonunions. Synovial 
pseudarthrosis typically appears as a cold spot on bone 
scans. Indium-labeled leukocyte scanning may help 
to distinguish between infected and noninfected non-
unions [7, 23]. If there is a sinus tract, a sinogram will 
help to determine whether it communicates with the 
nonunion site. A magnetic resonance imaging study is 
most helpful to show the presence of osteomyelitis 
and the status of the ligaments at adjacent joints.

Ultrasonographic evaluation of callus formation is 
a useful alternative technique when an abnormal heal-
ing process is encountered. It allows for the evalua-
tion of bone formation during the first 4 weeks, during 
which radiograms are not appropriate for this pur-
pose. Because the ultrasonographic exam does not 
involve radiation, it can be repeated often and 

routinely [30]. Application and interpretation of the 
resulting ultrasonography, however, may be challeng-
ing in the presence of metallic implants or external 
fixators.

20.3.3  Laboratory Studies

Total blood count, erythrocyte sedimentation rate, and 
quantitative CRP levels should be routinely monitored. 
These parameters may help assess the healing process 
of the patient. Additionally, total protein and albumin 
levels are checked to evaluate the nutritional status of 
the patient. Patients with low albumin and lymphocyte 
levels may need parenteral nutritional aids in addition 
to a high protein and high calorie diet.

20.4  Treatment

The process and outcome of bone repair is determined 
by the magnitude and interaction of the anabolic (bone-
forming) and catabolic (bone-resorbing) responses 
[21]. Prior to injury, most anabolic and catabolic 
responses are very subtle in normal homeostatic states; 

Fig. 20.8 Orthoroentgenogram of 
a patient with a femoral nonunion, 
causing deformity and shortening

Fig. 20.9 A CT scan of the femur, showing nonunion after 
intramedullary nailing



360360 M. Kocaoglu and F.E. Bilen 

however, when a fracture occurs, there is an appropri-
ate inflammatory response in the bone and surrounding 
tissues, followed by cellular recruitment and prolifera-
tion. The anabolic phase precedes and dominates the 
catabolic removal of unwanted tissue and bone resorp-
tion associated with subsequent remodeling. Anabolic 
treatments can be mechanical (e.g., distraction osteo-
genesis, ultrasound), biological or pharmacological 
(e.g., bone morphogenetic proteins, parathyroid hor-
mone), graft based (e.g., autologous bone graft, 
allograft), and cell based (e.g., bone marrow or mesen-
chymal stem cells, platelets, gene therapy). Anti-
catabolic treatments are usually pharmacological, for 
example, the administration of bisphosphonates to 
inhibit resorption of osteoclasts. Mechanical stimuli 
may also decrease catabolism by reducing stress shield-
ing, as with the dynamization of external fixators.

As the treatment period is long, for a successful 
outcome in the treatment of complex nonunions, there 
should be a team consisting of a surgeon, a clinical 
nurse, a physical therapist, a radiologist, and a micro-
biologist. This is of paramount importance, especially 
if an external fixator and its combined techniques are 
used. In such cases, the patient himself/herself must  
be included in the team because he/she will play an 
active role, such as overseeing care of the frame and 
the pin site [24].

Early referral to a tertiary center is recommended, 
since this may reduce the morbidity and duration of 
time off work for some patients [29].

20.4.1  External Fixation Modalities

Ilizarov asserted that distraction alone may be a potent 
stimulus, at least for nonunions of the hypertrophic 
type. This assertion has been confirmed in the litera-
ture [24, 38]. It is possible to achieve stable fixation 
with the Ilizarov frame, even in the presence of 
osteopenia or bone defects. Unless there is infection, 
exposure of the nonunion site is often not required, 
except for implant removal.

20.4.1.1  Monofocal Distraction

Monofocal distraction is most suitable for hypertrophic 
nonunions because they exhibit callus-forming capacity. 
If there is an angular deformity, eccentric distraction 
may be performed until the deformity is corrected, 
 followed by longitudinal distraction until the desired 
amount of lengthening is achieved [37, 41] (Fig. 20.10).

Fig. 20.10 Nonunion of the forearm with shortening (a). Monofocal distraction using a circular external fixator (b). X-rays (c) and 
clinical views (d, e) at the end of the treatment

a b c
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20.4.1.2  Consecutive Monofocal 
Compression Distraction

This method consists of alternating short periods of 
progressive distraction with periods of compression, 
which is also known as “callus massage” or the “accor-
dion technique” [18, 28, 31]. Raschke et al. recom-
mend 0.5 mm of distraction per day for 7 days, followed 
by 1 mm compression per day for 7 days over a 4-week 
period. Our preference is for distraction at a rate of 
4 × 0.25 mm per day for 10 days, followed by a latency 
period of 10 days and compression at a rate of 
2 × 0.25 mm for 20 days thereafter. These sequences 
may be repeated three times until bone healing is  
complete (Fig. 20.11).

Monofocal compression distraction using external 
fixators can be appropriate for the treatment of humeral 
shaft nonunions, especially after failed plate fixation 
or in cases with severe shortening [3].

20.4.1.3  Bifocal Strategy: Acute Shortening 
and Gradual Lengthening

In cases with bone loss, acute shortening until the gap is 
closed followed by gradual lengthening through another 
osteotomy may be performed [41]. Our experience 
indicates that the safe limits for acute shortening are up 
to 4 cm in the tibia and 6–7 cm in the femur. If addi-
tional compression is required, it must be performed 
gradually at a rate of 2 mm/day. During surgery, the 

arterial pulses of the foot, a Doppler ultrasound 
 evaluation, capillary refill time, and oxygen saturation 
of the hallux help to evaluate the circulatory status of 
the extremity. If these parameters deteriorate, the dis-
traction must be reversed until  normal circulatory status 
is achieved (Figs. 20.12 and 20.13).

20.4.1.4  Computer-Assisted External Fixation 
(Hexapod Systems)

Hexapod external fixator systems (Smart Correction, 
Gotham Medical LLC, NJ, USA; Taylor Spatial Frame, 
Smith and Nephew Inc., Memphis, TN, USA) are 
modular systems that offer multiple frame options and 
allow for precise computer-assisted adjustment and 3D 
control of the frame. Circular rings are connected with 
six struts, which are gradually adjusted by the patient 
to correct the deformity, and to lengthen, compress, or 
distract the nonunion site. These adjustments are cum-
bersome and complex when classic Ilizarov type exter-
nal fixators are used. The “virtual hinge” calculation, 
with the help of Internet-based software, guides any 
treatment via hexapod external fixator systems.

The first method can be used with these devices to 
reduce surgical time. Under this scenario, the rings are 
applied independently to the fragments and subse-
quently connected with six struts in a prespecified 
manner. Additionally, this technique also enables the 
rings to remain free for ideal placement with regard to 
soft tissue (Fig. 20.14).

Fig. 20.10 (continued)

d e
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Fig. 20.11 A humeral nonunion. (a, b) Preoperative stress 
x-rays. (c–e) The deformity is corrected gradually by the use 
of a circular external fixator. (f, g) Consecutive monofocal  

compression and distraction is applied (accordion technique). 
(h) X-ray at the end of the treatment

d e

a b c

20.4.2  Internal Fixation

20.4.2.1  Plate Osteosynthesis

Plate osteosynthesis provides stability and compres-
sion, which in turn minimize the motion and reduce 
the gap at the nonunion site. Several types of plates can 

be used to treat nonunions. Metaphyseal and specifi-
cally located aseptic nonunions with excellent soft tis-
sue envelopes are the best indications for plate fixations 
(Fig. 20.15).

A wave plate has been recommended by various 
authors, as it has a contour bent into its midportion so 
that it stands away from the bone at the abnormal 
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f g h

Fig. 20.11 (continued)

Fig. 20.12 Patient with a femoral nonunion following corrective 
osteotomy (a, b). As a bifocal strategy (compression distally, dis-
traction proximally), the distal deformity is corrected acutely by 
fixator-assisted nailing and Poller screws, and lengthening over 

intramedullary nail technique is used to treat shortening (c, d). The 
external fixator is removed at the end of the lengthening process, 
and the intramedullary nail is locked proximally (e, f). Note that 
strut grafting was performed in the context of the lengthening site

a b c
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area, thus providing biological and mechanical advan-
tages; the local blood supply is preserved by reducing 
the amount of dissection and the area of plate-bone 
contact, and there is more space for autogenous bone 
grafts on the lateral cortex [5, 35]. Wave plates can be 
used in the presence of a complete segmental defect, 
as it will not fail until the bone graft consolidates 
because cyclic loading is distributed over a wide area 
rather than at a local fulcrum (Fig. 20.16).

20.4.2.2  Exchange Nailing

Nonunion can occur following intramedullary nailing of 
the long bones in the lower extremities. Of note, it is more 
common if unreamed intramedullary nailing is used in 
femoral shaft fractures. Concerns about reaming include 
disruption of the cortical blood flow, thermal necrosis of 
the cortical bone, marrow immobilization due to elevated 
intramedullary pressure, and increased consumption of 
coagulation factors [20, 22, 25, 39, 43]. Despite these 

concerns, clinical success of reamed intramedullary nail-
ing has been confirmed by several studies [6, 9, 14, 42, 
45]. Exchange nailing is a good choice for nonunions of 
the long bones, which may be treated initially using an 
intramedullary nail (Fig. 20.17).

Exchange nailing for the treatment of a nonunion 
includes removal of the current intramedullary nail, 
reaming of the medullary canal, and placement of an 
intramedullary nail of a larger diameter than the removed 
nail. This leads to biological effects (resulting from ream-
ing) and mechanical effects (resulting from the use of a 
larger-diameter nail) that promote bone healing. Exchange 
nailing has been shown to be successful for the treatment 
of both atrophic nonunions (for biological effects) and 
hypertrophic nonunions (for mechanical effects). 
Reaming of the medullary canal increases periosteal 
blood flow and stimulates periosteal new bone formation. 
Blood flow in the cortex, although initially diminished, 
returns to normal level or even better than normal within 
a few days after medullary reaming. Moreover, the 
 products of reaming contain osteoblasts and multipotent 

Fig. 20.12 (continued)

d e f
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stem cells. This may lead to an internal grafting effect. 
The use of a nail with a larger diameter guarantees greater 
bending rigidity and strength than the original nail. A 
larger-diameter nail offers higher bending rigidity (pro-
portional to the fourth power of the radius) and strength 
(proportional to the third power of the radius).

The exchange nail should be at least 1 mm larger in 
diameter than the nail being removed, and others have 
recommended that it be up to 4 mm larger if the nail to 
be removed is substantially undersized. Canal reaming 
should continue until osseous tissue is apparent in the 
reaming flutes.

Exchange nailing is indicated if there is an aseptic 
nonunion in a long bone of the lower extremity 

(without comminution or defect) following prior 
intramedullary nailing [8]. The main indications for 
exchange nailing are as follows:

Aseptic diaphyseal femoral nonunions•	
Proximal tibial nonunions•	
Tibial shaft nonunions•	
Distal tibial nonunions•	
Lower extremity nonunions with angular or rota-•	
tional deformities

Exchange nailing is not recommended for the treatment 
of humeral shaft and very distal femoral nonunions.

Failure to heal the nonunion may occur even fol-
lowing exchange nailing. In such patients, we prefer to 

a

f g

b c d e

Fig. 20.13 A patient who had failed to heal following intramed-
ullary nail for the femoral fracture (a, b). The bifocal strategy 
was used with a monolateral external fixator (compression prox-
imally at the fracture site and distraction distally through an 

osteotomy for limb-length equalization) (c–e). X-rays at the end 
of the treatment, showing successful healing and equalized limb 
length (f, g)
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remove the locking screws that are associated with the 
intramedullary nail and then to compress using a circu-
lar external fixator (Fig. 20.18).

20.4.2.3  Cage and Grafting for Defect  
Nonunions

The cage and grafting technique is described in  
Chap. 21.

20.4.3  Combination Techniques

The latest medical advances offer not only a short-
ened treatment time but also guarantee increased 
patient comfort. Combined techniques that utilize 
external fixators and internal fixation modalities 
(intramedullary nails, plates) combine the advantages 
of both techniques, with a decrease in external fixa-
tion time of almost 50%. By decreasing the external 
fixation time, patient comfort increases and the rate of 
external fixator-related complications decreases, 

b d

f g

ca

e

Fig. 20.14 A patient with tibial nonunion and mild deformity (a, b). A hexapod external fixator was used (c–e). X-rays at the end 
of the treatment (f, g)
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including pin track infections and joint contractures. 
The internal fixation hardware left in place after 
removal of the external fixator guarantees stability, 
inhibiting refracture or the recurrence of deformity, 
and enabling accelerated rehabilitation. Many combi-
nation techniques are described in the literature. 

Fixator-assisted acute femoral or tibial deformity cor-
rections and consecutive lengthening over nails allow 
surgeons to address the deformity together with the 
limb-length discrepancy. This technique may also be 
applied in the case of a nonunion associated with a 
deformity – this is known as the monofocal compres-
sion-distraction technique combined with deformity 
correction. Combined techniques are satisfactorily 
used for nonunions with defects and/or infections 
[4, 19, 41].

20.4.3.1  Bone Transport

Bone transport is used for defect nonunions. Three 
methods exist: internal bone transport, external bone 
transport, and bone transport over nail (BTON) 
(Figs. 20.19–20.21). Bone transport with the use of an 
external fixator is known to be a reliable solution that 
leads to successful outcomes. The time spent in an 
external fixator (the external fixation time) depends on 
the length of distraction required and does carry a risk 
of complication. When the distraction phase is com-
plete, the consolidation phase (which often lasts more 
than twice as long as the distraction time) becomes 
 difficult for the patient to tolerate. Removal of the 
external fixator before satisfactory consolidation is 
associated with fracture, deformity, and shortening 

a b

Fig. 20.15 A humeral fracture that failed to heal after conservative management (a). Plate fixation was performed (b)

Fig. 20.16 Wave plate. Note 
that grafting was possible 
under the wave plate to the 
nonunion site
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through the distracted callus [27]. Older frames often 
required repeated adjustments to prevent misalignment 
of the docking site. The usage of the intramedullary 
nail in addition to the external fixator served to help 
avoid misalignment of the docking site, leading to sig-
nificant decreases in external fixation time together 
with better maintenance of anatomical length and 
alignment [32].

Alternatively, minimal invasive plate osteosynthe-
sis (MIPO) may be used to confer similar advantages 
[1, 2]. Bone transport may also be accomplished 

through the use of fully implantable intramedullary 
lengthening devices, such as internal lengthening nails 
(ISKDs). Cole reported a technique through which he 
achieved healing of the nonunion first, and then per-
formed lengthening with an ISKD to address limb-
length discrepancy [11].

For defects of 5–12 cm, we prefer the BTON tech-
nique. The contraindications of the BTON technique 
are vascular disease, diabetes mellitus, and active 
infection. Bone defects larger than 12 cm and tobacco 
abuse are relative contraindications.

a bb c d e

Fig. 20.18 A patient who had failed exchange nailing for tibial fracture nonunion (a, b). Subsequently, the nail was broken due to 
nonunion. Monofocal compression over the nail was used by a circular external fixator (c, d), and a tibial union was achieved (e)

a b c d e f

Fig. 20.17 A femoral shaft fracture (a) was initially treated with intramedullary nailing (b, c). CT suggested nonunion after 
7 months (d). Exchange nailing resulted in union of the femur (e, f)
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a b c d

Fig. 20.19 A patient with a distal tibial fracture likely to develop nonunion (a). External bone transport through a proximal osteot-
omy was performed using a circular external fixator (b, c). X-rays at the end of the treatment (d)

a

e f

b c d

Fig. 20.20 A patient with an infected tibial nonunion (a). The non-vital infected portion of the tibia was removed, and antibiotic 
incremented bone cement was used as a spacer (b). Internal bone transport was used (c, d). X-rays at the end of the treatment (e, f)
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20.4.4  Biologic Stimulation

20.4.4.1  Central Bone Grafting for Tibial 
Nonunions

Central bone grafting is an operative technique that 
uses a lateral approach, anterior to the fibula and the 
interosseous membrane, whereby a central compart-
ment is created for autologous cancellous bone graft 
placement, thereby achieving a tibiofibular synosto-
sis. The central bone mass and the fibula consolidate 
into a tubular bone that is sufficiently strong for 
weight bearing. This technique is a relatively simple 
and safe method for the treatment of tibial non-
unions compared to posterolateral bone grafting, 
bone transport, rib or free vascular fibula grafts  

[34, 36]. It heals faster, requires fewer operations, 
and achieves similar rates of union in comparison to 
traditional posterolateral bone grafting. Central 
bone grafting may be used for bone defects of up to 
5 cm, without previous infection, or in patients with 
previous infection exhibiting a defect of up to 2 cm 
after debridement.

20.4.4.2  Electrical Stimulation

The use of electrical energy for the treatment of non-
unions started in the 1950s. It was pioneered by Yasuda, 
who demonstrated new bone formation around the 
cathode in a rabbit femur. Today, three devices are 
approved for use with humans [12, 13]:

a b c d

Fig. 20.21 A patient with a femoral nonunion. We note the shortening deformity and a broken nail (a). Bone transport over nail was 
used to treat the shortening deformity and the nonunion (b, c). Orthoroentgenogram at the end of the treatment (d)
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1. Direct current stimulator supplied by Zimmer 
(Warsaw, IN, USA)

2. Inductive coupling system from Electro-Biology, 
Inc. (Fairfield, NJ, USA)

3. Direct current stimulation using a completely 
implantable system supplied by Telectronics 
Proprietary Ltd. (Milwaukee, WI, USA)

20.4.4.3  Partial Fibulectomy

The application of a partial fibulectomy is controver-
sial for the treatment of tibial nonunions. It has been 
routinely recommended on the basis that the intact 
fibula may hold an ununited tibia in distraction 
(Fig. 20.22).

20.4.4.4  Bone Marrow Injection

Bone marrow contains osteoprogenitor cells that are 
key elements in the process of bone formation and 
fracture healing. Autogenic bone marrow grafting is a 
useful technique in the treatment of delayed unions 
and nonunions [15, 17]. We prefer the percutaneous 
technique to expedite the operative procedure and 
eliminate wound-healing difficulties. Using specific 
needles for iliac punctures, a bone marrow volume of 
50 ml is aspirated under fluoroscopic control and 
immediately injected into the nonunion site (Fig. 20.23). 
Because of the short interval between aspiration and 

a b

Fig. 20.22 A patient with a tibial nonunion (a). Partial fibulec-
tomy and elastic intramedullary nailing resulted in tibial union (b)

a b

Fig. 20.23 Bone marrow was taken percutaneously from the posterior iliac crest (a) and immediately injected into the nonunion 
site (b)
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injection, an anticoagulant (e.g., heparin) is not needed. 
Heparin usage is associated with potential impairment 
of bone healing. Repeat injections may be performed 
when no healing is observed on follow-up x-rays. 
Perioperative complications are uncommon, but het-
erotopic bone formation may occur following bone 
marrow injection [15]. A bone matrix may enhance the 
effectiveness of bone marrow injections.

20.5  Future

Bone tissue engineering offers significant potential in 
the management of refractory nonunions. There are 
only a few reports of its successful use in the literature 
and translation into clinical practice remains limited at 
this time. Recent advances in stem cell therapy, cell 
biology, and biomaterials science are promising, and 
some bone morphogenetic proteins and growth factors 
are commercially available; however, further studies 
are needed to promote clinical application.
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21.1  Introduction

In the twenty-first century, although the technology for 
orthopedic implants, surgical techniques, and drugs has 
improved immensely, the prevalence of posttraumatic 
osteomyelitis continues to rise. Many patients survive 
high-energy traumas, including car accidents, work mis-
haps, gunshot injuries and battlefield trauma, but they 
still suffer from life-threatening infections that compli-
cate the trauma and its surgical treatment. The offending 
bacterial organisms, such as Staphylococcus aureus and 
Enterococcus faecalis, are becoming harder to treat as 
antibiotic-resistant strains develop [1]. Posttraumatic 
osteomyelitis will continue to be a challenging pathology 
for surgeons treating and reconstructing the extremities 
due to the presence of these resistant bacterial strains.

Patients with an infected nonunion usually have 
had numerous previous surgical interventions, result-
ing in bone defects and soft tissue compromise. 
Beginning with Papineau, many treatment modalities 
have been described [21, 22]. All studies report a com-
mon problem of delayed bone healing. Several issues 
have been blamed for this delayed bone healing, the 
most important being the unsuccessful eradication of 
infection. Infection itself has been reported to be the 
main cause of delayed union or nonunion. Thus, 

complete cure of the infection is the mainstay of treat-
ment in cases of infected nonunions [32].

Bone necrosis, damage to adjacent soft tissue, and 
penetration of bacteria are the prominent etiological 
features associated with the onset of osteomyelitis. 
The distribution of bone necrosis depends mainly on 
the severity of trauma, traumatic manipulations by the 
surgeon, and the associated type of primary osteosyn-
thesis. Remodeling of bone necrosis from living bone 
is slow and depends on many factors. New bone for-
mation is mainly subperiosteal, embedding osteomy-
elitic areas if the periosteum is not destroyed [19].

Today, thanks to changing concepts and advanced 
reconstruction techniques, chronic osteomyelitis can 
be cured. The concept of “to burn infection in the fire 
of Ilizarov device,” as described by Ilizarov [13], has 
changed to the current philosophy of “the only cure for 
osteomyelitis is radical debridement until reaching live 
and bleeding bone,” as described by Cierny et al. [32]. 
The extent of necessary debridement to obtain live and 
uninfected bone usually results in bone and soft tissue 
defects, which require complex reconstructions.

21.2  Clinical Evaluation

Any initial questioning should aim at recording the 
patient’s medical history and, in particular, any events 
and interventions that may have precipitated osteomy-
elitis. All systemic and local factors that compromise 
wound and bone healing capacity should be investi-
gated [7] (Table 21.1).
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In 1985, Cierny and Mader developed a staging sys-
tem for adult patients with osteomyelitis based on the 
anatomical type of osteomyelitis and physiological 
class [7]. The framework is called the University of 
Texas Medical Branch Staging System for Adult 
Osteomyelitis (Table 21.2). Host factors can be modi-
fied with medical or adjuvant surgical treatment, such 
as soft tissue flaps, and such alterations may positively 
influence the prognosis for the extremity.

During any initial clinical examination, certain 
important findings should be investigated. The vascu-
larity of the affected extremity is imperative, as it 
explains the wound and bone healing problems and 
also suggests the technique to be used in future recon-
structions, such as an impossible vascularized bone 
graft and even a possible amputation. In addition to 
distal pulse palpation, an arterial duplex ultrasound, 
even an angiography, should be conducted [8].

Previous incisions, scars, and applied flaps dictate 
the surgical approach to be used in a given operation. 
The need to drain sinuses may also present particular 

problems. Preoperatively, a fistulography can be con-
ducted to identify the path between the infection focus 
and the skin. If in the resection field, they should be 
included in the resection specimen; otherwise, a sinus 
tract will close following adequate debridement. The 
skin around chronically draining sinuses may be prone 
to squamous cell carcinoma and should be biopsied 
preoperatively.

Bone deformities and defects frequently accom-
pany infected nonunions. These bony pathologies 
should be evaluated by long-standing orthoroentgen-
ography in both the anteroposterior and lateral planes. 
The main purpose of radiologic examination is to 
determine the extent of infection in all musculoskeletal 
tissues. Bone scans and gadolinium-enhanced MRI 
scans are used for this reason (Fig. 21.1).

From a clinical point of view, six main questions 
arise with regard to radiology:

1. Does infection or inflammation in the posttraumatic 
course help to determine whether conservative or 
surgical therapy would be most suitable?

2. Is the infection acute or chronic?
3. Where is the main focus of the infection? Are there 

septic metastases?
4. Which tissues and neighboring organs/articulations 

are involved?
5. What is the local quality and vitality of the bone 

and surrounding tissues?
6. What about the postoperative anatomy and stability 

(including orthopedic devices)?

Conventional radiographs are essential for the diagno-
sis, staging, and evaluation of posttraumatic osteomy-
elitis. The use of more sophisticated modalities, such 
as cross-sectional imaging and specific bone scans, 
may be indicated in selected complicated patients for 
preoperative planning [10].

Scarring of postoperative and postinjury bone 
defects may lead to false-positive diagnoses up to 

Systemic factors Local factors

Malnutrition Chronic lymphedema

Renal/liver failure Venous stasis

Alcoholism Major vessel compromise

Immunodeficiency Arteritis

Chronic hypoxia Extensive scarring

Malignancy Radiation fibrosis

Extremes of age –

Steroid therapy –

Diabetes mellitus –

Tobacco abuse –

Table 21.1 List of systemic and local factors that may 
compromise wound healing [6]

Anatomic type Physiologic class

Type I: Medullary osteomyelitis A host: Good immune system and delivery

Type II: Superficial osteomyelitis B host: Compromised locally (BL) or systemically (BS)

Type III: Localized osteomyelitis C host: Requires suppressive or no treatment; treatment would cause  
more damage than the disease itself

Type IV: Diffuse osteomyelitis –

Table 21.2 The University of Texas Medical Branch Staging System for Adult Osteomyelitis
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13 months postoperatively. Positive MRI results in this 
time period must be correlated with clinical findings 
and laboratory results, as well as with other imaging 
modalities, such as scintigraphy or PET. An additional 
CT scan may be necessary for the preoperative evalua-
tion of patients who have had multiple surgical inter-
ventions to analyze bone alterations (cortical fistula, 

cortical bone remodeling, and disuse osteoporosis). If 
MRI discloses a possible fistula in severely thickened 
and remodeled bone after intramedullary reaming, a 
CT should be performed to confirm or refute its pres-
ence. Metal artifacts are apparent in most patients who 
undergo multiple operations and may render complete 
evaluation of the traumatized limb impossible or may 
lead to underestimation or overestimation of infection 
[14, 15]. Scintigraphy errors in the later course, due to 
ectopic, peripheral, and hematopoietic bone marrow, 
can often be corrected by MRI [14].

21.3  Principles of Therapy

As with the treatment of malignant tumors, one has to 
decide between specific local and systemic therapies 
[16]. In general, the treatment protocol should lead to:

1. Local and systemic eradication of the infection (or 
at least to an enduring non-symptomatic stage)

2. A stable limb with a normal mechanical axis
3. Normal muscle action
4. Normal joint function

Treatment options are based on the Cierny–Mader 
Staging System for osteomyelitis. Management of 
chronic osteomyelitis with a limb-salvage protocol 
consists of debridement, systemic and local antibiotic 
therapy, skeletal stabilization, soft tissue coverage, and 
reconstructive procedures for the treatment of bone 
defects [39]. These principles can be incorporated in a 
staged protocol, often implemented by a multidisci-
plinary team consisting of an orthopedic surgeon, an 
infectious disease specialist, a plastic/microvascular 
surgeon, and preferably a hyperbaric oxygen treatment 
specialist. From a practical point of view, as this chap-
ter deals with the complications of severe limb trauma, 
we shall focus on bone defects that are >5 cm or that 
become >5 cm as a result of radical debridement 
(Cierny–Mader Type IV lesions).

When there is an infection, several factors must be 
carefully evaluated to develop a detailed management 
plan. Imaging studies should be reviewed to assess the 
status of bone healing, the location and extent of corti-
cal and medullary bone involvement and defects, the 
extent of soft tissue compromise, and the status and 
integrity of existing implants. The quality and integrity 
of the soft tissue envelope and the need for flap 

Fig. 21.1 MRI from a patient with chronic posttraumatic osteo-
myelitis, displaying a sequestrum and fistula tract



378 L. Eralp

coverage should be evaluated. The neurovascular status 
of the extremity should be determined. Cultures and 
sensitivity tests allow for the selection of appropriate 
antibiotics for local delivery with antibiotic beads and 
for systemic therapy. Subsequent cultures of intraoper-
ative specimens should be performed, as the results 
may indicate that a different antibiotic is required. The 
medical status of the patient should be assessed to 
ensure the safe execution of a complex reconstructive 
plan. Interventions, such as nutritional support and 
smoking cessation programs, may help to optimize the 
patient’s condition before surgery.

21.3.1  Debridement

Radical debridement of all dead tissue, including skin, 
soft tissue, and bone, is necessary. An intraoperative 
methylene blue injection of a fistula will dye all the 
infection area and identify the debridement arena. 
Debridement proceeds until bleeding, living tissue is 
observed at the resection margins to ensure that all foci 
of infection are removed [24, 32]. Viable bone is char-
acterized by punctate bleeding, known as the “paprika 
sign” (Fig. 21.2). When possible, a high-speed burr with 
continuous cooling irrigation to prevent heat necrosis is 
preferred to achieve a thorough debridement. This pro-
cedure should not be limited by concerns about any 
osseous and soft tissue defects. Specimens of purulent 
fluid, soft tissue, and bone from the infected area should 
be sent for aerobic and anaerobic cultures; it is also 
important to perform cultures for fungi and granuloma-
tous infections in immunocompromised patients. The 
wound should be irrigated with a copious amount of 
saline solution, and antibiotics may be added to the ter-
minal liter of the irrigation fluid [32]. After irrigation, 
all gowns, gloves, drapes, and instruments should be 
exchanged for a new, clean setup (double setup) [8].

The dead space that results from debridement is 
filled with physician-made polymethylmethacrylate 
antibiotic-impregnated beads (explained in detail in 
“the combined technique”). The pathogen must be sus-
ceptible to the eluted antibiotic. If wound closure is not 
possible, the wound containing antibiotic beads is 
sealed with a semipermeable membrane so that the 
eluted antibiotic will remain in the involved area to 
guarantee a high local concentration [40].

When a nonunion or bone defect is associated 
with infection, subsequent procedures for wound 
management and bone defect bridging are planned, 
and the beads can be removed at the time of final 
reconstruction.

The decision to retain or remove implants from the 
site of an infected fracture should be taken on a case-
by-case basis. It depends on the time since fracture 
fixation, bone healing status, hardware-induced stabil-
ity, and fracture location [24]. If the fracture has healed, 
the internal fixation device should be removed. When 
the fracture has not healed, the internal fixation device 
should be left in place as long as it stabilizes the frac-
ture. Loose hardware that does not contribute to stabil-
ity should be removed. If the fracture has not healed 
and if the hardware is removed, the fracture should be 
stabilized with another device; preferably, an external 
fixator should be utilized for nonunions in the tibia and 
for nonunions with a bone defect.

In cases with an adequate soft tissue envelope, 
delayed or primary closure may be advisable depend-
ing on the extent of infection. If soft tissues are com-
promised, coverage should be achieved with local or 
free muscle flaps. A new approach is to utilize nega-
tive pressure wound coverage techniques (NPWT) 
with a VAC device (KCI, San Antonio TX, USA). 
NPWT is often used because of its ability to reduce 
excess moisture in the wound, reducing the bioburden 
and exposure to associated toxins. The technique also 
increases cell proliferation (including proliferation of 

a b c

Fig. 21.2 Severe crush injury of the foot and ankle (a, b). VAC treatment allowed for skin graft coverage in 14 days (c)
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granulation tissue) and perfusion in the wound bed. In 
addition, NPWT aids in contraction of the wound 
edges by gently stretching the skin [4]. This adjuvant 
in wound treatment aims to carry the soft tissue recon-
struction procedure one step down in the reconstruc-
tive ladder, thus allowing for a simpler technique, such 
as a local muscle flap instead of a free flap (Fig. 21.2). 
The VAC Instill (KCI, San Antonio, TX, USA) differs 
from traditional VAC therapy because it allows the cli-
nician to add solutions to the wound, as well as to 
apply negative pressure. A wound culture may be 
obtained prior to starting the VAC Instill process to 
select an optimal solution for a specific local antibi-
otic irrigation [37].

Another valuable adjuvant is hyperbaric oxygen 
treatment (HOT) [34]. HOT can be applied preopera-
tively in some cases, along with systemic antibiotics 
when there is severe inflammation and acute infec-
tion flare-up for 2–3 weeks. The operation can be 
delayed until a considerable drop has been achieved 
in elevated white blood cell count, C-RP (C-reactive 
protein) and ESR (erythrocyte sedimentation rate) 
levels. HOT should be continued for 30–40 sessions 
postoperatively in patients who have been heavy 
smokers and who have a history of radiation treat-
ment to the infection area, or in patients with macro- 
or microangiopathies.

Basic science studies have underlined the value of a 
vascular muscle envelope around the bone to promote 
healing of a chronically infected bone segment in the 
mangled extremity [18]. Improvement of the local 
blood supply and the elimination of all dead space to 
provide a well-vascularized environment for bone 
grafts or to regenerate bone can promote healing. 
Surgical removal of all dead bone segments is not suf-
ficient to cure osteomyelitis. Radical surgical debride-
ment to remove all dead tissue and orthopedic implants 
around dead bone followed by coverage of the remain-
ing bone with vascularized and healthy soft tissue are 
the only way to cure chronic bone infection [27].

21.3.2  Local and Systemic Antibiotherapy

Local antibiotic therapy is a well-documented method. 
Poly(methyl methacrylate) (PMMA) is the standard 
delivery medium for antibiotics [40]. A randomized 
controlled trial by Calhoun et al. compared 4 weeks of 

intravenous antibiotics with Septopal beads in 52 
patients with infected nonunions in the context of deb-
ridement and reconstructive surgery. The success rate 
in treating the infection was 83% in the systemic anti-
biotic group and 89% in the antibiotic bead group [6]. 
Local antibiotic therapy can be used as an alternative 
to long-term systemic antibiotherapy. Drawbacks 
include the need for secondary debridement, lack of 
osteoconductivity, and foreign body reaction. During a 
second operative session, the need for bone reconstruc-
tion following eradication of the infection allows for 
early removal of the PMMA beads.

A new option for achieving local antibiotic elution 
combined with bone stability has been reported and 
technically validated by Thonse and Conway [33]. 
The antibiotic cement-coated intramedullary locking 
nails are very effective for treating infected bone 
unions and segmental bone defects. This technique is 
associated with a 27% risk that a supplementary pro-
cedure will be needed to take care of the infection or 
nonunion.

The type of systemic antibiotic treatment is cho-
sen on the basis of the results of the preoperative cul-
tures, but it can be modified on the basis of the results 
of the intraoperative culture and sensitivity tests. 
Administration of antibiotics is a key part of the man-
agement protocol, but it will fail without adequate 
debridement. Intravenous antibiotics are usually con-
tinued for 4–6 weeks [23]. While antibiotic-resistant 
organisms are a problem, vancomycin is useful for 
methicilline-resistant Staphylococcus aureus infec-
tions, and the recently introduced antibiotic, linezolid, 
has been used for vancomycin-resistant Enterococcus 
infections [25].

21.3.3  Bone and Soft Tissue  
(Temporary) Stabilization

Bone stabilization is commonly achieved by external 
fixators. They are simple to apply, provide good stabil-
ity, and do not further compromise the soft tissue enve-
lope [35]. The type of external fixator to be used 
(monolateral or circular) depends on the anatomical 
site, the size of the defect, and the condition of the soft 
tissues.

Depending on the size of the defect subsequent 
to radical debridement, the type of soft tissue 
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reconstruction is determined – ranging from a split 
skin graft to free vascularized myocutaneous flaps. 
According to Heppert, soft tissue coverage options 
will depend on the following criteria [12]:

1. The type of osteosynthesis
2. The position and size of the soft tissue defect
3. The local vascular status
4. Patient compliance

21.3.4  Final Bone (Defect) Reconstruction

Bone reconstruction should be delayed until a healthy 
degree of soft tissue coverage has been achieved and 
the infection has been eradicated [39]. At the time of 
the final bone operation, the decision as to how to 
bridge the bone defect depends on the anatomical 
location and the length of the defect. Gaps result from 
the primary (i.e., high-energy, in this context) trauma, 
primary osteosynthesis, and radical debridement to 
treat the infection. Severe limb injuries may exhibit 
bone defects that exceed 5–6 cm. These scenarios need 
specialized procedures, such as vascularized bone 
grafts, distraction osteogenesis procedures, and tita-
nium cages.

21.3.5  Distraction Osteogenesis 
Techniques

Today, callus distraction is the gold standard for recon-
structing osseous defects, especially in defects larger 
than 4 cm [35]. Many different techniques for callus 
distraction have been described and classified accord-
ing to fixator type (Fig. 21.3). The advantages of callus 
distraction are spontaneous bone formation in the dis-
traction zone, a relatively low-risk procedure, synchro-
nous deformity correction, and stable osteosynthesis 
that allows for early weight-bearing. Bone defects 
resulting from infection after high-energy traumas are 
often associated with deformity, leg-length discrep-
ancy, joint stiffness, disuse osteoporosis, soft tissue 
atrophy, and sequelae of neurovascular damage. 
Distraction osteogenesis techniques make an effort to 

deal with all of these problems concurrently. Defects 
are reconstructed either by bone transport or acute 
compression with simultaneous lengthening at a dif-
ferent metaphyseal site.

Segmental bone transport is used for large bone 
defects of >6 cm. Smaller defects (<6 cm) are treated 
by acute compression at the defect site with gradual 
lengthening by metaphyseal corticotomy [26, 28, 
29]. A delay in the formation of regenerate at the 
distracted gap prolongs the external fixation time. 
Healing at the target site does not begin until interca-
lary fragment lengthening is achieved. Instability of 
the frame may cause a delay in the regenerate forma-
tion and require additional procedures to maintain 
alignment, such as wire exchange and frame 
adjustment.

Malunion and malalignment at the docking site can 
occur because of improper application of the Ilizarov 
assembly. Soft tissue interposition at the docking site 
may impair good compression. The transported seg-
ment of bone may deviate as it passes through soft tis-
sue; this may lead to translation at the docking site 
[17]. The transported bone end may become avascular, 
resulting in nonunion at the docking site. Secondary 
interventions often become necessary. Acute compres-
sion and simultaneous lengthening address both align-
ment and length in a single treatment with fewer 
complications. It also reduces complications associ-
ated with bone transport and is safe for larger long 
bone defects. The rate of severe pin-tract infection is 
lower, because stability is shared between the acute 
compression site and the fixator from early on during 
treatment. Moreover, during the whole treatment 
course, fewer secondary adjustments are performed on 
the frame.

21.3.6  Fibula Transport

An alternative use of external fixation to bridge large 
tibia defects is the transfer of the ipsilateral fibula 
transversely, using a circular external fixator and pro-
tecting its vascular pedicles. This technique should be 
applied with expertise during external fixation surgery. 
The technique is used in patients with massive defects 
of the tibia and an associated active infection. 
Complications are nonunion, shortening, an anterior 
bow, and a stiff ankle joint [30].
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Fig. 21.3 A 40-year-old male patient with a C-M type IV-B
L
 

lesion and with a 9-cm (total, after radical debridement) bone 
defect following Gustilo–Anderson GIIIB open tibia fracture 
after a work accident. (a) Several scars and a draining fistula on 
the tibial skin. (b) Radical bone debridement, insertion of  
antibiotic-loaded PMMA beads, and temporary external fixation. 

(c) Bone segment transfer with a monolateral external fixator 
(Tasarım Medikal LRS, Istanbul, Turkey). (d) End of segment 
transfer, compression, and grafting of the docking site with 
dynamization of the system using Schanz screw removal. (e, f) 
Anteroposterior and lateral x-rays after fixator removal. (g, h) 
Excellent knee and ankle motion 3 months after fixator removal
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21.3.7  Vascularized Bone Grafts (VBGs)

Vascularized bone grafts are indicated when the skeletal 
defect is longer than 6 cm [36, 38]. Fibular osteocutane-
ous, composite rib and iliac osteocutaneous flaps are 
the most common clinically used VBGs. Vascularized 
bone fills a large dead space, overpasses considerable 
bone defects, enhances tissue healing with a living, 
 biologic, infection-resistant composite tissue, and also 
serves to cover soft tissue defects. Reported success 
rates range from 80% to 95% [36, 38], and complica-
tions include anastomosis failure, nonunion, graft frac-
ture, and donor site problems. This technique is 
preferred in patients with a healthy vascular tree who 
need both bone and soft tissue bridging – including, 
most importantly, an experienced microvascular team. 
Our experience involves two cases, one with tibial bone 
and soft tissue loss and the other with a femoral bone 
defect exceeding 12 cm (Fig. 21.4). Both patients healed 
uneventfully and the VFGs became hypertrophied after 
14 and 8 months, respectively.

21.3.8  Titanium Cage

This technique has recently been reported in the litera-
ture with short-term results. The prerequisites are a 
sterile bone defect that exceeds 10 cm with a healthy 
soft tissue envelope. In the reported series, Attias et al. 
and Ostermann et al. comment on patients with excel-
lent limb alignment, and bony healing, with a CT 
examination that revealed bony ingrowth through the 
cage at the final follow-up [5, 20]. This technique may 
be a reasonable alternative in the treatment of segmen-
tal bone loss in the context of long bones. Our experi-
ence is limited to two cases. One case displayed 
excellent bone formation on CT scans though the cage 
(Fig. 21.5). The other patient became reinfected, and 
the protocol was changed to a tandem bone transport 
with a circular external fixator.

21.3.9  The Combined Technique

Since the introduction of distraction osteogenesis by 
Ilizarov, this technique has been employed successfully 

to achieve union, correct deformity, reestablish limb-
length equality, and reconstruct segmental defects. The 
time spent in an external fixator depends on the length 
of distraction required and is not free of complications. 
When the distraction phase is over, the consolidation 
phase, double the duration of the distraction phase, 
becomes difficult for the patient to tolerate. Removal of 
the fixator prior to sufficient consolidation is associated 
with re-fracture, deformity, and shortening of the cal-
lus. To decrease the total external fixator time, the com-
bined technique, consisting of distraction with an 
external fixator over an intramedullary nail, has been 
introduced [9].

21.3.9.1  Step I

Hardware removal and radical resection of dead bone 
with debridement of the infected scarred soft tissue are 
performed, and representative tissue cultures, includ-
ing the sinus tract for all dead bone, are obtained. 
Cortical bleeding, described as the “paprika sign,” is 
accepted as indication of vital tissue. The dead space is 
filled with custom-made antibiotic-impregnated PMMA 
beads (a combination of teicoplanin [2.4 g] and PMMA 
powder [40 g]). Patients who have an intramedullary 
implant are managed by implant removal. They receive 
an antibiotic-impregnated PMMA cement rod in place 
of the nail and are then immobilized with a custom-
made brace. Stabilization is achieved with a temporary 
external fixator. Soft tissue defects may necessitate a 
local or free muscle flap for healthy coverage. 
Antibiotics are administered consistent with the cul-
ture and its sensitivity, for a minimum of 6 weeks or 
until the ESR and C-RP levels return to normal limits 
(Fig. 21.6).

21.3.9.2  Step II (IM Nail Insertion/Application  
of External Fixator and Osteotomy)

After a period of 6 weeks, or when the patient exhibits 
normal CRP and ESR levels, the surgeon removes the 
antibiotic beads or cement rods. A biopsy taken from 
the bone gap is sent for Gram stain and frozen section 
analysis. The absence of microorganisms on the Gram 
stain and fewer than five polymorphonuclear leucocytes 
per high-power field are taken as an indication of the 
resolution of infection. Antegrade nailing is used only 
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Fig. 21.4 A 21-year-old male patient with a C-M type IV-B
L
 

lesion with an 8-cm shortening and a 4-cm bone defect, with a 
stiff knee and rigid soft tissue envelope due to gun injury. (a) 
The exposed bone. (b) Following radical debridement and anti-
biotic-loaded PMMA bead application, the soft tissues were  

distracted by 4 × ¼ mm/day to achieve equal femoral length. (c) 
Removal of the external fixator and insertion of an intramedul-
lary nail and vascularized fibula graft. (d, e) Hypertrophy of the 
VFG after 18 months
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Fig. 21.5 A 33-year-old male patient with a C-M type IV-B
L
 

lesion presented with a 14-cm bone defect following Gustilo–
Anderson GIIIB open tibia fracture after a car accident. (a) 
Radical debridement, temporary external fixation, and  
antibiotic-loaded PMMA beads. (b) Insertion of a titanium cage 
filled with DBM and cancellous autograft, fixed by a locked 

intramedullary nail (AP view). (c) Insertion of titanium cage 
filled with DBM and cancellous autograft, fixed by a locked 
intramedullary nail (lateral view). (d) Intraoperative view. (e) 
Postoperative sagittal CT scan at 1 year, displaying new bone for-
mation around the cage. (f) Postoperative three-dimensional CT 
scan at 1 year, displaying new bone formation around the cage

a

b

Fig. 21.6 Temporary 
external fixation with 
antibiotic-loaded PMMA 
beads inside (a) and a free 
latissimus dorsi flap to cover 
the soft tissue defect (b)
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for patients with a segmental defect but without any 
 leg-length discrepancy. Retrograde nailing is utilized to 
treat shortening combined with a segmental defect. 
With retrograde nailing, the nails are locked distally and 
the excessive length of the nail remains in the soft tis-
sues proximally. With distraction, the nail glides distally 
until the correct length is achieved and is then locked at 
the completion of lengthening. For patients undergoing 
segmental transport to treat a bone defect without length 
discrepancy, antegrade nailing is performed. Additional 
holes are pre-drilled at the planned site of locking of the 
segment, at the completion of bone transport, to prevent 
recoil of the segment (Fig. 21.7).

21.3.9.3  Femur

The patient is placed in a supine position on a radiolu-
cent table with the limbs in a scissors position and with 
a bolster below the pelvis on the involved side. Via a 
standard approach (through the piriformis fossa for 
antegrade nailing and through the parapatellar incision 
for retrograde nailing), the medullary canal is reamed 
over a guide wire to a diameter 1.5 mm larger than that 
of the intramedullary nail to be used. With lengthening 
procedures, the goal is to provide sufficient nail length 
on both sides of the regenerated bone at the end of dis-
traction. This necessitates the use of an intramedullary 

a b

Fig. 21.7 Determination of appropriate intramedullary nail length, diameter, and site of additional locking screw holes on x-rays in 
the femur and tibia (a, b)
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nail that is longer than the length of the femur, and 
retrograde nailing allows the excess nail length to pro-
trude into the buttock until distraction is complete, by 
which time the nail should have glided gradually into 
the correct position. An appropriately placed cortico-
tomy is then performed percutaneously with an osteot-
ome. Finally, an intramedullary nail of the appropriate 
size is inserted and locked proximally or distally or on 
both sides according to the planned distraction.

Two to three Schanz screws proximal and two to 
three Schanz screws distal to the osteotomy level are 
then inserted without contacting an intramedullary nail. 
At least 1 mm of free space should be present between 
the Schanz screws and the intramedullary nail to pre-
vent medullary infection triggered by pin site sepsis.

21.3.9.4  Tibia

After reaming the medullary canal 1.5 mm larger than 
the planned size of the nail, the nail is inserted and a 
three-ring circular external fixator is applied. A cortic-
otomy is then performed at the appropriate level. For 
the patient with shortening and a segmental defect, an 
IM nail of the eventual desired length of the tibia is 
inserted and left protruding slightly from the surface so 
that it may slide distally during treatment (Fig. 21.8).

21.3.9.5  Postoperative Care

Distraction is started on the seventh postoperative day. 
The rate of the distraction is 1 mm/day, divided into 
four equal increments. An epidural catheter is placed 
for postoperative pain management, and range of 
motion exercises of the hip and knee are initiated as 
soon as the patient’s comfort allows. In patients with a 
longer tibial intramedullary nail, knee exercises are 
postponed until the nail comes to lie inside the bone 
during lengthening. Full weight-bearing with two 
crutches commences as soon as possible.

21.3.9.6  Step III (Removal of External Fixator 
and Static Locking of the Nail)

After the distraction is complete, the nail is statically 
locked and the external fixator is removed. An autogenous 
cancellous bone graft is then added at the docking site.

21.4  Complications

Recurrence of infection is the most common compli-
cation that patients may experience after going through 
a number of interventions to cure their osteomyelitis 
[8]. The most common reason is inadequate debride-
ment. When surgeons are further along their learning 
curve, the rate of this complication decreases. 
Following segmental resection, many patients experi-
ence a long and infection-free interval. Today, the 
microbiological features of bacteria are becoming 
more troublesome. Antibiotic-resistant and methicil-
line-resistant S. aureus are frequently diagnosed; these 
are known to hibernate intracellularly [2]. Thus, recur-
rence of the infection may occur if the patient becomes 
immunocompromised.

Conway has reported problems involving wound 
healing and bone healing as the second most common 
complication group [8]. The majority of patients are B 
hosts, who suffer from greater weaknesses in terms of 
wound healing and bone consolidation. Bone grafting, 
soft tissue grafts or flaps, external bone stimulation 
devices, and the use of hyperbaric oxygen treatment 
are adjuvant techniques to support bone and soft tissue 
healing.

21.5  Conclusion

In his pioneer book, Gustilo reports that a long-stand-
ing infected nonunion may be a real challenge due to 
the following reasons [11]:

1. Usually, the patient has been operated on at least 
two or three times, with resultant scarring of the 
surrounding soft tissue, rendering the environment 
around the trauma site avascular

2. A sinus tract has usually formed, leading into the 
fracture site and indicating a sequestrum

3. Osteomyelitis involves a considerable length of 
bone, with thrombotic vessels of the Haversian 
canals

4. Limited joint motion with consequent scarring of 
the muscles involved leads to a dystrophic 
extremity

5. Mixed and drug-resistant infecting organisms 
develop after the patient has been administered 
antibiotics for an extended period
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Limb salvage, based on the principles described above, 
can be achieved with eradication of the infection and 
osseous union in 67–100% of cases [3, 32]. Siegel et al. 
reported that, at a mean of 5.1 years postoperatively, 
limb salvage was accomplished in all of 46 patients 
with chronic tibial osteomyelitis, and all but 2 exhib-
ited clinical and radiographic evidence of union [31]. 

Smoking, advanced age, and intra-articular involve-
ment were found to adversely affect the outcome.

Management of chronic posttraumatic osteomyeli-
tis and infected nonunion of long bones is challenging; 
however, infection control, osseous union, and a satis-
factory functional outcome can be achieved with use 
of the aforementioned principles.

a

b

c d e f

Fig. 21.8 A 68-year-old male patient with a C-M type IV-B
L
 

lesion with an 8-cm bone loss and soft tissue loss (resulting from 
radical debridement) treated using the combined technique. (a) 
Distal tibial soft tissue defect with necrotic bone segment. (b) 
Radical debridement with antibiotic-loaded PMMA insertion. 
(c) Soft tissue coverage with latissimus dorsi free flap coverage. 

(d) Bone segment transfer in the context of ankle arthrodesis 
with a circular external fixator and intramedullary nail. (e) 
Lateral x-ray following locking custom holes, dock site grafting, 
and external fixator removal. (f) Clinical picture at the time of 
external fixator removal
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22.1  Introduction

Chronic pain is clearly one of the most challenging 
problems of modern medicine. Chronic pain after 
trauma in general and following combat trauma is not 
an uncommon component of the problem. Structural 
lesions affecting central and peripheral neural struc-
tures, bone and joints, soft tissues and internal organs 
can all result in chronic pain. Psychological factors 
associated with the trauma, especially in combat envi-
ronment, can further augment the problem. This chap-
ter is aimed to help the clinician identify and treat these 
painful conditions, preferably early on in the course of 
the injury.

22.2  Neuropathic Pain

Injuries to peripheral nerves either by the initial trauma 
or by subsequent surgery or instrumentation aimed to 
repair these injuries may result in chronic neuropathic 
pain. Typically, neuropathic pain is restricted to the ter-
ritory of an identifiable nerve. However, combat inju-
ries often involve more than one nerve or even a limb 
amputation, resulting in a more widespread neuro-
pathic pain. The diagnosis involves careful character-
ization of the pain syndrome, which can be assisted by 

completion of specific questionnaires, clinical exami-
nation and, if needed, the use of additional tests such 
electrophysiological or imaging studies. Treatment is 
based primarily on systemic and local pharmacother-
apy, but may sometimes require neuromodulation or 
even further surgical interventions.

22.2.1  Definitions

Neuropathic pain is defined as “pain arising as a direct 
consequence of a lesion or disease affecting the soma-
tosensory system” [76]. Although this entity includes a 
large variety of specific syndromes, this section will 
focus on post-traumatic peripheral neuropathic pain, 
stump pain, and phantom limb pain. Complex regional 
pain syndrome will be discussed separately. Post-
traumatic peripheral neuropathic pain is a syndrome of 
constant or paroxysmal spontaneous pain and/or 
evoked pain of various types within a territory of a spe-
cific injured nerve. Stump pain (also known as residual 
limb pain) is pain at the site of an extremity amputa-
tion, and phantom pain is pain referred to a surgically 
removed limb or portion thereof [55].

22.2.2  Epidemiology

Although the prevalence of chronic neuropathic pain 
subsequent to combat injury has not been established, 
chronic pain in patients who sustain nerve injuries is 
relatively common: surgical injuries to nerves (i.e., 
during thoracotomy or mastectomy) can lead to chronic 
neuropathic pain in 40–80% of patients who undergo 
such surgeries. Phantom-limb pain is extremely 
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prevalent subsequent to amputation and may occur in 
as many as 80% of amputees, and the prevalence of 
residual limb pain is likely to range from 50–70% 
according to different surveys.

22.2.3  Clinical Presentation

Nerve injuries often cause motor, sensory, and auto-
nomic manifestations. The sensory manifestations can 
be classified into negative versus positive phenomena 
that may occur spontaneously or in response to stimuli 
[83]. Negative phenomena include loss of touch or 
pain sensations (anesthesia and analgesia, respec-
tively). Positive phenomena consist of tingling (par-
esthesia), spontaneous pain of shooting, aching, or 
burning quality that can be continuous or paroxysmal, 
and pain evoked by innocuous mechanical and thermal 
stimuli (allodynia). The Tinel sign, pain, or paresthesia 
evoked by percussion on the injured nerve, usually at 
the site of injury, is an additional positive sign. 
Typically, neuropathic pain is highly variable between 
individuals, even when the cause of nerve injury is 
similar.

Neuropathic pain is often a chronic condition.

22.2.4  Diagnosis

Careful history taking is essential for the diagnosis of 
neuropathic pain. Precise location of pain, its intensity, 
quality, and temporal characteristics should be evalu-
ated. The equally important clinical examination is 
aimed to make sure that the painful condition is indeed 
a result of an injury to the somatosensory nervous sys-
tem, and it should therefore be guided by a tentative 
diagnosis based on previous information (i.e., type of 
injury, pain history). The clinical examination consists 
of a search for either positive or negative sensory, 
motor, and autonomic signs. A special emphasis should 
be put on sensory testing of touch, pinprick and, if pos-
sible, vibration, cold, and warmth sensations.

Due to the variability in the manifestation of neuro-
pathic pain and the fact that more than one pain syn-
drome can be present in a patient with a combat injury, 
the diagnosis of neuropathic pain is not always easy. In 
recent years, several validated screening tools for neu-
ropathic pain have been developed. These tools are 
based on verbal pain description with or without 

limited clinical examination. These tools can alert the 
clinician to the presence of neuropathic pain. A 
 simple-to-use and easy-to-score tool is the Douleur 
Neuropathique 4 questions (DN4) [8], which was 
developed and validated in French and has been trans-
lated into 15 languages. The DN4 consists of seven 
descriptors related to symptoms and three items related 
to clinical examination. A total score of 4/10 or higher 
suggests neuropathic pain. Other tools are The Leeds 
Assessment of Neuropathic Symptoms and Signs 
(LANSS) [3] and The Neuropathic Pain Questionnaire 
(NPQ) [47] which have been suggested as a useful tool 
for discriminating between neuropathic and non- 
neuropathic pain.

Laboratory tests include nerve conduction tests with 
or without electromyography, quantitative sensory test-
ing, and evoked potentials. Nerve conduction tests and 
evoked potentials can provide evidence for the pres-
ence of abnormalities within the somatosensory ner-
vous system, but they do not test the function of small 
calibrated pain-related nerve fibers and therefore do not 
establish or rule out the diagnosis of neuropathic pain 
by themselves. Quantitative sensory testing is used to 
detect thresholds for painful and non-painful thermal 
and sometimes mechanical sensations, and therefore 
may shed light on the function of the nociceptive sys-
tem. However, it has mainly been used to characterize 
sensory abnormalities in different neuropathic pain 
conditions rather than to actually diagnose them.

Finally, imaging studies can provide either direct 
(i.e., neuroma formation per ultrasound or MRI) or 
indirect (i.e., perineural hematoma per CT scan) evi-
dence for neural tissue injury, but should be regarded 
as accessory tools and should not replace careful 
 history taking and clinical examination.

22.2.5  Management of Post-traumatic 
Neuropathic Pain

22.2.5.1  Pharmacotherapy

Pharmacotherapy is the corner stone of the treatment 
of neuropathic pain. Although dozens of randomized, 
controlled trials have investigated the analgesic effi-
cacy of drugs for neuropathic pain, only a relatively 
small number of trials have focused specifically on 
post-traumatic neuropathic pain. As can be seen in 
Table 22.1, six trials dealt with phantom pain, five  
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with spinal cord injury pain, additional five with post-
surgical pain, and six with other forms of traumatic 
nerve injuries. A relatively large range of drugs were 
used in these trials including antidepressants (amitrip-
tyline, venlafaxine), anticonvulsants (gabapentin, leve-
tiracetam, and lamotrigine), opioids (morphine and 
tramadol) [40], an NMDA receptor antagonist (meman-
tine) [58], a sodium channel blocker (mexiletine) 
[16, 17], a cannabinoid [4], and the two topical agents 
(capsaicin and lidocaine patch) [23, 27, 54]. This het-
erogeneity along with the inconsistency of the results 
does not permit a  reasonable treatment algorithm. 
Consequently, the treatment of neuropathic pain after 
nerve injury is based primarily on “extrapolation” from 
more extensively studied forms of neuropathic pain 
such as diabetic neuropathy and postherpetic neural-
gia. Based on that extrapolation, it is widely accepted 
that tricyclic antidepressants, selective serotonin 
norepinephrine reuptake inhibitors (SNRIs), calcium 
channel blocking anticonvulsants, opioids, and topical 
lidocaine are the most efficacious drugs [2]. However, 
due to relatively poor tolerability of tricyclic antide-
pressants and safety concerns around the use of opi-
oids, the first line of treatment should consist of the 
SNRI duloxetine, the anticonvulsants gabapentin and 
pregabalin, and the topical agents when applicable – as 
first line. The second line consists of using tricyclic 
antidepressants, opioids, or combination of drugs.

22.2.5.2  Nerve Blocks

Nerve blocks using local anesthetics, lytic agents, or 
thermal stimuli such as cryotherapy or radiofrequency 
lesions of peripheral nerves are commonly used in the 
treatment of isolated neuralgia. One open-labeled 
study [19] reported “successful treatment” in 89% of 
54 patients who underwent nerve blocks for post- 
sternotomy pain. Permanent relief (over 6 months) was 
achieved in 58% of the patients following repeated 
bupivacaine blocks, in another 22% after phenol 
blocks, and in an additional 9% subsequent to alcohol 
blocks. However, the lack of controlled trials cannot 
assure that this is indeed the expected success rate of 
these procedures.

“Systemic blocks,” in which intravenous infusions 
of local anesthetics or NMDA receptor antagonists 
are administered, have shown efficacy for pain and 

allodynia in patients with central or peripheral neuro-
pathic pain.

22.2.5.3  Peripheral and Spinal Cord Stimulation

Peripheral nerve stimulation for the treatment of 
chronic neuropathic pain of peripheral origin has been 
used since 1965, but only a few follow-up studies have 
been published in the literature thus far. One study 
reported on “pain relief until death” in 17 of 69 patients 
who underwent this procedure. In another study, 
Eisenberg et al. [22] reported “good” results (50% or 
more relief of pain with abstinence from analgesic 
medications) in 78% of their patients at a median fol-
low-up of 10.8 years. Spinal cord stimulation has also 
been utilized in the treatment of post-nerve-injury 
pain. In a 20-year study on 152 patients who under-
went spinal cord stimulation for peripheral nerve 
lesions, Lazorthes et al. [48] reported “good” long-
term results in 90% of the patients, based on pain relief, 
consumption of analgesics, and daily life functioning. 
Spinal cord stimulation is generally regarded as an 
ineffective modality for spinal cord injury pain.

22.2.5.4  Surgery

Surgical procedures, such as neurolysis, nerve, and neu-
roma transection with or without intraosseous transposi-
tion, venous rapping, and nerve-to-nerve anastomosis, 
all used in the treatment of neuropathic pain associated 
with nerve injury with various degrees of success. 
However, the detailed description of these procedures is 
beyond the scope of this chapter. Yet, surgical procedures 
can be considered in patients with chronic intractable 
pain that fail to respond to alternative treatments, even 
though complete pain relief can be rarely achieved [68].

22.2.5.5  Prevention

Cohort studies and clinical practice repeatedly show 
that neuropathic pain is often persistent and resistant to 
multiple analgesic interventions. The need to prevent 
the development of this type of pain is therefore obvi-
ous. Evidence show that the administration of local 
anesthetics, anti-inflammatory drugs, opioids, NMDA 
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receptor antagonists, and other agents can prevent the 
development of long-term hyperalgesia and pain-like 
behavior in animals. In contrast, a relatively small num-
ber of studies aimed to prevent chronic neuropathic 
pain after injuries in humans have been conducted 
thus far, and yielded much less consistent results. 
Nonetheless, it is generally accepted that an effective 
pain treatment at the time or early after nerve injury has 
the potential to reduce the incidence of chronic neuro-
pathic pain. As such, clinicians are encouraged to mini-
mize, as much as possible, nerve damage during 
surgical or other medical procedures. If such damage 
cannot be avoided, taking means of preemptive analge-
sia should be considered (i.e., continuous epidural 
analgesia during the perioperative period in the case of 
lime amputation). Furthermore, a high index of suspi-
cion should lead to early diagnose and treatment of 
neuropathic pain in every case of combat injury.

22.3  Complex Regional Pain  
Syndrome (CRPS)

Complex regional pain syndrome (CRPS) is a painful 
disorder of unclear etiology, typically involving the 
distal part of one limb, represented by spontaneous and 
evoked pain as well as autonomic, motor, and trophic 
abnormalities. CRPS typically appears subsequent to a 
traumatic event [55]. In the setting of an identifiable 
nerve injury, the clinical presentation of CRPS is clas-
sified as type II, whereas a similar presentation in the 
absence of such an abnormality is classified as type I 
[28, 62]. While “full blown” CRPS can be easily diag-
nosed, less fulminate forms of the syndrome are often 
undiagnosed. The management of CRPS is difficult, 
particularly in chronic cases. CRPS can be incapacitat-
ing and severely affect function and quality of life.

22.3.1  Epidemiology

According to a recent report from the Mayo Clinic, the 
incidence and prevalence of CRPS are 5.46 cases and 
20.57 cases per 100,000 person-years, respectively 
[67]. The most common age range is 30–50 years. 
Women are more frequently affected than men at a 

4:1 ratio. The ratio of upper to lower extremity involve-
ment is 2:1, and fracture is the most common initiating 
trigger in nearly half of the patients.

22.3.2  Pathogenesis

Although the pathogenesis of CRPS is unclear, there is 
evidence to suggest that CRPS represents a spectrum of 
changes involving neural, inflammatory, vascular, and 
musculoskeletal systems. Pathologies in peripheral 
nerves and abnormalities in the CNS have been 
described in patients with CRPS types I and II. 
According to one theory, peripheral nerve injury (tran-
sient in CRPS II or permanent in CRPS I) results in 
secondary permanent CNS abnormalities. These cen-
tral abnormalities can contribute to the sensory, motor, 
and autonomic changes observed in CRPS patients. In 
addition, abnormally activated peripheral nerves can 
affect local vascular control, mimicking sympathetic 
function changes and at the same time release a variety 
of peptides such as substance P, calcitonin gene-related 
peptide (CGRP), and neurokinins (NK), which produce 
local inflammatory responses (neurogenic inflamma-
tion) [59]. The trophic changes in bone, muscles, skin, 
and other tissues can result from abnormal innervation, 
blood supply, or disuse of the affected extremity.

22.3.3  Clinical Presentation

In the vast majority of patients, CRPS develop subse-
quent to a trauma to the affected limb. Importantly, the 
development and extent of CRPS does not appear to 
depend on the magnitude of initiating injury. CRPS 
consists of the following subjective symptoms and 
objective signs:

1. Sensory changes: Spontaneous pain in the affected 
limb is the most common CRPS symptom. Three 
quarters of CRPS subjects report rest pain that is 
often constant, tearing, burning, stinging, or deep. 
Pain is aggravated by movement or by dynamic or 
even static touch.

2. Vasomotor changes: Dysfunction of cutaneous sym-
pathetic vasoconstrictor activity in combination with 
neurogenic inflammatory vasodilatation in the affected 
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limb leads to alterations of skin temperature and color. 
These changes can be dynamic over time: increase 
during acute CRPS and decrease in chronic stages.

3. Sudomotor changes and edema: Additional clinical 
presentation of CRPS is differential sweating and 
swelling as compared to the unaffected limb. These 
changes may occur spontaneously or may be 
induced by sensory stimuli, environmental or psy-
chological stress, or physical activity. Figure 22.1 
shows a patient who underwent below-knee ampu-
tation and later on developed CRPS in his stump.

4. Movement disorders and dystrophy: CRPS patients 
may experience weakness, dystonia, inability to ini-
tiate a movement, spasms, tremor, or myoclonus, 
which may occur in different combinations. These 
movement disorders can facilitate the disuse and 
atrophy of the affected extremity.

22.3.4  Diagnosis

The diagnosis of CRPS is clinical and predominantly 
based on the above mentioned signs and symptoms. 
Laboratory tests (serum CRP, ESR, and WBC) fail to 
show evidence of systemic inflammation. Neuro-
inflammatory mediators including substance P, bradyki-
nin and CGRP, and free-radical scavengers are increased 
as compared to healthy controls, but no specific 

biological marker for CRPS has been identified. Imaging 
studies can sometimes be helpful: X-ray and CT scan 
can show changes in bone mineralization. MRI can 
show atrophy or swelling of soft tissues. Thermography, 
although not commonly available, can demonstrate 
temperature asymmetry and can therefore be a useful 
component of CRPS diagnosis. The diagnostic value of 
bone scan is debatable and a meta-analysis of 19 articles 
relating to bone scan in CRPS type I revealed a poor 
sensitivity of ~50% that declines over time.

22.3.5  Management of CRPS

The aim of treatment is to reduce pain and restore func-
tion of the affected limb as early as possible. While it is 
true that many of the CRPS patients improve spontane-
ously, for others – the syndrome may progressively dete-
riorate and become devastating. Therefore, a high index 
of suspicion, which leads to early diagnosis and treat-
ment, seems to be of critical importance. Early referral 
of possible CRPS patients for consultations and treat-
ment by a pain specialist is therefore recommended.

Randomized controlled trials (RCTs) have shown 
that short course of oral corticosteroids, intranasal or 
intramuscular calcitonin, intravenous bisphosphonates, 
antioxidants, and free-radical scavengers such as 
DMSO, as well as the alfa-1-adrenergic antagonist phe-
noxybenzamine can be efficacious for early (<6 months) 
CRPS. Several clinical trials demonstrated efficacy of 
stellate ganglion block for upper-limb CRPS and lum-
bar sympathetic block for lower-extremity CRPS in the 
early stages. “Successful blocks” with local anesthetics 
that result in temporary pain relief and improvement in 
the sympathetic symptoms and signs (i.e., elevation of 
skin temperature) help categorize the syndrome as sym-
pathetically maintained pain (SMP). The diagnosis of 
SMP seems to have clinical importance because it prob-
ably justifies repeated sympathetic blocks, it is regarded 
as a good prognostic factor for spinal cord stimulation 
(SCS) therapy, and according to some authors, it cor-
relates with the long-term results of surgical sympath-
ectomy. The use of regional or systemic sympathetic 
blocks with clonidine, reserpine, guanethidine, phen-
tolamine, and other agents is controversial, whereas 
regional intravenous bretylium has shown evidence of 
efficacy [38].

Fig. 22.1 Left foot CRPS type-I. Most notable are dystonic 
posture and swelling of the foot
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Many of the patients with CRPS require the use of 
analgesic medications. Although no controlled trials 
are available, there are clinical reports on the use of 
NSAIDs, opioids, anticonvulsants, and antidepres-
sants. This is particularly important, because early 
ambulation of the affected limb is believed to be impor-
tant. Physical and occupational therapies should there-
fore become a part of the treatment early on. The use 
of analgesic medications that have been adjusted to the 
severity of the pain or even of an intervention (i.e., a 
sympathetic block), prior to the physical or occupa-
tional therapy session can be helpful.

The aim of therapy in chronic CRPS (>6–
12 months) is to minimize pain, preserve patient’s 
ability to function, and prevent further deterioration. 
A comprehensive, multidisciplinary approach is 
therefore appropriate for these patients. For pain 
reduction, a regular use of NSAIDs, opioids, anticon-
vulsants, and antidepressants, either alone or in vari-
ous combinations is almost always required. Topical 
agents, including local anesthetics, capsaicin, anti-
inflammatory drugs, and clonidine, can be added. 
Free-radical scavengers were clearly effective in a 
few RCTs. Spinal cord stimulation together with 
physical therapy has shown initial good results as 
compared to physical therapy alone in a well- 
controlled trial on 54 patients with chronic CRPS. 
Interestingly, despite diminishing effectiveness of 
this therapy over time, 95% of patients with an 
implant would repeat the treatment for the same result 
[46]. Intrathecal drug delivery pumps are an addi-
tional option for the most severe cases. Several recent 
reports and a recent randomized controlled trial indi-
cate that continuous intravenous infusions of ket-
amine are beneficial. Surgical sympathectomies, 
either open or percutaneous, yielded controversial 
results. At moments of despair, patients with CRPS, 
their families or their caregivers may consider limb 
amputation. However, at least one study indicated an 
82% recurrence rate of the syndrome in the ampu-
tated limb. As mentioned earlier, patients with chronic 
CRPS require physical and occupational therapies in 
order to maintain their general functioning and avoid 
further deterioration (i.e., prevent frozen shoulder or 
secondary myofascial pain). Psychological interven-
tions that include relaxation techniques, biofeedback, 
cognitive-behavioral, and other therapies are of cru-
cial importance although sometimes overlooked.

22.4  Bone and Joint Pain

22.4.1  Overview

The musculoskeletal system is an important source of 
chronic pain. Recent major surveys have shown that 
the prevalence of chronic pain in the general popula-
tion is high, and that approximately 50% of those suf-
fering from it will have musculoskeletal involvement 
[9]. Following trauma and combat injury, the preva-
lence of chronic pain is significantly higher than in the 
general population. In fact, trauma and subsequent 
treatment, whether surgical or conservative, are impor-
tant risk factors for the development of chronic pain in 
the musculoskeletal system [15]. It is important to try 
and isolate the various components of musculoskeletal 
pain in the context of the recuperating and rehabilitat-
ing patient, as different treatment strategies will 
become appropriate depending on the involvement of 
bone, joint, and soft tissue in these pain problems. 
Chronic post-traumatic bone and joint pain share some 
common characteristics and will be discussed together 
in their diagnosis, classification, presentation, and 
management.

22.4.2  Diagnosis and Classification

Bone pain following trauma should be differentiated 
according to acute or chronic classification. In the 
acute stage, this will most often be due to disrupture 
of the osseous integrity with pain perception due to 
activation of nociceptive mechanisms. These could 
be from mechanical (fracture) and chemical (inflam-
matory cytokines) stimulation. In the chronic stage, 
pain from bone could be due to mechanical, meta-
bolic, infective, or even infiltrative processes (see 
Table 22.2).

Bone is highly innervated and is sensitive to inter-
nal pressure and external disruption and injury. The 
periosteal covering of the bone, contiguous with mus-
cle and ligamentous fascia, is a sturdy, fibrous, sheath 
investing along the bony surface. It is highly inner-
vated with both free nerve endings and specific pres-
sure receptors. Free nerve endings are purported to 
relay afferent impulses of nociceptive pain, while 
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pressure receptors are involved in the afferent trans-
mission of pressure, touch, and position information 
[53, 61]. Immunoreactivity to a wide variety of pain-
related and vasoactive neuropeptides has been docu-
mented in periosteal tissue [34]. Nerves carrying 
substance P and Calcitonin gene-related peptide 
(CGRP) in the marrow, periosteum, cortex, and asso-
ciated muscles and ligaments have been demonstrated 
[5, 6]. Thus we can assume that disrupture to bone 
will activate nociceptive processes through a multi-
tude of stimuli, whether mechanical such as fracture 
and intramedullary swelling, chemical such as 
through inflammatory processes or via neurological 
disruption.

Joint pain is often difficult to differentiate from 
bone pain, and in fact similar pathophysiological pro-
cesses can affect both bone and joint. It is important to 
differentiate whether the pain occurs at rest, during or 
after activity, or on loading of the joint. Synovial tissue 
is highly innervated both with nociceptive, touch, and 
pressure receptors, thus processes causing inflamma-
tion with concomitant chemical and mechanical stress 
on the joint will cause pain [81]. Another important 
process associated with joint pain is enthesopathy, 
pain, and inflammation of the soft tissue investing on 
the bone and joint surface (see below). Joint pain will 

be pronounced when range of motion is challenged, 
especially in joints that have been completely or par-
tially immobilized due to the trauma or secondary to 
the orthopedic treatment. In these cases pain will be 
emphasized when the joint is stressed either in loading 
or in stretching.

22.4.3  Epidemiology

Although the most common cause of chronic pain is 
arthritis (42%), trauma and surgery account for 15% of 
patients suffering from chronic pain in Europe [9]. Of 
all patients suffering from severe pain 66% reported as 
5–7 on a 1–10 point NRS scale. And 31% state that they 
cannot tolerate the pain any longer and a majority of 
patients are affected by the pain in their lifestyles and 
daily activities. Chronic pain due to trauma and combat 
injury follows a far different and more severe course 
than in the general population. In a 7-year  follow-up 
survey of 397 patients suffering from limb-threatening 
lower-extremity trauma, it was found that only 23% 
patient were pain free at 7 years compared to 42% in 
the general population. In amputees, the grade of 
chronic pain (severity) correlated positively with the 
appearance of phantom pain. Pain intensity at 3 months 
was a strong predictor of chronic pain. Importantly, 
depression and anxiety were also correlated with 
increased chronic pain prevalence [15].

22.4.4  Clinical Presentation

Bone pain is usually described as an aching deep-
seated pain. Typically, the patient will feel a profound 
uneasiness both while ambulating and often at rest. It 
is vitally important to differentiate between the various 
causes of the pain in order to give the most effective 
treatment (Table 22.1). Chronic pain of osseous origin 
is very different than acute pain. In the acute stage, 
pain is usually associated with movement of the frac-
tured bone with ensuing nociception. Thus patients 
will often feel deep sharp pain coursing through the 
limbs or in the axial skeleton. Immobilization will usu-
ally help. In the chronic stage, the pain is often poorly 
localized. Patients may complain of pain at night which 
is usually of a dull aching character. Many patients 

Mechanism of pain Process or disease

Disruption of osseous integrity Fracture
Mal-union of fracture
Nonunion of fracture
Pinning with external 
fixation

Metabolic disorders Hyperparathyroidism; 
hyperthyroidism
Cushing’s syndrome
Osteogenesis imperfecta

Inflammatory disorders Osteomyelitis
Arthritis

Infiltrative disorders Paget’s disease
Gaucher disease
Beta thalassemia
Avascular necrosis

Malignancy Metastases
Leukemia
Lymphoma
Multiple myeloma

Table 22.2 Differential diagnosis of chronic bone pain
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suffer from bone bruises, an entity not recognized 
before the advent of Magnetic Resonance Imaging. 
Pain in these cases is always dull and poorly localized. 
Joint involvement together with bone involvement is 
common, and often it is impossible to differentiate 
from where the pain is arising. Many patients will 
complain of pain mainly on weight-bearing or on joint-
loading, and this will help in localizing the source.

The evaluation of chronic pain in the bones and 
joints of patient following trauma and combat injury 
differs greatly from the acute pain setting. The history 
is absolutely essential, especially the accurate descrip-
tion of the way the pain manifests. A tentative diagno-
sis as to the source of the pain should be followed  
by a focused physical examination exploring, by pal-
pation, which locations are tender and under what 
conditions – during palpation, joint testing, or muscle 
testing. It is often possible to localize the pain focus 
such as an enthesopathy or bone bruise. Imaging is 
much more helpful in acute trauma than in the chronic 
pain patient. Firstly, there are often many abnormali-
ties seen on imaging, and it is usually not possible to 
pinpoint the exact source of the pain. Thus imaging is 
a poor guide to the patients’ pain but is a better guide 
for ruling out serious pathology [14].

22.4.5  Management of Bone  
and Joint Pain

The mainstay of all musculoskeletal therapy involves 
the judicious use of analgesic medications together 
with various physical modalities designed to facilitate 
an effective return to normal function.

Medications should be utilized taking a stepwise 
approach geared towards the proposed mechanism of 
the generated pain. A good first-line analgesic showing 
a good safety profile is Acetaminophen in doses of 
325–600 mg, every 4–6 h. The total daily dose should 
not exceed 4 g/day. Nonsteroidal anti-inflammatory 
drugs (NSAID’s) have proved very useful for bone 
pain, and especially in cases of inflammation of joints. 
Their long-term use is marred by their safety profile. In 
general, it is common practice nowadays to use 
NSAID’s for as short a time period as possible, espe-
cially during flair-ups of pain. Mild opiates such as 
propoxyphene in doses of 50 mg are often used in 

combination tablets with acetaminophen (500 mg) up 
to four times a day. Tramadol 50–100 mg in total daily 
doses of 300 mg is also a good initial medication. The 
use of strong opiates for nonmalignant chronic arthritic 
pain is well established, and their use is often com-
bined with adjuvant drugs such as those used in neuro-
pathic pain ranging from tricyclic antidepressants 
through SSRI, and especially SNRI antidepressants as 
well as antiepileptic agents. If the patient proves refrac-
tory to initial pain therapy, it would be prudent to refer 
to a pain specialist for further management.

Long-term functional outcomes of patients suffer-
ing severe traumatic injury is poor [51] and the need for 
comprehensive multidisciplinary rehabilitation pro-
grams cannot be emphasized enough. A comprehensive 
review of the various physical modalities is beyond the 
scope of this chapter, but biopsychosocial therapy 
focused on functional outcome appears to be the most 
effective therapeutic option for patients recovering 
from serious trauma, especially war trauma [43, 60].

22.5  Myofascial Pain Syndrome

22.5.1  Overview

Myofascial pain syndrome (MPS) is probably the most 
common cause of long-term suffering and disability in 
patients suffering from persistent post-trauma pain [1]. 
It is characterized by pain, stiffness, limitation of move-
ment, and local autonomic phenomena (Table 22.3). 
The hallmark of myofascial pain is the Trigger Point 
(TrP), which is defined as a localized area of exqui-
site tenderness in a taut muscle band which often dis-
plays, when palpated, a local twitch response (LTR). 
Palpation of the TrP will reproduce the patients’ pain 
both locally and in a typical referred pain pattern, and 

•   Regional muscle pain syndrome accompanied by trigger 
points (TrP)

•   TrP-hyperirritable spot within a taut band of skeletal 
muscle or muscle fascia
– Painful on compression
– Characteristic referral pain patterns
– Tenderness and autonomic phenomena

Table 22.3 Definition of myofascial pain syndrome
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treatment of the TrP will usually bring resolution to 
the patient. All trauma can ultimately involve muscle. 
Prolonged immobilization, direct muscle and ligament 
trauma, bone and joint involvement will all have an 
effect on the muscle and investing fascia, supporting 
the eventual development of chronic myofascial pain.

22.5.2  Epidemiology

MPS is one of the most common causes of pain seen in 
the general population. The prevalence of chronic 
regional musculoskeletal pain ranges between 10% 
and 20% with most cases attributed to MPS [31, 71, 
80]. Trigger points were the primary source of pain in 
74% of 96 patients with musculoskeletal pain seen by 
a neurologist in a community pain medical center [30] 
and in 85% of 283 patients consecutively admitted to a 
comprehensive pain center [26]. Up to 50% of patients 
referred to dental clinics for chronic head and neck 
pain suffer from MPS [20].The prevalence of chronic 
pain and disability increase greatly with post-trauma 
victims including victims of war injuries and is highly 
correlated with the degree and severity of the injury 
[15, 56].

22.5.3  Clinical Presentation

The secret to understanding, diagnosing, and treating 
MPS lies in the history and physical examination of 
the patient. It can occur acutely or patients may pres-
ent with chronic myofascial pain, sometimes of many 
years duration. In the acute condition, a patient may 
commonly be afflicted by regional pain that can start 
after a minor movement; thus often patients feel their 
lower back “go out” when bending over or feel an 
acute “crick in their neck” when turning. Many patients 
will complain that they awoke in the morning with the 
pain suddenly appearing. The history is often so typi-
cal as to be almost pathognomonic; thus a patient com-
plaining of acute low back pain occurring on one side 
with radiation into the buttocks, lateral hip, and occa-
sionally lower abdomen will very likely be suffering 
from acute myofascial pain of the quadratus lumbo-
rum muscle [75] (Fig. 22.2). Acute MPS is very com-
mon in patients suffering from chronic musculoskeletal 

conditions such as post-trauma victims [82] and a dili-
gent search for TrPs, eliciting and reproducing the 
patient’s pain while being palpated, will aid in the 
diagnosis.

Chronic MPS is so common in the setting of patients 
suffering from chronic musculoskeletal pain that it is 
probably present unless proven otherwise. One of the 

Fig. 22.2 (a, b) A 45-year old man was seen at the clinic suffer-
ing from back and buttocks pain of 2 months duration. The pain 
had started 1 day after some quite strenuous physical activity. 
Initially, the pain was excruciating and the patient was bedrid-
den, barely able to turn in bed and able to reach the toilet only by 
crawling. The pain was exacerbated by any movement, espe-
cially attempting to move the torso, sit, or stand. A physicians’ 
house visit confirmed that the pain was probably muscular in 
origin and with no radicular component even though the pain 
radiated from the lower back to the right buttocks, thigh, and 
also right lower abdomen. On examination the patient had an 
exquisitely tender right quadratus lumborum muscle, manifest-
ing on challenge of the muscle both passively and actively. Dry 
needling of the muscle elicited and reproduced the patients’ pain 
exactly, and after two treatments the pain was completely 
resolved. This pattern of pain was almost pathognomonic for the 
quadratus lumborum muscle
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important aids to diagnosing the muscles involved in 
myofascial pain are the various “pain charts” devel-
oped over the years partly by observation and lately by 
controlled research and experimentation. The history 
of pain charts stems back to work done in the 1930s of 
the twentieth century when Kellgren described the 
pain referral patterns produced when injecting a small 
amount of 6% hypertonic saline into the muscles of 
healthy subjects [45]. Since then, charts have been pro-
duced for the intrinsic spinal muscles (multifidi and 
erector spinae muscles) [24, 75], and even recently 
charts are being refined for muscle referral patterns 
[29, 41].

The pain is often described as deep, grabbing, pull-
ing, and aching and is greatly aggravated by exerting 
the involved muscles and upon extension of those mus-
cles. Patients with MPS of the back will be hypervigi-
lant of bending and lifting, while MPS of the 
appendicular skeleton will manifest with decreased 
function, weakness, and pain.

Clinching the diagnosis of MPS necessitates a thor-
ough, focused physical examination. The most impor-
tant sign is the TrP which, when palpated and 
“strummed,” will elicit exquisite point tenderness, a 
LTR, and a typical pain referral pattern. The patient 
will often say that “that is exactly my pain.” In fact 
reproduction of the patients’ pain while palpating the 
muscles is absolutely essential in clinching the diagno-
sis. The LTR may be elicited during snapping palpa-
tion of the TrP or during needling, especially rapid 
needling. It is associated with sharp deep pain, par-
esthesia, and discomfort which may be quite severe 
[37]. The criteria for the diagnosis of MPS are shown 
in Table 22.4.

MPS is a great mimicker. The muscles involved in 
MPS may cause symptoms in the bones and joints due 
to their attachments with consequent traction, and 
ensuing enthesopathy, tendinitis, and tendinopathy. 
Thus clinical syndromes such as plantar fasciitis, pes 
anserine bursitis or sacroiliitis, and facet arthropathy 
may be due to the constant pulling and ensuing degen-
erative changes seen in joint surfaces. Osteophyte for-
mation and spondylotic changes of the spinal column 
may be a result of shortened muscles with limitation of 
motion and increased traction on bony and joint 
insertions.

MPS may be precipitated or perpetuated by various 
factors, including trauma, mechanical factors such as 
posture, ergonomics, nerve root compression, emotional 

stress, nutrition, metabolic and dietetic deficiencies, and 
infection [32]. Chronic muscle imbalance, an important 
factor in our modern society and especially following 
trauma, can precipitate MPS. In such circumstances, 
patients will present with a plethora of imbalanced 
 muscles and postures with ensuing pain [66].

22.5.4  Pathophysiology

Acetylcholine is released in excess at motor end plates 
with increased spontaneous electrical activity (SEA) 
[39]. It is purported that the ensuing muscle contrac-
tion and local ischemia causes pain with release of 
 vascular and neuroactive substances which may fur-
ther enhance muscle contraction and increased pain. If 
the TrP is not treated, persistent nociceptive barrage to 
the spinal cord may develop facilitated release of noci-
ceptive neurotransmitters with lowered threshold for 
 synaptic activation, amplification, and perpetuation of 
pain – a state called spinal segmental sensitization 
[69]. Gunn has presented a well-explained model of 
MPS based on the observation of sympathetic involve-
ment, myotomal referral patterns, and sclerotomal 
 sensitization [36]. According to this model, damage to 
the spinal nerve on exiting the intervertebral foramen, 
due to “prespondylosis” [35], will cause a decrease  
in nerve function, a neuropathy, which will lead to 
denervation supersensitivity [12]. This can affect many 

1.  Sudden onset during or shortly following acute overload 
stressGradual onset with chronic overload

2. Characteristic patterns of pain from myofascial TrPs

3.  Weakness and restriction in the range of motion of 
affected muscle

4. A taut, palpable band

5.  Exquisite, focal tenderness to digital pressure (the TrP) in 
the band of taut muscle fibers

6.  A local twitch response elicited through snapping 
palpation or needling of the tender spot (TrP)

7.  The reproduction of patient’s pain complaint by pressure 
on, or needling of, the tender spot (TrP)

8.  The elimination of symptoms by therapy directed 
specifically to the affected muscles

Table 22.4 Criteria for the diagnosis of myofascial pain 
syndrome
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structures of the body, including skeletal muscle, 
smooth muscle, spinal neurons, sympathetic ganglia, 
adrenal glands sweat glands, and even brain cells. 
Ensuing clinical consequences pertinent to MPS 
include trophedema of the skin and subcutaneous tis-
sues often with exquisite tenderness, myotomal muscle 
involvement, and sclerotomal sensitization manifest-
ing as bursitis, enthesitis, epicondylitis, and tendonitis 
which may occur in the affected distribution innervated 
by the spinal segment that is upregulated.

22.5.5  Management of MPS

The aim of treatment is to deactivate sensitized TrPs, 
thus facilitating physical rehabilitation of the involved 
musculature and associated structures. In general, the 
treatment can be classified according to noninvasive, 
medication, invasive, and exercise procedures.

22.5.5.1  Noninvasive Therapy

Physical therapy will be aimed at correcting elements 
of poor posture and body mechanics. Techniques used 
may range from “spray and stretch,” advocated by 
Travell and Simons [75], and various forms of myofas-
cial release. An interesting emerging system of myo-
fascial release has been described by Myers [57]. His 
approach is based on the observation of myofascial 
continuity, with muscles and enveloping fascia coalesc-
ing into kinematic chains that affect each other along 
well-described “anatomy trains.” Thus, for example, in 
the back, we may see a contiguous chain starting in the 
plantar fascia and continuing via the Achilles tendon 
through the gastrocnemius muscles, the hamstrings, 
the sacrotuberous ligament onto the erector spinae 
muscles up to the neck and epicranial fascia, finally 
ending above the orbit of the eye. Release of this chain 
involves various stretching techniques and home exer-
cises for the patient. Other forms of physical therapies 
can involve many well-formulated and recognized 
schools of treatment such as chiropractic, osteopathy, 
as well as various massage techniques such as deep 
tissue massage, shiatsu, tui-na. Physical agents and 
modalities such as heat, ice, and transcutaneous elec-
tronerve stimulation (TENS) have all been utilized in 
MPS with varying degrees of success, and they can be 
utilized as adjuncts to physical therapy [65].

22.5.5.2  Medications

Medications may be of supplementary use in the treat-
ment for MPS. Acetaminophen and NSAIDs may 
afford some pain relief in the acute stage, but chronic 
use should be weighed according to comorbidity, side 
effects (especially NSAIDs), and cost and benefit con-
siderations. Patients suffering from a large degree of 
concomitant anxiety might benefit from benzodiaz-
epines, such as lorazepam or clonazepam. Many 
patients with chronic MPS may suffer from depres-
sion, and in these cases it would be prudent to add an 
antidepressant agent. In fact, patients with post-trauma 
MPS may be suffering from concomitant neuropathic 
pain, and therefore there would be good clinical rea-
sons to add an antidepressant with known antineuro-
pathic effects such as a tricyclic antidepressant or a 
serotonine neurepinephrine reuptake inhibitor such as 
Duloxetine. Commonly used muscle relaxants have no 
effect on chronic conditions, probably due to the fact 
that the involved muscles are not in fact in spasm but 
chronically shortened. Opiate drugs may be effective 
in the acute stage, but their use in chronic cases should 
be weighed very carefully.

22.5.5.3  Needling and Infiltrations

Injections into TrPs have been described as early as 
1938 [44]. In this study, 1% novocaine infiltration into 
TrP’s abolished the pain, sometimes permanently. 
Many substances have been used for TrP infiltrations, 
including local anesthetic agents, corticosteroid, and 
saline. Whether the reparative effect of infiltrations are 
due to the injected substances or to the effect of the 
needling has been at the center of debate for many 
years [50]. In one systematic review, it was concluded 
that “any effect of these therapies (needling or injec-
tion) is likely because of the needle or placebo rather 
than the injection of either saline or active drug” [18]. 
Dry needling has gained acceptance as the standard of 
invasive treatment in the last few years. In this treat-
ment, acupuncture needles of appropriate size are 
introduced directly into the TrPs found on physical 
diagnosis. The patient will often complain of a deep, 
aching pain, reproducing exactly his/her pain, and this 
is actually very useful in determining whether the 
“right spot” has been found. LTRs, sometimes in mul-
tiple volleys, are searched for with needling penetra-
tion. Although this is quite unpleasant, many patients 
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will get off the treatment couch with a visual analogue 
scale (VAS) score that has decreased dramatically. 
Interestingly, this treatment has been described even in 
the ancient Chinese literature, thus translated passages 
exist such as “If the true point is discovered the qi sen-
sation should be strong…. If the qi sensation is strong 
the treatment will be effective” [21].

Gunn has been instrumental in developing a system 
of needling known as Intramuscular Stimulation (IMS) 
[36]. In this system, myofascial TrP’s or taut bands are 
diligently search for and deactivated by needling and 
twirling of the needles eliciting as many LTRs as pos-
sible. The patient is concomitantly needled in his/her 
multifidi and erector spinae muscles relating to the 
same spinal segment/s as the ventral muscles involved. 
Thus both anterior and posterior rami structures are 
treated and deactivated. Gunn IMS, originating in 
Canada, has proven very effective in alleviating MPS, 
is taught worldwide, and has become the gold standard 
for needling therapy of this syndrome. It has been 
incorporated into the scope of practice of doctors spe-
cializing in MPS as well as physiotherapists in many 
countries of the world.

22.5.5.4  Exercise and Physical Activity

Needling, stretching, or medications are but a start in 
the treatment of MPS and should be backed up by an 
appropriate exercise regimen supervised by an experi-
enced professional. This is especially so in post-trauma 
patients where skeletal defects may necessitate spe-
cialized approaches. In general, muscle imbalance 
should be corrected with restoration of normal length, 
power, and flexibility. Care must be taken not to over-
stretch or strengthen the muscles in the early treatment 
stage as this may exacerbate a rebound of spasm and 
shortening [82].

22.6  Dysfunctional Pain

It is important to recognize dysfunctional causes of 
pain in survivors of severe trauma and even more so in 
combat injuries, as in these cases an approach different 
to the biomedical model must be applied. Dysfunctional 
pain or functional pain disorder is one that, after appro-
priate medical assessment, cannot be explained in 
terms of a conventionally defined medical disease 

based on biochemical or structural abnormalities [10]. 
Post-trauma patients were found to have an increased 
rate of chronic pain which was significantly associated 
with having less than a high school education, having 
less than a college education, low self-efficacy for 
return to usual major activities, and high levels of aver-
age alcohol consumption at baseline. In addition, high 
reported pain intensity, high levels of sleep and rest 
dysfunction, and elevated levels of depression and 
anxiety at 3 months post-discharge were also strong 
predictors of chronic pain at 7 years [15].

Post-traumatic stress disorder (PTSD) is a disabling 
condition associated with exposure to traumatic stres-
sor, defined as a threat to life or one’s integrity accom-
panied by intense fear, horror, or helplessness [10]. 
PTSD patients have an increase in chronic pain, soma-
tization, and utilization of health resources. These prob-
lems are very common in combat victims. Fibromyalgia, 
defined as a chronic widespread myalgia, involving the 
body both above and below the waist, to the left and 
right of the body with associated tender spots (TS), is 
more common in sexual, physical, and emotional vic-
timization, and following combat stress [11].

Identification of patients suffering from dysfunc-
tional pain is essential in order to offer them the appro-
priate medical, psychological, and psychiatric support, 
especially if the patient is to undergo further medical 
or surgical therapy.
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above-knee (see Above-knee amputation)
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improvised explosive devices, 217
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fixator management, 228
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I&D procedures, 219
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Bone morphogenetic protein–7 (BMP–7), 219, 220
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Cardiogenic shock, 18
Central venous pressure (CVP), 66
Ciprofloxacin monotherapy, 169
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patient outcome, 83–84
preemptive therapy, 84–85

Combat injury. See also Hemotransfusion
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arterial injury, 100–101
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tertiary, 96

bone and soft tissue injury
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CTA (see CT angiography)
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409Index

endovascular treatment, 112–113
MRA, 107
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Gustilo-Anderson classification, 165–166
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prevention of infection
clinical practice guidelines, 167, 168
strength of recommendations, 166–167

vascular injury
arterial embolization, 106
AVF, 105, 106
hematoma, 101–103
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wound microenvironment, 164
Combat support hospital (CSH), 5
Combination techniques
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distraction phase, 382
external fixator removal, 386
femur, 385–386
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hardware removal and radical resection, 382
IM nail insertion, 382, 385
paprika sign, 382
postoperative care, 386
temporary external fixation, 382, 384
tibia, 386, 387

Complex regional pain syndrome (CRPS)
clinical presentation, 395–396
diagnosis of, 396
epidemiology of, 395
management of, 396–397
pathogenesis, 395

Conventional angiography (CA), 107
Crush syndrome, 339, 341
CSH. See Combat support hospital
CT angiography (CTA)

pitfalls
axial, 110, 112
leg, 109, 110
lower extremity, 109, 111
peripheral, 109, 111

technique, 111–112
vascular injury

conventional angiography, 108, 109
leg, 109, 110
lower extremity, 109, 111
lower limb, 108
multisystem-blast, 108, 109
thigh, 109, 110

CVP. See Central venous pressure

D
Damage control orthopaedics (DCO)

evolution, 39
hemorrhage
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exsanguination, 36
tourniquets and hemostatic dressings, 36, 37

long bone fixation
abdominal surgery procedure, 42
ARDS, 39, 41
borderline patient identification, 42
clinical condition parameters, 42, 43
intramedullary nailing, 41
pulmonary complications, 40

origin, 35, 36
pelvic ring injury

angiography, 45
borderline polytrauma, 46–48
external fixation, 44
internal fixation, 43–44
pin placement, 44, 45
position marking, 44
retroperitoneal packing, 45

provisional external fixation, 216, 217
resuscitation

MODS, 38, 39
monitoring study, 38
recombinant factor VIIa, 38

trauma and the inflammatory cascade, 40
Deep vein thrombosis (DVT), 73
Demineralized bone matrix (DBM), 219, 220
Direct nerve trauma

emergency procedure
high-velocity isolated nerve injury, 191, 193
low-velocity isolated nerve injury, 189–190
medium-velocity isolated nerve injury,  

191–192
mechanism of

high-velocity injury, 185
iatrogenic lesions, 185, 187
low-velocity injury, 184–185
medium-velocity injury, 185–187

Distal tibiofibular fractures
fibular stabilization

bilateral lower limb injuries, 247–248
hinged fixation, 249–252
limb salvage (see Limb salvage)
malrotation, 272–275
open reduction and external fixation,  

244–246
primary arthrodesis (see Primary arthrodesis)
primary circular/hybrid fixation, 247, 249
shortening and angulation, 269–272
upper limb reconstruction, 252–254

Distraction osteogenesis techniques, 380, 381
Doppler sonography, 106
DVT. See Deep vein thrombosis
Dysfunctional pain, 403

E
Enterobacteriaceae, 169
Escherichia coli, 164
Evacuation chain

levels of care, 14
military priority categories, 14
triage area, 15
triage process, 12

Exchange nailing, 364–366, 368
Extrafocal fixation technique, 134
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F
Fat embolism syndrome (FES)

biochemical and mechanical pathway, 77
definition, 76
incidence, 77
laboratory and diagnostic test, 77
management, 77
patient outcome, 77–78
prevention, 78
signs and symptoms, 77

FFP. See Fresh frozen plasma
Fibula transport, 380
Flail chest, 17
Flaps

anastomosis, 202
free flaps, 202–203
lower limb

ankle and foot, 207, 209, 211
calf, 205, 207, 209, 210
knee and thigh, 205, 209

pedicled flaps, 201–202
perforator flaps, 203
upper limb

arm, 203, 205, 206
elbow, 203, 204
fingers, 204, 205, 208
forearm, 203–204
hand, 204, 205, 207, 208
shoulder, 203, 204

Fluid resuscitation, 67–68
Foot surgery

battlefield stabilization and triage
echelon II and III care, 296
echelon IV hospital, 296
foot compartment syndromes, 296–297
K-wire, 297
medical evacuation and treatment, 296
open blast injury, 297, 298
open talar neck and calcaneal fracture, 297

definitive care management
combined injuries, 309
forefoot reconstruction, 304, 306
fracture and bone defect, 304
hindfoot reconstruction, 307–309
initial assessment and planning, 299–300
midfoot reconstruction, 306–307
operative strategy and limb salvage assessment, 

300–301
wound closure, 302–304
wound management, 301–302

deformity and complication
chronic infection and treatment, 311–312
compartment syndromes and blast trauma, 314, 315
loss of tendon insertion, 312–313
nerve deficit and neuropathic pain, 310–311
posttraumatic arthritis and fusions, 312
stiffness, 311
treatment strategy, 309

epidemiology, 295
interim wound management techniques, 298–299

Forefoot reconstruction, 304, 306

Fracture reposition and fixation. See Ilizarov frame assembly 
technique

Fresh frozen plasma (FFP), 81

G
Glasgow Coma Scale (GCS), 16

H
Half-pins

external bone fixation, 138–142
intraoperative shortening, 136, 137
placement sites, 137
tibial and femoral fracture fixation, 136–138

Hand injury
advanced primary management

anesthesia, 281, 283
primary wound excision (see Primary wound excision)
systemic reassessment, 281–283

delayed primary and secondary surgical management
amputation, 292
bone injury, 291
nerve injuries, 291–292
skin cover, 291
tendon injury, 292
wound closure, 289, 291

physical and occupational therapy, 292
primary care, 280–281
psychosocial implications of, 292–293
tourniquet-related morbidity, 281

HBO. See Hyperbaric oxygenation
Hemorrhage, 18
Hemostasis, 342
Hemotransfusion

blood products available, 82–83
coagulopathy, 83–84
history, 81–82
massive bleeding

Auckland general hospital, 86, 87
Israel patient, 85
labelled samples, 86
Rambam health care campus, 86

MTP, 88
preemptive therapy, 84–85
rFVIIa and antifibrinolytic drugs, 88–90
thromboelastography, 90–91

Heparin induced thrombocytopenia (HIT), 74
Heterotopic ossification, 30–31, 351
High-pressure pulsatile lavage (HPPL), 118
High-velocity nerve injury

definitions, 183
direct nerve trauma, 185
isolated direct nerve trauma, 191, 193

Hindfoot reconstruction, 307–309
Hip disarticulation, 349
Hybrid external fixation

clinical appearance, 148, 157
construction elements, 161
proximal tibial and pylon fractures, 150, 158–160
transitional blocks, 149
unmarried ring, 160

Hyperbaric oxygenation (HBO), 54
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I
Iatrogenic injury, 185, 187
IEDs. See Improvised explosive devices
Ilizarov method

bone alignment preservation, 234, 236–237
fibular stabilization (see Distal tibiofibular fractures)
frame assembly technique (see Fracture reposition and 

fixation)
unilateral tubular fixator, 234–236

Ilizarov frame assembly technique
assembled rings diameter, 238
circular fixation frame, 240
degree of mechanical system stability, 238–239
femur, 240–243
high-energy injury, 238, 239
preliminary assembly, 237–238
Shanz screws, 238
tibia, 243–245
wire insertion technique, 240

Improvised explosive devices (IEDs), 217
IMN. See Intramedullary nailing
Indirect nerve trauma

emergency procedure, 189
fracture displacement, 184
heat, 184
shock waves, 184
tertiary blast, 183–184

Inferior vena cava (IVC), 76
Injury severity score (ISS), 84
Inotropes and vasopressors, 68
Intensive care. See also Anesthesia and intensive care

Bowell management system, 70–71
critical illness polyneuropathy  

(see Polyneuropathy)
FE and FES (see Fat embolism syndrome)
rhabdomyolysis (see Rhabdomyolysis)
stress ulcer prophylaxis, 70
systemic complications, 70
thrombo-embolic complications

clinical significance, 73
diagnosis, 73
DVT, 73
management, 73–75
patient outcome, 75–76
pulmonary embolism, 74–75
thrombolysis, 74
thrombo-prophylaxis, 76

Interim wound management techniques,  
298–299

Intramedullary nailing (IMN), 41, 224, 226

J
Javid shunt, 179

K
Killed in action (KIA), 9
Kinetic energy

amount, 22
equation, 21

Klebsiella pneumoniae, 164
Knee disarticulation, 345

L
Laryngeal mask airway (LMA), 61
Lax nonunions, 357, 358
Less invasive stabilization system (LISS), 221
Limb salvage

acute temporary malalignment, 263–269
amputation, 321
antitank rocket blast injury, 326–328
bone reconstruction

bifocal technique, 259, 262–263
callotasis, 256, 259

classification, 322–323
decision-making, 323
injury severity scores, 322–323
lower limb, 322
mine blast injury, 323–325, 330–332
patient compliance, 320
preoperative counseling, 320–321
primary internal fixation and wounds closure, 322, 325
road traffic injury, 328–329

Limb salvage index (LSI), 195
Limb vascular trauma

amputation, 180, 181
arterial vs. venous injury, 180, 181
compartment syndrome and fasciotomy, 179–181
endovascular methods, 178, 179
evacuation methods, 174
hemorrhage control methods, 174
imaging, 175–176
incidence of, 173
mechanisms of, 176–177
operating room, priority in, 176
repairing methods, 177–178
severe vasospasm, 175
temporary shunts, 178, 179
tourniquets, 174

LISS. See Less invasive stabilization system
LMA. See Laryngeal mask airway
Local and systemic antibiotherapy, 379
Loss of consciousness (LOC), 16
Low-velocity nerve injury

definitions, 183
direct nerve trauma, 184–185
isolated direct nerve trauma, 191, 193

LSI. See Limb salvage index

M
Magnetic resonance angiography (MRA), 107
Mangled extremity eeverity score (MESS), 195
Mass casualty and triage. See Medical aid organization
Massive hemothorax, 17
Massive transfusion protocol (MTP), 88
Mechanical muscle crush injury (MMCI)

closed, 53–54
death causes, 51
diagnosis, 52
history, 51
management, 52, 53
open, 52–53
pathology, 51–52
pathophysiology, 51–52
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Medical aid organization. See also Triage
armed conflicts, 1
ATLS, 8, 19
blood product management and planning, 5
communication, 5–6, 18
hospital incident command system, 4–5
information system, 5–6
injuries characterization, 6–7
leadership

paramount factor, 2
standard trauma team, 3
surveys and treatment, 3, 4

surge capacity, 1–2
trauma, 18
triage (see Triage)

Medium-velocity nerve injury
definitions, 183
direct nerve trauma, 185–187
isolated direct nerve trauma, 191–192

MESS. See Mangled extremity severity score
Midfoot reconstruction, 306–307
Mine blast injury

bone healing, 324
bone regeneration, 324
emergency care, 323
extensive soft-tissue and bone necrosis,  

331
follow up, radiological pictures, 332
Ilizarov external fixation, 332
Ilizarov fixation, 323–324
radiological appearance, 323
roentgenogram, 330
skin grafting, 331, 332
temporary right knee bridging, 323
transankle hybrid external fixation frame,  

330–331
transarticular half-pins fixation, 330
unilateral tubular external fixation, 323

Monofocal distraction, 360
MRA. See Magnetic resonance angiography
Multidrug-resistant organisms, 164–165
Multiorgan dysfunction syndrome (MODS),  

38, 39
Musculoskeletal trauma, 26
Myodesis effect, 343
Myofascial pain syndrome

clinical presentation, 400–401
definition of, 399–400
epidemiology, 400
management of

exercise and physical activity, 403
medications, 402
needling and infiltrations, 402–403
noninvasive therapy, 402

pathophysiology, 401–402
Myoglobinuria, 339

N
Negative pressure wound therapy (NPWT)

complications, 200
lower extremity wound, 299
VAC system, 199–200

Nerve block
lower extremity, 64–65
upper extremity, 63–64

Neurogenic shock, 18
Neuroma, 351
Neuropathic pain

clinical presentation, 392
definition of, 391
diagnosis of, 392
epidemiology, 391–392
management of

nerve blocks, 394
pharmacotherapy, 392–394
prevention of, 394–395
surgical procedures, 394

Non-hemorrhagic shock, 18
NPWT. See Negative pressure wound therapy

O
Open blast injury, 297, 298
Open crush wound (OCW). See Mechanical muscle crush 

injury
Open fractures

antibiotic therapy, 167, 169
classification, 115, 116
compartment syndrome, 120
débridement, 116–117
Gustilo-Anderson classification, 165–166
osteomyelitis, 165
wound irrigation, 118

Open pneumothorax. See Sucking chest wound
Open reduction and external fixation

debridement, 245
pylon fracture, 245
superficial pin-tract infection, 245, 246

Open reduction and internal fixation (ORIF), 221, 228
Operation Iraqi Freedom/Operation Enduring Freedom  

(OIF/OEF), 218, 229
MDR gram-negative bacteria, 164, 165
osteomyelitis, 165
tourniquets, 174

Osteomyelitis
clinical evaluation

bone healing capacity, 375–376
gadolinium-enhanced MRI, 376
medical history, 375
scarring of, 376–377
University of Texas Medical Branch Staging  

System, 376
vascularity, 376

complications of, 386
open fractures, 165
principles of therapy

bone and soft tissue stabilization, 379–380
Cierny-Mader staging system, 377
combined technique (see Combined technique)
debridement, 378–379
distraction osteogenesis techniques, 380, 381
fibula transport, 380
final bone reconstruction, 380
local and systemic, 377
local and systemic antibiotherapy, 379
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management plan, 377–378
titanium cage, 382, 384
vascularized bone grafts, 382, 383

P
Packed red blood cell (PRBC), 5, 38, 82
Pain

bone and joint
clinical presentation, 398–399
diagnosis and classification, 397–398
epidemiology, 398
management of, 399
musculoskeletal system, 397

CRPS
clinical presentation, 395–396
diagnosis of, 396
epidemiology of, 395
management of, 396–397
pathogenesis, 395

dysfunctional, 403
myofascial pain syndrome

clinical presentation, 400–401
epidemiology, 400
management of, 402–403
pathophysiology, 401–402

neuropathic (see Neuropathic pain)
Paprika sign, 382
Partial fibulectomy, 371
Partial thromboplastin time (PTT), 86
Patient-controlled analgesia (PCA), 70
Patient warming technique, 66
PE. See Pulmonary embolism
Pelvic ring injury, 18
Peripheral nerve injury

definitions, 183
emergency procedure

isolated direct nerve trauma, 189–193
isolated indirect nerve trauma, 189
nerve continuity, 185
nerve disruption, 185, 187–188
treatment algorithm, 188, 189

mechanism of
direct nerve trauma, 184–187
indirect nerve trauma, 183–184

median and ulnar nerves, 192, 193
negative influence, 193
radial nerve repairs, 193

PHTLS. See Prehospital trauma life support
Plate osteosynthesis, 361–362, 367
Polymorphonuclear leukocytes (PMNLs), 41
Polyneuropathy

clinical significance, 78
complications, 78
definition, 78
differential diagnosis, 78
management, 79
pathophysiology, 78
prevention, 79
prognosis, 79
signs and symptoms, 78
workup, 78

Predictive salvage index (PSI), 195

Prehospital trauma life support (PHTLS), 8
Primary arthrodesis

joint destruction
elbow, 256
Ilizarov external fixation frame, 255
joint resection, 255–256
limb-length restoration, 256
micromovements, axial plane, 256

Primary external fixation
advantages, 134
contamination, 133
disadvantages, 134
femoral bone fractures

external tubular fixation, 142–143
unilateral Orthofix frame, 143, 144

forearm bone fractures, 144, 148, 149
humeral bone fractures, 143, 146, 147
hybrid frames

clinical appearance, 148, 157
construction elements, 161
proximal tibial and pylon fractures, 150, 158–160
transitional blocks, 149
unmarried ring, 160

limb suspension, 146, 148, 156–157
methods, 133–134
modern equipment, 134
multiplanar configurations, 145, 151
small external fixators

additional percutaneous thin wire, 144, 145, 150
foot fractures, 144, 150
rules and principles, 144

temporary external fixation, 134, 148
tibial bone fractures

tubular Delta frame, 143, 145
unilateral AO external tubular frame, 143, 144

transarticular bridging
bone fragment displacement, 146
fracture reduction procedure, 146
lower limb injury, 145, 153–154
peri- and intraarticular fractures, 145, 152
shoulder joint, 146, 155
upper limb injury, 145, 153

unilateral tubular external fixation
application technique, 135, 136
fracture stabilization, 134
half-pins, 136–142
polytraumatized patients, 134–135
proximal femoral and humeral fractures,  

134, 135
types, 135

Primary wound excision
amputation, 288–289
bone, 285–288
debridement, 283, 284
nerves, 285
skin, 283–285
subcutaneous tissues and muscles, 283
vascular structures, 283, 285

Pseudoaneurysm, 103
Pseudomonas aeruginosa, 164–165, 169
PTT. See Partial thromboplastin time
Pulmonary embolism (PE), 74–75
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R
Rapid sequence induction (RSI), 61
Red Cross EXCVFM wound classification, 21, 115
Rhabdomyolysis

amputation, 339
laboratory and diagnostic tests, 71
management, 72
monitoring, 71
patient outcome, 72
prevention, 72
signs and symptoms, 71

S
Septic shock, 18
Shimmy effect, 30
SIRS. See Systemic inflammatory response syndrome
Skeletal reconstruction. See Ilizarov method
Skin traction, 343
Soft-tissue injury

causes, 195
complications

functional impairment, 212
partial flap necrosis, 209, 210
scars, 212
wound dehiscence and infections, 209, 210

flaps
anastomosis, 202
ankle and foot, 207, 209, 211
arm, 203, 205, 206
calf, 205, 207, 209, 210
elbow, 203, 204
fingers, 204, 205, 208
forearm, 203–204
free flaps, 202–203
hand, 204, 205, 207, 208
knee and thigh, 205, 209
pedicled flaps, 201–202
perforator flaps, 203
shoulder, 203, 204

imaging methods, 196
injury severity scores, 195–196
location, 195
negative-pressure wound therapy

complications, 200
VAC system, 199–200

physical examination, 196
skin grafts, 200–201
timing, 196, 197
treatment strategies, 197–199

Spanning external fixation, 133
Split thickness skin grafts (STSG), 200–201
Stab injury, 183, 190
Staphylococcus aureus, 164, 169, 224
Stiff nonunions, 357
Streptococcus pyogenes, 164
Sucking chest wound, 17
Systemic inflammatory response syndrome (SIRS), 67
Systemic vascular resistance (SVR), 66

T
Tactical combat casualty care (TCCC), 8
Temporary external fixation, 134, 148

Tension pneumothorax
injury, 17
shock, 18

Thromboelastography
abnormalities, 90
patterns, 91

Thrombo-embolic complications. See Intensive care
Thrombolysis, 74
Thrombo-prophylaxis, 76
Tibial bone fractures

tubular Delta frame, 143, 145
unilateral AO external tubular frame, 143, 144

Tissue debridement
fasciotomy and compartment syndrome

blast injury, 120, 124
Gustilo-Andersen IIIC fractures, 120–123
high-energy lower-limb injury, 120–121
open postdebridement wound, 124
ulnar bone fracture, 124

goals, 116–117
osteomyelitis, 378–379
principles and practice of surgery, 115
removal of foreign bodies, 125, 127–130
serial repeated procedures, 124–127
shrapnel wound management, 125, 128
techniques, 118–120
tissue damage evaluation, 115, 116
wound irrigation

high-pressure pulsatile lavage, 118
local antiseptics and antibiotics, 117
low-pressure irrigation methods, 118
sterile saline, 117
surfactants, 117–118

Titanium cage, 382, 384
Tourniquets, 174
Traumatic brain injury (TBI), 16
Triage

evacuation chain (see Evacuation chain)
goal, 15
history, 7–8
initial assessment and life support

airway maintenance, 15–16
breathing and ventilation, 16
circulation with hemorrhage, 16
disability with neurologic injury, 16
exposure/environmental control, 16
GCS, 16
hemorrhage shock, 18
life-threatening abdominal injury, 18
life-threatening thoracic injury, 17–18
non-hemorrhagic shock, 18
pelvic ring injury, 18
primary survey, 15
reevaluation, 17
secondary survey, 17

operations enduring and Iraqi freedom, 7
practical application

affecting factors, 12, 13
categorization process, 10
officer and registration team, 10, 11
red cross triage category, 11, 12
special triage category, 10, 12
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standard military triage category, 10, 11
process, 15
TCCC and PHTLS, 8–9
US military triage and principles, 9–10

U
Ulceration, 351
Umbrella effect, 338
Unilateral tubular external fixation

application technique, 135, 136
fracture stabilization, 134
half-pins, 136–142
mine blast injury, 323
polytraumatized patients, 134–135
proximal femoral and humeral fractures, 134, 135
types, 135

Union and nonunions
anabolic and catabolic responses, 359–360
biologic stimulation

bone marrow injection, 371–372
central bone grafting, 370
electrical stimulation, 370–371
partial fibulectomy, 371

bone tissue engineering, 372
classification

atrophic, 356, 357
avascular, 355, 356
hypertrophic, 356
lax, 357, 358
stiff, 357
type A and B bone defect, 357
vascular, 355, 356

clinical evaluation, 357, 358
combination techniques

bone transport, 367–370
fixator-assisted acute femoral/tibial deformity, 367

external fixation modalities
bifocal strategy, 361, 363–365
compression distraction, 360–363
computer-assisted external fixation, 361, 366
monofocal distraction, 360

internal fixation
cage and grafting for, 366
exchange nailing, 364–366, 368
plate osteosynthesis, 361–362, 367

laboratory study, 359
morbidity and duration, 360
radiologic evaluation, 359

United States Army Institute of Surgical Research  
(USAISR), 225

V
Vacuum assisted closure (VAC), 199–800
Vascularized bone grafts (VBGs), 382, 383

W
Wire insertion technique, 240
Wound ballistics and tissue damage

blast effect
behavior, 29, 30
primary, 28
radius difference, 28
secondary, 28
wave characteristics, 27, 28

blast mechanism (see also Blast effect)
antipersonnel mine, 29
bomb fragments, 29
explosive device, 27
musculoskeletal trauma, 26
primary blast injury, 30
secondary blast injury, 30

bullet and projectile ballistics
cherry-hue appearance, 24, 25
classification, 21
energy transfer, 22
exit wound, 25–26
femoral fracture, 23, 24
lead toxicity, 26
material contamination, 26
patella fracture, 25
rosette pattern, 22, 23
shotgun injury, 23

energy transmission, 21
Wound irrigation

high-pressure pulsatile lavage, 118
local antiseptics and antibiotics, 117
low-pressure irrigation methods, 118
sterile saline, 117

surfactants, 117–118
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