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Standard fracture texts, primarily aimed at surgeons who deal with both simple and 
complex fractures, have dealt with the anatomy, pathology, diagnostics, and occa-
sionally with the complications of musculoskeletal injury, and primarily with the 
techniques of fracture repair. Clinical decision making in the management of the 
multiply injured patient, in the light of pregnancy, extremes of age, physiology, and 
the extremes of associated soft tissue injury, missing bone, and the anticipation and 
mitigation of associated complications is the true challenge in the treatment of mus-
culoskeletal injury. These “associated” elements of the clinical decision making pro-
cess are the most difficult to teach, the most dependent on clinical experience, and 
have rarely been centralized and addressed in a single source.

In this comprehensive text, experts in the fields of various systems pathology, 
inflammatory and immune response, pediatrics, and gerontology address these issues 
as they effect the ultimate management of musculoskeletal injury. In fact, with the 
centralization of trauma care in North America and Europe, the technical fixation of 
the individual injury is not the primary issue in most clinical scenarios. Trauma sys-
tem centralization of such patients concentrates complex, high-energy, musculoskel-
etal injury, frequently within the framework of the polytraumatized patient and/or 
extremes of age, associated injury, and physiologic conditions in a single location; 
patients in whom the timing and subtlety of musculoskeletal management are more 
important than the specific technique used.

As trauma training of the musculoskeletal surgeon evolves, he/she may be the 
most senior clinician on the trauma team, and need a reference to validate the opin-
ions of those co-managing the patient, or may have to provide more than just otho-
paedic judgment in the absence of a full team of clinical expertise.

This compilation of issues and discussion in this single source will serve as a ref-
erence for the musculoskeletal traumatologist, whether the basis of his/her clinical 
training be general or orthopaedic surgery, and whether their practice is entirely 
trauma or they give of their time outside of their primary clinical interest to cover the 
call burden of an active trauma hospital.

The sections on the costs and outcomes of these injuries to the lives of our patients 
and the society that shares the costs of those injuries is humbling to those of us who 
provide care, and remind us that a good outcome is more than a good X-ray.

Houston, TX, USA Andrew R. Burgess 

Foreword
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This book focuses on patients with difficult fracture situations, special injury combi-
nations or other conditions that require interdisciplinary actions.

The idea behind this book was to provide complementary information to that 
available in most general orthopaedic or trauma text books. Most standard text books 
cover classifications of specific injuries and fractures, and provide specific informa-
tion for the orthopaedic attending or the one working in general surgery. In clinical 
practice, many patients require close interactions between multiple services involved 
to treat these injuries. Moreover, certain special clinical situations can occur that are 
difficult to standardize, such as fractures in pregnancy, fractures in osteoporotic bone 
and certain head and facial injuries.

The selection of authors has been twofold. First, all of them are experts in their 
particular field. Second, the editors have sought to include experts from all over the 
world, hoping that even particular problems located in certain regions can be 
addressed. Finally, the selection of authors was designed to hopefully provide the 
most global view on particular problems possible. For example, infectious complica-
tions of the bone differ according to where they are being treated. Local injury pat-
terns and regional genetic predispositions differ and can lead to specific infections 
assigned to certain countries. We do hope that this book covers the vast majority of 
special issues and adds to the current knowledge in interdisciplinary trauma care.

Hans-Christoph Pape
Aachen

Roy Sanders
Temple Terrace

Joseph  Borrelli Jr.
Dallas

Preface
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1.1  Introduction

Injury has become a major cause of fatality and disabil-
ity in countries of all economic levels [1]. Nearly 16,000 
people die from injuries each day and for each of these 
fatalities, several thousand individuals survive with per-
manently disabling injuries [2]. In the United States, 
trauma-related costs, such as lost wages, medical 
expenses, insurance administration costs, property dam-
age, and employer costs, exceed $400 billion annually 
[3]. Despite this massive financial burden, the real cost 
can only be ascertained when one considers that trauma 
affects the youngest and most productive members of 
society [3]. Studies have shown that the functional out-
come of trauma patients at 1 year or more after the 
injury is below that of the normal population [4]. Many 
continue to suffer from residual problems such as long-
term physical impairments, disabilities, and handicaps 
that may even impact their ability to fully return to their 
previous work or way of life [4]. A substantial number 
of individuals who have suffered orthopaedic trauma 
may also possess less obvious forms of residual disabil-
ity, such as emotional or psychosocial disabilities [5]. 
Strengthening trauma services for patients who have 
sustained musculoskeletal injuries requires a multidis-
ciplinary approach [6]. Therefore, knowledge about the 
impact of trauma on society is essential to adopting 
such an approach to orthopaedic trauma care.

1.2  The Psychological Implications  
of Trauma

Trauma is sudden and unexpected in nature and can be 
especially frightening for victims who may have lost 
their ability to comprehend and adapt to the unfamiliar 
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situation around them [7]. The management of trauma 
therefore requires treatment not only of the immediate 
physical injuries, but also the behavioural and psycho-
logical aspects associated with the event that can 
severely impact patient recovery [7]. Patient psycho-
logical status after orthopaedic trauma is a common 
source of complaints from patients and is a clinically 
relevant outcome [8]. As outcomes research has shifted 
its focus from physician-derived measures (e.g., range 
of motion) towards patient-derived assessments of out-
come, evidence of psychological distress as a conse-
quence of orthopaedic trauma has come to light [9]. In 
fact, many studies have reported high rates of psycho-
logical distress after trauma along with its strong asso-
ciation with outcome [9]. Starr et al. [10] surveyed 580 
patients who had sustained orthopaedic trauma using 
the Revised Civilian Mississippi Scale for Posttraumatic 
Stress Disorder questionnaire. The authors reported 
51% of respondents met the criteria for diagnosis of 
posttraumatic stress disorder (PTSD) [10]. Moreover, 
patients with PTSD had significantly higher Injury 
Severity Scores (ISS) and Extremity Abbreviated Injury 
Scores (EAIS) [10]. Crichlow et al. [11] interviewed 
161 orthopaedic trauma patients and found that the 
presence of clinically relevant depression was 45%, as 
determined by the Beck Depression Inventory (BDIA). 
The authors also demonstrated a close correlation 
between the presence of depression and poorer scores 
on functional outcome measures, such as the Short 
Musculoskeletal Function Assessment (SMFA) [11].

Not only do psychological problems, such as PTSD 
and depression, pose an impact on functional out-
comes, they also pose an effect on quality of life (QOL) 
[12]. Measures of QOL provide insight into how a dis-
ability may affect an individual’s overall well-being, 
such as their goals, concerns, standards and expecta-
tions [12]. In an observational study investigating the 
extent of psychological symptoms of 215 patients fol-
lowing orthopaedic trauma, Bhandari et al. [8] reported 
that one in five met the threshold for psychological dis-
tress in all primary dimensions of the SCL-90-R. In 
particular, phobic anxiety and somatization (i.e., the 
expression of physical symptoms as a result of emo-
tional or psychological distress) ranked high in com-
parison to age- and sex-matched population control 
subjects [8]. In terms of the relationship between psy-
chological problems and patients’ health-related qual-
ity of life, the authors found that the global severity of 
psychological symptoms were significantly associated 

with the Physical Component and Mental Component 
summary scores of the Medical Outcomes Study 
36-item Short Form (SF-36) [8].

Although few other studies in the orthopaedic 
trauma literature have considered the impact of psy-
chological distress on later QOL, studies involving 
patients with other injuries have come to similar con-
clusions concerning this relationship. O’Donnell et al. 
[12] examined the 12-month outcomes of 363 consec-
utive admissions to a Level I trauma service and found 
that an individual’s acute psychological response (e.g., 
anxiety and depression) directly predicted QOL, as 
measured by the WHOQoL-Bref, as well as level of 
disability. More specifically, anxiety and depression 
was associated with PTSD, which in turn was associ-
ated with lower levels of QOL and functioning [12]. 
From this growing body of research, it is evident that 
the patient’s psychological state is as important as 
injury severity and physical health to injury recovery 
and long-term outcomes [12]. For a complete discus-
sion of PTSD and psychological sequelae after severe 
trauma, please see Chap. 28.

1.3  Chronic Pain and Disability  
Due to Trauma

Chronic or ongoing pain includes several symptoms 
and conditions, including acute post-trauma pain, 
depression, hostility, anxiety, sleep and rest distur-
bances [13, 14]. Many trauma patients suffer from 
long-term impairments, disabilities and handicaps, and 
at least half of all major trauma patients are left with 
one or more residual problems [4]. Therefore, knowl-
edge about determinants of long-term functional con-
sequences after trauma is important in order to improve 
the chances of a patient’s recovery [4]. Trauma has 
been proposed as a causal factor or trigger of chronic 
or persistent pain [13]. Chronic pain affects as many as 
50 million Americans and is one of the leading causes 
of disability among those under the age of 45 [13]. The 
overall productivity lost due to chronic pain is esti-
mated to be four times more than productivity lost due 
to lost work days alone [13, 15]. In a prospective anal-
ysis of the prevalence and early predictors of chronic 
pain in a cohort of severe lower extremity trauma 
patients, Castillo et al. [13] found that more than a 
quarter of the study group reported that their pain 
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highly interfered with daily activities. Pain also has 
other consequences for its victims, including psycho-
logical regression [14]. Those who suffer from chronic 
pain also use five times more health services than the 
general population [13, 16].

As surgeons, we know that pain is an inevitable 
result of traumatic injury and the accompanying heal-
ing process. However, why do patients continue to 
endure pain long after they have been treated? The bio-
medical model of health focuses on pain as the result 
of a physical injury [17]. This makes it difficult to clin-
ically explain the presence of disability after the 
pathology related to the injury has healed [17]. Studies 
focusing on trauma populations suggest that factors 
during the course of recovery other than the injury are 
critical to the development of persistent pain and asso-
ciated functional impairment [17]. Such factors include 
high initial pain intensity, PTSD, worker’s compensa-
tion status, education, low recovery expectations and 
depression [17]. In the aforementioned study by 
Castillo et al. [13], several early predictors of chronic 
pain, including having less than a high school educa-
tion, having less than a college education, low self-
efficacy for return to daily activities, and high levels of 
alcohol consumption at baseline were identified. In 
addition, high reported acute pain intensity, sleep and 
rest dysfunction, depression and anxiety at 3 months 
post-discharge were found to be predictors of chronic 
pain at 7 years [13].

1.4  Return to Work After Trauma

Return to work is defined as a complete or almost com-
plete return to pre-injury full-time paid employment 
[18]. While traumatic injury often results in psycho-
logical distress and chronic pain for its victims, another 
burden it poses to society is the long-term impairment 
of its most productive members and a subsequent loss 
of working days [19]. Survivors of severe injury are 
able to achieve a QOL comparable to the normal popu-
lation once they have returned to their pre-injury occu-
pation [20, 21]. Because it increases an individual’s 
sense of self-worth and personal fulfilment, return to 
work is indicative of successful social reintegration 
after major trauma [18]. Return to work is therefore 
one of the most important methods by which to evalu-
ate treatment outcomes [14, 19]. In the United States, 

more days are lost to work as a result of chronic pain 
than any other medical reason [13]. Road traffic inju-
ries in particular are a major cause of trauma and have 
resulted in greater than 1 million deaths and 50 million 
injuries worldwide [22]. In 2001, 2.1 million people 
aged 18–65 were victims of car crashes in the United 
States [23]. Cumulatively, victims of these crashes lost 
an estimated 60.8 million days of work [23].

To realize the impact of trauma on society, it is 
important to consider the factors contributing to lost 
productivity among survivors of injury [14, 19]. 
Factors contributing to a delayed return to work include 
injury severity, pre-injury characteristics of the patient 
(i.e., socioeconomic status, self-efficacy, health habits, 
social support with respect to the home and work-
place), characteristics of the pre-injury occupation 
(i.e., white- versus blue-collar work, physical demands, 
tenure, job satisfaction and flexibility), motivation to 
work, receipt of disability compensation, and baseline 
measures of physical functioning, pain, anxiety and 
depression [14, 17, 19]. Patients are especially delayed 
from returning to work if they have significant physi-
cal disabilities, psychosocial impairments, cognitive 
impairments or changes to their personality [18]. 
Recovery times can be lengthy, even taking longer than 
a year in certain cases [18]. Patients may also be unable 
to return to their pre-injury job due to the replacement 
of their previous roles [18]. These factors can render a 
return to pre-injury work status challenging for many 
victims of trauma and can therefore pose a significant 
financial and social burden to victims as well as their 
families [17].

1.5  Conclusion

Although much of this chapter focused on trauma vic-
tims themselves as members of society, a final thought 
to consider is the impact of trauma on the families of 
victims. Having someone close become seriously 
injured can be an immense source of psychological 
stress for family members [7]. Many may exhibit the 
behaviour of ‘hovering’, which is defined as an initial 
sense of confusion, distress and uncertainty prior to 
seeing the patient and understanding the diagnosis and 
prognosis [7, 24]. It can also be difficult for relatives to 
cope with their sudden change in role and status in the 
life of a loved one experiencing trauma [7]. Feelings of 
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isolation from other family members, financial con-
straints and transportation concerns may also surface. 
Such problems are only amplified by a lack of medical 
knowledge [7]. Hence, comprehensive trauma services 
should consider providing support to family members 
alongside severely damaged patients.

Provision of comprehensive care of trauma patients 
is essential. While experiencing trauma, patients 
become lost in an unfamiliar and threatening situation. 
Many become dependent, losing control over their 
environment and personal well-being. During the 
injury, treatment and recovery procedures, and for 
years afterward, patients can experience immense psy-
chological and emotional distress, chronic pain and 
resultant productivity loss. Although trauma can hap-
pen to anyone, its tendency to affect individuals during 
their youngest and most productive years poses a sig-
nificant impact on society [3]. Therefore, knowledge 
about this impact is imperative to adopting an interdis-
ciplinary approach to orthopaedic trauma care.
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2.1  Introduction

Trauma and injury play a major role in today’s health 
care. The fact that over 1.2 million people die each 
year in road traffic accidents alone and between 20 and 
50 million are injured [1] by trauma is a major health-
care issue and also an important cost factor for most 
societies. According to the World Health Organization 
(WHO), trauma and injury account for 9.2% of all 
deaths worldwide and 10.9% of disability-adjusted 
life-years (DALYs – see below). Over the last few 
decades, the understanding of injury has gone from 
being regarded as random and unpredictable accidents 
to being seen as possibly preventable events. The 
WHO estimates that in the year 2020, road traffic acci-
dents will climb to rank 6th among the 15 leading 
causes of death, and 3rd in causes of DALYs lost [2].

In trauma it is important not only to consider imme-
diate consequences such as mortality, but also to take 
into account that for every death there are many survi-
vors who are left with permanently disabling injuries. 
Another special feature of trauma care is that injuries 
most often affect the working populace (see Fig. 2.1) 
so that death or disability decreases work and spending 
capacities.

2.2  Economic Concepts

It is simple to present mortality and morbidity statis-
tics of health-care systems, but it is important for soci-
eties to consider the costs and values. Economic 
evaluation is required for good decision making in 
health-care systems, in order to choose medical alter-
natives with both reduced costs and a higher health 
benefit. The aim of economic evaluation is to calculate 
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the resource costs consumed versus the health benefits 
provided by the practice or technology in its diverse 
clinical uses [3].

There are a variety of cost analysis strategies, the appro-
priateness of which depends upon the purpose of an assess-
ment, as well as the availability of data and other resources. 
There are also different types of costs and  measurements in 
money terms, which are similar across most efficiency 
evaluations [4] (see Table 2.1). More  difficult is the identi-
fication and quantification of all  benefits and units, which 
may differ between evaluations. For example, in some 
evaluations the value cannot be measured in monetary 
units and are instead expressed in different units. The main 
types of cost analysis are discussed below.

2.2.1  Cost-Minimization Analysis (CMA)

Cost-minimization analysis does not consider value, 
and this is the structural weakness of this method. 

A CMA calculates the least cost of alternative tech-
nologies or interventions while assuming an equal 
health benefit among them. Therefore, the difference 
between alternatives is reduced to a comparison of 
costs in order to estimate the treatment with the lowest 
cost, which is the treatment of choice [5].

In practice, it is unlikely that two different alterna-
tives will incur the same consequences. Medical or 
therapeutically alternatives often differ in the number 
or significance of adverse effects. If the outcomes are 
identical, often there is no difference between the 
techniques.

Some authors (e.g., Drummond et al. [6]) argue that 
the CMA is not a complete form of economic evalua-
tion and is only useful as an alternative for decision 
making [4, 5] when comparing two drugs of equal effi-
cacy (e.g., with the same active ingredient) and equal 
tolerability.

2.2.2  Cost-Effectiveness Analysis (CEA)

A cost-effectiveness analysis is a more complete form 
of economic evaluation, in which both the costs and 
consequences of the alternatives being compared are 
examined [4]. Costs are expressed in monetary units 
and value in natural units, so that costs are presented 
per unit of effect. The effect may be years of life 
gained, rescued human life, reduction in prevalence, 
reduced duration of disease, working days gained, and 
also other clinical parameters such as blood pressure 
or cholesterol level.

Values differ for different types of issues. This is 
why a CEA can describe two different effects and 
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Type of study Measurement/valuation  
of costs in both alternatives

Identification  
of consequences

Measurement/valuation  
of consequences

Cost analysis Monetary units None None

Cost-effectiveness  
analysis

Monetary units Single effect of interest, com - 
mon to both alternatives, but 
achieved to different degrees

Natural units (e.g., life-years gained, 
disability-days saved, points of 
blood pressure reduction, etc.)

Cost-utility analysis Monetary units Single or multiple effects, not 
necessarily common to both 
alternatives

Healthy years (typically measured 
as quality-adjusted life-years)

Cost-benefit analysis Monetary units Single or multiple effects, not 
necessarily common to both 
alternatives

Monetary units

Table 2.1 Measurement of costs and consequences in economic evaluation

Source: Methods for the Economic Evaluation of Health Care Programmes
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decisions. Although the chosen alternatives are similar, 
one effect might be measured in terms of life-years 
gained and the other in gained workdays. Depending 
on the focus, analysis of these effects may result in two 
different alternatives.

2.2.3  Cost-Benefit Analysis (CBA)

The cost-benefit analysis measures costs and benefits 
in common monetary units. The alternative to the med-
ical or therapeutic treatment being evaluated is a do-
nothing alternative entailing no costs and no benefits.

Only in cases in which the benefit is at least similar to 
the costs leads to an economical result and the decision 
in favor of the new medical or therapeutic treatment.

The challenge of this analysis is estimating an appro-
priate amount of money for the do-nothing alternative.

2.2.4  Cost-Utility Analysis (CUA)

A cost-utility analysis focuses on the quality of health, 
measures costs in monetary terms and, like the CEA, 
measures utility in non-monetary terms. It is different 
from CEA in that CEA utilizes a natural or direct 
measurement. The CUA measures its outcomes in 
terms of their utility, quality-adjusted life-years 
(QALYs),  disability-adjusted life-years (DALYs), or  
a specific level of health status. This can be measured 
in terms of individuals or society. The results are 
expressed as cost per QALY gained. A CEA can only 
compare technologies whose outcomes are measured 
in the same units.

Utility is expressed on a 0–1 scale, in which 0 means 
death and 1 means entirely healthy. There are many 
questionnaires and rating scales designed to measure 
the health related quality of life (hrqol), which is 
needed in order to estimate the QALY (see Sect. 2.6).

2.2.5  Cost of Illness (COI)

This economic evaluation considers all costs of an 
individual disease with two approaches: prevalence 
cost or incidence cost.

While COI does not take different alternatives into 
account, this evaluation should help to estimate the 

burden on a social system incurred by a specific dis-
ease, and distribute resources for preventing associ-
ated treatment costs (e.g., medication to prevent 
osteoporosis) [6].

2.3  Direct and Indirect Cost of Illness

Every injury results in direct and indirect health-care 
costs. Direct costs include the immediate costs that fol-
low an injury, such as hospital treatment, medications, 
prostheses, rehabilitation, and all consequential treat-
ment and nursing costs (e.g., home care, outpatient 
care, and visits to health professionals). Indirect costs 
consist of each individual’s lost productivity and abil-
ity to work, and are therefore losses in societal produc-
tivity. Other factors that potentially add to indirect 
costs include social isolation, economic dependence, 
pain, and suffering. The latter are almost impossible to 
quantify, but should be considered nonetheless in the 
calculation of indirect costs rather than underestimat-
ing the real expenses. Because trauma and injury 
mainly affect the working populace, indirect costs play 
an important role and may equal the direct costs.

Example Canada: Total direct costs from injuries in 
Canada in the year 2004 amounted to $10,716 million 
and indirect costs were $9,065 million [7]. According 
to the 1998 publication The Economic Burden of Illness 
in Canada, the indirect mortality cost due to injuries 
ranked 3rd after cancer and cardiovascular diseases, 
and as shown in Fig. 2.2, adults aged 15–64 years of 
age accounted for 91.6% of the costs [8].

2.4  Road Traffic Accidents

In 2009, the Commission for Global Road Safety from 
the World Health Organization issued a call for a 
Decade of Action for Road Safety. Nearly 90% of 
deaths after road traffic accidents occur in low- and 
middle-income countries where less than half of the 
world’s motor vehicles are registered. Among young 
people (aged 5–44 years), road traffic accidents are 
one of the three leading causes for death, and it has 
been predicted that unless immediate action is taken 
road traffic accidents will become the fifth leading 
cause of death for all ages. Especially due to young 



8 M. Walgenbach et al.

people dying in road traffic accidents, the economic 
consequences are enormous and estimates range from 
1% to 3% of a country’s Gross National Product 
(GNP), or in total about $500 billion a year.

2.5  Prevention

Injuries fall into one of two main categories:

1. Intentional injuries such as self-inflicted injuries 
(e.g., suicide), acts of violence, and war-related 
injuries

2. Unintentional injuries that including but not limited 
to road traffic accidents, poisoning, falls, fires, and 
drowning

Unintentional injuries are very responsive to prevention, 
and some governments have not only recognized injury 
as a major threat to human health and their health-care 
system, but have specifically founded institutions for 
injury prevention (e.g., the United States National 
Center for Injury Prevention and Control). It has also 
been suggested that higher income countries should turn 
their focus to injury prevention rather than the marginal 
improvement of initial trauma care, as more than half of 
deaths caused by unintentional injuries might be pre-
ventable with pre-injury behavioral changes [9]. Road-
safety interventions (e.g., seat belts) used and established 
in high-income countries can be successfully translated 
to low- and middle-income countries where road traffic 
mortality and morbidity is constantly rising [10].

2.5.1  Polytrauma

As the most severely injured subgroup of trauma 
patients with injuries to more than one body region of 
which at least one or more in combination is life-
threatening, polytrauma patients require complex and 
multidisciplinary management and still have a signifi-
cantly higher mortality and morbidity than other 
trauma patients. The costs for this care and the provi-
sion of personnel and materials are immense, and 
reimbursement to hospitals among different health 
systems, primarily due to lack of data for an accurate 
cost estimation, shows a negative balance of 80–900% 
[11]. In the Federal Republic of Germany, a model to 
calculate the actual costs that a severely injured patient 
produces has been presented based on data derived 
from the national trauma registry (TraumaRegister 
DGU – TR-DGU). Currently a nation-wide Trauma 
Network is forming, and hopefully due to mandatory 
participation in the TR-DGU, the network will soon 
encompass all severely injured patients and a more 
correct estimation of the actual costs due to trauma 
will be possible [12].

2.5.2  Osteoporosis

With medical care improving people have longer life 
expectancies and consequently higher risk of osteopo-
rosis. Though osteoporosis affects one-third of post-
menopausal women and one-fifth of men over the age 
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of 50, its relevance for health-care systems is widely 
underestimated. Often the first symptom is a fracture 
after an inadequate trauma, and once a fracture has 
occurred, the risk of a second fracture is doubled within 
the year. The projected costs of osteoporosis in Europe 
can be seen in Fig. 2.3.

The acute hospital costs (as a part of the direct 
costs) of a hip fracture in Europe range from €1,000 in 
Estonia to €30,000 in Austria, and data suggest that 
total costs following a hip fracture could be 2.5 times 
greater. Medical treatment of established osteoporosis 
has proven to be cost-effective irrespective of age. 
However, a major problem of this “silent epidemic” is 
poor compliance with drug therapies that effectively 
reduce the risk of fractures, and thereby also reduce 
the overall costs and QALYs (see below) lost.

2.6  DALY and QALY

A QALY is not a measure of lost utility, but of one lost 
year of healthy life. DALYs are calculated by adding a 
society’s years of life lost due to premature mortality 
(YLL) in the population and years of life lost due to 
disability (YLD) for incident cases of the health condi-
tion [13]. The latter is estimated by multiplying the 
number of incident cases in a given period by the aver-
age duration of the disease and a weight factor that 

reflects the severity of the disease. The number of 
deaths at each age multiplied by a global standard life 
expectancy for the age at which death occurs is the 
YLL. While DALYs include death, injury, and physi-
cal disability, they are limited in that they do not 
include all the health consequences (e.g., mental 
health) and the economic consequences stemming 
from a health condition.
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3.1  Origins

We become confident in our educated guesswork to the 
point where it is easy to confuse personal opinion with 
evidence, or personal ignorance with genuine scientific 
uncertainty. (Naylor [1])

Prior to existing in the orthopaedic or surgical realm, 
the development of evidence-based philosophy was 
initiated in medicine. While it would be disingenuous 
to contend that the inception of evidence-based medi-
cine occurred in its entirety at any discrete time, two 
key points are widely recognized as holding significant 
importance. In 1967, Professor David L. Sackett 
founded Canada’s first department of clinical epidemi-
ology at McMaster University and developed the 
“Hierarchy of Evidence” (Fig. 3.1). In essence, this 
step placed greater value and emphasis on research 
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that limits bias and confounding variables through ele-
ments of study design and methodology. This model 
formed the foundation of evidence-based philosophy 
and remains one of its pillars today [2, 3].

Years later in 1990, Professor Gordon Guyatt coined 
the term “evidence-based medicine” (EBM) in a docu-
ment for applicants to the internal medicine residency 
program at McMaster University. A year later, he 
introduced the term to the academic literature and it 
was defined as “an attitude of ‘enlightened skepticism’ 
towards the application of diagnostic, therapeutic, and 
prognostic technologies” [4]. Moving forward, the 
definition of EBM evolved to “the conscientious, 
explicit, and judicious use of the current best evidence 
in making decisions about the care of individual 
patients. The practice of evidence-based medicine 
means integrating individual clinical expertise with the 
best available external clinical evidence from system-
atic research” [5, 6]. From its outset, EBM sought not 
to blindly substitute the results of studies and trials for 
the accumulated expertise of the profession, but rather 
to offer evidence as an instrument to be wielded by 
those same experienced practitioners to augment and 
further the clinical decision-making in providing indi-
vidualized care to patients.

3.2  Present State

The inherent value of EBM was recognized by many 
in health care, leading to an explosion in interest and 
activity in the field. A February 2010 Pubmed search 
of the term “evidence-based medicine” produced five 
citations before 1993 and 39,093 to date. Recently, 
EBM was honored as one of the top 15 medical discov-
eries in the past 166 years in a survey produced by the 
British Medical Journal [7]. EBM has become an 
axiom of our society and has permeated through all 
realms of medicine including orthopaedic trauma care 
where it has been effectively adopted by clinicians, 
educators, and researchers as their own paradigm 
“Evidence-Based Orthopaedics” [8, 9].

Many in the field have primarily attributed the 
advancement of orthopaedic surgery over the past 
decade to a more substantial emphasis on evidence-
based practice in clinical decision-making. As well, 
many orthopaedic journals now focus on the quality of 
study design by assigning levels of evidence to the 

articles published and encouraging the pursuit of 
higher-level studies by their authors. Now, the ques-
tion at hand has shifted from whether to implement the 
concepts and principles of evidence-based practice to 
that of determining the best and most efficient way in 
which to do so [8].

3.3  Evidence-Based Approach

Just as with the traditional paradigm of health care, an 
evidence-based approach values clinical experience. 
However, this experience is not valued solely for its 
inference of clinical acumen, but also for its ability to 
guide the identification of learning needs, formulation 
of appropriate questions, identification of relevant 
research, appraisal of that research, and the application 
of those results to clinical policy and subsequently 
individual patients’ circumstances and needs [8, 10]. 
As evidence-based skills have been refined over time, 
an approach has been produced that allows a clear and 
concise framework from which to work [2, 10–12]. 
This approach has come to be known as the “Evidence 
Cycle” and consists of the five As (Fig. 3.2):

Ask (formulate a clearly delineated and relevant •	
clinical question)
Acquire (conduct a comprehensive and efficient lit-•	
erature search)
Appraise (critically appraise the available •	
evidence)

Patient

Ask

Acquire

Appraise

Apply

Act

Fig. 3.2 Evidence cycle
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Apply (determine applicability of best evidence to •	
the clinical situation)
Act (using clinical expertise to integrate the best •	
available research evidence with the clinical cir-
cumstance and the patients’ values)

3.3.1  Ask

A prudent question is one-half of wisdom. (Francis 
Bacon [1561–1626])

If you want a wise answer, ask a reasonable question. 
(Johann Wolfgang Von Goethe [1749–1832])

In order to obtain a relevant answer, it is necessary to 
begin with an appropriate question. Conceptually, as 
health-care practitioners we ask two types of questions – 
background and foreground [2]. When the objective of 
the question is to gain an understanding of a condition’s 
pathophysiology, epidemiology, and general treatment 
options, background questions are asked. Once practi-
tioners have a thorough understanding of the back-
ground information, they should then begin to ask 
foreground questions, the answers to which will direct 
them in the management of specific aspects of patient 
care. Whereas background questions have the potential 
to lead to a broad spectrum of answers, foreground 
questions narrow down the possible answers and directly 
impact clinical decision-making [2, 13]. This is accom-
plished by clearly delineating a relevant question and to 
this end, the PICO approach is useful [2, 8, 11, 14]:

•	 Population
•	 Intervention
•	 Comparison
•	 Outcomes

So, the question “How should femoral shaft fractures 
be treated?” could be developed through the PICO 
approach to become, “In middle-aged adults with a 
midshaft femoral fracture (Population) does reamed 
(Intervention) versus unreamed intramedullary femo-
ral nailing (Comparison) reduce the risk of nonunion 
(Outcome)?”

3.3.2  Acquire

The ability to thoroughly and efficiently search for 
literature pertaining to the question is necessary to 

make well-informed clinical decisions. Armed with a 
skillfully constructed question required to conduct a 
focused and successful literature search, the practi-
tioner must now decide where to look. There are 
presently numerous electronic databases with power-
ful search engines necessary to deal with the ever-
expanding volume of studies and trials. Pubmed 
(www.pubmed.gov) and Google Scholar (www.
scholar.google.com) are two quality and free search 
engines. As well, most academic institutions and 
many professional organizations have made avail-
able medical librarian services that can greatly 
increase in the ease and efficiency of searching the 
literature.

Conceptually, evidence sources can be considered 
to fall into one of the following groups:

Preappraised: abstracts or guidelines•	
Summarized: systematic reviews or meta-analysis•	
Primary studies: individual studies [•	 8]

Preappraised sources may be useful to busy practicing 
clinicians interested in guidelines that are usually the 
product of local or regional professional associations. 
These recommendations are the result of consensus 
meetings and although not all guidelines are evidence 
based, most are based on systematic reviews or ran-
domized trials. Guidelines should demonstrate dili-
gence by assigning levels of recommendation based 
on the quality of the founding evidence. It is often 
valuable then to review the founding studies identified 
in order to appraise it personally. Summarized sources 
in the form of systematic reviews or meta-analyses 
are also valuable in addressing specific questions. 
When summarized evidence is not available, clini-
cians may then turn to a search of primary studies. 
Those conducting a systematic review will also need 
to perform searches casting a broader net intended to 
capture all of the relevant primary studies addressing 
the subject.

3.3.3  Appraise

An evidence-based approach to a clinician’s practice 
relies on an awareness of the evidence upon which the 
practice is based as well as the strength of inference 
and the degree of certainty permitted by that evidence 
[12]. A critical appraisal of the available evidence 



14 M. Denkers and R. Buckley 

determines its significance and applicability to the 
clinical situation in question. Assigning levels of evi-
dence can be a rapid approach to evaluating study 
quality, by determining the following:

Primary question of the study•	
Study type (therapeutic, prognostic, diagnostic, •	
economic, or decision analysis)
Level of evidence I–IV [•	 15]

When assigning levels of evidence, greater agree-
ment exists between reviewers trained in epidemiol-
ogy; however, those without training still demonstrate 
high levels of agreement [16]. Studies that limit bias 
to greater extents are assigned higher levels of 
 evidence. Caveats exist in that a poor quality study 
with methodological limitations is downgraded a 
level (e.g., A randomized controlled trial with less 
than 80% follow-up is downgraded from level 1 to 
level 2). To meet specific needs, gradation schemes 
founded on the original levels of evidence have been 
created. The GRADE System is an example of a 
thorough and validated model being widely adopted 
as a standard [17].

3.3.4  Apply

Good doctors use both individual clinical expertise and 
the best available external evidence, and neither alone is 
enough. Without clinical expertise, practice risks becom-
ing tyrannized by evidence, for even excellent external 
evidence may be inapplicable to or inappropriate for an 
individual patient. (Sackett [6])

For conceptual purposes, evidence-based practice has 
been refined to the conscientious use of current best 
evidence in making health-care decisions given the 
clinical circumstances. Implicit in this are the follow-
ing components (Fig. 3.3):

•	 Conscientious – requires clinical expertise
•	 Current best evidence – hierarchy of evidence
•	 Health-care decisions – patient values
•	 Clinical circumstances – factors pertinent to the 

situation [8]

In essence, clinical judgment must be exercised in 
deciding how to apply the evidence in a balanced fash-
ion to individual patients given their circumstances 
and preferences.

3.3.5  Act

In actuality, the evidence cycle begins and ends with 
the patient. A patient issue induces a question thereby 
initiating the cycle that concludes with acting on that 
patient issue.

3.4  Challenges

Many misconceptions of evidence-based practice 
exist. Detractors have mistakenly contended evidence-
based practice equates evidence with results from ran-
domized clinical trials, statistical significance with 
clinical relevance, evidence with decisions, and lack 
of evidence of efficacy with evidence for the lack of 
efficacy [8, 9, 18]. As described above, evidence-
based practice is not the blind transference of study 
results into clinical applications, but an integration of 
the results from best evidence with the clinical cir-
cumstances and patient values as guided by clinical 
expertise.

Another challenge resides in the vast and expanding 
amount of literature and publications available with 
>3,800 biomedical journals present in Medline and 
>7,300 citations of varying quality added weekly. As 
evidence-based practice relies upon awareness and a 
subsequent critical appraisal of the available evidence, 
this can be a daunting task.

Patient
Values   

Clinical
Factors

Best Research
Evidence 

Clinical
Expertise 

Fig. 3.3 Model of evidence-based practice



153 Evidence-Based Orthopaedic Trauma Care

Surgery lags behind medicine in embracing and 
employing evidence-based practice in part because of 
some inherent challenges specific to surgery. There are 
a lack of advanced trained evidence-based practitio-
ners leading to a limitation in role-modeling and the 
mentorship of colleagues and trainees. As increased 
emphasis continues to be placed here, some improve-
ment has been seen [8]. Challenges also exist during 
surgical training where demands on trainees’ time are 
high and the traditional pedagogical infrastructure 
does not always lend itself to adopting evidence-based 
philosophy. Strategies to correct this include hiring 
staff surgeons with training in evidence-based practice, 
instituting critical appraisal as part of the curriculum, 
and maximizing interdepartmental communication 
with research and epidemiology colleagues [19].

3.5  Future Directions

It is recognized that many questions related to ortho-
paedic trauma surgery will never be subjected to ran-
domized clinical trials because of the rarity of the 
condition or unique ethical or logistical limitations of 
the clinical circumstances. Most of these situations, 
though, can be addressed with level 2 and 3 studies 
with acceptance as the highest level of available evi-
dence. However, historically, the majority of orthopae-
dic literature on most conditions has been in the form 
of nondefinitive case series on a variety of treatment 
options. The number of published randomized clinical 
trials in orthopaedics is relatively low [20]. This cir-
cumstance provides ample opportunities for the pur-
suit of randomized clinical trials to address these 
questions in situations where a position of reasonable 
equipoise is afforded. As the world becomes function-
ally smaller, multicenter and international trials are 
becoming increasingly feasible and will strengthen our 
foundation of literature and body of knowledge.

3.6  Canadian Orthopaedic Trauma 
Society

Beyond understanding, valuing and utilizing evidence-
based principles while studying and practicing ortho-
paedic trauma surgery is the advanced act of con- 
tributing to the available body of knowledge in the 

field [21]. Evidence-based principles must reside at the 
core here as well, so that the field is on solid ground as 
it is advanced by its researchers and thought leaders. 
This of course may be accomplished in many ways, 
but important lessons may be learned by exploring one 
model of success where the whole has been recognized 
as greater than the sum of its parts.

3.6.1  Origins

The Canadian Orthopaedic Trauma Society (COTS) 
[21] has been successful in producing a number of mul-
ticenter randomized trials in the field of orthopaedic 
trauma surgery. The humble beginnings of this pioneer-
ing group can be traced back to a social meeting in 1990 
between three collegial academic orthopaedic trauma 
surgeons from different centers discussing a clinical 
problem. Although this initial meeting did not produce 
a study of merit, it more importantly produced an appre-
ciation for the potential held by the collaboration and 
communication between centers. From its point of 
inception, COTS has now grown to consist of over 50 
members from different academic centers meeting at 
least biannually and contributing to randomized trials.

The functional basis of the group began with meet-
ings for a study on the management of intra-articular 
fractures of the calcaneus [21]. The surgeons hailing 
from coast to coast were involved not merely in con-
tributing patients, but also in the development of the 
study design and protocol. The merits of this early 
venture lead to the acquisition of funding. As success 
begets success, interested colleagues from other 
Canadian academic centers were invited to discuss 
clinical issues and to consider the prospect of creating 
a group to conduct randomized clinical trials.

At least 13 publications have been written in jour-
nals discussing difficult topics like:

1. Operative versus nonoperative treatment of calca-
neal fractures

2. Nailing versus plating of midshaft humeral 
fractures

3. Complications around calcaneal fractures
4. Nonunion following nailing of femur fractures with 

and without reaming
5. Reaming versus not reaming intramedullary nails 

of the femur with comparison of the rates of ARDS 
in multi-injured patients
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6. ORIF versus circular fixator treatment for bicondy-
lar tibial plateau fractures

7. Operative versus nonoperative treatment of mid-
shaft clavicle fractures

Other studies that have also been done with the help 
of COTS include:

1. SPRINT study – reamed versus unreamed tibial 
nail study, which is the definitive study on whether 
or not to ream a tibia with nailing

2. Low molecular weight Heparin versus nothing 
when treating patients with lower extremity frac-
tures distal to the knee

3. Os calcis study – to fill the void or not using cal-
cium phosphate cement

4. ORIF versus total elbow arthroplasty in severe dis-
tal humeral fractures in the osteoporotic age group

New studies just initiated include:

1. ORIF versus nonoperative care of ulnar shaft study
2. ORIF versus nonspanning external fixation versus 

closed reduction with percutaneous fixation for dis-
tal radial fractures

3. ORIF versus nonoperative treatment for Weber B 
unstable isolated fibular fractures

4. ORIF versus primary subtalar fusion for displaced 
Sanders IV intra-articular calcaneal fractures

5. Operative versus nonoperative treatment of humeral 
shaft fractures

COTS has continued to deal with the toughest fracture 
problems that have not been answered. This group has 
been progressive and aggressive in trying to answer the 
questions that have been difficult to answer with single 
center studies. Multicenter, randomized collaborative 
teamwork has been essential.

3.6.2  Formalization and Funding

Moving forward, decisions regarding how to formalize 
and legitimize the group were required. It was neces-
sary to choose either an independent existence or one 
under the umbrella of a preexisting association. It was 
decided for both legal and funding reasons to stay 
within the Canadian Orthopaedic Association (COA) 
and use the Canadian Orthopaedic Fund as the research 
fund depot. In essence, preexisting infrastructure was 
utilized in keeping with its mandate and to the mutual 

benefit of both COTS and the COA. This was not only 
efficient and cost-effective, but its legitimacy allowed 
a more aggressive approach to pursuing grants and 
research funding from various sources (i.e., peer 
reviewed, association, community, industry).

3.6.3  Commitment

Similar goals and interests of the involved members 
are not enough in and of themselves to ensure the func-
tional success of such a group. A group of “alpha” 
individuals coming together with strong personal 
biases and ideas requires another key ingredient for 
successful group dynamics. A running internal joke is 
that COTS stands for “Compromising Orthopaedic 
Trauma Surgeons.” Individual flexibility is required in 
the development of standardized protocols integral to 
the design and success of the trials. Asking surgeons to 
alter or leave behind their previous treatment methods 
is no small task, but easier to achieve when done as a 
group for a greater purpose. Empowering this accep-
tance is the involvement of every group member in 
establishing each study protocol. This effectively leads 
to “buy-in” and motivation for as many centers as pos-
sible to be involved in each and every study while 
embracing an “all for one, one for all” philosophy. 
Furthermore, seeing trials through to completion with 
adherence to protocol and avoiding the temptation to 
abandon or change methods because of contemporary 
technical developments (albeit without confirmed evi-
dence) lead to the successful conclusion of trials. 
Unquestionably, the universal acceptance of a negoti-
ated protocol followed by dedication to the protocol 
for the length of the study are the keys to the success of 
the group in producing practice-changing trials.

In addition, a proactive approach has been taken 
toward the future membership of the group. To facilitate 
the recruitment and mentorship of subsequent generat-
ions of active members, COTS annually makes available 
a Young Investigator Grant for principal investigators 
less than 40 years of age in an effort to enthuse and 
 motivate the next generation of COTS investigators.

3.6.4  Research Coordinators

As of June 2010, there were 60 surgeons across Canada 
involved in the COTS group. As important has been 
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the collaboration with research coordinators from 
across the country with the development of a very 
strong coordinated research coordinators study group. 
Twenty research coordinators now help coordinate and 
collaborate study patients, results, and statistics from 
across the country.

The respect and collaboration between the COTS 
surgeons and research coordinators is another key to 
the group’s success. These team members play impor-
tant roles in the group at the local sites, but COTS also 
supports the travel of coordinators to biannual national 
meetings. Here the contribution to the development of 
protocols by those who will implement them aids in 
the completion and success of those protocols. There is 
reciprocity between their recognition and involvement 
as “Associate Members” of COTS and the pride and 
accountability they have with respect to their roles and 
contributions. This inherently leads to increased enthu-
siasm and commitment to the production and comple-
tion of trials as well as decreased turnover and attrition 
of personnel. Indeed, their increased autonomy and 
ownership in their roles is reflected by their initiation 
of an independent Trauma Coordinator Group with 
biannual meetings at both the COA and Orthopaedic 
Trauma Association (OTA) meetings. Their duties are 
many and are essential to the success of the group:

Data collection, analysis, monitoring•	
Recruitment and enrolment of subjects•	
Protection of subjects and their rights in conjunc-•	
tion with institutional review boards
Development of informed consent forms•	
Reporting of adverse events•	
Development of case report forms•	
Grant and budget development•	
Report preparation•	
Education of other health-care professionals, patients, •	
or families about studies and protocol requirements
Dissemination of study results•	

3.6.5  Biannual Meetings

COTS provides funding for one surgeon and one coor-
dinator from each center to attend the biannual meet-
ings. Attendance is promoted by scheduling the 
meetings at national (i.e., COA) and international 
orthopaedic meetings (i.e., OTA). The regularity of the 

meetings is required to maintain team rapport and the 
enthusiasm required to complete medium- and long-
term protocols. The COTS biannual meetings focus on 
the ongoing protocol refinement and the presentation 
of new protocols.

As mentioned, the development of a research proto-
col is a collaborative effort hinging on compromise. To 
this end, all centers participate in protocol develop-
ment, despite the fact that some may not contribute 
patients to each study depending on local resources, 
manpower, or technical limitations. New protocols 
presented to the group can differ in their stage of devel-
opment from that of an idea or question to that of a 
completed pilot study. Typically, a “champion” pres-
ents the protocol at its question stage and seeks feed-
back from the group. The proposed protocol question 
is then appraised on its merits of suitability and feasi-
bility in the following manner:

Is it a question worth answering?•	
Is there controversy or debate?•	
Is there sufficient interest among surgeons?•	
Does a large enough study population exist in com-•	
bined centers to allow completion?
Study design – is RCT the best choice?•	

If the protocol question passes the group screen, the 
champion then completes the requisite literature 
search, study design, inclusion and exclusion criteria, 
outcomes to be measured, power analysis, and estima-
tion of time of completion. Following this, the cham-
pion then submits the protocol to the group for review 
of the appropriateness of its:

Study design•	
Primary outcome (time to healing, functional out-•	
come, quality of life?)
Outcome measures (validated and sensitive enough •	
to provide an answer)
Subject selection (age limits, fracture classifica-•	
tions, exclusion criteria)
Follow-up schedule (frequency and duration •	
required)
Standardization – how much is possible between •	
centers?
Budget – feasibility?•	

As a result of this process, the protocol is a product of 
compromise and collaboration. The principal investi-
gator then standardizes the format of the protocol and 
prepares supporting documentation and the forms to 
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be used during the study. At this point, application for 
funding begins with the advantage of going forth vali-
dated by the previous successes of the group associ-
ated with the production of high-level studies.

3.6.6  Success

COTS has met with great success using the strategies 
outlined above leading to multiple studies being pre-
sented at national and international meetings as well 
many papers being published in top peer-reviewed 
journals. Among the numerous awards received, their 
papers have received the Edwin G. Bovill Award pre-
sented to the most outstanding scientific paper at the 
OTA Annual Meeting 7 of past 8 years. This model 
demonstrates a way in which motivated individuals 
with common goals as well as an appreciation for the 
power of collaboration and compromise can band 
together in order to produce an end result that far 
exceeds the sum of any individual accomplishments.

3.7  Conclusion

Evidence-based care is a paradigm widely accepted as 
the standard of practice. It emphasizes an integrated 
approach to making clinical decisions based upon the 
best available evidence, the clinical circumstances, and 
patient preferences guided by the practitioner’s clini-
cal expertise. Individual and collective efforts in the 
field of orthopaedic trauma care will be more efficient, 
valued, and successful by utilizing and embracing evi-
dence-based skills and principles.
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4.1  Introduction

The local injury site consists of necrotic and/or devital-
ized tissue in an ischemic hypoxic region that will 
become the origin of inflammatory change. An inflam-
matory response after trauma is the host’s defense 
response. The acute phase of inflammation after trauma 
consists of two components: the pro-inflammatory 
response (systemic inflammatory response syndrome; 
SIRS) and the anti-inflammatory response (counter-
regulatory anti-inflammatory response syndrome; 
CARS). SIRS includes changes in heart rate, respira-
tory rate, blood pressure, temperature regulation, and 
immune cell activation (Table 4.1) [1]. During SIRS, 
mediators referred to as pro-inflammatory cytokines 
are produced and released locally and systemically. It 
is important that the release of pro-inflammatory 
cytokines during the initial phase of trauma is followed 
by the production of anti-inflammatory cytokines. The 
role of anti-inflammatory cytokines is to downregulate 
or decrease the production of the pro-inflammatory 
cytokines. In the natural course of an inflammatory 
response after trauma, the balance of the pro- and anti-
inflammatory response is in equilibrium, which main-
tains the biological homeostasis and the traumatized 
patient is able to recover normally without complica-
tions. However, the predominant release of pro-
inflammatory mediators could lead to a protracted 
SIRS period, which can contribute to multiple organ 
failure (MOF). On the other hand, overwhelming anti-
inflammatory mediators cause posttraumatic immuno-
suppression, which increases the likelihood of infection 
and sepsis.

Traumatized patients are categorized into four 
stages [2]. In stage 1, patients show little or no evi-
dence of systemic inflammation. Underlying illness 
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may protract recovery, but no organ dysfunction devel-
ops in this stage. Inflammatory mediators contribute to 
wound repair and recruitment of immune cells at the 
local site. In stage 2, a mild form of SIRS develops. 
Patients demonstrate dysfunction of one or two organ 
systems early in the clinical course of trauma but this 
resolves rapidly within 2 days. This stage is not a path-
ological state. Host defense is activated, and the bal-
ance of pro- and anti- inflammatory mediators is in 
equilibrium. In stage 3, a massive systemic inflamma-
tory response (SIRS) develops rapidly after the initial 
trauma. These patients are at risk of death in the first 
few days. In stage 4, the early course of SIRS is less 
severe, but secondary insults such as additional sur-
gery and infection deteriorate the state of disease 
markedly. Patients progress from one to two organ sys-
tem dysfunction to MOF, often leading to death.

The steps of an inflammatory reaction to trauma 
involve mediators (cytokines, chemokines, comple-
ment, oxygen radicals, eicosanoid, and nitric oxide (NO)) 
and effectors (neutrophils, monocytes/macrophages, 
and endothelial cells). These factors are interrelated and 
interconnected by upregulatory and downregulatory 
mechanisms. The combination of these factors develop 
into severe SIRS, acute respiratory distress syndrome 
(ARDS) and sepsis, progressing to MOF depending on 
the type of injured tissue, the procedures of treatment 
after injury, age, gender, and physical condition (exog-
enous and endogenous factors) (Fig. 4.1).

4.2  Acute-Phase Reaction

During this phase, inflammation resulting from tissue 
injury induces an increase in plasma concentration 
of a number of liver-derived proteins (the acute-phase 
proteins; APP). These proteins are observed within 
an hour after trauma. Pro-inflammatory cytokines 
(TNF-a, IL-1b, IL-6) released locally by Kupffer-cells 
can systematically influence other cell types such as 
hepatocytes to synthesize more APPs. Positive APPs 
such as C-reactive protein (CRP), procalcitonin 
(PCT), serum amyloid A(SAA), complement proteins, 

Body temperature > 38°C or < 36°C
Heart rate > 90/min
Respiratory rate > 20 breaths/min or paCo

2
 < 32 mmHg

White blood cell count > 12,000/mm3 or < 4,000/mm3 or the 
presence of >10% immature neutrophils (band forms)

Table 4.1 Diagnostic criteria for systemic inflammatory response 
syndrome (SIRS)

SIRS can be diagnosed when two or more of these criteria are 
present

Trauma
(First-hit) 

Patients

Cytokines
Chemokines
Complement

ROSs
NO

Cagulation
system

kallikrein-kinin
system

Surgical operation
Transfusion
(Second-hit)

Exogenic factors

Monocytes
Macrophages
Neutrophils

SIRS Late
MOF 

Recovery
Recovery

Additional factors

Age, gender,
polymorphism,

physical condition  

Endogenic factors

Mediators

Effectors

Early
MOF

Mortality

Fig. 4.1 Factors (exogenous, 
endogenous, additional 
factors), mediators, and 
effectors participated in the 
development of MOF
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coagulation proteins, proteinase inhibitors, and metal-
binding proteins are increased during this phase [3], 
whereas the production of negative APPs, such as 
albumin, high-density lipoproteins (HDL), protein C, 
protein S, and ATIII are decreased [4, 5].

Plasma concentrations of CRP are normally below 
10 mg/L [6], but may increase over several hours 
depending on the severity of trauma [7, 8]. Hepatic 
synthesis of CRP is regulated mainly by IL-6. Serum 
levels of CRP can be detected about 12 h after sys-
temic detection of IL-6. Clinically, the plasma levels of 
CRP are relatively nonspecific and may not have a 
positive correlation between severity of injury, and is 
not predictive of posttraumatic complications such as 
infections [9].

PCT is physiologically produced in the thyroid 
gland as the precursor molecule of calcitonin [5]. 
During sepsis, stimulation by endotoxins or proinflam-
matory cytokines such as interleukin-1b or tumor 
necrosis factor dramatically increases the serum levels 
of PCT up to 1,000-fold [7]. Recent studies have shown 
that PCT may be a practical biomarker for predicting 
posttraumatic complications such as severe SIRS, 
MOF, and sepsis [7, 10–12].

4.3  Immune Response After Trauma

The biological immune response after trauma is divided 
into an early innate phase, and a later adaptive response. 
These immune mechanisms are responsible for recog-
nition, activation, discrimination, regulation, and eradi-
cation of invading pathogen-derived signals [13]. The 
innate immune response is the first line of defense, con-
sisting of an epithelial barrier against exogenous non-
self antigens and microorganisms. This includes the 
integrity of epithelial and mucosal cells: skin, respira-
tory tract, alimentary tract, urogenital tract, and con-
junctiva. Exogenous pathogens that escape the first 
barrier are rapidly recognized and removed by the mul-
tiple components of innate immune cells such as mono-
cytes/macrophages, natural killer cells, dendritic cells, 
and neutrophils [14]. Following the innate immune 
response, the specific acquired immune response occurs. 
The adaptive immune response is conducted by the 
interaction of antigen-presenting cells (APCs; dendritic 
cells, monocytes/macrophages), T lymphocytes, and B 
lymphocytes. The APCs capture invading pathogens 

and create peptide-MHC (major histocompatibility 
complex) protein complexes. T lymphocytes recognize 
the peptide-MHC protein complex via T cells express-
ing antigen-binding receptors (TCRs) and are activated. 
Activated T lymphocytes release cytokines to activate 
and amplify the cells of the immune system. T-helper 
lymphocytes (CD4+ T cells) differentiate into two phe-
notypes according to the cytokines they release, the Th1 
and Th2 lymphocytes. Th1 cells promote the pro-
inflammatory response through the release of IL-2, 
TNF, and interferon-g (INF-g), while Th2 cells produce 
anti-inflammatory cytokines (IL-4, IL-5, and IL-10), 
which suppress macrophage activity [5]. Recently, 
attention has been focused on the Th1/Th2 ratio. IL-12 
secreted from monocytes/macrophages promotes the 
differentiation of Th1 cells by increasing the production 
of INF-g [15, 16]. Several studies have shown that a 
suppressed IL-12, IL-2, and INF-g, and elevated IL-4 
are observed after major trauma, which correlated with 
a shift of the Th1/Th2 ratio toward the Th2-type pattern 
[17–19]. This imbalance in Th1/Th2-type cytokine 
response (from pro-inflammatory response to anti-
inflammatory response) is not only a compensatory 
response but also increases the risk of infection by 
immunosuppression [20]. However, most recent reports 
do not support this view and the clinical relevance of the 
pathomechanism of Th1/Th2 shift after major trauma 
remains unclear [21, 22].

4.4  Mediators After Trauma

4.4.1  Plasma Protein–Derived Mediators

The inflammatory response is also mediated by plasma 
proteins in three interrelated systems: the complement, 
kallikrein-kinin, and clotting systems. Pro-inflammatory 
mediators, toxins, and direct tissue damage activate 
these cascade systems. The complement system con-
sists of more than 30 proteins. In the resting state, com-
plement proteins circulate as inactive forms in plasma. 
The activation of the complement system can occur 
through three established pathways (alternative, classi-
cal, and lectin). The classical pathway of complement 
is activated by antigen–antibody complexes (immuno-
globulin M or G [IgM, IgG]), or activated coagulation 
factor XII (FXII). The alternative pathway is activated 
by bacterial products such as lipopolysaccharide (LPS). 
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Complement system activation results in the genera-
tion of biologically active peptides. The cleavage of C3 
and C5 by their respective convertases (C3 → C3a and 
C3b, C5 → C5a and C5b) induces the formation of 
opsonins, anaphylatoxins, and membrane attack com-
plexes (MACs) [23, 24]. The anaphylatoxins C3a and 
C5a have pro-inflammatory roles, which include the 
recruitment and activation of phagocytic cells (poly-
morphonuclear cells (PMNs), monocytes, and mac-
rophages), the enhancement of the hepatic acute-phase 
reaction, stimulation of the release of vasoactive medi-
ators such as histamine, and promoting the adhesion of 
leukocytes to endothelial cells. C5b forms a complex 
by the consecutive binding of proteins C6–C9, culmi-
nating in the formation of MACs (C5b–9), which leads 
to the disruption and formation of pores in the cellular 
membrane causing lysis (death) of the target cells at 
the end stage of the complement cascade [25]. 
Furthermore, the inflammatory response of comple-
ment activation leads to the production of free oxygen 
radicals and arachidonic acid metabolites and cytok-
ines. The complement system is key to innate and 
adaptive immunity for defense against microbial patho-
gens. However, excessive consumption of complement 
proteins causes tissue damage after trauma. Clinically, 
complement activation occurs immediately after 
trauma and the plasma levels of C3 and C3a in trauma-
tized patients are related to the severity of the injury, 
septic complications, and mortality [26–28].

The kallikrein-kinin system involves a system of 
plasma proteases, and is related to the complement and 
clotting cascades (the intrinsic coagulation cascade) 
[29]. This contact system consists of plasma proteins 
factor XII (Hageman factor; FXII), prekallikrein, high 
molecular weight kininogen (HMWK), and FXI. 
Contact with a negatively charged surface such as a 
foreign body or the membrane of an activated platelet 
activates FXII [29]. The active protein FXIIa converts 
prekallikrein into the proteolytic enzyme kallikrein, 
which in turn cleaves the plasma glycoprotein precur-
sor HMWK to form bradykinin [30]. Bradykinin 
increases vascular permeability and causes dilation of 
blood vessels by its action on smooth muscle. In turn, 
as a positive feedback, kallikrein itself accelerates the 
conversion of FXII to FXIIa. Kallikrein can also acti-
vate fibrinolysis to counterbalance the clotting cascade 
activated by FXIIa. Furthermore, kallikrein has also 
been shown to have chemotactic activity, converting 
C5 into the chemoattractant product C5a.

The major mechanism of activation of the coagula-
tion cascade following trauma is via the extrinsic coag-
ulation system [31]. The extrinsic cascade mediates 
inflammation by tissue factor (TF). Exposure of the 
FVII to TF results in the conversion of FVII to FVIIa. 
The FVIIa-TF complex activates FX to FXa, and FXa 
converts prothrombin to thrombin (FIIa). Thrombin 
activates FV, FVIII, and FXI, which result in enhanced 
thrombin formation. Thrombin also cleaves fibrinogen, 
and the fibrin clot is formed following polymerization 
and stabilization. In normal conditions, small amounts 
of TF are exposed to the circulating blood. However, 
under pathophysiologic conditions, TF is upregulated 
on the surface of neutrophils, macrophages, and 
endothelial cells. Endotoxin, activated complement, 
and cytokines (TNF-a and IL-1 b) also express TF. TF 
is highly thrombogenic, and upregulation often results 
in hypercoagulability, leading to an increased tendency 
of thrombosis [32, 33]. In addition, coagulation media-
tors (FVIIa, FXa, and FIIa) elicit inflammation with 
the expression of TNF, cytokines, adhesion molecules 
(MCP-1, ICAM-1, VCAM-1, selectines, etc.), and 
growth factors (VEGF, etc.) [33]. Inhibitors to prevent a 
hypercoagulable state include antithrombin III (AT III), 
protein C, Protein S, and tissue factor pathway inhibi-
tor (TFPI). ATIII inhibits FIXa, Xa, and thrombin. 
TFPI suppresses the activity of TF/VIIa/Xa complexes 
[34]. Protein C is activated by the thrombin–thrombo-
modulin complex on endothelial cells, and activated 
protein C, in combination with free protein S cleaves 
and inactivates FV and FVIII [35]. Therapeutically 
intervening with the production or activity of inhibitors 
could help improve outcome by mitigating complica-
tions such as sepsis and ARDS.

4.5  Cytokines

4.5.1  Pro-inflammatory Cytokines 

Pro-inflammatory cytokines play key local and sys-
temic roles as intercellular messengers to initiate, 
amplify, and perpetuate an inflammatory response 
after trauma (Table 4.2). The bioactivity of cytokines 
is complex. Cytokines are produced by many cell 
types (principally activated lymphocytes and mac-
rophages, but also endothelial, epithelial, and connec-
tive tissue cells). They have multiple targets and act in 
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a pleiotropic manner. After trauma, production of pro-
inflammatory cytokines such as TNF-a, IL-1b, IL-6, 
and IL-8 is initiated by monocytes and macrophages. 
TNF-a, IL-1b are released within 1–2 h after trauma, 
and are the main pro-inflammatory mediators of an 
acute-phase response [36]. IL-6 and IL-8 are released 
secondary in a subacute fashion.

TNF-a and IL-1b have a similar functions, and may 
act alone or in conjunction with each other [37]. The 
release of TNF-a and IL-1b is stimulated by bacterial 
endotoxins or other microbial products, immune com-
plexes, and a variety of inflammatory stimuli. They are 
important early mediators of inflammation and funda-
mentally function to repair damaged tissue. As stated, 
TNF-a and IL-1b are released within 1–2 h of 

stimulation and usually return to baseline levels within 
4 h. TNF-a increases the activity of neutrophils and 
monocytes by activating the underlying endothelium. 
TNF-a promotes the expression and release of adhe-
sion molecules such as ICAM1 or E-selectin, and 
increases the permeability of endothelial cells, which 
mediates neutrophil migration into the damaged tissue 
[36]. This then further promotes the synthesis of other 
cytokines (IL-2, 4, 6, 8), chemokines, growth factors, 
eicosanoids, and NO [36, 37]. Several studies have 
shown the validity of TNF-a as a serum marker for 
complications after trauma. However, the results are 
inconsistent and to date, no data is available indicating 
whether TNF-a correlates to the severity of trauma or 
trauma outcome [38–43].

Many different cell types produce IL-6. In addition 
to immune cells such as monocytes, macrophages, neu-
trophils, T cells, and B cells, IL-6 is also produced by 
endothelial cells, smooth muscle cells, and fibroblasts. 
IL-6 upregulates the hepatic acute-phase response, 
stimulating the production of C-reactive protein (CRP), 
procalcitonin, serum amyloid A, fibrinogen, a1-antit-
rypsin, and complement factors, which then promote 
neutrophil activation. There is evidence that serum IL-6 
level correlates with the severity of trauma and the risk 
of subsequent ARDS and MOF [44, 45]. IL-6 is a clini-
cally relevant and feasible parameter to estimate the 
severity of injury and prognosis after trauma [46, 47]. 
In addition, for patients requiring second or subsequent 
surgeries following trauma, IL-6 may prove to be an 
important biological marker in deciding the correct 
timing of surgery. Patients with high initial levels of 
IL-6 (>500 pg/dL) after trauma are recommended to 
delay secondary procedures for more than 4 days [48]. 
The chemokine IL-8 is secreted by monocytes/mac-
rophages, neutrophils, and endothelial cells. After 
trauma, serum levels of IL-8 are elevated within 24 h. 
Its production following trauma stimulates leukocyte 
recruitment to the inflammation site and stimulate neu-
trophils to migrate to the injured tissue. Plasma levels 
of IL-8 correlate with the subsequent development of 
ARDS and MOF [47, 49–51].

4.5.2  Anti-inflammatory Cytokines

IL-10 is synthesized by T lymphocytes and monocytes/
macrophages. The pivotal role of IL-10 is to inhibit the 

Pro-
inflammatory 
cytokines

Cellular sources Function in 
inflammation

TNF Monocytes/
macrophages,  
mast cells,  
T lymphocytes, 
epithelial cells

Stimulates upregula-
tion of endothelial 
adhesion molecules. 
Induction of their 
cytokines, chemok-
ines, and no secretion. 
The inducer of 
acute-phase response. 
Induce fever. Short 
half-life, not useful 
marker of the 
inflammatory response 
after trauma

IL-1 Monocytes/
macrophages,  
T lymphocytes 
endothelial cells, 
some epithelial 
cells

Stimulate to TNF

IL-6 Monocytes/
macrophages,  
T lymphocytes 
endothelial cells

Inducer of acute-phase 
response. Stimulate 
proliferation of T and 
B lymphocytes. Long 
half-life, the best 
prognostic marker of 
complications after 
trauma (SIRS, sepsis, 
MOF)

Chemokines 
(IL-8)

Macrophages, 
endothelial cells,  
T lymphocytes, 
mast cells

The function of 
chemoattractant, 
leukocytes activation. 
Useful for diagnostic 
markers of AIDS

Table 4.2 Features of the major pro-inflammatory cytokines
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production of monocyte/macrophage-derived TNF-a, 
IL-6, and IL-8, and free oxygen radicals [52]. IL-10 
plasma levels are proportional to the severity of trauma 
and to posttraumatic complications [53–57] (Table 4.3).

In addition to its pro-inflammatory role, IL-6 also 
has anti-inflammatory properties. As an immunoregu-
latory cytokine, IL-6 stimulates macrophages to 
release anti-inflammatory cytokines such as IL-1 
receptor antagonists and soluble TNF receptors [3]. 
Moreover, IL-6 induces macrophages to release pros-
taglandin E

2
 (PGE

2
), the most powerful endogenous 

immune suppressant. PGE2 regulates the synthesis of 
TNF-a and IL-1b from macrophages and induces the 
release of IL-10 [58–60].

4.6  Reactive Oxygen Species (ROSs)

Reactive oxygen species are released by leukocytes 
after exposure to pro-inflammatory cytokines, chemok-
ines, complement factors, and bacterial products. 
There are several mechanisms of ROS production: 
mitochondrial oxidation, metabolism of arachidonic 
acid, activation of nicotinamide-adenine dinucleotide 
phosphate (NADPH) oxidase, and activation of xan-
thine oxidase. With ischemia and subsequent reperfu-
sion, reintroduced molecular oxygen reacts with 
hypoxanthine and xanthine oxidase generated as the 
result of ATP consumption during the ischemia phase, 
to generate superoxide anions. Superoxide anions are 
further reduced to hydrogen peroxide (H

2
O

2
) by super 

oxide dismutase (SOD). The initial ROSs (superoxide 
anion and hydrogen peroxide) are relatively low-
energy oxygen radicals and are not considered to cause 
high levels of cytotoxicity [61]. The most detrimental 
of the reactive oxygen species are hydroxyl radicals 
(·OH−), which are generated from superoxide anions 
and hydrogen peroxide by the Haber–Weiss reaction 
(·O

2
− + H

2
O

2
 → ·OH− + O

2
) or from hydrogen peroxide 

by the Fenton reaction in the presence of iron (Fig. 4.2). 
ROSs cause lipid peroxidation, cell membrane disinte-
gration, and DNA damage to endothelial and paren-
chymal cells [62, 63]. Furthermore, ROSs secreted 
from polymorphonuclear leukocytes (PMNs) induce 

Anti-
inflammatory 
cytokines

Cellular 
sources

Function in 
inflammation

IL-10 Monocytes/
macrophages,  
T lymphocytes

Inhibit pro-inflamma-
tory cytokines 
secretion, oxygen 
radical production, 
adhesion molecule 
expression, and Th-1 
lymphocyte prolifera-
tion. Enhance B 
lymphocyte survival, 
proliferation, and 
antibody production. 
IL-10 levels are 
correlated with 
severity of injury and 
the risk of develop-
ment of sepsis, ARDS, 
and MOF

IL-6 See the table of 
anti-inflamma-
tory cytokines

Reduction of TNF and 
IL-1 synthesis. 
Regulate the release of 
IL-1 Ra and sTNF-Rs

Table 4.3 Features of the major anti-inflammatory cytokines

ATP

Metal

(Fenton)

.
OH

NO

ONOO-

Ischemia

Hypoxanthine
Xanthine Oxidase (XO)

O2

O2
.- H2O2

Superoxide Dismutase (SOD)

(Heiber Weiss)

Reperfusion
Fig. 4.2 Reactive oxygen 
species (ROSs)
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cytokine, chemokines [64], heat shock protein (HSP) 
[65], and adhesion molecules (P-selectinem ICAM-1) 
[66] leading to cell and tissue damage.

4.7  Nitric Oxide (NO)

Nitric oxide (NO) is generated from the amino acid 
L-arginine by three isoforms of nitric oxidase syn-
thases (NOSs). The isoforms are neuronal NOS (nNOS 
or NOS-1), endothelial NOS (eNOS or NOS-3), and 
inducible NOS [iNOS or NOS-2]). The isoforms nNOS 
and eNOS are expressed constitutively by neurons in 
the brain and enteric nervous system (nNOS), and 
endothelial cells (eNOSs), while iNOS is expressed 
for the most part by stimulation of pro-inflammatory 
cytokines (TNF-a, IL-1b) and toxins (LPS) [67]. Low 
levels of NO synthesized by nNOS and eNOS are ben-
eficial to control smooth muscle relaxation and micro-
bial killing, whereas large amounts of NO synthesized 
by iNOS are harmful and contribute to tissue damage. 
It acts by causing vasodilation, increase in vascular 
permeability, and inhibition of platelet aggregation 
[68, 69]. In addition, NO interacts with superoxide 
anion to form peroxinitrite anion (ONOO−), which is a 
cytotoxin. ONOO− causes lipid peroxidation, cell 
membrane disintegration, and DNA damage of 
endothelial and parenchymal cells as well as the gen-
eration of hydroxyradicals. It is thought to be respon-
sible for many of the toxic effects of NO [69].

4.8  Damage-Associated Molecular 
Patterns (DAMPs)

The innate immune system provides the first line of 
defense against infection and trauma. The cells of the 
innate immune system, including T cells (CD4+ and 
CD8+), neutrophils, monocytes, macrophages, natural 
killer (NK) cells, and dendritic cells (DC), are activated 
by endogenous danger signals such as pathogen-asso-
ciated molecular patterns (PAMPs; exogenous danger 
cells) and alarmins (endogenous danger cells) [70]. 
PAMPs (LPS, bacterial DNA, viral RNA) and alarmins 
including high mobility group box 1 (HMGB1), heat 
shock proteins (HSPs), S100, hyaluronan, and oxygen 

free radicals are recognized by pattern recognition 
receptors (PRRs). PRRs include toll-like receptors 
(TLRs) and the receptor for advanced glycation end 
products (RAGE) [71]. These signaling molecules are 
normal cell constituents. However, they can either be 
passively released from necrotic cells or actively 
secreted in response to cellular injury. The exogenous 
PAMPs and endogenous alarmins are subgroups of 
damage-associated molecular patterns (DAMPs) [72].

HMGB1 is the most pro-inflammatory of all 
DAMPs. HMGB1 is released actively by immune cells 
such as monocytes, macrophages, and dendritic cells. 
HMGB1 may signal through RAGE, or via toll-like 
receptors, TLR2 and TLR4. Activation of these recep-
tors results in the activation of NFkB, which increases 
the expression of ICAM-1and VCAM-1 on the surface 
of endothelial cells, and stimulates the production of 
pro-inflammatory cytokines [73–77]. After trauma, 
excessive tissue damage increases the intercellular sig-
naling of DAMPs, which further upregulate the expres-
sion of PPRs and inflammatory mediators. Recently, 
the interaction of HMGB1 and TLR4 received atten-
tion as key mediators in the initial inflammatory 
response in various clinical and experimental models, 
such as in hemorrhagic shock, bilateral femur fractures, 
and hepatic ischemia/reperfusion injury [78–85].

4.9  Cells Implicated in Trauma

4.9.1  Neutrophils

After trauma, neutrophils migrate to the site of tissue 
damage and to remote organ tissue. Local neutrophil 
migration is important for wound healing and for pro-
tection against invading organisms, and remote organ 
tissue migration induces SIRS [86]. The migration is 
composed of three steps. The first step, production of 
leukocyte selectins (L-selectins) and E and P selectins 
on the endothelium is induced by pro-inflammatory 
cytokines and toxins [87]. These adhesion molecules 
are responsible for the rolling of neutrophils. The sec-
ond step involves expression of integrins on neutro-
phils such as CD11 and CD18, and intercellular 
adhesion molecules (ICAM-1) and vascular cell adhe-
sion molecules (VCAM-1) on the surface of endothe-
lial cells [88–90]. The interaction of these upregulated 
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molecules activate neutrophils to reinforce the contact 
between neutrophils and endothelial cells (“sticking” 
of neutrophils to endothelial cells). In the final step, the 
migration, accumulation, and activation (“priming”) of 
neutrophils into tissues are mediated by chemokines 
and complement anaphylatoxins (C5a and C3a). 
Usually, primed neutrophils stimulated by the inciting 
trauma are not harmful to the host (intermediate state: 
the state of between resting and full activating state). 
Massive initial trauma or additional insult elicits a 
more powerful neutrophil response [91]. In this state, 
neutrophils are attracted and activated further to 
degranulate. This is the so-called respiratory burst, 
which induces secondary organ tissue injury. The 
active substances released from degranulated neutro-
phils include neutral protease (elastase and capthesin G), 
oxygen radicals, myeloperoxidase (MPO), NO, leukot-
rienes, and platelet-activating factor (PAF). In trauma 
patients, increased levels of soluble ICAM-1 correlate 
with the development of complications after trauma 
(sepsis, MOF) [88, 92].

4.9.2  Monocytes/Macrophages

Monocytes/macrophages and neutrophils have a cen-
tral and essential role for the innate host defense, tissue 
repair and remodeling, and for the intermediaries to the 
antigen-specific adaptive immune response. Monocytes 
are circulating precursors of macrophages. Monocytes 
migrate into the different tissues (liver, spleen, lung, 
etc.) in the absence of local inflammation and become 
tissue macrophages. When monocytes/macrophages 
are activated by phagocytosis in response to trauma, 
they regulate the activation of T and B lymphocytes, 
which induce antigen presentation by the major histo-
compability complex II (MHC II). Monocytes/mac-
rophages also release chemokines, cytokines (TNF, 
IL-6, IL-10, IL-12, TGF-b), and various growth factors 
(fibroblast growth factor [FGF], epidermal growth fac-
tor [EGF], and platelet-derived growth factor [PDGF]) 
to form new extracellular matrix and to promote angio-
genesis and generation of new tissue at the site of 
injury. Additionally, activated monocytes/macrophages 
produce NO, adhesion molecules, eicosanoides, and 
PAF. The monocyte/macrophage cellular response 
after trauma has beneficial effect to the host. However, 
severe trauma induces massive monocyte/macrophage 

activation. In this state, the effect of the monocyte/
macrophage response is systemic with detrimental 
effects. Systemically, it influences the immune response 
microcirculation and metabolism of remote organ sys-
tems. The deactivation of monocytes and decreased 
expression of MHC II on the surface of monocytes are 
observed after major trauma and these correlate with 
the severity of injury [93].

4.10  Mechanisms of the Development 
of Organ Dysfunction

4.10.1  Severity of Initial Injury (First-Hit)

An initial traumatic insult activates an inflammatory 
cascade that stimulates the host’s immune system. If 
the initial traumatic insult is massive, this causes severe 
SIRS. In this situation, the production and release of 
pro-inflammatory mediators overwhelms the anti-
inflammatory response resulting in rapid MOF and 
early death.

An initial traumatic insult that is not as severe induces 
a moderate state of SIRS. In this instance, inflammatory 
and immune cells are in a “primed” state. However, 
some patients go on to develop posttraumatic complica-
tions (sepsis, ARDS, and MOF). The development of 
these complications is regulated by various exogenous 
and endogenous factors. Among these factors, it is 
important to understand the relationship between the 
biological changes and the anatomical region of initial 
injury. The central nervous system is a rich source of 
inflammatory mediators. Traumatic brain injuries with 
the disruption of the blood brain barrier (BBB) allow 
immune cells to migrate into the subarachnoid space, 
leading to an accumulation of leukocytes from the sys-
temic circulation. These cells release inflammatory 
mediators, which can damage brain tissue and induce 
systemic inflammation [5, 94–96]. Trauma to the chest 
area, particularly lung contusions, leads to an early 
increase in plasma cytokine mediators, which has 
been shown to be associated with systematic inflamma-
tory reactions such as pneumonia, ARDS, and MOF 
[97–99]. Patients with severe soft tissue injuries to the 
extremities, with resulting hemorrhagic shock or severe 
muscle crush syndrome are at risk of developing more 
serious injury. Ischemia/reperfusion injury (I/R) leads 
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to the production of large quantities of reactive oxygen 
species (ROSs). Femoral fractures with soft tissue inju-
ries results in an alteration of biological parameters 
such as increased cardiac output, decreased systemic 
vascular resistance, tachycardia, and decreased hepatic 
blood flow [100]. Long bone fractures and unstable pel-
vic fractures are characterized by a high blood loss and 
are associated with severe soft tissue injury, which initi-
ate a local inflammatory response and generate inflam-
matory mediators [55, 101–105]. This body of evidence 
suggests that the initial trauma itself predisposes trauma 
patients to posttraumatic complications.

4.10.2  Two-Hit Theory

Traumatized patients who survive the initial injury may 
still be at risk of death from sepsis and multiple organ 
failure. Secondary insults following the initial injury 
exaggerate the systemic inflammatory response and 
upset the balance of pro- and anti-inflammatory media-
tors. Secondary insults are compounded by endogenous 
and exogenous factors. Endogenous secondary insults 
include respiratory distress, cardiovascular instability, 
I/R injury, and infection. Exogenous secondary insults 
include surgical interventions [106–108], blood trans-
fusions, and missed injuries.

Clinical studies have revealed that orthopaedic surgi-
cal intervention can also cause major changes to the 
inflammatory response, and these changes are in propor-
tion to the magnitude of surgery. For instance, femoral 
nailing induces plasma levels of IL-6 and IL-10 to 
increase and human leukocyte antigen-DR on mono-
cytes have been shown to reduce significantly [109, 110]. 
Furthermore, reamed femoral nailing appears to be asso-
ciated with greater impairment of immune reactivity 
than unreamed nailing [110].

Blood transfusions are a paramount therapy in the 
management of trauma/hemorrhagic shock patients. 
However, various studies have demonstrated that blood 
transfusions are associated with infection, SIRS, 
ARDS, and MOF after trauma [111–116].

4.10.3  Ischemia/Reperfusion Injury

Ischemia/reperfusion (I/R) injury is a common and 
important event in clinical situations such as trauma, 

hemorrhagic shock, transplantation, cardiac arrest 
(hypoxemia, hypotension of systemic tissue), contu-
sions, lacerations, vascular injuries, and compartment 
syndrome (hypoxemia, hypotension of local tissue). 
Inadequate microvascular flow results in the activation 
of leukocytes, and converts local endothelial cells into 
a proinflammatory and prothrombotic phenotype. I/R 
injury consists of two specific stages. First is the isch-
emia and hypoxemia stage. During this period, oxygen 
and nutrients to tissues are deprived temporarily by the 
disruption of blood supply. The second is the reperfu-
sion stage. This stage is the revascularization or return 
of supply of oxygen to the ischemic tissue. During the 
ischemic phase, the lack of oxygen leads to the 
decreased production as well as the consumption of 
adenosine triphosphate (ATP). As consumption of ATP 
continues, it is degraded into adenosine diphosphate 
(ADP) and adenosine monophosphate (AMP), which 
is further degraded to inosine and hypoxanthine [117]. 
ATP depletion leads to an alteration in intercellular 
calcium and sodium concentration. It also results in the 
activation of cytotoxic enzymes such as proteases or 
phospholipases, all culmulating to reversible or irre-
versible cellular damage. The hallmark of the reperfu-
sion phase is the generation of by-products of neutrophil 
activation, which induces secondary tissue damage 
and organ dysfunction. On reperfusion with the rein-
troduction of molecular oxygen into the ischemic tis-
sue, molecular oxygen reacts with leukocytes and 
endothelial cells to promote the generation of reactive 
oxygen species and platelet-activation factor. The 
interactions of neutrophils and endothelial cells have 
been shown to contribute to massive interstitial edema 
caused by microvascular capillary leakage after reper-
fusion injury.

4.10.4  Bacterial Translocation

Bacterial translocation (BT) is defined as the phenom-
enon that both viable and nonviable bacteria, as well as 
their products (bacterial cell wall components, LPS, 
and peptidogycan) cross the intestinal barrier to exter-
nal sites such as the mesenteric lymph nodes, liver, and 
spleen. BT occurs as a result of a loss of integrity of 
the gut barrier function after trauma, hemorrhagic 
shock, and burns [118]. BT may be associated with 
posttraumatic complications [119, 120]. Although 
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most data on BT and its complications have shown 
consistent results in animal models of hemorrhagic 
shock, trauma, and severe burns, its importance in 
humans is questionable, with variable results in clini-
cal studies. In addition, it is still debatable whether BT 
is an important pathophysiologic event or simply an 
epi-phenomenon of severe disease [121].

4.11  Conclusion

Following trauma, acute inflammatory reactions may 
be triggered by infections (bacterial, viral, fungal, par-
asitic) and microbial toxins, or by any of several mol-
ecules released from necrotic tissue (HMGB1, 
hyaluronum, etc.). Pattern recognition receptors 
(PRRs) referred as to toll-like receptors can detect 
these stimuli, and trigger a signaling pathway that 
leads to the production of various mediators. In the 
acute phase of trauma, vasodilatation is induced by 
vasodilatatory mediators (NO, prostaglandins), quickly 
followed by increased permeability of the microvascu-
lature. Vasodilatation and extravasation of plasma 
result in hemoconcentration, which facilitates the 
peripheral migration of neutrophils. Neutrophil migra-
tion from the blood stream into the interstitial tissue is 
divided into several steps, which are mediated by 
endothelial cell adhesion molecules, cytokines pro-
duced from monocytes/macrophages and various other 
cells, chemokines, the complement system, and arachi-
donic acid. Migrated neutrophils produce several 
mediators such as neutral protease, reactive oxygen 
species (ROSs), lipids (leukotriene, PAF), and NO. 
These mediators act as secondary tissue damage fac-
tors depending on the degree of initial injury as well as 
additional insults. During inflammation, the plasmaic 
cascade, consisting of the complement cascade, the 
kallikrein-kinin system, and the coagulation cascade 
are activated by toxins and pro-inflammatory media-
tors such as cytokines and arachidonic acid metabo-
lites. Activation of the complement system induces the 
production of complement proteins, causing an 
increase in vascular permeability, chemotaxis, and 
opsonization. Excessive activation of the coagulation 
system results in a hypercoagulable state, which leads 
to disseminated intravascular coagulation (DIC). The 
kallikrein-kinin system results in kinins, which have 
vasoactive properties. In addition to its role in 

stimulating inflammation, the immune system (innate 
and adaptive) has a vital role involving the biological 
response after trauma.
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5.1  Introduction

The pathophysiology of the multiply injured patient is 
dominated by the rapid onset of a shock state (hypov-
olemia) and the subsequent effort of the organism to 
maintain survival and to eventually return to its pre-
injury state. Even though there is no international 
consensus to the definition of polytrauma and the 
description of shock [1], it is nowadays clear that the 
homeostastatic mechanisms of the injured patient are 
activated at multiple levels in an effort to overcome the 
stress reactions and to preserve the function of vital 
organs. Due to the advances made in every discipline 
of medicine, our understanding of the sequence of 
events that follow severe trauma has greatly expanded.

Traditionally the response to major trauma had been 
conceptualized as a three phase physiological process 
being divided into the hypodynamic flow phase, the 
hyperdynamic flow phase, and the recovery phase to 
the pre-injury level [2, 3]. This sequence of phases 
reflected our perception of stress responses through 
vascular adaptation and circulating volume regulation. 
Lately, however, it has become clear that the stress 
response to trauma consists of more composite reac-
tions. Multiple trauma triggers the activation of differ-
ent pathways, which contribute to the development 
of the so-called Systemic Inflammatory Response 
Syndrome (SIRS), while simultaneously as part of the 
homeostatic mechanisms, a Counter Anti-inflammatory 
Response Syndrome (CARS) is initiated so that a fine 
balance of regulatory events could prevail [4, 5]. 
“Shock generates shock” and the cascade of events 
that follow a severe injury may be modified from 
actions and interventions that are irrelevant to the ini-
tial injury. The basis of response to injury is conceptu-
alized as an immune mediated phenomenon with 
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systemic implications to the organism. The evolution 
of Early Total Care (ETC) to Damage Control Ortho-
paedics (DCO) represents a shift paradigm of treat-
ment based on the understanding of the pathophysiology 
of the polytrauma patient [6–8].

5.2  Initial Response

The initial injury poses a certain trauma load to the 
organism. Local tissue destruction (fractures, soft tis-
sue damage), primary organ injury (lung, head), acido-
sis, hypoxia, and pain perception trigger the activation 
of local and systematic reactions in order to control 
hemorrhage and the function of vital organs [9].

Shock due to hemorrhage, hypoxia due to lung 
injury and low circulatory volume, brain injury, and 
hypothermia constitute the major threats to patient’s 
survival. During the initial phase of resuscitation atten-
tion should be drawn only to life saving procedures 
and interventions. Classification of the patient into one 
of the four categories of shock is of paramount impor-
tance as it provides a reliable guidance for further 
action [6, 10]. One should bear in mind that there are 
specific groups of patients, for instance very young 
children and athletes, that require special attention. 
These patients can compensate shock for a prolonged 
period of time before they rapidly collapse.

Resuscitation begins at the scene of injury and con-
tinues in the emergency room. “Scoop and run” policy 
is the current recommendation for pre-hospital care 
[11] and aims to secure airway, control major bleed-
ing, and support circulation until the patient arrives at 
the hospital. In addition to ATLS, standardized lifesav-
ing procedures and protocols have been established 
over the years assisting the clinicians with the decision 
making process.

Achieving the end points of resuscitation is an indi-
cation that the circulating volume has been restored. 
These end points include stable hemodynamics, stable 
oxygen saturation, lactate level less than 2 mmol/L, no 
coagulation disturbances, normal temperature, urinary 
output greater than 1 mL/kg/h, and no requirement for 
inotropic support [6].

If shock remains untreated it will lead to dilutional 
coagulopathy and the so-called acute coagulopathy of 
trauma and shock [12, 13]. The latter is probably due to 

the activation of the protein C pathway and represents 
an independent parameter that could predict the out-
come [14]. The endothelial damage due to systemic 
inflammation and trauma-induced complementopathy 
seems also to play a significant role in the development 
of coagulation disturbances [15]. Almost one-fourth of 
patients that suffer major trauma develop trauma-
induced coagulopathy that is related to hypothermia 
and acidosis and constitute the “lethal triad” [14, 16]. 
This triad of symptoms (triangle of death) has been rec-
ognized as a significant cause of mortality. Consequently, 
in order to prevent the lethal triad two factors are essen-
tial, early control of bleeding and prevention of further 
heat loss [17].

The immediate central nervous system response 
after major trauma is mainly driven by the activation of 
the neuroendocrine axis. Pain, fear, by-products of 
metabolism that cross the blood–brain barrier, and 
brain injury itself are the basic stimuli for the activa-
tion of this axis. The hypothalamus and subsequently 
the sympathetic-adrenal system are activated. In addi-
tion, stimuli from aortic and carotid receptors trigger 
the renin-angiotensin system in an effort to control 
blood pressure through vasoconstriction and increased 
heart rate [9, 18]. At the same time the organism enters 
a reduced metabolic state in order to minimize the 
energy expenditure [9, 18, 19].

5.3  Inflammatory Response

Nowadays, it is well recognized that major trauma 
induces an intense immuno-inflammatory response. 
The magnitude of this response depends on the initial 
trauma load sustained, pain stimuli, the systemic and 
local release of pro-inflammatory cytokines, the age, 
sex, as well as the genetic makeup of the patient. The 
activation of various cells such as polymorphonuclear 
leukocytes (PMNL), monocytes, lymphocytes, natural 
killer (NK), and parenchymal cells leads to dysfunc-
tion of the endothelial membrane of almost every vital 
organ and the development of SIRS [9, 20, 21]. The 
microenvironment theory describes the interactions 
between PMNL and endothelial cells facilitated by the 
expression of adhesion molecules. When firm adhesion 
is established then the PMNL can extravasate and 
induce remote organ injury [22]. This injury affects not 
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only the tissues at the site of injury but the endothelium 
of vital organs and especially the lungs. Activated neu-
trophils migrate to the site of injury. Vascular endothe-
lial damage and increased endothelial permeability 
may occur leading to generalized hypoxemia causing 
further sequestration and priming of neu trophils and 
macrophages, facilitating activation of the coagulation, 
complement, and the prostaglandin  system [23].

Apart from the aforementioned systemic early innate 
response, paracrine action of locally produced inflam-
matory mediators plays a significant role. Prostaglandins 
and thromboxanes from damaged endothelial mem-
branes, as well as histamine, bradykinin, and kallidin 
from interstitial mast cells are locally produced and can 
magnify capillary permeability and local tissue edema. 
At the same time the cascade of these events can be 
amplified from the dissemination of these mediators to 
the peripheral bloodstream [23].

In the early phase, major trauma also triggers the 
release of signaling molecules called alarmins that 
mainly play a role in the activation of innate immune 
response without the presence of a bacterial focus. 
Alarmins are also chemoattractants and activators of 
antigen presenting cells (APCs) [24]. They belong to 
the so-called Damage Associate Molecular Patterns 
(DAMPS) [25] that include the alarmins and the 
Pathogen Associated Molecular Patterns (PAMPs). 
PAMPs represent inflammatory molecules of microbial 
origin recognized by the immune system as foreign 
due to their peculiar molecular patterns. Alarmins act 
as “danger molecules” and are actively secreted from 
the dead cells in the site of injury and passively released 
from cells that are in the process of imminent cellular 
death or apoptosis (Fig. 5.1) [26, 27]. Antibacterial 
peptides, S100, heat-shock proteins, and high-mobility 
group box 1 (HMGB1), with the latter being the most 
important, are some of the molecules included in the 
family of alarmins [28]. Our knowledge about these 
molecules has substantiated over the last years and 
their role in the development of the “aseptic SIRS” and 
the pathogenesis of Multiple Organ Dysfunction 
Syndrome (MODS) is under ongoing investigation. In 
fact blockade of HMGB1 in animal models of trauma 
has been shown to decrease the inflammatory response 
and to improve outcomes [29, 30].

Cytokines are polypeptides that are produced from 
a variety of cells such as monocytes/macrophages and 
T-helper lymphocytes. Interleukin-1 (IL-1), IL-6, IL-8, 

IL-10, and Tumor Necrosis Factor (TNF) are cytokines 
that transmit signals between cells, thus enhancing 
their communication and playing an important role in 
the development of SIRS and MODS. In particular, 
TNF activates cells such as NK-cell and macrophages 
and induces apoptosis [31]. It leads to thromboxane 
A2, prostaglandin, selectin, platelet activation factor, 
and intracellular adhesion molecules production. It 
exerts its effects via remote and local action. Up to 
date effective inhibition of TNF has not been success-
ful although blocking it might work in septic patients 
[32]. Interleukin 1 (IL-1) is another cytokine involved 
in signaling during major trauma. Its secretion path-
way has not been fully understood so far. It induces 
T-cell and macrophage application and activates a cas-
cade that leads to transcription of many different pro-
inflammatory cytokines [23]. Interleukin 6 (IL-6) is 
the most extensively studied cytokine that is promptly 
detectable after major trauma (within hours). Its plasma 
half-life and the consistent pattern of expression have 
established it as the most widely studied pro-inflam-
matory molecule [33]. It regulates growth and differ-
entiation of lymphocytes, and activates NK-cells and 
neutrophils. At the same time it inhibits the apoptosis 
of neutrophils having therefore a role both as a pro-
inflammatory and anti-inflammatory protein [34, 35]. 
In animal models it has been shown that blockade of 
IL-6 increases survival [36]. It has also been proved 
that a certain cut-off of 200 pg/dL could effectively be 
used as a diagnostic and predictive means of SIRS and 
later complications in the clinical setting [33]. IL-8 
belongs to chemotactic cytokines which are called 
chemokines and act as chemoattractants. Depending 
on its concentration gradient IL-8 can acts as an angio-
genic factor and a very effective chemmoattractant. It 
activates the neutrophills as well as lymphocytes, 
monocytes, endothelial cells, and fibroblasts [37].

The physiologic response to trauma is a multifac-
eted phenomenon that can be influenced and modified 
by several different variables. It has been shown to be 
gender dependent and the role of sex hormones in the 
course of post-injury immune response is now accepted. 
In animal models, males and ovariectomised females 
exhibit a more intense alteration in immune function 
following hemorrhage after trauma [38]. Furthermore, 
there is evidence that posttraumatic complications 
could be influenced by the genetic background (geno-
type) of each patient [21, 39–41].
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5.4  Clinical Course and  
Appropriate Actions

The magnitude of the inflammatory response is mainly 
dependent on the magnitude of the traumatic load dur-
ing injury. This response (SIRS) can be very intense due 
to the initial injury (first hit) or can be exaggerated from 
actions and intervention during treatment (second hit) 
[42, 43]. Any additional interventional (e.g., massive 
transfusions) or surgical (e.g., prolonged operations, 

operations with severe tissue damage) load represents an 
exogenous hit. Furthermore antigenic load from infec-
tions, ischaemia/reperfusion injuries, acidosis, respira-
tory or cardiovascular distress add an endogenous hit. 
An uncontrolled inflammatory response may lead to 
remote organ damage primarily in the lung leading to 
the development of adult respiratory distress syndrome 
(ARDS), MODS, and potentially death. At the same 
time CARS is evolving. If this hypoinflammation is 
overwhelming, it may lead to immune-suppression that 
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is responsible for the subsequent septic complications 
[44, 45]. An uneventful clinical course indicates that a 
fine balance between these extreme reactions of the 
immune system has prevailed.

Staging of the physiological status of the patient 
after the initial assessment and life saving procedures 
dictates the sequence and priorities of any further 
actions. The patient may be classified in one of four 
categories: stable, borderline, unstable, and extremis 
[6, 10]. Stable patients have no immediate life-threat-
ening injuries and do not need inotropic support to 
become hemodynamically stable. Borderline patients 
have been stabilized during the initial period but the 
type of their injuries makes them vulnerable to  
further rapid deterioration. Unstable patients have not 
achieved the end points of resuscitation and are hemo-
dynamically unstable. Extremis patients usually suffer 
from the lethal triad and require inotropic support. 
These patients are very “sick” and usually they suc-
cumb as a result of their injuries. The clinical condi-
tion of the patient in any given time reflects a stage in 
ongoing evolving immune inflammatory reactions. If 
the magnitude of the initial trauma is well tolerated 
and physiological markers of stress are not abnormal, 
early implementation of definite care can be performed 
with uneventful recovery. If the initial injury is of 
great magnitude, then hemorrhage control takes prior-
ity and temporary stabilization of musculoskeletal 
injuries utilizing external fixators is performed, in 
order to minimize the second hit insult and to protect 
the organism from an exaggerated SIRS, which might 
lead to ARDS, MODS, or even death. Secondary 
definitive treatment and reconstruction procedures can 
be performed when the clinical condition of the patient 
allows. The rationale behind any intervention is to 
eliminate the extent of the “second hit” whenever pos-
sible [8, 10, 42]. This staged approach minimizes the 
degree of surgical insult to the patient who is in an 
unstable equilibrium after major trauma. The manage-
ment of these patients can be divided into four stages. 
During the acute phase only the resuscitation and life 
saving procedures are performed. After the initial 
resuscitation and during the primary stabilization 
period major extremity injuries, arterial injuries, and 
compartment syndromes are managed with DCO. In 
the secondary period the patient is reassessed con-
stantly and appropriate actions are taken. Major pro-
cedures are not justified due to the additional burden 
that may exert to the already compromised patient’s 

immunological status (second hit). Subsequently, 
between days 5 and 10 the so-called period of “win-
dow of opportunity” definite fracture treatment can be 
performed [16]. Thereafter, any complex reconstruc-
tion procedures can be performed [6] (Fig. 5.2). 
Although concerns about longer hospital stays and 
cost implications are still present, this approach has 
definitely modified the perceptions and daily practice 
of the Trauma Ortho paedic Surgeons [7].

5.5  Clinical Course and Immunomarkers

From the above described theory of “two” or “multiple 
hits,” it is becoming evident that monitoring the 
patient’s status and clinical course via a scoring system 
of inflammation would be useful in both guiding our 
clinical decisions with regard to therapeutic interven-
tion and predicting the possible outcome and compli-
cations in the setting of polytrauma. Various attempts 
have been made and are ongoing to describe the degree 
of the inflammatory response [46–53].

Immunomonitoring is a term used to describe the 
value of monitoring the inflammatory markers that are 
released and can be clinically measured in the setting of 
polytrauma. The necessity of “immunovigilance” and its 
possible clinical implications became clearer during the 
last few years. Until recently we could only draw indi-
rect information regarding the inflammatory status of the 
patient mainly from clinical markers such as fluid bal-
ance [21, 51], lactate, and base deficit [54]. However, as 
our understanding of the complex mechanisms involved 
in the immune response after trauma has expanded and 
as our technical ability to measure various molecular 
mediators has improved, a new era in documenting the 
evolving physiological status of the traumatized patient 
at the molecular level has been established.

The markers of immune reactivity that may have 
clinical utility are the acute phase reactants (liposac-
charide-binding protein, C-reactive protein, precalci-
tonin), the markers of mediator activity (TNF-a, IL-1, 
IL-10, IL-6, IL-8), and the markers of cellular activity 
(Human Leukocyte Antigen) [55]. Whilst the first cat-
egory has been proven to be nonspecific for trauma, 
there is evidence that molecules from the other two 
categories may have some predictive value.

More specifically, TNF-a was one from the first 
markers that was studied. It has been correlated with 
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poorer outcome in multiple traumatized patients in the 
intensive care unit but nowadays is not considered a 
reliable predictive index for the clinical course of 
inflammation in trauma unless sepsis is present [56]. 
The clinical utility of IL-1 and IL-10 has not been 
effectively supported so far [21]. The expression of 
Major Histocompatibility Complex antigens (MHC 
class II) at the mononuclear cells of the peripheral 
blood has also been attempted to be associated to mor-
bidity due to sepsis after trauma [57]. Many other cir-
culating molecules have been described as potential 
predictors of the clinical course including the serum 
amyloid A, procalcitonin, C3 complement, and hapto-
globin [58–60]. It appears that a continuously high 
level or a second rise in their values is correlated with 
complications and MODS, respectively [51].

Continuous monitoring is more reliable in the case 
of the pro-inflammatory cytokines and especially in the 
case of IL-6. The relatively persistent pattern of expres-
sion and the long plasma half-life have established IL-6 
as the most clinically useful molecule [33]. High values 
have been correlated to adverse outcome after early 
surgery [61, 62]. IL-6 is considered to be of prognostic 
value for Systemic Inflammatory Response, sepsis, and 
Multiple Organ Failure [51]. IL-6 and SIRS have been 
correlated to New Injury Severity Score (NISS) and to 
each other. A numerical value of 200 pg/dL has been 
proven to be of diagnostic documentation of a SIRS 
state [63]. The relatively recent discovery of the alarm-
ins (danger signaling molecules subcategorized as 
DAMPs and PAMPs) seems to be promising for their 
use as a predictive marker, but up to date there are no 
powerful studies to support that. On the other hand, the 
characterization and quantification of endothelial injury 
after trauma has been attempted to be correlated with 
the inflammatory and clinical status of the traumatized 
patient. The molecules that are released from the injured 
endothelium and are measurable in plasma are mainly 
the selectins (L-, P-, E- selectin), the vascular adhesion 
molecules, the thrombomodulin, and the vW-factor. 
L-selectin has been shown to be positively related to the 
prognosis of potential complication after major trauma 
but definite conclusion can be drawn as yet [64].

Finally, the completion of the human genome proj-
ect has open other avenues in the clinical setting for the 
investigation of the genetic makeup of the patient and 
how this could influence the physiological responses 
and outcome [65]. Currently there is evidence to sup-
port the involvement of various polymorphic variants of 
genes in determining the post-traumatic course [66]. 

Although such as approach appears to be promising, 
results from different studies have not been reproduc-
ible because of the ethnic admixture, variable linkage 
dis equilibrium, and genotype misclassification [66– 68]. 
Further studies in the future would provide more evi-
dence about the contribution of genes in determining 
the clinical outcome of patients.
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6.1  Pathophysiology of TBI

Despite modern intensive care strategies, the clinical 
outcome of severely head-injured patients remains poor 
[1–3]. The high mortality rates in this patient popula-
tion are often attributed to the development of second-
ary insults to the injured brain [4–6]. While primary 
brain injury is a result of the mechanical forces applied 
to the skull at the time of impact, secondary brain injury 
evolves over time and thus cannot be detected on initial 
CT imaging studies [7, 8]. Evidence of secondary brain 
injury has been found on autopsy in 70–90% of all 
fatally head-injured patients [7, 9]. Secondary brain 
injury is initiated by a trauma-induced, host-mediated 
inflammatory response within the intracranial compart-
ment [10–14], and is aggravated by hypoxia, metabolic 
acidosis, cerebral fat emboli from the fracture site, 
injury-triggered activation of the coagulation system, 
and development of cerebral edema [9, 15–19].

The immuno-patho physiological sequelae of 
Traumatic Brain Injury (TBI) are highly complex, and 
involve numerous brain-derived pro-inflammatory 
mediators, such as cytokines, chemokines, complement 
anaphylatoxins, excitatory molecules, electrolyte distur-
bances, and blood-derived leukocytes which are migrat-
ing across the blood–brain barrier [11, 20–24]. The 
resulting complex neuro-inflammatory network leads to 
a pro-inflammatory environment with brain edema and 
brain tissue destruction by leukocyte-released proteases, 
lipases, and reactive oxygen species. In addition, these 
events culminate in the breakdown of the blood–brain 
barrier and allow neurotoxic circulating molecules to 
enter the brain. As a result, the traumatized brain is 
highly susceptible to secondary injuries caused by 
intracerebral inflammation, as well as systemic neuro-
toxic molecules, which are normally “blocked” under 
physiological conditions (Fig. 6.1).
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In TBI patients who have sustained concomitant 
major trauma to the musculoskeletal system, a pro-
found systemic inflammatory response is also triggered 
in parallel, involving cytokines/chemokines, comple-
ment activation products, the coagulation system, stress 
hormones, neuronal signaling, and numerous inflam-
matory cells [25–30]. To date, we have an incomplete 
understanding of how the cerebral and  systemic inflam-
matory responses interact and inter- communicate with 
each other, and whether there is “spill-over” from the 
intracerebral into the systemic “compartment” and vice 
versa, exacerbating the inflammatory response.

Consequently, the treating surgeon must be aware 
of the neuropathology of TBI as well as the systemic 
inflammatory events when deciding on the optimal 
management approach in this vulnerable patient 

population, as inappropriate treatment may result in 
an iatrogenic secondary insult to the brain [14, 31].

6.2  Clinical Assessment of TBI

On hospital admission, all head-injured patients are 
systemically assessed and resuscitated according to 
the American College of Surgeons’ Advanced Trauma 
Life Support (ATLS®) protocol. Closed head injury is 
typically diagnosed by (1) the history of trauma, (2) 
the clinical status, and (3) computed tomography (CT) 
scan. The neurologic status is assessed after stabiliza-
tion of vital functions [17]. The level of consciousness 
is rapidly evaluated by the Glasgow Coma Scale 

–

– – –

Fig. 6.1 Schematic of priorities in the management of associated orthopedic injuries in patients with severe head injuries, based on 
the understanding of the underlying immunological pathophysiology
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(GCS), which grades the severity of TBI as mild (GCS 
14/15), moderate (GCS 9–13), and severe (GCS 3–8) 
[17]. The post-resuscitation GCS score is of clinical 
importance due to the significant correlation with 
patient outcome [32]. A head CT should be obtained 
under the following circumstances: (1) altered level of 
consciousness with GCS <14 (moderate or severe 
brain injury), (2) abnormal neurological status, (3) dif-
ferences in pupil size or reactivity, (4) suspected skull 
fracture, (5) intoxicated patients. The CT should be 
repeated whenever the patient’s neurologic status dete-
riorates [17]. During the initial management of TBI, 
hypoxemia, hypotension, hypercarbia, and hypoglyce-
mia must be avoided or rapidly corrected to minimize 
the development of secondary brain damage [17]. 
Hemodynamic stability should be maintained using an 
isotonic electrolyte solution [33]. Maintenance of an 
adequate cerebral perfusion pressure (CPP = mean 
arterial pressure [MAP] – intracranial pressure [ICP]) 
above 70–80 mmHg is recommended in the early 
phase post trauma [17, 34, 35]. Cerebral edema should 
be rapidly addressed using osmotic drugs, and intrac-
ranial volume may be reduced by draining cerebrospi-
nal fluid (CSF) via intra-ventricular catheters, or 
surgical hematoma evacuation.

Augmentation of the intravascular volume with 
osmotic therapeutics, such as mannitol, results in a 
transient increase in MAP and CPP and induces cere-
bral vasoconstriction, reducing the intracranial volume 
[17]. Osmotic therapy using mannitol or hypertonic 
saline is currently recommended if the patient displays 
clinical signs of trans-tentorial herniation, progressive 
neurological deterioration, or bilaterally dilated and 
nonreactive pupils [17]. Results of the Corticosteroid 
Randomization after Significant Head Injury (CRASH) 
trial have made the use of gluco-corticoids obsolete 
and contrast indicated in severely head-injured patients 
[36, 37].

Intra-ventricular catheters are used to monitor intrac-
ranial pressures and allow CSF drainage to decrease the 
ICP [35]. Current guidelines recommend continuous 
ICP monitoring in patients (1) with severe head injury 
(GCS < 9) and abnormal admission CT scan; (2) with 
severe head injury (GCS < 9) and normal initial CT scan, 
but with a prolonged coma >6 h; (3) requiring evacua-
tion of intracranial hematomas; (4) with neurological 
deterioration (GCS < 9) in patients with initially mild or 
moderate head injury; and (5) head-injured patients 

requiring prolonged mechanical ventilation, unless the 
initial CT scan is normal [17, 34, 38, 39].

Craniotomy with evacuation of intracranial mass 
lesion must be undertaken as soon as possible in 
patients with clinically relevant and surgically acces-
sible hematomas [92]. Elevated intracranial pressure is 
one of the most common causes of death and disability 
in the severely brain-injured patient. When intracranial 
hypertension is refractory to medical treatment, many 
patients undergo decompressive craniectomy. However, 
the indication, timing, and method of decompressive 
craniectomy are not well defined [40, 41]. Recent lit-
erature suggests that hinge craniectomy achieves simi-
lar outcomes with respect to ICP control and early 
outcomes when compared to standard decompressive 
craniectomy [40]. An additional benefit of this modal-
ity is that patients will not have to undergo a delayed 
cranioplasty for skull defect closure.

6.3  Strategies of Fracture Fixation  
in TBI Patients

Choosing the ideal timing and modality of fracture 
fixation in head-injured patients is of paramount 
importance to avoid a detrimental “second hit” injury 
to the brain [14, 42]. However, selecting a “safe” treat-
ment modality of the multiply injured patient with 
concomitant TBI can be difficult.

The initial assessment and management of any 
trauma patient with TBI should follow the ATLS® 
algorithm [25, 43]. Hypoxemia and hypotension, the 
“lethal duo of TBI” [44], need to be avoided at all 
times, as both will exacerbate post-traumatic edema 
with potentially detrimental consequences [33]. 
Adequate oxygenation, appropriate fluid resuscitation, 
and maintenance of the CCP above 70 mmHg are of 
paramount importance [33, 45].

To best achieve these goals in multiply injured 
patients with TBI, modern ventilation strategies and 
damage control resuscitation principles have been 
developed, aiming to avoid overly aggressive fluid 
management exacerbating cerebral edema, respectively 
[46–50]. Glucose-containing crystalloid fluids should 
be avoided in TBI patients, as hyperglycemia induces 
local acidosis and oxidative stress, promotes edema for-
mation, impairs nitric oxide-mediated vasodilation, and 
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triggers inflammation [51–53]. Arterial blood glucose 
values between 6 and 8 mmol/L are currently consid-
ered ideal in patients with severe TBI [54].

During the first 24 h post trauma, any unnecessary 
surgical interventions may negatively alter the patient’s 
MAP and lower the CCP [55]. As a result, surgical 
intervention should be limited to emergency proce-
dures and “damage control” procedures for hemody-
namically unstable patients in extremis, such as 
emergent laparotomy, pelvic external fixation, and pel-
vic packing [25, 43, 55].

Definitive fracture management in traction is cur-
rently considered obsolete, as any non-stabilized frac-
ture greatly increases the “antigenic load” (pain and 
stress) of trauma. Such a management approach exac-
erbates systemic inflammation and intracranial edema, 
and allows fat emboli from the fracture site to circu-
late, aggravating the patient’s secondary brain injuries 
[25, 26, 56, 57]. Moreover, the lack of adequate posi-
tioning and mobilization put the patient at risk for 
pressure sores, thrombo-embolic events, and pulmo-
nary complications. Thus, modern treatment strategies 
favor early fracture fixation, to reduce the “antigenic 
load,” allow early mobilization and adequate position-
ing options in the ICU, and help prevent pulmonary 
complications [43, 58]. Nevertheless, the ideal timing 
of definitive femur fixation remains a topic of lively 
debate and no authoritative, evidence-based guidelines 
exist [59, 60].

To date, there are two conflicting philosophies for 
the ideal timing of operative fracture fixation once 
hemodynamic stabilization is achieved and trauma-
induced neuropathology is addressed. Several groups 
favor an “early total care” approach with immediate 
definitive fracture fixation within the first 24 h [64]. 
Others advocate the staged “damage control” notion 
that supports immediate temporary fracture stabiliza-
tion by means of external fixation and delayed defini-
tive fracture fixation once resuscitation endpoints are 
met [43, 86, 91]. This operative “window of opportu-
nity” for definitive fracture fixation is currently 
 considered to be between day 5 and 10 after injury 
[25, 26, 43, 56]. However, the pertinent literature fails 
to identify an evidence-based ideal strategy for the 
optimal time-point of definitive fracture fixation in 
patients with associated TBI. Several groups report 
that timing of definitive fracture fixation in patients 
with TBI and associated femoral fractures does not 
influence morbidity, mortality, or neurological out-
come [61–67].

Authors advocating the “early total care” concept 
report decreased mortality and superior outcome if 
definitive fracture fixation occurs within the first 
24–48 h of admission [58, 68], even in the co-presence 
of associated combined chest and head injuries  
[69, 70]. In addition, the incidence of complications 
and pulmonary morbidities, and ICU length of stay 
were all found to be reduced when patients were defin-
itively treated within 24 h [58, 71–74].

In contrast, supporters of “damage control ortho-
paedics” (DCO) base their surgical decision making on 
a patho-physiological standpoint, and consider the 
inadequately resuscitated patient already in jeopardy 
of the “lethal triad,” i.e., metabolic acidosis, hypo-
thermia, and coagulopathy [75]. As a result, DCO sup-
ports a staged surgical approach in TBI patients with 
associated fractures, with immediate external stabiliza-
tion as a bridge toward eventual definitive fixation dur-
ing the “window of opportunity” once the patient  
is hemodynamically stable, fully resuscitated, and the 
hyper-inflammatory response subsides [31, 43, 55, 76]. 
Furthermore, advocates of DCO claim that an “early 
total care” approach prolongs operative times, signifi-
cantly increases intracranial pressures [77, 78], 
decreases cerebral perfusion pressures [79–81], and 
causes cerebral micro-emboli due to immediate frac-
ture care [82]. These patho-physiological changes may 
result in an iatrogenic amplification of secondary brain 
injury [77, 79, 80, 83, 84]. Moreover, early intramedul-
lary fracture fixation creates a higher pulmonary embo-
lic load than primary external fixation [85], and may 
cause serious pulmonary complications [86, 87]. Based 
on these observations, the DCO concept favors imme-
diate temporary stabilization <24 h via external fixa-
tion, early transfer to intensive care, hemodynamic 
stabilization, and acute resuscitation [31, 55]. Definitive 
surgical fracture fixation is then planned on an elective 
basis once the patient meets the following “endpoints 
of resuscitation” [43]:

Stable hemodynamics without the need for vasoac-•	
tive or inotropic stimulation
No hypoxemia or hypercapnia•	
Serum lactate < 2.5 mmol/L•	
Normal coagulation (INR, TEG)•	
Normothermia•	
Normal urinary output (>1 mL/kg/h)•	

These parameters are usually reached within the “win-
dow of opportunity” (day 5–10 post trauma), and 
favorable results have been described when external 
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fixation is converted to definitive fracture fixation 
within the first 2 weeks [88].

6.4  Conclusion

Head-injured patients with concomitant fractures rep-
resent a highly vulnerable patient population. An 
 initially undiagnosed TBI can result in secondary evo-
lution of intracranial hemorrhages or cerebral edema, 
as exemplified by the patient who “talks and dies” [17]. 
Involving multiple disciplines, including trauma sur-
geons, neurosurgeons, ICU anesthetists, as well as 
orthopaedic trauma surgeons allows for a best possible 
outcome. The current literature is conflicting and fails 
to identify an unequivocal management strategy [89, 
90], underscoring the pressing need for large, random-
ized multicenter trails to evaluate the concept of DCO 
in TBI patients with fractures vs. “early total care.”

When the patient with combined orthopedic and 
neurosurgical injuries is evaluated in the emergency 
department, several questions need to be answered.  
A rapid neurologic exam should be performed to assess 
the severity of brain injury. If the patient is hemody-
namically stable, then a non-contrast CT brain should 
be performed. If the patient is hemodynamically unsta-
ble, then an ICP monitor (either fiberoptic or ventricu-
lar) may be placed in the ED. In the patient with 
lateralizing signs, an air ventriculogram may be help-
ful to evaluate for mass lesions (may be performed in 
the ED or OR).

Any patient with a suspected brain injury who needs 
to be taken to the operating room and will be unable to 
undergo follow up neurologic examination requires 
ICP monitoring. The exact ICP threshold of when not 
to proceed to the operating room is unknown, though 
sustained pressures beyond 15 mmHg should be an 
indication to proceed to the ICU for resuscitation. Any 
patient with a progressively worsening neurological 
exam is also at high risk as is the patient with unex-
plained changes in ICP. Hypoxia and hypotension sig-
nificantly increase mortality in the patient with brain 
injury.

Until clear-cut, evidence-based recommendations 
are established, the clinical approach needs to be based 
on knowledge of physiology, logic and the accumu-
lated experience. We recommend the following man-
agement strategy for orthopaedic injuries in 
head-injured patients [91]:

1. Early total care in all patients with mild TBI (GCS 
14/15 points), and normal craniocerebral CT scan, 
unless IMN contraindicated (e.g., severe chest 
injury, traumatic-hemorrhagic shock, etc.).

2. Damage control orthopaedics by means of external 
femur fixation in all patients with severe TBI (GCS £8 
points, presence of significant intracranial pathology 
on CT scan, such as edema, midline shift, sub-/epi-
dural bleeding, open head injury with intracranial 
air). Concomitant procedures may be performed 
(emergency craniotomy at same time as DCO).

3. Consider damage control orthopaedics in all pat-
ients with moderate TBI (GCS 9–13 points), or 
patients with GCS of 14 or 15 with “minor” intrac-
ranial pathology on CT scan (e.g., traumatic suba-
rachnoid bleeding, extra-axial hematomas that 
warrant observation only).

4. No additional operation for patients with refractory 
intracranial hypertension or unexplained change in 
neurologic exam,

5. Conversion from external to internal fixation in TBI 
patients who recovered from a comatose state and 
are awake and alert (GCS >12) or comatose patients 
with a stable ICP (<20 mmHg) and CPP (>80 mmHg) 
for more than 48 h.
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7.1  Introduction

Fractures in the head region represent a major chal-
lenge in the field of reconstructive surgery. Craniofacial 
injuries may lead to a number of nerve lesions. For 
example, the abducens nerve may suffer lesions after a 
transverse fracture of the middle cranial fossa leading 
to oculomotor palsies [1].

Maxillofacial fractures are mostly observed along 
facial bone sutures and foramina (i.e., mental, infraor-
bital and supraorbital). This leads to peripheral trigem-
inal nerve injuries (e.g., sensory deficit in the face, 
pain) due to nerve compression caused by displaced 
bone fragments, soft tissue edema and secondary isch-
emia, laceration from fracture edges or displaced bone 
fragments, traction from a displaced fracture, crush-
ing, avulsion, and partial or complete nerve transec-
tion. For example, in a recent retrospective study, the 
most commonly injured nerve was the inferior alveo-
lar nerve caused by a mandibular angle fracture, fol-
lowed by the mental nerve due to a mandibular 
parasymphysis fracture, the infraorbital nerve from 
a zygomaticomaxillary complex fracture, and the 
lingual as well as the long buccal nerve from a man-
dibular body fracture [2]. Most frequent surgical pro-
cedures are external decompression and neurolysis, as 
well as end-to end neurorrhaphy and autologous nerve 
grafting [2].

Temporal bone fractures (Fig. 7.1) following head 
trauma are a well-known cause of facial nerve paraly-
sis. Approximately 22% of skull fractures are temporal 
bone fractures [3, 4]. It has been shown that between 
25% and 70% of temporal bone fractures are associ-
ated with facial nerve paralysis, and that transverse 
fractures of the petrous portion are more commonly 
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associated with facial nerve paralysis although longi-
tudinal fractures are more prevalent [5, 6].

Furthermore, strong posteriorly directed force applied 
to the mandibule can lead to a mandibular fracture fol-
lowed by displacement of the mandibular condyle 
toward the external auditory canal or superiorly against 
the mandibular fossa, causing it to penetrate into the 
middle cranial fossa or even fracture the temporal 
bone. High-energy mechanisms, e.g., those due to 
motor vehicle accidents, are the most common reasons 
for temporal bone fractures [7].

Since facial nerve paralysis is the most challeng-
ing peripheral nerve injury, we describe exemplarily 
the evaluation and surgical management of posttrau-
matic facial nerve paralysis in detail. This includes 
information on general aspects which can be applied 
for the management of other nerve lesions, i.e., (a) 
classification of peripheral nerve lesions, (b) princi-
ples of peripheral nerve repair, (c) algorithms for 
open and closed injuries (timing of nerve repairs). 
Subsequent sections deal with specific character-
istics of facial nerve injuries, i.e., (d) anatomy, 
(e)  etiology, classification, and diagnostic assess-
ment, (f) nonsurgical management, and (g) surgical 
management.

7.2  General Aspects of Peripheral 
Lesions

7.2.1  Classification of Peripheral  
Nerve Injuries

The most prevalent classifications of peripheral nerve 
lesions can be traced back to Seddon [8] and Sunderland 
[9]. The classification by Seddon [8] consists of three 
different types of injuries, i.e., neurapraxia, axonotme-
sis, and neurotmesis. This classification was further 
expanded for clinical use by Sunderland [9] to include 
five separate degrees of injury. Finally, Mackinnon 
further expanded Sunderland’s classification [10] 
with the addition of a sixth-degree injury. This is a 
neuroma-in-continuity with a mixed nerve injury, 
composed of fascicles of varying degrees of nerve 
injury [11].

The first-degree nerve injury (I) or neurapraxia is a 
local transient conduction block at the site of trauma, 
mostly due to compression. In contrast to other nerve 
injuries, it is characterized by the absence of any 
degenerative changes (no Wallerian degeneration) 
without axonal discontinuity, and thus, without a 

a b

Fig. 7.1 High-resolution computer tomography demonstrating a longitudinal (a) and a transverse (b) temporal bone fracture (Kindly 
provided by Prof. Dr. Günther and Dr. Keil, Department of Radiology, RWTH Aachen University Hospital)
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Tinel’s sign. Recovery may vary from a few days to 
several weeks.

In axonotmesis or second-degree injury (II), axonal 
disruption with preservation of the endoneurium may 
be caused by a stretch or crush injury, followed by 
Wallerian degeneration. The internal architecture of the 
nerve is completely preserved. The diagnosis of a sec-
ond-degree injury (II) is made during a period of several 
weeks or months. A Tinel’s sign will be detectable, 
which will advance along the course of the nerve accord-
ing to the rate of regenerating axons by 1–3 mm/day. 
This is important for clinical decision making. In the 
management of a closed injury, a patient who recovers 
within 3 months is diagnosed retrospectively with a 
neurapraxia, whereas a patient with an advancing 
Tinel’s sign, whose gradual progression of recovery 
advances to complete, is diagnosed with an axonotmetic 
injury. However, if the recovery is not complete but 
demonstrates the characteristics of axonotmesis, a third-
degree injury (III) is present. As one can see from these 
clinical scenarios, significant time may elapse before 
neurapraxia, second- and third-degree injuries, and (see 
below) fourth- and fifth-degree injuries can be dis-
tinguished.

A third-degree injury (III) is also axonotmetic, but 
in addition to the second-degree injury (II), also involves 
a disruption of the endoneurial sheath. Fascicles remain 
grossly intact, but mismatch of fibers from proximal to 
distal can occur. Some of the fibers fail to progress 
from proximal to distal and may form a disorganized 
conglomeration of nerve fibers and scar tissue within 
the perineurium (i.e., the endoneurial sheaths). Clinical 
recovery depends on the degree of intrafascicular scar-
ring and the fascicular topography at the site of injury. 
Nerve conduction studies are not always discriminat-
ing as the electrical activity of only few axons can give 
a false-positive impression of effective regeneration. 
Furthermore, topographic mismatch can inhibit suc-
cessful clinical recovery. Therefore, microsurgical 
repair offers a poorer outcome than spontaneous 
recovery of a third-degree lesion. This is especially 
important regarding the change in nerve fiber topogra-
phy over the proximal course of the facial nerve (e.g., 
fibers to the stapedius, chorda tympani, motor fibers 
to the facial muscles of the eye, midface, forehead, 
lower face, lower lip). The more proximal the lesion 
is, the higher the likelihood of syn- and dyskinesis 
[12] (see below).

A fourth-degree injury (IV) is equivalent to a neu-
rotmesis with anatomic continuity characterized by an 
intact epineurium, but with complete disruption of 
subepineurial layers and replacement with scar for-
mations. At the site of injury a neuroma is formed; a 
Tinel sign is detectable, but without progress from 
proximal to distal. A lengthy period of observation is 
required for reliable diagnosis, but a surgical inter-
vention with scar excision and microsurgical repair is 
usually required. A fifth-degree injury (V) or neurot-
mesis without anatomic continuity is a complete 
transection of the nerve. Spontaneous recovery is not 
possible.

7.2.2  Principles of Peripheral  
Nerve Repair

There are a variety of circumstances and variables 
which influence the outcome of a nerve reconstruction. 
This includes (a) the timing of repair, (b) the level of 
injury, (c) the type of the nerve lesion, (d) general and 
specific comorbidities, (e) the fascicular anatomy of 
the injury, (f) the surgeon’s experience, skills, and 
strategy, and (g) the appropriate equipment, such as an 
operating microscope with proper magnification or 
surgical loupe, instrumentation, and microsutures (8–0 
to 11–0 nylon sutures) [11].

The field of peripheral nerve surgery progressed 
greatly with the introduction of microsurgery and the 
early works of Millesi and coworkers [13], who propa-
gated tension-free repair ideas regarding nerve graft-
ing techniques [14]. Since then, the central dogma of 
peripheral nerve surgery is a tension-free coaptation 
of nerve to nerve (end-to-end neurorrhaphy) or nerve 
to graft. Tension will invariably lead to an increased 
and detrimental fibrotic reaction at the coaptation site 
and ischemia. End-to-end nerve coaptation is com-
monly performed with 10–0 monofilament in an 
epineurial (Fig. 7.2) or perineural (fascicular) fashion 
[15, 16].

Neurolysis is an additional surgical technique. 
Chronic nerve injuries secondary to compression or 
traction may lead to fibrosis of the connective tissue 
elements of a peripheral nerve. External neurolysis is 
defined as the release of the nerve or the scarred (outer, 
epifascicular) epineurium from surrounding nonneural 
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soft tissues. In contrast, internal neurolysis is the 
release of fascicles encapsulated in scarred (inner, 
interfascicular) epineurium. Millesi introduced a 
 classification on the basis of fibrosis (type A–C fibro-
sis; [17]) differentiating between involvement of the 
epifascicular epineurium (fibrosis type A) or the inter-
fascicular tissue (fibrosis type B), or the presence of  
a complete fibrosis of fascicles (fibrosis type C). 
Surgical options include epifascicular epineurotomy, 
epifascicular epineurectomy, interfascicular epineurec-
tomy and, if neurolysis will not help, nerve resection 
and nerve grafting [17]. However, it must be noted that 
any manipulation of interfascicular anatomy has been 
shown to result in reactive fibrosis, and the caveat to 
any internal neurolysis is a careful consideration of 
risk-to-benefit ratios [18].

In the case of fourth to fifth-degree injuries (IV–V) or 
a sixth-degree injury (VI) with a neuroma-in-continuity, 
nerve grafting may be necessary if tension-free end- 
to-end neurorrhaphy is not possible. After both the 
length of the nerve deficit and the number of required 
fascicles for interfascicular autologous nerve trans-
plantation (Fig. 7.3) are determined, nerve grafts are 
harvested. The autologous nerve graft should be 

oriented in a reverse fashion from its native position in 
order to prevent regenerating fibers diverting through 
small branches from the distal neurorrhaphy site and 
the distal stump. Nerve coaptations can be performed 
either in an epineurial or fascicular (perineural) fash-
ion. Corresponding proximal and distal fascicles must 
be identified to avoid misalignment. Typical donor 
nerves are sensible nerves such as the medial and lat-
eral antebrachial cutaneous nerve, saphenous nerve, 
greater auricle nerve, and the sural nerve. Harvesting 
results in a loss of sensibility at the respective site of 
innervation. The sural nerve is the most frequently 
used donor nerve (Fig. 7.4). It is located through a 
short longitudinal incision posterior to the lateral mal-
leolus (Fig. 7.5). After identification, it is followed 
proximally either through a continuous incision or a 
series of transverse step cuts (preferred option) placed 
after palpation of the path of the nerve with gentle trac-
tion on the distal end. The nerve can be traced into the 
popliteal fossa and the gastrocnemius. Atraumatic har-
vesting of the nerve grafts avoiding stretch, strain, or 
compression is essential and prevents the disconnec-
tion of the end oneural tubes and damage to the axons 
(Fig. 7.5).

End-to-side neurorrhaphy allows for target-muscle 
reinnervation with simultaneous preservation of donor-
nerve function. End-to-side nerve repair is the tech-
nique of coapting the distal end of an injured 
(transected) nerve (e.g., facial nerve trunk; see below 
[Fig. 7.11]) to the side of an uninjured donor nerve 
(e.g., hypoglossus nerve; see below), either by simple 
microsurgical coaptation without alteration of the 
donor nerve, or in conjunction with a surgical incision 

Fig. 7.3 Interfascicular autologous nerve transplantation

Fig. 7.2 Epineural nerve repair is performed under the operat-
ing microscope using microsurgical instruments and 10–0 
monofilament nylon with a tapered needle. The nerve edges are 
freshened using a sharp microscissor, and a blue or green square 
of silicone sheeting is used beneath the nerve ends to improve 
visibility while suturing. For perineural (fascicular) repair (not 
shown), both adventitia and epineurium are dissected back sev-
eral millimeters for exposure of the fascicles. Removal of adven-
titia (blood supply!) and epineurium (orientation!) should be 
performed sparingly.
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within the donor nerve (preferred option). It has been 
suggested as a technique for repair of peripheral nerve 
injuries, where the proximal nerve stump is unavail-
able or a significant nerve gap exists.

7.2.3  Algorithms for Open and Closed 
Injuries: Timing of Nerve Repairs

In open nerve injuries, an open wound with an ana-
tomically appropriate neurologic deficit requires 
exploration and possible microsurgical nerve recon-
struction. If the transection was not sharp and involves 
a larger gap that cannot be coapted without tension, 
proximal and distal nerve stumps are marked and 
approximated with non-resporbables sutures to prevent 
larger gaps. Appro ximately at 3 weeks débridement of 
the scarred nerve and nerve reconstruction must be 
performed [11].

Closed nerve injuries may be caused by direct pres-
sure to or stretching of the peripheral nerves. Many 
closed nerve injuries are first-degree injuries (I) that 
result in recovery within 12 weeks. According to 
Mackinnon [10], an initial detailed clinical examina-
tion is followed by a nerve conduction study and elec-
tromyography at 2 weeks and again at 4–6 weeks after 
injury. The patient undergoes monthly clinical and 
electrodiagnostic evaluations for evidence of recovery 
for a total of 3 months. At 3 months, if there is no 

Fig. 7.4 The sural nerve is located posterior to the lateral mal-
leolus and anterior to the Achilles’ tendon

Fig. 7.5 After identification of the sural nerve in its distal part, it can be traced proximally for the required length
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evidence of recovery either clinically or in nerve con-
duction studies, surgical intervention (decompression/ 
neurolysis/ direct nerve repair/ nerve grafting) is 
required [11].

7.3  Specific Aspects of Facial  
Nerve Lesions

7.3.1  Anatomy

The facial nerve is the 7th of 12 paired cranial nerves. 
It is a mixed nerve with motor and motor-sensory divi-
sion (intermedius nerve) with extracranial, intra-
temporal, and extratemporal relationships [19]. The 
motor division with its extratemporal cervicotemporal 
and cervicofacial division is responsible for the inner-
vation of facial mimetic muscles. The motor-sensory 
division provides neuropathways for general as well as 
special sensory transmission of taste, proprioception, 
and lacrimation. The facial nerve enters the petrous 

temporal bone into the internal auditory meatus (close 
to the inner ear) then runs a meandering course through 
the facial canal, emerges from the stylomastoid fora-
men and passes through the parotid gland (Figs. 7.6 
and 7.7) [20].

There are three main intratemporal branches: 
greater petrosal (parasympathetic), stapedius nerve 
(branchial motor), and chorda tympani (parasympa-
thetic and taste from the anterior two-thirds of the 
tongue) [21]. The extratemporal portion of the facial 
nerve begins at the stylomastoid foramen. There are 
three main preparotid branches: to the posterior auric-
ular muscle, posterior belly of digastric muscle, and 
stylohyoid muscle. Initially, the facial nerve trunk 
begins in a deep position below the earlobe and 
becomes more superficial before it passes between the 
superficial and deep portions of the parotid gland. 
Within the parotid gland, the facial nerve trunk usually 
divides into two main trunks (temporofacial and 
 cervicofacial division [19] with five main branches 
(temporal, zygomatic, buccal, marginal mandibular, 
and cervical). These main branches leave the parotid 
gland at its upper, medial, and inferior border. There is 
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further arborization and interchange further distally. It 
is important for the surgeon to know that there is a 
wide variation in peripheral branching and intercon-
nection between the temporal, zygomatic and buccal 
branches. Likewise, it is important to know that there 
is almost no interconnection between these branches 
and the mandibular branches. This is the reason for the 
low incidence of spontaneous reinnervation after 
transection of the mandibular branch [19]. At the 
medial margin of the parotid gland, the nerve branches 
lie approximately 10 mm from the skin surface, becom-
ing progressively more superficial, especially in the 
temporal region where the facial nerve branches lie 
only a few millimeters deep to the surface [22]. These 
branches supply the mimetic musculature with 17 
paired muscles and one unpaired muscle (the orbicu-
laris oris muscle).

The temporal branch appears at the upper border of 
the gland [19]. The temporal branches cross the zygo-
matic arch and run within or just deep to the superficial 
layer of the superficial temporal fascia [23]. A useful 
landmark for plotting the course is a line connecting a 
point from 1.5 cm lateral to the lateral border of the eye-
brow and the intertragal notch of the ear [23]. Another 
practical landmark is the palpable frontal branch of the 
superficial temporal artery, which is usually superior 
and lateral to the temporal branches of the facial nerve 
[24–26]. The temporal branches supply the frontalis, 
procerus, corrugator supercilii, and superior portion of 
the orbicularis oculi. The lower branches follow a sub-
muscular course for the innervation of the superior por-
tion of the orbicularis oculi muscle [27]. For the 
innervation of the frontalis muscle, the upper branches 
enter the lateral border of the muscle at the level of the 

supraorbital ridge approximately 3 cm above the lateral 
canthus and 1.6 cm below the superficial temporal 
artery [28]. The frontalis muscle has two main func-
tions: brow elevation (during movement) and brow sus-
pension (at rest). Impaired muscle function leads to 
brow ptosis on the ipsilateral side. The orbicularis oculi 
muscle acts as a sphincter to close the eyelids. In con-
trast, upper eyelid opening is mainly performed by the 
levator palpebrae superioris muscle innervated by the 
third cranial nerve (oculomotor nerve). The orbicularis 
oculi muscle is one continuous muscle, but has three 
subdivisions: (a) pretarsal, covering the tarsal plate; (b) 
preseptal, overlying the orbital septum; and (c) orbital, 
forming a ring over the orbital margin. The pretarsal 
and preseptal portions act together when a patient 
blinks, whereas the orbital portion is recruited for force-
ful eye closure and to lower the eyebrows. The motor 
nerve branches enter the upper and lower portions of the 
orbicularis oculi just medial to its lateral edge.

The zygomaticobuccal branches consist of five to 
eight branches lying deep near the parotid-masseteric 
fascia in the same plane as the parotid duct. There is an 
extensive functional overlap. A lesion of one or more 
branches does not necessarily lead to a functional defi-
cit. As landmark, the zygomatic branches are usually 
under an oblique line between the tragus and the lateral 
palpebral commissure with a close relationship to the 
buccal branches [29]. Anatomical studies have shown 
that the mean horizontal distance between the tragus of 
the ear and the emergence of the most upper zygomatic 
branches from the ventral border of the parotid gland 
is approximately 3 cm [29]. The zygomaticobuccal 
branches supply the lip elevators (zygomaticus major 
and minor, levator labii superioris, levator anguli oris), 
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the lower portion of the orbicularis oculi, orbicularis 
oris, and buccinator. The zygomaticus muscles move 
the commissure at an angle of approximately 45°, the 
levator anguli oris elevates the commissure vertically 
and medially, and the levator labii superioris elevates 
the lip vertically and laterally to expose the upper teeth. 
Functional facial nerve mapping and cross-facial nerve 
grafting (see below) require the precise identification 
and stimulation of these zygomaticobuccal branches to 
isolate the exact branches responsible for smiling. The 
motor branches reach the upper third of the zygomati-
cus major at the deep surface. The nerve fibers to the 
levator labii superioris first pass underneath the zygo-
maticus major muscle and also reach its deep surface. 
In contrast, the levator anguli oris, belonging to the 
deepest layer, is innervated on its superficial surface by 
the same branch that supplies innervation to the buc-
cinator. Anatomically and functionally, the orbicularis 
oris muscle consists of a superficial and deep part. The 
deep layers of the muscle encircle the mouth orifice 
and function as its sphincter. The superficial compo-
nent also brings the lips together, but its fibers can con-
tract independently to provide expression.

One to three marginal mandibular branches emerge 
from the inferior border of the parotid gland approxi-
mately 4 cm beneath the base of the earlobe near the angle 
of the mandible. In 81% of patients, these nerve branches 

lie above the mandibular border and in 19% of patients, 
inferior to the mandibular border [30]. These branches 
supply the lower lip depressors (dep -re ssor anguli oris 
and depressor labii inferioris), the mentalis muscle, as 
well as upper platysma and lower orbicularis oris.

The cervical branches leave the parotid gland below 
the angle of the mandible and runs on the deep surface 
of its target muscle, i.e., the platysma muscle.

7.3.2  Etiology, Classification,  
Diagnostic Assessment

Facial paralysis can be classified anatomically as con-
genital (syndromic and isolated non-syndromic) or 
acquired (traumatic including iatrogenic) as a conse-
quence of tumors or inflammatory diseases and idio-
pathic. Facial nerve paralysis can be unilateral or 
bilateral. In addition, the degree of muscle involve-
ment varies from total to partial paralysis [19–21, 31].

The three most frequent causes of facial nerve paral-
ysis are Bell’s palsy, trauma, and intra- or extracranial 
neoplasm. Physical trauma, especially fractures of the 
temporal bone, may cause acute facial nerve paralysis. 
The likelihood of facial nerve paralysis depends on the 
location of the trauma (Fig. 7.8). In most cases, facial 
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paralysis results from temporal bone fractures. The 
highest frequency occurs in cases with transverse frac-
tures in the horizontal plane followed by longitudinal 
fracture in the vertical plane. Patients may show symp-
toms like hemotympanum (blood behind the tympanic 
membrane), hematorrhea out of the external auditory 
meatus, but also sensory deafness and vertigo due to 
involvement to the vestibulocochlear nerve.

A neuroanatomical classification divides facial 
nerve paralysis into three categories: central, intratem-
poral, and extratemporal. Central paralysis of the 
supranuclear type is characterized by a paralysis of the 
lower face, sparing the forehead due to cross-innerva-
tion of the upper portion of the face and forehead. The 
anatomical course of the facial nerve is long and con-
voluted. Therefore, depending on the site or level of 
injury, intratemporal facial paralysis can lead to facial 
paralysis with hyperacusis (nerve to stapedius¯), loss 
of taste at the anterior two-third of the tongue (chorda 
tympani¯), lacrimation (greater petrosal nerve¯), and 
salivation (chorda tympani¯) (Fig. 7.8). Extratemporal 
paralysis is a pure motor deficit of one or more branches 
of the facial nerve and their innervation of the muscles 
for facial innervation (Fig. 7.7).

The clinical presentation of the degree of facial 
nerve paralysis may vary. Complete paralysis (either 
unilateral or bilateral) is defined by the loss of all motor 
activity to mimetic muscles. In contrast, partial facial 
paralysis implies the lesion of one or more peripheral 
facial nerve branches. Clinical assessment of facial 
paralysis documents the following findings: (a) voli-
tional and involuntary movement, (b) symmetry at rest, 
(c) degree, strength, and quality of muscle movements 
related to each facial nerve branch [19].

Examination of the face begins with the brow (tem-
poral branches: frontalis forehead contraction, brow 
elevation). The discrepancy between the eyebrow 
height at the position of the brow at rest and during 
movement must be noted. The superior visual field 
may be diminished by the ptotic brow [21].

The eye closure must be thoroughly assessed, includ-
ing a test of the function of the orbicularis oculi muscle 
(temporal and zygomatic branches). This includes doc-
umentation of the height of the palpebral aperture in the 
open and closed position (degree of lagophthalmus), 
testing Bell’s phenomenon (an upward and outward 
movement of the globe during eye closure, while the 
eyelid on the paralyzed side of the face remains open), 
measuring scleral show at the lower lid margin, 

presence of the corneal reflex, assessment of lower lid 
ectropium (snap test, position of inferior canalicular 
punctum), and documentation of corneal ulcerations 
with desiccation and reactive excessive tear flow.

The nasal airway is examined next; forced inspira-
tion may reveal a collapse of upper and lower nasal 
muscles as well as drooping of the cheek (zygomatic 
and buccal branches). Then, the mouth and surround-
ing structures are examined. Documentation should 
provide information on the inability to smile, the 
amount of philtral deviation, the presence or absence 
of a nasolabial fold, commissural of depression and 
deviation, upper lip drooping, vermilion inversion, as 
well as evaluation of lower lip depressor function at 
rest and during movement. Furthermore, speech should 
be tested and an intraoral examination should be per-
formed to check dental hygiene and to look for evi-
dence of cheek biting. Patients should be asked about 
their ability to speak, eat, and drink properly due to the 
inability to control their lips.

In all facial regions, it is essential to document any 
presence of synkinesis or dyskinesis. Dyskinesis are 
abnormal involuntary movements, such as spasms and 
tics, while synkinesis is a simultaneous contraction of 
two or more groups of muscles that normally do not 
contract together, or performing an unintended move-
ment while making a voluntary movement [20]. Syn-
kinesis is thought to occur from a misdirected sprouting 
of axons. The most common types of synkinesis are 
eye closure with smiling [32], brow wrinkling when 
the mouth is moved [33], and mouth grimacing when 
the eyes are closed.

An assessment of the other cranial nerves, particu-
larly the trigeminal, accessory, and hypoglossus, is 
also performed. Additional cranial nerve involvement 
may exacerbate the morbidity of facial nerve paralysis. 
These nerves should also be assessed as possible donor 
motor nerves.

In addition to a clinical assessment of facial paraly-
sis, further diagnostic tests may be performed includ-
ing: (a) salivary flow tests, (b) taste tests, (c) stapedius 
muscle reflex, (d) lacrimation tests (Schirmer-test), (e) 
needle electromyography (EMG) and nerve conduc-
tion studies, as well (f) computer tomography (CT) 
and magnetic resonance imaging (MRI) [19].

The most widely used grading system is the House–
Brackmann score, which evaluates the upward (supe-
rior) movement of the mid-portion of the top of the 
brow as well as the outward (lateral) movement of the 
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angle of the mouth. Each area of reference scores 1 
point for each 0.25 cm movement, up to a maximum of 
1 cm. The scores are then added together totalling a 
maximum number of eight (Tables 7.1 and 7.2) [34]. 
Similarly, Terzis and coworkers introduced a func-
tional grading systems in order to provide a quantita-
tive comparison between pre-and postoperative clinical 
findings (Table 7.3) [35, 36]. This helps to assess the 

effectiveness and quality of the neuromuscular recon-
struction of the face. Furthermore, to provide an exact 
and objective estimation, Frey and coworkers intro-
duced a three-dimensional video system for standard-
ized pre- and postoperative functional assessment of 
their neuromuscular reconstruction of the face [37–39]. 
Movement analyses quantify changes in the amplitude 
of movements caused by surgery on the reconstructed 

Grade Description Measurement Function (%) Estimated function (%)

I Normal 8/8 100 100

II Mild 7/8 76–99  80

III Moderate 5/8–6/8 51–75  60

IV Moderately severe 3/8–4/8 26–50  40

V Severe 1/8–2/8 1–25  20

VI Total 0/8 0   0

Table 7.2 Correlation between other grading systems and the six-point grading scale by House and Brackmann [34] – facial nerve 
grading system II

Grade Description Characteristics

I Normal Normal facial function in all areas

II Mild dysfunction  Gross: slight weakness noticeable only on close inspection; may have very slight • 
synkinesis.
At rest: normal symmetry and tone.• 
Motion• 

Forehead: moderate to good function −
Eye: complete closure with minimum effort −
Mouth: slight asymmetry −

III Moderate  
dysfunction

 Gross: obvious but not disfiguring difference between two sides; noticeable but not • 
severe synkinesis, contracture, and/or hemifacial spasm
At rest: normal symmetry and tone• 
Motion• 

Forehead: slight to moderate movement −
Eye: complete closure with effort −
Mouth: slightly weak with maximum effort −

IV Moderately severe 
dysfunction

Gross: obvious weakness and/or disfiguring asymmetry• 
At rest: normal symmetry and tone• 
Motion• 

Forehead: none −
Eye: incomplete closure −
Mouth: asymmetric with maximum effort −

V Severe dysfunction Gross: only barely perceptible motion• 
At rest: asymmetry• 
Motion• 

Forehead: none −
Eye: incomplete closure −
Mouth: slight movement −

VI Total paralysis No movement

Table 7.1 Facial nerve grading system according to House and Brackmann [34] – facial nerve grading system I
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side in comparison to the non-paralyzed side, and 
changes in static and dynamic symmetry.

7.3.3  Non-surgical Management

Nonsurgical management is an important and integral 
part in the treatment of patients with facial nerve paral-
ysis [21]. An interdisciplinary plan of therapy manage-
ment should be designed preoperatively and in concert 
with upcoming surgical interventions. Depending on 
individual deficits and symptoms, this may include 
consultation with an ophthalmologist (e.g., due to lim-
ited eye closure, tear transport, conjunctivitis, corneal 
ulceration, etc.), an otolaryngologist (e.g., due to intra-
nasal airway problems, hearing loss, stapedial mal-
function, etc.), a dentist (e.g., due to oral hygiene), a 
nutritionist (e.g., due to feeding problems), a physio-
therapist, a speech therapist (e.g., due to speech prob-
lems, articulation errors), and/or a psychologist or 
psychiatrist (e.g., due to psychosocial problems).

In particular, the eye requires careful attention 
either before or in concert with surgical interventions. 
Therapeutic strategies focus on both protection of the 
eye and maintenance of lubrication with the goal of 
enabling comfortable eyes free of pain. This can be 
achieved by the lid taping, particularly while sleeping, 
as well as soft contact lenses, moisture chambers, 
modified eyeglasses with a lateral shield, forced blink-
ing exercises, eye patches, etc.

Furthermore, especially after surgery, neuromuscu-
lar training is important to assure and improve the sur-
gical results. This training includes transcutaneous 
electrical nerve stimulation (TENS), biofeedback and 
self-directed mirror exercises etc. [40].

7.3.4  Surgical Management

Over the decades, a multitude of surgical procedures 
have been developed. A trusting physician–patient 
relationship is important for the selection of the most 

Terzis functional and esthetic grading system (used for the grading of smile and overall esthetic outcome)

Group Grading Description Result

I 1 Deformity, no contraction Poor

II 2 No symmetry, minimal contraction Fair

III 3 Moderate symmetry and contraction Moderate

IV 4 Symmetry, nearly full contraction Good

V 5 Symmetrical smile with full contraction Excellent

Terzis grading for assessment of eye closure

Grade Description

1 No eye closure

2 Poor eye closure

3 Incomplete eye closure

4 Nearly complete eye closure

5 Complete eye closure

Terzis grading for assessment of lip depressors

Grade Description

0 Total paralysis

0.5 Trace contraction

1 Observable movement but no symmetry

1.5 Almost complete excursion of lower lip

2 Normal symmetrical movement of lower lip

Table 7.3 Grading system according to Terzis and coworkers [35, 36] – facial nerve grading system III
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appropriate and effective surgical interventions to 
match the patient’s requirements. The surgeon and 
patient must have clearly defined goals with a clear pri-
ority list. The upper lip and cheek region may serve as 
an example. Although paralysis of the oral muscula-
ture results in significant functional problems (speech 
difficulties, problems chewing food, cheek biting, etc.), 
most patients ask for corrections of facial asymmetry 
at rest or smile reconstruction. If the patient asks only 
for symmetry at rest, static procedures may be suffi-
cient. If the patient asks for restoration of smile, static 
and dynamic procedures with regional muscle transfer 
(e.g., temporalis and/or masseter muscle) can provide 
excellent results. If the patient is willing to accept more 
complex and time-consuming procedures (e.g., cross-
facial nerve grafting and free muscle transfer; see 
below), this may restore both voluntary and involun-
tary facial movements plus symmetry. Usually most 
patients require a combination of surgical procedures 
(static and dynamic) tailored to their needs, motivation, 
and general physical status. A well-planned and elabo-
rated static procedure may yield a better esthetic and 
functional outcome than a poorly planned and poorly 
executed complex microsurgical procedure [20].

7.3.4.1  General Considerations

Specific surgical procedures for the functional restora-
tion of the facial nerve and/or mimetic muscles include 
direct neurorrhaphy (end-to-end epineural or perineu-
ral nerve coaptation), entubulation nerve repair, autol-
ogous nerve grafting, nerve transfer, cross-facial nerve 
grafting (CFNG), regional and microneurovascular 
free muscle transfer. Normally, these specific tech-
niques are combined with traditional plastic surgical 
techniques (ancillary procedures) in order to augment 
the functional outcome [20].

This variety of surgical options can, therefore, be 
divided into (a) static versus dynamic, (b) single-stage 
versus Multi-stage or (c) regional (forehead, eye 
region, midface, mouth) procedures.

The first attempt for facial nerve reconstruction is 
primary repair by tension-free nerve coaption of the 
proximal and distal nerve stump. Mobilization or exter-
nal neurolysis may help to approximate the nerve stumps 
and to avoid detrimental tension on the nerve sutures. As 
a secondary step, if the nerve deficit is too long autolo-
gous nerve transplantation is required. The sural nerve is 

the typical donor nerve. However, as alternative, the 
great auricular nerve has been used in a one-stage proce-
dure to serve as a pedicled vascularized donor nerve 
[41]. A second alternative to autologous nerve grafting 
is entubulation neurorrhaphy by means of using autolo-
gous veins or bioartificial nerve conduits. A variety of 
bioartificial nerve grafts has been developed over the 
last decades. There exist sophisticated nerve guide con-
cepts with longitudinal microstructure for orientated 
axonal growth, but these are still in the preclinical 
(experimental) testing phase [42–44]. Simpler concepts 
are based on hollow conduits, which already have FDA 
and CE approval supporting nerve regeneration to a lim-
ited degree [45]. However, recently, a resorbable nerve 
conduit has been used for facial nerve repair [45].

For further reconstructive options, it is important to 
know that the quality of facial muscle reinnervation is 
inversely proportional with the denervation time. Over 
time (generally after 12 months), there is a decrease of 
acetylcholinesterase receptor activity in the muscle 
fibers, and muscle fiber volume shows increased intra-
muscular fibrosis. These pathophysiologic findings 
define the (individual) time frame for functional 
muscle reinnervation [20]. Many authors, therefore, 
make their reconstructive algorithm dependent on the 
denervation time. A widely accepted reconstructive 
algorithm has been recommended by Terzis [46] in 
case of traumatic facial nerve paralysis:

1. Denervation time £ 6 months: CFNG
2. Denervation time between 6 months to 2 years and 

3 months: “Baby-sitter procedure” (mini-hypoglos-
sus & CFNG) ± muscle transfers

3. Denervation time > 2 years and 3 months: CFNG + 
muscle transfers

 7.3.4.2  Specific Considerations Regarding  
Facial Nerve Paralysis in Temporal  
Bone Fractures

Since the fascicular topography of the facial nerve is 
poor in its proximal part, primary repair or nerve graft-
ing proximal to the stylomastoid foramen can result in 
significant dyskinesis and synkinesis [47]. In addition 
to the technical and surgical complexity involved, some 
authors recommend against performing an ipsilateral 
nerve graft for complete facial main trunk lesions 
because the possibility of mass facial movements after 
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regeneration may be significant. This typically refers 
to patients with a complete facial palsy at or proximal 
to the stylomastoid foramen. In contrast, nerve grafting 
is recommended for the reconstruction of fascicles of 
the partial lesioned facial nerve distal to the stylomas-
toid foramen to prevent syn- or dyskinesis [48]. In con-
trast, other authors do perform nerve grafting proximal 
to the stylomastoid foramen not only after cranial 
tumors, but also after skull base trauma with petrous 
bone fractures. Samii and Matthies [49] presented a 
large number of patients (n = 160) with the reconstruc-
tion (by means of end-to-end neurorrhaphy, autologous 
nerve grafting or fibrin glue) of the facial nerve in the 
face, but also more proximal (at the brainstem, within 
the mastoid, and at the stylomastoid foramen) leading 
to satisfactory functional and cosmetic results.

Furthermore, there is some controversy concerning 
the indications, timing, and choice of approach in the 
management of traumatic facial nerve paralysis [4]. 
Despite all arguments, it should be always kept in mind 
that many patients with temporal bone fractures 
(Fig. 7.1) have suffered multiple traumas and are unsta-
ble for a period of time. Some authors recommend 
decompression for patients with acute facial nerve 
paralysis secondary to head trauma if electroneurogra-
phy shows more than 90% degeneration within the first 
3 weeks of the onset of facial nerve paralysis. If the 
patients are admitted more than 3 weeks after the onset, 
decompression should be considered when electro-
myography shows total denervation potentials. Middle 
cranial fossa approach allows for the management of 
most cases. In patients where early intervention was 
not possible, decompression up to 4 months after onset 
can still have beneficial effects [4].

 7.3.4.3 Cross-facial Nerve Grafting (CFNG)

The major surgical goal of facial reanimation is not only 
symmetry at rest, but also voluntary and emotional ani-
mation with synchronized coordinated facial expression. 
The concept of alternative motor donor nerves includes 
the use of the accessory, hypoglossal, trigeminal, and 
phrenic nerves [20, 46]. In addition to donor site morbid-
ity with possible loss of function, the major drawback is 
insufficient functional outcome with uncoordinated mass 
facial movements. Movements appear exaggerated and 
disproportionate without spontaneous emotional expres-
sion in comparison with the non-paralyzed side.

To achieve coordinated animation and emotional 
expression, the concept of cross-facial nerve grafting 
(CFNG) (Fig. 7.9) was introduced in the 1970s [51]. 
The basic idea is to use redundant facial nerve branches 
with motor axons from the non-paralyzed side for the 
specific innervation of the appropriate mimetic muscles 
in the paralyzed side. As strikingly expressed by Terzis 
and coworkers, the facial nerve nucleus of the non-par-
alyzed side acts as a “pacemaker” forwarding signals 
through CFNGs to the paralyzed side. It is essential 
that the donor nerve branches are similar and corre-
spond to the recipient branches in order to provide 
coordinated and symmetrical facial movements [46].

After a preauricular modified facelift incision, all 
branches of the non-affected extratemporal facial nerve 
trunk at the level of the anterior parotid margin are 
identified and mapped using a low intensity nerve 
microstimulator. As surgical landmark, a vertical line 
between the lateral canthus and the midbody of the 
mandible serves as anterior border. After selection and 
transection of redundant distal ends of the zygomati-
cus, buccal, and/or marginalis mandibulae branches, 
these are coapted to a sural nerve graft [46, 51] or, 
additionally, a saphenous nerve graft. Depending on 
the preoperative clinical findings and loss of function, 

Fig. 7.9 Cross-facial nerve grafting (CFNG) [50]
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up to four CFNGs are used. CFNGs are dedicated for 
the respective contralateral eye sphincter, lip retractors 
for the upper (elevation) and lower lips (depression), 
and sphincter of the mouth. Nerve coaptation should be 
performed after subcutaneous tunnelling. Subcutaneous 
tunnelling is performed along the upper lip, lower lip, 
and the cervicomental angle reaching the contralateral 
affected preauricular region [46]. Distal ends of the 
CFNGs are marked with non-resorbable sutures and 
banked near the attachment of the helix, pretragal area, 
ear lobe, and region below the earlobe. This CFNG 
procedure usually does not weaken the non-paralyzed 
side of the face. A direct coaptation of the distal end of 
the CFNG to the corresponding distal facial branches 
of the paralyzed side is not recommended as scar for-
mations at the distal coaptation site may compromise 
the functional outcome [12]. Nerve regeneration 
through the CFNG is monitored by observing the 
advancing Tinel’s sign supplemented by electromyog-
raphy. Depending on these findings, the second opera-
tion (stage 2) can usually be performed after an interval 
of 9–12 months. The second operation may be either 
nerve coaptation of the CFNGs to the corresponding 
contralateral distal facial nerve branches (Fig. 7.9) or 
coaptation to the motor nerve branch of a free neuro-
vascular muscle transplant (see below; Fig. 7.12).

Disadvantages of the CFNG procedure include (a) 
donor site morbidity (e.g. sensory deficit), (b) long 
time interval for reinnervation of the target muscles, 
(c) limited axonal growth for efficient reinnervation, 
and (d) possible functional deficits at the non-para-
lyzed site (motor deficit). Recently, Terzis and cowork-
ers summarized a number of important recommendations 
[46]. First, nerve branches should never be manipu-
lated before microstimulation. Second, only redundant 
nerve branches should be used. The usage of both 
neighboring and branches to the frontalis muscle are 
contraindicated. Third, for contralateral eye reanima-
tion, the respective branch of the upper zygomatic 
division, which only supplies the upper and lower 
orbicularis oculi, should be used. Fourth, for contralat-
eral smile restoration, only branches of the zygomatic 
division should be used, which supply lip elevators and 
the commissure, but not the eye sphincter.

According to Terzis and coworkers [46], the CFNG 
procedure alone achieves a synchronous and coordi-
nated functional outcome for patients with a denerva-
tion period less than 6 months. If the facial nerve lesion 
is present for longer than 6 months, a strong motor 

donor nerve is required for the preservation of facial 
muscle viability, while the regenerating motor fibers 
grow across the CFNG from the contralateral facial 
nerve. This is accomplished by using the ipsilateral 
hypoglossus nerve (Figs. 7.10 and 7.11). When there is 
a prolonged denervation time (>2 years), facial mus-
cles are usually irreversibly atrophied and fibrotic. For 
smile restoration in these cases, CFNG should be com-
bined with a free microneurovascular muscle flap [52] 
(Fig. 7.12).

To prevent postoperative lesions of freshly coaptated 
nerves, mouth and jaw movements must be limited. 
This is accomplished by special bandages. Furthermore, 
a soft diet is administered and speaking is only allowed 
with teeth in occlusion for the first 4 weeks. After 
6 weeks, ultrasound and massage therapy is applied to 
prevent scar formation at the coaptation sites.

7.3.4.4  Minihypoglossal to Facial Nerve Transfer  
(“Babysitter Procedure”)

The concept of muscle reinnervation using the con-
tralateral non-injured facial nerve by means of CFNGs 
has two major drawbacks. First, the distance for 
axonal growth within the CFNG is relatively 

Fig. 7.10 Conventional hypoglossus transfer (end-to-end nerve 
coaptation). The hypoglossus is traced distally, transected, and 
rotated to the stump of the facial nerve [50]. In the mini-hypo-
glossus transfer (not shown) as popularized by Terzis [46], only 
40% of the oligofascicular hypoglossus nerve cross-section is 
coapted either in an end-to-end or end-to-side manner to the 
facial nerve or trunk of the paralyzed side
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extensive and takes a long time (~1 mm/day). This 
regeneration time must be added to the time interval 
between onset of facial nerve injury and cross-facial 
grafting. This creates a long denervation time com-
promising the reversibility of muscular atrophy.  
A general rule states that reversibility of muscular 
atrophy is generally warranted if the time between 
onset of facial nerve paralysis and cross-facial graft-
ing is less than 6 months. If the time period is longer 
than 6 months, the facial muscles of the paralyzed 
side could be irreversibly atrophied before reinnerva-
tion begins. Second, the contralateral facial nerve is 
optimal to provide voluntary and synchronized coor-
dinated movements, but the axonal input can some-
times be too weak to achieve a strong muscle tone. 
One reason could be that the two coaptation sites lead 
to additional loss of axons [53]. According to others 
[54], a CFNG-procedure without further motor nerve 
input may be beneficial for eyelid control, but not for 
the movement of the mouth.

In 1984, Terzis introduced a sophisticated concept 
called the “babysitter procedure” [35, 36, 46]. The 
main item of this two-staged concept is the use of an 

ipsilateral strong motor donor nerve like the hypoglos-
sus nerve. Such a nerve crossover helps to preserve 
facial muscle viability; the facial muscles are preserved 
while the regenerating motor fibers grow across the 
cross-facial nerve graft. Due to both the short distance 
and strong motor input, a rapid reinnervation of the 
paretic facial muscle takes place, while axons from the 
contralateral facial nerve regenerate through the CFNG. 
In the first stage, approximately 40% of the ipsilateral 
hypoglossus nerve is coapted either in an end-to-end or 
end-to-side manner to the facial nerve or trunk of the 
paralyzed side. The hypoglossus nerve is explored by 
means of a curved inframandibular incision followed 
by retraction of the posterior belly of the digastric mus-
cle. For both procedures (end-to-end and end-to-side), 
40% of the oligofascicular hypoglossus nerve cross-
section is lesioned under microscopical magnification. 
More detailed fibers from the superior aspect without 
contribution to the ansa cervicales should be selected. 
In case of an end-to-side coaptation, the stump of the 
mobilized facial trunk is coapted to the site of neurec-
tomy of the partially neurectomized hypoglossus nerve. 
According to Terzis [46], partial neurectomy with 
transection of the perineurium is the most effective 
method. If this is not possible, the hypoglossus nerve is 
dissected longitudinally using the distal end superolat-
erally for end-to-end coaptation with the facial nerve 
trunk. An autologous nerve transplantation may be 
performed to bridge the coaption sites. At the same 
time, the CFNGs are placed (step 1). Approximately 
9–12 months later, depending on the advancing Tinel’s 
sign along the CFNGs, the second operation is per-
formed (step 2). At this time, distal ends of the CFNGs 
are coapted to selected branches of the affected facial 
nerve in an end-to-end fashion. According to Terzis, 
the coaptation between the so-called mini-hypoglossus 
and facial trunk remains intact, resulting in a duplicity 
of innervation (CFNG: reanimation, “pacemaking,” 
synchronizing; mini-hypoglossus: no reanimation, sal-
vage of paretic muscle) [35, 36, 46].

In cases with insufficient functional outcome or 
 prolonged denervation periods, a regional or micro-
neurovascular free muscle transfer can be performed. 
Therefore, Terzis and coworkers developed an algo-
rithm with precise inclusion criteria [46], in which nee-
dle electromyography is essential for decision making. 
If clinically denervated or paretic facial muscles reveal 
fibrillations, the babysitter procedure with the CFNG 
procedure (step 1) may be performed. In contrast, the 

Fig. 7.11 Autologous nerve graft between the hypoglossus and 
facial nerve (so-called jump graft; end-to-side nerve coapta-
tion) [50]
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absence of fibrillations represents a contraindication for 
this procedure. Approximately 6 months after step 1, 
reevaluations should be done using clinical tests and 
EMG. The patient is asked to push his tongue against 
the teeth. If this leads to strong facial muscle contrac-
tions, the second step (approximately after 9–12 months 
after step1) with microcoaptations of the CFNGs to 
contralateral distal facial nerve branches may be per-
formed. In cases of absent or inadequate facial muscle 
contractions (e.g., late cases), a regional (at step 2 or 3) 
or free muscle transfer (step 2) may be necessary [46].

In contrast to the conventional (100% of the hypo-
glossus nerve cross section; Fig. 7.10) hypoglossus to 
facial nerve transfer [55], the mini-hypoglossus trans-
fer (40% of the hypoglossus nerve cross section) has 
two advantages [56]. First, this procedure minimizes 
postoperative complications like hemiglossal atrophy, 
as well as problems with speech, mastication, or swal-
lowing. Second, the conventional hypoglossus transfer 
results in only uncoordinated movements. In contrast, 
the babysitting procedure in combination with CFNGs 
results in synchronous movements between affected 
and non-affected site.

For the mini-hypoglossus transfer, preoperative clini-
cal and electrophysiological tests are inevitably necessary 
to both ensure that the hypoglossus nerve is intact and to 
evaluate any postoperative paretic lesions (e.g., hemi-
tongue atrophy). In patients with a lesioned hypoglossus 
nerve, alternative motor donors are required, e.g., ipsilat-
eral trigeminal nerve, accessory nerve, or the C7 root.

An integral part of the surgical procedure is an 
optimized rehabilitation program. According to the 
specifications of Terzis [46], patients should perform 
exercises in front of a mirror. To recruit the non-
affected facial nerve, patients should smile on the non-
paralyzed side followed by the paralyzed side. For 
recruitment of the mini-hypoglossus, patients should 
press their tongue while smiling. In addition patients 
are instructed to use a slow pulse muscle stimulator to 
generate muscle contraction.

7.3.4.5  Free Microneurovascular Muscle Transfer

It is necessary to avoid or minimize frustrations due to 
unrealistic expectations. In particular, this applies to 
patients with a long denervation period and the necessity 
for free muscle transfer for smile reconstruction. Due to 
the complexity with 18 muscles involved in facial 
expression (7 for upper lip elevation and 2 for lower lip 
depression), it is not feasible and almost impossible to 

restore a complete symmetry with synchronous and 
coordinated movements. One transplanted muscle will 
lead to a movement in one direction with one function. 
If the facial nerve is the motor donor nerve for the trans-
planted muscle, smile, and laughter will be spontaneous. 
In case of other motor donor nerves (e.g., trigeminal, 
accessory or hypoglossus nerve), other movements (e.g., 
teeth clenching) will be necessary for activation of the 
transplanted muscle and smile, respectively [21].

For such a complex and multistaged surgical inter-
vention (e.g., CFNG [step 1], microneurovascular free 
muscle transfer [Fig. 7.12; step 2], and touch-up proce-
dures [step 3]), preoperative consultations must exclude 
absolute or relative contraindications against general 
anesthesia (preexisting diseases). Many authors are 
hesitant with performing free muscle transfer for facial 
reanimation in patients older than 60 years. Furthermore, 
patients must be clearly informed and educated about 
the tediousness of multistage procedures. For example, 
after free muscle transplantation, it can take up to 
18 months before full movement can be achieved.

Preoperative counselation also includes analysis of 
the individual smile. This helps to estimate the size 
of the muscle, point of origin, tension, and direction of 
movement.

Single-Stage Free Microneurovascular Muscle 
Transfer (Presence of Contralateral Facial Nerve)

Free microneurovascular transplantation of a muscle 
flap with a long nerve segment, such as the latissimus 
dorsi or rectus abdominis [57] or even the gracilis [58], 
have been reported as single-stage procedure. The motor 
nerve is tunnelled across the lip and coapted to contral-
ateral non-affected facial nerve branches. Advantages 
of this single-stage procedure is that patients only need 
one operation (no CFNG procedure), and that only one 
nerve coaptation site is necessary minimizing risk of 
axonal loss at a second coaption site. Denervation atro-
phy of the transplantated muscle was not described as 
significant until axonal regeneration and reinnervation 
occur. After reinnervation, the transplanted muscle con-
tracts with observable facial movement. However, in 
many cases, the muscle does not always contract when 
the patient smiles. This is due to the fact that the nerve 
segment of the free muscle is coapted to contralateral 
facial branches which are close to the mouth after per-
forming a nasolabial incision. This approach does not 
allow a facial nerve mapping (see above) to recruit the 
most appropriate nerve branches [21].
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Another single-stage muscle flap has been presented 
by Zuker and coworkers. In cases of bilateral facial 
nerve paralysis (see below), they coapted the nerve 
segment of the free muscle to a trigeminal branch 
which supplies the masseter muscle [58]. In children, 
this procedure provided a symmetric smile with ade-
quate muscle excursion, while performing a smile 
motion, although not voluntary or truly spontaneous.

Two-Staged Free Microneurovascular Muscle 
Transfer (Presence of Contralateral Facial Nerve)

In patients with unilateral facial nerve paralysis, the 
preferred option is to perform a two-stage reconstruc-
tion consisting of facial nerve mapping and CFNG 
procedure (Fig. 7.13) (stage 1; with or without “babysit-
ter”) followed by a microneurovascular muscle trans-
plantation (stage 2) (Figs. 7.12 and 7.14) [21]. For 

functional microneurovascular transplantation, these 
muscles require both an adequate pedicle for vascular 
anastomoses and an adequate motor nerve for nerve 
coaptation. Regarding dimensions of the muscle flap, 
the original size of the muscle flap either matches the 
dimensions in the lower face, or a more suitable 
approach is to pare down a muscle to the desired size 
before transplantation [59]. Thus, many different mus-
cles can be used and can be customized to fit the func-
tional requirements of the face and individual 
physiognomy respectively. In addition to the gracilis 
muscle [52, 58], the latissimus dorsi muscle [60, 61] 
and the pectoralis minor [62–64] have been used with 
satisfying results.

However, the gracilis muscle is the preferred mus-
cle for transplantation. The anatomy of this versatile 
muscle flap is well known, and its preparation is a 
well-described standard procedure in plastic surgery. 
It has a safe and reliable neurovascular pedicle. There 

Fig. 7.12 Free microneurovascular muscle transfer after CFNG-procedure [50]
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is no significant functional loss in the leg, and the 
patient is left with a well-hidden scar in the medial 
aspect of the thigh. Two teams of surgeons can easily 
work simultaneously; one team prepares the recipient 
site in the face, while the second team harvests the 
muscle flap at the donor site. The muscle can usually 
be split longitudinally and then cut down or debulked 
to the required size for the patient’s anatomical 
requirements; usually 30–70% of the cross section of 
the muscle. The muscle flap is removed with short 
extra length, and both ends of the muscle are sup-
ported with mattress sutures. The hilus of the gracilis 
muscle is positioned close to the mouth, and the obtu-
rator nerve can be tunnelled into the upper lip for 
nerve coaptation. The attachment of the muscle flap at 
the mouth (site of insertion) is a critical part of the 
procedure with possible insertion into the fibers of the 
paralyzed orbicularis oris muscle at, above, and below 

the commissure. However, in each case, the preopera-
tive smile analysis helps to identify the points of inser-
tion. Likewise, the preoperative smile analysis is 
essential for determining the point of origin of the 
muscle, which can be the zygomatic body, zygomatic 
arch, temporal fascia, or preauricular fascia, etc. After 
muscle placement, the vascular pedicle (gracilis mus-
cle: medial circumflex femoral artery and vein) is usu-
ally anastomosed to the facial vessels followed by the 
nerve coaptations. As an alternative, the superficial 
temporal vessel can also be used. Movement of the 
muscle is usually not observable until 6 months after 
the operation, and reaching maximal movement gen-
erally takes up to 18 months. At this stage, an assess-
ment is made of resting tension in the muscle and its 
excursion with smiling. Touch-up procedures (e.g., 
tightening, loosening, debulking, etc.) are often 
required [21].

Fig. 7.13 Two-staged free microneurovascular muscle transfer in the presence of contralateral facial nerve. Intraoperative view of 
step 1: CFNG-procedure
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Fig. 7.14 Two-staged free microneurovascular muscle transfer in the presence of contralateral facial nerve. Intraoperative view of 
step 2: Free (gracilis) muscle transfer
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Two-Stage Muscle Flaps: Free Microneurovascular 
Muscle Transplantation (Absence of Facial Nerve)

In cases of bilateral facial nerve paralysis, alternative 
effective motor nerves are required. The masseteric nerve 
is a branch of the anterior division of the mandibular 
nerve (trigeminal nerve). In contrast to the spontaneous 
expression resulting from use of the contralateral facial 
nerve via CFNG, use of the masseteric nerve does not 
result in spontaneity of activity, but does allow for con-
scious activity. Although this transfer does not produce 
 emotional movements, however, patients do learn to 
smile with some degree of coordination because masti-
cation (trigeminal nerve) and smiling (facial nerve) are 
not opposing functions [20]. Initially, the patients are 
instructed to bite down for muscle activation. With time 
and training, the smile can become spontaneous, espe-
cially in younger patients. Terzis and coworkers recom-
mend an end-to-side nerve coaptation in order to minimize 
complete paralysis of the masseteric muscle [46]. In 
cases with bilateral nerve paralysis, surgery on the con-
tralateral side is performed at least 2 months later [21].

7.3.4.6 Regional Muscle Transfer

If free muscle transplantation is not feasible, regional 
muscle transfer of the muscles of mastication such as 
the temporalis and/or masseter muscle (supplied by the 
trigeminal nerve) is an effective alternative for dynamic 
restoration. Patients have to relearn how to perform 
movements like smiling or closure of the eye because 

they have to clench their teeth for muscle activation. 
Since the first description by Gillies [21, 39], a variety 
of modifications and combinations have helped to pop-
ularize these techniques [50, 65– 68]. As there are a 
vast number of techniques and further refinements, we 
can only give a short overview of the most widely used 
procedures.

The temporalis muscle can provide both a certain 
degree of static suspension at rest (e.g., oblique lift of 
the mouth) and voluntary movement (e.g., smiling), 
but without control of the direction of movement. The 
temporalis muscle can be transferred in an anterograde 
(Figs. 7.15 and 7.16) and/or retrograde fashion. For 
retrograde transfer [69], the temporalis muscle can be 
released from its origin, turned over the zygomatic 
arch, and extended to the eye and/or mouth. To gain 
length, especially in order to reach the mouth, the tem-
poralis muscle may be elongated with fascial or tendon 
grafts. For the treatment of the lagopthalmus (upper 
lid) and ectropium (lower lid), a strip of temporalis 
muscle with its overlying fascia is elevated from its 
origin, turned over, and passed to the lateral canthus. 
The fascia is partially elevated from the muscle flap 
and tunnelled along the upper and lower lid to the 
medial canthal ligament for fixation. With activation of 
the temporalis muscle, the fascial strips are pulled 
tight, thereby closing the eyes. An unwanted side effect 
of this procedure is movement of the eyelids while 
chewing. A further disadvantage of this procedure is a 
visible hollow in the temporal region and, more impor-
tantly, a prominent bulge of muscle over the zygomatic 
arch. To avoid these disadvantages, the anterograde 

Fig. 7.14 (continued)
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Fig. 7.15 Temporalis transfer according to Rubin [50, 66, 67]

Fig. 7.16 Intraoperative examples of temporalis transfer
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temporalis muscle transfer [70] is an alternative.  
In this case, the muscle is detached from its insertion 
point at the coronoid process of the mandible.

The masseter muscle can be rotated and transferred 
to the mouth, either completely (Fig. 7.17) or partially, 
with its anterior portion from the insertion point on the 
mandible [71]. Adequate static suspension of the mouth 
can be achieved. Regarding dynamic aspects, the 
masseter muscle transfer can provide a full smile to only 
a limited degree due to lack of force and excursion. 
Therefore, a combination of the temporalis and masseter 
muscle has been described with the temporalis muscle 
transferred to the upper lip and the nasolabial fold, while 
the masseter muscle is rotated to the commissure and 
lower lip (Fig. 7.18) [67]. A further modification of the 
muscle transfer procedure has been advocated by Olivari 
combining both dynamic and static procedures [65].

7.3.4.7 Further Static Procedures

For the sake of completeness, there are a huge number 
of static procedures, especially for the eye and lip 
region. We, therefore, mention these in note form and 
refer to the respective literature [50, 65].

Static surgical corrections of the brow (brow ptosis) 
include direct brow lift (direct excision), coronal brow 
lift with static suspension, or endoscopic brow lift. 
The upper lid (lagopthalmus) may be treated with a 

Fig. 7.17 Masseter muscle transposition according to Baker and Conley [50, 71]

Fig. 7.18 Temporalis with masseter transfer according to Rubin 
[50, 66]
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tarsorrhaphy, fascial, or tendon slings, as well as the 
implantation of gold or platinum weights or special 
springs. Procedures for the lower lid (ectropion) treat-
ment may include a lateral canthoplasty or horizontal 
lid shortening. Static slings, alar base elevation, and 
septoplasty can be helpful regarding the nasal airway. 
Regarding the oral commissures and the upper lip, 
static slings as well as soft tissue balancing procedures 
(facelift, midfacelift, mucosal excision or advance-
ment) may be used. Procedures for the lower lip include 
depressor labii inferioris resection, muscle transplanta-
tion (digastric, platysma), as well as wedge excision.
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8.1  Introduction

Depending on the mechanism of injury, thoracic 
trauma occurs as blunt chest trauma or penetrating 
injuries.

Isolated chest injuries mostly occur as minor blunt 
trauma with mild injuries (e.g., thoracic bruises, rib 
fractures). The majority of these isolated blunt thoracic 
injuries can be treated conservatively. The mortality 
rate in young adults amounts to 0–5%. Mortality asso-
ciated with these injuries increases to 10–15% in the 
elderly [1–3]. Age ³ 85, initial blood pressure < 90 mmHg, 
hemothorax, pneumothorax, serial rib fracture, and pul-
monary contusion have been identified as risk factors 
for posttraumatic complications/adverse events and 
poor outcome [4].

Severe thoracic trauma occurs in 80–90% of multi-
ple trauma patients [5]. In Europe, most of these inju-
ries are caused by blunt trauma, whereas penetrating 
injury mechanism only accounts for 8–9% of these 
cases [5]. Severe thoracic trauma is the second most 
common diagnosis in patients with multiple trauma 
[6]. The incidence of acute respiratory distress syn-
drome (ARDS), systemic inflammatory response syn-
drome (SIRS), multiple organ dysfunction syndrome 
(MODS), and infectious complications (pneumonia) is 
substantially higher in multiple trauma patients with 
severe thoracic trauma [3, 7–9]. Severe thoracic trauma 
also causes a significant increase in ventilation time 
and length of stay on intensive care unit in these 
patients [6]. Moreover, thoracic injuries are associated 
with a mortality of 30–40% in multiple trauma patients 
[1–3, 8, 10, 11] and trauma associated fatalities of 
20–25%. Between 50% and 75% of deceased poly-
traumatized patients had a thoracic injury [1–3, 8, 
10–12].
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Thoracic injuries can affect the chest wall and 
intrathoracic organs including pleura, diaphragm, lungs, 
mediastinum, and the great blood vessels.

8.1.1  Chest Wall Injuries

Rib fractures account for the majority of thoracic inju-
ries and are found in 60% of blunt chest trauma, typi-
cally involving the ribs IV–X. In cases of fractures to 
the first two ribs, a severe thoracic trauma must be 
assumed as these ribs provide protection to vital struc-
tures. Therefore, lesions of the brachial plexus and ves-
sels (e.g., subclavian artery and vein) may occur and 
lung contusions are likely. Lower rib fractures are 
mainly caused by direct local trauma and may involve 
abdominal organs such as the liver, spleen, and kidneys. 
In the elderly, minor trauma often results in rib frac-
tures due to decreased bone elasticity and osteoporosis. 
Chest wall pain associated with rib fractures is likely to 
lead to reduced ventilation with possible fluid retention 
and subsequent complications such as pneumonia and 
atelectasis. In older patients, each additional rib frac-
ture increases the probability of death by 19% and the 
incidence of pneumonia by 27% [13, 14]. Furthermore, 
pleural or pulmonary lacerations with the development 
of pulmonary hematoma, hemothorax, and pneumotho-
rax may also be caused by fractured ribs.

Serial rib fractures are defined as the fracture of at 
least three ribs and occur in almost one-third of all rib 
fractures. In addition to the usual risks of single rib 
fractures, an increasing number of rib fractures leads 
to reduced chest wall stability with the risk for devel-
oping a flail chest.

A flail chest occurs in approximately 15% of patients 
with blunt chest trauma [15] and is characterized by at 
least five contiguous single fractures or three adjacent 
segmental rib fractures. This results in an unstable flail 
segment with a paradoxical respiratory motion (inward 
motion during inspiration and outward motion during 
expiration). Posterior flail segments are stabilized by 
overlying muscles as well as the scapula and therefore 
may not cause severe complications. In contrast, anterior 
and lateral flail segments are mobile and can seriously 
impair respiratory function. Additionally, a flail chest is 
frequently associated with lung contusions [12].

Sternum fractures are seen in about 5% of patients 
with thoracic trauma [16]. Most fractures involve the 

upper or mid body of the sternum. Accompanying 
injuries are lung and myocardial contusions as well as 
fractures of the thoracic spine.

Sternoclavicular dislocations may be either ante-
rior or posterior. Posterior dislocations are more severe, 
as they can cause injuries to the mediastinal blood ves-
sels, trachea and esophagus [17]. Anterior dislocations, 
which are more common, can be treated conserva-
tively, whereas posterior dislocation requires closed or 
surgical reduction.

Fractures of the scapula are uncommon, with a 
prevalence of approximately 4% in patients with mul-
tiple injuries [18], and are associated with concomitant 
lesions including pneumothorax, hemothorax, pulmo-
nary injuries and spinal injuries in 35–98% [19]. Most 
fractures occur in the body and neck of the scapula and 
can be treated conservatively. In contrast, displaced gle-
noid intraarticular fractures and displaced juxtaarticular 
fractures require a surgical intervention [19, 20].

8.1.2  Injuries to Intrathoracic Organs

8.1.2.1  Pleural Injuries

A pneumothorax is defined as the air entrapment into 
the pleural cavity either from within the body after 
blunt trauma, usually due to pleural laceration by frac-
tured ribs (closed pneumothorax), or from the outside 
environment associated with penetrating injuries (open 
pneumothorax) [16]. Lesions of the tracheobronchial 
tree are a further cause for a pneumothorax. A pneu-
mothorax occurs in 15–40% of patients with blunt 
chest trauma [21–23]. The most frequent complication 
of a pneumothorax is the development of tension 
pneumothorax.

A tension pneumothorax occurs when a pneumotho-
rax permits entry into but not exit of air from the tho-
racic cavity. This results in a collapse of the ipsilateral 
lung followed by compression of mediastinum and 
contralateral lung. Suspected tension should be imme-
diately decompressed by needle thoracostomy or a 
chest tube.

A hemothorax results from vascular lesions after 
blunt or penetrating trauma. It is present in 40% of 
blunt thoracic trauma. Various bleeding sources can 
contribute to a hemothorax including intercostal arter-
ies, internal mammary arteries, lung parenchyma, heart, 
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hilar, and great vessels. The therapy for a hemothorax 
is the placement of a chest tube. An undrained, massive 
hemothorax can lead to a tension hemothorax with an 
ipsilateral lung compression and a resulting mediasti-
num displacement [16]. A chronic hemothorax can be 
complicated by pleural empyema or a fibrothorax, 
resulting in a restrictive pulmonary disease [12].

A chylothorax is caused by damage to the thoracic 
duct. A left-sided chylothorax is found in case of rup-
tures of the upper part of the thoracic duct, whereas a 
right-sided chylothorax is seen in injury of the lower 
levels, when the thoracic duct has already crossed the 
midline.

8.1.2.2  Diaphragm Injuries

A diaphragmatic rupture can be caused by blunt or 
penetrating injuries, and occurs in 0.2–5% of patients 
with blunt chest trauma [24, 25]. Ruptures on the left 
side are three to four times more common than lesions 
on the right side. In 5–10% of the cases a bilateral rup-
ture is found [12]. A high proportion of diaphragmatic 
ruptures go primarily undiagnosed [12]. The mortality 
of missed diaphragm ruptures has been reported to be 
as high as 30% [26]. Therefore, a CT scan should be 
performed if there is any suspicion.

8.1.2.3  Lung Injuries

Parenchymal lung injuries appear as pulmonary contu-
sions and lacerations. Pulmonary contusions are the 
second most frequent injuries in thoracic trauma and 
are found in 30–50% of multiple trauma patients with 
blunt chest trauma [12]. Pulmonary contusions are 
caused by direct trauma on lung parenchyma or by 
indirect mechanisms such as deceleration and shear 
forces. Lesions usually occur in peripheral lung sec-
tions adjacent to bony structures [26]. Pulmonary con-
tusions become apparent 3–6 h after trauma and 
generally resolve within 5–7 days [26, 27]. Histo-
pathologically, these injuries are characterized by an 
extravasation of blood and edema into the interstitial 
and alveolar space. Especially in younger patients, pul-
monary contusions could be found without accompa-
nying osseous lesions. The lack of rib fractures does 
not exclude the presence of substantial lung contusion 
in these patients [12, 16] as severe thoracic injuries 

occur in 25% without concomitant bony injuries [28, 29]. 
However, serial rib fractures and a flail chest are com-
monly associated with pulmonary contusions [30]. 
Pulmonary lacerations are characterized by a disrup-
tion of the parenchymal architecture. With the excep-
tion of stab wounds, lung lacerations are always 
accompanied by pulmonary contusions [31]. Pulmonary 
contusions and lacerations can be complicated by the 
development of acute respiratory distress syndrome 
(ARDS). ARDS is the consequence of a systemic 
inflammatory response following thoracic or general 
trauma within 24–48 h. Pathophysiologically, ARDS is 
caused by the damage of the alveolar-capillary barrier 
by activated neutrophils, resulting in an extravasation 
of fluid into the alveolar space [32, 33]. This systemic 
inflammatory reaction can also affect uninjured pulmo-
nary sections [28, 34] and manifests radiographically 
as a diffuse bilateral pulmonary infiltration [27].

8.1.2.4  Injuries to the Mediastinum

A pneumomediastinum (mediastinal emphysema) 
occurs in pharyngeal, tracheobronchial, and esopha-
geal lesions due to penetrating or blunt trauma. Besides 
chest radiography, esophageal and tracheobronchial 
endoscopy should be considered for diagnostics. A 
mediastinal hematoma results from vascular injuries, 
possibly resulting in an enlargement of the mediasti-
num due to significant hematoma. The criteria for the 
diagnosis of mediastinal widening are a diameter of 
greater than 8 cm and a mediastinum to chest ratio 
greater than 0.25.

Tracheobronchial injuries include lacerations due 
to penetrating trauma and ruptures from blunt trauma. 
Tracheobronchial trauma occurs in 0.2–8% of all 
patients with blunt chest trauma, and a high coinci-
dence of accompanying pulmonary or vascular injuries 
has been reported [35, 36]. Tracheal lesions usually 
appear as transverse tears between cartilaginous tra-
cheal rings or longitudinal tears in the posterior tra-
cheal membrane. In tracheal injuries, surgical repair is 
required in order to ensure airway continuity.

Esophageal injuries are extremely rare after blunt 
chest trauma. Most esophageal lesions are located in 
the cervical and upper thoracic sections and may occur 
after penetrating as well as blunt thoracic trauma. 
Depending on their location, esophageal lesions can 
result in right- or left-sided pleural effusion. In order to 
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avoid subsequent complications such as edema and 
infection (mediastinitis), surgical intervention should 
be performed.

After pericardial injuries organ and vascular rup-
tures result in air entrapment (pneumopericardium) or 
hemorrhagic influx (hemopericardium) into the peri-
cardial cavity. The hemopericardium may be compli-
cated by the development of pericardial tamponade 
with increased pericardial pressure and a subsequent 
hemodynamic instability. Particularly, lesions of the 
intrapericardial aorta and left cardiac ventricle endan-
ger the patients, whereas bleeding of the atrium or 
right ventricle may not cause noticeable symptoms. A 
pericardial tamponade mostly occurs after penetrating 
trauma, but it is also present in about 1% of blunt chest 
trauma patients [12, 16]. Immediate pericardiocentesis 
is indicated for restoration of normal cardiovascular 
function [37, 38].

Cardiac injuries are observed in 15–25% of patients 
with thoracic trauma [39]. The incidence increases to 
75% in case of an associated sternal fracture, paraster-
nal rib fractures, and rupture of the diaphragm [40]. 
Myocardial contusions are caused by the rupture of 
intramyocardial vessels after severe cardiac trauma, 
and may result in structural injuries and functional 
changes. Structural injuries include the perforation of 
cardiac muscles or the ventricular septum, as well as 
the disruption of papillary muscles and valves [12]. 
Furthermore, an arrhythmia may arise as a functional 
complication following myocardial contusion. Cardiac 
aneurysms are focal evaginations of the septal or free 
ventricular walls. True aneurysms can result from 
severe blunt trauma and are most commonly found in 
the left ventricular anterior wall or apex. Cardiac 
pseudoaneurysms occur typically after penetrating 
trauma and are usually located in the left ventricular 
posterolateral wall. Cardiac ruptures can be found in 
severe blunt as well as penetrating trauma. The right 
ventricle is most commonly affected due to the thin 
wall and its anterior location in the chest. Severe tor-
sion can cause cardiac avulsion with the separation of 
the heart from the great vessels and need for immedi-
ate surgical intervention.

Traumatic aortic injuries include a spectrum of 
lesions due to severe deceleration trauma. The aortic 
isthmus is most frequently affected, followed by the 
aortic root and diaphragmatic aorta. Traumatic aortic 
ruptures occur in 2% of blunt chest trauma cases. 
Complete aortic ruptures are approximately 90% fatal 

at the scene and can only be survived in cases of a 
pseudoaneurysm formation with containment of active 
bleeding by the adventitia, a thrombus or the mediasti-
nal structures. A traumatic aortic dissection is charac-
terized by an intimomedial tear. Type B (descending 
aorta) dissections can be treated conservatively, 
whereas Type A (ascending aorta) dissections should 
receive surgical repair because of the risk for pericar-
dial bleeding, coronary artery laceration and aortic 
valve rupture. Traumatic aortic aneurysms are focal 
dilatations of the aorta affecting all arterial wall layers 
susceptible to rupture. Open surgery should be per-
formed in ascending aortic aneurysms that are symp-
tomatic, rapidly expanding or greater than 5–5.5 cm in 
diameter. In descending aneurysms exceeding 6.0 cm, 
repair by endovascular stent-grafting is recommended.

Vascular injuries to the great intrathoracic are found 
in only 1% of blunt chest trauma patients [12, 16], but 
in more than 90% of patients with penetrating trauma. 
Due to deceleration mechanisms, aortic branch vessels, 
the superior and inferior vena cava, and pulmonary 
veins are most susceptible to lesions after blunt trauma.

8.2  Diagnostics

Thoracic trauma may result in a variety of different 
injuries. A prompt assessment of correct diagnosis and 
severity of thoracic trauma is crucial for the further 
treatment of thoracic lesions and concomitant injuries. 
There are several diagnostic tools for diagnosis and 
severity assessment of thoracic trauma.

8.2.1  Chest Radiography

Chest radiography is the first-line imaging examination 
for the evaluation of thoracic trauma [41]. Routinely, 
chest x-rays should be performed in the posteroanterior 
and lateral direction of the upright sitting patient and in 
full inspiration. In multiple trauma patients, plain radi-
ography must be obtained in supine position and only 
in the anteroposterior direction. The absence of a lat-
eral view and the superimposition of different struc-
tures and organs in the anteroposterior plane make 
interpretation difficult, resulting in limited diagnostic 
value [42]. The incidence of pneumothoraces detected 
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only by computed tomography and not by conventional 
chest radiography (occult pneumothorax) is reported to 
be approximately 2–15% [43–45] and may be even 
higher if the interpretation of the chest radiography is 
done by the trauma team [46]. Pulmonary contusions 
are frequently underestimated in the chest radiography 
at the time of admission [47–52]. Furthermore, only 
one-third of pulmonary contusions are visible on the 
initial plain chest radiography [49].

8.2.2  Computed Tomography (CT)  
of the Chest

The deficiencies of the plain chest radiography in the 
diagnosis of thoracic injuries can be compensated by 
the use of a CT scan, which represents the most impor-
tant examination method in chest trauma patients [42]. 
A thoracic CT scan is superior to conventional chest 
radiography for the assessment of pneumo- and 
hemothorax, pulmonary parenchymal lesions and bony 
injuries [21, 49, 53]. However, there is an ongoing dis-
cussion as to whether this additional information 
changes the treatment strategy [54, 55]. Marts et al. 
reported a modification in clinical management in only 
6.5% of patients with chest trauma [49]. In another 
study, CT has been credited with modifying treatment 
in up to 20% of thoracic trauma patients with abnor-
mal initial radiographs [56]. Further studies have 
shown a change in management guided by the addi-
tional information obtained from CT scans in 30–70% 
of cases [57–59]. In general, a routine CT scan of the 
chest is recommended for all trauma patients with 
multiple trauma, suspected thoracic injuries, abnormal 
findings in the initial chest x-ray and in cases of respi-
ratory insufficiency [59–61]. Furthermore, a thoracic 
CT scan should be performed in patients with trau-
matic brain injury and pelvic trauma [61–63].

8.2.3  Thoracic Ultrasonography

Ultrasound examinations represent a noninvasive diag-
nostic tool that offers several advantages such as wide-
spread availability, low time-effort, and reproducibility 
[64, 65]. With a sensitivity of 81% for the detection of 
intrathoracic fluid [66], the assessment of hemothorax 

by ultrasound has been reported to be reliable [67]. 
Furthermore, thoracic ultrasound examinations seem to 
be suitable for the detection of pneumothoraces with a 
reported sensitivity of 92–100% among patients with 
blunt trauma [64, 68–70]. One disadvantage is that sub-
cutaneous emphysema precludes an accurate diagnosis 
by ultrasound [66]. Additionally, evaluation of bony 
lesions, as well as tube and line malpositioning, remains 
the domain of conventional radiography. Therefore, 
while ultrasound examination cannot be used as an 
exclusive diagnostic procedure, it does play a supple-
mentary role in the diagnosis of thoracic trauma.

8.2.4  Bronchoscopy

Bronchoscopy is a diagnostic and therapeutic tool pro-
viding valuable additional information in the manage-
ment of blunt thoracic trauma. It is particularly useful in 
the diagnosis of tracheobronchial lesions, supraglottic 
injuries, aspiration, bleeding and lung contusions [71]. 
The diagnosis of lung contusions can be made earlier by 
bronchoscopy than by conventional chest radiography. 
Furthermore, the determination of the extent of lung 
contusions is more reliable [72]. Besides its diagnostic 
use, bronchoscopy also has a therapeutic benefit. The 
respiratory tract can be cleared, formation of atelectasis 
can be prevented and bleeding can be coagulated. 
Despite these advantages, indications for bronchoscopy 
in the acute trauma situation are rare (severe bleeding 
and tracheobronchial ruptures). Though bronchoscopy 
can enhance the respiratory insufficiency [73], it is not 
feasible as a routine procedure in the primary diagnos-
tics of multiple trauma patients.

8.3  Classification

The evaluation of injury severity and the prediction of 
outcome is one of the most important functions of 
scoring systems. An early assessment of severe 
 thoracic trauma is decisive for the clinical course of 
multiple trauma patients as the timing and type of sur-
gical interventions (early total care vs. damage con-
trol), as well as early and adequate therapy of the chest 
trauma itself, are crucial for avoiding posttraumatic 
 complications [1, 3, 12].
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Several scoring systems for the classification of 
blunt chest trauma have been developed. Most of the 
thoracic trauma scores are based on pathological–
anatomical changes. One of the most commonly 
used scoring system is the Thoracic Abbreviated 
Injury Scale (AIS

chest
). Further anatomic scoring sys-

tems are the Wagner-Score [74] and Pulmonary 
Contusion Score (PCS) by Tyburski [75]. Other scor-
ing systems, such as the Thoracic Trauma Severity 
Score, have additionally included physiological 
parameters [76].

8.3.1  Abbreviated Injury Scale

The Abbreviated Injury Scale (AIS), first described in 
1969 (John D. States) and revised in 1998 is a prognos-
tic scoring system that allocates a severity score to 
every injury to each of the different body regions (head, 
face, neck, thorax, abdomen, spine, upper extremity, 
lower extremity, external and other trauma). The score 
value ranges from 0 to 6, and higher severity scores are 
associated with a lower probability of survival. The 
AIS is an anatomical scoring system for injury severity 
assessment of different body regions. It is the basis for 
calculation of the Injury Severity Score (ISS). In gen-
eral, the AIS correlates with mortality [77, 78] and the 
AIS

chest
 has been demonstrated to be an independent 

predictor for prolonged hospitalization [79, 80] and 
duration of mechanical ventilation [81], and a risk fac-
tor for the development of posttraumatic MODS [82].

8.3.2  Pulmonary Contusion Score 
According to Tyburski

The Pulmonary Contusion Score (PCS) was developed 
in 1999 by Tyburski and colleagues [75]. This score is 

based on plain radiograph of the chest at the time of 
admission and 24 h after trauma. After division of the 
lung into an upper, middle, and lower third, the pulmo-
nary contusion in every third is assessed by a value of 
1–3 and added afterwards. A score value of 1–2 is clas-
sified as mild, a value of 3–9 as moderate, and a value 
of 10–18 as severe pulmonary contusion (Table 8.1). A 
higher mortality and prolonged duration of mechanical 
ventilation was reported in cases of an increase in the 
severity of lung contusion during the first 24 h [75]. 
The usefulness of this score is limited due to the fact 
that the assessment of pulmonary contusion is difficult 
in chest radiography.

8.3.3  CT-Dependent Score According  
to Wagner and Jamieson

Wagner and Jamieson developed a thoracic trauma 
score based on CT scan [74]. As shown in Fig. 8.1, the 
severity of thoracic trauma is divided into different 
sections depending on the extension of pulmonary 
lesions. Pulmonary lesions of ³28% of total air space 
are classified as grade 1, 19–27% as grade 2, and <19% 
as grade 3. The authors showed an association between 
the size and type of parenchymal injuries and the need 
for mechanical ventilation [74].

8.3.4  Thoracic Trauma Severity Score

The Thoracic Trauma Severity Score (TTS) is a 
CT-independent scoring system based on five anatomi-
cal and physiological parameters at the time of admis-
sion: extension of pulmonary contusion, rib fractures, 
pleural lesion, age and Horrowitz ratio PaO

2
/FiO

2
 [76]. 

Each parameter is assigned a value of 0–5 (Table 8.2). 
The TTS score ranges from 0 to 25.

Calculation of the pulmonary contusion score (PCS)

Dividing the lung fields into upper, middle and lower third• 

Assigning a score of 1–3 to each region on the basis of the amount of radiologic parenchymal changes• 

Mild pulmonary contusion Moderate pulmonary contusion Severe pulmonary contusion

PCS 1–2 PCS 3–9 PCS 10–18

Table 8.1 Pulmonary contusion score according to Tyburski et al. [75]
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The sensitivity and specificity of the different scor-
ing systems for predicting posttraumatic complica-
tions and outcome has not been fully elucidated. In 
general, CT-dependent scores are thought to be more 
reliable for the assessment of trauma severity and 
susceptibility to posttraumatic complications, such as 
ARDS. However, CT-independent scoring systems 
might be helpful for an early evaluation of the risk pro-
file after thoracic trauma, but should be based on ana-
tomical and physiological parameters due to the 
limited diagnostic value of conventional radiography 
of the chest.

8.4  Treatment

Severe chest trauma represents the second most com-
mon diagnosis in multiple trauma [5, 6]. There is a high 
coincidence of thoracic injuries and extremity trauma 
(e.g., femoral fractures). Timing and type of fracture 
care substantially influence the pulmonary function 
and the development of posttraumatic complications in 
patients with accompanying thoracic trauma.

Besides general aspects for the treatment of chest 
trauma, this chapter also focuses on the significance of 
adequate treatment strategies for fracture stabilization 

Grade 1
• ≥28% of total air space consolidated or lacerated

• All patients require mechanical ventilation for pulmonary insufficiency

• 19–27% of total air space consolidated or lacerated

• 60% of these patients require mechanical ventilation for pulmonary insufficiency

• <19% of total air space consolidated or lacerated

• No mechanical ventilation required for pulmonary insufficiency

18%

9%

25%

24%

24%

Grade 3

Grade 2

Fig. 8.1 CT-dependent score according to 
Wagner and Jamieson [74]

Table 8.2 Thoracic trauma severity score according to Pape et al. [76]

Grade PO
2
/FiO

2
Rib fractures Pulmonary contusion Pleural lesion Age (years) Points

0 >400 0 None None <30 0

I 300–400 1–3 unilateral 1 lobe unilateral Pneumothorax 30–40 1

II 200–300 4–6 unilateral 1 lobe bilateral or  
2 lobes unilateral

Hemothorax/hemopneu-
mothorax unilateral

41–54 2

III 150–200 >3 bilateral <2 lobes bilateral Hemothorax/hemopneu-
mothorax bilateral

55–70 3

IV <150 Flail chest ³2 lobes bilateral Tension pneumothorax >70 5
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in multiple trauma patients with severe chest trauma in 
order to avoid pulmonary dysfunction.

8.4.1  Airway Management

Usually, oral intubation has already been performed at 
the scene of accident or in the emergency department. If 
not, it must be considered in the initial posttraumatic 
period as early intubation has been shown to reduce mor-
bidity and mortality. Indications for intubation include 
traumatic brain injury (Glasgow Coma Scale < 9), impair-
ment of consciousness with expired adverse-effects 
reflex, thoracic trauma with impaired respiratory func-
tion, respiratory insufficiency (SaO

2
 < 90%, breathing 

rate < 10/min or>30/min), hemorrhagic shock, and sub-
stantial airway trauma. In case of suspected ventilation 
time of more than 7–10 days, tracheotomy is recom-
mended. Tracheotomy seems to be favored due to 
improvements in respiratory mechanics and the reduc-
tion of infectious complications. However, the effects 
of tracheotomy on the total ventilation time and the 
duration of intensive care treatment are the subject of 
controversy.

8.4.2  Ventilation

In the anaesthesized, ventilated patient, a reduction of 
pulmonary functional residual capacity due to supine 
positioning has been observed. Furthermore, reduced 
thoracic compliance aggravated by thoracic trauma 
results in a hypoventilation of dorsobasal lung sections 
with an increased risk for developing atelectases. As 
these lung sections show the best pulmonary perfu-
sion, a ventilation-perfusion-mismatch with increased 
intrapulmonary shunting is commonly observed. Addi-
tionally, the increased intrathoracic pressure during 
mechanical ventilation exerts circulatory effects with a 
decreased cardiac output. Besides traumatic pulmo-
nary injuries, mechanical ventilation with a high 
inspiratory pressure can cause additional direct dam-
age to lung parenchyma. Therefore, lung protective 
ventilation with low tidal volume (5–6 mL/kg), high 
positive endexspiratory pressure (PEEP) and limited 
inspiratory peak pressure (<35 cm H

2
O) should be 

used in case of severe thoracic trauma.

8.4.3  Positioning Therapy

Positioning therapy is supposed to be important in the 
prevention and treatment of pulmonary functional dis-
orders. There are a variety of positioning procedures 
including the semi recumbent position, the lateral posi-
tion, the prone position and the continuous axial rota-
tional therapy. Mechanically ventilated patients should 
always be positioned in semi recumbent position (45°) 
in order to avoid pulmonary aspiration and ventilator-
associated pneumonia. In patients with unilateral lung 
injuries, a lateral position of nearly 90° (“good lung 
down”) is recommended.

Complete prone position is defined as patient’s trans-
fer by 180° from supine position. Incomplete prone 
position is a transfer between 130° and <180°. Prone 
positioning is used in patients suffering from severe 
ARDS with life-threatening hypoxemia (PaO

2
/

FiO
2
 < 100). Contraindications for the application of the 

prone position include open abdomen, unstable spinal 
injuries, head trauma with increased intracerebral pres-
sure, severe arrhythmia, acute shock syndrome and sub-
stantial facial trauma [83–85]. Prone positioning is 
recommended for at least 12 h. This results in an 
increased pulmonary gas exchange due to an improve-
ment of the ventilation-perfusion ratio [86–88] and 
recruitment of alveolar space with reduced atelectases 
[89–93]. These effects occur either immediately 
(£30 min) or up to 12 h after retransfer into supine posi-
tion [94–96]. Incomplete prone position is less effective 
[97]. Compared to continuous axial rotational therapy, 
therapeutic effects are stronger and occur faster in prone 
position. After 72 h, no differences are evident between 
both positioning procedures [98]. A substantial increase 
in the intraabdominal pressure is not caused by the 
prone position in patients without abdominal injuries 
[99, 100]. Despite the improvement of arterial oxygen-
ation, prone positioning has not resulted in a significant 
reduction in morbidity, ventilation time and length of 
stay in the intensive care unit in patients with ARDS 
(PaO

2
/FiO

2
 < 300) [101, 102]. In contrast, a decrease of 

ventilator-associated pneumonia after prone positioning 
has been described [101, 102]. Prone position may be 
complicated by facial edema (20–30%), pressure ulcera 
(20%), patient incompliance (20%), arrhythmia (5%), 
as well as tube and catheter dislocation (1–2%) [101].

Continuous axial rotational therapy consists of the 
continuous rotation of the patient about the longitudinal 
axis in a self-rotating bed. Depending on the different 
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bed systems a rotation up to 62° to each side can be 
achieved. This kinetic therapy has potential indications 
for the prevention of pulmonary complications (e.g., 
atelectases, pneumonia) in patients with thoracic trauma 
[103–105]. Furthermore, it is therapeutically used for 
the treatment of ARDS without severe hypoxemia. In 
case of contraindications for prone positioning, contin-
uous axial rotational therapy may also be performed in 
case of ARDS with life-threatening hypoxemia. Kinetic 
therapy is recommended for at least 3–5 days [103–
105]. The positive effects of the axial rotation therapy 
[103, 105–109] are described for axial rotation of more 
than 40° to each side. Contraindications are unstable 
spine injuries, acute shock syndrome, and adiposity 
(³160 kg). Complications associated with kinetic ther-
apy include pressure ulcera, hemodynamic instability, 
kinetosis, and catheter dislocation.

In the literature, the use of continuous axial rota-
tional therapy is discussed controversially. Clinical tri-
als have failed to show a significant effect on morbidity, 
ventilation time and length of stay in the intensive care 
unit [110–114]. Furthermore, recent studies have not 
found a beneficial effect from mechanical ventilation 
with prophylactic kinetic therapy as compared to early 
extubation and aggressive weaning in patients with 
severe thoracic trauma [115, 116]. Due to small and 
inhomogeneous study populations, the generalized 
application of these results to the treatment of severe 
blunt chest trauma patients is questionable. Never-
theless, the role of prophylactic ventilation including 
kinetic therapy and its prognostic relevance must be 
clarified in further studies. Furthermore, reliable 
parameters for the indication of kinetic therapy should 
be validated.

8.4.4  Fracture Treatment in Multiple 
Trauma Patients with Thoracic 
Trauma

It has been long recognized that in patients with severe 
abdominal injuries initial management should avoid 
complex operative procedures. Performed under emer-
gency conditions, such interventions should be rapid 
and minimally traumatic to the patient. The primary 
focus is hemorrhage control and other life saving mea-
sures. Complex reconstructive work is delayed until 
the patient is better able to withstand the additional 

surgical trauma. This approach was adopted in patients 
with extremity or pelvic injuries as it became apparent 
that patients undergoing drawn out operations follow-
ing major trauma suffered an excess of complications. 
Homeostatic anomalies, the systemic inflammatory 
response, multiple organ dysfunction and an increased 
mortality were observed.

In general, there are two treatment strategies for 
fracture care in multiple trauma patients. Primary 
definitive fracture fixation is performed within the 
concept of “Early Total Care” (ETC), whereas 
“Damage Control Orthopaedics” (DCO) suggests 
temporary external fracture fixation with secondary 
definitive osteosynthesis after stabilization of the 
patient’s physiological and immunological status on 
intensive care unit [117–122]. Although early fracture 
fixation has been described as essential to avoid pul-
monary complications after multiple trauma [123, 
124], the optimal treatment strategy (ETC versus 
DCO) for  fracture care remains the focus of intensive 
research [117–125]. This is particularly true for mul-
tiple trauma patients with severe chest trauma [125]. 
Several investigations demonstrated a decreased risk 
for infection and pulmonary dysfunction after ETC 
treatment in these patients [119, 122, 126, 127], while 
other studies have reported an increase in pulmonary 
failure after ETC [121, 125, 128]. In a prospective 
randomized, clinical study it has been demonstrated 
that patients in an uncertain clinical situation develop 
“Acute Lung Injury” (ALI) significantly more often 
after ETC treatment as compared to fracture stabiliza-
tion according to the DCO concept [121]. An analysis 
of the trauma registry of the German Trauma Society 
has also shown a very inconsistent application of ETC 
and DCO in patients with chest trauma [129]. Pape 
et al. [130] introduced the concept of the borderline 
patient (Table 8.3), which is distinguishable from sta-
ble, unstable, and “in extremis” patients (Fig. 8.2). 

• ISS > 40
• Hypothermia < 35°C
• Multiple trauma with ISS > 20 and AIS

chest
 > 2

•  Multiple trauma with abdominal/pelvic injury (AIS > 2) 
and shock (RR

systol
 < 90 mmHg)

• Bilateral lung contusion in chest radiography or CT
• Pulmonary artery pressure (PAP) > 24 mmHg
• Increase of PAP >6 mmHg during femoral nailing

Table 8.3 Borderline patients according to Pape et al. [130]
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For the identification of these patients, the severity of 
thoracic trauma and physiological pulmonary param-
eters are of central importance. This emphasizes the 
significance of chest trauma for the development of 
posttraumatic complications after fracture stabiliza-
tion in multiple trauma patients. According to Pape 
et al. [130], ETC can be performed in stable patients, 
while DCO is recommended in unstable and “in 
extremis” patients. The timing of secondary definitive 
osteosynthesis in patients who have undergone tem-
porary external fixation does not seem to be advanta-
geous before day 5 after trauma [121, 131]. Giannoudis 
also recommended secondary fracture fixation based 
on defined parameters (Table 8.4) [131].

In conclusion, early definitive fracture stabilization 
seems to increase the risk for adverse outcome in 
 multiple trauma patients with severe chest trauma. 
However, further prospective randomized studies are 
needed to increase the sensitivity and specificity of 
parameters to identify those patients who might benefit 
from DCO concept of fracture care.

8.4.5  Surgical Chest Wall Stabilization

Operative stabilization of the chest may become neces-
sary in case of a flail chest. The vast majority of patients 
with a flail chest can be treated conservatively with 
sufficient pain relief, supplemental oxygen, mask con-
tinuous positive airway pressure (CPAP), and tracheo-
bronchial toilet [132, 133]. In case of respiratory 
insufficiency under supplemental oxygen, mechanical 
ventilation for internal pneumatic stabilization is indi-
cated. However, long-term ventilation could be compli-
cated by ventilator-associated pneumonia. Therefore, 
the aim of surgical stabilization is to achieve a mechani-
cally stable chest wall in order to reduce duration of 
ventilation and to avoid ventilator-associated complica-
tions. Indications for surgical intervention are still con-
troversially discussed as most of the published studies 
are case reports or lacking detailed information on 
injury severity. Operative chest wall stabilization seems 
to be indicated in patients with a flail chest and respira-
tory insufficiency, but without pulmonary contusions 
and concomitant severe head injury [133]. In these 
patients, operative stabilization should be performed 
within the first 48 h after trauma. There seems to be no 
role for surgical stabilization in patients with accompa-
nying pulmonary contusions, as the underlying pulmo-
nary injury rather than chest wall instability is thought 
to be responsible for the respiratory failure. Therefore, 
primary operative stabilization should be avoided in 
these patients [132]. Further possible indications for an 
operative stabilization of the chest are an unsuccessful 
weaning from the ventilator due to paradoxical segment 
movement, a severe chest wall deformity (impression 
>5 cm) and a flail chest with indication for thoracotomy 
due to intrathoracic injury [133].
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• Hemodynamic stability
• Stable arterial oxygenation
• Lactate < 2 mmol/L
• Absence of coagulopathy
• Normothermia
• Urine production > 1 mL/kg/h
• No need for catecholamines

Table 8.4 Signs of stabilization according to Giannoudis [131]
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This overview addresses the indications for laparo-
tomy following trauma. The authors will suggest algo-
rithms and tenants of care, but there is not a cookie-cutter 
approach that incorporates all trauma patients or their 
injuries. Laparotomy for trauma is an individualized 
decision based collectively upon clinical evaluation 
and diagnostic adjuncts. Multiple tools exist within the 
surgeon’s armamentarium, including focused abdomi-
nal sonography for trauma (FAST) exam, diagnostic 
peritoneal aspirate (DPA)/diagnostic peritoneal lavage 
(DPL), imaging, and laparoscopy, to facilitate diagno-
sis and management of the trauma patient. Care for 
each injured patient requires experienced clinical eval-
uation, time-honed judgment, and individualized treat-
ment. Junior trainees are often reminded of the value 
of experience in the trauma bay when a misstep in 
management occurs. Appropriate and timely interven-
tion will limit the number of nontherapeutic laparoto-
mies and their attendant morbidity.

9.1  Initial Evaluation of the Injured 
Patient

9.1.1  Primary Survey

The initial management of seriously injured patients 
consists of the primary survey, concurrent resuscita-
tion, the secondary survey, diagnostic evaluation, and 
definitive care as promulgated by the Advanced Trauma 
Life Support (ATLS) course of the American College 
of Surgeons Committee on Trauma [1]. The first step in 
patient management in the emergency department (ED) 
is the “ABCs” (Airway with cervical spine protection, 
Breathing, and Circulation) of the primary survey, 
and evaluating the patient’s response to resuscitation. 
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At this point in the patient’s evaluation, any episode of 
hypotension (defined as an SBP less than 90 mmHg) is 
assumed to be caused by hemorrhage until proven oth-
erwise. Blood pressure and pulse should be measured 
manually at least every 5 min in patients with signifi-
cant blood loss until normal vital signs are restored.

Patients with hemodynamic instability and either a 
penetrating abdominal wound or intra-abdominal hem-
orrhage noted on FAST exam should undergo urgent 
laparotomy. In patients with gunshot wounds to the 
chest or abdomen, a chest and abdominal film, with 
radiopaque markers at the wound sites, should be 
obtained to determine trajectory of the bullet or loca-
tion of a retained fragment. For example, a patient with 
a gunshot wound to the upper abdomen should have a 
chest radiograph to ensure the bullet did not traverse 
the diaphragm causing intrathoracic injury. If a patient 
has a penetrating weapon remaining in place, this 
should not be removed in the ED as it could be tam-
ponading a lacerated blood vessel. The surgeon should 
extract the offending instrument in the controlled envi-
ronment of the operating room, ideally once an inci-
sion has been made with adequate exposure.

In a patient who has persistent hypotension without 
either of these clear operative indications, one should 
systematically evaluate the five potential sources of 
blood loss: scalp, chest, abdomen, pelvis, and extremi-
ties. Thoracoabdominal trauma should be evaluated 
with a combination of chest radiograph, FAST, and 
pelvic radiograph. If the FAST is negative and no other 
source of hypotension is obvious, DPA should be 
entertained [2]. This is a diagnostic measure that can 
easily be performed in the trauma bay. Transport of a 
hypotensive patient out of the ED for computed tomo-
graphic (CT) scan evaluation may be hazardous: moni-
toring is compromised and the environment is 
suboptimal to deal with acute problems. If the DPA is 
positive, with greater than 10 cc of frank blood aspi-
rated, the patient should be emergently transported to 
the operating room for laparotomy.

9.1.2  Secondary Survey

For hemodynamically stable patients, further evalua-
tion is warranted. Abdominal examination includes 
inspection for abdominal wall abrasions or ecchymo-
sis, and assessing for distension, rigidity, tenderness, or 

rebound. Drugs, alcohol, and head and spinal cord 
injuries, however, can render the physical examination 
of the abdomen unreliable. Patients with evidence of 
peritonitis on examination should undergo laparotomy. 
Digital rectal examination is performed to evaluate for 
sphincter tone, presence of blood, rectal perforation, or 
a high-riding prostate; this is particularly critical in 
patients with suspected pelvic fracture or transpelvic 
gunshot wounds. Vaginal examination with a speculum 
should also be done in women with pelvic fractures to 
exclude a laceration and associated open fracture.

Adjuncts to the physical exam include vital sign and 
CVP monitoring, ECG monitoring, nasogastric tube 
placement, Foley catheter placement, repeat FAST, lab-
oratory measurements, and radiographs. A nasogastric 
tube (NGT) should be inserted in all intubated patients 
to decrease the risk of gastric aspiration, but may not be 
indicated in the awake patient. NGT evaluation of stom-
ach contents for blood may suggest occult gastroduode-
nal injury or the course of the NGT on chest film may 
suggest a diaphragm injury. A Foley catheter should be 
inserted in patients unable to void to decompress the 
bladder, obtain a urine specimen, and monitor urine out-
put. Gross hematuria demands evaluation of the genito-
urinary system for injury. Foley catheter placement 
should be deferred until urologic evaluation in patients 
with signs of urethral injury: blood at the meatus, 
perineal or scrotal hematomas, or a high-riding prostate. 
The FAST exam should be repeated to verify the patient 
has not developed hemoperitoneum. Occasionally, the 
first ultrasound views of the abdomen may be normal; 
repeating the ultrasound as a second snapshot in time is 
critical for patients at high risk for injury.

Blunt abdominal trauma is initially evaluated by 
FAST exam in most major trauma centers, and this 
has largely supplanted DPL (Fig. 9.1) [3]. The advan-
tage of FAST is that it is noninvasive, portable, rapid, 
and easily repeatable over the patient’s ED course. 
Any of the three standard views of the abdomen – 
right and left upper quadrants, and pelvis – can reveal 
intra-abdominal fluid, which is presumed to be hem-
orrhage unless the patient has liver disease with 
known ascites (Fig. 9.2). Although ultrasound is sen-
sitive in detecting intraperitoneal fluid greater than 
400 mL, it does not reliably determine the source of 
hemorrhage or extent of solid organ injuries and does 
have limitations in some settings such as subcutane-
ous emphysema, morbid obesity, and retroperitoneal 
hemorrhage from pelvic fractures [4–6]. As noted 
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above, FAST is not 100% sensitive; therefore, DPA is 
warranted in hemodynamically unstable patients 
without a defined source of blood loss to rule out 
abdominal hemorrhage. Patients with fluid on FAST 

exam, considered a “positive FAST,” who do not have 
immediate indications for laparotomy and are hemo-
dynamically stable, undergo CT scan to quantify their 
injuries.

Hemodynamically
stable 

Peritonitis?FAST +

Yes

Yes

Yes

No

No
Equivocal

+

Indications for CT:
• Altered mental status
• Confounding injury
• Gross hematuria
• Pelvic fracture
• Abdominal tenderness
• Unexplained Hct < 35%

Repeat FAST
in 30 min

LAPAROTOMY

Abdominal CT
Yes

Yes

No

DPA

No

FAST +

Fig. 9.1 Algorithm for the 
initial evaluation of the 
patient with suspected blunt 
abdominal trauma (FAST 
focused abdominal sonogra-
phy for trauma, DPA 
diagnostic peritoneal 
aspirate, CT computed 
tomography, Hct hematocrit)

SPLEEN

KIDNEY

FLUID

FLUID

a b

Fig. 9.2 FAST imaging detects intra-abdominal hemorrhage. Hemorrhage is presumed when there is a fluid stripe visible between 
the right kidney and liver (a), left kidney and spleen (b), or in the pelvis (c)
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9.2  Imaging for Abdominal Injuries

Based upon mechanism, location of injuries identified 
on physical examination, screening radiographs, and the 
patient’s overall condition, additional diagnostic studies 
are often indicated. Selective radiographs are done early 
in the patient’s ED evaluation. For patients with severe 
blunt trauma, lateral cervical spine, chest, and pelvic 
radiographs should be obtained, often termed “The Big 
3.” Since its initial use in the early 1980s, CT scanning 
has become a routine part of trauma evaluation. With 
multi-slice helical scanning, the entire torso can be 
scanned in under 5 min. Patients with a positive FAST, 
who do not have immediate indications for laparotomy 
and are hemodynamically stable, undergo CT scan to 
quantify their injuries. Additionally, patients with per-
sistent abdominal tenderness, significant abdominal 
wall trauma, distracting injuries, or altered mental status 
should undergo CT imaging. Although the majority of 
abdominal penetrating injuries that violate the perito-
neum require laparotomy, the exception is penetrating 
trauma isolated to the right upper quadrant. In hemody-
namically stable patients with the trajectory of penetrat-
ing trauma confined to the liver by CT scan, nonoperative 
observation is an option [7, 8].

CT scanning is excellent for identifying injuries of the 
solid organs (liver, spleen, kidney). If a diaphragmatic 

injury is not clearly identified on ED radiograph (Fig. 9.3), 
CT scan can also be used to delineate these injuries, par-
ticularly with sagittal or coronal reconstructions. Despite 
the increasing diagnostic accuracy of multi-slice CT 
scanners, CT still has limited sensitivity for identification 
of intestinal injuries. Bowel injury is suggested by find-
ings of thickened bowel wall, “streaking” in the mesen-
tery, free fluid without associated solid organ injury, or 
free intraperitoneal air [9].

The American Association for the Surgery Trauma 
(AAST) developed a grading scale to provide a uni-
form definition of solid organ injuries based upon 
the magnitude of anatomic disruption (Table 9.1) 
[10]. Solid organ injury grading permits effective 
transfer of information between treating physicians, 
and predicts failure rates and complication rates of 
nonoperative management (NOM). In addition to 
grading the injury, specific findings that should be 
noted on CT scan include contrast extravasation 
(i.e., a “blush”), the amount of intra-abdominal 
hemorrhage, and the presence of pseudoaneurysms 
(Fig. 9.4).

9.3  Penetrating Injuries

The diagnostic approach differs between penetrating 
and blunt abdominal trauma. As a rule, minimal evalu-
ation is required prior to laparotomy for gunshot or 
shotgun wounds that violate the peritoneal cavity 
because over 90% of patients have significant internal 
injuries. Anterior truncal GSWs between the fourth 
intercostal space and the pubic symphysis, whose tra-
jectory by x-ray or entrance/exit wound indicates peri-
toneal penetration, should undergo operative 
exploration (Fig. 9.5). GSWs to the back or flank are 
more difficult to evaluate because of the retroperito-
neal location of the injured abdominal organs. Triple-
contrast CT scan can delineate the trajectory of the 
bullet and identify peritoneal violation or retroperito-
neal entry, but may miss specific injuries [11]. 
Similarly, in obese patients, if the GSW is thought to 
be tangential through the subcutaneous tissues, CT 
scan can delineate the tract and exclude peritoneal vio-
lation. Laparoscopy is another option to assess perito-
neal penetration and is followed by laparotomy to 
repair injuries, if found. If in doubt, it is always safer to 
explore the abdomen than to equivocate, but a period 

c

Fig. 9.2 (continued)
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of close observation of the patient, with a reliable 
examination and hemodynamic stability, may be 
considered.

In contrast to GSWs, SWs that penetrate the peri-
toneal cavity are less likely to injure intra-abdominal 
organs. Anterior abdominal SWs (from costal margin 
to inguinal ligament and bilateral mid-axillary lines) 
should be explored under local anesthesia in the ED 
to determine if the fascia has been violated. Injuries 
that do not penetrate the peritoneal cavity do not 
require further evaluation, and the patient is dis-
charged from the ED. Patients with fascial penetra-
tion must be further evaluated for intra-abdominal 
injury, as there is up to a 50% chance of requiring 

laparotomy. The optimal diagnostic approach remains 
debated between serial examination, diagnostic peri-
toneal lavage (DPL), and CT scanning [12]. If DPL is 
pursued, an infraumbilical approach is used. Following 
placement of the catheter, a 10 cc syringe is connected 
and the abdominal contents aspirated (termed a diag-
nostic peritoneal aspirate or DPA). The aspirate is 
considered positive if more than 10 mL of blood is 
aspirated. If less than 10 mL is withdrawn, a liter of 
normal saline is instilled. The effluent is withdrawn 
via siphoning and sent to the laboratory for RBC 
count, WBC count, amylase, bilirubin, and alkaline 
phosphatase levels. Positive values are summarized in 
Table 9.2.

a b

c

Fig. 9.3 Left diaphragm ruptures are evident with the gastric bubble located in the left hemithorax (a), while right-sided ruptures present 
with the appearance of an elevated hemidiaphragm (b). CT scanning may be used in questionable cases to better identify the injury (c)



94 C.C. Burlew and E.E. Moore

Abdominal SWs of three body regions require a 
unique diagnostic approach: thoracoabdominal SWs, 
right upper quadrant SWs, and back/flank SWs. Occult 
injury to the diaphragm must be ruled out in patients 
with SWs to the lower chest. Patients undergoing DPL 
evaluation have different laboratory value cutoffs than 
those with standard anterior abdominal stab wounds 
(Table 9.2). An RBC count of more than 10,000/mL is 
considered positive, and an indication for laparotomy, 
while patients with a DPL RBC count between 1,000/mL 
and 10,000/mL should undergo laparoscopy or thora-
coscopy. An RBC count of less than 1,000/mL is consid-
ered negative, i.e., the red cells are due to the procedure 
itself. SWs to the flank and back should undergo triple-
contrast CT to detect occult retroperitoneal injuries of 
the colon, duodenum, and urinary tract [11].

Although not universally embraced, selected 
patients with penetrating injuries to the right upper 
quadrant may be candidates for nonoperative mana-
gement [13–16]. Patients must have a CT scan that 
documents confinement of the injury to the liver 

Subcapsular hematoma Laceration

Liver injury grade

I <10% surface area <1 cm in 
depth

II 10–50% surface area 1–3 cm

III >50% or >10 cm >3 cm

IV 25–75% of a hepatic lobe

V >75% of a hepatic lobe

VI Hepatic avulsion

Spleen injury grade

I <10% surface area <1 cm in 
depth

II 10–50% surface area 1–3 cm

III >50% surface area >3 cm

IV >25% devascularization Hilar injury

V Shattered spleen

Table 9.1 AAST solid organ injury grading scales

a b

c

Fig. 9.4 Findings on imaging that are associated with failure of NOM for splenic injuries: contrast extravasation or “blush” (a), 
intra-abdominal hemorrhage extending into the pelvis (b), and pseudoaneurysms (c)
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(Fig. 9.6). Additionally, the patient must be hemody-
namically stable, have a reliable physical examination 
without evidence of peritonitis (i.e., cannot have 
depressed mental status), and not require blood prod-
ucts. Patients should be admitted for serial exami-
nation and hemoglobin monitoring; any alteration 
should prompt laparotomy. Violation of the diaphragm 
has the risk of a biliopleural fistula. An alternative 
approach is to perform laparoscopy to confirm trajec-
tory of the missile or knife, and to repair the diaphragm. 
In addition to avoiding the morbidity of a laparotomy, 
the success of NOM for penetrating trauma has resulted 
in decreased hospital stays, lower transfusion require-
ments, and diminished abdominal infection rates.

Penetrating
abdominal

trauma

Hemodynamically
unstable

Operating
room

GSW

Anterior
abdomen

RUQ

Hemodynamically
stable

SW

Tangential
back/flank CT

scan

AASW
with

+ LWE 

Back/flank

DPL
vs.
CT

scan
vs.

serial
exams

+

+

Fig. 9.5 Algorithm for the 
evaluation of penetrating 
abdominal injuries

Fig. 9.6 Nonoperative management of penetrating abdominal trauma may be considered if the wound is isolated to the liver as docu-
mented by CT scan

Laboratory study Positive value

AASW TSW

White blood cell 
(WBC)

>500 cells/mL >500 cells/mL

Red blood cell 
(RBC)

>100,000 cells/mL >10,000 cells/mL

Amylase >19 IU/L >19 IU/L

Alkaline 
phosphatase

>2 IU/L >2 IU/L

Bilirubin >0.1 mg/dL >0.1 mg/dL

Table 9.2 A positive diagnostic peritoneal lavage following 
trauma is defined by specific laboratory values

AASW anterior abdominal stab wounds, TSW thoracoabdominal 
stab wounds
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9.4  Blunt Abdominal Trauma

9.4.1  Liver and Spleen

With the advent of CT scanning, nonoperative man-
agement of solid organ injuries has replaced routine 
operative exploration. Nonoperative management of 
blunt solid organ injuries is appropriate in hemody-
namically stable patients that do not have overt perito-
nitis or other indications for laparotomy. High grade 
injuries, a large amount of hemoperitoneum, contrast 
extravasation, and pseudoaneurysms are not absolute 
contraindications for nonoperative management; how-
ever, these patients are at high risk for failure and are 
more likely to need angioembolization [17–21]. 
Likewise, there is not a patient age cutoff for the NOM 
of solid organ injuries. A multidisciplinary approach 
including angiography with selective angioemboliza-
tion has improved NOM success rates as well as sur-
vival [19, 20, 22].

Over 80% of patients with liver injuries may be 
managed nonoperatively. Patients who require laparo-
tomy for their liver injuries typically fail nonoperative 
management in the first 24–48 h [17, 22]. Patients with 
persistent hemodynamic instability despite red cell 
transfusions of 4 units in 6 h or 6 units in 24 h should 
undergo laparotomy. Patients that develop peritonitis 
following admission should also undergo laparotomy 
with concern of a missed bowel injury. Of the minority 
(8%) of patients that fail NOM, half require operation 
due to associated injuries (i.e., enteric or pancreatic 
injuries), while the other half undergo laparotomy for 
hepatic-related hemorrhage [17]. Prediction of which 
patients will ultimately require laparotomy has yet to 
be accomplished. Perhaps not surprisingly, those 
patients who fail NOM have increasing rates of failure 
associated with increasing grades of hepatic injury, 
with grade V injuries having a greater than 20% failure 
rate. Subsequent studies have reported failure rates of 
14% in grade IV injuries and 23% in grade V injuries 
[18]. Similarly, the amount of hemoperitoneum appears 
to correlate with successful management; patients with 
a large amount of hemoperitoneum (i.e., blood extend-
ing into the pelvis) are more likely to fail NOM.

An indication for angioembolization to address 
ongoing hepatic bleeding is transfusion of 4 units of 
RBCs in 6 h or 6 units of RBCs in 24 h in the hemody-
namically stable patient. Recurrent hemodynamic 

instability, however, often requires laparotomy with 
perihepatic packing for hemostasis. Patients with con-
trast extravasation identified on CT scanning, indicat-
ing arterial hemorrhage, should also be considered as a 
candidate for hepatic angiography. Originally, evi-
dence of extravasation was an indication for laparo-
tomy; however, the advent of endovascular techniques 
has resulted in effective hemostasis in selected cases. 
Angioembolization is particularly helpful in hemody-
namically stable patients with contrast pooling within 
the hepatic parenchyma [19]. Patients with contrast 
extravasation into the peritoneal cavity are more likely 
to require laparotomy [20], but cases of successful 
embolization have been reported [21].

Until the 1970s, splenectomy was considered man-
datory for all splenic injuries. Recognition of the 
immune function of the spleen refocused efforts on 
splenic salvage in the 1980s [23, 24]. Following suc-
cess in pediatric patients, NOM of splenic injuries was 
adopted in the adult population and has become the 
prevailing strategy for blunt splenic trauma [25]. 
Nonoperative management of solid organ injuries is 
pursued in hemodynamically stable patients that do 
not have overt peritonitis or other indications for lapa-
rotomy [26–30]. As in the case of liver injuries, there 
is no cutoff age for patients for the NOM [31, 32], and 
high-grade injuries, a large amount of hemoperito-
neum, contrast extravasation and pseudoaneurysms are 
not absolute contraindications for nonoperative man-
agement; however, these patients are at high risk for 
failure [33–36]. The identification of contrast extrava-
sation as a risk factor for failure of NOM led to liberal 
use of angioembolization in an attempt to avoid lapa-
rotomy. The true value of angioembolization in splenic 
salvage has not been rigorously evaluated. Patients 
with intraparenchymal splenic blushes who are other-
wise asymptomatic may be considered for a period of 
observation rather than empiric angioembolization 
[37]; it is thought that the contained hemorrhage within 
the splenic capsule may result in tamponade of the 
bleeding (Fig. 9.7).

It is clear, however, that 20–30% of patients with 
splenic trauma deserves early splenectomy, and that 
failure of NOM often represents poor patient selection 
[38, 39]. In adults, indications for prompt laparotomy 
include initiation of blood transfusion within the first 
12 h, considered to be secondary to splenic injury, or 
hemodynamic instability. In the pediatric population, 
blood transfusions up to half the patient’s blood 
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volume are utilized prior to operative intervention. 
Following the first 12 post-injury hours, indications for 
laparotomy are not as black and white. Determination 
of the patient’s age, comorbidities, current physiology, 
degree of anemia, and associated injuries will deter-
mine the use of transfusion alone versus intervention 
with either embolization or operation. Unlike hepatic 
injuries, which rebleed in 24–48 h, delayed hemor-
rhage or rupture of the spleen can occur up to weeks 
following injury. Overall, nonoperative treatment obvi-
ates laparotomy in more than 90% of cases.

9.4.2  Pancreatic Injuries

Pancreatic contusions, with or without associated duc-
tal disruption, are difficult to diagnose in patients with 

blunt abdominal trauma [40]. Patients clearly at risk 
include those with significant mechanisms including 
high force, a seatbelt sign on physical examination, or 
a blow to the epigastrium [41]. The initial CT scan 
may show nonspecific stranding of pancreas. 
Associated fluid around the pancreas should prompt 
further invasive studies such as ERCP or MRCP to rule 
out a biliary or pancreatic duct injury. With a tentative 
diagnosis of a pancreatic contusion, one may consider 
following serial determinations of amylase/lipase; 
although these lab studies do not have a reliable sensi-
tivity [42], increasing values over time combined with 
an alteration in clinical exam should prompt a repeat 
CT scan, duodenal C-loop study, DPL, or an ERCP 
depending upon the suspected lesion.

Historically, injuries to the pancreas were managed 
with operative intervention [43]. With the recent evo-
lution of nonoperative management for solid organ 

a b

c

Fig. 9.7 Intraparenchymal splenic blush noted on initial CT scan (a, b) may resolve following a period of close observation (c)
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injuries, a non-resectional management schema has 
developed for select pancreatic injuries [44, 45]. 
Observation of pancreatic contusions, particularly those 
in the head of the pancreas that may involve ductal dis-
ruption, includes serial exams and monitoring of serum 
amylase. Pancreatic injuries involving the major ducts, 
originally a strict indication for operative intervention, 
may be managed with ERCP and stenting in select 
patients; the durability of this approach is currently 
under investigation [46].

9.4.3  Bowel Injuries

Diagnosing a hollow viscus injury is notoriously diffi-
cult [47], and even short delays in diagnoses result in 
increased morbidity [48, 49]. Findings suggestive of a 
bowel injury include thickening of the bowel wall, 
“streaking” in the mesentery, or free intraperitoneal air 
[9]. If a patient’s initial CT scan of the abdomen shows 
free fluid without evidence of a solid organ injury to 
explain such fluid, evaluation for a bowel injury should 
be performed [50–52]. DPL should also be considered 
in a patient if there is increasing intra-abdominal fluid 
on bedside ultrasound in patients with a solid organ 
injury but a stable hematocrit, and/or in patients with 
unexplained clinical deterioration. Particular attention 
should be paid to elevations in the DPL effluent of bili-
rubin, alkaline phosphatase, and amylase when pursu-
ing a diagnosis of bowel injury, with specific laboratory 
values indicating the need for laparotomy (Table 9.2) 
[53, 54]. A rectal injury may be life-threatening in 
patients with pelvic fractures. While some patients 
have clear findings on physical examination, ranging 
from hematochezia to overt degloving of the perineum, 
others may have occult injuries that are missed on ini-
tial evaluation in the trauma bay. Flexible or rigid sig-
moidoscopy should rule out blood within the canal, 
clear intestinal perforation, or ischemic mucosa [55].

Following blunt trauma, patients may develop hema-
tomas in the duodenal wall which obstruct the lumen. 
Clinical exam findings include epigastric pain associ-
ated with either emesis or high nasogastric tube (NGT) 
output; CT scan imaging with oral contrast failing to 
pass into the proximal jejunum is diagnostic. Patients 
with suspected associated perforation, suggested by 
clinical deterioration or imaging with retroperitoneal 
free air or contrast extravasation, should be explored 

operatively. Nonoperative management includes con-
tinuous NGT decompression and nutritional support 
with total parenteral nutrition (TPN) [56, 57]. A marked 
drop in NGT output heralds resolution of the hematoma, 
which typically occurs within 2 weeks; repeat imaging 
to document these clinical findings is optional. If the 
patient does not improve clinically or radiographically 
within 4 weeks, operative evaluation is warranted.

9.4.4  Genitourinary

Over 90% of all blunt renal injuries are treated nonopera-
tively. Operative intervention following blunt trauma is 
limited to renovascular injuries and destructive parenchy-
mal injuries that result in hypotension. The renal arteries 
and veins are uniquely susceptible to traction injury 
caused by blunt trauma. As the artery is stretched, the 
inelastic intima and media may rupture, causing throm-
bus formation and resultant stenosis or occlusion. The 
success of renal artery repair approaches 0%, but an 
attempt is reasonable if the injury is less than 5 h old, or 
if the patient has a solitary kidney or bilateral injuries 
[58]. Early CT with Interventional Radiology placement 
of a stent should improve outcomes. Reconstruction of 
blunt renal injuries, however, may be difficult because 
the injury is typically at the level of the aorta. If repair is 
not possible within this time frame, leaving the kidney in 
situ does not necessarily lead to hypertension or abscess 
formation. The renal vein may be torn or completely 
avulsed from the vena cava due to blunt trauma. Typically, 
the large hematoma causes hypotension, leading to oper-
ative intervention. The majority of penetrating wounds to 
kidneys are explored. Renal vascular injuries are com-
mon following penetrating trauma, and they may be 
deceptively tamponaded, resulting in delayed hemor-
rhage. For destructive parenchymal or irreparable reno-
vascular injuries, nephrectomy may be the only option; 
palpation of a normal contralateral kidney must be per-
formed as unilateral renal agenesis occurs in 0.1% of 
patients. Bladder injuries are subdivided based upon 
intraperitoneal versus extraperitoneal extravasation. 
Ruptures or lacerations of the intraperitoneal bladder are 
operatively closed with a running, single-layer, 3–0 
absorbable monofilament suture. Laparoscopic repair is 
becoming common in patients not requiring laparotomy 
for other injuries. Extraperitoneal ruptures are treated 
nonoperatively with bladder decompression for 2 weeks.
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9.5  Post-injury Complications Requiring 
Abdominal Exploration

Following hepatic injuries, the most common compli-
cation is a bile leak or biloma, occurring in up to 20% 
of patients (Fig. 9.8) [59, 60]. Clinical presentation 
includes abdominal distension, intolerance of enteral 
feeds, and elevated liver functions tests. CT scanning 
effectively diagnoses the underlying problem, and the 
vast majority is treated with percutaneous drainage 
and ERCP with sphincterotomy. Occasionally, lap-
aroscopy or laparotomy with drainage of biliary ascites 
is indicated, particularly if the patient fails to resolve 
their ileus and fever [61]. Patients undergoing angioem-
bolization for liver trauma must be carefully monitored 
for hepatic necrosis and may occasionally require 
delayed formal hepatic resection.

The most common problem in patients with splenic 
injuries is delayed bleeding, although as noted previously, 
the majority fails over an established timeframe. Patients 
undergoing splenic embolization can fail with rebleeding 
with 13% of patients requiring splenectomy [62].

Missed bowel injuries are the most commonly pur-
sued injury, not due to their frequency (less than 5% of 
blunt trauma) but rather their associated morbidity. 
Observation for a missed small or large bowel injury is 
critical; clinical findings in such patients include a ris-
ing white blood cell count, fever, tachycardia, and 
increasing abdominal pain or frank peritonitis. After 
repair of bowel injuries, the most common intra-abdominal 
complications are anastomotic failure and abscess. Per-
cutaneous versus operative therapy will be based on the 
location, timing, and extent of the collection.

The abdominal compartment syndrome (ACS) is 
defined as intra-abdominal hypertension plus end-
organ sequelae (decreased urine output, increased 

pulmonary inspiratory pressures, decreased cardiac 
preload, and increased cardiac afterload). The ACS 
can be due to either intra-abdominal injury (primary) 
or massive resuscitation (secondary). A diagnosis of 
intra-abdominal hypertension cannot reliably be made 
by physical examination; therefore, it is obtained by 
measuring the intraperitoneal pressure. Organ failure 
can occur over a wide range of recorded bladder pres-
sures, and except for > 35 mmHg, there is no single 
measurement of bladder pressure that prompts thera-
peutic intervention. Rather, emergent decompression 
is warranted in the patient with intra-abdominal hyper-
tension at the level it produces end-organ dysfunction. 
Decompression is performed operatively either in the 
ICU if the patient is hemodynamically unstable or in 
the operating room. ICU bedside laparotomy is easily 
accomplished, precludes transport in hemodynami-
cally compromised patients, and requires minimal 
equipment (scalpel, suction, cautery, and abdominal 
temporary closure dressings). Patients with significant 
intra-abdominal fluid as the primary component of 
their ACS, rather than bowel or retroperitoneal edema, 
may be effectively decompressed via a percutaneous 
drain. This has been particularly applicable for nonop-
erative management of major liver injuries. These 
patients are identified by bedside ultrasound, and avoid 
the morbidity of a laparotomy. When operative decom-
pression is required with egress of the abdominal con-
tents, temporary coverage is obtained using a 1010 
drape and ioban coverage (Fig. 9.9). It is to be noted 
that patients can develop recurrent abdominal com-
partment syndrome despite a widely open abdomen. 
Therefore, bladder pressures should be monitored 
every 4 h, with significant increases in pressures alert-
ing the clinician to the possible need for repeat opera-
tive decompression.

a b

Fig. 9.8 A biloma, evident on 
CT scan (a), with an associated 
right hepatic duct injury evident 
on ERC (b)
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9.6  Collaboration in the Multiply 
Injured Patient

Patients with abdominal trauma often have associated 
fractures of the pelvis and extremities due to the required 
energy transfer to produce an abdominal injury war-
ranting operative care. Early dialog between the trauma 
and orthopedic teams is critical to coordinate patient 
care and optimize patient outcomes. One illustrative 
example of this collaboration is the patient with hemo-
dynamic instability and an unstable pelvic fracture. 
Protocols for care, with the early involvement of both 
the trauma and orthopedic teams in the trauma bay and 
in the operating room, has been shown to reduce mor-
tality [63]. In these multiply injured patients, the ortho-
pedic team can stabilize fractures and place C-clamps 
in the ED, while the trauma team evaluates the patient 
for thoracoabdominal trauma and the need for operative 
management. In patients requiring emergent laparo-
tomy who also require intervention for an unstable pel-
vic fracture, the two teams can operate simultaneously; 
the trauma team performs the laparotomy, while the 
orthopedic team places an external fixator and performs 
preperitoneal pelvic packing (PPP) [64, 65]. Alter-
natively, if the patient’s hemodynamic instability is 
related to a pelvic fracture with concurrent extremity 
injuries, the trauma team can perform PPP, while the 
orthopedic team places external fixators, washes out 

open fractures, and performs necessary fasciotomies. 
Timely communication can ensure appropriate resusci-
tation and permit simultaneous operations [66, 67].
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10.1 Introduction

High-energy pelvic fractures are life-threatening inju-
ries.  Approximately 20% of patients with high-energy 
pelvic injuries develop hemodynamic instability 
directly related to blood loss from the pelvic injury, 
and hemorrhage remains a leading cause of death in 
patients sustaining high-energy pelvic fractures.  
Evaluation and management of patients with pelvic 
fractures is a multidisciplinary responsibility, requir-
ing efficient assessment and rapid intervention.  
Although the general surgery trauma specialist ulti-
mately directs the management of multiply injured 
patients, it is important for the Orthopaedic surgeon to 
be involved in every phase of management of patients 
with pelvic fractures, including primary resuscitation.  
Early assessment by an Orthopaedic surgeon familiar 
with pelvic fracture patterns allows the treatment team 
to establish diagnostic and treatment priorities, and 
expedites the institution of life-saving maneuvers. 
A thorough understanding of potential sources of 
bleeding and awareness of treatment options is essen-
tial for all physicians involved in the care of patients 
with pelvic fractures.

10.2  Anatomy

The sacrum and two innominate bones (composed of 
the ilium, ischium, and pubis) are firmly connected by 
several strong ligaments to form the ring-like structure 
of the pelvis. Anteriorly, the innominate bones are 
joined at the pubic symphysis, which consists of a hya-
line cartilage articulation with multiple supporting 
ligaments. Posteriorly, the innominate bones are joined 
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to the sacrum at the sacroiliac joint. The sacroiliac 
joint consists of an articular portion anteriorly and the 
fibrous or ligamentous portion posteriorly.

The bones of the pelvis have no intrinsic stability and 
are stabilized by several strong ligamentous structures 
(Fig. 10.1a, b). The soft tissue connection at the pubic 
symphysis consists of fibrocartilage spanning the two 
pubic bones and the arcuate ligament inferiorly. The 
posterior pelvic ring ligaments are critical for pelvic sta-
bility. The strongest of these ligaments are the posterior 
sacroiliac ligaments. These ligaments are made up of 
short oblique fibers that run from the posterior ridge of 
the sacrum to the posterosuperior and posteroinferior 
iliac spines, and longer longitudinal fibers that run from 
the lateral sacrum to the posterosuperior iliac spine 
combining with the sacrotuberous ligament. The sacro-
tuberous ligament is a strong band of tissue that runs 
from the posterolateral sacrum and dorsal aspect of the 
posterior iliac spine to the ischial tuberosity. The sacro-
tuberous ligament, along with the posterior sacroiliac 
ligaments, provides vertical stability to the pelvis. The 
sacrospinous ligament runs from the lateral edge of the 
sacrum and coccyx to the sacrotuberous ligament and 
inserts onto the ischial spine. The iliolumbar ligaments 
run from the fourth and fifth lumbar transverse processes 
to the posterior iliac crest; the lumbosacral ligaments 
run from the fifth lumbar transverse process to the sacral 
ala. The anterior sacroiliac ligaments are relatively weak 
compared to the strong posterior sacroiliac ligaments.

Anatomically, the pelvis structures can be separated 
into the true pelvis, located below the iliopectineal line 
(pelvic brim), and the false pelvis, located above the 
iliopectineal line. Numerous anatomical structures, 
including vascular supply for the buttocks and lower 
extremities, pass between the false and true pelvis. 

The true pelvis contains the floor of the pelvis along 
with the urethra, rectum, prostate, and vagina. The 
false pelvis surrounds the lower intra-abdominal con-
tents along with the iliacus muscle.

It is important to understand the location of the major 
blood vessels that lie on the inner wall of the pelvis, as 
injury to these vessels is commonly associated with 
severe hemorrhage (Fig. 10.2). An understanding of pel-
vic anatomy will help the orthopaedic surgeon recognize 
the fracture patterns that are more likely to cause direct 
damage to major vessels and result in significant bleed-
ing. The common iliac artery divides into the external 
and internal branches. The external iliac artery exits the 
pelvis anteriorly over the pelvic brim to become the 
femoral artery. The internal iliac artery lies over the pel-
vic brim, and courses anterior and in close proximity to 
the sacroiliac joint. The posterior branches of the inter-
nal iliac artery include the iliolumbar, superior gluteal, 
and lateral sacral arteries. The superior gluteal artery, 
which is the largest branch of the internal iliac artery, 
courses across the sacroiliac joint in the true pelvis, and 
exits through the greater sciatic notch to supply the glu-
teus medius, gluteus minimus, and tensor fascia lata 
muscles. It is the most commonly injured vessel in pel-
vic fractures with posterior ring disruptions. Anterior 
branches of the internal iliac artery include the obturator, 
umbilical, vesical, pudendal, inferior gluteal, rectal, and 
hemorrhoidal arteries. The inferior gluteal artery exits 
the pelvis through greater sciatic notch inferior to the 
piriformis and supplies the gluteus maximus. The puden-
dal and obturator arteries are adjacent to the pubic rami. 
In addition to the arteries, there is an associated large 
venous plexus which drains into the internal iliac vein. 
Injury to this venous plexus is the major source of hem-
orrhage in most pelvic fractures.
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Fig. 10.1 (a) Posterior view of the pelvis showing the strong posterior ligaments which provide critical stability of the pelvic ring. 
(b) Anterior view of the pelvis showing the important ligamentous structures that stabilize the pelvic ring (From Tile [1])
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The neural structures that traverse the pelvis can 
also be injured in displaced pelvic fractures, leading to 
long-term morbidity. The sciatic nerve is formed by 
roots from the lumbosacral plexus (L4, L5, S1, S2, 
S3), and exits the pelvis deep to the piriformis muscle. 
The lumbosacral trunk is formed from the anterior 
rami of L4 and L5, and it crosses anterior to the sacral 
ala and SI joint. Fractures of sacral ala or dislocations 
of SI joint are most likely to injure the lumbosacral 
trunk. Typical displacement patterns in posterior pel-
vic fractures include cranial and posterior displace-
ment of the hemipelvis. This may actually decrease the 
tension on the nerve roots exiting the pelvis posteri-
orly. More concerning are pelvic injuries with anterior 
(and caudal) displacement of the hemipelvis, as these 
displacement patterns potentially put the nerve roots 
on continued and significant stretch. The L5 nerve root 
exits below the L5 transverse process and crosses the 
sacral ala approximately 2 cm medial to the sacroiliac 
joint. It may be injured in SI joint disruptions and dur-
ing anterior surgical approaches to the SI joint.

Significant anterior ring disruption can also damage 
the urethra and/or bladder. The female urethra is short 
and not rigidly fixed to the pubis or pelvic floor. Because 
it is more mobile, it is less susceptible to injury from 
shear forces associated with pelvic fractures. The male 
urethra is less mobile and is more susceptible to injury 
in pelvic fractures. Stricture is the most common long-
term complication observed in male patients who have 
sustained a urethral injury, but impotence may also 
occur in 25–47% of patients with urethral rupture, 

likely due to associated injury of the parasympathetic 
nerves (S2–S4). In males, the bladder neck is attached 
to the pubis by puboprostatic ligaments and is contigu-
ous with prostate, whereas in females, the bladder lies 
on the pubococcygeal portion of levator ani muscles. 
The superior and upper posterior portion of bladder are 
covered by peritoneum, while the remainder of the 
bladder is extraperitoneal and covered with loose areo-
lar tissue. Bladder injuries may be caused by a variety 
of mechanisms including bony spicules from pubic 
rami fractures, blunt force injuries causing rupture, or 
shearing injuries. Intraperitoneal bladder ruptures 
require operative repair. Extraperitoneal bladder rup-
tures can usually be managed nonoperatively unless 
there is a bony spicule invading the bladder. 
Nonoperative management consists of catheter drain-
age and broad-spectrum antibiotics. Most bladder inju-
ries heal by 3–6 weeks, and a cystogram is obtained 
prior to catheter removal to confirm bladder healing.

10.3  Classification

Classification systems are useful aids in decision mak-
ing and treatment following high-energy pelvic frac-
tures [3]. Several pelvic fracture classification systems 
have been developed, including the Pennal, Letournel, 
Bucholz, Tile, and Young and Burgess. The two 
 classification systems commonly used are the Tile clas-
sification and the Young and Burgess classification.
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Fig. 10.2 Internal aspect of the pelvis 
showing the major blood vessels that lie on 
the inner wall of the pelvis (From Kellam 
and Browner [2]; Chap. 31, Fig. 31-6)
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Type A: Stable pelvic fractures
Type A1: Avulsion fractures with no disruption of the pelvic ring
Type A2: Nondisplaced or minimally displaced pelvic ring fracture (for example, a superior and inferior pubic ramus fracture)
Type A3: Transverse fractures of the inferior sacrum or coccyx with no disruption of the pelvic ring

Type B: Rotationally unstable, vertically stable
Type B1: Anterior posterior compression injury (open book)

Stage 1: Pubic symphysis diastasis less than 2.5 cm, no disruption of posterior pelvic ring ligaments
Stage 2: Pubic symphysis diastasis greater than 2.5 cm, unilateral disruption of posterior pelvic ring ligaments
Stage 3: Pubic symphysis diastasis greater than 2.5 cm, bilateral disruption of posterior pelvic ring ligaments

Type B2:  Lateral compression injury affecting only one side of the pelvic. Ipsilateral anterior and posterior ring involvement 
with instability in internal rotation

Type B3:  Lateral compression injury affecting both sides of the pelvis. Posterior pelvic ring injury with contralateral anterior 
ring involvement. Unstable in internal rotation. This type of injury has been called the “bucket-handle” fracture

Type C: Rotational and vertically unstable
Type C1: Ipsilateral anterior and posterior injury that results in rotational and vertical instability of the hemipelvis
Type C2: Bilateral pelvic injury that results in rotational instability on one side and vertical instability on the other side
Type C3: Bilateral pelvic injury in which both sides are both rotationally and vertically unstable

Table 10.1 Tile classification of pelvic ring injuries

The Tile classification primarily describes pelvic 
instability based on the anterior and posterior injury 
pattern(s) [4, 5]. Injuries are divided into three broad 
categories using an ABC classification similar to the 
AO/OTA classification system. These three main cat-
egories are further divided into specific subtypes. Type 
A injuries are stable pelvic fractures. Type B injuries 
are rotationally unstable, but vertically stable fractures. 
Type C injuries are both rotationally and vertically 
unstable (Table 10.1).

The Young and Burgess classification is primarily a 
mechanistic system based on the perceived applied 
force necessary to produce the injury pattern observed. 
This classification system should alert the surgeon to 
common associated injuries, the resuscitation needs of 
the patient, and may direct clinical care. The pelvic 
fracture mechanism is categorized into anterior poste-
rior compression (APC), lateral compression (LC), 
vertical shear (VS), and combined mechanism (CM). 
Within each category, subtypes indicate the severity of 
injury (Table 10.2 and Fig. 10.3).

The Young and Burgess pelvic fracture classifica-
tion has been found to correlate with the pattern of 
organ injury, resuscitative requirements, and mortality 
[6, 7]. A rise in mortality has been shown as the APC 
grade increases, and the APC-III pattern of injuries has 
been correlated with the greatest 24-h fluid resuscita-
tion requirements.

In a series of 210 consecutive patients with pelvic 
fractures, Burgess and colleagues reported that  

transfusion requirements for patients with APC inju-
ries averaged 14.8 units, compared to a mean of 3.6 
units for patients with LC injuries, and 5 units for 
patients with combined mechanism injuries [6]. The 
overall mortality rate in this series was 8.6%. A higher 
mortality rate was seen in the APC (20%) and CM pat-
terns (18%), compared to the LC (7%) and VS (0%) 
patterns. Burgess and colleagues noted that exsan-
guination from pelvic injuries was rare in the lateral 
compression pattern in which mortality was typically 
due to other injuries, most commonly a severe closed 
head injury.

In a study of 343 trauma patients with pelvic frac-
tures, investigators found that as the APC type 
increased from I to III, there was an increasing per-
centage of injury to the spleen, liver, and bowel [7]. In 
addition, there was an increasing incidence of pelvic 
vascular injury, retroperitoneal hematoma, shock, sep-
sis, and acute respiratory distress syndrome. Similarly, 
as the LC type increased from I to III, the authors 
found an increased incidence of pelvic vascular injury, 
retroperitoneal hematoma, shock, and 24-h volume 
needs. Organ injury patterns and mortality in patients 
with vertical shear injuries were similar to those with 
high-grade APC injuries. Patients with combined 
mechanisms of injury had an associated injury pattern 
similar to the lower grades of APC and LC injuries. 
The pattern of injury in the APC-III was correlated 
with the greatest 24-h fluid requirements. The investi-
gators also reported major differences in the causes of 
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death between patients with LC patterns compared to 
APC patterns. Brain injury was the major cause of 
death in LC injuries, while in APC patterns, the most 
common causes of mortality were shock, sepsis, and 
Acute Respiratory Distress Syndrome (ARDS) related 
to massive torso forces.

10.4  Physical Examination

The orthopaedic examination of the pelvis should be 
methodical and complete. An associated limb defor-
mity (shortening or rotation) may be indicative of a 
pelvic injury with displacement. The skin about the 

Anterior posterior compression (APC)

APC type I: Slight widening of the symphysis pubis (<2.5 cm) but intact posterior pelvic ligaments
APC type II:  Widening of the symphysis pubis >2.5 cm with anterior opening of the sacroiliac joint. The posterior sacroiliac 

ligaments are intact, but the anterior sacroiliac, sacrotuberous, and sacrospinous ligaments have been torn
APC type III:  This is complete disruption of the ipsilateral ligaments including the posterior sacroiliac ligaments, resulting in 

both rotational and vertical instability of the hemipelvis

Lateral compression (LC)

LC type I: Crush of the sacrum and a ipsilateral horizontal pubic ramus fracture caused by a direct lateral force
LC type II:  Crush injury of the sacrum with either disruption of the posterior sacroiliac joint or a fracture of the iliac wing. 

The posterior fracture pattern is referred to as a “crescent” fracture. This is caused by a more anteriorly directed 
lateral force than the LC-I pattern

LC type III:  In addition to the LC-II fracture pattern, the force continues across the opposite hemipelvis resulting in an 
external rotation injury of the opposite hemipelvis

Vertical shear (VS)

Caused by a vertically directed force which results in disruption of all the ligamentous structures of the hemipelvis. The 
posterior ring disruption may occur through the sacroiliac joint, or through a vertical fracture of the sacrum

Combined mechanism (CM)

High-energy pelvic fractures may also be caused by more than a single force directed in one plane. The combined mechanism of 
injury may have combined components of any of the above fracture patterns

Table 10.2 Young and Burgess classification

Fig. 10.3 The Young and 
Burgess classification of 
pelvic fracture. LC lateral 
compression type pattern, 
APC anteroposterior 
compression type pattern, VS 
vertical shear type pattern. 
The arrow in each panel 
indicates the direction of 
force producing the fracture 
pattern (From Kellam and 
Browner [2]; Chap. 31, 
Fig. 31-12)
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entire pelvis should be examined to ensure that there 
are not any associated open wounds. This includes spe-
cial attention to the perineum and gluteal folds where 
open fractures frequently occur. A digital rectal exami-
nation is required to detect rectal injury and open inju-
ries in this location. In women, a vaginal examination 
should be performed to rule out an open injury. Manual 
palpation of the pelvis should be carefully performed, 
and repeated examinations should be avoided.

The potential of an associated urethral injury should 
be considered in all pelvic fractures with significant 
anterior ring disruption (APC-II and APC-III type pat-
terns). Signs of potential urethral injury include: (1) 
inability to void despite a full bladder, (2) blood at ure-
thral meatus, (3) high riding or abnormally mobile 
prostate, and (4) elevated bladder on IVP. However, 
the absence of meatal blood or a high riding prostate 
does not rule out urethral injury. A retrograde urethro-
gram should be obtained to rule out urethral injury 
prior to insertion of a urinary catheter, since passing a 
urinary catheter in the presence of a urethral injury can 
cause additional iatrogenic injury.

10.5  Emergent Treatment/Bony 
Stabilization

It is uncommon for bleeding from a pelvic fracture to 
be the sole source of blood loss in the multiply injured 
patient. In fact, massive bleeding from a pelvic frac-
ture alone is uncommon. Nevertheless, the pelvic frac-
ture must potentially be considered as a major source 
of bleeding in the hemodynamically unstable patient, 
particularly when initial attempts to control bleeding 
from other sources fail to stabilize the patient. 
Provisional stabilization of the pelvic fracture should 
occur immediately during the patient’s initial evalua-
tion and resuscitation using one of the methods 
described in the following section.

10.5.1  Pelvic Binders

Circumferential pelvic compression can be easily 
achieved in the prehospital setting with some form of 
commercially available pelvic binders, providing early 

and beneficial pelvic stabilization during transport and 
resuscitation. In lieu of a commercial binder, a folded 
sheet wrapped circumferentially around the pelvis can 
also be used [8] (Fig. 10.4). The use of pelvic binders 
has been shown to reduce transfusion requirements, 
length of hospital stay, and mortality in patients with 
APC injuries [9]. External rotation of the legs is com-
monly seen in displaced pelvic fractures, and forces 
acting through the hip joint may contribute to pelvic 
deformity. Correction of lower extremity external rota-
tion can be easily achieved by taping the feet and knees 
together, which may improve the pelvic reduction pro-
vided through use of a pelvic binder.

10.5.2  Military Antishock Trousers 
(MAST)

In the 1970s and 1980s, Military antishock trousers 
(MAST) were commonly used to provide temporary 
compression and immobilization of the pelvic ring and 
lower extremity via pneumatic pressure. Although still 
useful for stabilization of patients with pelvic fractures, 
MAST has largely been replaced by the use of com-
mercially available pelvic binders. In the past, the use 
of MAST has been associated with other complications 
including lower extremity compartment syndrome.

10.5.3  Anterior External Fixation

Several studies have reported the benefit of emergent 
pelvic external fixation in the resuscitation of the 
hemodynamically unstable patient with an unstable 
pelvic fracture [6, 10]. Several factors may contribute 
to the beneficial effects of external fixation in pelvic 
fractures. Immobilization helps limit pelvic displace-
ment during patient movements and transfers, decreas-
ing the possibility of clot disruption. In certain patterns 
(e.g., APC-II), reduction of pelvic volume is often 
achieved by application of the external fixator. 
Experimental studies have shown that reduction of an 
APC-II pelvic injury increases the retroperitoneal pres-
sure, which may help tamponade venous bleeding [11]. 
Finally, the apposition of the displaced fracture sur-
faces can help facilitate the hemostatic pathway to 
control bony bleeding.
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10.5.4  C-Clamp

Standard anterior external pelvic fixation does little to 
provide posterior pelvic stabilization. This limits the 
effectiveness of standard anterior external fixators in 
fracture patterns involving significant posterior disrup-
tion or in cases in which the iliac wing is fractured. The 
posteriorly applied pelvic C-clamp was developed to 
address these injury patterns. The C-clamp allows prompt 
application of a compressive force posteriorly across the 
sacroiliac joints; however, extreme care must be exer-
cised to avoid iatrogenic injury during its application, 
and it should generally be done with fluoroscopic guid-
ance [12]. Alternative applications of the C-clamp to the 
trochanteric region of the femur and to the gluteus 
medius pillars have also been described as alternative 
methods of reducing the pelvis in specific circumstances. 
These methods can be performed more safely without 

fluoroscopic guidance, but may not be feasible in patients 
with associated acetabular fractures [13].

10.6  Hemorrhage Control

While stabilization of the bony pelvis is the first stage 
in hemorrhage control, additional interventions may 
also be required in selected patients.

10.6.1  Angiography

The overall prevalence of patients with pelvic frac-
tures who need embolization is reported to be <10%. 
In one review of 162 patients with high-energy 

a b

c d

Fig. 10.4 Application of circumferential pelvic antishock sheet-
ing. (a) A sheet is folded smoothly to a width of approximately 
2 ft and placed beneath the patient’s pelvis. (b) and (c) The ends 

of the sheet are crossed in an overlapping manner and pulled 
taut. (d) Clamps are placed proximally and distally to secure the 
sheet in position (From Routt et al. [8])
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pelvic fractures, only 8% underwent angiography. 
Embolization was more commonly performed in 
APC and VS patterns (performed in 20% of cases), 
but was infrequent in LC patterns (performed in only 
1.7% of cases) [6]. While most pelvic fracture 
patients do not require angiography, angiographic 
exploration should be considered in patients with 
continued hypotension despite pelvic fracture stabi-
lization and aggressive fluid resuscitation. Eastridge 
et al. reported that 58.7% of patients with persistent 
hypotension and a severely unstable pelvic fracture, 
including APC-II, APC-III, LC-II, LC-III, and VS 
injury patterns, had active arterial bleeding [14]. 
Miller et al. reported that 67.9% of patients with pel-
vic injuries and persistent hemodynamic instability 
had active arterial bleeding [15].

Early angiography and arterial embolization has 
been demonstrated to improve patient outcomes 
[16, 17]. However, it is important to remember that 
angiography and embolization are not effective in 
controlling bleeding from venous injuries and bony 
sites, which represents the predominant source of 
hemorrhage in high-energy pelvic fractures. Time 
spent in the angiography suite for hypotensive 
patients without arterial injury may not contribute 
to survival. In addition, the aggressive use of 
angiography is not without consequence and may 
result in ischemic complications involving the glu-
teal musculature and subsequent wound healing 
problems [18].

10.6.2  Pelvic Packing

Pelvic packing was developed as a method to achieve 
direct hemostasis by controlling venous bleeding 
resulting from pelvic fractures. Trauma surgeons in 
Europe have long been advocating exploratory laparo-
tomy followed by pelvic packing [19]. This technique 
is believed to be especially useful in patients in 
extremis.

More recently, a modified method of pelvic pack-
ing, referred to as retroperitoneal packing, has been 
introduced in North America [20] (Fig. 10.5). In this 
approach, the intraperitoneal space is not entered, leav-
ing the peritoneum intact to help provide a tamponade 
effect. Pelvic packing can be performed quickly with 
minimal blood loss. In one recent series, only 4 of 24 
(16.7%) patients failed to stabilize hemodynamically 
following pelvic packing and required subsequent 
embolization, and the authors concluded that packing 
can quickly control hemorrhage and reduce the need 
for emergent angiography [21].

10.7  Treatment Algorithm

Patients presenting to Denver Health with a high-
energy pelvic fracture and hemodynamic instability 
are initially given 2 L of crystalloid solution (Fig. 10.6). 
A portable chest radiograph, along with radiographic 

a b

Fig. 10.5 Illustrations demonstrating the retroperitoneal pack-
ing technique. (a) An 8-cm midline vertical incision is made. 
The bladder is retracted to one side, and three unfolded lap 
sponges are packed into the true pelvis (below the pelvic brim) 
with a forceps. The first is placed posteriorly, adjacent to the 
sacroiliac joint. The second is placed anterior to the first sponge 

at a point corresponding to the middle of the pelvic brim. The 
third sponge is placed in the retropubic space just deep and lat-
eral to the bladder. The bladder is then retracted to the other 
side, and the process is repeated. (b) General location of the six 
lap sponges following pelvic packing (Adapted from Smith 
et al. [20])
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views of the pelvic and lateral cervical spine, is 
obtained to rule out a thoracic source of blood loss. A 
central venous pressure line is placed, and base deficit 
is measured.

A FAST examination is performed, and if positive, 
the patient is taken directly to the operating room for 
an exploratory laparotomy. A pelvic external fixator is 
placed, and pelvic packing is performed. If the patient 
remains hemodynamically unstable, he or she under-
goes pelvic angiography prior to transfer to the inten-
sive care unit (ICU). If hemodynamic stability is 
restored, the patient is transferred directly to the ICU. 
In the ICU, the patient receives further fluid resuscita-
tion, is warmed, and attempts are made to normalize 
the coagulation status. If the patient requires ongoing 
transfusion while in the ICU, angiographic assess-
ment, if not previously done, should be performed. 
Recombinant factor VIIa should be considered if the 
patient is recalcitrant to all other interventions.

If the FAST is negative, transfusion of PRBC is begun 
in the emergency department. If the patient remains 
hemodynamically unstable following the second unit of 

PRBC, he or she is taken to the operating room for  pelvic 
external fixation and pelvic packing. If the patient rem-
ains hemodynamically unstable, he or she undergoes 
pelvic angiography prior to transfer to the intensive care 
unit (ICU). If hemodynamic stability is restored, the 
patient is transferred directly to the ICU. An abdominal 
computed tomography scan can be performed at this 
point in time. If the patient requires ongoing transfusion 
while in the ICU, angiographic assessment, if not previ-
ously done, should be performed.

The experience at Harborview Medical Center has 
evolved similarly in many respects, especially with 
regards to resuscitation and ICU management. 
Additionally, the overall concept of combining pelvic 
stability with hemorrhage control is adhered to. 
However, the use of pelvic packing and external fixa-
tion is much less commonly performed. Typically, pel-
vic stability is provided with a circumferentially 
wrapped sheet while the patient undergoes his or her 
initial abdominal and radiographic evaluations. These 
sheets are left in position for up to 24–48 h if nec-
essary. However, frequent evaluation of the skin 
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is necessary to avoid focal pressure and soft tissue 
necrosis. For patients with identified  intra-abdominal 
pathology  requiring  exp loratory laparotomy, pelvic 
stability is maintained either by retention of the cir-
cumferential pelvic sheet, by application of an external 
fixator, or by primary percutaneous pelvic stabilization 
of the posterior and/or anterior pelvic ring as indicated. 
Individualized care is directed by the fracture pattern. 
For patients who do not respond to a combination of 
pel vic stabilization and treatment of any identified 
intra- abdominal sources of bleeding, angiography is 
typically performed.

Clear and direct communication between the general 
trauma surgeon, orthopaedic trauma specialist, and 
other care providers is essential in the management of 
these severely injured patients. Such communication 
can help care providers understand each others concerns 
and the critical issues which each provider has identi-
fied. This communication can lead to improvements in 
the timing and order of the patient’s subsequent diag-
nostic, interventional, and definitive management.

10.8  Definitive Treatment

10.8.1  Internal Fixation: Anterior  
Pelvic Ring

Reduction and fixation of a pubic symphysis diastasis 
may be performed using either a midline incision 
(extending any prior laparotomy incision) or a 
Pfannenstiel incision. A separate Pfannenstiel approach 
is preferred whenever possible to allow for extension 
laterally, if needed. The midline raphe is identified, 
and dissection occurs between the two bellies of rectus 
abdominis muscle. The insertion of the rectus is often 
traumatically avulsed from one of the rami. Surgical 
release of the rectus from its insertion should be 
avoided. A Hohmann type retractor can be placed 
beneath the rectus abdominus and over the anterior of 
the rami to assist with retraction of the rectus and 
reduction of the hemipelvis. Relaxation of retraction 
from one side often allows improved retraction and 
visualization on the opposite side. For “open book” 
type injuries, a Weber tenaculum is commonly placed 
anteriorly at the same level of the pubic body to achieve 
the reduction. Counterforce may need to be applied to 

correct any flexion or extension deformity of one 
hemipelvis with respect to the other. If one hemipelvis 
is posteriorly displaced, an anteriorly directed force 
may be obtained using a Jungbluth pelvic reduction 
clamp, which is applied with screws placed from ante-
rior to posterior in the pubic body.

Several different plate and screw options may be 
used. Commonly, a six-hole 3.5-mm curved recon-
struction plate is used (Fig. 10.7). Other options include 
the use of a two- or four-hole plate with large fragment 
cortical or cancellous screws. One advantage of a two-
hole plate is that it permits some mobility, which may 
be useful in staged fixation when additional posterior 
reduction is required. However, in a clinical study 
comparing the use of a two-hole plate to a multi-hole 
plate fixation construct, investigators found a higher 
rate of implant failure and a significantly higher rate of 
pelvic malunion in patients treated with a two-hole 
symphyseal plate [22]. Locked plate fixation is now 
available; however, it has no clearly defined benefits 
over non-locked plating in the anterior pelvic ring. 
Double plating has also been described to improve sta-
bility if posterior internal fixation cannot be performed 
and the patient will be treated definitively with exter-
nal fixation [23]. This is rarely used, requires a signifi-
cant anterior soft tissue dissection, and has largely 
been replaced with a more aggressive approach to fixa-
tion of any associated posterior ring injuries.

Fig. 10.7 Radiograph following plate fixation of anterior pelvic 
ring and bilateral percutaneous iliosacral screw fixation of an 
APC-III pelvic fracture
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If there is an associated fracture of the pubic ramus, 
a longer plate can be used to span across the fracture 
site. Given the multiple associated soft tissue attach-
ments at the pubic ramis that provide some local stabil-
ity, the associated rami fractures can sometimes be 
ignored and the anterior ring is treated with standard 
symphyseal fixation alone. Alternatively, a retrograde 
ramus screw can be used for internal fixation, but tech-
nically this is somewhat demanding as the available 
corridor for screw placement is quite narrow [24].

10.8.2  Internal Fixation: Posterior  
Pelvic Ring

Injury to the posterior pelvic ring can occur through a 
dislocation of the sacroiliac joint or through a fracture 
of the sacrum. These injuries can be addressed through 
either closed reduction or open reduction and subse-
quent internal fixation with cannulated or noncannu-
lated screws.

It is important to obtain an anatomical reduction of 
the SI joint as long-term pain is associated with malre-
duction. The patient can be positioned either supine or 
prone, depending on the overall surgical plan and the 
comfort of the surgeon. A closed reduction can be 
attempted using a combination of limb traction, a frac-
ture table, or direct manipulation using an external fix-
ator. If an accurate reduction is obtained, percutaneous 
stabilization of the SI joint with large screws can be per-
formed. When open reduction is required, either a pos-
terior or anterior approach may be used. The posterior 
approach has been associated with a higher rate of 
wound healing complications, while the anterior 
approach has a higher risk of L5 nerve root injury as it 
runs less than 2 cm medial to the SI joint. However, with 
careful dissection and strategic posterior incision place-
ment, the soft tissue complications associated with open 
approaches to the posterior pelvis have been signifi-
cantly reduced. A combination of direct visualization, 
palpation of the SI joint, and radiographic evaluation is 
used to judge the reduction through either approach. 
Cannulated or noncannulated iliosacral screws can be 
used following either approach (Fig. 10.7). Alternatively, 
following the anterior approach, plate fixation can be 
used, but this is not as strong as iliosacral screws.

Crescent fractures involve a fracture in which a 
portion of the ilium remains attached to the sacrum. 

If the intact portion of the ilium is large, the fracture 
can be reduced through an open posterior approach 
and fixed with interfragmentary lag screws. 
Occasionally, if the fracture is quite anterior, an 
iliac approach may be used. In instances where the 
fragment is small or the posterior ligaments are 
injured, then stabilization with iliosacral screws is 
typically performed.

Posterior transiliac plate fixation may be selected 
for cases in which there is no available corridor for 
safe placement of SI screws. Usually, a 4.5-mm recon-
struction plate is used and tunneled subcutaneously, 
securing fixation to both posterior iliac spines. 
Postoperative wound complications remain a concern, 
especially in the presence of a closed internal deglov-
ing injury [25].

Displaced or unstable fractures of the iliac wing 
may require fixation through the iliac portion of an 
ilioinguinal approach. Fixation of the iliac wing can be 
difficult as the available bone for screw fixations is 
limited. The iliac wing is very narrow except along the 
crest and as it widens near the acetabulum. Fixation 
can be accomplished either with plates (on the inner or 
outer aspect of the ilium), screws (placed between the 
inner and outer tables of the ilium), or combinations 
thereof.
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11.1  Introduction

In approximately 10% of all patients with multiple 
traumas, urological components are regularly involved 
[1]. Genitourinary injuries may result in significant 
morbidity and mortality [1–3]. In general, one must 
distinguish between blunt and penetrating injuries to 
the urogenital organs necessitating urgent intervention. 
The incidence of injuries to the various organs varies 
with the kidney being the most commonly injured 
organ in 1–5% of trauma cases. Most urethral injuries 
are iatrogenic, while about 18% result in blunt and 7% 
in penetrating traumas.

11.2  Renal Trauma

Renal trauma occurs in about 1–5% of all cases with 
blunt trauma accounting for the most common mecha-
nism of renal injury about 90% of the time [1–7]. While 
penetrating injuries are much less frequent, they tend 
to be more severe and result in a higher rate of nephre-
ctomies [8]. Possible indicators for renal trauma are 
falls, blunt trauma to the flank region, and high-speed 
motor-vehicle accidents [1, 5, 6]. The Committee on 
the Organ Injury Scaling of the American Association 
for Surgery of Trauma (AAST) has classified renal 
injuries as shown in Table 11.1.

11.2.1  Clinical Symptoms

Gross hematuria might be present, but it does not cor-
relate with the degree of injury since major injuries 
such as renal pedicle lacerations or disruption of the 
ureteropelvic junction may occur without hematuria. 
Blood transfusion requirements are an indirect indica-
tion of the rate of blood loss.
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11.2.2  Imaging Studies

Patients with blunt renal trauma, a microscopic 
 hematuria, and stable vital signs in the absence of 
deceleration trauma need not undergo any type of 
imaging studies [1, 4, 9].

Patients with gross hematuria, penetrating injuries 
with suspected renal involvement and instable vital 
signs must undergo immediate imaging studies 
(Fig. 11.1) [1, 5]. CT represents the gold standard for 
radiographic assessment in suspected renal injury 
because it (1) defines the location and the extent of 

1 Contusion or non-expanding subcapsular hematoma. 
No laceration

2 Non-expanding perirenal hematoma, cortical 
laceration < 1 cm deep w/o extravasation

3 Cortical laceration > 1 cm w/o urinary extravasation

4 Laceration: through corticomedullary junction into 
collecting system or 
Vascular: segmental renal artery or vein injury with 
contained hematoma

5 Laceration: shuttered kidney or 
Vascular: renal pedicle injury or avulsion

Table 11.1 AAST organ injury severity scale for the kidney

Blunt renal trauma in adults

Hemodynamic stability?

UnstableStable

Gross hematuria Microhaematuria

Renal Imaging:
Computed tomography

Rapid deceleration injury
associated major injuries

Yes

Observation

No

Grade I–II injury

Grade III – IV injury

Grade V injury
Nonoperative management
Bed rest, serial hematocrit
Hydration, antbiotics 

Enteric, pancreatic
injuries requiring
explorative laparotomy

Very fast spiral CT
emergency laparotomy
(one-shot IVP)

Retroperitoneal 
hematoma

Expanding or
pulsatile

Stable
IVP

Abnormal Normal

Observation

RENAL EXPLORATION

Observation

Endoluminal stent
Percutaneous nephrostomy
antibiotics

Fig. 11.1 Diagnostic and therapeutic algorithm for suspected blunt renal trauma in adults
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injuries, (2) detects contusions and devitalized seg-
ments, (3) allows visualization of the entire retroperi-
toneum, (4) allows assessment of the renal pedicle, and 
(5) detects urinary extravasations [1, 5, 9, 10]. Spiral 
CT scans are advantageous due to shorter scanning 
times, but do not allow the identification of injuries to 
the renal collecting system, thereby necessitating the 
use of delayed scans. Angiography is important only 
for superselective embolization in the management of 
persisting or delayed hemorrhage.

11.2.3  Treatment

A summary of the various therapeutic approaches is 
presented in Fig. 11.1. Life-threatening hemodynamic 
instability or expanding or pulsatile retroperitoneal 
hematoma during explorative laparotomy usually rep-
resents an AAST grade 5 injury and requires immedi-
ate surgery [1, 3]. A transperitoneal approach with 
early occlusion of the renal pedicle prior to opening of 
Gerota’s fascia is strongly recommended. In patients 
with avulsion of the renal pedicle close to the aorta or 
the inferior vena cava, it may be necessary to clamp the 
major vessels just above and below the renal pedicle to 
control bleeding and explore the retroperitoneum. In 
patients with significant injuries to the vascular pedi-
cle, nephrectomy is the treatment of choice unless the 
kidney can be preserved in cases of solitary organ or 
bilateral injuries. In patients demonstrating significant 
bleeding from the renal parenchyma due to penetrating 
injuries or induced arteriovenous fistula, a superselec-
tive embolization is the treatment of choice [4, 6, 11].

Persistent bleeding, injuries to the renal collecting 
system, the renal pelvis, or the ureter with urinary 
extravasation, all present relative indications for surgery 
[1]. Although urinary extravasations may be treated by 
endoluminal stenting and/or placement of a percutane-
ous nephrostomy only, surgical reconstruction may be 
advisable in the presence of devitalized fragments and 
associated enteric and pancreatic injuries [12]. Expectant 
management for renal lacerations resulted in only a 23% 
urological morbidity rate, whereas watchful waiting for 
combined renal and enteric or pancreatic lacerations 
resulted in an 85% urological morbidity rate. However, 
if patients undergo surgical repair of the renal collecting 
system, watertight closure and the intraoperative place-
ment of an endoluminal stent are mandatory.

Hemodynamically stable patients with AAST grade 
1 and 2 injuries can be managed nonoperatively with 

supportive care, bed-rest, hydration, and prophylactic 
antibiotics [4–6].

Stable patients with renal gunshot injuries or stab 
wounds must be explored if the renal hilum and the 
collecting system are involved, or if persistent bleed-
ing exists.

In patients with significant renal injuries, postop-
erative observation is especially and extremely impor-
tant because a variety of delayed complications may 
occur within the first 30 days of injury, including, but 
not limited to, bleeding, perinephric abscess, urinary 
fistula, arteriovenous fistula, and pseudoaneurysms 
[2, 13]. Patients must undergo imaging studies if they 
develop clinical symptoms such as fever, increasing 
flank pain, persistent bleeding, and arterial hyperten-
sion. As for the primary diagnosis, CT scan of the 
abdomen is the preferred imaging modality.

11.3  Ureteral Trauma

Trauma to the ureter is rare and accounts for only about 
1% of all genitourinary injuries. Most commonly, ure-
teral lesions result from iatrogenic injuries (75%), and 
only 18% and 7% result from blunt and penetrating 
trauma, respectively. The majority of iatrogenic inju-
ries occur after gynaecologic interventions (70–75%), 
while about 15–20% occur after general surgery and 
about 10–15% occur due to urologists.

As with all other genitourinary organs, the AAST 
has classified ureteral injuries according to their sever-
ity as indicated in Table 11.2.

11.3.1  Clinical Symptoms

There are no specific clinical symptoms; unspecific 
symptoms include meteorism, abdominal distension, 
and flank pain caused by retroperitoneal urinoma. 
Ureteral injury should always be suspected in patients 

Grade Description of injury

I Hematoma only

II Laceration < 50% of circumference

III Laceration > 50% of circumference

IV Complete tear < 2 cm of devascularization

V Complete tear > 2 cm of devascularization

Table 11.2 Classification of ureteral injury
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with penetrating abdominal or retroperitoneal injuries 
and in patients with blunt deceleration traumas.

11.3.2  Imaging

The most common imaging modality is intravenous 
pyelography, which is performed in two-thirds of the 
patients with suspected ureteral injuries. Typically, 
IVP demonstrates retroperitoneal extravasation of con-
trast material. In about 30–50% of cases, additional 
retrograde ureteropyelography is performed to verify 
the location and the extent of the ureteral injury. Small 
lesions may be managed by placement of an endolumi-
nal DJ-catheter. In very rare cases, the suspicion of a 
ureteral injury is based on ultrasound findings of a ret-
roperitoneal fluid collection (urinoma) or a hydroneph-
rosis (Fig. 11.2).

11.3.3  Management

In patients with partial tears of the ureter, the most 
common, simple, and effective measurement is to 
place a ureteral stent and/or a percutaneous nephros-
tomy tube.

If iatrogenic ureteral injuries are detected intraop-
eratively, an endoluminal DJ stent should be placed 
and the ureteral laceration closed by interrupted sutures 
with a monofil suture. Postoperatively, no drain or suc-
tion should be placed in order to prevent the develop-
ment of a urinary fistula.

Reconstruction of grade III–V injuries depends on the 
anatomic localization of the injury. Usually, grade III and 
IV injuries may be treated by an end-to-end anastomosis 
once debridement and spatulation of the ureteral ends 
have been performed. The anastomosis is reconstructed 
with absorbable sutures after placement of a ureteral 

Fig. 11.2 Left ureteral injury with urinoma and hematoma in the small pelvis
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catheter, which can stay in place for about 3–4 weeks. 
Other surgical options are listed in Table 11.3.

11.4  Bladder Trauma

Bladder injuries are among the most frequent urologi-
cal injuries in trauma patients. Among abdominal inju-
ries needing surgical repair, about 2% involve the 
bladder [1, 14, 15]. Blunt trauma accounts for about 
65–85% of bladder ruptures, whereas penetrating 
trauma accounts for only about 25% (14–33%) of all 
bladder injuries. Bladder ruptures in the setting of 
blunt traumas are classified as extra- or intraperitoneal, 
triggering the choice between a conservative approach 
and a surgical correction. Most commonly, extraperi-
toneal bladder ruptures occur in about 55% of cases, 
followed by intraperitoneal bladder ruptures in 38%. 
Combined injuries are rare, occurring in only 5–8% of 
cases. Motor vehicle accidents contribute significantly 
to bladder rupture by blunt trauma. Seventy to ninety-
seven percent of patients with bladder trauma have 
accompanied pelvic fractures, whereas only 5–30% of 

the pelvic fractures are associated with bladder injuries 
[14–19].

The Committee on the Organ Injury Scaling of the 
American Association for Surgery of Trauma (AAST) 
has classified bladder injuries as shown in Table 11.4.

11.4.1  Clinical Symptoms

The two most common signs and symptoms for 
bladder injuries are gross hematuria (80–100%) and 
abdominal tenderness (60–70%) [14]. Other findings 
may include the inability to void (rule out: intrapelvic 
urethral rupture!), bruises over the suprapubic region, 
and abdominal distension. Depending on the type and 
extent of associated injuries to the pelvic floor, extrava-
sation of urine may result in swelling of the perineum, 
scrotum, thighs, and the anterior abdominal wall.

11.4.2  Imaging

The classic combination of pelvic fracture and gross 
hematuria requires immediate cystourethrography to 
rule out urethral and/or bladder ruptures (Fig. 11.3) 
[14, 16, 20, 21]. All patients with pelvic ring fractures 
and gross hematuria should undergo immediate cys-
tography (Figs. 11.4 and 11.5). Since microscopic 
hematuria is a relative indicator for significant injury, 
recommendations for the most appropriate imaging 
studies are sparse in existing guidelines. Imaging of 
the bladder may be reserved for those with anterior 
rami fractures (straddle fractures) or Malgaigne type 
severe ring disruption (Tile III).

Level  
of urethral injury

Options of reconstruction

Upper third Transuretero-ureterostomy

Ureterocalycostomy

Ileal replacement of the ureter

Percutaneous pyelovesical bypass 
prosthesis

Renal autotransplantation

Middle third Transuretero-ureterostomy

Boari flap and intravesical reimplantation

Ileal replacement of the ureter

Lower third Direct intravesical reimplantation

Psoas hitch reimplantation

Complete  
ureteral loss

Ileal replacement (delayed)a

Renal autotransplantation (delayed)a

Percutaneous pyelovesical bypass 
(delayed)a

Table 11.3 Surgical options to reconstruct ureteral injuries 
depending on the anatomic level of injury

aFor urinary drainage, a percutaneous nephrostomy tube should 
be placed together with occlusion of the ureter by sutures, clips, 
or occluding catheters

I Hematoma Contusion, intramural hematoma

I Laceration Partial thickness

II Laceration Extraperitoneal bladder wall 
laceration < 2 cm

III Laceration Extraperitoneal (>2 cm) or intraperito-
neal (<2 cm) bladder wall laceration

IV Laceration Intraperitoneal bladder wall 
laceration > 2 cm

V Laceration Intraperitoneal or extraperitoneal 
bladder wall laceration extending into 
the bladder neck or ureteral orifices

Table 11.4 AAST organ injury severity scale for the bladder
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Retrograde cystography in the evaluation of bladder 
trauma represents the imaging procedure of choice [14, 
16, 18–20]. With adequate filling and post-void images 
taken, cystography has an accuracy of 85–100% in the 
identification of bladder ruptures. For the highest degree 
of diagnostic accuracy, the bladder should be filled with 
at least 350 cc of contrast agent. Bladder rupture may be 
identified on the post-drainage film in only about 10% of 
patients. Thus, images must always include x-rays upon 
maximal distension and a completely emptied bladder.

Blood at the urethral meatus may be a sign of 
significant urethral injury. Retrograde urethrography 
should be performed prior to catheterization of the 
bladder to exclude associated urethral lesions, which 
can occur in 10–30% of cases [1, 16].

Other imaging studies such as ultrasonography, intra-
venous pyelography, standard CT scans, or magnetic reso-
nance imaging are inadequate for the evaluation of the 
bladder and the urethra after trauma [1, 14, 16]. As CT 
scan is performed in most patients who present with 

Blunt bladder trauma in adults

Gross hematuriaBlood at meatus Acute urinary retention
Painful micturition

Suspicion of urethral injury

Retrograde urethrography

See management
of urethral injury 

Yes No

Cystography

No extravasation Extraperitoneal
extravasation

Intraperitoneal
extravasation

Assessment for
• Intravesical bone fragments
• Entrapment of bladder wall by bone 
  structure
• associated rectal/vaginal injuries 

Yes No

Observation

20F transurethral catheter
bladder irrigation until clear urine

20F transurethral catheter
repeat cystography on day 5

Laparotomy
Two-layer bladder closure
20F transurethral catheter
repeat cystography on day 5–7

Fig. 11.3 Diagnostic and therapeutic algorithm for suspected blunt bladder trauma in adults
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multiple trauma, CT cystography is an excellent substitute 
for standard cystography. The bladder should be filled 
with at least 350 cc of dilute (2%) contrast dye [21].

11.4.3  Treatment

The therapeutic approach to treat any bladder rupture 
depends on the type of injury, the coexisting injuries, 
and the condition of the patient (Fig. 11.3).

Most patients with extraperitoneal bladder ruptures 
may be treated nonoperatively by catheter drainage even 
in the presence of large extravasations [1, 18, 19, 22]. 
More than two-thirds of the ruptures resolve within 
2 days and almost all within 3 weeks. From the day of 
catheterization until 3 days after removal of the cathe-
ter, antibiotic prophylaxis is recommended.

If a laparotomy is performed for other reasons, the 
extraperitoneal bladder ruptures should be closed with 
a single layer running suture of 2–0 or 3–0. The blad-
der is usually drained using a 20 F transurethral cath-
eter before a cystography is performed post operatively 
on day 5. Following internal fixation of the pelvic frac-
ture, a direct repair of the extraperitoneal rupture is 
advised. Concomitant rectal and/or vaginal injuries, 
open pelvic fractures, the presence of bone fragments 
in the bladder wall, and entrapment of the bladder wall 
between bone fragments necessitate immediate surgi-
cal repair even in extraperitoneal bladder rupture 
[1, 14, 15]. Involvement of the bladder neck or the 

ureteral orifices requires immediate surgical repair. 
Bladder neck reconstruction, transurethral placement 
of an endoluminal catheter, or even ureteral reimplan-
tation (Psoas-Hitch technique) may be required in 
cases of severe ureteral orifice damage.

In contrast to extraperitoneal bladder ruptures, all 
penetrating and intraperitoneal injuries should undergo 
immediate surgical repair [1, 14, 15]. In most cases, 
intraperitoneal bladder perforations are accompanied by 
other intra-abdominal injuries. Peritonitis might develop 
because of the urinary leakage. In this scenario, an over-
looked bladder perforation may be mimicked by a sig-
nificant rise in serum creatinine levels due to peritoneal 
reabsorbtion. Antibiotic prophylaxis is administered for 
3 days. Standard cystography is feasible on postopera-
tive days 7–10 [16]. A suprapubic catheter is superior to 
a transurethral catheter for urinary drainage. In case of 
concomitant rectal or vaginal injuries, the ruptured 
organs are closed separately with a two-layer technique, 
and a peritoneal flap of a vascularized omentum flap is 
interposed between bladder, vagina, and rectum.

11.5  Urethral Trauma

Urethral injuries occur most commonly in about 6–10% 
of pelvic fractures [1, 23, 24]. Unstable diametric pelvic 
fractures and bilateral ischiopubic rami fractures carry 
the highest risk of injury to the posterior urethra. In par-
ticular, the combination of straddle injuries with diastasis 
of the sacroiliac joint poses a risk about seven times 
higher for urethral injuries. The bulbomembranous junc-
tion is more vulnerable, as the posterior urethra is fixed at 
the urogenital diaphragm as well as the puboprostatic 
ligaments. In children, these are more frequently local-
ized proximally and interfere with the bladder neck, as 
the prostate is still rudimentary. In rare cases, a urethral 
disrupture may be diagnosed by the existence of the triad: 
blood at the external urethral meatus, inability to void, 
and palpable full bladder. It is usually detected by false 
catheterization or by the inability to place a transurethral 
catheter by the emergency department. Additional symp-
toms may include perineal hematoma and inability to 
palpate the prostate. In cases of a large pelvic hematoma, 
the symptom of an impalpable prostate may be misdiag-
nosed, as the contour of the prostate is smudged. In 
females with urethral injuries, vulvar edema and blood at 
the vaginal introitus may be signs of urethral disorders.

Fig. 11.4 Decelaeration trauma after a jump from the third 
floor
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The Committee on Organ Injury Scaling of the 
American Association for the Surgery of Trauma 
(AAST) has developed a reliable urethral-injury scal-
ing system (Table 11.5).

No treatment is required for type I and II injuries [1, 
23–31]. Usually, types II and III can be managed 

nonoperatively. A transurethral and a suprapubic cath-
eter are placed. Types IV and V will require either endo-
scopic realignment or delayed urethroplasty.

Penetrating injuries to the anterior urethra most 
commonly derive from gunshots and involve the pen-
dulous and bulbar urethral segments.

Fig. 11.5 Rupture of the symphysis following a motor bicycle accident: hematoma of the small pelvis, cranial dislocation of the 
bladder due to intrapelvic rupture of the urethra
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11.5.1  Clinical Symptoms

Blood at the meatus is present in about 40–95% of 
patients with posterior urethral injuries and in about 
75% of patients with anterior urethral trauma. Its pres-
ence should preclude any attempts of urethral manipula-
tion until the entire urethra is adequately imaged. Partial 
urethral disruption can be very easily transformed into 
complete urethral disruption due to several attempts of 
forced transurethral catheterization. In unstable patients, 
one attempt of transurethral catheterization is justified; 
if there is any difficulty, a suprapubic tube should be 
inserted instead. If a urethral injury is suspected, a retro-
grade urethrogram should be performed.

Gross or microscopic hematuria is a nonspecific 
clinical sign and the amount of bleeding does not cor-
relate with the extent of injury [1, 24]. Pain on urina-
tion or acute urinary retention suggests urethral 
intrapelvic disrupture with temporary spasm of the 
internal bladder sphincter. Any of the above-mentioned 
symptoms necessitates immediate radiographic evalu-
ation [30], precludes transurethral manipulation, and 
prompts placement of a suprapubic catheter for urinary 
drainage.

Blood at the external urethral meatus is present in 
more than 80% of female patients with pelvic fractures 
and urethral injuries.

11.5.2  Radiographic Examination

When a urethral injury is suspected, immediate retro-
grade urethrography should be performed (Fig. 11.6) 

[1, 24, 30]. In females direct urethroscopy can be 
 performed. In cases of subsequent urethral strictures a 
combined urethrogram and cystogram is appropriate to 
delineate the pelvic anatomy. Also, magnetic reso-
nance tomography or antegrade cystourethroscopy via 
the suprapubic tract can be performed to visualize the 
anatomy of the urethra.

11.5.3  Treatment

Treatment differs with regard to involvement of the 
anterior vs. posterior urethra and differs between males 
and females.

11.5.3.1  Treatment for Urethral Injuries in Males

Type I and II injuries of the anterior urethra can be eas-
ily managed by the placement of a transurethral cath-
eter [1]. Type III injuries of the anterior urethra can be 
managed by the placement of a suprapubic catheter or 
a transurethral catheter, with the advantage that the 
suprapubic tube avoids urethral manipulation and 
diverts urine from the place of injury [23, 24]. In more 
than 50% of the cases, spontaneous recanalization 
occurs; in all other cases, strictures can be managed by 
internal urethrotomy. Alternatively, delayed urethral 
reconstructive surgery may be performed with anasto-
motic urethroplasty or buccal mucosa grafts in stric-
tures <1 cm or longer than 1 cm.

Type IV injuries can be repaired by an end-to-end 
anastomosis, whereas type V injuries should be recon-
structed by flap urethroplasty or by buccal mucosa grafts.

In females, most anterior urethral injuries can be 
sutured primarily from a transvaginal approach [23, 
24]. Proximal urethral injuries are best approached 
transvesically, with an optimal view of the bladder 
neck, the ureteral orifices, and the proximal urethra.

A treatment algorithm for the management of ante-
rior and posterior male urethral injuries is presented in 
Fig. 11.6.

Partial tears or short disruptions of the posterior 
urethra can be by a suprapubic or transurethral catheter 
for about 2 weeks. The majority of injuries heal and 
the risk of urethral strictures is low.

The management for complete disruption of the 
posterior urethra is variable [25–31]:

I Contusion Blood at the urethral meatus, normal 
urethrogram

II Stretch  
injury

Elongation of the urethra w/o extravasation 
on urethrography

III Partial  
disruption

Extravasation of contrast at injury site with 
contrast visualized in the bladder

IV Complete  
disruption

Extravasation of contrast at injury site 
without visualization in the bladder; <2 cm 
urethral separation

V Complete  
disruption

Complete transsection with >2 cm urethral 
separation, or extension into the prostate or 
vagina

Table 11.5 AAST organ injury severity scale for the urethra
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1. Immediate open repair in case of any associated 
injury to the rectum double-layer closure of urethral 
and rectal lesion and interposition of a flap from the 
greater omentum

2. Primary endoscopic realignment by antegrade 
(using the canal of the suprapubic catheter) or retro-
grade approach

3. Primary open realignment with evacuation of 
the pelvic hematoma is not recommended; it is 

associated with frequent postoperative incontinence 
and impotence

The most common result of posterior urethral disrup-
tion is the development of a short prostatobulbar ure-
thral gap filled with dense fibrotic tissue. Delayed 
surgical repair of a posterior urethral disrupture should 
be performed after 3 months. Surgery requires proper 
positioning of the patient in the lithotomy position. 

Suspected urethral injury

Retrograde urethrography

Extravasation No extravasation

Urethral contusion

Suprapubic catheter or
transurethral catheter

Complete disruption Partial disruption

Primary surgical repair
• Anastomotic repair in anterior and bulbar urethra
• Realignement in bulbar urethra

PosteriorBluntPenetrating Anterior

Primary surgical repair if
associated with penile rupture
Suprapubic catheter in other cases

Posterior

Acute surgical indications
• Bladder neck involvement
• Rectal injuries
• Laparotomy for other reasons

Yes No

Open realignement via
transurethral and suprapubic
catheter 

Suprapubic catheter
delayed realignement or
urethroplasty once the patient is
stable and can be positioned in
lithotomy position

Fig. 11.6 Diagnostic and therapeutic algorithm for suspected blunt urethral injury in male adults
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Preoperatively, a retrograde urethrogram and a simulta-
neous cystogram should be performed to determine the 
length of the stricture or fibrotic discontinuation of the 
urethra. If involvement of the bladder neck is suspected, 
a flexible or rigid urethroscopy is helpful for examining 
anatomy. In patients who did not undergo primary 
realignment, the urethral dislocation as well as the 
length of the defect can be visualized by MRI. In 
selected patients with short urethral strictures, an endo-
scopic strategy may follow. In case of complete urethral 
obstructions, some have favored endoscopic interven-
tions. However, there is a high risk of undermining the 
urethra and bladder neck and the restructure rate is 
80%. Furthermore, the endoscopic procedure often 
requires several interventions and long-term repetitive 
dilatations with recurrent strictures and obliterations.

Usually, long posterior urethral strictures are best 
managed by an open surgical repair via a perineal 
approach. The urethra is accessed by a midline or 
lambda incision. The urethra is then mobilized from 
the beginning of the fibrotic defect to the midscrotum, 
allowing a tension-free anastomosis. The scar tissue as 
well as the fibrotic tissue of the proximal urethra must 
be excised completely to prevent restrictures. For long 
strictures, a flap urethroplasty of buccal mucisa grafts 
is used. Adjunctive maneuvers are infrequently needed. 
In rare cases, pubectomy can be helpful for cases with 
extended fibrosis, failed former urethroplasty, or 
accompanied bladder neck involvement.

Erectile dysfunction is a complication of urethral 
distraction injuries described in 30–60% of the patients 
with pelvic fracture [31]. It is questionable as to 
whether posttraumatic impotence is a result of the 
injury itself or due to the surgical management. The 
frequency of posttreatment erectile dysfunction 
remains the same, independent of initial therapy (early 
realignment, open surgery, or no treatment). The over-
all rate of incontinence, anejaculation and areflexic 
bladder is low (2–4%). Another problem is recurrent 
urethral strictures, which arise in 15–23% of patients. 
Minimally invasive treatment by endoscopic incision 
of the stricture is often sufficient.

11.5.3.2  Treatment of Urethral Injuries  
in Females

Vaginal inspection should be performed in every 
female patient to assess the extent and localization 
of the urethral injury and the presence, localization, 

and extent of potentially associated vaginal injuries. 
Vaginal injuries are further evaluated with an abdomi-
nal CT scan to screen for associated intrapelvic or 
intra-abdominal injuries.

In complete urethral ruptures, immediate surgical 
repair is recommended to avoid urethrovaginal fistulas 
and complete urethral obliteration. A complete oblitera-
tion with an embedded urethra in scar tissue results 
in a significantly more complicated surgery with an 
increased frequency of severe complications. Injuries of 
the distal urethra can be easily repaired via a transvagi-
nal approach. Injuries of the proximal or the bladder 
neck are best reconstructed via a retropubic approach. 
Only in unstable patients should a suprapubic catheter 
be used and is delayed primary reconstruction justified.
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12.1  Introduction

There is a general consensus that in isolated fractures, 
early fixation is essential to avoid complications such 
as pneumonia, fat embolism, or thromboembolism. 
Fracture fixation should allow for early mobilization 
of the patient. However, in the multiply injured patient 
with fractures, there are life-threatening conditions 
and priorities that may postpone external or internal 
fixation.

12.2  Assessment of the Fracture  
and the Degree of Soft Tissue Injury

12.2.1  Soft Tissue Injury in Closed 
Fractures

Proper diagnosis and assessment of the true degree of 
soft tissue damage in closed fractures is crucial. 
Contusions may raise more therapeutic questions than 
simple inside-out puncture wounds. Weakening of the 
skin barrier may be followed by necrosis and infection. 
Assessment of the severity of a closed fracture helps 
guide the timing and type of osteosynthesis (Table 12.1). 
Early detection and evaluation of neural, vascular, and 
muscular injuries also affects the overall outcome.

Specific attention has to be dedicated to the occur-
rence of compartment syndromes. These should be 
anticipated when the capillary perfusion pressure is 
less than intracompartmental pressure. Pain out of pro-
portion in responsive patients is the hallmark indicator. 
In sedated patients, measurement of intracompartmen-
tal pressure is mandatory. If in doubt, early fasciotomy 
has to be performed as a surgical emergency.

Fracture Management

Bernhard Schmidt-Rohlfing, Roman Pfeifer,  
and Hans-Christoph Pape 

B. Schmidt-Rohlfing, R. Pfeifer and H.-C. Pape (*) 
University of Aachen Medical Center,  
Pauwelsstr. 30, 52074 Aachen, Germany 
e-mail: papehc@aol.com, hpape@ukaachen.de

12

Contents

12.1  Introduction ............................................................  127

12.2  Assessment of the Fracture and the Degree  
of Soft Tissue Injury ..............................................  127

12.2.1  Soft Tissue Injury in Closed Fractures ................... 127
12.2.2  Open Fractures ....................................................... 128
12.2.3  Upper Versus Lower Extremity Injuries ................. 129
12.2.4  Fracture Care in Serial Extremity Fractures ........... 129

12.3  Staged Approach to Severely Injured Patients ...  130
12.3.1  Acute Phase (1–3 h After Admission) .................... 130
12.3.2  Primary Phase: Stabilization of Fractures .............. 130
12.3.3  Secondary Period: Regeneration ............................ 130
12.3.4  Assessment of the Patient ....................................... 130
12.3.5  Borderline Conditions ............................................ 131
12.3.6  Unstable .................................................................. 131
12.3.7  In Extremis Condition ............................................ 131
12.3.8  Patient Assessment for Initial Definitive  

Surgery Versus Temporizing  
Orthopaedic Surgery............................................... 131

12.3.9  Surgical Priorities in the Presence  
of Additional Head Injuries .................................... 131

12.3.10  Surgical Priorities in the Presence  
of Additional Chest Injuries ................................... 132

12.3.11  Surgical Priorities in the Presence  
of Additional Pelvic Ring Injuries ......................... 133

12.3.12  Surgical Priorities Depending  
on Trauma System .................................................. 133

References .............................................................................  134



128 B. Schmidt-Rohlfing et al.

12.2.2  Open Fractures

The standard classification system for open fractures 
was described by Gustillo [2]. It ranges from bone 
piercing from inside to outside with 1 cm or less in 
length (Type I), to open fractures with major vascular 
injuries that require repair to salvage the limb (classi-
fied as Type IIIc)(see the Chap. 18).

Initial care of open fractures consists of thorough 
irrigation, debridement, and assessment of the soft tis-
sues damage, followed by fracture fixation. Exposed 
bone requires soft tissue coverage which should be 
performed as soon as possible.

The extent of vascular and nerve damage and the 
general condition of the patient are important. In severe 
soft tissue trauma, planned re-evaluation is often 
required, especially in highly contaminated wounds.

Amputation versus reconstruction of upper and 
lower extremity fractures associated with severe open 
injuries remains a question [3]. Time-consuming 
reconstructive surgery in severely injured patients may 
increase morbidity and mortality. In cases of pending 
amputation, the MESS score (Mangled Extremity 
Severity Score) can be of some help as it provides an 
objective evaluation [4].

Open fractures caused by low-energy trauma may 
be treated like closed injuries if associated with little 
soft tissue damage. After the initial debridement, the 
fracture is stabilized with the most suitable implant 
and method of fixation.

Open fractures caused by high-energy trauma are 
usually associated with severe soft tissue damage 
and commonly combined with extensive bone loss 
or destruction. This injury requires a graded concept 
of care. Usually, a temporal fixation strategy is used, 
if soft tissue coverage of the hardware cannot be 
achieved. Placement of the external fixator should 

be considered the definitive stabilization until clo-
sure of the wound. The personality of each fracture 
requires individual treatment. In multiply injured 
patients, the overall injury severity has to be consid-
ered as well as the extent of shock and any initial 
blood loss.

During initial debridement, all soft tissues should 
be assessed. If necrotic tissue is left in place, further 
contamination, bacterial growth, and infection are 
likely to occur. Sufficient surgical exposure of the 
injury is essential for adequate assessment.

Special situations include the following:

1. Local Soft Tissue Injury vs. Degloving
 A degloving injury has to be ruled out or diagnosed 
properly. The assessment includes the degree of 
soft tissue laceration and periosteal stripping. 
Thereby, assessment of osseous vascularity is help-
ful to decide whether fragments should be main-
tained or removed.

2. Treatment of Morel-Lavallée lesions (subcutaneous 
degloving)
 Morel-Lavallé lesions are defined as large subcu-
taneous tissue degloving injuries induced by shea-
ring forces. This mechanism causes a large under - 
lying hematoma. In contrast to other soft tissue 
injuries, Morel-Lavallé lesions should not be debri-
ded aggressively. Small incisions allow complete 
evacuation of the hematoma. The cutaneous skin 
flap is decompressed and has a better chance to 
survive.

3. Consultation of the Plastic Surgeon
 Exposed bone and tendons in an area with limited 
soft tissue coverage often require early treatment 
with soft tissue flaps. If severe muscle injury or nerve 
damage is present, muscle or tendon transfer proce-
dures can be performed in a timely fashion to avoid 
severe disabilities secondary to loss of motion.

Closed fracture G0: No injury or very minor soft tissue injury. The G0 classification covers simple fractures, i.e., fractures 
caused by indirect injury mechanisms

Closed fracture G1: Inside-out contusions caused by fracture fragments

Closed fracture G2: Deep, contaminated abrasions or local dermal and muscular contusions. Impending compartment syndrome 
is usually associated with a G2 lesion. These injuries usually are caused by direct forces that shear off soft tissue and are often 
associated with moderate-to-severe fracture types

Closed fracture G3: Extensive skin contusions, muscular disruption, decollement, and obvious compartment syndrome 
combined with any closed fracture are graded as G3. In this subgroup, severe fracture types and comminuted fractures are 
usually seen

Table 12.1 Classification of soft tissue injuries in closed fractures [1]
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In multiply injured patients, there is a higher risk of 
increasing soft tissue necrosis due to impaired soft tissue 
perfusion (in posttraumatic edema and increased capil-
lary permeability caused by massive volume resuscita-
tion). Therefore, multiple planned operative revisions 
have to be scheduled. These “second look” surgeries 
allow for recurrent assessment of the soft tissues and any 
additional muscle or skin necrosis. This strategy enables 
the surgeon to do a timely repeat debridement if required 
(e.g., with high-pressure irrigation). These operative 
revisions of soft tissue injures should be scheduled every 
48 h as long as there is an impairment of local perfusion. 
The traumatic wound should be left open and covered 
with a synthetic saline-soaked dressing or by vacuum 
therapy. Local vacuum therapy may save the patient 
some of the planned “second look” surgeries. It has been 
shown to be successful in treatment of a variety of 
wounds including extensive degloving injuries [5, 6]. 
Subatmospheric pressure on the wound site enhances 
wound healing, reduces the amount of fluid, and 
increases local blood flow [7, 8]. These effects have been 
shown to minimize the risk for wound infection [9].

When definitive internal fixation is possible from 
the soft tissue point of view, the insertion of stable 
devices is preferred. In case of shaft fractures of the 
femur or tibia, the use of intramedullary nails is rec-
ommended whenever possible.

For intra-articular open fractures, most surgeons 
prefer a two-step strategy. Some authors recommend 
limited internal fixation and gross reduction of severely 
displaced fragments for soft tissue decompression. The 
minimally invasive fixation comprises the reconstruc-
tion of the joint itself and temporary stabilization with 
K-wires followed by stabilization with lag screws and 
adjusting/set screws. Definitive fixation is carried out 
secondarily following consolidation of the soft tissues.

12.2.3  Upper Versus Lower  
Extremity Injuries

In severe open fractures of the upper extremity, certain 
principles are different from those of the lower extrem-
ities. It is widely accepted that surgical management of 
lower extremities precedes the treatment of upper limb 
injuries. Moreover, the maintenance of correct length 
is less important in the treatment of upper extremity 
fractures. Severe upper extremity injuries, such as 

open fractures, compartment syndrome, and concomi-
tant vascular injuries, require immediate surgical man-
agement. In general, splinting or definitive fixation is 
more frequently performed in the upper extremity 
because soft tissue coverage is usually easier.

12.2.4  Fracture Care in Serial  
Extremity Fractures

The sequence of fracture care in patients with serial 
extremity injuries is important. Simultaneous treat-
ment of extremity injuries can be achieved if the logis-
tic conditions allow the surgeon to do so. The 
recommendations for the timing of fixation are sum-
marized as follows:

In serial injuries of the upper extremity, immobiliza-
tion of humeral shaft fractures is an adequate option 
unless the injuries are open or if neurovascular injuries 
require surgical intervention. In forearm fractures, early 
fixation is advised due to limited soft tissue coverage.

In periarticular fractures, early fixation should be 
performed if the patient condition is adequate. If no 
definitive fixation can be performed and if the patient 
goes to the OR for other causes, transarticular external 
fixation (TEF) is preferred over casting. External fixa-
tion allows for better stability and assessment of soft 
tissues. This is of utmost importance due to the risk of 
compartment syndrome in these injuries.

In serial injuries of the lower extremities, definitive 
fixation should be achieved whenever possible. In 
floating knee injuries, retrograde femoral nails and an 
antegrade tibial nails can be placed using the same 
incision. In unstable patients, closed reduction and 
transarticular external fixation is performed for tempo-
rary fracture stabilization.

In metadiaphyseal and periarticular fractures, the 
priorities of care are dictated by the degree of soft tis-
sue damage. The orthopaedic emergencies that require 
operative care are:

Compartment Syndrome•	

Vascular Injuries•	

Irreducible hip dislocation•	

Open fractures•	

Among the higher priorities are femoral head fractures 
(Pipkin I–III) and fractures of the talus. Any other 
periarticular fracture is of lower priority, if no further 
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complication is evident (compartment syndrome, pulse 
less extremity, or open fracture).

In the care of upper extremity fractures, similar 
principles are applied. In bilateral fractures, simulta-
neous treatment should be considered. Both extremi-
ties can be draped at the same time. Some parts of the 
procedure may require operative treatment of only 
one extremity at the time because of fluoroscopy, or 
handling issues. If the vital signs of the patient dete-
riorate during the operation, the second extremity 
may just be temporarily stabilized using external 
fixation.

The classification system of complex extremity 
fractures is shown in Table 12.2.

12.3  Staged Approach to Severely 
Injured Patients

Initial fracture care of severely injured patients requires 
anticipation of potential problems and decision mak-
ing about the timing of interventions using a system-
atic approach [11]. Four different phases of the 
posttraumatic course are separated:

1. Acute phase (1–3 h): resuscitation
2. Primary phase (1–48 h): stabilization
3. Secondary period (2–10 days): regeneration
4. Tertiary period (weeks to months after trauma): 

reconstruction & rehabilitation

12.3.1  Acute Phase (1–3 h After 
Admission)

Initially, the focus of treatment is on the control of 
acute life-threatening conditions. Complete patient 
assessment is required to identify all life-threatening 
conditions. This involves airway control, thoracocen-
tesis, rapid control of external bleeding, and fluid and/
or blood replacement therapy. Prioritization of the 
orthopaedic injuries is crucial as well. The orthopaedic 
fractures that require immediate surgery are listed 
above. Spinal and pelvic fractures are covered in dif-
ferent chapters.

12.3.2  Primary Phase: Stabilization  
of Fractures

The primary phase is the usual time where major 
extremity injuries are managed. These include acute 
stabilization of major extremity fractures associated 
with arterial injuries and compartment syndrome. 
Fractures can be temporally stabilized by external 
 fixation and the compartments released where 
appropriate.

12.3.3  Secondary Period: Regeneration

During the secondary phase, the general condition of 
the patient is stabilized and monitored. In most cases, 
this implies days 2–4 after trauma. Surgical interven-
tions should be limited to those that are absolutely 
necessary (“second look,” debridement), and lengthy 
procedures should be avoided. Physiological and 
intensive care scoring systems help monitor the clini-
cal progress.

12.3.4  Assessment of the Patient

Once the initial assessment is completed, patients 
can be categorized into one of four categories. 
Overall injury severity, the presence of specific inju-
ries, and the hemodynamic status are among the most 
critical. Then, volume requirements, inflammation, 
and coagulation can be addressed. These include 
stable hemodynamics, stable oxygen saturation, 

Table 12.2 Classification system of complex extremity 
injuries [10]

Fracture-associated injury Points

Severe soft tissue damage 2

+ Hemorrhagic shock 3

ISS 16–25 1

ISS > 25 2

Neurovascular injury 1

Articular involvement 1

Type of complex extremity 
fracture

Points Fracture care

Low risk 1–2 Definitive 
internal

Moderate risk 3–4 External

High risk >4 Consider 
amputation
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lactate level <2 mmol/l, no coagulopathy, normal 
body temperature, urinary output >1 ml/kg/h, and no 
requirement for inotropic support.

12.3.5  Borderline Conditions

Borderline conditions are defined as indicated in 
Table 12.3.

In this group of patients, a cautious operative strat-
egy should be used. Additional invasive monitoring 
should be instituted preoperatively. A low threshold 
should be used for conversion to a “damage control” 
approach to the patient management, as detailed below, 
at the first sign of deterioration.

12.3.6  Unstable

Patients who are hemodynamically unstable despite 
initial intervention are at risk of rapid deterioration, 
subsequent multiple organ failure, and death. In these 
patients, a “damage control” approach is required. This 
entails rapid life-saving surgery only when absolutely 
necessary and timely transfer to the intensive care unit 
for further stabilization and monito ring. Temporary 
stabilization of fractures using external fixation, hem-
orrhage control, and exteriorization of gastrointestinal 
injuries is advocated. Complex reconstructive extrem-
ity procedures should be delayed until stable condi-
tions are achieved and the acute immunoinflammatory 
response to injury has subsided.

12.3.7  In Extremis Condition

These patients have ongoing uncontrolled blood loss. 
They remain severely unstable despite ongoing resuscita-
tive efforts and are usually suffering from the “deadly 
triad” (hypothermia, acidosis, and coagulopathy). The 
patients should then be transferred directly to the intensive 
care unit for invasive monitoring and advanced hemato-
logic, pulmonary, and cardiovascular support. Orthopaedic 
injuries can be stabilized rapidly in the emergency depart-
ment or intensive care unit using external fixation.

12.3.8  Patient Assessment for Initial 
Definitive Surgery Versus 
Temporizing Orthopaedic Surgery

The initial patient assessment usually is performed using 
scoring systems such as the ISS or NISS. For life-threat-
ening conditions, which are frequently due to penetrating 
trauma, the “triad of death” (blood loss, coagulopathy, and 
loss of temperature) approach has been used. In patients 
with blunt orthopaedic injuries, it is important to account 
for soft tissue injuries as well and parameters of oxygen-
ation to assess the clinical status of the patient [11].

Table 12.4 documents the parameters and scoring 
systems that can be used to categorize a patient’s condi-
tion. Three out of the four criteria should be present to 
qualify a patient for a specific category [12]. It is impor-
tant to note that the combination of these parameters is a 
suggestion only and has a low level of evidence. 
Nevertheless, most of the components are scores that 
have been routinely used in the past and are widely 
accepted. For screening purposes, the following thresh-
old levels have been used: pulmonary dysfunction (PaO

2
/

FiO
2
 < 250), platelet count (<95.000), hypotension unre-

sponsive to therapy >10 blood units per 6 h, and vaso-
pressor requirement. Inflammatory parameters have also 
been described to have predictive power for the develop-
ment of complications, but they are currently not avail-
able for routine use in most trauma centers [13].

12.3.9  Surgical Priorities in the Presence  
of Additional Head Injuries

According to the pathophysiology of head injury, the 
brain loses the autoregulation of blood flow in zones of 

Factors to identify the borderline patient

Injury Severity Score > 40•	

Multiple injuries (ISS > 20) in association with thoracic •	
trauma (AIS > 2)

Multiple injuries in association with severe abdominal or •	
pelvic injury and hemorrhagic shock at presentation  
(systolic BP < 90 mmHg)

Patients with bilateral femoral fractures•	

Radiographic evidence of pulmonary contusion•	

Hypothermia below 35°C•	

Table 12.3 Clinical parameters used to identify patients in uncertain 
condition, named “borderline.” Usually, at least three of these have 
to be present to allow for classification as borderline [12]
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contusion. Also, an increase in the utilization of glu-
cose occurs, adding to the susceptibility to ischemic 
injury [14]. Head trauma patients are at greatest risk 
for decreased cerebral blood flow during the first 
12–24 h following injury [15]. Intraoperative hypoten-
sion is an important risk factor for secondary brain 
injury (“second hit” to the brain) [16]. The primary 
goal in the management of traumatic brain injury is the 
avoidance of secondary insults (hypoperfusion) [17].

The management needs to be performed in close 
cooperation with the neurosurgical team, and sudden 
changes in the strategy can occur according to the 
degree of cerebral swelling, imminent herniation, or 
increase in bleeding.

The orthopaedic surgeon and the neurosurgeon 
need to reveal how much operative time, blood loss, 
and temperature loss can be accepted for each individ-
ual case. General rules are currently not available. If in 

doubt, monitoring of the intracranial pressure (ICP) is 
safer and should be performed. During fracture fixa-
tion, secondary insults should be avoided by maintain-
ing adequate cerebral perfusion.

12.3.10  Surgical Priorities in the Presence  
of Additional Chest Injuries

The pathophysiology in chest trauma is well described. 
A lung contusion is a separate entity from rib fractures 
and has a higher association with Acute Respiratory 
Distress Syndrome (ARDS) than rib fractures [18]. In 
isolated rib fractures, a decrease in biomechanical (lack 
of rib cage motion) and pain-related hypoxemia is 
reversed by artificial ventilation. With lung contusion 
despite ventilation, intrapulmonary edema can develop. 

Parameter Stable (GRADE I) Borderline (Grade II) Unstable (Grade III) In extremis (Grade IV)

Shock Blood pressure 
(mmHg)

100 or more 80–100 60–90 <50–60

Blood units (2 h) 0–2 2–8 5–15 >15

Lactate levels Normal range Around 2.5 >2.5 Severe acidosis

Base deficit mmol/l Normal range No data No data >6–8

ATLS classification I II–III III–IV IV

Coagulation Platelet count (mg/ml) >110,000 90,000–110,000 <70,000–90,000 <70,000

Factor II and V (%) 90–100 70–80 50–70 <50

Fibrinogen (g/dl) >1 Around 1 <1 DIC

d-Dimer Normal range Abnormal Abnormal DIC

Temperature <33°C 33–35°C 30–32°C 30°C or less

Soft tissue 
injuries

Lung function; PaO
2
/

FiO
2

350–400 300–350 200–300 <200

Chest trauma scores; 
AIS

AIS I or II (e.g., 
abrasion)

AIS 2 or more (e.g., 
2–3 rib fractures)

AIS 3 or more (e.g., 
serial rib fx. >3)

AIS 3 or more (e.g,. 
unstable chest)

Chest trauma score; 
TTS

0 I–II II–III IV

Abdominal trauma 
(Moore)

< or = II < or = III III III or >III

Pelvic trauma (AO 
class.)

A type (AO) B or C C C (crush, rollover 
abd.)

External (AIS) AIS I–II (e.g., 
abrasion)

AIS II–III (e.g., mult. 
>20 cm tears)

AIS III–IV (e.g., 
<30% burn)

(Crush injury, >30% 
burn)

Table 12.4 Classification system for clinical patient assessment. Three out of the four categories must be met to classify for a 
certain category. It is to be noted that patients who respond to resuscitation qualify for early definitive fracture care, as long as 
prolonged surgeries are avoided [12]
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This is mediated by inflammatory cells and causes a 
local immunologic reaction [19]. The progressive 
nature of a pulmonary contusion can cause problems 
and is frequently underestimated. Early after injury, the 
blood gas parameters can still be within normal limits, 
and the chest X-ray may also present as a false nega-
tive. The immunologic mechanisms initiated by pul-
monary contusions are comparable to those seen after 
severe injury [20, 21]. Thus, the host response to pul-
monary contusion is similar to non-pulmonary injury, 
resulting in an increased risk of ARDS.

Patient evaluation focuses on the following clinical 
criteria: presence of a lung contusion on the initial chest 
X-ray or CT scan, worsening oxygenation (require-
ment of increased FiO

2
 > 40% or PaO

2
/FiO

2
 < 250), and 

increased airway pressures (e.g., >25–30 cm H
2
O). The 

pulmonary function can change within hours after the 
injury, and repeated blood gases should be obtained.

12.3.11  Surgical Priorities in the Presence  
of Additional Pelvic Ring Injuries

The pathophysiology of systemic effects in severe pel-
vic injuries is dictated by the degree of local blood loss 
from the pelvic floor, the presacral venous plexus, and 
any arterial damage. Unlike other injuries, autotam-
ponade does not occur and retroperitoneal bleeding 
may mimic intra-abdominal injury. Soft tissue disrup-
tion can have more severe side effects than in the 
extremities since a higher degree of kinetic energy is 
required to cause substantial displacement. In open 
injuries with intestinal damage, a substantial increase 
in the risk of infection and late sepsis occurs [21, 22].

Timing of pelvic fixation is based on the hemody-
namic status and the presence of associated abdominal 

injuries. The decision to attempt definitive fixation 
within 24–48 h appears to be dependent upon the pelvic 
ring fracture pattern [23] and can be attempted in stable 
and borderline patients. In unstable patients, the use of 
sheets wrapped about the pelvis or a pelvic binder allows 
for rapid circumferential splinting of the pelvic ring most 
effectively at the level of the greater trochanter [24].

The paucity of studies in the literature seems to sup-
port early surgical management of such injuries. 
Favorable patterns may be treated by percutaneous 
fixation when several factors coincide: Closed reduc-
tion can be achieved, the injury pattern is amenable to 
screw fixation alone, and the surgeon and operating 
team are available and experienced [25]. In cases of 
exsanguinations from a pelvic ring injury, direct pack-
ing of the true pelvic space has been described [26]. 
This technique is dependent upon achieving provi-
sional stability of the pelvic ring with a binder, exter-
nal fixation or internal fixation.

Current recommendations are to identify the source 
of pelvic hemorrhage and to stop the bleeding, fol-
lowed by stabilization of the pelvic ring. The use of a 
binder is often successful for achieving a physiologic 
state that allows surgery unless a single artery is dam-
aged. This may be treated by coiling.

12.3.12  Surgical Priorities Depending  
on Trauma System

Some authors have argued that the trauma system dic-
tates patient care. The early total care of all fractures 
was advocated by certain clinicians in the 1980s. 
However, a recent survey on the management of major 
fractures in multiply injured patients demonstrates that 
the timing of fracture fixation is similar in two groups 

Duration until definitive 
treatment

USA n = 77 GER n = 93 P-value

All fractures 5.5 days ± 4.2 6.6 days ± 8.7 n.s

Humerus fractures 5 days ± 3.7 6.6 days ± 6.1 n.s

Radius fractures 6 days ± 4.7 6.1 days ± 8.7 n.s

Femur fractures 7.9 days ± 8.3 5.5 days ± 7.9 n.s

Tibia fractures 6.2 days ± 5.6 6.2 days ± 9.1 n.s

Pelvis fractures 5 days ± 2.8 7.1 days ± 9.6 n.s

Table 12.5 Mean duration until definitive treatment of major fractures in patients with multiple injuries, specified according to 
body regions [27]
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of trauma centers in both the United States and 
Germany. Thereby, a staged approach toward fracture 
management appears to be the rule in both systems 
[27] (Table 12.5).
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13.1  Introduction

Clinical decision making for trauma patients with 
extremity injuries is typically straightforward, result-
ing in maintenance of viability and function of the 
involved limb. Damage control orthopaedics (DCO) 
has produced similar outcomes in the severely injured, 
unstable trauma victim with a relatively simple extrem-
ity injury. Numerous reports have described the benefi-
cial effects of such temporizing measures that then 
allow the patient to be stabilized [1–5]. The decision 
process becomes much more clouded when dealing 
with trauma victims with severe extremity injuries, 
i.e., mangled extremities. There has been much debate 
as to whether limb salvage or amputation results in the 
best clinical outcomes in such a patient.

The emergent management of severe extremity 
trauma poses a difficult clinical decision for the entire 
treating surgical team. Resuscitation and management 
of all life-threatening injuries always must take prece-
dence over any extremity injury. In a small subset of 
patients with complete traumatic disruption and clearly 
irreparable injuries, an immediate completion amputa-
tion should be performed. Likewise, in the setting of 
prolonged limb ischemia, severe soft-tissue loss that 
cannot be reconstructed, or concurrent life-threatening 
injuries elsewhere in an unstable polytrauma patient, a 
primary amputation is likely indicated. Also, patients 
with severe ipsilateral foot and ankle crush injuries 
may be better served with immediate amputation.

There exists a significant population of trauma 
patients in whom such clear indications for amputation 
are absent. It has been questioned whether or not 
attempted preservation of the limb in such patients is 
appropriate, or whether the patient would be better 
served with primary amputation. In many circumstances, 
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the patient undergoes prolonged unsuccessful attempts 
at limb salvage only to be subject to great physical, psy-
chological, financial, and social suffering. Various scor-
ing systems have been devised to attempt to identify 
patients who should have limb salvage attempted versus 
those who should undergo primary amputation. The 
reliability of such scoring systems has been questioned, 
and the outcomes of limb salvage versus amputation 
debated. It still remains unclear in the literature as to 
which modality results in the optimal outcome, and in 
whom each should be performed. The treating surgeon 
and patient therefore still have no objective simple crite-
ria to assist in making such a monumental decision.

13.2  Mechanism of Injury

The vast majority of injuries that pose the possible risk 
of amputation are due to blunt trauma. Motor vehicle 
crashes and industrial/farm accidents are the leading 
causes of such injuries in both the upper and lower 
extremities [6–16]. Falls from a height, high-velocity 
gunshots, and explosion injuries constitute the remain-
der of mechanisms [13, 17, 18]. The most significant 
factor involved with the injury mechanism is the amount 
of energy transferred to the extremity rather than the 
actual mechanism. The relative amount of energy 
absorbed directly translates into the amount of destruc-
tion to the bone and soft tissues. The concept of the 
“zone of injury” has been coined to define the area of the 
extremity affected by the injuring force. This zone may 
be defined by the fracture type, the amount of comminu-
tion, the area of crush, laceration, or shearing of the soft 
tissues, or devascularization of the entire limb [11].

13.3  Common Injury Patterns

Most studies have defined severe extremity trauma as 
those with associated complex fractures, dysvascular 
limbs, significant soft-tissue loss, neurological injury, 
and severe injuries to the distal extremity (hand, foot, 
and ankle). In all instances, there is a high-energy trans-
fer to the involved limb that results in some combina-
tion of injuries to bone, arteries, tendon, nerves, and 
soft tissue. Complicated fractures are typically Gustilo 
grade IIIB and IIIC, but sometimes include select grade 

IIIA open fractures. These injuries often times have 
significant bone loss that requires either later bone 
grafting or bone transport using Ilizarov techniques. 
Dysvascular limbs can result from knee dislocations, 
internal amputation of the upper extremity, vascular 
injury secondary to a closed fracture, or penetrating 
wounds. A great number of these injuries that have 
concomitant vascular disruption of the involved limb 
often constitute a great number of these injuries and are 
more likely to result in amputation [8, 19, 20]. 
Significant soft-tissue injuries are those secondary to 
crush mechanisms, those with degloving wounds, or 
avulsion injuries. Distal extremity injuries that result in 
consideration of amputation include Gustilo grade III 
(A, B and C) pilon fractures, severe hindfoot or mid-
foot injuries, and loss of multiple digits in the hand.

13.4  Scoring Systems

Multiple scoring systems have been proposed by various 
authors to help guide in the management of complex 
extremity trauma. Even so, there is still much debate 
regarding the criteria that should be utilized in predict-
ing which limbs can be successfully reconstructed ver-
sus those that should undergo amputation [21–25]. Most 
of these predictive indices have been criticized as being 
too subjective, complex, difficult to universally apply, 
derived retrospectively from small patient series, and not 
validated with functional outcome data [11, 26]. The 
four most commonly used systems are presented.

In 1987, Howe et al. proposed the Predictive Salvage 
Index (PSI) to be used in the setting of combined 
orthopaedic and vascular injuries involving the lower 
extremity. In this system, points are assigned for the 
level of arterial injury, the degree of bone and muscle 
injury, and the amount of time elapsed from injury to 
arrival to the operating room. In a small, retrospective 
analysis of 21 patients, all 12 patients with successful 
limb salvage had a PSI < 8, while 7 of the 9 who under-
went amputation had a PSI of at least 8. They con-
cluded that the PSI had a sensitivity of 78% and 
specificity of 100% for predicting amputation in this 
setting [22]. Other authors have reported much lower 
sensitivity and specificity of the PSI [26, 27].

In 1990, Johansen et al. introduced a system known 
as the Mangled Extremity Severity Score (MESS) after 
retrospectively reviewing 26 mangled lower limbs 
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[23]. Under this system, the patient receives a numeri-
cal score for four different factors: skeletal/soft-tissue 
injury, ischemia, shock, and patient age. The scores are 
summated, and a value of <7 has been shown to be 
predictive of salvage [21, 23]. (Table 13.1) The pro-
posed advantages of this predictive index are that the 
information is readily available upon presentation, its 
relative simplicity, and its reproducibility. Others have 
criticized its subjectivity, and review of larger series of 
patients has shown lower sensitivity of the index than 
initially reported [26, 28, 29].

In 1991, Russell et al. proposed the Limb Salvage 
Index (LSI) based on the review of 70 limb-threatening 
injuries. The index predicts the likelihood of limb 

salvage based on ischemia time and injury severity to six 
types of tissue that may be involved [25]. In order to spe-
cifically quantify each of these categories, extensive 
examination during an operation is necessary. The sys-
tem is therefore very detailed and difficult to use in the 
acute decision-making process [26]. Another detailed 
scoring system, known as the NISSSA (Nerve injury, 
Ischemia, Soft-tissue contamination, Skeletal injury, 
Shock, and Age), was introduced by McNamara et al. in 
1994. This system is a more complex modification of the 
MESS that separates the skeletal and soft-tissue injury, 
and adds a score for nerve injury. In a small retrospective 
series (24 patients), the authors concluded that the sys-
tem is more sensitive and specific than the MESS [30].

Type Characteristics Injuries Points

Skeletal/soft tissue
Group

1 Low energy Stab wounds, simple closed fractures, small-caliber  
gunshot wounds

1

2 Medium energy Open or multiple-level fractures, dislocations, moderate 
crush injuries

2

3 High energy Shotgun blast (close range) high-velocity gunshot wounds 3
4 Massive crush Logging, railroad, oil rig accidents 4

Shock
Group

1 Normotensive 
hemodynamics

BP stable in field and in OR 0

2 Transiently hypotensive BP unstable in field but responsive to intravenous fluids 1
3 Prolonged hypotension Systolic BP <90 mmHg in field and responsive to intrave-

nous fluid only in OR
2

Ischemia
Group

1 None A pulsatile limb without signs of ischemia 0a

2 Mild Diminished pulses without signs of ischemia 1a

3 Moderate No pulse by Doppler, sluggish capillary refill paresthesia, 
diminished motor activity

2a

4 Advanced Pulseless, cool, paralyzed and numb without capillary  
refill

3a

Ischemia
Group

1 <30 years 0
2 >30, <50 years 1
3 >50 years 2

Table 13.1 Criteria of mangled extremity severity score

Source: Reprinted from Helfet et al. [21]

OR operating room, BP blood pressure
aPoints × 2 if ischemic time exceeds 6 h
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13.5  Management

Initial management of the patient with a limb-threaten-
ing injury begins with ATLS protocol emphasizing a pri-
mary survey with immediate assessment of ABC’s 
(Table 13.2). Following this, the field dressing should be 
removed and any significant bleeding immediately con-
trolled. This should be done with direct pressure, tourni-
quet, a compressive dressing, or proximal clamping (in 
that order of preference). Once the resuscitative effort is 
underway, further assessment of other injuries should be 
undertaken as well as a thorough neurovascular exami-
nation. If there is disruption to the arterial flow to the 
extremity, and salvage is being considered, an intralumi-
nal shunt may be used. Wound dressing, gross align-
ment, and splinting should be performed. Following this, 
any radiographic studies may be obtained (including 
vascular studies if necessary), and intravenous antibiotic 
and tetanus prophylaxis administered. We always calcu-
late a MESS for each patient at the onset of treatment.

If an early amputation is deemed necessary, it is 
often advantageous to take medical record photo-
graphs to document the severity of the injury. We also 

recommend keeping a photographic record throughout 
the course of treatment if reconstruction is performed, 
to document both progress and decline. Our indica-
tions for early amputation include: unreconstructable 
osseous or soft-tissue injuries, irreparable vascular 
injuries, and severe loss of the plantar soft tissue. 
Previous authors have recommended amputation if 
plantar sensation is absent. Recent evidence has sug-
gested that initially absent plantar sensation does not 
predict a poor functional outcome, and that it may 
return in more than half of patients followed out to 
24 months [31]. We therefore do not use absent plantar 
sensation as criteria for a primary amputation alone.

The amputation should be performed at the most dis-
tal level possible, but should not include clearly nonvia-
ble tissues. Examining color, consistency, contractility, 
and bleeding determine tissue viability. It has been shown 
that transtibial amputations have significantly better 
functional outcomes and lower energy expenditure than 
more proximal levels of amputation [11, 32]. A thorough 
irrigation and debridement should be performed without 
any attempt to close the wound at this time. A sterile 
dressing or wound vacuum assisted closure VAC can be 

Initial resuscitation as per ATLS protocol 

YesNo

Primary amputation with
thorough irrigation and

debridement 

Hard signs of
vascular injury 

NoYes

(+) (−)

Shunt/
Definitive

Vascular repair 

Irrigation and
debridement and

skeletal stabilization 

Repeat irrigation
and debridement(s)

Definitive skeletal repair
and soft tissue coverage 

Irrigation and
debridement and

external stabilization 

Angiogram 

Presence of factors indicating limb unsalvageable
(clinical or scoring eg. MESS)

or patient with mortality risk secondary to involved limb 

Table 13.2 Algorithm for the management of the patient with severe extremity trauma
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applied, and a splint placed if the amputation is below 
the level of the knee or elbow (Fig. 13.1). Repeat surgi-
cal debridements as deemed necessary should be per-
formed on return to the operating room. In most instances, 
several irrigation and debridements are undertaken prior 
to closure of the stump site.

If the need for amputation is not clear upon initial 
examination, then limb salvage should be attempted. 
Once again a thorough irrigation and debridement with 
removal of any contaminants and nonviable tissue per-
formed emergently. External fixation to gain stability 
of fractures and to aid in wound care is typically per-
formed at this time. If necessary, a definitive vascular 
repair should be performed following skeletal stabili-
zation. Ex-fix pins should be placed strategically away 
from the zone of injury and based on future incisions 
for definitive open reduction and internal fixation 
(ORIF). Compromise of formal ORIF after DCO 
using external fixation is generally not an issue [5]. 
Fasciotomies should be performed as necessary. 

Antibiotic bead pouches and negative pressure wound 
therapy can be used to help decrease infection and 
assist with wound care [33–38]. The extremity is 
closely monitored over the next 24–72 h for soft-tissue 
viability and sensorimotor function. Wounds should be 
regularly inspected, and repeat irrigation and debride-
ments performed based on wound appearance (tissue 
viability, presence of contaminants, infection, etc.). 
VAC dressings are changed every 48–72 h.

If at any point the limb is deemed unsalvageable, 
or the patient’s life is in jeopardy secondary to the 
extremity injury, amputation should be performed. If 
the extremity remains viable for reconstruction and 
the patient’s condition permits, then definitive skele-
tal stabilization and early soft-tissue coverage should 
be performed [39, 40]. The use of BMP-2 has been 
approved in complex open tibia fractures. It was 
shown to accelerate fracture healing, reduce infection 
rate, and decrease the need for secondary procedures 
to obtain union in a randomized, prospective study 

a b

c

Fig. 13.1 A 21-year-old male presented to the emergency 
department following a motorcycle collision with bilateral lower 
extremity injuries. (a) Left-sided pulse-less (Grade IIIC) “man-
gled” knee/lower extremity injuries and a right-sided bicondylar 
closed tibial plateau fracture with compartment syndrome (top 
image). (b) Left-sided completion of the above knee amputation 

retaining as much viable soft tissue as possible (middle image). 
(c) Application of negative pressure wound therapy dressing to 
left-sided amputation site, as well as external fixation of right 
bicondylar tibial plateau fracture and leg fasciotomies for com-
partment syndrome (bottom image)
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involving 450 open tibia fractures [41]. Further 
research involving a larger cohort of patients with 
longer follow-up is necessary to confirm these results, 
and analyze the long-term complications and out-
comes. Until more data is available, the utility and 
safety of BMP in the setting of open fractures is still 
uncertain. Various modalities are available for 
 surgical fixation including: uniplanar external fix-
ators, hybrid external fixators, thin-wire ring external 

fixators, plate and screw constructs, and intramedul-
lary nails. There are pros and cons of each modality. 
It is beyond the scope of this chapter to recommend 
the type of fixation to use in the setting of complex 
extremity trauma. Many patients may require addi-
tional surgery in order to achieve osseous union  
and this should be thoroughly discussed with the 
patient along with potential complications [8, 19, 42] 
(Figs. 13.2 and 13.3).

Fig. 13.2 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 comminu-
tion. He also presented with complete functional deficit to his 
anterior compartment. He was taken to a local trauma center for 
irrigation and debridement (I and D), stabilization with and 
external fixation and a saphenous vein revascularization of the 
popliteal artery. Subsequent multiple I and 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) At 
2 weeks following the injury, the patient was transferred to our 
institution for definitive management of his injuries. Repeat I and 
D was performed, the proximal interlocking screw was then 

removed to allow some correction of alignment and a  percutaneous 
locking plate and screws were placed along the lateral surface of 
the tibia and a VAC dressing was applied. (f) Radiographs 7 
months following revision surgery illustrate progressive healing. 
(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 Morphogenic 
Protein-2 (BMP-2) 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 for-
mation 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 including weight training 
and skiing. A slight dorsiflexion lag was still present

a b

c
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Fig. 13.2 (continued)
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Fig. 13.3 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 
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and radiographic follow-up illustrated excellent results with 
bony union, full range of motion, and complete resolution of 
pain and return to pre-injury activities. (a) Photograph of the 
vehicle and the scene following the accident. (b–d) Antero-
posterior (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 segmental bone defect. (h) Counterclockwise from top-left; 
preoperative 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 illus-
trating preparation of distal femoral bone defect for placement 
of vascular bone graft. (m) AP X-radiograph following free vas-
cularized fibular bone and placement of screw fixation. (n–q) 
AP and lateral X-rays 3.5 years following ORIF showing a 
healed 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

h
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13.6  Complications

A major factor in the decision making in the treat-
ment of the mangled extremity is the possible major 
complications associated with each treatment arm. 
Harris et al. reported the nature and incidence of 
major complications for patients enrolled in the LEAP 
study group. Their cohort consisted of 545 patients 
with severe lower extremity injuries followed pro-
spectively for 24 months. A physician examined each 
patient at 3-, 6-, 12-, 24-month intervals and major 
complications recorded. The two most common com-
plications were wound infection (28.3%) and non-
union (23.7%), and the majority of each of these 
required operative intervention and inpatient care. 
Approximately, a quarter of each of these complica-
tions were considered severe enough to compromise 
long-term function. The overall incidence of wound 
dehiscence was 8.6% and that of osteomyelitis 7.7%. 
There was also a 5.3% incidence of symptomatic 
hardware [19].

The complication data from the cohort was further 
examined based on treatment arm in the study. A total 
of 149 patients underwent amputations, and the revi-
sion amputation rate was 5.4%. The most common 
complications in this group were wound infection 
(34.2%), followed by stump revision (14.5%), phan-
tom limb pain and wound breakdown (13.4% each), 
and stump complications (10.7%). In the limb recon-
struction group, the most common complication was 
nonunion (31.5%), followed by wound infection 
(23.2%). Of these infections, 8.6% developed into 
osteomyelitis. There was an incidence of posttraumatic 
arthrosis of 9.4% and wound necrosis or breakdown of 
6.5%. The late amputation group (patients amputated 
after initial discharge) experienced the highest rate of 
major complications (85%) [19].

This fact clearly highlights the need for appropriate 
decision making in the patient with a mangled extrem-
ity at the onset of treatment. Although there were no 
late mortalities reported, an incidence of up to 21% has 
been reported in the literature. Bondurant et al. under-
took an investigation looking at the effects of delayed 
versus primary amputation. There was a significant 
increase in length of hospital stay (22 versus 53 days) 
and number of surgical interventions (1.6 versus 6.9). 

The cost was almost double ($28,964 versus $53,462), 
and there was a 21% mortality rate in the delayed 
amputation group [43]. It is quite evident that every 
effort should be made to avoid a late amputation given 
such high costs for all involved.

In a prospective cohort study (using LEAP study 
patients), Castillo et al. examined the specific effect of 
smoking on complication rate in severe open tibia frac-
tures. A total of 268 patients with unilateral injuries 
were followed prospectively. Nonunion rates were sig-
nificantly higher in both the current and previous 
smoking groups (37% and 32%, respectively). The 
authors were able to demonstrate that current smokers 
were more than twice as likely to develop an infection, 
and 3.7 times more likely to have osteomyelitis. 
Previous smoking history was detrimental as well, and 
this group was 2.8 times as likely to develop osteomy-
elitis than nonsmokers. Their recommendation was 
that orthopaedic surgeons should encourage patients to 
enter smoking cessation programs [44].

13.7  Predictive Ability of Scoring 
Systems to Predict Final Outcome

Some authors have examined the ability of the previ-
ously discussed scoring systems to predict functional 
outcome following treatment. Durham et al. performed 
a retrospective analysis of upper and lower severe 
extremity injuries to determine the validity and ability 
to predict outcome of the above discussed predictive 
indices. For each of the four systems analyzed, there 
were no significant differences between patients with 
good or poor functional outcomes [45]. Ly et al. 
reported on the ability of the five most commonly used 
predictive indices (above plus Hannover Fracture 
Scale-98) to determine functional recovery following 
limb salvage in a cohort of 507 patients (LEAP study 
group). The authors showed that none of the scoring 
systems analyzed were able to determine outcome 
based on the Sickness Impact Profile (SIP) out to 
24 months following injury [46]. One can conclude, 
based on these two studies, that the commonly applied 
predictive indices may be useful in early decision mak-
ing, but are unable to predict functional recovery.
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13.8  Outcomes Following Limb Salvage 
Versus Amputation

Recent medical and surgical technological advances 
have dramatically improved the surgeon’s ability to 
salvage severely injured extremities. Limbs that his-
torically would have been amputated can now be man-
aged with complex reconstruction techniques. Although 
the limb remains viable, it is often questioned whether 
or not the patient would have been better served with 
an amputation. Limb salvage patients often still com-
plain of edema, pain, decreased sensation, difficulty 
with footwear, and ambulation [20]. The end result is 
often a physical, psychological, financial, and social 
cripple with a useless salvaged limb [21, 47].

Hoogendorn and van der Werken looked at the 
long-term outcome and quality of life of patients 
treated with reconstruction versus amputation follow-
ing Grade III open tibia fractures. A total of 64 patients 
were assessed, including 43 with successful limb sal-
vage and 21 who underwent amputations (including 
both primary and delayed). Lower extremity impair-
ment was determined using “Guides to the Evaluation 
of Permanent Impairment” of the American Medical 
Association. Quality of life was measured using the 
Nottingham Health Profile (NHP), the SF-36, and a 
questionnaire the authors specifically designed for the 
study examining pain, daily function, psychological 
factors, and handicap with working. Patients who 
underwent amputations had more severe injuries, and 
had a higher number of vascular injuries (77% versus 
17%). The limb salvage group underwent more opera-
tions and had more complications [20].

Delayed amputations were performed in eight 
patients, most commonly secondary to persistent infec-
tion and poor soft tissues. They were hospitalized 
twice as long as those who underwent primary ampu-
tation. Others have shown that delayed amputation 
results in poorer functional outcome versus primary 
amputation [43, 48]. From the reported health surveys, 
the authors found low scores in both groups but no sig-
nificant differences. In both groups, over half the 
patients considered themselves disabled, with a slightly 
higher percentage of patients who had amputations 
reporting difficulty with practicing a profession (60% 
versus 40%). Of particular interest was that the mean 
lower extremity impairment score was significantly 
worse for amputees (73.5%) as compared to the limb 
salvage group (17.6%). These patients therefore 

perceived a higher level of function than those who 
were amputated [20].

The LEAP study group recently examined the func-
tional outcome following limb salvage versus amputa-
tion. A total of 569 patients with severe leg-threatening 
injuries were studied in this multicenter, prospective, 
observational study. Eight level I trauma studies partici-
pated in this investigation. Functional outcome was mea-
sured using the Sickness Impact Profile (SIP), and 
follow-up at 24 months was 84.4%. Comparisons of out-
comes for the SIP were adjusted for potential confound-
ing variables of the patient characteristics as well as their 
specific injuries [8]. It was noted that patients who under-
went amputation had more severe injuries, but otherwise 
did not differ from those who had reconstruction [8, 49].

Upon examining final functional outcome, there 
were no significant differences in scores between either 
treatment group, although 42% of the patients had 
scores greater than 10 indicating severe disability. 
Patients who underwent limb salvage were more likely 
to have been rehospitalized than those who had ampu-
tation performed (47.6% versus 33.9%, p = 0.002). 
Multivariate analysis reveal several factors that were 
significant factors for a poor outcome including: rehos-
pitalization for a major complication, having less than 
a high-school education, low household income, hav-
ing no insurance of Medicaid, being nonwhite, smok-
ing, having a poor social-support network, having a 
low-level of self-efficacy, and being involved with the 
legal system for injury compensation. At final follow-
up, approximately 50% of patients had returned to 
work and this rate did not differ between the two 
groups [8].

Patients with bilateral mangled extremities were 
excluded from the initial above analysis in the LEAP 
study but were followed prospectively and reported on 
separately. There were a total of 32 bilateral injuries, of 
which 14 had bilateral salvage, 10 had bilateral ampu-
tation, and 8 had unilateral salvage/amputation. Forty 
six percent of patients were severely disabled at 
24-month follow-up as demonstrated by SIP scores 
>10. Once again, the groups where salvage procedures 
were performed had higher rehospitalization rates for 
complications than the bilateral amputation group. The 
return to work rate was higher in the unilateral amputa-
tion/salvage group, and they had faster walking speeds. 
Examination of all three combinations of treatment of 
bilateral limb-threatening injuries demonstrated simi-
lar outcomes at 2 years. The evidence from this study 
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suggested that the disability for bilateral limb-threaten-
ing injuries is high, but no more so than the unilateral 
group described above. The authors therefore con-
cluded that treatment strategies for bilateral mangled 
extremities should be derived from the results from the 
larger cohort study of unilateral injuries [50].

MacKenzie et al. later reported on the long-term 
follow-up of the original patients included in the LEAP 
study. The main goals of the study were to determine 
if the previously reported outcomes improved after 
2 years, and whether there were any late differences 
between the treatment groups. Of the 569 patients from 
the original cohort, 397 were contacted by phone at an 
average of 84 months post-injury (range 70–90 months). 
On average, most of the patients reported physical and 
psychosocial functioning that had deteriorated since 
their 24-month follow-up (p < 0.05). This increase in 
SIP scores was consistent across both treatment groups. 
It should be noted that patients who underwent through-
knee amputations were at the highest risk for a poor 
outcome. More than a third of patients in both groups 
had been rehospitalized between 2 and 7 years post-
injury. At final follow-up, almost half of the patients 
indicated severe disability, with SIP scores >10. Only 
34.5% of the cohort had a physical SIP subscore typi-
cal of the general population (<5) [32].

13.9  Cost of Care

There have been conflicting reports in the literature 
over the long-term health-care costs of limb salvage 
versus amputation. Hertel et al. calculated a 15% higher 
hospital cost for the reconstruction patients over those 
who underwent amputation over the first 4 years post-
injury [51]. Georgiades also showed that patients who 
undergo reconstruction have higher hospital charges 
over those with primary amputations [48]. Bondurant 
et al. demonstrated a substantially higher hospital cost 
for patients who had delayed amputations over those 
who had primary amputations [43]. The LEAP study 
group found that the average 2-year costs for amputa-
tion versus reconstruction were very similar. When the 
cost of prosthetic devices was included, health-care 
costs were significantly higher for patients who had 
amputations. The projected lifetime health-care cost 
was three times higher for patients in the amputation 
group ($509,275 versus $163,282). The large number 

of patients in this particular study (545 patients) and the 
fact that this study is much more recent than the other 
mentioned reports make this data more valuable [52].

13.10  The Mangled Upper Extremity

Of note are the differences between the mangled upper 
and mangled lower extremity, which must be carefully 
considered by the treating surgeon. Critical time for 
reperfusion is longer in the upper (8–10 h) versus the 
lower extremity (6 h) [16]. A transtibial amputation 
carries a much better functional prognosis than a trans-
radial amputation. This is due to the fact that upper 
extremity prostheses do not work as well as lower 
extremity prostheses. Shortening of the humerus to 
reduce soft-tissue defects is tolerated well up to 5 cm, 
in contrast to the lower extremity that does not tolerate 
shortening of more than 2 cm. Nerve reconstruction in 
the upper extremity is done with reasonable success, 
whereas in the lower extremity, many consider major 
nerve injury an indication for primary amputation. The 
rehabilitation process is also more imperative when 
the upper extremity is involved [13]. One consistency 
to both is that the MESS has also been shown to be 
useful for predicting amputation following mangled 
upper extremities [53].

13.11  The Mangled Extremity  
and Polytrauma

Severely injured patients that would not have survived 
their trauma in the past now survive because of improved 
resuscitation. Mangled limbs that used to be considered 
beyond reconstruction can now be salvaged. However, 
the decision of whether to reconstruct or amputate a 
mangled extremity in a polytrauma today still requires 
complex and careful decision making. An undisputed 
rule in polytrauma is “life before limb,” meaning life-
threatening issues are always addressed first. Orthopaedic 
efforts in the initial resuscitation of the severely injured 
patient with extremity injury often involve Damage 
Control Orthopaedics (DCO) [4, 5, 15]. DCO poly-
trauma patients are typically categorized into stable, 
borderline, unstable, and in extremis. The goal of DCO 
is to minimize subsequent stresses after the first hit 
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(= injury), and its effectiveness in the context of major 
orthopaedic fractures has been shown [5, 54, 55].

The question whether amputation of a mangled 
limb is advisable for a severely injured patient cannot 
be answered [56]. There are no clear guidelines with 
respect to the isolated mangled extremities, let alone 
the polytrauma patient. As an exception, utilizing DCO 
guidelines, salvage of the stable polytrauma patient’s 
mangled limb is possibly the most relevant. For these, 
techniques involving early free tissue transfer and 
internal fixation as proposed by the “fix-and-flap” 
technique might be successful, but require a highly 
specialized trauma center [40]. Still, for these patients, 
the decision whether to salvage or amputate faces the 
same dilemmas as for the patient with the isolated 
mangled limb as described elsewhere in this chapter.

Borderline patients that stabilize after resuscitation 
can undergo early total care (ETC), but reconstructive 
efforts need to anticipate potential deterioration. Long 
procedures (e.g., “fix-and-flap”) are not justified in 
these patients. Wound debridement, revascularization, 
and external fixation are all that can be done while a 
rapid turn for the worse should be anticipated. In the 
unstable or in extremis polytrauma patient, there might 
be a role for primary amputation as prolonged revascu-
larization and stabilization procedures add to the 
patient’s catabolic state and will increase the second 
hit enormously. Any other reconstructive efforts for 
the extremities are not justified.

Next steps in limb salvage should not be undertaken 
until the patient has stabilized and is beyond the sys-
temic inflammatory response syndrome (SIRS) stage. 
As a rule, timing of second and subsequent major pro-
cedures (longer than 3 h) should be at least after 4 days 
[3]. If the limb develops evidence of sepsis, early 
amputation should still be considered. The use of fresh 
warm blood, plasma, and recombinant factor VII 
defined as Damage Control Resuscitation before sur-
gery helps to optimize the physiologic parameters and 
theoretically allows for more prolonged surgical pro-
cedures such as revascularization [57].

13.12  Conclusions

The combination of osseous, vascular, soft-tissue, and 
nerve injury present following severe trauma to an 
extremity makes such injuries a challenge to treat. 

Unfortunately, the data regarding the management of 
the mangled extremity are conflicting, and the litera-
ture is without Class I studies. It is therefore imperative 
that an experienced surgical team at a trauma center 
that cares for such patients with some regularity care 
for the patient with a complex extremity injury [58]. 
The treating team must always keep in mind the high 
prevalence of associated multisystem trauma and sys-
temic problems related to these injuries. Even though 
the treatment goal is limb salvage, it must be kept in 
mind that in many instances, a primary amputation 
might provide the best outcome. New insights, thera-
pies, and techniques will improve outcomes in even the 
most severely injured patients with complex extremity 
injuries. As for the mangled limb in these patients, it is 
unlikely a scoring system will allow a clear cutoff point 
for amputation versus salvage. What has become clear 
is that primary amputation should not be considered a 
treatment failure but rather a means of meeting goals of 
treatment [59]. As Hansen pointed out long ago, we 
should not let heroism triumph over reason [47].

Disclaimer None of the authors claim any conflicts of interest 
or received any funding for this manuscript.
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14.1  Incidence

Injuries of the spine include a broad spectrum of 
injuries, ranging from pure soft tissue lesions to 
fracture dislocations with associated spinal cord 
injury.

Spine fractures represent 1% of all skeletal frac-
tures [1], and up to 30% in multiply injured patients 
[2]. The annual vertebral fracture incidence varies 
from 7.5 to 90 per 100,000 inhabitants [3, 8]. Spine 
fractures are often associated with other severe injuries 
and should be managed according to the general prin-
ciples for severely injured patients. In every high-
energy injury patient, clinicians should have a high 
suspicion for spinal trauma. Motor vehicle accidents 
account for most of the fractures in younger patients, 
while falling is the most common cause of injuries in 
elderly patients.

14.1.1  Associated Injuries and Premorbid 
Factors

Spine fractures tend to have other severe musculosk-
eletal injuries (40%) [1], and only 20% of patients 
with spinal cord pathology have an isolated injury to 
the spine [9]. A large proportion of spine fractures 
have associated brain and chest injuries. The combi-
nation of abdominal injuries and spine fractures is 
even more rare. Special care has to be taken not to 
miss a spinal injury in intubated patients with closed 
head injuries. Also, despite the options of CT scan-
ning, certain local factors such as ankylosing spon-
dylitis can interfere with the diagnostics of a spinal 
fracture [10].
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14.2  Mortality

In patients who die on scene, the spine injuries are rarely 
the major cause of death [11]. Among those with an iden-
tifiable injury, only 4% are due to spine injuries [12]. The 
in-hospital deaths related to spinal cord injury are as low 
as 3%, and the reported 90-day mortality rate after thora-
columbar spine fracture surgery is 1.4% [6]. Although 
the mortality rate has decreased over the last years, this 
may be due to multiple causes, such as improved trauma 
management and resuscitation and multidisciplinary 
rehabilitation programs help prevent late deaths.

14.3  Definition of Spinal Instability

Spinal instability is defined as failure to withstand nor-
mal physiological loads and/or inability to support the 
spinal cord. This in turn leads to deformity, neurologic 
deficit, and pain. Instability of the spine injury is defined 
by the mechanism of injury and various anatomical and 
pathological classification systems. Evaluation of the 
degree of spinal injury and its inherent instability relies 
upon clinical examination, radiologic evaluation, and 
appropriate classification of the injury. See Table 14.1  
guidelines for interpreting instability of the spine.

The most important sign of instability is deformity, 
followed by neurological deficit.

14.4  Prehospital Management

14.4.1  Initial Management

Up to 25% of patients with spinal cord injuries develop 
neurological deterioration prior to hospitalization. As a 
rule, patients with suspected spine injury can be man-
aged as if they had an unstable fracture. An algorithm to 
the spine-injured trauma victim is shown in Fig. 14.1.

The oxygen supply should be secured to the patients 
according to ATLS (advance trauma life support) prin-
ciples [13]. The neurological examination follows 
immediately after examination of mental status, motor 
deficit, radiculopathy, and sensory loss. If the patient is 

Close cooperation between spine surgeon, the 
trauma leader, and radiologist is a key factor. 
Unstable injuries of the spine should be rendered 
for emergency surgery according to a protocol 
following the damage control approach, while 
stable patients with unstable spine fracture 
should undergo surgery as soon as possible.

General considerations

 This checklist is not validated in an applied clinical setting

 It was designed to determine which patient subpopulations 
have to undergo immediate surgery or whether immobiliza-
tion of their spinal injury is required

Neurologic considerations

 Patients with initial neurological deficit usually have an 
unstable spine injury

 Nerve root involvement is a weaker indicator for instability

Anatomic and biochemical considerations

 A narrow spinal canal lowers the threshold for neurological 
complications in patients with spinal trauma

 When all anterior or all posterior elements are damaged, the 
injury should be considered potentially unstable

An anterior injury is usually more unstable in flexion
A posterior injury is usually more unstable in extension

Radiological considerations

 A displacement of more than 3.5 mm in the cervical sagittal 
CT as well as segmental kyphosis of more than 11° may 
account for instability

 A widened intervertebral space and facet joint distraction of 
more than 50% resemble unstable discoligamentous injury

 Bony avulsion injuries of the anterior or posterior upper and 
lower vertebral endplates may indicate rupture of the anterior 
or posterior longitudinal ligaments

 In the thoracolumbar region, loss of more than 50% of 
vertebral height, sagittal angulation of more than 25°, spinal 
canal encroachment more than 50%, and increased inters-
pinous process distances are associated with unstable spine 
injuries

Patient-related considerations

 Age, osteoporosis, ankylosing spondylitis, DISH (Diffuse 
Idiopathic Skeletal Hyperostosis), pulmonary diseases, 
noncompliance to treatment (i.e., psychiatric disease, drug 
dependence)

Physiological considerations

Intractable pain may be a useful indicator for instability

Associated injuries

 Multiple rib fractures and/or injuries to sternum affect the 
stability of the thoracic spine. These injuries may cause a 
higher need for operative treatment of spine injury

 Multiple fractures of the transverse processes may indicate 
rotational instability

Table 14.1 Guidelines for interpreting instability of the spine
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Fig. 14.1 An algorithmic approach to the spine injury patient. PHTLS, prehospital trauma life support, ATLS, advance trauma life 
support, CT computed tomography, MRI magnetic resonance imaging
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hypotensive, hypertensive neurogenic shock should be 
considered and one should be aware of signs of 
hypotension, bradycardia, and warm and dry skin 
along with normal mental status.

14.4.2  Clinical History and Examination

The trauma mechanism can be a hint toward a spinal 
cord injury [14]. A history of a high-energy injury, 
high-speed motor vehicle accident (MVA), fall from 
heights (>4 m), and physical signs of a head injury 
with or without unconsciousness, pain from the spine, 
and or neurological signs (weakness, radiculopathy, 
sensory loss) can define the degree of injury [14]. 
However, if the patient has a low risk of spine injuries, 
the Canadian C-spine rule can be used to decide if 
further investigation is required [15, 16]. The Canadian 
C-spine rule uses age, mechanism of injury, and phys-
ical examination to determine the need for CT scan.

14.4.3  Immobilization

Immediate immobilization should be achieved at the 
scene of the accident.

Patients with suspected spine injury should be treated 
as if the injury has caused spinal instability. A spine 
board or a vacuum mattress should be applied. The cer-
vical spine should be placed in neutral position. This 
maneuver must not be forced, and if neurological signs 
occur the patient should be immobilized in non-neutral 
position. A rigid cervical collar should be applied. If a 
cervical collar is not available or does not fit, blankets/
towels or tapes can be used to secure the neutral posi-
tion. In patients wearing a helmet it is recommended to 
take it off. Some football helmets allow for easy and 
instant face mask removal while retaining the helmet 
(PHTLS®) [17].

14.4.4  Management During Transport

A spine board fixation with special devices for stabili-
zation of the neck is preferable during transport. There 
is a risk for pressure ulcers especially if the patient is 

unconscious or has neurological deficit; therefore a 2-h 
limit is required. If a longer transport is necessary, the 
patient has to be turned regularly. A patient on a spine 
board is unable to secure his or her own airway and 
should be under supervision during transportation.

14.5  In-Hospital Management

The management in the hospital continues according 
to the principles of ATLS (Fig. 14.2).

14.5.1  History

The patient, eyewitnesses, paramedics, and emergency 
physicians should be questioned regarding the cir-
cumstances of the accident in order to determine the 
direction of force and mechanism of injury. Extrication 
from motor vehicle and traumatic brain injuries are 
associated with high risk of spinal injury [18].

In the ER setting, it is important to request informa-
tion on the injury to continue the workup of spinal 
trauma. If the patient is stable and alert on admission, 
the patient should be asked about age, drug intake, 
pain from other injuries masking spine injury, as well 
as if the motor vehicle collision was a simple rear-end 
type, and the onset of neck pain.

14.5.2  Physical Examination and Initial 
Treatment

The primary rescue team usually has placed a rigid 
cervical collar. Then, the regular ATLS principles can 
be followed (Fig. 14.2).

If the patient is unconscious, the examiner must rely 
on the occurrence of pathological reflexes and changes 
in muscle tone. Priapism and low rectal sphincter tone 
may account for impairment. Patients with delayed 
diagnosis are often more hypotensive, critically injured, 
or have low Glasgow Coma Scale scores [19].

Since hypotension is a known factor for exacerba-
tion of unfavorable secondary immunologic events, the 
restoration of a sufficient cardiopulmonary function 



15514 Management of Spine Fractures

and constant arterial mean pressure is essential to 
maintain sufficient organ perfusion with special regard 
toward injuries of the central nervous system including 
brain and spinal cord [20]. It has also been shown that 
secondary immunologic events with systemic immune 
reactions follow mechanical injuries to the spinal cord 
[21]. In steps B and C, early oxygenation and volume 
replacement is very important.

14.5.2.1  Ventilation

Maintenance of an adequate airway and breathing 
remains an important priority in the trauma patient. 
Spinal cord injured patients may suffer from inade-
quate respiratory function due to paralysis of the inter-
costal muscles or diaphragm. The diaphragm is 
innervated from C3–C5 level. With diaphragmatic 

injury the patients lose about two thirds of the vital 
capacity that is compensated by an increased breading 
frequency. Concomitant injuries may also compromise 
respiratory function. Maintenance of spinal alignment 
is critical during intubation. If endotracheal intubation 
is needed, it is best performed in conjunction with 
inline cervical traction, or by nasotracheal tube or by 
fiber-optic procedures.

14.5.2.2  Circulation

A spinal cord injury may cause vasospasm due to dys-
function of blood flow autoregulation. An injury above 
Th6 involves the sympathetic nerve system and 
increases the risk for neurogenic shock. Hypotension, 
due to loss of sympathetic vascular tone, and brady-
cardia, due to loss of sympathetic innervations of the 
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Fig. 14.2 ATLS® algorithm and spine trauma assessment. In step A, 
cervical spine (C-Spine) protection is essential. Every uncon-
scious patient is stabilized by a stiff-neck orthosis. Patients with 
signs of chest injury in step B and abdominal injury in step C, 
especially retroperitoneal, are highly suspicious for thoracic and/
or lumbar spine injury. Normal motor examination and reflexes 
do not rule out significant spine injury in the comatose patient. 
Abnormal neurologic examination is a sign for substantial spinal 

column injury including spinal cord injury. Log roll in step E is 
important to assess the posterior elements of the cervical to the 
sacral spine and looking for any signs of bruising, open wounds, 
tender points, and palpation of paravertebral tissue and posterior 
spinous processes in search for distraction injury. Spine precau-
tions should only be discontinued when patients regain con-
sciousness and are able to communicate sufficiently on spinal 
discomfort or neurologic sensations before the spine is cleared
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heart, are the most important elements of spinal shock 
due to spinal cord injury. If neurogenic shock is pres-
ent, fluid resuscitation is a vital first intervention and 
follows the treatment principles used for brain injury.

Central venous catheter and arterial lines are required 
for assessment of heart rate, blood pressure, and perfu-
sion, while urinary catheter monitors urine output. The 
early use of blood products is recommended in the 
multiple injured patients with an associated spinal cord 
injury to maximize the oxygen-carrying capacity and 
to minimize the secondary ischemic injury to the spinal 
cord. Early use of vasopressors such as dopamine or 
atropine is recommended to maintain the systolic blood 
pressure. The goal is to attain a pressure >90 mmHg.

The physical examination continues with inspec-
tion. A transverse band of ecchymosis across the abdo-
men can suggest a flexion-distraction type of injury 
caused by a seat belt. Similarly bruising along the rib 
cage may suggest a thoracic fracture.

When the patient is turned around the “log roll” in 
ATLS® step “E,” any spontaneous pain from spine is 
noted as well as local hematomas. The spine must be 
palpated systematically for tenderness, step-off, or 
interspinous process gapping. If the patient is kept in 
the rigid collar and posture changes are performed in 
axial alignment, additional injury to the spinal column 
is prevented and life-saving intervention can safely be 
performed.

A detailed neurological examination, including 
motor and sensory function, should then be performed. 
A quick and easy way to do this early on is to ask the 
patient to move all four extremities. The neurological 
examination could be difficult to perform due to many 
factors. Unconscious patients can be evaluated with 
pain stimulation and noted reactions. Spinal shock 
could mask improvement of neurological recovery. 
Peripheral nerve injuries or fractures also influence the 
interpretation of the examination.

14.5.2.3  Classification of Neurological Injury

The initial responsibility of the physician evaluating a 
patient with spinal cord injury is to determine the 
extent of neurological deficit. The neurological status 
should be assessed according to standardized scores, 
i.e., the ASIA (American Spinal Injury Association) 
[22], a modification of Frankel grading system, see 
Table 14.2.

 Sacral Sparing

Sacral sparing represents at least partial structural con-
tinuity of the white matter long tracts. Clinically, it is 
demonstrated by perianal sensation, rectal motor func-
tion, and great toe flexor activity.

A rectal examination is mandatory in every evalua-
tion of spinal injury.

 Spinal Shock

In complete transections of the spinal cord, spinal 
areflexia occurs. This state is named spinal shock. It is 
clinically graded by testing the bulbocavernosus reflex, 
a spinal reflex mediated by the S3–S4 region of the 
medullary cone. This reflex is often absent for the first 
4 h after injury and usually returns within 24 h. If no 
evidence of spinal cord function is noted below the 
level of injury, and the bulbocavernosus reflex has not 
returned, no determination can be made regarding the 
lesion. After 24 h, 99% of the patients emerge from 
spinal shock, as observed by the return of sacral 
reflexes. If no sacral function exists at this point, the 

Scale Type of spinal  
cord injury (SCI)

Description of SCI

A Complete No motor or sensory function 
below the level of injury 
including the sacral segments 
S4–S5

B Incomplete Sensory but no motor function is 
preserved below the neurological 
level and includes the sacral 
segments S4–S5

C Incomplete Motor function is preserved below 
the neurological level, and more 
than half of key muscles below 
the neurological level have a 
muscle grade less than three 
(cannot overcome gravity)

D Incomplete Motor function is preserved below 
the neurological level, and at least 
half of key muscles below the 
neurological level have a muscle 
grade of three or more (can at least 
overcome gravity)

E Normal Motor and sensory functions are 
normal

Table 14.2 ASIA (American Spinal Injury Association) impairment 
scale
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injury is considered. Ninety-nine percent of patients 
with complete injuries have no functional recovery. 
One exception is a direct injury to the conus medullaris 
where some functional recovery occurs.

 Incomplete Spinal Cord Injury Syndrome

Incomplete spinal cord injury can present as one of the 
following syndromes.

Anterior cord syndrome implies complete motor 
and sensory loss except retained trunk and lower 
extremity deep pressure sensation and proprioception. 
Only one out of ten patients has a chance of recovery.

Central cord syndrome represents central gray mat-
ter destruction with preservation of just the peripheral 
spinal cord structures. The patient usually is tetraplegic 
with preserved perianal sensation. Often, there is early 
return of bowel and bladder control. The neural axons 
nourishing the upper extremity pass more medial than 
the axons to the lower extremity. Therefore, the leg is 
stronger than the arm. The most common cause is cervi-
cal hyperextension injury in patients with narrow spinal 
canals. This injury can be mechanically stable. The syn-
drome has a good prognosis with recovery up to 75%.

Brown-Séquard syndrome (lateral cord syndrome) 
is a unilateral cord injury, often caused by missiles. It 
is characterized by loss of motor deficit ipsilateral to 
the spinal cord injury and contralateral pain and tem-
perature hypoesthesia. This syndrome usually has a 
good prognosis. Most patients regain bowel and blad-
der function and ability to walk.

14.5.3  Spinal Imaging

Clearing the injured spine is a challenge for any trauma 
unit. What modalities to use? Timing of investigations? 
Multiply injured patients or unconscious patients and/
or presence of neurological deficits determine the 
radiographic protocol.

14.5.3.1  Plain Film Radiography: Primary 
Assessment

Conventional plain films have been used as a screening 
tool in the primary assessment of spinal injury. 

However, the examination takes time and has a low 
specificity; therefore, in modern trauma care, it has 
been replaced by computer tomography (CT). It is dif-
ficult to perform adequate conventional X-rays in the 
severely injured patient. The first cervical vertebrae 
and the cervicothoracic junction are difficult to visual-
ize. Only 52% of cervical spine fractures are identified 
by plain films, while 98% can be visualized by CT 
[23]. Primary survey emergency room cervical plain 
radiographs are often of poor quality. If conventional 
lateral cervical spine view is performed and there is 
doubt, computed tomography should be performed.

14.5.3.2  Computed Tomography: Secondary 
Assessment

The development and accessibility of CT has discarded 
the use of plain radiography. The sensitivity and specific-
ity are higher with CT. Thus, most trauma centers no lon-
ger include the plain cervical radiographs into the primary 
trauma assessment [24, 25]. Whole-body scans from 
head to pelvis can quickly be obtained in a spiral-imag-
ing pattern. This is recommended for severely injured 
patients in case of suspicion of spinal trauma [26].

Modern CT-scanners with 64 scales (MDDT mul-
tislice-DT) are capable of obtaining a full body scan 
(190 cm) in seconds – slice thickness is as low as of 
0.6–0.8 mm [27]. This allows for high-quality imaging 
and various planes. This delivers more information on 
the condition of the spine than any conventional plain 
film [28, 66]. The risk of cervical discoligamentous 
injuries when using a conventional scanner is approxi-
mately 1% and does not require emergency MRI [29]. 
CT is also helpful for the surgeon in the preoperative 
planning. The coronal and sagittal plane reconstruc-
tions can assist the surgeon in appreciating the degree 
of deformity and severity of injury. Additional 3D CT 
reconstruction can be used for complex spinal ana-
tomic areas such as the upper cervical spine. Numerous 
sets of radiographic criteria have been developed in an 
attempt to predict which patients are or will become 
unstable after a spinal injury.

In a cervical sagittal CT scan, a displacement of 
more than 3.5 mm as well as segmental kyphosis of 
more than 11° may account for instability [30]. A wid-
ened intervertebral space and facet joint distraction of 
more than 50% resemble unstable discoligamentous 
injury [31]. Bony avulsion injuries of the anterior or 
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posterior upper and lower vertebral endplate might 
indicate to rupture of the anterior or posterior longitu-
dinal ligaments. At C1, this accounts for bony avul-
sion injuries of the transverse ligament. The frontal 
and axial CT-reconstructions should rule out rotational 
offset of the vertebral segment, which indicates rota-
tional instability with special attention to the C1-2 
area. In the thoracolumbar region, a loss of more than 
50% of vertebral height, sagittal angulations of more 
than 25°, spinal canal encroachment more than 50%, 
and increased interspinous distances are associated 
with unstable spine injuries [32, 33].

In addition to the radiological findings on spinal CT 
scans, additional injuries may reveal unstable spine 
trauma. Fractures of the transverse processes and ribs 
account for rotational injury. Sternal fracture follow-
ing hyperflexion might be an upper thoracic posterior 
column injury. Retroperitoneal bleeding shown in CT 
scan is often associated with hyperextension to the 
thoracolumbar region.

14.5.3.3  Computed Tomography Contrast 
Angiography

Blunt cerebral vascular injuries (BCVI), primarily 
arterial dissection, may occur in association with 
cervical spine trauma [34]. Early diagnosis and treat-
ment reduces morbidity (stroke) and mortality in 
patients with vertebral artery injuries [20, 61]. Catheter-
angiography has been gold standard, but it is invasive. 
Routine screening with MR-angiography and 16-slice 
CT angiography can be performed in the initial radio-
logic workup [64].

Trauma victims with any of the following signs or 
symptoms should be considered to have BCVI until 
proven otherwise [36, 37]: coma unexplained by CT, 
neurologic deficit, including hemiparesis, transient isch-
emic attack, Horner’s syndrome, oculosympathetic 
paresis or vertebrobasilar insufficiency, evidence of 
cerebral infarction on CT; arterial hemorrhage from 
neck, mouth, nose, ears, large or expanding cervical 
hematoma, cervical bruit in a patient younger than 
50 years; fracture subluxation in cervical spine at any 
level, fractures from C1 to C3, and fractures into the 
transverse foramen at any level; displaced mid-face frac-
ture (LeFort II or III), basilar skull fracture with carotid 
canal involvement, closed head injury with consistent 
diffuse axonal injury with Glasgow Coma Scale <6, 

neck belt sign or significant swelling, near hanging with 
anoxia. To be “stroke fighters” in managing trauma 
patients, we must continue to screen patients with 
defined risk factors with multislice CT angiography.

14.5.3.4  Magnetic Imaging

MRI is superior to CT in visualizing the spinal cord, 
intervertebral disk, and spinal ligaments. In the absence 
of visible bone lesions, a patient with a neurological 
deficit should undergo MRI examination as early as 
possible to detect a possible spinal cord compression 
amiable to surgical treatment, such as disk herniation 
or extradural spinal hematoma. In a patient with neuro-
logical deficit unrelated to the spine fracture level, a 
MRI is also indicated.

Spinal cord contusions are frequent in patients with a 
congenitally narrow spinal canal (spinal stenosis) or 
with a severely spondylitic spine. An additional applica-
tion for MRI is the ability to visualize vascular struc-
tures. MR arteriogram can therefore be used to assess 
the patency of the vertebral arteries. Multiple spinal 
injuries are sometimes evident on screening MRI images 
of the whole spine, but often these lesions do not have a 
relation with the mechanism of the main injury, and 
careful consideration of any further action must be con-
sidered [17, 38]. The major drawbacks of MRI are the 
logistic problems with the magnetic field, and the need 
for special monitoring equipment for the severely injured 
patient. It is also time consuming and there is a risk asso-
ciated with delayed investigations while keeping patients 
in cervical collars [37, 39, 40]. The role of prereduction 
MRI for facet dislocation remains controversial.

14.5.4  Hospital Resuscitation: Workup

Individually adapted care for the patient is preferable. 
However, the spinal cord injury patients need intensive 
care at least during the first 24 h to maintain adequate 
assessment of critical parameters and treatment options.

14.5.5  Cervical Traction

Cervical spine injuries can often be treated with trac-
tion initially. It can improve cervical spine deformity, 
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decompress nerves, and provide stability. Acute stabi-
lization of the cervical spine with a halo ring has been 
advocated [41]. Once the emergent surgical care has 
been completed, the definitive treatment of the cervical 
injury can be determined with the use of the halo vest 
as an alternative [42]. Hearly et al. reported that six out 
of ten patients had undergone surgical procedures per-
formed after halo ring application, and none of the 
patients had any neurological deterioration. This result 
exemplifies the importance of effective communica-
tion among the many disciplines involved in the treat-
ment of the severely injured patient. The spinal surgeon 
provides safety in treatment of the spinal injury, while 
trauma surgeons can address the life-threatening inju-
ries. The principles for halo ring/cervical tong applica-
tion have been well described [7, 43, 62, 63]. Adherence 
to established application guidelines is critical to mini-
mize morbidity.

14.5.5.1  Spinal Cord Injury Units

 Neuroprotective Drugs

The objective of pharmacological treatment is reduc-
tion of symptom, prophylaxis, and treatment of com-
plications. Patient with spinal cord injury should be 
treated at intensive care units and be transferred as 
soon as possible to spinal cord units. The secondary 
injury mechanism has been studied, and different neu-
roprotective substances have been tried in order to 
decrease the negative consequences of the tissue 
trauma. In clinical practice, corticosteroids have been 
used. The role of steroids remains controversial and 
should not be recommended as standard treatment 
unless incomplete spinal cord injury is suspected [44].

 Stroke Prevention

Blunt cerebral vascular injuries (BCVI), primarily 
arterial dissection, may occur in association with cer-
vical spine trauma [34]. Early diagnosis and treatment 
reduces morbidity and mortality in patients with verte-
bral artery injuries [45].

Antithrombotic therapy in form of antiplatelet 
(aspirin) and or anticoagulation (heparin) should be 
started if there are no contraindications, and in some 
cases endovascular stent therapy is an option.

 Thrombosis Prophylaxis

Patients with instable spine injuries will often be 
immobilized for the first days in the hospital. It is 
therefore important to prevent deep venous thrombo-
sis (DVT). Spinal cord injury causes low smooth 
 muscle tone in the vessels and blood pooling in the 
extremities. This increases the risk of DVT. Early 
mobilization and exercise is important. Stockings, 
intermittent pneumatic compression devices, and phar-
macological anti-thrombosis prophylaxis are used, if 
not contraindicated.

14.6  Treatment

The goal of treatment is to restore mechanical and neu-
rological functions, initiate rehabilitation, reduce pain, 
and prevent spinal deformity and complications. No 
universal guideline is available today, so we rely pri-
marily on common sense protocols to answer the fol-
lowing critical questions: Can I securely remove the 
neck brace? Can the patient be mobilized safely? Is 
urgent surgery required?

14.6.1  Nonsurgical Treatment

14.6.1.1  External Orthosis

The major objective of nonoperative treatment is the 
same as for surgical treatment: Avoid neurological 
deterioration, and if it arises take action to reverse it, 
while maintaining an acceptable spine anatomy during 
the treatment to allow healing of the injury in reason-
able time under physiologic loads. Optimal manage-
ment must also consider early patient mobilization. To 
achieve these important goals, good patient selection, 
resource utilization, and competence to complete the 
nonsurgical treatment are needed.

Spinal orthosis are frequently used in nonsurgical 
treatment. They can restrict motion of the spine by 
 acting indirectly to reinforce the intervening soft  
tissue. Despite the heterogeneity of designs, the func-
tions of all braces are analogous and include restric-
tion of spinal movements, maintenance of spinal 
alignment, reduction of pain, and support of the trunk 
musculature.
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14.6.1.2  Cervical Braces Rigid: Cervical Collars

Rigid cervical collars can be used as definitive 
 therapy for some spinal injuries, as a temporary 
immobilizer for postinjury transport or during the 
early hospital management. Rigid cervical collars do 
not adequately immobilize by their use alone and 
must be properly sized for each patient. The Stifneck® 
Select™ Collars ease of application favors its use in 
the prehospital setting, and its effectiveness of cervi-
cal stabilization is comparable to other high cervico-
thoracic orthoses. The limitation of Stifneck is that it 
is uncomfortable for the patient and could cause skin 
ulcer. Therefore should the Stifneck be replaced by 
other rigid collars (Philadelphia, Newport/Aspen, 
Miami J.) during the first 24 h. Cervical bracing with 
the addition of a thoracic vest (SOMI and Minerva 
braces) and halo-vest immobilization increases the 
stability.

14.6.1.3  Thoracolumbar Orthosis

In the thoracic spine, the rib cage provides some natu-
ral support for thoracic spine fractures. The upper 
thoracic region (TH5) and above is a very difficult 
region to immobilize with an external orthosis, often 
requiring immobilization with a halo orthosis and a 
long thoracic vest. Spinal fractures from T6 to L2 are 
typically braced with a three-point fixation system 
(Jewett brace) that maintains extension of the thora-
columbar area or with a custom molded, hard shell 
orthosis (Body Jacket). Below L3, a lumbosacral 
orthosis is used for support. In order to increase the 
immobilization at the lumbosacral junction, a leg 
extension can be fitted to the orthosis to assist in lim-
iting motion across the pelvis. Casting is another 
option for lumbar and thoracolumbar fractures and 
can provide better support and eliminate concerns of 
noncompliance.

14.6.2  Surgical Treatment

Most spine fractures can be treated nonsurgically. Only 
a small select group of unstable spine injuries with or 
without neurologic association merit surgical treat-
ment. Two primary goals for the surgical treatment are: 

decompression of compromised/threatened neuronal 
elements and maintenance of spinal stability. A clear-
cut treatment recommendation does not exist which is 
partially a result of inconsistent injury description in 
the literature that makes extrapolation of data difficult. 
The spinal fracture, patient, and associated injury/fac-
tors have to be interpreted before surgery is chosen as 
treatment option. Controversy persists in the surgical 
community regarding the optimal treatment of many 
traumatic spinal injuries, especially regarding timing 
of surgical intervention and type of surgical approach 
(Fig. 14.3a, b).

14.6.2.1  Damage Control Spine Surgery

Frequently, the question arises as to which patient 
needs definitive surgery according to the principles of 
early total spine care and which patient is in need of a 
staged procedure after initial stabilization. Since no 
data exists for the multiple injured patients with spine 
trauma, one has to adopt information from general 
trauma [46, 47, 65]. Hemodynamically unstable 
patients with signs of shock, suffering from the lethal 
triad of hypothermia, coagulopathy, and acidosis, 
have high mortality rates and should be submitted to 
staged definitive fixation [48]. Since no cutoff param-
eters are defined to separate each treatment principle, 
the decision making has to be done on an individual 
basis.

14.6.2.2  Secondary Surgery After Resuscitation 
and Restoration of Immunologic 
Homoeostasis

Following life-saving management of thoracic or 
abdominal injuries including also damage control stabi-
lization of pelvis and femoral fractures, definitive sur-
gery can be performed. In spine trauma, the initial 
stabilization of the cervical spine with halo/traction 
tongs could be converted to halo vest or open surgery 
[41]. In the thoracolumbar spine primary stabilized 
with posterior internal fixations, additional anterior sur-
gery could be performed safely at day 7–10 post trauma 
assuming an uneventful recovery period [49, 50].

Patients suffering from prolonged inflammatory 
reactions (SIRS) are scheduled for secondary surgery 
as recovery dictates.
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14.6.2.3  Surgical Timing

Surgical timing is an important but difficult consider-
ation, especially in multiply injured patients. The 
optimal timing of surgery after spinal injury remains 
controversial. Animal studies have suggested a sig-
nificant benefit from early decompression after acute 
spinal cord injury. Little human clinical evidence is 
available to support the belief that early surgical 
decompression and stabilization improves neurologi-
cal recovery rates. Management of the severely 
injured patient depends on other injuries and the sub-
sequent consequences of different treatments, which 
makes the timing of surgical strategies a matter for a 
professional cooperation. The only randomized, con-
trolled trial states that surgery performed for cervical 
spinal cord injuries less than 72 h versus more than 
5 days after the injury demonstrated no significant 
difference in motor scores at final follow-up [51]. 
Early spinal stabilization can be performed safely in 
the multiple-trauma patient in medical centers, where 
the medical and ancillary staff are available on a 24-h 
basis and are familiar with these procedures [52]. A 
meta-analysis provided the following guidelines: 
urgent decompression of bilateral locked facets in 

patients with incomplete tetraplegia or in patients 
with spinal cord injury, and neurological deteriora-
tion [53]. Urgent decompression in any acute cervical 
spinal cord injury remains a reasonable practice 
option and can be performed safely. Indications for 
urgent (within 24 h) spinal stabilization have been 
advocated in the presence of extensive polytrauma 
that predisposes to severe pulmonary and/or meta-
bolic derangement if not mobilized and if associated 
injuries dictate acute surgical treatment and chest 
trauma and pulmonary contusions predict pulmonary 
deterioration [32]. They concluded that urgent spinal 
stabilization is safe and appropriate in polytrauma 
patients when progressive neurologic deficit, thora-
coabdominal trauma, or fracture instability increases 
the risks of delayed treatment. However, there was 
small sample in their study and it did not reach statis-
tical significances in outcome measures. Another 
study of severely injured patients with spinal trauma 
[54] reported contrasting outcome of early stabiliza-
tion (within 72 h); however, this study’s findings were 
also not significant. Their findings were discussed 
and could be due to the fact that the stabilization pro-
cedure represented the critical “second hit” popular-
ized by Pape et al. [48].

Severely injured patient
with thoracolumbar

spine fracture  

Thoracoabdominal surgery

Damage control,
life saving procedures

Supine position safe Supine position unsafe

Thoracolumbar fixation
+/− decompression ORIF 

Long bone fixation
ORIF  

Thoracolumbar fixation
+/− decompression

ORIF 

Severely injured
patient with cervical

spine injury 

Neurogic deficit No neurologic deficit

Complete Incomplete Traction

Thoracoabdominal
surgery  

Long bone
fixation ORIF

Cervical spine fixation
+/− decompression

ORIF  

Damage control, life
saving procedures  

a b

Fig. 14.3 Algorithm for the surgical management of a severely injured patient with (a) cervical fractures and (b) thoracolumbar 
fractures. ORIF open reduction and internal fixation
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In most institutions, stabilization of the other spinal 
fractures is performed in a semi-urgent fashion once 
medical optimization of the patient has been accom-
plished, preferably within 3 days of the injury. Late sur-
gical intervention may require more extensive surgery to 
achieve spinal alignment, decompression, and stability.

 Surgical Options

Anterior, posterior, and combined anterior and posterior 
approaches can be used to treat traumatic spinal instabil-
ity. The surgical approach selected may depend on the 
fracture type, neurological status, and the individual 
preference of the surgeon. Anterior approaches may be 
favored in situations where a herniated disk or bone frag-
ment is causing ventral compression on the spinal cord. 
If in addition, fracture patterns are significantly compro-
mised, they may be best addressed by an anterior 
approach to restore the structural stability of the anterior 
spinal column. The surgical approach includes in most 
cases spinal instrumentation as a method of straightening 
and stabilizing the spine. Hooks, rods, and wires to the 
spine rearrange the stresses on the bone and keep them in 
proper alignment. Posterior surgical approaches and 
instrumentation allow for better reduction when defor-
mities are present and may be beneficial in restoring the 
posterior tension band in distraction injuries. With poste-
rior instrumentation, there is restitution of the biome-
chanical forces needed to hold the spine in normal 
alignment. In fracture dislocations, when there is severe 
disruption of the spinal column, combined anterior-
posterior instrumentation procedures may be used to 
maximize stability of the spinal column and increase 
fusion rates. There is no single preferred approach to 
many types of spinal fractures; often the preferences of 
the individual surgeon take precedence. Despite the mat-
uration of surgical techniques and development of sophis-
ticated instrumentation devices, there is a lack of good 
guidelines for the treatment of many fractures. In general, 
posterior approaches are favored for the thoracic and 
lumbar spine because of the ease and familiarity of 
approach. Today, pedicle screw fixation allows better 
fixation with fewer contact points than prior treatment, 
which required longer fusion constructs due to poor spi-
nal element capture. Anterior approaches to the thoracic 
and lumbar spine tend to be more technically challenging 
since they involve mobilization of the lung, viscera, and 
great vessels.

14.6.3  Special Situations

14.6.3.1  Gunshot/Open Injury

Decompression does not improve recovery if the  bullet 
traverses the canal without any residual mass effect 
on neural elements [55]. Evidence of acute lead intoxi-
cation, an intracanal copper bullet, or new onset of 
neurologic deficit can justify operative decompression 
and/or bullet removal. Overzealous laminectomy can 
destabilize the spine and lead to late postoperative 
deformity. For complete and incomplete neural deficits 
at the cervical and thoracic levels, operative decom-
pression is of little benefit and can lead to higher com-
plication rates than nonoperative management. With 
gunshots to the T12 to L5 levels, better motor recovery 
has been reported after intracanal bullet removal ver-
sus nonoperative treatment [56]. Surgery may also be 
necessary for dural repair in patients with a persistent 
cerebrospinal fluid leak. Debridement and removal of 
the bullet is an option during laparotomy for abdomi-
nal injury. If the projectile traverses the oropharynx or 
intestine, intravenous broad-spectrum antibiotics 
should be administered for 3 days as prophylaxis.

14.6.3.2  Ankylosing Spondylitis (AS), Diffuse 
Idiopathic Skeletal Hyperostosis (DISH)

Fractures in patients with AS or DISH are deemed 
unstable until proven otherwise and should be treated 
as such. Patients should be immobilized as soon as 
the diagnosis is made. These patients usually have a 
preinjury deformity, which should be kept in place 
during the workup. Strict logroll precautions are 
used until definitive management has been decided.

The spine is commonly fused to a solid piece of 
bone and the level arm strongly influences the fracture, 
causing a potentially severely unstable spine.

14.6.3.3  Spinal Cord Injury Without Instability  
in the Spondylotic Spine

In patients with complete or incomplete spinal cord 
injury without radiographic signs of an injury, fracture 
or ligament instability, a cervical spinal stenosis fre-
quently occurs. The role and timing of surgery is 
controversial.
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14.6.3.4  Pediatric Patients

In children, ligamentous injuries are more frequent 
than bony injury. These pediatric injury patterns 
transition to adult types at 11 years of age. Most 
pediatric injuries occur in the upper cervical spine 
between the occiput and C3 because the ratio of 
mass between the head and the body is dispropor-
tionate at this location. Spinal cord injury without 
radiographic abnormality (SWICORA) commonly 
occurs in children younger than 11 years. The mech-
anism of these injuries is not fully understood but is 
likely to be a fracture of the cartilaginous vertebral 
endplate, which in turn leads to distraction of the 
cord and ischemic injury. Children with spinal ten-
derness or questionable radiographic findings should 
be treated by immobilization until their symptoms 
resolve or until reliable radiographic review has 
been made.

14.6.3.5  Geriatric Patients

Spondylosis is more frequent in elderly patients and 
results in a higher prevalence of associated spinal cord 
injury. What would otherwise be a minor, low-energy 
injury mechanism can result in markedly unstable 
injuries in an older patient. Treatment is often demand-
ing, older patients poorly tolerate external bracing, and 
surgical interventions often carry an additional risk of 
complications due to age-related medical conditions. 
Halo therapy is almost impossible in these elderly 
patients. Commonly osteoporosis compromises stabi-
lization procedures. All in all the elderly spine man-
agement often leads to a combined nonoperative and 
operative treatment in order to complete the treatment 
course.

14.7  Clinical Outcome

The clinical outcome of patients with spinal injuries is 
difficult to assess. Most of the available literature 
focuses on isolated spinal injuries. It is common sense 
that patients with spine injuries and other severe mul-
tiple injuries have a higher rate of disability, occupa-
tional handicap, and risk for ongoing incapacitating 
pain [57].

A 5-year follow-up study by Mclain et al. assessed 
functional outcome in patients with thoracic, thora-
columbar, or lumbar fractures as a result of all high-
energy trauma [35]. Thirty-eight percent of these 
patients were polytrauma patients (ISS = 26 used for 
threshold definition of polytrauma). Patients limited 
by pain were more often impaired by residual radicular 
and neuropathic symptoms than by back pain. Mclain 
noted that patients with persistent back pain generally 
had an identifiable and correctable mechanical prob-
lem, such as sagittal imbalance, pseudarthrosis, or per-
sistent instability. Forty-four percent of patients had 
functional limitations at follow-up, and it was found 
that neurologic injury, more than any other factor, 
determined functional outcome.

A long-term follow-up in 52 spine fracture patients 
is in concordance with the previous literature, in that 
higher ISS and severe initial neurologic injury are 
associated with worse outcome [58]. Thereby, a lon-
ger time interval for follow-up does not appear to be 
associated with a better outcome. This seems to sug-
gest that no further improvement occurs in the long 
run. The authors found no difference in outcome 
between patients who had minimal neurologic deficit 
after  cervical, thoracic, or lumbar spine fractures, 
when the injury occurred in isolation. This may be a 
surprising finding since one might expect differences 
in outcome following different injury levels. However, 
these patients all had minimal neurological deficits 
and statistically comparable ISS scores. Studies in the 
literature which have categorized spine patients 
according to fracture level have noted dissimilar ini-
tial injury severities and found dissimilar outcomes 
among the groups. A study by Saboe et al. found a 
significant difference in the presence or absence of 
associated injuries and spine fracture level and con-
cluded that the presence of associated injuries meant 
patients were less likely to have neurological deficits 
[59]. Spine trauma patients were also assessed accord-
ing to fracture level by Schinkel et al. and a difference 
in accompanied trauma injuries was found, that was 
then also related to in-hospital stay and short-term 
outcome [60]. A 10-year follow-up has demonstrated 
that patients who suffered multiple level spinal frac-
tures had worse general outcomes in comparison with 
those in the isolated single region injury category,  
and significantly better than the paraplegic group 
(Table 14.3). Patients with spinal fractures continue to 
be a medical challenge.
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15.1  Introduction

The management of the multiply injured patient impro-
ved significantly in the 1960s and 1970s in a number of 
countries. Specialist trauma centres were established, 
and the importance of early resuscitation and surgical 
treatment was appreciated. However, very little interest 
was taken in the management of the severely injured 
elderly patient until the 1980s, when a number of papers 
on this topic were published. In 1984, Oreskovich et al. 
[1] published the results of the treatment of 100 consec-
utive patients who were older than 70 years of age. They 
documented a 15% mortality but noted that while 85% 
of their patients survived, 88% of them did not return to 
their previous level of independence. They also observed 
that the Injury Severity Score (ISS) [2] was not predic-
tive of survival in this elderly group.

DeMaria and his colleagues [3] took a somewhat 
more optimistic view of the benefits of aggressive 
trauma care in the multiply injured elderly. In 1987, 
they published the results of 63 survivors of blunt 
trauma who were over 65 years of age. They pointed 
out that the overall level of injury was moderate, with 
a mean ISS of 15.8; they noted that only 62% of their 
patients had injuries in two or more body regions and 
that 71% of the patients had pre-existing cardiovascu-
lar disease. Prior to injury, 97% of the patients were 
independent; but after treatment and rehabilitation, 
89% of patients returned to an independent existence 
although they pointed out that these patients tended to 
be younger, and to have had a shorter hospital stay and 
fewer complications. Of the 12 patients in their study 
who were aged 80 years or more, only 8 (66.6%) 
returned home. Their conclusion was that aggressive 
support of the elderly was justified as few required per-
manent nursing home care and the majority returned to 
independent living.
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This study also examined the factors related to fail-
ure to survive trauma in older patients. The authors 
showed that non-survivors were older and had more 
severe overall injury. They also had more serious head 
and neck trauma, but there was no difference in the 
severity of non-head and neck trauma, the mechanism 
of injury, or the requirement for surgery. Non-survivors 
had more frequent complications including a higher 
prevalence of cardiovascular complications and a 
greater requirement for ventilation for 5 or more days. 
They took the view that a number of complications 
were potentially avoidable and therefore aggressive 
treatment of geriatric trauma was indicated.

In 1989, Champion et al. [4] analysed data from 
3,833 patients aged 65 years or more in the Major 
Trauma Outcome Study (MTOS) and showed that 
20.7% of older patients injured in motor vehicle acci-
dents died. In this analysis, they pointed out that 28.2% 
of the elderly patient group had been injured in motor 
vehicle accidents compared with 40.6% who had been 
injured in falls and that 11.7% of the latter group had 
died. They concluded that the perception of injury as a 
disease of the young resulted in people failing to recog-
nise the importance of trauma in the elderly. They sug-
gested that trauma systems and trauma centres might 
be put in place to treat elderly patients. Champion and 
his colleagues [5] also analysed a group of 180 elderly 
trauma patients aged 65 years or more and compared 
their results with a similarly injured group of younger 
patients. They also used a nationally collected database 
to analyse mortality at different ages. They showed that 
mortality increased with age and that this increase 
occurred at all ISS scores, in all mechanisms of injury 
and in all body regions. Older patients had higher com-
plication rates, and this was particularly true for pul-
monary and infectious complications. They theorised 
that triaging elderly trauma patients to trauma centres 
at a lower threshold of injury to similarly injured 
younger patients would be beneficial.

Since these papers were published, there has been 
an increasing awareness of the importance of trauma in 
the elderly population, this group usually being defined 
as patients aged at least 65 years. However, there are 
difficulties in defining what constitutes severe trauma 
in the elderly population. Superficially, the concept of 
severe injury is straightforward and one can specify 
that the ISS should be at least 16 or that there should be 
injuries in multiple body systems. However, Champion 
et al. [4] pointed out that there was a significant 

mortality following simple falls and that in the elderly 
population, an ISS of 0–8 was associated with a mor-
tality of 2.9% and a complication rate of 16.2%. An 
ISS of 9–15 was associated with a mortality of 6.9% 
and a complication rate of 31.1%. It is now generally 
accepted that in the elderly population, the mortality of 
low-energy injury is relatively high and the common 
fragility fractures, particularly those of the proximal 
femur, are associated with significant mortality. It is 
also accepted that minor head injuries in the elderly 
may prove fatal.

One of the consequences of the high mortality asso-
ciated with low-energy injuries in the elderly is that, 
understandably, many of these patients are admitted to 
trauma centres where they can receive specialist trauma 
management. This has resulted in some confusion in 
papers discussing the problem of trauma in the elderly 
population. Some studies have specifically looked at 
polytraumatised older patients with injuries in more 
than one body system or an ISS of at least 16 whereas 
other studies have examined all patients admitted to 
certain types of hospital. Obviously, the results from 
these two types of study will be different. In this chap-
ter, we have accepted that it is difficult to define what 
constitutes multiple trauma or severe injury in the 
elderly population and we have examined both patients 
with multiple body system injures and those with mul-
tiple fractures.

15.2  Multiple Injuries

15.2.1  Epidemiology

It is generally assumed that the incidence of poly-
trauma in the elderly is increasing and, indeed, this 
does seem to be the case. There is no doubt that the 
incidence of the elderly in the population is increasing 
rapidly. In 2000, 12% of the population of the United 
States was at least 65 years of age, with 5.9% being 
75 years or older and 1.5% being 85 years or older. It 
has been postulated that by 2030, 20% of the popula-
tion will be aged 65 years or more and 2.5% will be 
aged 85 years or more [6]. In the United Kingdom, it 
has become clear that the fastest growing group in the 
population are the nonagenarians (³90 years), who 
made up 0.58% of the population in 2001 but will 
probably comprise 1.2% of the population in 2025 [7]. 
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United Kingdom statistics have also shown that the 
increase in the population of the elderly is not being 
matched by improved health. In 2008, the National 
Office of Statistics stated that while the population of 
the United Kingdom had been living longer over the 
previous 23 years, the time that both sexes could be 
expected to be in poor health or have a limiting ill-
ness or disability had risen between 1988 and 2004 
[8]. There were some minor improvements after 
2004, but it is clear that increased longevity will be 
matched by poorer health and an increasing incidence 
of medical comorbidities. This is particularly impor-
tant in severe or multiple trauma as medical comor-
bidities help to dictate the prognosis in the elderly. 
The fact is that the problem is already occurring in 
orthopaedic trauma. Figures from Edinburgh, 
Scotland in 2000 show that while nonagenarians 
make up 0.58% of the population, they account for 
3.02% of the fractures in the community, 8.7% of the 
in-patient admissions and 7.6% of the acute ortho-
paedic trauma surgery [9].

However, the increase in the elderly population has 
to be balanced against a presumed decrease in motor 
vehicle accidents in many countries. In the United 
Kingdom in 2001, 9.7% of motor vehicle accident 
casualties were 60 years or more, but this represents a 
decline of 2.1% since 1994–1998 [10]. As there is no 
formalised trauma system in the United Kingdom, this 
improvement shows the value of accident prevention. 
It seems reasonable to assume that accident prevention 
will improve in other countries and the incidence of 
motor vehicle accident casualties will decline. 
However, a contrary view has been put forward by the 
World Health Organisation, which listed motor vehicle 
trauma as the 11th most common cause of death in 
2002 but forecast that it would become the 3rd most 
common cause of death by 2020 [11].

It is difficult to be precise about the future epidemi-
ology of multiple trauma in the elderly, but there is no 
doubt that low-energy multiple fractures will be an 
increasing problem because of the increasing number 
of falls in a progressively older, less fit population. It 
has been estimated that about 10% of falls cause severe 
injury [12], and a recent Swedish study has shown that 
7% of falls in the elderly result in fracture [13]. It is 
likely that fall-related fractures will increase in fre-
quency in the future and the Center of Disease Control 
and Prevention in the United States has suggested that 
in 2020, the cost of falls may reach $54.9 billion [14].

As has already been pointed out, it is difficult to 
estimate the prevalence of severe injury in the elderly 
population as the published data comes from hospi-
tals that admit different categories of patients and dif-
ferent severities of injury. However, a review of the 
Trauma Audit and Research Network (TARN) data-
base in the United Kingdom, which reviews all injured 
patients who arrive alive at hospitals and who are 
admitted for more than 72 h or who die within the 
72 h period, shows that only 1.8% of patients have an 
ISS ³16 and are 65 or more years of age [15]. Forty-
two percent of the injuries followed motor vehicle 
accidents.

If one simply examines fractures in the 65+ year 
group data from the Royal Infirmary of Edinburgh in 
2007/2008 [16] show that 36.9% of fractures occur in 
patients who are aged at least 65 years. However, 
85.6% of these fractures follow a simple fall, only 
1.3% of fractures occurring as a result of a motor vehi-
cle accident and 0.6% occurring as a result of a fall 
from a height, these being the two common causes of 
high-energy injury. It is therefore apparent that severe 
injury in the elderly population is relatively rare 
whether this be polytrauma or high-energy fracture.

15.2.2  Motor Vehicle Accidents

Motor vehicle accidents are the cause of most high-
energy injuries in the elderly although as has previ-
ously been discussed their overall prevalence is 
relatively low. If one excludes the studies that have 
included fall-related accidents, it becomes clear that 
the other causes of high-energy injury are relatively 
rare. Tornetta et al. [17] showed that 73.9% of high-
energy polytrauma in the elderly was caused by motor 
vehicle accidents compared with 18.1% which were 
caused by falls from a height and 8% by crush injury 
and other causes. In this study, only 31.1% of the motor 
vehicle accident polytrauma cases were in elderly 
pedestrians. These figures are similar to European fig-
ures but, generally speaking, there are more pedestrian 
injuries in Europe. Broos et al. [18] studied 126 multi-
ply injured elderly patients in Belgium. If the 30 fall-
related injuries are excluded, 75% of the injuries 
followed motor vehicle accidents, with 44% being 
pedestrians. A further 28% were car occupants, 21% 
were bicyclists, and 7% were motorcyclists. In a large 
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study from Germany, Kuhne et al. [19] showed that 
53.2% of patients aged 56–75 years and 44.9% aged 
76–95 years sustained multiple injuries as a result of 
motor vehicle accidents.

In view of the relatively high numbers of pedestrian 
injuries and fatalities in the elderly population, it is 
worth examining these injuries in more detail. A study 
from Los Angeles of 5,000 pedestrian versus motor 
vehicle accidents between 1994 and 1996 [20] showed 
that only 8% of the victims were aged 65 years or 
more. The average ISS of the elderly group was 12.3 
which was higher than the paediatric and adult groups. 
The highest prevalence of injuries was musculoskeletal 
(40%) followed by head and neck injuries (31%) and 
external injuries (13.9%). There were very few spinal 
(5.4%) or chest injuries (3.4%). An analysis of the 
musculoskeletal injuries showed that in the elderly 
group, there were twice as many upper limb as lower 
limb fractures. The overall mortality for the 5,000 
patients was 7.7%, but it varied greatly with age, with 
3.1% mortality in the paediatric group, 8.1% in the 
adult group, and 27.8% in the elderly group.

Another analysis of a trauma registry in Los Angeles 
between 1993 and 2003 [21] involving 5,838 patients 
showed that 9.3% of pedestrians injured in motor vehi-
cle accidents were older than 65 years. The authors 
analysed two groups of patients, those with an ISS >15 
and those with an ISS >30. In both groups, patients 
over 65 years of age had the highest prevalence of 
injury. The elderly showed a high prevalence of severe 
head injury with an AIS >3 (23.7%), but lower preva-
lences of severe chest injury (8.8%), spinal injury 
(8.5%), abdominal injury (8.3%), and extremity injury 
(1.3%). The main head injuries were subarachnoid 
haematomas and brain contusions. The main extremity 
injuries were fractures of the pelvis and tibia. There 
was a similar distribution of fractures of the cervical, 
thoracic and lumbar spines. The overall mortality for 
all age groups was 7.7%, but in the 65+ year group, the 
mortality was 25.1%.

Similar figures were seen in an Australian study 
[22], where pedestrians aged 17–39 years had an aver-
age ISS of 14.1 and a mortality of 3.7%. The 40–64 year 
group had an average ISS of 13.4 and a mortality of 
5.5%, but the ³65 year group had an average ISS of 
14.9 and a mortality of 22.7%. The authors highlighted 
intoxication in young males and injuries in the elderly 
population as being the two most important causes of 
pedestrian injuries.

In a recent study from Ireland [23], the authors 
analysed 3,232 accidents involving adult pedestrians. 
They documented that older adults represent 36% of 
adult pedestrian fatalities and 23% of serious injuries 
although they only accounted for 19% of adult pedes-
trian motor vehicle accidents. In this study, they 
attempted to analyse which conditions were associated 
with a higher rate of elderly pedestrian injuries and 
deaths. They showed that most accidents involving 
elderly pedestrians occurred in daylight with good vis-
ibility (56%) and in good weather conditions (77%). 
Older adults were less likely to be injured at night than 
younger adults, but they were more likely to be struck 
by trucks or heavy goods vehicles than younger 
patients. Accidents involving older pedestrians 
occurred at every type of road crossing, but the elderly 
were less likely to be injured at traffic lights or round-
abouts. The authors emphasised the need for special-
ised accident prevention schemes for the elderly.

Another potential problem is increasing cognitive 
dysfunction in the elderly population. There is evi-
dence that elderly patients may have an impaired abil-
ity to judge automobile speed [24] and may show 
poorer attention at road crossings [25]. A recent study 
has provided evidence that more elderly patients killed 
in pedestrian accidents had symptoms of dementia 
than age-matched controls [26]. This may well prove 
to be a significant problem in an increasingly aging 
population.

15.2.3  Falls from a Height

The other cause of high-energy injury is falls from a 
height. The extent of injury depends on the height of 
the fall and the elderly patients tend to fall from lower 
heights than younger patients. However, it is likely that 
injuries caused by falls from a height are more com-
mon than they previously were. An analysis of the dis-
tribution of fractures between the 1950s and 2007/2008 
in the United Kingdom [16] shows that a number of 
fractures that used to be seen in the young now often 
occur in older fractures. A good example of this is the 
calcaneal fracture which is often caused by a fall from 
a height. This fracture is now relatively common in 
older patients.

An analysis of 1,613 patients who had fallen more 
than 15 ft [27] showed that in the 65+ year group, 
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severe head and spinal injuries were most common, 
with a prevalence of 18.9% and 16.2%, respectively. 
The frequency of pelvic, femoral and tibial fractures 
increased with age such that the prevalence of these 
fractures in the 65+ year group was 18.7%, 18.9% and 
8.1%, respectively.

15.2.4  Falls

In recent years, there has been an increase in the inci-
dence of falls in the elderly. As has already been 
pointed out, there is good evidence that in older peo-
ple, falls from a standing height may cause consider-
able injury and may be responsible for significant 
mortality. In an analysis of the changing epidemiology 
of injuries and mortality following falls in patients 
aged 50 years and above in Finland, Kannus et al. [28] 
showed significant changes between 1970 and 1995. 
They demonstrated that there had been a 284% increase 
in the number of older persons with a fall-induced 
injury during this period, and they showed that the 
annual increase in fall-induced injury was 9.9% for 
males and 12.1% for females. They did note that there 
had been a slight decline between 1970 and 1977 but 
found that there was a rapid and sharp increase in the 
incidence of fall-induced injury after 1977. They 
recorded that the mean age of older persons with a fall-
induced injury had risen from 67.3 years in 1970 to 
73.0 years in 1995. The figures for males were 63.6 
and 68.0 years, respectively, and for females, they were 
69.2 and 75.3 years, respectively. Analysis of the inju-
ries caused by falls showed that the prevalence of long 
bone fractures had stayed constant in the study period 
but that soft tissue injuries and dislocations had 
increased although head injury, other than fracture, 
had apparently decreased. They thought that the inci-
dence of fall-induced injury would continue to rise.

15.3  Treatment

The treatment of polytrauma in the elderly is essen-
tially the same as that in young patients although there 
are two important caveats. Firstly, as Champion et al. 
[4] pointed out, elderly patients may well require more 
aggressive resuscitation and treatment than younger 
patients with equivalent injuries. This applies in 

particular to apparently less severe injuries. Secondly, 
the frequency of medical comorbidities is usually 
higher than may be seen in younger patients and a 
good history of associated medical conditions must be 
obtained. However, the principles of assessment, resus-
citation, and treatment are similar to those for younger 
patients and are discussed elsewhere in this book.  
A good analysis of the principles of management of 
the multiply injured patient is contained in the chapter 
dealing with the ‘Management of the multiply injured 
patient’ by Giannoudis and Pape in the 7th edition of 
Rockwood and Green [29].

15.4  Predictors of Mortality

An analysis of medical comorbidities in the New York 
State Registry between 1994 and 1998 shows that, not 
unexpectedly, the frequency of medical comorbidities 
increases with age. In an analysis of 76,466 patients, 
Hannan et al. [30] showed that in their 13–39-year age 
group, only 3.5% of patients had associated comor-
bidities compared with 29.4% in the 65–74-year group, 
34.7% in the 75–84-year group, and 37.3% in the 85+ 
year group. Their possible comorbidities included 
chronic obstructive pulmonary disease, congestive 
heart failure, acute myocardial infarction, other ischae-
mic heart disease, cerebrovascular disease and periph-
eral vascular disease. When combined with factors 
such as intubation status, low systolic blood pressure, 
low motor response, male gender and lower ICISS, the 
presence of comorbidities was associated with 
increased mortality. The adjusted odds ratios for mor-
tality relative to the 13–39 year group were 2.67 for 
40–64-year-old patients, 8.41 for 65–74-year-old 
patients, 17.4 for 75–84-year-old patients and 34.98 
for the 85+ year group.

McGwin et al. [31] analysed the relationship 
between mortality and chronic medical comorbidities 
together with the severity of the injury in both younger 
and older patients. They showed that in older less 
severely injured patients, the presence of medical 
comorbidities increased mortality whereas the same 
effect was not noted in more severely injured patients 
with an ISS >26. They concluded that older patients 
with medical comorbidities should be considered to 
have an increased risk of death compared with their 
non-chronically ill counterparts. Older patients with 
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minor injuries (ISS 1–15) had a significantly increased 
risk of death if they had coexisting haematological dis-
ease, diabetes, cardiac disease, renal disease, hepatic 
disease, neurological disease, respiratory disease or 
spinal injury. In moderately injured elderly patients 
(ISS 16–25), respiratory and cardiac diseases influ-
enced mortality, but hypertension was protective. In 
severely injured patients (ISS ³26), hypertension and 
spinal injury appeared to be protective. However, the 
authors pointed out that there may well have been 
underreporting of associated medical comorbidities, 
but they suggested that their results showed that elderly 
patients with minor injuries and associated medical 
comorbidities should be treated aggressively.

Similar results were reported by Broos et al. [18], 
who found that early survivors of multiple injuries had 
a significantly lower prevalence of diabetes and cardio-
pulmonary, neuropsychiatric and renal disease. Tornetta 
et al. [17] looked at other predictors of outcome in the 
multiply injured elderly. They showed that the require-
ment for transfusion and fluid replacement predicted 
outcome as did the type of surgery that the patient 
required. They found that patients who underwent only 
a general surgical procedure were 2.5 times more likely 
to die and patients who required both general surgery 
and orthopaedic surgery were 1.5 times more likely to 
die. Those who underwent an orthopaedic procedure 
were less likely to die than those who had no surgery. 
They could not demonstrate a positive correlation 
between mortality and early or late surgery.

The Injury Severity (ISS) [2] is the most widely used 
determinant of injury. Early studies suggested that it 
was less predictive of outcome in the elderly than in 
younger patients. However, Tornetta et al. [17] theo-
rised that this was because minor fall-related injuries 
were included in these studies and that when they were 
excluded, elderly patients who died had a higher ISS 
than those who survived (33.1 and 16.4). They found 
that the Glasgow Coma Scale (GCS) [32] was also pre-
dictive of survival in the elderly. Giannoudis et al. [15] 
also showed that the ISS, GCS and blood pressure (BP) 
on admission were predictive of survival in elderly 
patients. They showed that a pulse rate of >90 on admis-
sion and severe (Abbreviated injury scale (AIS)[33] ³3) 
head, chest, abdominal and spinal injury were associ-
ated with higher mortality in elderly patients. In the 
elderly group, cardiac arrest on admission was associ-
ated with 100% mortality. A list of predictors of mortal-
ity in elderly patients is given in Table 15.1.

15.5  Outcome

15.5.1  Polytrauma

There is very little information about outcome, other 
than mortality, in the elderly admitted with severe 
injury. There is some evidence that older patients have 
fewer long-term psychological problems than younger 
patients [34], but these results were from patients who 
were not polytraumatised patients but those admitted 
with severe fractures. Studies on the outcome of elderly 
polytrauma survivors are required.

Mortality following polytrauma clearly varies with 
the degree of injury, and in the large multi-centre stud-
ies where a wide spectrum of injury has been included, 
the mortality is less than in studies that concentrate on 
polytrauma victims. There is also considerable varia-
tion between mortality in different countries. In coun-
tries such as the United States and Germany, where 
there are formal trauma systems, the results are better 

Injury severity score <25

GCS <9

Systolic blood pressure <90 mmHg

Pulse >90/min

Increased transfusion requirement

Increased volume replacement

Associated injuries (AIS >3)

 Head

 Chest

 Abdomen

 Spine

Comorbidities

 Haematological disease

 Diabetes

 Cardiovascular disease

 Renal disease

 Hepatic disease

 Neurological disease

 Respiratory disease

Table 15.1 Factors that increase mortality in elderly patients

Source: Data from Giannoudis et al. [15], Tornetta et al. [17] and 
McGwin et al. [31]
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than in the United Kingdom where such a system is 
lacking. The literature suggests that the average mor-
tality for elderly polytraumatised patients in countries 
with a formal trauma system is 15–25% [6, 17, 18], but 
of course, it depends on the age of the patients and the 
severity of injury. Kuhne et al. [19] analysed mortality 
in 5,375 patients in Germany who had an ISS ³16 and 
were aged between 15 and 95 years. The overall mor-
tality was 23%, but it was 8.1% if the ISS was 16–24, 
27.2% if the ISS was 25–50 and 66.1% if the ISS was 
51–75. Their results are shown in Fig. 15.1. The 
authors stated that mortality rose from 56 years 
onwards. These overall mortality figures are not dis-
similar to those reported from other trauma centres, 
but higher figures have been reported. Aldrian et al. 
[35] reported a mortality of 53.3% in the elderly, with 
31.1% dying within 24 h. Their average ISS was 32.1.

The statement by Kuhne et al. [19] that mortality in 
polytraumatised patients rose after the age of 56 once 
again highlights the polarisation of much of the litera-
ture dealing with severely injured patients. Their 
assessment of a group of polytraumatised patients 
admitted to trauma centres in Germany should be com-
pared with the study of Caterino et al. [36] in the United 
States, who examined the Ohio State Registry that 
records a wider range of admissions from both trauma 
and non-trauma centres. They found that 70 years was 
the equivalent age at which mortality increased and 
recommended that in trauma studies, 70 years should 

be taken as the cut-off age for considering a patient  
to be elderly; but it is vital that the type of injury be 
 accurately recorded, given the differences between 
these two papers.

In the United Kingdom, which lacks a formal 
trauma system, Giannoudis et al. [15] reported 42% 
mortality in elderly polytraumatised patients. As with 
other studies, the mortality was age dependent and it 
reached almost 50% in patients aged over 75 years. In 
their earlier study, DeMaria et al. [3] had reported 80% 
mortality in patients with an ISS ³25 who were at least 
80 years of age. More recently, it has been shown that 
elderly patients with an ISS >30 require less ICU facil-
ities than younger patients because of their higher 
mortality [37]. It is also interesting to note that in the 
United States, mortality following injury in the very 
elderly (>80 years) is less in trauma centres than in 
acute care hospitals [38]. Mortality obviously increases 
with age and degree of injury, but it is also influenced 
significantly by the type of hospital and the trauma 
system within the country.

15.5.2  Falls

The mortality from falls has increased in the last few 
decades. As with the incidence of fall-induced injury, 
Kannus and his co-workers used the Finnish Cause-of-
Death register to assess the incidence of fall-induced 
mortality between 1971 and 2002 [39]. They pointed 
out that in 2002, falls were responsible for 285% more 
deaths than motor vehicle accidents and that there had 
been an overall 136% increase in fall-induced deaths 
in the study period. The relevant figures for males and 
females were 201% and 97%, respectively. They also 
showed that while the incidence of fall-induced deaths 
had been relatively steady in females between 1975 
and 2002, it had continued to increase in males. They 
theorised that there would be a 108% increase in mor-
tality by 2030.

15.6  Types of Injury

In the elderly, there are two main types of serious injury 
that frequently occur with both low-energy and high-
energy injuries and may be associated with significant 
mortality. These are head injuries and fractures. 
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Obviously, injuries may occur in other body systems, 
but they are usually caused by high-energy trauma and 
their characterisation and management is discussed 
elsewhere in the book.

15.6.1  Head Injury

In a recent study of head injury in the elderly, Mitra 
et al. [40] analysed 96 patients and showed that 31.2% 
of head injuries followed a low fall, 30.2% occurred 
because the patient was struck by a motor vehicle and 
17.7% were caused by a high fall. All patients pre-
sented with an initial GCS <8, which had not been 
caused by sedation or paralysis. They reported that 
62.2% of patients aged 65–74 years died compared 
with 68.2% aged 75–84 years and 100% of patients 
aged at least 85 years. Increasing age and brainstem 
injury were identified as predictors of mortality. 
Frankel et al. [41] analysed the outcome of traumatic 
brain injury in the elderly and showed that elderly 
patients were significantly less likely to be discharged 
home. However, they felt that the results of treatment 
were encouraging and stated that older patients exhib-
ited the potential to achieve functional goals.

15.6.2  Multiple Fractures

Multiple fractures in the elderly may occur as a result 
of high-energy or low-energy injuries. The assumption 

is often made that they are mainly caused by motor 
vehicle accidents or falls from a height but this is sim-
ply not the case. In a review of 6,872 in-patient and 
out-patient fractures in the Royal Infirmary of 
Edinburgh in 2007/2008 [16], there were 2,335 patients 
aged at least 65 years. Of these 119 (5.1%) presented 
with multiple fractures. One hundred and nine (91.5%) 
had two fractures, 9 (7.6%) had three fractures and  
1 (0.8%) 75-year-old pedestrian presented with four 
fractures after a motor vehicle accident. Table 15.2 
shows the causes of multiple fractures in the elderly 
population. It can be seen that the highest prevalence is 
indeed related to motor vehicle accidents, with 36.4% 
of patients presenting with multiple fractures. 
Predictably, the next most common cause of multiple 
fractures in the elderly was falls from a height followed 
by falls down stairs. However, although the prevalence 
of multiple fractures following simple falls was only 
4.4%, the frequency of fall-related fractures in the 
elderly population means that 92 patients presented 
with multiple fractures following a fall during the year, 
this constituting 78.6% of all the multiple fractures. 
Table 15.2 shows that the average of the multiple frac-
ture group was 71.3 years and about 80% were 
female.

A review of the 32 fractures that resulted from 
motor vehicle accidents shows that they occurred in 22 
patients, with 7 patients presenting with 2 fractures 
and 1 patient with 4 fractures. The average age was 
80.2 years and 75% of the patients were male. Five 
(22.7%) of the 22 patients were bicyclists, all of whom 
presented with a single fracture. Another four (18.2%) 

Patients (n) Multiple 
fractures

% Average age 
(year)

Gender ratio

Simple fall 2,111 96 4.5 79.0 16/84

Fall from height 11 3 27.3 72.0 67/33

Fall down stairs 80 10 12.5 77.0 30/70

Motor vehicle accident 22 8 36.4 80.2 75/25

Direct blow/assault 45 2 4.4 77.5 0/100

Sport 17 0 – – –

Spontaneous 24 0 – – –

Others 25 0 – – –

2,335 119 5.1 77.1 21/79

Table 15.2 The epidemiology of multiple fractures in patients aged at least 65 years presenting to the Royal Infirmary of Edinburgh 
over a 1-year period in 2007/2008
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were vehicle occupants, and one vehicle passenger 
presented with two fractures. The remaining 13 
(59.1%) elderly patients were pedestrians struck by a 
vehicle, of whom 7 (53.8%) presented with multiple 
fractures. The average age of this group was 78.9 years, 
and 14 (63.6%) of the fractures were in the lower limb 
or pelvis and 8 (36.4%) were in the upper limb. Three 
(13.6%) of the fractures were open.

Table 15.2 shows that the prevalence of multiple 
fractures following a fall from a height approaches that 
of motor vehicle accidents, but all the fractures were 
closed, suggesting either that falls from a height in the 
elderly are not as severe as in younger patients or pos-
sibly that many falls are fatal. Table 15.2 also shows 
that falls down stairs are associated with a high preva-
lence of multiple fractures. The results indicate that the 
highest frequency of multiple fractures in the 65+ year 
group follows motor vehicle accidents where the 
elderly patient is a pedestrian struck by a vehicle. 
However, the greatest number of multiple fractures in 
the elderly that present to orthopaedic surgeons follow 
a simple fall and these will be examined in more detail 
elsewhere in the book.

15.6.3  Fall-Related Multiple Fractures

A review of all patients aged at least 16 years who pre-
sented to the Orthopaedic Trauma Unit of the Edinburgh 
Royal Infirmary over a 1-year period between 
2007/2008 shows that 3,843 fractures were caused by 
simple falls, this being 55.9% of all the fractures. 
Analysis of the patients of at least 65 years of age 
shows that 2,213 fractures were caused by simple falls. 

These fractures occurred in 2,111 patients, with 2,015 
patients presenting with a single fracture, 90 present-
ing with two fractures and six patients presenting with 
three fractures. Table 15.2 shows that the average age 
of patients presenting with multiple fractures after a 
fall was 79 years. The average age of males was 
76.6 years, with 79.5 years being recorded for females. 
This compares with 79.2 years and 80.0 years for 
males and females who presented with single fractures. 
The gender ratio for single fractures was 20/80, indi-
cating that multiple fractures are more common in 
elderly females, but the average ages of males and 
females are not dissimilar.

An analysis of multiple fractures of all ages in 
2007/8 shows that they are much more common in 
older patients. Figure 15.2 shows the age-related inci-
dence of multiple fall-related fractures in the whole 
population. There were none in the 15–19 years group, 
but Fig. 15.2 shows that the incidence starts to rise in 
the 6th decade of life and continues to rise until the 
tenth decade; it is presumed that this is mainly because 
of increased osteopenia and other medical comorbidi-
ties that predispose the patients to falls.

Only six (6.25%) of the elderly patients who presented 
with fall-related multiple fractures had three fractures. It 
was not possible to define any relationship between dif-
ferent fracture combinations. Two involved the upper 
limb only, and four involved both upper and lower limbs. 
Five (83.3%) of these fractures occurred in females with 
an average age of 78.6 years, with only one 71-year-old 
male presenting with three fractures after a fall.

A review of the 90 patients who presented with 
double fracture combinations showed there were three 
groups. Group 1 consisted of 29 (32.2%) patients who 
presented with two upper limb fractures. Group 2 
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comprised 11 (12.2%) patients who presented with 
two lower limb fractures, and Group 3 consisted of the 
remaining 50 (55.6%) patients who presented with 
fracture combinations involving both upper and lower 
limbs. Pelvic fractures were included with the lower 
limb fractures. Group 1 had an average age of 75 years 
and a male/female gender ratio of 17/83. Group 2 had 
an average age of 83.4 years and a gender ratio of 
18/82, and Group 3 had an average age of 80.6 years 
and a gender ratio of 14/86.

Analysis of the Group I patients showed that com-
binations of fractures involving the distal radius and 
proximal humerus were most commonly seen. Of the 
29 upper limb double fracture combinations, 19 
(65.5%) involved the distal radius and 11 (37.9%) the 
proximal humerus, with 4 (13.8%) patients presenting 
with fractures of the distal radius and proximal 
humerus. There were, in fact, only three double upper 
limb fracture combinations that did not involve the dis-
tal radius or proximal humerus. The commonest Group 
1 combinations were bilateral distal radial fractures 
(27.5%), the distal radius/proximal humerus combina-
tion (13.8%) and the combination of distal radius and 
finger phalanx (10.3%).

Of the 11 Group 2 patients, 5 (45.4%) involved the 
proximal femur, 4 (36.4%) the pelvis and 4 (36.4%) 
involved the ankle. In fact, there was only one combi-
nation of midfoot and metatarsal fractures that did not 
involve the proximal femur, pelvis or ankle. The com-
monest lower limb combinations were fractures of the 
proximal femur and pelvis and fractures of the ankle 
and metatarsal which both occurred in 27.3% of Group 
2 fractures.

Group 3 fractures were most commonly seen. Of the 
50 Group 3 fractures, 34 (68%) involved the proximal 
femur and 17 (34%) presented with a combination of 
proximal femoral and proximal humeral fractures, this 
being the commonest double fracture combination.  
A further 11 (22%) patients presented with proximal 
femoral and distal radial fractures. Of the fracture com-
binations that did not involve the proximal femur, the 
common combination was that of the proximal humerus 
and pelvis, which presented in 8% of Group 3 cases 
followed by that of the distal radius and pelvis, which 
occurred in 6% of the patients.

The results show that the four commonest fractures in 
double fracture combinations involve fractures of the 
proximal femur, distal radius, proximal humerus and pel-
vis. Proximal femoral fractures occurred in 39 (43.3%) 
of the double fracture combinations with distal radius 
fractures being involved in 38 (42.2%). The average ages 
of these fracture groups were 81.4 and 77.6 years, respec-
tively, and the gender ratios were 20/80 and 13/87. 
Proximal humeral fractures occurred in 34 (37.8%) of 
the double fracture combinations. These patients had an 
average age of 79.7 years and a gender ratio of 15/85. 
Pelvic fractures occurred in 11 (12.2%) patients with an 
average age of 87.7 years and a gender ratio of 8/92.

Table 15.3 shows the basic epidemiological data of 
the nine most common double fracture combinations, 
these being the fracture combinations that presented at 
least three times during the year. It is evident that frac-
tures of the proximal femur, proximal humerus and 
distal radius are involved in all the common combina-
tions except for the ankle metatarsal combination. It is 
also worth noting the extreme age of patients who 

Fracture combination n % Age (year) Gender ratio (%)

Proximal humerus/proximal femur 17 18.9 80.9 18/82

Distal radius/proximal femur 11 12.2 80.2 18/82

Distal radius/distal radius 8 8.9 74.2 20/80

Distal radius/proximal humerus 4 4.4 79.5 0/100

Proximal humerus/pelvis 4 4.4 87.2 25/75

Distal radius/finger phalanx 3 3.3 74.7 0/100

Distal radius/pelvis 3 3.3 85.0 0/100

Proximal femur/pelvis 3 3.3 92.3 0/100

Ankle/metatarsal 3 3.3 75.3 0/100

Table 15.3 Epidemiological criteria of the nine double fracture configurations that occurred at least three times in a 1-year period
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present with a combination of a fall-related pelvic 
fracture and a fracture of the proximal femur, distal 
radius and proximal humerus.

With increased longevity, it seems likely that mul-
tiple fall-related fractures will become more com-
mon and that they will present in patients who have 
multiple medical comorbidities and who require 
aggressive medical management to increase the 
chance of survival from these apparently straightfor-
ward injuries.
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Traumatic injuries are the main causes of morbidity 
and mortality in children up to the age of 14 years. 
Most of these deaths occur as a result of a combination 
of severe head, thoracic, abdominal, and/or skeletal 
trauma. Severe head injury is associated with the high-
est morbidity and mortality rates. Significant trauma 
in children up to the age of 5 years is most often caused 
by a fall from height at home. In older children, traffic 
accidents account for the majority of trauma. This can 
be broken down into three groups, with equal involve-
ment of bicycle, pedestrian, and motor vehicle acci-
dents. Importantly, nearly 30% of the deaths in children 
involved in an accident sustaining polytrauma could 
be avoided by correct medical and surgical manage-
ment [1–3].

16.1  Definition and Epidemiology

Similar to adults, polytrauma in children is defined as 
a combination of injuries involving two or more organ 
systems as a result of a single incident that account for 
a life-threatening condition [3].

The incidence of polytraumatized children is estima ted 
to be 360 per 100,000, which accounts for 6% of all pol-
ytrauma patients. Age breakdown is as follows: less than 
5 years – 25%; 6–10 years – 25%; and 11–15 years – 50%. 
The overall mortality rate is about 12% [4].

16.2  Anatomic and Physiologic Specifics 
in Children and Adolescents

Children differ physiologically and anatomically from 
adults. A child’s head is proportionally larger than an 
adult’s, and accounts for a larger percentage of the 
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total body surface area (Fig. 16.1). This leads to a dis-
proportionately higher risk of injuries to the skull and 
to the cervical spine. The airway is anatomically dif-
ferent from that of an adult, and there is less respira-
tory reserve capacity.

Since children have less body mass and less total 
blood volume, their cardiovascular response to injury 
may be less sustained than in adults. This difference 
is even greater in younger children and toddlers. In 
breast-fed infants, even small amounts of blood loss 
can lead to hypovolemic shock. Table 16.1 describes 
estimates of blood loss in children and adults. 

Therefore, major bleeds may be easily missed, and the 
consequences can be severe [3, 6].

16.3  Patterns of Injury

Younger children sustain different injury patterns from 
adults. In the pediatric polytrauma population, head 
trauma combined with fractures is the most frequent 
pattern of injuries, followed by a combination of head 
and chest or abdominal trauma. In general, approxi-
mately 80% of all pediatric polytrauma patients suffer 
from head injuries, 60% have fractures, 40% have tho-
racic trauma, and 35% have abdominal trauma. The 
common combination of head trauma, thoracic injury, 
and femur fractures is termed “Waddell’s triad.”

In the very young child, head injuries and fractures 
of the lower limb are more frequent than thoracic, 
abdominal, or pelvic injuries. An insufficient safety belt 
can cause a lumbar spine shear fracture (Chance 
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Fig. 16.1 Relationship between head, trunk, and extremities in children vs. adults [5]

Age (years) Blood loss (ml) % total blood 
volume

4 500 40

8 500 25

Adult 500 10

Table 16.1 Relationship between age, blood loss, and % of the 
total blood volume
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fracture). This injury is typically associated with 
abdominal trauma, including small bowel ruptures [4].

16.4  Scoring

Anatomic, physiologic, and prognostic trauma scores 
exist for adults, each of which can be adapted for chil-
dren. However, scores seem to be more helpful in the 
retrospective evaluation of treatment, with no primary 
influence upon initial management [7]. Although the 
Injury Severity Score (ISS) is used for children, the 
Pediatric Trauma Score (PTS) has been developed and 
should be used preferentially for polytraumatized chil-
dren. The PTS is a combination of anatomical and 
physiological values scoring weight, airway status, 
systolic blood pressure, level of consciousness, and the 
presence of open wounds and fractures. Each value is 
scored between −1 and +2, and added to yield a total 
score between −6 and +12. [8] (Table 16.2). 
Additionally, the Glasgow Coma Scale and the 
Pediatric Glasgow Coma Scale is available to assess 
neurologic status (Table 16.3).

16.5  Prehospital Care

Administration of first aid and basic life support 
directly at the injury site is crucial, and starts with air-
way support and oxygen administration with early 
intubation if needed. In general, the primary survey 
and resuscitation following the A-B-C-D-E’s of the 
Advanced Trauma Life Support (ATLS) rules apply.

A-Airway: To secure adequate oxygenation, the air-
way should be assessed and a primary oxygenation 
mask should be started (12 L/minO

2
). Complicating 

matters, in infants, the larynx is in a cephalad and ante-
rior position, and the tongue is larger in relation to the 
mouth. Cervical spine precautions with a rigid collar 
should be utilized at all times.

B-Breathing: Hypoventilation is the most common 
cause of cardiac arrest in children. The pediatric chest 
is more compliant and compressible when compared 
with that of adults. Asymmetric thoracic movement 
and skin emphysema are signs of insufficient breath-
ing (i.e., Pneumothorax). Insufficient respirations 
prompt immediate intervention such as CPR or artifi-
cial respirations.

C-Circulation: Tachycardia, low systolic blood 
pressure, and pale skin are signs of insufficient perfu-
sion. Large-bore intravenous access through two or 
more peripheral veins should be used; a central line 
should not be employed at this stage. In cases of insuf-
ficient peripheral venous access, intraosseous access 
through the tibia may be used.

I. Scoring

 A. Weight

   1. Weight >20 kg: score +2

   2.Weight 10–20 kg: score +1

   3.Weight <10 kg: score −1

 B. Airway

   1. Normal airway: score +2

   2. Maintained airway: score +1

   3. Invasive airway (e.g., intubated): score −1

 C. Systolic blood pressure

   1. SBP >90 mmHg: score +2

   2. SBP 50–90 mmHg: score +1

   3. SBP <50 mmHg: score −1

 D. Central nervous system

   1. Awake: score +2

   2. Obtunded: score +1

   3. Coma: score −1

 E. Open wound

   1. No open wound: score +2

   2. Minor open wound: score +1

   3. Major open wound: score −1

 F.  Skeletal trauma

   1. No skeletal trauma: score +2

   2. Closed fracture: score +1

   3. Open fracture or multiple fractures: score −1

II. Interpretation

  A. Score range: +12 to −6

  B. Trauma score <= 8 indicates significant mortality risk

III. References

  A. Tepas (1987) J Pediatr Surg 22:14

Table 16.2 Pediatric trauma score
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D-Disability: In general, the most important differ-
ence when assessing neurological function relates to 
the preverbal age group. The neurological investigation 
should include the pediatric Glasgow Coma Scale. It is 
important to consider the age-related modifications and 
the specifics of the pupil’s reaction to light in children.

E-Exposure: In children, it is very important to 
maintain or regain normothermia. The high ratio of the 
infant’s body surface area with respect to body volume 
makes them especially prone to hypothermia.

16.6  Emergency Room Management

The emergency room team in the hospital should fol-
low strict ATLS protocols. The Trauma Team consists 
of a pediatric trauma surgeon, a pediatric surgeon, 
a pediatric anesthesiologist, as well as specialized 
nurses and technicians. Following initial resuscitation 

including airway control, pneumothorax treatment, 
bleeding control, and volume therapy, emergency 
diagnostic testing is  initiated. Blood draws, nasogas-
tric tube insertion, and  bladder catheterization are per-
formed. Abdominal ultrasonography for detection of 
free fluid and visceral injuries is the standard of care. 
Similar to adults, a whole body CT scan can be per-
formed to allow for simultaneous evaluation of the 
spine and the pelvis [8–10].

16.7  Specific Injuries

16.7.1  Head Injury

Intracranial bleeding as well as brain swelling and 
edema can increase intracranial pressure and reduce 
cerebral perfusion. Cerebral blood flow (CBF) is 
related to the intracranial pressure (ICP) and the 

Area Infants Children Score assesseda

Eye opening Open spontaneously Open spontaneously 4

Open in response to verbal stimuli Open in response to verbal stimuli 3

Open in response to pain only Open in response to pain only 2

No response No response 1

Verbal response Coos and babbles Oriented, appropriate 5

Irritable cries Confused 4

Cries in response to pain Inappropriate words 3

Moans in response to pain Incomprehensible words  
or nonspecific sounds

2

No response No response 1

Motor responseb Moves spontaneously and  
purposefully

Obeys commands 6

Withdraws to touch Localizes painful stimulus 5

Withdraws in response to pain Withdraws in response to pain 4

Responds to pain with decorticate 
posturing (abnormal flexion)

Responds to pain with flexion 3

Responds to pain with decerebrate 
posturing (abnormal extension)

Responds to pain with extension 2

No response No response 1

Table 16.3 Modified Glasgow Coma Scale for infants and children

a Score: 12 suggests a severe head injury, 8 suggests need for intubation and ventilation, 6 suggests need for intracranial pressure 
monitoring

b If the patient is intubated, unconscious, or preverbal, the most important part of this scale is motor response. This section should be 
carefully evaluated
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cerebral perfusion pressure (CPP). The ICP value in 
children should be between 3 and 17 mmHg. It is man-
datory to keep the ICP less than 20 mmHg. The CPP 
should be >50 mmHg up to 4 years of age, >60 mmHg 
between 5 and 8 years of age, and >70 mmHg for chil-
dren over the age of 8. The current standard of care 
prompts a head computed tomography if the GCS 
value is less than 12 points. The indications for surgery 
are similar to adults, which include midline shifts 
(Fig. 16.2). For patients with a GCS of less than 8 
points, monitoring with an intracranial ventricular or 
intraparenchymal device is recommended. In general, 
prognosis for recovery of the pediatric brain following 
head trauma is better than that of adults. If an intracra-
nial hematoma is detected, emergent surgical evacua-
tion is required. Initially, the head should be elevated 
up to 30. Respirator settings should aim at achieving 
O

2
 saturations of 100%.

16.7.2  Thoracic Trauma

Approximately 50% of pediatric polytrauma patients 
sustain thoracic injuries, and 25% of these are associ-
ated with skeletal injuries. Mortality rises up to 39% if 
thoracic trauma is compounded with brain and abdom-
inal injuries. The diagnosis of subcutaneous emphy-
sema and/or paradoxical breathing requires rapid 
intubation and ventilation.

In children, increased chest wall compliance can 
cause severe pulmonary contusions in the absence of 
fractures, and life-threatening hemorrhage can occur. 
Therefore, a chest CT should be performed, followed 
by blood gas analysis to monitor the oxygenation index 
(P

a
O

2
/FIO

2
 ratio, normal value 300–400) [11–13] 

(Fig. 16.3). Surgical intervention is rarely necessary, 
but a thoracotomy is performed when control of bleed-
ing is necessary. If lung fistulas develop, they may be 
treated electively. Although diaphragmatic lesions are 
rare, care must be taken to rule them out as bowel her-
niations may occur with these injuries. The risk of 
Acute Respiratory Distress Syndrome (ARDS) is simi-
lar to that of adults and Extracorporeal Membrane 
Oxygenation (ECMO) may be required.

16.7.3  Abdominal

Approximately 45% of polytraumatized children have 
abdominal trauma. Abdominal wall ecchymosis is a 
sign of serious visceral injury. Because the spleen and 
liver of children are proportionately larger and the dia-
phragm is lower than in adults, intra-abdominal organs 
are more vulnerable to blunt trauma (Fig. 16.4). 
Diagnostic tests to evaluate these organs include ultra-
sound, commonly followed by a CT scan. Diagnostic 

Fig. 16.2 Epidural hematoma, patient 8 month, fall from chair

Fig. 16.3 Lung contusion in X-ray plain (a) and in CT scan (b), 
patient 5 years, car accident
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peritoneal lavage and diagnostic laparoscopy are rarely 
performed if a CT scan is available. Once diagnosed, 
blunt liver trauma can be graded according to the clas-
sification of the American Association for the Surgery 
of Trauma (AAST) [6, 11, 14, 15] (Table 16.4).

Recent studies show that with most cases of solid 
organ injury, conservative treatment can be employed. 
In cases with vascular injuries and minor bleeding, 
interventional radiology may be useful. When laparo-
tomy for hemorrhagic control of the liver is required, 
direct suture and ligation of the bleeding vessels is 
employed to control blood loss. In grade V liver inju-
ries, abdominal packing can allow time for resuscita-
tion with a planned second look at a later time. 
Although bowel lacerations and ruptures require sur-
gery, intramural hematomas are usually well treated by 
conservative means. Pancreatic injuries such as contu-
sions and ruptures usually heal, but may lead to the 
development of pseudocysts. Complete ruptures of the 
kidney or avulsed renal vessels require surgery and 
reconstruction. Hematomas and urinomas can easily 
be diagnosed by ultrasound, and ureteral or renal 
lesions can be managed by percutaneous drainage or 
endoscopically applied stents.

16.7.4  Spine Trauma

The relation between the head and the weak neck mus-
cles in children is responsible for injuries to the cervi-
cal spine. Injuries from C1 to C3 are more frequent in 
young children compared to adults. The majority of 
pediatric thoracic and lumbar spine injuries are type A 
injuries according to the OTA/AO classification and 
are treated with a removable molded body jacket, or 
fiberglass body cast. Distraction and rotation lesions 
are rare and require internal fixation [16].

16.7.5  Orthopaedic Injuries

Extremity injuries in the growing skeleton have to be 
treated cautiously. Some fractures do not require ana-
tomic reduction, depending on age and classification. 

Grade Injury description  
liver

I Hematoma Subcapsular, nonexpanding, 
<10 cm surface area

Laceration Capsular tear, nonbleeding, 
<1 cm parenchymal bleeding

II Hematoma Subcapsular, nonexpanding, 
10–50% surface area
Intraparenchymal nonexpanding 
<10 cm in diameter

Laceration Capsular tear, active bleeding; 
1–3 cm parenchymal dept <10 cm 
in length

III Hematoma Subcapsular, >50% surface area 
or expanding;
Ruptured subcapsular hematoma 
with active bleeding;
Intraparenchymal hematoma 
>10 cm or expanding

Laceration >3 cm parenchymal depth

IV Hematoma Ruptured intraparenchymal 
hematoma with active bleeding

Laceration Parenchymal disruption involving 
25–75% of hepatic lobe

V Laceration Parenchymal disruption involving 
>75% of hepatic lobe

Vascular Just a hepatic venous injury (i.e., 
retrohepatic vena cava)

VI Vascular Vascular avulsion

Table 16.4 Injury description liver

Fig. 16.4 Thoracic and abdominal marks in a patient ran over 
by a tractor
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The ability to correct varus deformities may be as 
high as 60°. However, rotational deformities do not 
have the potential to remodel, and this may pose 
challenges in the lower extremity. Moreover, transi-
tional fractures during skeletal maturation should 
not be overlooked and may require surgical inter-
vention to avoid inadequate growth plate recovery 
(Fig. 16.5).

16.7.5.1  Diaphyseal Fractures

In closed diaphyseal fractures, the indications for 
elastic stable intramedullary nailing (ESIN) are more 
frequent than in adults. Given the short healing time 
of the growing skeleton, this technique is ideal to 
avoid injuries to the physis. Most surgeons prefer the 
ESIN technique because of higher patient comfort 
when compared with external fixation and plate oste-
osynthesis. The elastic properties of the nails sup-
port the biology of pediatric fracture healing by 
stimulating both periosteal and endosteal callus for-
mation [18].

16.7.5.2  Articular Fractures

Articular fractures require meticulous reduction in 
order to avoid secondary deformities or early growth 
plate closure. These injuries should be treated by an 
expert in pediatric orthopaedic trauma.

16.7.5.3  Pelvic Fractures

Injuries to the pelvis are rare, but are frequently associ-
ated with injuries to the bladder, urethra, and the rec-
tum. The greater plasticity and elasticity of the pediatric 
pelvic ring explains why these injuries are often over-
looked initially. Hemorrhage in the retroperitoneal or 
intraperitoneal space originates from the fractured 
bone or from disrupted vessels (veins) and can lead to 
life-threatening bleeding. Techniques for surgical sta-
bilization are different than in the adult, and external 
fixation is frequently the technique of choice [19].

16.7.5.4  Physeal Injuries

Traumatic injuries to the growth plate (physis) may 
lead to growth arrest with length discrepancies or angu-
lar deformities. Numerous descriptive and prognostic 
classification schemes have been devised. The anatom-
ical classification of Salter and Harris described in 
1963 [20] is widely accepted and utilized routinely 
(Table 16.5 and Fig. 16.6).

80 30

70

55

45

80

20

Fig. 16.5 Corrective potential (in %) of extremity injuries [17]

Type I

A complete physeal fracture with or without displacement

Type II

A physeal fracture that extends through the metaphysis, 
producing a chip fracture of the metaphysis, which may be 
very small

Type III

A physeal fracture that extends through the epiphysis

Type IV

A physeal fracture plus epiphyseal and metaphyseal fractures

Type V

A compression fracture of the growth plate

Table 16.5 Salter Harris classification [20]



186 H.G. Dietz et al.

16.7.5.5  Corrective Potential

In the growing child, there is the potential of correct-
ing angular deformities in all three planes. The correc-
tive potential is dependent on the fracture type, 
location, age, degree of angulation, and the level of 
activity of the physis. Younger patients have greater 
metabolically active physes, with greater potential for 
correcting malunited fractures spontaneously. Sagittal 
plane angular deformities correct better than coronal 
plane deformities, and varus deformities correct better 
than valgus deformities. Bones remodel in response to 
body weight, muscle action, and by intrinsic control 
mechanisms of the periosteum. In meta-diaphyseal 
angular deformities, bone degradation will occur on 
the convex side and appositional bone formation occurs 
on the concave side. These biological mechanisms are 
described in the law of Roux and the thesis of Wolff. 
Although spontaneous correction is possible, accurate 
anatomic alignment should be attempted whenever 
reasonably achieved by conservative or operative 
means, especially in the lower limbs.
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17.1  Epidemiology

Trauma in pregnancy is a relatively uncommon prob-
lem, but it is complicated due to the alterations of the 
maternal anatomy and physiology as well as the pres-
ence of the foetus in the gravid uterus. Between 4% 
and 8% of all pregnant women have an accident result-
ing in an injury [1–4], but only 0.3–0.4% require 
admission to a hospital [5]. Trauma is the leading non-
obstetric cause of maternal mortality, accounting for 
46% of maternal deaths [6]. This translates to approxi-
mately one million deaths/year worldwide. Pregnancy 
itself is not a risk factor for mortality following trauma; 
this has been shown to be a function of the severity of 
the injury [7, 8]. The risk of trauma to both the foetus 
and the mother increases as the pregnancy progresses 
with approximately 15% of injuries occurring in the 
first trimester and up to 55% in the third trimester. The 
pregnant patient seems to be more vulnerable to 
abdominal trauma and less prone to head or thoracic 
injury. It is not clear, however, whether the severity of 
the head injury is less or the potential for recovery 
greater [8]. The increase in the relative incidence of 
abdominal trauma with increasing gestation is most 
likely due to change in the shape of the patient as well 
as inappropriate positioning of seatbelts in motor vehi-
cles. The leading cause for trauma is road traffic acci-
dents, followed by falls [6]. Other important causes 
such as domestic violence should not be overlooked, 
and some studies suggest this to be the leading cause 
for maternal mortality [9]. These injury patterns are 
described in reports from western countries.

The leading cause in foetal death is road traffic 
accidents with the main aetiologies being maternal 
death and placental abruption. A combination of a 
non-viable pregnancy (less than 23 weeks gestation) 
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and an injury severity score of greater than 8 has been 
shown to increase foetal mortality fivefold [10].

Several risk factors have been identified for the 
occurrence of injuries and trauma in the pregnant 
patient including young age, history of domestic vio-
lence and drug abuse [11]. It is interesting that some 
racial risk factors have been identified in the occur-
rence of trauma in pregnancy in the USA. It has been 
shown that African-American and Hispanic pregnant 
women are at higher risk for trauma in pregnancy 
[12]. This is more likely to be a function of the 
patient’s socio-economic status. In addition to the 
high-energy injuries described above, pregnant 
women sustain low-energy fractures associated with 
falls. Osteoporosis of pregnancy has been implicated 
in these injuries [13, 14].

17.2  Anatomic and Physiologic  
Changes in Pregnancy

The most obvious and dramatic change during preg-
nancy is the enlargement of the uterus, brought about 
by the growth of the foetus (Table 17.1). The uterus 
becomes an intra-abdominal organ at approximately 
12 weeks of gestation. At 20 weeks, the vertex of the 
uterus can be palpated at the level of the umbilicus, 
and by the 36th week, the uterus reaches the costal 
margin. In the last few weeks of pregnancy, fundal 
height decreases as the foetal head engages into the 
pelvis in preparation for the birth.

Anatomical changes during pregnancy should be 
borne in mind when interpreting initial radiological 
assessment of the patient. The elevation of the diaphragm 
by approximately 4 cm and its widening by 2 cm during 
late pregnancy should be appreciated on the chest radio-
graph. This may give the appearance of widened medi-
astinum and an enlarged heart. Increased levels of 
circulating progesterone lead to the softening of the sac-
roiliac ligaments, hence widening the joint space. The 
symphysis pubis may also be widened by 4–8 mm [16].

The changes in the cardiovascular system are numer-
ous and begin from the eighth week of gestation. 
Progesterone induces relaxation of the smooth-muscle 
in walls of the peripheral vasculature. There is a grad-
ual decline in blood pressure from week 10, reaching 
its lowest point by week 28 of gestation. In the third 
trimester, the blood pressure gradually returns to 

 pre-pregnancy levels. The heart rate also shows an 
increase of 10–15 beats/min, driving an increase in the 
cardiac output of 30–50%. This gradually returns to 
normal over the first two post-partum weeks. There is a 
50% increase in the blood volume which is mostly due 
to an expansion of the plasma volume with only 30% 
increase in the volume of red cells. This brings about a 
dilutional anaemia referred to as physiological anaemia 
of pregnancy. The hypervolaemic and hyperdynamic 
circulation allows the mother to tolerate blood loss of 
500–1,000 ml with little change in blood pressure and 
pulse rate. This however is achieved to the detriment of 
the foetus following trauma. Vasoconstriction of uter-
ine and splanchnic blood vessels and diversion of cir-
culatory volume masks maternal blood loss although 
signs of foetal distress will be apparent prior to the 
mother showing the expected signs of shock [17].

Almost all the coagulation factors increase in preg-
nancy. These along with the expansion of blood vol-
ume and cardiac output are important adaptations for 
the expected blood loss at the time of delivery [11]. 
This hypercoagulable state predisposes the mother to 
thromboembolic disease.

The respiratory system also undergoes some 
changes. There is engorgement of the respiratory 
mucosa, which leads to difficulties in intubation and 
mucosal bleeding [18, 19]. This may result in severe 
airway compromise. There are also adaptations related 
to the increased metabolic demands. The presence of 
the foetus necessitates an increase of 15–20% in oxy-
gen consumption. Progesterone stimulates the respira-
tory centre leading to hyperventilation, which brings 
about a compensated respiratory alkalosis with a con-
comitant drop in the PCO

2
. There is a 4-cm elevation 

of the diaphragm, with a 2-cm increase in the thoracic 
anteroposterior diameter. This results in a 20–25% 
decrease in the functional residual capacity [15]. The 
pregnant patient is therefore much less tolerant of 
hypoxia and the associated acidosis. Foetal oxygen-
ation remains constant if maternal PaO

2
 is kept above 

60 mmHg as below this level there is a profound drop 
in foetal oxygenation [11].

Progesterone reduces gastrointestinal motility and the 
gravid uterus displaces the stomach cephalad. This results 
in the incompetence of the gastroesophageal pinchcock 
mechanism, placing the pregnant patient at greater risk of 
regurgitation and aspiration [20]. Therefore, all pregnant 
patients should be assumed to have a full stomach and 
the threshold for insertion of a gastric tube lowered.
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Conditions Change during pregnancy Normal pregnancy values

Cardiovascular

Heart rate Increases 15–20 bpm 75–95 bpm

Cardiac output Increases 30–50% 6–8 l/min

Mean arterial blood pressure Decreases 10 mmHg in midtrimester 80 mmHg

Systemic vascular resistance Decreases 10–15% 1,200–1,500 dyn/s/cm−5

ECG Flat or inverted T waves in leads III, V1 and V2

Q waves in leads III and aVF

Hematologic

Blood volume Increases 30–50% 4,500 ml

Erythrocyte volume Increases 10–15%

Haematocrit Decreased

White blood cell count Increased 5,000–15,000/mm³

Factors I, II, V, VII, VIII, IX, X and XII Increased

Fibrinogen Increased >400 mg/dl

Prothrombin time Decreased by 20%

Partial thromboplastin time Decreased by 20%

Respiratory

Tidal volume Increased 40% 700 ml

Minute ventilation Increased 40% 10.5 ml

Expiratory reserve volume Decreased 15–20% 550 ml

Functional residual capacity Decreased 20–25% 1,350 ml

Upper airway Increased oedema; capillary engorgement

Diaphragm Displaced 4 cm cephalad

Thoracic anteroposterior diameter Increased

Risk of aspiration Increased

Respiratory rate Slightly increases in the first trimester

Oxygen consumption Increased 15–20% at rest

Blood gas

pH Unchanged 7.4–7.45

pCO
2

Decreased 27–32 mmHg

pO
2

Increased 100–108 mmHg

HCO
3

Decreased 18–21 mEq/l

Abdomen and genitourinary system

Intraabdominal organs Compartmentalization and cephalad displacement

Gastrointestinal tract Decreased gastric emptying; decreased motility; 
increased risk of aspiration

Table 17.1 Changes in maternal anatomy and physiology in pregnancy [11, 15]

(continued)
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In the genitourinary system, there is gradual ascent of 
the uterus from the pelvis, where it is well protected, 
into the abdomen from the 12th week of gestation. 
Once the uterus becomes intra-abdominal, it is at 
greater risk of injury from blunt and penetrating 
trauma. The bladder is displaced anteriorly and superi-
orly. The renal pelvis and ureters become dilated due 
to the compressive effect of the uterus as well as the 
effect of circulating progesterone. The increased car-
diac output and blood volume increases renal perfu-
sion by up to 60% with a concomitant increase in the 
glomerular filtration rate. This leads to a significant 
reduction in the serum urea and creatinine levels [15].

17.3  Assessment of the Injured 
Pregnant Patient

17.3.1  General Assessment

The initial assessment and management of the injured 
pregnant patient follows the well-established routine 
of Advanced Trauma Life Support. The best initial 
treatment of the foetus is the provision of optimum 
resuscitation for the mother accompanied by foetal 
monitoring particularly when the foetus is viable. The 
safe and judicious assessment of the pregnant patient 
should be a multidisciplinary exercise with the early 
involvement of an obstetrician, a neonatologist, a radi-
ologist and a trauma surgeon [11, 15, 16, 21, 22].

Pregnant trauma patients can be divided into four 
groups. The first group are women who are not aware 
that they are pregnant. Therefore, all female trauma 
patients of reproductive age should have a pregnancy 

test performed [23]. Identification of these patients is 
especially important because routine radiographic stud-
ies, performed in the trauma assessment, have the great-
est teratogenic potential in early pregnancy. But this 
consideration should not interfere with life-saving 
investigations or interventions for the patient. Patients 
belonging to the second group are injured women of 
less than 26 weeks of gestation. In these patients, resus-
citation is aimed primarily at the mother since the foe-
tus is not yet independently viable. The third and 
perhaps the most challenging group consists of women 
with pregnancies of more than 26 weeks’ gestation. At 
this stage, there are two patients to consider during the 
assessment and resuscitation. Finally, there are those 
patients who present in the perimortem stage. In these 
patients, early caesarean section may facilitate maternal 
resuscitation and preserve the life of the foetus [16].

After 20-weeks’ gestation, nursing the pregnant 
patient in the supine position will induce supine 
hypotension syndrome as the gravid uterus compresses 
the vena cava, reducing the venous return and embar-
rassing maternal cardiac output by 30%. This can be 
alleviated by either displacing the uterus to the left 
side or, if possible, nursing the patient tilted left side 
down by 15°. Due to reduction in the mother’s respira-
tory reserve, supplemental oxygen should be provided. 
Loss of up to 2,000 ml of blood is well tolerated, but 
this is at the expense of uterine blood supply. The use 
of vasopressors further compromises uterine blood 
flow and their use should be avoided unless it is a life-
saving intervention. Monitoring of uterine activity and 
the assessment of the foetus is imperative and should 
continue for 2–6 h after an injury, even with relatively 
minor trauma [24, 25]. Signs of foetal distress may  
be the first signs of maternal hypovolaemia and 

Table 17.1 (continued)

Conditions Change during pregnancy Normal pregnancy values

Peritoneum Small amounts of intraperitoneal fluid normally 
present; desensitised to stretching

Musculoskeletal system Widened symphysis pubis and sacroiliacal joints

Kidneys Mild hydronephrosis (right > left)

Renal blood flow Increased 50–60% 700 ml/min

Glomerular filtration rate Increased 60% 140 ml/min

Serum creatinine Decreased <0.8 mg/dl

Serum urea nitrogen Deceased <13 mg/dl
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haemodynamic compromise. The use of vasopressors 
should be avoided as they further embarrass uteropla-
cental perfusion. It is preferable to manage cardiac 
output and blood pressure by replacing volume.

In case of a positive Kleihauer-Betke test, indicat-
ing foetal blood in the maternal circulation, the rhesus-
negative patients should receive anti-D antibody to 
prevent isoimmunisation [26–28].

As part of the secondary survey, a complete medical 
and obstetric history should be obtained, particularly 
details relating to pre-existing hypertension, eclampsia 
and diabetes. Information about the mechanism of injury, 
use of drugs and alcohol should be sought. Otherwise all 
limbs and body system should be examined in the usual 
manner. Radiological examination of all suspected frac-
tures should be carried out with the involvement of a radi-
ologist, as a close check needs to be kept on the cumulative 
dose of radiation received by the patient [22, 29–32].

An early vaginal examination must be conducted. 
Ideally, this should be performed with an obstetrician 
in attendance to assess cervical effacement and dila-
tion, foetal position and the presence of amniotic fluid 
or blood. In the presence of vaginal bleeding, it is pru-
dent to rule out a placenta previa prior to the formal 
examination of the cervix [31]. The bleeding may be 
due to placental abruption, labour or placenta previa. 
Other more traumatic causes such as uterine rupture 
and an open pelvic fracture must also be considered.

A focused assessment with sonography for trauma 
(FAST) scan is important to assess presence of intra-
abdominal haemorrhage. An ultrasound examination 
of the foetus and placenta can be performed after the 
FAST scan or incorporated as part of the trauma scan. 
If a chest tube thoracostomy is needed, it has to be 
placed one or two intercostal spaces higher than usual 
to avoid diaphragmatic injury.

Tetanus prophylaxis is not contraindicated and should 
be administered according to standard protocols.

17.3.2  Radiological Assessment

17.3.2.1  General Considerations

Trauma in pregnancy represents a special situation as 
two patients are involved – the mother and the child. 
Radiographic and CT examinations of the pregnant 
patient irradiate the unborn and can cause severe 
harm. Intrauterine development consists of three 

phases, and radiation sensitivity is related to gesta-
tional age.

As a general guideline, the ‘ALARA Principle’ 
should be mentioned here – meaning, that radiation 
should be used ‘as low as reasonably achievable’ [33].

17.3.2.2  Basics of Radiation Protection

The following types of radiation have to be differenti-
ated: a, b, g and X-rays. For medical imaging, only 
g-radiation (Nuclear Medicine) and X-rays are used.

 Important Units for Radiation Benchmarking

Ion dose: measures radiation by the amount of the 
induced ionisation – the SI unit is R.

Absorbed dose: defines the absorbed dose/kg mass; 
the SI unit is Gray (Gy) = 1 J/kg.

Dose output: is dose/time; Gy/s represents the SI unit.
Due to the inherently different properties of a-, b-, 
g- and X-rays, they are converted into units that are 
representative of their varying biologic activity. This is 
achieved by multiplying the absorbed dose by a dimen-
sionless radiation weighting factor (WR, prior Q – rela-
tive biological effectiveness). The result is the dose 
equivalent, which is measured in Sievert (Sv):

Sievert (Sv) = Gy × WR – the corresponding values 
can be found in Table 17.2.

Organ dose: represents the absorbed dose output of 
an organ, tissue or body part, which is multiplied by 
the radiation weighting factor – SI unit is again Sv.

Radiation type Radiation 
weighting 
factor

Photons 1

Electrons, muons 1

Neutrons <10 keV 5

10–100 keV 10

>100–2 MeV 20

>2–20 MeV 10

>20 MeV 5

Protons (Energy >2 MeV) 5

a−Radiation 20

Table 17.2 Weighting factor by radiation type [34]
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Effective dose equivalent: considers the different 
radiation sensitivity for various human tissues by the so-
called tissue/organ weighting factor (WT – Table 17.3). 
The effective dose equivalent is calculated by first mul-
tiplying the organ dose with the tissue/organ weighting 
factor, followed by adding all individual doses.

 Natural Background Radiation

The source of natural background radiation falls into 
two broad categories – natural (from ground and space) 
and artificial (medicine, radioactive fallout, nuclear 
waste, consumer products, etc.). The cumulative dose 
is approximately 4 mSv. It is interesting to note that 
medical diagnostic imaging and nuclear medicine are 
responsible for about 79% of manmade radiation [36]. 
Typical radiation doses for medical imaging can be 
found in Table 17.4.

Deterministic Versus Stochastic  
Radiation Effects

In deterministic effects, there is a classical dose–effect 
relationship such as the LD50/30 (the dose of whole-
body irradiation where 50% of subjects die within 

30 days of exposure) [38] of ~4.0 Sv. After a 3.0 Sv 
there are severe skin burns, after 3.0-4.0 Sv cataracts 
occur – just to name some examples.

Stochastic effects are those that occur in a random 
manner, including cancer and genetic defects. These 
events cannot be related to a single dose, but the cumu-
lative effect of multiple exposures may result in dam-
age and, for this reason, the concept of the excess 
lifetime risk was introduced. The risk is higher for 
younger people, which can be partly explained by the 
higher sensitivity of dividing cells to radiation. The 
‘International Commission on Radiation Protection 
(ICRP)’ suggests an excess rate of 5%/Sv for lower 
doses and 10% for higher ones.

Tissue/organ Weighting factor W
t

Gonads 0.20

Red bone marrow 0.12

Colon 0.12

Lung 0.12

Stomach 0.12

Urinary bladder 0.05

Chest 0.05

Liver 0.05

Oesophagus 0.05

Thyroid 0.05

Skin 0.01

Bone surface 0.01

Others 0.05

Table 17.3 Tissue/organ weighting factor with due consideration 
of the differences in sensitivity of tissues/organs to radiation [35] Examination Typical 

effective 
dose 
(mSv)

Number of 
chest X-rays 
leading to the 
comparable 
exposure

Chest (p.a.) 0.02 1.0

Extremities/joints 0.01 0.5

Skull 0.07 3.5

Thoracic vertebra 0.70 35.0

Hip 0.30 15.0

Pelvis 0.70 35.0

Mammography (bilateral, 
2 planes)

0.50 25.0

Intravenous urography 2.50 125.0

Head CT 2.30 115.0

Chest CT 8.00 400.0

Abdomen/pelvis CT 10.00 500.0

Renal function 
scintigraphy

0.80 40.0

Thyroid scintigraphy 0.90 45.0

Lung perfusion 
scintigraphy

1.10 55.0

Skeletal scintigraphy 4.40 220.0

Myocardial perfusion 
scintigraphy

6.80 340.0

PET 7.20 360.0

Myocardial scintigraphy 17.00 865.0

Table 17.4 Typical effective doses in imaging

Doses can vary due to technical factors (e.g., additional filtra-
tion) as well as adjustment of the exposure settings to body 
mass/size, age and several other factors [37]
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An excess lifetime risk factor of 10% means that 
after exposing 10,000 individuals to 10 mSv dose of 
radiation, there will be about ten additional deaths due 
to leukaemia or cancer, but it is important to note that 
even without this radiation, there would be 2,500 can-
cer-related deaths [37].

Radiation Effects During Intrauterine Life

The following facts are based on the report of ‘German 
Society for Medical Physics’ and the ‘German X-Ray 
Society’ [39]. A summary of all effects can be found in 
Table 17.5.

The period of intrauterine life can be divided into 
three phases. These are the pre-implantation phase 
(until 10 days post conception), the phase of organo-
genesis (10 days to 8 weeks’ gestation), and the foetal 
period (from 3 months’ gestation to term). Exposure to 
radiation in each phase has characteristic effects.

Pre-implantation phase: High doses (>100 mSv) 
result in spontaneous abortion, which is often clini-
cally silent, as pregnancy is not known yet. Birth 
defects are possible, with a risk coefficient of 0.1%/
mSv.

Organogenesis: High doses (>100 mSv) cause 
organ malformations as well as growth retardation and 
functional disorders. The risk coefficient for organ 
malformations is 0.05%/mSv, which doubles at 
200 mSv.

Foetal Period: The central nervous system is the 
most susceptible organ during this phase and radiation 
exposure has been linked to severe neuromotor devel-
opment disorders, with a risk coefficient of 0.04%/mSv 

from the 8th to the 15th week of gestation and 0.01%/
mSv from the 16th to the 25th week of gestation. 
Reduction in the ‘Intelligent Quotient’ (IQ) represents 
another known radiation effect, being more severe dur-
ing early pregnancy: 30 IQ points for the 8th to the 
15th week of gestation and 10 IQ points for the 16th to 
the 25th week.

Cancer Risk After Intrauterine Irradiation

A linear dose–effect relationship is presumed; how-
ever, there is no known threshold. It is assumed that 
doses of less than 100 mSv may pose a significant risk 
for the development of leukaemia and cancer. The risk 
coefficient is about 0.006%/mSv.

 Genetic Effects After Irradiation

A linear dose–effect relationship is also assumed here. 
There are no data available from human studies; we 
have, however, extrapolated from some animal studies 
in Table 17.5.

17.3.2.3  Imaging of the Pregnant Patient

Radiographs of the extremities can be safely per-
formed during all stages of pregnancy, but adequate 
shielding (Fig. 17.1) is a MUST and can reduce the 
radiation dose to the unborn by up to 30%. The genera-
tor  settings should be on the lowest possible values 

Effect Gestational age Lower threshold Risk-coefficient

Death during pre-implantation phase 0–10 days 100 mSv 0.1%/mSv

Malformation 10 days–8 weeks 100 mSv 0.05%/mSv

Severe mental retardation 8–15 weeks
16–25 weeks

300 mSv
300 mSv

0.04%/mSv
0.01%/mSv

IQ-reduction 8–15 weeks
16–25 weeks

0.03 IQ/mSv
0.01 IQ/mSv

Cancer/leucemia 0.006%/mSv

Genetic defects 0.0003%/mSv male

0.0001%/mSv female

Table 17.5 Effects of irradiation during intrauterine life [36]
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where  diagnostic information can still be gleaned.  
This necessitates discussion and close collaboration 
with both radiologists and radiographers.

In stable patients with suspected ligamentous inju-
ries (e.g., ankle), MRI is preferable over repeated stress 
radiographs.

In abdominal trauma or poly-trauma patients, ultra-
sound is the preferred first-line imaging modality – 
e.g., FAST scan in order to detect free, intraperitoneal 
fluid. It is imperative to include the foetus as well as 
the placenta in every sonographic evaluation of the 
abdomen and pelvis [40].

CT is the preferred modality in unstable patients or 
in patients with clinical/sonographic signs of injuries 
to chest, mediastinum, aorta, spine, retroperitoneum, 
bowel, bladder and pelvis. Intravenous iodine contrast 

may be administered as indicated clinically, but this 
may induce hypothyroidism in the unborn in addition 
to causing renal anomalies. Therefore, after delivery, 
follow-up investigations of thyroid and renal function 
are needed. CT should be performed with adapted 
dose values for the mother with considerations of her 
body habitus. It is important to note that with a 20% 
reduction in the ideal adjusted dose, there will be 
more image noise; however, the images will be of 
good enough quality to diagnose traumatic lesions. 
Other means of reducing the radiation dose with CT 
scans include the adjustment of the scanogram and 
appropriate reconstructions kernels. In newer CT sys-
tems, special attention to the image reconstruction 
kernel is needed, if automated exposure control sys-
tems are used.

a b

c

Fig. 17.1 A 28-year-old 
woman was involved in a 
road traffic accident. She was 
15 weeks pregnant and a 
front passenger in a car. On 
arrival in the emergency 
department, she was 
haemodynamically stable, but 
the left leg was internally 
rotated and in fixed 
adduction. A posterior 
dislocation of the left hip was 
immediately suspected. In 
order to protect the foetus, 
her lower abdomen was 
covered with a lead shield 
before obtaining the 
radiograph of the left hip (a). 
This demonstrated a subluxed 
femoral head with fracture of 
the posterior acetabular wall. 
She underwent an open 
reduction and internal 
fixation of her fracture. We 
did not utilise intraoperative 
imaging. In the post-opera-
tive radiograph (b), the 
gravid uterus was again 
protected with a lead shield. 
(c) AP radiograph of the 
pelvis 1 year post-operatively
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In CT, a total radiation dose of more than 100 mSv 
should not be exceeded by a single examination using 
standard trauma protocols. Several significant differ-
ences exist between the various CT scanner genera-
tions. Old multidetector CT scanners suffer from 
‘Overbeaming’, where the X-ray beam extends beyond 
the edge of detector rows, exposing the patient to a 
greater radiation dose. While the newer helical multi-
detector-row CT systems ‘Overrange’ as the recon-
struction algorithm requires additional raw data on 
both sides of the planned scan, extra rotations outside 
the planned length are needed for image reconstruc-
tion. This can be reduced by adequate tailoring of scan 
length. Nevertheless, calculations of the International 
Committee on Radiation Protection (IRCP) estimate 
that a foetal dose of 10 mGy will increase the risk of 
leukaemia or cancer considerably [41].

MRI is usually not an option in unstable pregnant 
patients, since the examinations are time consuming 
and not at all MRI scanners offer monitoring 
facilities.

Field strengths of up to 1.5 T are preferable as 
there are concerns about the heating effects of radio- 
frequency pulses as well as the effect of acoustic noise 
on the unborn. Gadolinium-based MRI contrast media 
have been shown to be teratogenic in animal studies if 
administered in doses two to seven times greater than 
normal. Gadolinium crosses the placenta and is 
excreted by the foetal kidney into the amniotic fluid. In 
the light of new insights in Gadolinium side effects 
including Nephrogenic Systemic Fibrosis (NSF), all 
statements regarding the use of Gadolinium have to be 
re-evaluated, especially in pregnant women. NSF 
occurs in people with severely impaired renal function, 
but as foetal kidneys are immature, the potential harm 
to the unborn is unquantifiable and extreme caution 
should be exercised [42].

It is the author’s belief that if intravenous contrast is 
essential for clinical decision making, then CT should 
be considered, as the side effects of radiation and 
iodine contrast are known, whereas this is not the case 
with Gadolinium and MRI.

We recommend that departments where pregnant 
trauma patients are treated should have a management 
algorithm. This should address the use of imaging both 
for initial assessment of the patient (including dose 
settings for plane radiography and CT) as well as the 
subsequent clinical treatment (including intraoperative 
use of imaging or further imaging for follow-up). 

Involvement of a radiologist from the outset of the 
management of the pregnant trauma patient is essential 
as imaging plays an integral role in all aspects of man-
agement and treatment of these patients.

17.4  Surgical Intervention

It is logical to postpone all elective procedures until 
after delivery [43, 44]. However, provision of optimum 
emergency surgical care should not be compromised. 
Surgical management of fractures is dictated by the 
bony and soft tissue injury and it may not be feasible to 
postpone these procedures [29]. Most can be safely 
carried out in the pregnant patient. Consideration spe-
cific to anaesthesia, intraoperative radiology and ortho-
paedics should be taken into account.

17.4.1  Anaesthesia

Pregnancy is not a contraindication to anaesthesia. No 
increase in stillbirths, birth defects [45] or neural tube 
defects [46] has been demonstrated as a result of preg-
nant women receiving anaesthesia.

The management of the airway can be a challenge 
in pregnant patients. The incidence of difficult intuba-
tions is 17-fold higher in advanced pregnancy. There is 
an increased risk of aspiration, and the risk of hypoxia 
is higher due to reduced functional reserve and 
increased oxygen consumption [47]. The combination 
of limited maternal reserve and a foetus sensitive to 
changes in maternal metabolism requires close moni-
toring and expedient action on the part of the anaesthe-
tist. The goals of ventilation include a high PaO

2
 and a 

PaCO
2
 normal for the gestation [48]. Frequent mea-

surements of blood gases may be invaluable in these 
circumstances.

Uterine and foetal monitoring are useful as foetal 
distress may be the first sign of maternal hypovolae-
mia. Monitoring volume status in pregnancy may be 
difficult as some data show poor correlation between 
central venous and left ventricular filling pressures. 
Some authors suggest insertion of a Sawn-Ganz cath-
eter if accurate haemodynamic monitoring is required 
[49, 50].
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17.4.2  Intraoperative Radiology

17.4.2.1  General Considerations

The following hardware features should be available:
Pulsed fluoroscopy: In cases where live imaging is 

required, 25 frames/s are used for fluoroscopy, but this 
temporal resolution is rarely needed in trauma surgery. 
Many machines allow a rate of 2 frames/s, which is 
often adequate in most circumstances.

Last image hold: The last fluoroscopy image stays 
on the screen and can be referred to, without further 
radiation.

Leaf Shutter: Allows the operator to control the size 
of the radiation field by coning onto the region of inter-
est an example of dose distribution in dependence of 
the field of view can be seen in Fig. 17.2.

‘Field of View (FOV)’ (magnification): Using the 
system’s zoom functions increases the dose e.g., 
Changing the FOV from 28 to 20 cm (usually one 
magnification step) doubles the dose [51].

Powerful generator: Primary rapid and steep 
increase in kV should be possible.

17.4.2.2  Intraoperative Imaging

During any operative procedure, the fluoroscopy unit 
should be handled by the radiographer. Exact place-
ment of the primary beam, tight use of the shutter and 
lead shielding are mandatory – especially the uterus 
should be as far as possible from the primary beam. 
Lead shielding reduces the scatter from the unit itself 
and other outside sources, whereas scatter from the 
irradiated tissues cannot be reduced. Of course, irra-
diation time should be as short as possible and exten-
sive use of the ‘Last Image Hold’ technique is 
mandatory. The same guidelines apply for intraopera-
tive radiography; typical doses to the foetus can be 
found in Table 17.6. The dose output of C-arm systems 
can differ considerably between manufacturers. This 
makes it difficult to estimate an absolute tolerable time 
period for irradiation of the pregnant uterus. Using the 
data published by Schueler et al. [51], and assuming 
that the gravid uterus is directly in the X-ray beam, the 
threshold dose of 100 mSv will be reached in about 
3 min at a FOV of 28 cm, but in only 1.5 min at a FOV 
of 20 cm.

30 cm

8.0

4.0

2.0

1.0 mGy/h

0.5

0.25

Fig. 17.2 Isodose lines 
during fluoroscopy – colours 
represent areas of almost same 
dose (Modified after [51])
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17.4.2.3  Take Home Points for Imaging

Design of an algorithm for the management of the •	
pregnant traumatised patient with particular atten-
tion to the early involvement of a radiologist and 
medical physicist. Detailed knowledge of the cumu-
lative dose received by the patient is essential for 
ongoing management decisions.
Ultrasound is the first modality of choice – this •	
should be carried out with an obstetrician 
present.
If a CT scan is necessary, the region scanned should •	
be kept as small as possible. Utilise all inherent pos-
sibilities to reduce dose of ionising radiation includ-
ing rigorous mAs lowering.
If administration of intravenous iodine contrast is •	
necessary, close monitoring of thyroid and renal 
function and referral to a paediatrician are essential 
for the child after birth.

In non-acute imaging, detailed counselling of the •	
mother is necessary if the foetal dose is likely to go 
beyond 1 mGy.
Intraoperative Imaging – avoid direct irradiation the •	
uterus.

17.4.3  Orthopaedic Surgical 
Management

There is a paucity of literature on the outcomes of 
orthopaedic injuries in pregnancy. In a study from 
New Orleans, only 4% of pregnant trauma patients 
had orthopaedic injuries [53]; this, however, may not 
be representative in other populations. Extremity frac-
tures should be treated in much the same way as they 
would be in the non-pregnant patient. The pregnant 
patient tends to be young, and suboptimal surgical 
management of her fracture has profound long-term 
consequences. As long as direct irradiation of the 
uterus is avoided and adequate shielding employed, 
there are no contraindications to intraoperative imag-
ing. This is of course not the case with pelvic and 
proximal femoral fracture fixation. Modifications of 
surgical technique may reduce the need of intraopera-
tive imaging. Most minimally invasive techniques are 
highly dependent on intraoperative imaging and are 
not advocated in this situation. An open technique of 
fracture reduction and fixation reduces the need for 
imaging.

Pregnancy is a prothrombotic state, and prolonged 
immobilisation and bed rest should be avoided. The 
increased risk of venous thromboembolism (VTE) 
begins in the first trimester and has a tendency to occur 
in the left lower limb [54]. There is little data regarding 
VTE in pregnant women, and recommendations are 
based on expert opinion derived from evidence in non-
pregnant populations [55]. Some specific risk factors 
that may relate to the traumatised pregnant patient 
include immobility [56], blood loss and transfusion 
[57] as well as having any surgical procedures. It 
appears that low-molecular-weight heparins are safe to 
use in these patients [58]. The decision to prescribe 
anticoagulation should be based on assessment of indi-
vidual patients and after consideration of risk factors. 
Surgical treatment of an injury to get the patient to be 
mobile is clearly desirable, and the benefits outweigh 
the risks of the procedure.

Examination Typical foetal dose (mGy)

Cervical spine (AP, lat) 0.001

Extremities 0.001

Chest (PA, lat) 2

Thoracic spine (AP, lat) 3

Abdomen (AP) 0

 21-cm patient thickness 1

 33-cm patient thickness 3

Lumbar spine (AP, lat) 1

Limited IVPa 6

Small-bowel studyb 7

Double-contrast barium  
enema studyc

7

Table 17.6 Estimated doses of ionising radiation to the foetus 
with relation to investigation

Source: From Wikipedia [52]

AP anteroposterior projection, lat lateral projection, PA poster-
oanterior projection
a Limited IVP is assumed to include four abdominopelvic images. 
A patient thickness of 21 cm is assumed

b A small-bowel study is assumed to include a 6-min fluoroscopic 
examination with the acquisition of 20 digital spot images

c A double-contrast barium enema study is assumed to include a 
4-min fluoroscopic examination with the acquisition of 12 digi-
tal spot images
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Positioning the patient in the left lateral decubi-
tus position (left side down) moves the gravid uterus 
away from the vena cava and avoids the develop-
ment of supine hypotension syndrome. If it is not 
possible to position the patient in this way, the 
uterus should be manually displaced. Any blood 
loss should be directly communicated with the 
anaesthetist. Although the patient’s haemodynamic 
parameters may remain within normal limits, this is 
at the expense of the blood flow to the uterus and 
foetus.

Fractures of the pelvis and acetabulum (Fig. 17.3) 
present a particular challenge in this patient cohort. 
The literature on this subject is restricted to mostly 
case reports [59–62], and there is a general trend 
towards conservative management of these fractures. 
A retrospective review from a major trauma centre of 
24 years reported only seven pregnant patients with a 
pelvic fracture [21]. Of these patients, five mothers 
and three foetuses survived. This group represented 
severely traumatised patients, and their care needs to 
be undertaken in specialist units. Up to 9% of the 

women and 35% of foetuses died following these 
injuries [60]. The surgical management of these frac-
tures can also be hazardous to the patient and the foe-
tus, with maternal blood loss and risk of direct injury 
to the uterus or the foetus [61]. In these circumstances, 
a caesarean section could save the life of the mother 
and her unborn child [60, 61, 63]. The cumulative 
dose of ionising radiation to the foetus may be pro-
hibitive in employing minimally invasive techniques 
for the fixation of pelvic and acetabular fractures. The 
issue of emergent external fixation of the pelvis in the 
pregnant patient has not been addressed in the litera-
ture. The gestational age is important as in the third 
trimester, the gravid uterus may interfere with the 
placement of both high and low anterior external fix-
ator half pins.

a

Fig. 17.3 This 32-year-old woman was involved in a road traffic 
accident. She was 34 weeks pregnant and was the front seat pas-
senger wearing a seat belt. (a) The initial AP radiograph of the 
pelvis taken as part of the primary survey. It shows bilateral frac-
tures of the inferior and superior pubic rami. The skeleton of the 
foetus with the head almost engaged in the pelvis is visible. (b) 
The 3D CT reconstruction of the pelvis also demonstrating an 
undisplaced type I left-sided sacral ala fracture. Due to haemody-
namic instability and foetal distress, an emergent caesarean section 
was performed. Clinical examination of the pelvis only demon-
strated rotational instability of the left hemi-pelvis. The definitive 
treatment of the pelvic fracture was with a low anterior external 
fixator as seen in (c) (Kindly provided by Dr Axel Gänsslen)

c

b

Fig. 17.3 (continued)
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There are a few logical issues that must be con-
sidered to aid decision making in situations where 
operative intervention is required. These include 
foetal gestational age and viability, level of maternal 
and foetal compromise, the cumulative dose of ion-
ising radiation and the necessities of fracture fixa-
tion. There simply are no easy answers and the 
treatment needs to be individually tailored to the 
patient.

17.5  Outcomes

Trauma puts both mother and the developing child at 
risk. This is well recognised, but quantification of the 
risks to the foetus and woman relies only on a few 
reports. This is a reflection of the unusual nature of 
injuries in the pregnant patient and the difficulties in 
collecting data on their outcome. Most of the data con-
centrates on the severely injured patient, but it should 
be borne in mind that even relatively minor trauma can 
lead to preterm labour and foetal loss. It has been esti-
mated that between 4% and 61% of injured pregnant 
patients lose their foetuses [2].

In a study, Weiss et al. [64] reported on the causes of 
foetal death related to maternal injury. The data were 
collected from 16 states in the USA over a 3-year 
period. Motor vehicle accidents were by far the most 
common causes of foetal death (82%), with firearms 
(6%) and falls (3%) being far behind. The physiologi-
cal diagnoses associated with foetal loss were placental 
abruption (42%) and maternal death (11%). They noted 
a trend between placental abruption accompanied by 
uterine rupture and advancing gestational age, but this 
was not a significant correlation.

As already detailed, maternal haemodynamic 
parameters are crude and do not provide reliable indi-
cations of the foetal status [65]. Some risk factors have 
been identified that herald the possibility of acute ter-
mination of pregnancy. Theodoru and colleagues [10] 
showed that an ISS ³9 and a gestational age of 
£23 weeks are strong predictors of foetal loss. Other 
authors have demonstrated adverse foetal outcomes 
with increasing injury severity [66, 67], but it is inter-
esting that even moderate maternal trauma can result 
in foetal death. The issue of gestational age is also con-
tentious as some authors have not made this link [65, 
67, 68]. The rates of preterm labour are increased in 

the presence of head injuries in patients who have a 
GCS £12, making them three times more likely to go 
into labour. This has not been related to increased 
 foetal death [68].

In general, it is difficult to truly predict outcome. 
Indicators exist, but dramatic and devastating foetal 
outcomes are seen even in relatively minor trauma. It 
is therefore prudent to exercise caution. All pregnant 
patients with a viable foetus need to be closely moni-
tored, and the early involvement of obstetricians is 
essential for the correct and judicious interpretation of 
foetal monitoring data.
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18.1  Introduction

Each year, there are approximately 250,000 open frac-
tures in the United States, representing 3–4% of all 
fractures [1, 2]. Ramon Gustilo stated that “the pri-
mary objective in the management of an open fracture 
is union with the prevention or eradication of wound 
sepsis” [3]. Treatment is focused on obtaining healthy 
soft-tissue coverage around the fracture. Gustilo added 
that “the degree to which that can be effectively man-
aged may well determine the ultimate outcome for the 
bone” [3].

The initial treatment of open fractures includes 
administration of appropriate antibiotics and tetanus 
prophylaxis, debridement of nonviable tissue, followed 
by fracture stabilization and either primary or delayed 
wound closure, skin grafting, or flap coverage. Treat-
ment of open fractures has evolved both in regard to 
the type of fracture stabilization and the type and tim-
ing of soft-tissue coverage. This chapter addresses 
some of the controversies in the initial management of 
open fractures with particular attention to the timing of 
soft-tissue coverage.

18.2  History of Open  
Fracture Management

The concept of surgically removing nonviable tissue 
from open fractures has a long history. In the 1500s, 
the idea of removing non-vital tissue from wounds 
that were not healing properly was advocated by 
Brunschwig and Botello [4]. In the eighteenth century, 
Pierre Joseph de Sault coined the term “debridement,” 
although he was referring to the incision of wounds 
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that were already infected to release purulence [4].  
A pupil of de Sault named Dominique Jean Larrey 
extended the principles of debridement to include 
removal of nonviable tissue as soon as possible after an 
open wound, which is the basis of open fracture care 
today [4].

The concept of adding various substances to wounds 
to limit infection also has an extensive history. During 
the time of Lister, the mortality from open fractures 
was estimated at 40%. He introduced the idea of plac-
ing dressings soaked in carbolic acid over open wounds 
in an effort to decrease that rate [4]. Since that time, 
multiple substances have been advocated to help 
remove bacteria from open fractures, including soaps, 
antibiotics, alcohol, hydrogen peroxide, benzalkonium 
chloride, silver, and others. Interestingly, the use of 
soap in irrigation was common practice for open frac-
tures in the early twentieth century, prior to the use of 
antibiotics, and recent studies have suggested that it 
may be superior to antibiotics used in irrigation such as 
bacitracin [5].

The idea of leaving wounds open after debridement 
of open fractures also has historical roots. In the 
Spanish Civil War, Trueta reportedly had excellent 
results when he debrided 1,073 open fractures and left 
all the wounds open [6]. The practice was further 
established in World War II, when open fractures were 
debrided and left open. Sulfa drugs were also used 
locally in wounds during World War II. The main  
reason the wounds were left open was the fear of 
clostridial infection and gas gangrene. Fractures were 
often covered with plaster casts and gangrene could 
progress undetected until the cast was removed lead-
ing to high rates of amputation and death.

The grading of open fractures took a step forward in 
the 1970s with the commonly used classification devel-
oped by Gustilo and Anderson [3] (See Table 18.1). 
Although the interobserver reliability has been ques-
tioned, the grading system has been shown to correlate 
with the risk of infection [7, 8].

18.3  Initial Management and Treatment 
of Open Fractures

18.3.1  Diagnosis

The first step in the management and treatment of open 
fractures is proper diagnosis. It has been said that “if 
there is any suspicion at all that a wound may commu-
nicate with an adjacent fracture it should be dealt with 
formally” [9]. For high-energy open fractures, the 
diagnosis is obvious, but for some low-energy grade 
I injuries, it may be more subtle. Indications that  
a wound is communicating with a nearby fracture 
include ongoing bleeding with fat droplets (from bone 
marrow) and air on X-rays or CT scan around the frac-
ture. Some have recommended using a sterile probe to 
see if a wound connects with an underlying fracture. In 
general, however, it is best to assume any wound near 
a fracture communicates with the bone and treat it 
accordingly.

18.3.2  Treatment

In 1982, Patzakis wrote that “it is imperative that every 
patient with an open fracture, irrespective of the sever-
ity or type of soft-tissue wound, undergo formal surgi-
cal irrigation and debridement in an operating room 
setting” [10]. One exception to this rule is an open 
fracture resulting from a low-velocity gun shot. The 
dividing line between low- and high-velocity gun shots 
is a muzzle velocity of 2,000 ft/s. Low-velocity mis-
siles have a muzzle velocity below 2,000 ft/s and 
include most civilian hand guns and a .22 rifle. High-
velocity missiles have a muzzle velocity equal to or 
greater than 2,000 ft/s and include civilian rifles other 
than .22 and all military rifles. Low-velocity gun shots 
causing extra-articular fracture are one exception to 

Grade I Grade II Grade III

Low-energy fracture, 
laceration < 1 cm

Larger wound (1–10 cm) with 
minimal or moderate 
contamination

IIIA – High-energy fracture with extensive soft-tissue wound 
and moderate contamination but enough soft tissue to allow 
coverage of all bony surfaces

IIIB – More severe soft-tissue loss necessitating flap coverage

IIIC – Open fracture with vascular injury that requires repair

Table 18.1 Gustilo and Anderson classification of open fractures grades I, II, IIIA, IIIB, IIIC
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the rule of debridement and irrigation for all open frac-
tures. In a prospective, randomized trial, Knapp et al. 
found that there was no difference in the infection rates 
between patients receiving intravenous or oral antibi-
otics for fractures caused by low-velocity gun shots 
[11]. In contrast, high-velocity gun shots are treated, 
like other open fractures, with surgical debridement 
and intravenous antibiotics. High-velocity bullets pro-
duce a shock wave as they pass through tissues and 
cause cavitation, resulting in a path of necrotic tissue. 
For this reason, the path of the bullet must be debrided 
to prevent residual necrotic tissue around the fracture.

18.3.3  Antibiotic Treatment

In open fractures, perhaps the area of least controversy 
is whether to administer antibiotics. Studies have shown 
that at least 70% of open fractures are contaminated 
with bacteria at the time of injury [3, 12]. Prior studies 
showed that Staphylococcus aureus was the most com-
mon organism causing infection in open fractures  
[3, 12, 13]. More recent studies have shown that gram-
negative species, especially enteric organisms such as 
Pseudomonas aeruginosa and E. coli, are becoming 
more common [14, 15]. Concern also exists due to the 
growing rate of bacteria that are resistant to antibiotic 
therapy such as Methicillin-resistant Staphylococcus 
aureus and Vancomycin-resistant Enterococcus fae-
cium (See Fig. 18.1). Patzakis et al. performed a pro-
spective study on antibiotic use following an open 
fracture [15]. They found the lowest infection rate with 
cephalothin (2.4%) compared to either no antibiotics 
(13.9%) or penicillin and streptomycin (9.8%). The 
antibiotics were given before surgical debridement.

Controversy does exist regarding the type and dura-
tion of antibiotic therapy. Infection rates have been 
shown to correlate with the severity of injury. For Gustilo 
type-I fractures, infection rates range from 0 to 2%; for 
type-II fractures, the range is 2–10%; and for type-III 
fractures, the range is 10–50% [16]. Some have recom-
mended single antibiotic therapy for type-I and type-II 
fractures, usually consisting of Cefazolin [14]. Others 
have argued that the final grading of open fractures is 
best done in the operating room and, therefore, even 
what initially appears to be a grade-I fracture should 
receive both gram-positive and gram-negative antibi-
otic coverage in the Emergency Department, usually 

with the addition of an aminoglycoside such as 
Gentamycin [17]. Alternatives to aminoglycosides 
include quinolones, aztreonam, or third-generation 
cephalosporins. There is more consensus that type-III 
fractures should be treated with both gram-positive and 
gram-negative coverage and that wounds contaminated 
with barn-yard debris should also receive penicillin to 
decrease the risk of anaerobic infection such as clostrid-
ial myonecrosis (gas gangrene) [18–20].

Fig. 18.1 Patient with chronic osteomyelitis of the left femur 
with culture positive for Vancomycin-resistant Enterococcus 
faecium following a prolonged hospitalization with an open 
thigh wound
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18.3.4  Debridement and Irrigation

Surgical debridement of contaminated and nonviable 
tissue is the cornerstone of open fracture management. 
If dead or contaminated tissue or debris is left behind, 
it can serve as a nidus for bacterial growth and serve as 
a barrier to the normal immune response. Debridement 
should be performed in the operating room with appro-
priate anesthesia. Smaller wounds seen with Gustilo 
type I and type II fractures typically require extension 
to allow thorough debridement of the subcutaneous 
tissues and fracture ends. Thorough debridement of 
dead fat, muscle, and fascia should be performed and 
extra-articular bone fragments with no soft-tissue 
attachments removed. Exceptions to the debridement 
rule are large articular fragments, provided the joint 
can be reconstructed.

18.3.5  Timing of Wound Closure/
Coverage

Whether to close the open fracture wound at the initial 
surgery is a matter of debate. Historically, it has been 
recommended that the wound be left open and repeat 
debridement planned in 24–48 h [21–23]. As Weitz-
Marshall et al. have reported, this practice dates back 
to the pre-antibiotic era when gas gangrene was a com-
mon problem. During the Spanish Civil War, it was 
common practice to cover the wound and fracture in a 
plaster cast and keep it in place “unless it became wet 
and soft, or there was an intolerable stench, or the 
patient’s condition showed that some complication had 
developed” [24]. With current surgical techniques and 
antibiotics, gas gangrene is rare and it is much more 
common to see a late infection develop, with culture 
demonstrating nosocomial bacteria. Leaving the 
wound open carries the risk of colonizing the tissues 
and bone with hospital-acquired bacteria such as 
Pseudomonas or Methicillin-resistant Staphylococcus 
aureus, which can be difficult to eradicate.

More recently, some have recommended closing 
wounds after initial debridement, provided a clean 
wound is achieved and there is no undue tension of the 
tissues (See Fig. 18.2). Delong et al. reviewed 119 
open fractures wounds treated with techniques that 
included: immediate closure after debridement, second 
look surgery at 48–72 h after primary closure with 
repeat closure, delayed primary closure, delayed skin 

grafts, delayed flaps, and primary amputation [25]. 
They found that the primary closure of wounds was 
performed for 88% of grade I, 86% of grade II, and 
75% of grade IIIA fractures. This approach resulted in 
a 7% overall infection rate and a 16% delayed or non-
union rate. There was no significant difference in 
infection or nonunion rates between immediate and 
delayed closures. The authors concluded that primary 
closure is a “viable option” [25].

Primary closure of open fractures in children has 
been studied as well. Cullen et al. reviewed their results 
of primary closure in 24 grade I, 40 grade II, and 19 
Grade III fractures [26]. Of the 57 fractures, 2 (3.5%) 
went on to superficial infection. Both of these wounds 
were grossly contaminated initially and according to 
the authors “in retrospect, not suitable for primary 
wound closure” [26]. There were no cases of deep 
infection or osteomyelitis.

When extensive soft-tissue damage occurs as in 
grade IIIB fractures, soft-tissue reconstruction should 
be performed early, ideally within the first 7 days. 
Delaying soft-tissue reconstruction beyond 7–10 days 
has been associated with increased flap complications 
and increased risk of infection [27, 28]. In an article 
entitled, “Fix and flap: the radical orthopedic and plas-
tic treatment of severe open fractures of the tibia,” 
Gopal et al. reviewed the results in 84 patients with 
grade IIIB or IIIC tibial fractures. They found a deep 

Fig. 18.2 Grade IIIA open ankle fracture treated with I +D and 
primary closure
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infection rate of 6% (4/63) for fractures covered within 
72 h, and an infection rate of 29% (6/21) for fractures 
covered after 72 h [29]. In 33 of the patients, the deb-
ridement, fracture stabilization, and soft-tissue recon-
struction was performed in a single procedure. A total 
of 9 pedicle flaps and 75 free muscle flaps were used in 
the reconstructions. The overall rate of flap failure was 
3.5%. The authors concluded that provided an ade-
quate debridement has been performed, “immediate 
internal fixation and healthy soft-tissue cover with a 
muscle flap is safe” [29].

Godina was one of the first to recommend early 
microvascular flap coverage for grade IIIB fractures [30]. 
In his article published over 20 years ago, he argued 
for immediate flap coverage when possible, reporting 
flap failures in less than 1% (1/134) when it was per-
formed less than 72 h after injury compared to 12% 
(20/167) when done between 4 and 90 days. The early 
group had an infection rate of 1.5% (2/134) compared 
to 17.5% (29/167) in the late group. He argued that his 
technique of an immediate vascularized muscle flap 
quickly and reliably converted an open into a closed 
fracture in a single stage and allowed for the appropri-
ate implant for the fracture from the outset.

18.3.6  Type of Fracture Stabilization

Fracture stabilization is an important step in treating 
open fractures. Secure stabilization limits further dam-
age to the soft tissues, improves access to wound care, 
and aids in mobilization of patients. Type of fracture 
fixation depends on multiple factors, such as location 
of fracture (both which bone and where in the bone), 
degree of soft-tissue disruption, and age of the patient 
(i.e., open physes or not). Depending on these factors, 
fixation may involve intramedullary nails, external 
fixation, plates and screws, percutaneous pinning, or a 
combination of approaches.

For open fractures involving the diaphyseal region 
of long bones in the lower extremities, intramedullary 
nailing offers several advantages over other techniques. 
Intramedullary nails provide secure fixation and allow 
easy access to the surrounding tissues for continued 
wound care. Compared to external fixation, intramed-
ullary nails have a lower rate of malunion [31]. For 
open femur fractures, reamed IM nails have proven 
effective. In 62 type I, II, and IIIA open femur frac-
tures, Brumback et al. reported no cases of deep 
 infection following fixation with a reamed IM nail. 

They did have an 11% infection rate when reamed IM 
nails were used for type IIIB open femur fractures 
[32]. Infection rates are higher after IM nailing of open 
tibia fractures. Some authors have recommended 
unreamed tibial nails for open tibia fractures, while 
others have shown no difference in infection rates 
comparing reamed to unreamed nails [8, 33, 34]. 
Finkemeier et al. performed a prospective, randomized 
study of reamed versus unreamed nailing for open tibia 
fractures and found no difference in infection rates. They 
did find a lower incidence of screw failures in the reamed 
group [35]. Recently, the Study to Prospectively evalu-
ate Reamed Intramedullary Nails in Tibial fractures 
(SPRINT) evaluated over 1,300 patients randomized 
to either reamed or unreamed tibial nails, including 
400 open fractures [36]. In the open fracture group, 
there was a 27% risk of revision surgery. There was no 
statistically significant difference in need for revision 
comparing reamed to unreamed groups.

External fixation of open fractures can be used for 
either temporary or definitive treatment of fractures. 
One indication for temporary external fixation is the 
physiologically unstable patient who may not initially 
tolerate prolonged surgery (damage control). Another 
indication is a type IIIB wound that is not amenable to 
immediate flap coverage (See Fig. 18.3). Grossly 

Fig. 18.3 Type IIIB open tibia fracture treated with initial span-
ning external fixation followed by reverse sural flap coverage
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contaminated fractures, especially those with farm 
yard debris, pond water, or fecal contamination, are 
often best treated, at least initially, with external fixa-
tion. External fixation can also be used for definitive 
treatment. Marsh et al. reported on 101 type II and type 
III fractures treated with external fixation. The union 
rate was 95% (96/101) and with a total of six deep 
infections [37]. Of the fractures that healed, 95% did 
so with less than 10° of angulation in any plane.

When external fixation is used as temporary fixa-
tion, the timing of conversion to other fixation is 
important (See Fig. 18.4). In a review of 54 multiply 
injured patients who underwent conversion of a fem-
oral external fixator to a locked intramedullary nail 
on average 7 days after fixator placement, Nowotarski 
et al. reported a union rate of 97% at 6 months and an 
infection rate of only 1.7% [38]. Nineteen of the frac-
tures in the study were open. The authors concluded 

that “immediate external fixation followed by early 
closed intramedullary nailing is a safe treatment 
method for fractures of the shaft of the femur” [38]. 
In the tibia, conversion from an external fixator to an 
intramedullary nail has been associated with higher 
infection rates, especially if the conversion is delayed. 
McGraw et al. reported their results after converting 
external fixators to intramedullary rods after open 
tibia fractures [39]. The average duration of the fix-
ator was 8.5 weeks, and the average interval between 
removal of the fixator and nailing was 3 weeks. The 
overall incidence of nonunion was 50%, and the deep 
infection rate was 44%. They concluded that “alter-
native treatment options should be carefully consid-
ered before electing this sequential method of 
fixation” [39]. A more recent study by Blachut et al. 
found that if conversion of a fixator to a nail is done 
earlier (mean 17 days) and provided there are no pin 

a b c

Fig. 18.4 Example of: (a) radiographs of grade IIIB tibia fracture with segmental bone comminution; (b) treated with debridement 
of avascular bone fragments and initial spanning external fixator; (c) followed by conversion to ring fixator and bone transport
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tract infections, the infection rate is substantially 
lower (5%) [40].

Plate fixation is useful for open periarticular frac-
tures in the lower extremities, provided soft-tissue cov-
erage is possible. In the upper extremities, plate fixation 
is often used for open diaphyseal fractures as well. 
Plate fixation for open tibial fractures, however, has 
been shown to have a high incidence of infection and 
hardware failure [41, 42]. In a randomized trial, Bach 
et al. reported a 35% (9/26) infection rate following 
plating of open type II and type III tibial fractures [41]. 
They found a 12% (3/26) rate of fixation failure. 
Similarly, Clifford et al. found that four of nine type III 
open tibia fractures treated with plate fixation resulted 
in infection [42].

18.3.7  Reconstruction Versus 
Amputation

Technological advances have made it possible to sal-
vage extremities that previously would have been 
treated only with amputation. One of the primary ques-
tions the treating physicians must answer is whether  
a mangled extremity with a grade IIIB or IIIC injury 
has the potential to recover function if successfully sal-
vaged. If the answer to this question is no, then the 
multiple reconstructive surgeries required to salvage 
the leg, the time, expense, and duration of pain for the 
patient would be done in vain. Georgiadis et al. per-
formed a retrospective review of 34 patients with grade 
IIIB or IIIC tibia fractures who were treated with either 
amputation or attempted reconstruction [43]. They 
found that early below the knee amputation and pros-
thetic fitting resulted in a faster recovery and a lower 
long-term disability compared to limb salvage for 
severely mangled extremities. Patients who had a “suc-
cessful” limb salvage took more time to achieve full 
weight bearing, were less willing or able to work, and 
had higher hospital charges compared to the early 
amputation group. These findings are somewhat con-
tradicted by the results of the Lower Extremity 
Assessment Project (LEAP) trial which found that at 2 
and 7 years after severe lower extremity trauma, there 
was no difference in functional outcome between 
patients who underwent limb salvage compared to 
those who underwent amputation [44]. Overall 

outcomes were poor in both groups with only one in 
three patients at 7 years reporting outcome scores typi-
cal of the general population. The LEAP trial found 
that the factors that had the highest impact on the sur-
geon’s decision to amputate were severe muscle injury 
followed by loss of plantar sensation. Follow-up work 
by Bosse et al. has questioned the value of the insen-
sate foot in deciding to amputate or not [45]. They 
found that more than half the patients who initially had 
an insensate foot and underwent limb salvage regained 
sensation by 2 years.

18.3.8  Bone Morphogenic Proteins/Bone 
Grafting

Nonunion is substantially higher following open frac-
tures compared to closed fractures. Open fractures 
release the fracture hematoma through the wound, 
thereby losing many of the factors involved in early 
fracture repair. What remains of the initial hematoma 
is removed at the time of irrigation and debridement. 
In an animal study, repeated irrigations of a fracture 
were shown to result in higher rates of delayed union 
and atrophic nonunion [46]. Because of the higher rate 
of nonunion, studies have looked at adding factors to 
promote fracture repair. The BMP-2 Evaluation in 
Surgery for Tibia Trauma (BESTT) study was a pro-
spective, randomized trial involving 450 open tibia 
fractures treated with a tibial nail and either no BMP, 
6 mg of rhBMP-2, or 12 mg of rhBMP-2 at the time of 
wound closure [47]. The 12 mg rhBMP-2 group had a 
44% reduction in the risk of failure and significantly 
fewer invasive interventions (i.e., bone graft, nail 
exchange) than the control group. Interestingly, there 
were also fewer infections in the type III open tibia 
fractures in the rh-BMP group compared to controls.

Several studies have looked at early prophylactic 
bone grafting for treatment of open fractures [48–50]. 
In one retrospective review of 20 patients with grade 
III open tibial fractures who underwent initial debride-
ment, external fixation, and autogenous bone grafting, 
the mean time to union was 28 weeks and there was 
only one (5%) deep infection [49]. The authors con-
cluded that “primary prophylactic bone grafting per-
formed at the same time reduces the rate of delayed 
union, shortens the time to union, and does not increase 
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infection” [49]. This is contrary to other studies that 
have recommended waiting at least 2–6 weeks after 
soft-tissue coverage before bone grafting [48, 51]. The 
SPRINT trial did not allow for any reoperations to pro-
mote healing within 6 months of the initial surgery [36]. 
Although the study found a 27% increased risk of revi-
sion surgery for open fractures, this number would 
likely have been substantially higher if reoperations 
had been allowed during the first 6 months.

18.3.9  Other Adjuncts to the Treatment 
of Open Fractures

Whether to use high-pressure or low-pressure irriga-
tion in treating open fractures has been the subject of 
investigation [52–55]. In vitro studies have shown that 
high-pressure lavage is more effective at removing 
bacteria [52, 53]. In an in vitro model performed by 
Bhandari et al., low- and high-pressure irrigation 
resulted in a similar reduction in bacteria following a 
delay of 3 h after inoculation, but only high-pressure 
lavage was effective in removing bacteria when the 
delay was 6 h [52]. The high-pressure lavage, however, 
did result in a greater degree of macroscopic bone 
damage. Whether the improved bacterial clearance at 
the expense of increased bone damage with high-pres-
sure lavage is beneficial in vivo is still not fully 
resolved. Interestingly, an international survey of sur-
geons found that 71% favored low-pressure irrigation 
in the treatment of open fractures [56].

The type of irrigation fluid to use is also a matter of 
debate. The same international survey found that 
70.5% of surgeons typically used normal saline as their 
irrigation [56]. Multiple studies have looked at the 
effects of adding various substances to the irrigant 
[57–60]. Animal and hardware studies have suggested 
that addition of castile soap to the irrigation may reduce 
the bacterial count compared to irrigation with normal 
saline alone [58, 61]. Soaps act as surface active agents 
or surfactants, theoretically disrupting the bonds 
between the bacteria and the underlying tissue. In a 
prospective, randomized clinical trial, 458 open frac-
tures were randomized to either irrigation with saline and 
bacitracin or irrigation with saline and castile soap [59]. 
The infection rate in the bacitracin group was 18% while 
the infection rate in the castile soap group was 13%; 

however, this difference did not reach statistical sig-
nificance. The bacitracin group did have a higher inci-
dence of wound healing problems (9.5% vs. 4%, 
p = 0.03). Many other additives have been tried in the 
irrigant including povidone-iodine, chlorhexidine, 
phenoxyethanol, Dakin’s solution, hydrogen peroxide, 
and benzalkonium chloride. Some of these solutions 
do seem to be more effective at removing bacteria, but 
they may do so at the expense of toxicity to normal 
tissue [62–67].

For open fractures not amenable to initial wound 
closure or coverage, one option is the use of an antibi-
otic bead pouch. In a series of 1,085 open fractures, 
Ostermann et al demonstrated a reduction in the infec-
tion rate from 12% to 3.7% when local use of  
aminoglycoside-impregnated polymethylmethacrylate 
(PMMA) beads were placed in the wound compared to 
use of intravenous antibiotics alone [68]. More recently, 
there has been an increased use of vacuum-assisted 
wound closure (VAC) for severe soft-tissue wounds 
(See Fig. 18.5). In a retrospective review of 16 type III 
open pediatric tibia fractures, the use of subatmo-
spheric pressure dressings after initial debridement 
was felt to decrease the need for free tissue transfer by 
50% [69]. Another review of 43 open fractures found 
that delayed flap coverage after use of vacuum-assisted 
wound closure had favorable results, with loss of only 
three pedicle flaps and one microvascular flap [70]. 
Flap reconstruction was performed on average 28 days 
after injury (range 3–106) and the authors concluded 
that their flap survival results were similar to those of 
Gopal and Godina when flap reconstruction was per-
formed within 72 h [70].

Fig. 18.5 Wound vacuum dressing to assist with closure/coverage 
of open femur fracture
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18.4  Summary

Open fractures require a systematic approach for opti-
mal evaluation and treatment. Early initiation of anti-
biotic therapy, thorough debridement and irrigation of 
the wound, followed by stable fixation and wound  
closure/coverage are the essential steps in the treat-
ment. With grade IIIB fractures, debridement of nonvi-
able tissue achieving a clean wound can allow for early 
flap coverage with successful results. Some recent 
tools that have been added to the treatment options 
include vacuum-assisted dressings and use of bone 
morphogenic protein for severe open fractures. With a 
systematic approach, the goals of preventing infection, 
achieving osseous union, and restoring function can be 
realised for these challenging fractures.
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19

19.1  Introduction

Although rare, every orthopaedic trauma has the pos-
sibility of having an accompanying vascular injury. 
However, delay in recognition can lead to loss of limb 
[1]. The combination of fracture and arterial injury is 
associated with amputation rates as high as 10–40% 
[2]. Therefore, every effort should be made to exclude 
synchronous injury of the vascular system. Simple 
diagnostic methods can lead to early discovery of 
compromises to the vascular system. The real chal-
lenge of these combined injuries, however, is the 
timing and logistics throughout initial management 
and definitive care. Irreversible tissue damage may 
occur if more than 6 h passes before blood flow to 
the leg is restored [3]. The ultimate problem is the 
patient with multisystem injuries, a situation in 
which the preservation of life should prevail over 
the preservation of limb. These cases call for quick 
diagnosis and targeted, temporary treatment modali-
ties. A simple algorithm for these challenging inju-
ries is provided (Fig. 19.1). Specifics of management 
of the mangled extremity are dealt with elsewhere in 
this book.

19.2  Signs, Symptoms and Diagnostics

19.2.1  Clinical Evaluation

Immediate clinical evaluation is of utmost importance 
in the evaluation of a patient with fracture or disloca-
tion of some part of the musculoskeletal system. Hard 
signs of vascular injury are presented in Table 19.1. 
Paleness of the extremity distal to the supposed lesion 
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is a warning sign of vascular compromise if the patient 
is hemodynamically normal. Palpation of the periph-
eral pulses serves as a guide for further evaluation. If 
there is no palpable pulse in a patient without addi-
tional hemodynamic problems, then further evaluation 
is needed. Reduction of fractures and dislocations 
should be performed, after which another evaluation 

should take place. If there is still no palpable pulse, 
urgent further evaluation is warranted, preferably by 
angiography. A palpable thrill or an audible bruit are 
also indicators of a serious injury to the vascular 
system.

In rare cases, such as an expanding hematoma in 
an extremity, no further evaluation should take place 
and the patient should be taken to the operating room 
to stop the bleeding, preferably by proximal control 
or direct exploration. If free pulsatile bleeding is 
obvious from the open fracture, tamponade is done as 
quickly as possible and a tourniquet should be con-
sidered. Recent experiences in the Iraq and 
Afghanistan conflict show good results in these dev-
astating events [4, 5].

Musceloskeletal injury

Closed injury

Time of injury

Initial
assessment

Special tests

Open injury

Normal pulses Diminished pulses Absent pulses

Reduction if dislocated,
splint 

Immediate reduction

Normal pulses Diminished pulses Absent pulses2e survey:
Assess, immobilize,

admit, reevaluate, plan,
additional studies Arterial brachial index

Severe bleeding

Tamponade /
tourniquet 

No severe
bleeding  

Expanding hematomaNo expanding hematoma

Vasc Surg

Initial
operative
treatment

Final 
operative
treatment 

< 0.9> 0.9

Time from injury < 6 hrs

Time
from

injury > 6
hrs OR

Vasc Surg, on table
angio

Vascular injury

Definitive vascular repairDefinitive skeletal repair

Angiography

No injury

Proximal control

Provisional stent

Temp skeletal
fixation 

Further
evaluation (if

needed)

Definitive
skeletal fixation

Definitive
vascular repair

No injury

Fig. 19.1 Treatment algorithm: Algorithm of the UMC Utrecht, Department of Trauma and Vascular Surgery for the treatment of 
musculoskeletal injury with supposed vascular compromise

Absent distal pulses

Expanding hematoma

Pulsatile bleeding

Palpable thrill

Audible bruit

Table 19.1 Hard signs of vascular injury
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19.2.2  Doppler Evaluation

In many cases a Doppler evaluation is performed to 
further evaluate the vascular system. However, the 
Doppler evaluation is a valuable tool only if it is 
accompanied by a Doppler guided pressure reading 
and an Ankle-Brachial Index evaluation. The Ankle-
Brachial Index should read above 90% to exclude 
vascular injury [6]. A positive Doppler signal does 
not necessarily exclude a major vascular compro-
mise, as in most cases a signal is obtained from col-
laterals, though insignificant in terms of the survival 
of the extremity. Only very experienced vascular sur-
geons or vascular technicians can evaluate the spec-
trum of the Doppler signal in such cases, although 
they mostly rely on a formal spectral analysis.

19.2.3  Angiography

The gold standard of vascular evaluation is the angiogra-
phy (Fig. 19.2) [7]. Depending on the urgency or 

complexity of the case, this may be done either in the 
angio suite, which is in many cases preferable due to the 
extensive and high quality radiological possibilities, or in 
the OR, many times with less sophisticated equipment. 
The OR environment, however, is favorable for patients 
with multisystem injuries or in damage control situations 
[8]. A simple one-shot angiogram through a proximal 
arterial puncture generally gives a very adequate over-
view of the vascular system and the level of the problem.

The advantage of the arteriography is the possibility 
of an angio embolization. In cases of severe arterial 
bleeding, e.g., in pelvic fractures, angio embolization 
can be an important adjunct in the treatment of these 
severely injured patients after initial mechanical stabi-
lization and packing. Intraluminal manipulation when 
performing an angiogram also provides the possibility 
of using intraluminal stents. These stents can be uti-
lized for bridging defects, occluded trajectories, and 
coverage of traumatic pseudoaneurysm [9]. Using 
large amounts of intra-venous contrast carries the dis-
advantage of possible contrast nephropathy or allergic 
reaction. In emergency cases, the chance of local ves-
sel injury is also relevant.

Fig. 19.2 (a) Patient with a knee dislocation. (b) Subsequent arteriography demonstrated at the popliteal artery
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19.2.4  CT-Angiogram

Just as CT is very often used in current practice for 
evaluation of the trauma patient, CT angiography is an 
option for further evaluation of the vascular status of 
the trauma patient. A specific protocol and timing 
should be utilized for optimal result. This modality is 
less invasive as compared to the classic angiogram; 
however, contrast related problems may also occur 
with this technique. CT angiography has largely 
replaced the invasive angiography for initial diagnos-
tics in the trauma setting as it is readily available [10].

19.2.5  Digital Subtraction Angiography

Intravenous digital subtraction arteriography (DSA) 
may be used in select cases, although it produces infe-
rior image quality and requires a trip to the radiology 
department. In children, however, this can be a viable 
option, as their vascular system is less easy to catheter-
ize (Fig. 19.3). The disadvantage of this technique is 
the relatively high dose of contrast that must be given.

19.2.6  MR Angiography

Increasingly popular in vascular surgery is the use of 
MR angiography. However, due to the very specific 
requirements and situation of the multiply injured 
patient who is often on ventilation, this modality has 
been until now infrequently used in the early evalua-
tion of the trauma patient [7].

19.3  Treatment

19.3.1  General Strategies

Several tactics may be chosen once the diagnosis is 
obvious. For severe open wounds with heavy bleeding, 
tamponade is the treatment of choice. This may be done 
manually. Recent incidents in the Iraq and Afghanistan 
conflicts showed a renewed interest and good result from 
the application of tourniquets, as mentioned above.

After the prehospital and initial resuscitation phase, 
gaining proximal control is of the utmost importance. 
Thereafter, revascularization is accomplished as soon 
as possible. In the case of complex combined vascular 
and musculoskeletal injuries, regaining perfusion in 
the distal part of the extremity is very important. 
Nevertheless vascular procedures should not compro-
mise the possibilities for orthopaedic intervention, and 
neither should the orthopaedic intervention make an 
adequate vascular procedure impossible. Although 6 h 
of ischemia time is tolerable in an injured leg, as little 
ischemia time as possible should be allowed. The lon-
ger the ischemia time in an injured leg, the higher the 
coagulation disposition will be. An adequate option is 
to use a shunt (Fig. 19.4) to bridge the time to defini-
tive care using a well perfused distal part of the 
extremity.

From the orthopaedic standpoint, temporary stabili-
zation of the fracture with an external fixator is a good 
option. It shortens the time to vascular reconstruction 
as well as reperfusion, and leaves open the opportunity 

Fig. 19.3 Digital intravenous subtraction angiography in a child 
with a supracondylar humeral fracture. Disruption of the bra-
chial artery in the area of the fracture fixed with two K-wires
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for extensive reconstruction after vascular continuity is 
restored. Care should be taken to restore adequate 
length so that the definitive reconstruction of the bone 
may be done without major shortening or lengthening 
of the extremity, as this can compromise the vascular 
conduit later.

Because of immunological properties, an interposi-
tion vein graft is mainly used [11] for repair. A PTFE 
conduit may be used, but this is the less preferable 
option for open fractures and contaminated wounds. 
Direct repair may be used in select cases; however, in 

order to prevent a relevant stenosis after direct repair a 
vein patch is often used instead [12].

In the case of an incomplete occlusion of an artery, 
often times based on a stretching mechanism and result-
ing in an intimal tear, several options are available [13]. 
Anti-platelet therapy has been advised for such cases, 
e.g., for carotid artery lesions after cervical fractures 
[14]. Other authors advocate the use of a wall stent 
placed with radiological intervention (Fig. 19.5). Stents 
have been used for a variety of vascular problems such 
as aneurysms, dissections, and hematoma [15].

a

b c d

Fig. 19.4 (a) Shunt in situ in 
the superficial femoral artery 
in a patient with a femoral 
fracture and severe head 
injury. After hemorrhage 
control, restoration of flow by 
(b) a shunt, (c) temporary 
external fixation, and  
(d) ultimate plate fixation of 
the femur
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Fig. 19.5 (a) Distal shaft fracture of the femur, with an intimal lesion of the superficial femoral artery, as shown by (b) arteriogra-
phy, treated with (c) a wall stent after initial external fixator, with (d) a distal femoral nail

a b

c d
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19.3.2  Specific Anatomic Considerations

19.3.2.1  The Neck

As mentioned previously, patients with a stretch to the 
neck, signified for instance by fractures of the cervical 
spine [16], must be evaluated by plain angiography or 
CT angiography [17]. A 16 slice CT scan is appropri-
ate [17]. This should be a separate sequence done after 
evaluating the neck for other traumatic injuries. In the 
case of an intimal lesion (Fig. 19.6), anti-platelet ther-
apy is currently the treatment of choice [14].

19.3.2.2  Upper Extremity

Fractures of the proximal humerus are also known for 
accompanying vascular compromise, as shown in 
Fig. 19.7. This area is not easily approached surgically, 
and may be managed with recanalization and stents as 
shown here. Castelli and coworkers [18] used stents in 
this area successfully without major complications.

In cases of severe bleeding in the area of the subcla-
vian artery, gaining proximal control is very difficult. 
However, with catheterization and subsequent use of 
intraluminal detachable balloons control can be 
obtained, as described by Scalea and Sclafani [19].

The highest incidence of vascular compromise in 
upper extremity injuries is found in distal humeral 
supracondylar fractures during childhood. The type of 
extension is mainly related to the vascular injuries 
(Fig. 19.3). Vascular problems in the area of the elbow 
should be repaired, as the brachial artery is the princi-
ple end artery for the lower part of the arm. A short 
bypass is generally the treatment of choice in this area.

Because of the duplicate pursuance of the vascula-
ture below the level of the elbow, major problems gen-
erally do not occur there. In cases of severe bleeding 
the vessel may be tied off if its counterpart is open. 
Sufficient flow is generally available through the arc of 
the hand to the area downstream of the lower arm.

19.3.2.3  Pelvic Bleeding

Exsanguination after pelvic fractures remains a major 
challenge. After initial stabilization and packing, angio 
embolization should be contemplated [20]. However, 

local circumstances dictate whether this method is safe 
and can be accomplished in timely fashion. A vascular 
interventional radiology team should be readily avail-
able around the clock. Intricacies of pelvic trauma are 
dealt with elsewhere in this book.

a

b

Fig. 19.6 (a) Fracture of the foraminal condyel after a motor 
vehicle accident with head-on collision. (b) Routine evaluation 
with CT Angio demonstrated an intimal flap. The patient was 
treated with anti platelet medication with good outcome
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In addition, after the initial resuscitation pelvic 
bleeding may still remain a challenge, as smaller ves-
sels can demonstrate continued bleeding, as shown in 
Fig. 19.8. Interventional radiology is an elegant way of 
approaching this problem.

In pelvic cases, evaluation of the bleeding vascular 
injury precedes evaluation of the degree of vascular 
compromise. Thereafter, an exact evaluation of the 
integrity of the iliac arteries should be performed. In 
cases in which a vascular and a nervous injury exist 
together with disruption of the SI joint and symphysis, 
an internal hemipelvectomy should be suspected. In 
these lesions a crossover bypass is one possible strategy; 
however, care should be taken to shut down the proxi-
mal side to preclude bleeding after revascularization.

19.3.2.4  Lower Extremity

Tourniquets are currently gaining popularity, based on 
experiences with severe open exsanguinating extrem-
ity wounds from the Iraq war. Revascularization should 

be performed as early as possible, taking into account, 
however, the general condition of the patient and the 
status of the vital functions.

Temporary stents have been of value for acute 
revascularization (Fig. 19.4), as has been discussed 
above, followed by a venous bypass, preferably with 
the great saphenous vein from the contralateral side 
(Fig. 19.9). The use of the homolateral saphenous vein 
is contraindicated, as it may be damaged, and together 
with concomitant injury of the deep veins, the swelling 
of the homolateral leg can compromise venous return 
altogether [7].

Huynh evaluated skeletal injuries of the lower 
extremity and found that tibia and fibula fractures 
are most associated with arterial injury [12], fol-
lowed by knee dislocations (Fig. 19.2). The popliteal 
artery below the knee and the distal superficial femo-
ral artery are most often involved. They recommend 
the reconstruction of the vascular injury, and after-
wards the repair of the bone, which they did in 63% 
of cases. In general they do not use shunting in this 
area. Their protocol calls for a medial approach to 

Fig. 19.7 (a) Proximal 
humeral fracture, with  
(b) vascular compromise of 
the axillary artery. (c) Good 
patency after a Dotter 
procedure and stent 
placement
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a

b c

Fig. 19.8 (a) Pelvic fracture, 
with pelvic ring and 
acetabular involvement.  
(b) Further evaluation of 
persistent blood loss showed 
arterial bleeding.  
(c) Treatment with emboliza-
tion with good result

a b

Fig. 19.9 (a) Severe open injury of right leg and pelvic region. 
Direct manual tamponade of the arterial bleeding. Head of the 
patient is to the right. (b) Proximal control of external iliac 
artery through an incision above the iliac crest and retroperito-

neal approach. (c) Vascular lesion of the femoral artery.  
(d) Postoperative CT with volume rendering technique of pelvic 
region with pelvic fracture after vascular repair with interposi-
tion vein graft
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the vessel; debridement of the injured segment; hep-
arinisation; embolectomy if needed; and reconstruc-
tion with graft, venous patch, and, in the minority of 
cases, direct repair. They also recommend using a 
low threshold for fasciotomy to prevent compart-
ment syndrome, as they did in 60% of their cases. 
Following this algorithm they achieved a 92% sal-
vage rate.

Lesions below the trifurcation are generally not 
amenable to repair. Usually one artery will suffice for 
adequate perfusion [21]. Brinker et al. [22] evaluated 
the opinions of 200 vascular surgeons on the various 
lesions in this area, but no consensus could be reached 
on the treatment of these injuries. Hafez et al. [23] eval-
uated a total series of 550 vascular injuries, the majority 
of which were penetrating injuries, and reported fairly 
good results for the repair of crural arteries. Segal eval-
uated 18 patients with lower limb injuries and vascular 
repair. They, as well as al-Salman [11], used a contral-
ateral vein graft with fairly good results. Nevertheless, 
the last authors report that these lower limb injuries 
carry a high incidence of amputation of up to 30%.

The development of a compartment syndrome is 
generally recognized as a major complication of an 
orthopaedic injury with concomitant vascular injury. 
Therefore, it is generally agreed that a fasciotomy 
should be performed after revascularization.

19.4  Conclusion

Vascular injury accompanying skeletal trauma is rela-
tively rare. However, prompt diagnosis and expedi-
tious repair are the prerequisites for the prevention of 
amputation. A wealth of new techniques, such as CT 
and intraluminal catheterization, has become available 
for diagnostics and repair. When treated early the gen-
eral prognosis for such injuries is good.
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20.1  Introduction

Articular injuries are common in polytraumatized 
patients and will cause significant disability if not 
appropriately treated. One should also remember that 
polytrauma is a systemic surgical condition that 
requires an efficient resuscitation and a well-timed 
plan of surgical management including initial damage 
control measures and later definitive fixation. The fun-
damental goal of treatment is patient’s survival, to be 
followed by limb viability. In this regard, most articu-
lar fractures will not be life threatening, and some con-
ditions are limb threatening. As a result, the treating 
surgeon should not just focus on individual fracture or 
injury, but rather formulate an overall plan that takes 
the trauma pathophysiology into account. Hence, 
although treatment planning for individual fracture can 
be considered separately to achieve the optimal result, 
the effect of that treatment must be considered in the 
light of the overall patient condition and injury status.

20.1.1  Types of Articular Injuries

The joint can be affected in one of the following ways. 
Firstly, the high energy trauma causes a fracture that 
involves the articular surface. Such intra-articular frac-
tures can cause severe disability to the patient if they 
are not treated appropriately. Accurate joint reconstruc-
tion with stable fixation allowing early mobilization of 
the joint is important for good cartilage healing and 
good joint motion recovery. The surgical reconstruc-
tion will require careful preoperative planning and 
should be done later as definitive fixation.
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Floating joint injuries refer to the fractures occur-
ring both proximal and distal to the joint, resulting in a 
total lack of bony support of the affected joint. The 
fractures may not extend to the articular surface. Since 
nerves and blood vessels are commonly in close vicin-
ity to the joint, the risk of neurovascular complication 
is usually much higher in the presence of a floating 
joint.

Major joint dislocations or fracture dislocations are 
orthopaedic emergencies. These conditions must be 
recognized promptly in the emergency room during 
secondary survey. Reduction should be achieved with 
appropriate analgesics or anesthesia as soon as possible. 
If the dislocations are left unattended, there will be a 
high chance of vascular or neurological complications.

20.2  Assessment

In the emergency room, resuscitation should follow 
the ATLS protocol. After the primary survey, a thor-
ough secondary survey should be performed and the 
whole body should be examined for other injuries. The 
presence of any open fracture or compartment syn-
drome should not be missed. Floating joint injuries or 
major joint dislocations have to be recognized based 
on the deformity of the limbs. However, the treating 
doctor should not be distracted by the obvious defor-
mity and overlooks other associated complications. 
The distal circulation of the limb must be checked and 
if the patient is conscious, a quick motor and sensory 
examination should be recorded as a baseline for fur-
ther reference appropriate splints must be applied. 
Radiographs in two planes, including the full length of 
the long bones, must be obtained to confirm the 
diagnosis.

20.3  Strategy of Management  
of Articular Fractures  
in Polytrauma Patients

Complex fractures around joints remain challenges in 
the management of polytraumatized patients and they 
are associated with an increased risk of complications. 
During decision making to formulate the plan of man-
agement, the surgeon must take into account any 

associated injuries to other major internal organs and 
body parts (Table 20.1). At the same time the local soft 
tissue condition around the joint must be carefully 
assessed. These two factors will affect the timing of the 
fracture fixation and the method of fracture fixation [1].

In general, complex fractures around the joints are 
better managed with a staged strategy [2, 3]. First, the 
soft tissue condition around the injured joint, espe-
cially the knee and the ankle, is usually in an unfavor-
able condition. There are usually severe edema and 
blisters, thus rendering primary fracture fixation very 
risky with high complication rates. Secondly, intra-
articular fractures are complex injuries. In order to 
achieve a good outcome, the articular surface should 
be reconstructed anatomically, the limb axis should be 
restored correctly, and a stable fixation connecting the 
articular block to the metaphysis and diaphysis should 
be obtained to allow for early joint motion. This often 
necessitates a good preoperative assessment of the 
fracture including good quality radiographs, CT scans 

A. Primary surgical procedures in the emergency setting
 1. Limb-saving procedures:

 Reduction of large joints, such as hip, knee, by close • 
or open means with temporary stabilization by splint 
or traction
 Bony stabilization with urgent vascular surgery for • 
acute damage to vascular supply
 Debridement and spanning external fixation for open • 
articular fractures together with appropriate intrave-
nous antibiotics
 Fasciotomy and spanning external fixation for articu-• 
lar fractures complicated by compartment syndrome

 2.  Spanning transarticular external fixation as a damage 
control procedure

 To stabilize floating joint injuries or unstable joint dis-• 
location after reduction in unstable patients
 To stabilize periarticular fractures with unfavorable • 
local soft tissue conditions

B. Secondary surgical procedures that should be done when 
the general condition of the patient is stabilized or the soft 
tissue condition has improved
 1.  Definitive fixation of intra-articular fractures with 

initially unfavorable soft tissue conditions
 2.  Definitive fixation of unstable fracture dislocations, 

e.g., shoulder, acetabulum
 3.  Definitive fixation of floating joint injuries that are 

initially treated with spanning external fixation
 4.  Soft tissue coverage and definitive fixation of open 

intra-articular fractures

Table 20.1 Surgical priorities in the treatment of complex 
articular fractures in polytrauma
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with reconstruction, and, in indicated cases, MRI. 
Good and accurate surgical planning and meticulous 
surgical skills are crucial in achieving a good fixation. 
Hence, these difficult, definitive reconstructions should 
not be performed in the setting of emergency surgery 
in a polytraumatized patient.

Generally speaking, the management of articular 
fractures in polytrauma patients should include a pri-
mary spanning external fixation applied in the emer-
gency setting (Fig. 20.1). The configuration should be 
simple and allow easy access to the soft tissue during 
subsequent surgeries. The surgeon applying the exter-
nal fixation should preferably be the surgeon who will 
fix the fracture definitively. Definitive fixation should 
be carried out when both the general condition of the 
patient and the local soft tissue condition are opti-
mized. In recent years, there are some reports showing 
the benefit of vacuum-assisted closure (VAC) therapy 
in managing large soft tissue defects and in assisting 
wound closure [4–6].

Sometimes in high energy articular fractures, the 
stability of the joint is affected, resulting in a fracture-
dislocation. In principle, a major joint dislocation that 
causes significant deformity should be reduced as soon 
as possible or the distal circulation will be affected. In 
the case of posterior hip dislocation that commonly 
occurs with posterior wall fracture of the acetabulum, 
reduction can usually be done quickly with closed 
manipulation once the patient is anesthetized. Fixation 
of the posterior wall fracture should be done at a later 
stage after thorough assessment with CT scan. 
Similarly, fracture dislocation involving the ankle 
should be reduced urgently to avoid complication of 
the soft tissue envelope and the distal circulation.

20.4  Floating Joint Injuries

20.4.1  Floating Knee Injury

A floating knee refers to the injury when the ipsilateral 
femur and tibia are both fractured. A significant force 
must be needed in order to break these two bones and 
therefore this injury frequently implies a more substan-
tial mechanism of injury. The patients are commonly 
hemodynamically unstable and may have significant 
injuries of other organs and the other extremities. This 
injury is also associated with complications that carry 
an increased risk of morbidity and mortality.

Fraser et al. classified floating knee injuries by 
whether there is joint involvement [7] (Fig. 20.2).

Type I is the injury with extra-articular fractures of • 

both bones.
Type II is subdivided into three groups, as follows:• 

Type IIa involves femoral shaft and tibial plateau  −
fractures.

Fig. 20.1 Temporary knee-spanning external fixation in a 
34-year-old polytrauma victim with comminuted proximal tibial 
fracture complicated by compartment syndrome. Emergency 
fasciotomy was performed. Vacuum-assisted closure was applied 
and wound closure was performed on day 10 after injury. The 
definitive fixation was then carried out on day 14

I IIa IIb IIc

Fig. 20.2 Floating knee classification of Fraser et al. [7]
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Type IIb includes fractures of the distal femur  −
and the shaft of the tibia.
Type IIc indicates fractures of the distal femur  −
and tibial plateau.

This is the commonest classification system for float-
ing knee injury and is of prognostic value since type I 
fractures have better functional outcome than type II 
with various extent of intra-articular involvement.

20.4.1.1  Management of Fractures  
in Floating Knee Injury

Historically, floating knee injuries were totally treated 
or partially treated non-operatively. However, the 
results were unsatisfactory [7]. The current recom-
mended treatment of the bony injuries is surgical fixa-
tion of both the femoral and the tibial fractures [8]. 
There is no single ideal method of fixation. The sur-
geon should take into consideration the extent of soft 
tissue injury, the location and pattern of the fractures, 
and the associated injuries.

Isolated floating knee injury without significant 
articular involvement should be treated acutely if the 
patient is hemodynamically stable. If both fractures 
occur in the diaphysis, then both the femoral shaft and 
tibial shaft should be treated with intramedullary nail-
ing. There is still a controversy as to whether antegrade 
or retrograde femoral nailing should be used. Rethnam 
[9] suggested that antegrade nailing should be done. 
Advocates for retrograde femoral nailing suggested 
that the quickest surgical procedure is to perform a ret-
rograde intramedullary nailing of the femur with an 
intramedullary nailing of the tibia using a single inci-
sion over the knee. Alternatively, the tibia fracture is 
temporarily splinted with a cast and an antegrade fem-
oral nailing is done first, followed by the tibial nailing. 
If either one or both fractures involve the epi-metaphyseal 
region, then the appropriate periarticular plate fixation 
should be performed according to the location. In case 
of severe soft tissue swelling as in tibial plateau or pla-
fond fractures, the definitive fixation may be delayed 
until the soft tissue condition improves resulting in a 
lower chance of soft tissue complications. In case of 
complex articular involvement with significant frac-
ture comminution, such as tibial plateau fracture, then 
one can also elect to apply an external fixator tempo-
rarily and the definitive fixation done at a later stage 

when the required surgical expertise is available 
(Fig. 20.3).

On the other hand, in unstable patients or those in 
extremis, life threatening injuries such as hemotho-
rax, pneumothorax, intraabdominal hemorrhage, and 
intracranial hematoma must be managed as the first 
priority. Under these circumstances, temporary stabi-
lization with a spanning external fixator should be 
performed, following the principles of damage con-
trol orthopaedic surgery. Once the patient’s physio-
logical status is stabilized, conversion to internal 
fixation and definitive surgery can then be 
performed.

In the post-operative period, range of motion of the 
knee joint should be started early. Continuous passive 
motion can be used until satisfactory knee motion has 
been achieved. The patient should do partial weight 
bearing walking if both fractures are extra-articular. If 
one or both fractures involve the knee joint articular 
surface, then weight bearing should be delayed for 
6–8 weeks.

20.4.1.2  Associated Injuries in Floating  
Knee Injuries

Vascular injuries of the affected limb can occur in a 
floating knee injury. The reported incidence ranges 
from 21% to 29% [10, 11]. Limb ischemia may 
occur if the popliteal or posterior tibial arteries are 
injured. As a result, a thorough vascular assessment 
is crucial in early detection of this injury. 
Preoperatively, the peripheral pulses should be 
assessed with palpation and hand-held Doppler in all 
floating knee injuries. If arterial injury is suspected, 
an intraoperative arteriogram should be performed 
vascular repair should be performed together with 
the bony stabilization.

The incidence of open fractures in a floating knee 
injury can be as high as 50–70% [11]. The commonest 
pattern is a closed femoral fracture with an open tibial 
fracture. Paul et al. [11] reported that 17 of 21 patients 
had open fractures of one or more bones and 76% of 
these were either grade II or grade III. In general, the 
management of open fractures associated with floating 
knee injuries should follow the principles of open frac-
ture management. This should include adequate debri-
dement and stabilization of the fractures with either 
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external fixation or intramedullary nailing depending on 
the grading of the open fractures. It is expected that mul-
tiple surgical procedures are usually required, and in 
patients with severey mangled limbs and unstable gen-
eral conditions, amputation should be considered [11].

Associated ipsilateral knee ligament injuries are 
common in the floating knee injury [12]. Anterolateral 
rotatory instability is the commonest instability pattern. 
However, there is a diagnostic difficulty as the floating 
joint cannot be tested for ligamentous injuries. Hence, 

Fig. 20.3 (a, b) Twenty-one-year-old man was injured by a 
fallen heavy object and sustained a type I floating knee injury 
and ipsilateral pilon fracture. On admission, he had a low hemo-
globin of 6.9 g/dL. (c) The femur fracture was a grade II open 
injury occurring at the distal femur metaphysis. During the 
emergency surgery, the thigh wound was debrided. (d) Spanning 

external fixation across the knee and ankle joints was applied. 
Six units of blood were given in total. (e, f) As the patient’s 
condition improved, definitive fixation was performed with 
bridging locking plate fixation for distal femur, intramedullary 
nailing for the tibial shaft, and open reduction and plate fixation 
for the pilon fracture

a b

d e f

c
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after stabilization of the fractures, stress testing of the 
knee ligaments must be performed. If a ligamentous 
injury is suspected, then an acute arthroscopy can be 
performed and the injured ligaments can be repaired 
acutely or at a later stage.

20.4.1.3  Complications

The management of the fractures in floating knee inju-
ries is challenging to orthopaedic surgeons. Fraser 
et al. [7] reported 35% of patients with floating knee 
injuries required late surgery for delayed union or non-
union, osteomyelitis, refracture, and malunion. There 
are several explanations to this high rate of complica-
tions. The first reason is that most of the fracture fixa-
tion surgeries are performed in the emergency setting. 
The level of surgical expertise available is a crucial 
factor to the success of the surgery since sometimes a 
good fixation can be difficult for the average surgeon. 
Moreover, the floating knee segment presents great 
difficulty in achieving an accurate reduction of either 
fracture. Hence, floating knee injuries are prone to 
delayed union or non-union. Rotational mal-alignment 
can also be difficult to detect intra-operatively. The 
overall leg length should be checked at the end of the 
surgery and in the early post-operative period. If 
the patient’s general condition allows, any mal-reduc-
tion should be corrected within the first few weeks 
before hard bone is formed, necessitating an osteotomy 
surgery (Fig. 20.4).

Fat embolism can occur in a floating knee injury. 
Karlstrom and Olerud [13] reported 6 out of 31 patients 
with fat embolism syndrome. Veith et al. [14] reported 
13% incidence of fat embolism syndrome in 54 patients 
of floating knee injuries. The diagnosis is made if the 
patient has pyrexia, tachycardia, tachypnea, and altered 
sensorium within 48 h of admission. To confirm the 
diagnosis, an arterial blood gas test should be done and 
will reveal hypoxia. The patient should be managed in 
an intensive care unit with mechanical ventilation. The 
fractures should also be provisionally stabilized to min-
imize further hemorrhage and the chance of the fatty 
bone marrow entering the circulation. Hence, a span-
ning external fixator should be applied in the emergency 
surgery. Definitive fixation of the fractures should be 
delayed until the patient’s condition improves which 
usually take place after 1 week of supportive care.

20.4.2  Floating Shoulder Injuries

Floating shoulder is an uncommon injury with both 
clavicle and scapular neck fractured, resulting in gross 
instability and severe displacement of the shoulder 
girdle. The term floating shoulder is initially describ-
ing the inherent bony instability as described similarly 
in elbow and knee joints. Later Goss introduced the 
important concept of superior shoulder suspensory 
complex [15, 16]. It is a ring of complex soft tissue 
structures that exist between two struts. The middle 
third of the clavicle acts as the superior strut while the 
scapular body and spine serves as the inferior strut. 
The complex maintains a normal relationship between 
the upper extremity and axial skeleton. The scapula is 
suspended to the clavicle by ligaments and acromio-
clavicular joint. It can be further sub-classified into 
three components [16] (Fig. 20.5):

1. The clavicle-acromioclavicular joint-acromial strut
2. The clavicle–coracoclavicular ligamentous-cora-

coid linkage
3. The three process-scapular body junction

A single disruption of the ring is a stable injury. A dou-
ble disruption will result in an unstable injury [16, 17].

20.4.2.1  Clinical Presentation and Diagnosis

The clinical presentation of floating shoulder injuries 
varies with the associated injuries. When there are other 
serious injuries, the condition is often overlooked. 
During secondary survey, one can notice that the shoul-
der is usually grossly swollen and tender. A displaced 
clavicle fracture or in prominent lateral clavicular end 
in an acromioclavicular joint dislocation may be visi-
ble. Movements in all directions will be severely lim-
ited. Rib fractures are not uncommon. Shortly after the 
injury, a detailed neurovascular examination around 
the shoulder may be difficult. Nevertheless, the distal 
neurovascular status should still be checked as the 
nearby brachial plexus and axillary vessels may be 
injured. This is one of the most important prognostic 
factors with regards to final clinical outcome [18]. 
Open injuries are not uncommon.

Radiological examination including anteroposterior 
view and the transcapular lateral view of the scapula is 
usually most informative. Important factors include the 
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a b

c d

Fig. 20.4 (a, b) A 24-year-old man sustained multiple injuries 
during a motor vehicle accident, including head injury, pelvic 
fracture, left distal tibial fracture and a floating knee injury on 
the right side. The right proximal femur fracture was treated 
with plating and both tibial fractures were treated with casting. 

(c, d) However, the right floating knee segment was internally 
rotated resulting in a rotational malunion of 30°. Subsequently, 
correctional de-rotational osteotomies were performed for both 
the right femur and tibia. He also received left foot reconstruc-
tive surgery for post-traumatic deformity
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amount of clavicular displacement, glenoid angulation 
and medialization, the extent of intra-articular involve-
ment, and the extent of comminntion [19]. If the patient 
is physiologically stable, further evaluation with CT 
scan and three dimensional reconstructions can help to 
better delineate the fracture pattern.

20.4.2.2  Management

Floating shoulder injuries normally do not require 
emergency management, unless there is an associated 
open clavicular fracture that needs urgent debridement. 

Once diagnosed, the shoulder should be supported 
with a broad arm sling and additional evaluation with 
CT scan should be performed when the patient’s gen-
eral condition is stable.

As for the definitive management of isolated float-
ing shoulder injuries, in general, there is no hitherto 
consensus of the best treatment method because of the 
small patient number and heterogeneity of all the stud-
ies. Based on current literature review, the treatment 
options are now evenly divided into nonsurgical treat-
ment and open reduction and internal fixation [19]. 
The degree of displacement of both clavicle and scapu-
lar neck fractures plays an important role in deciding 
the stability of the fractures.

Nonsurgical management has its popularity because 
of its noninvasiveness and low morbidity [20, 21]. It 
includes a period of immobilization and pain manage-
ment, followed by gradual mobilization exercise and 
strengthening exercise in 4–6 weeks time. Minimally 
displaced fractures with no sign of significant ligament 
disruptions can be successfully treated by conservative 
means [19]. It is also indicated when the multiply 
injured patient is in a hemodynamically unstable con-
dition or in extremis.

In a multiply injured patient with a floating shoulder 
injury, surgical intervention should be considered 
because the unstable shoulder girdle presents great dif-
ficulty for nursing, especially in the intensive care unit 
where they require breathing exercises and chest phys-
iotherapy. Hence, once the patient is stable hemody-
namically, one should consider fixing the clavicle 
fracture alone, which can indirectly reduce and stabilize 
the glenoid fracture (Fig. 20.6). The patient is allowed 

Coracodav.lig.
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Fig. 20.5 The superior shoulder suspensory complex has three 
components: 1 – the acromioclavicular joint-aromial strut, 2 – the 
clavicular–coracoclavicular ligamentous-coracoid linkage, 3 – 
the three process–scapular body junction

a b

Fig. 20.6 (a) A 38-year-old man fell from 20 ft during work 
and sustained head concussion, fractures of right fourth to sixth 
ribs and left second and sixth ribs, fracture left clavicle and left 
scapula fracture with comminution over the scapular body and 

an undisplaced glenoid neck fracture. CT thorax revealed bilat-
eral small apical pneumothorax. (b) In order to improve the ven-
tilatory effort and to facilitate nursing processes in intensive care 
unit, plate fixation of left clavicle was performed
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to perform earlier supervised mobilization exercise. 
This has the benefit of reducing pain and minimizes the 
chance of frozen shoulder. Hashiguchi and Ito reported 
successful treatment in five patients with floating shoul-
der injuries by clavicular fixation alone [22].

If significant displacement of glenoid remains after 
clavicle fixation, reduction and fixation of the glenoid 
may be indicated because of the theoretical restoration 
of the rotator cuff lever arm [19, 23]. However, surgical 
fixation of the scapular neck needs surgical expertise. It 
usually involves a posterior skin incision in a prone 
position which is not good especially for a chest injured 
patient. This will also lead to an inevitable increase in 
surgical trauma with more intraoperative blood loss and 
more post-operative pain. Hence the scapular fixation 
may be performed later as a second stage procedure.

20.4.2.3  Complications

In the setting of untreated or neglected floating shoul-
der, the weight of the arm and the contraction of the 
biceps, triceps, and coracobrachialis will result in 
downward pull of the distal fragment, with resultant 
change of the shoulder contour, the “drooping shoul-
der.” This shortening will cause loss of mechanical 
advantage of the rotator cuff muscles [18, 24]. The 
increase in displacement of the fracture will result in 
complication of malunion, non-union, post-traumatic 
arthritis, subacromial impingement or chronic brachial 
plexopathy [25–28].

20.4.3  Floating Elbow

Ipsilateral diaphyseal factures of the humerus and the 
forearm are termed as floating elbow. These injuries 
are rare and they can happen in both adult and children. 
Usually, these injuries are the results of high energy 
trauma, such as road traffic accident, industrial acci-
dent or fell from height. As a result, open injuries are 
common. Nevertheless, with the advance of modern 
plating and nailing, debridement and antibiotics, there 
is a major improvement in the outcome of this severe 
injury compared with two decades ago [29–33].

There is no special classification for floating elbow 
injury. The fracture pattern of humerus and forearm 
are classified individually using the traditional ways, 
e.g., AO/OTA classification.

20.4.3.1  Associated Injuries

Floating elbow is generally the consequence after high 
energy trauma. As a result, this injury is usually asso-
ciated with conditions such as open fractures, nerve 
injuries, vessels injuries, compartment syndrome, and 
multisystem injuries [30, 33–35]. In the literature, the 
incidence of open fracture is more than 50% [33]. In 
many cases, the soft tissue injury is so severe that mul-
tiple staged operations are required for soft tissue cov-
erage before the fracture fixation. Uncommonly, the 
elbow joint itself can also be dislocated [36].

20.4.3.2  Management

With the advance of modern fracture fixation and soft 
tissue management, this injury is much better man-
aged than before. The protocol of ATLS when dealing 
with multisystem injuries should be employed. 
Grossly contaminated wound should be thoroughly 
debrided. External fixator in open humeral fractures is 
applied in case of grossly contaminated wound or 
when rapid skeletal stabilization is required for urgent 
revascularization.

After good soft tissue coverage achieved, the 
humeral fractures can be fixed with either plating or 
nailing. The use of different implants and techniques 
depends on the local soft tissue condition and indi-
vidual surgeon experience. At present, there is no 
clear advantage of whether plate or nail fixation is 
better in the setting of floating elbow [31]. The fore-
arm fracture is treated like an isolated one. Stable 
plate fixation is the standard with attention paid  
to the alignment, rotation and the interosseous 
distance.

20.4.3.3  Outcome

Although excellent and good functions can be achieved 
after surgical treatment in up to 67% of patients, the 
presence of brachial plexus injury and peripheral nerve 
injury seems to have an adverse effect in functional 
outcome [32, 33]. Timing of surgery, the existence of 
open fractures, multisystem injuries and presence of 
neurovascular injuries are all not significantly related 
to poor functional outcome. These patients’ functional 
outcome falls into a bimodal distribution. One group 
of patients recovers at around 1 year time and behaves 
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similar to those with an isolated fracture. However, 
another group of patients have significant problem after-
wards and remains disabled for long period of time.

20.4.3.4  Complications

Despite all the improvement in management, floating 
elbow is a complex injury and prone to have compli-
cations. The incidence of non-union, malunion, infec-
tion, and myositis ossificans are exceptionally high 
[30, 35, 36]. Another common problem is loss of 
elbow flexion and extension movement. Supination 
and pronation problem is less frequent but it is  usually 
associated with high energy trauma to the forearm 
[31].

20.5  Traumatic Knee Dislocation

Traumatic knee dislocation is an uncommon problem. 
It accounts for <0.02% of all orthopaedic problems 
[37, 38]. However, this may be an underestimation of 
the real situation because a high percentage of the 
knee is spontaneously reduced at the scene [39]. 
Besides fall from height and motor vehicle accidents, 
people involved in high speed sport activities also 
have a chance of getting knee dislocation. They pres-
ent with multiligamentous disruption, but vascular 
and nerve injuries are common as well. The historical 
way of conservative treatment using simple immobili-
zation resulting in variable outcome [40, 41] has 
evolved to the present principles of early surgical liga-
ments repair and reconstruction together with early 
mobilization [39].

20.5.1  Classification

Classification can be done according to the time of 
injury. Injury happens in less than 3 weeks is classified 
as acute and chronic after this [42]. Anatomical clas-
sification, proposed by Kennedy is 1963, is more com-
monly used [38]. The classification is based on the 
direction of tibia displacement in relation to the femur, 
i.e., anterior, posterior, medial, or lateral. The fifth 

type, rotatory dislocation, is the combination of the 
multidirectional displacement. Among these, anterior 
dislocation is the commonest type as a result of hyper-
extension injury. It comprises 40% of all knee dislo-
cations. The second commonest one is posterior 
dislocation, which is usually due to “dash-board” type 
injury in motor vehicle. It comprises another one-third 
of cases [43]. Rotatory dislocation is the least common 
type, roughly about 5%. It is further subdivided into 
anteromedial, posteromedial, anterolateral, and poste-
rolateral, in which posterolateral is the commonest 
with a high incidence of irreducibility [44]. However, 
the major drawback of this classification is the diffi-
culty of application when the knee is spontaneously 
reduced. Another more recent classification, proposed 
by Schenck in 1994 [45], is based on the status of the 
ligamentous disruptions and any associated intra-articular 
fractures. It tries to help providing more information 
on the nature and severity of the problem which guides 
to specific management.

20.5.2  Associated Injuries

Traumatic knee dislocation often associates with other 
concomitant injuries. Vascular injury, mainly popliteal 
artery injury, which may result in disastrous conse-
quence, is quite common. The reported incidence can be 
up to 65% [46]. There is a great discrepancy in the inci-
dence reported. One of the reasons is that there is a spec-
trum of degree of damage to vessels, ranging from minor 
intimal damage to complete transaction. Besides, there 
may be a lot of occult injury not being diagnosed. The 
degree of suspicion and the use of arteriography greatly 
affect the pick-up rate of any vascular compromise.

Another commonly associated injury is common 
peroneal nerve damage, which happens in about 20% 
of cases [47]. The incidence is much higher in postero-
lateral dislocation or involvement of the posterolateral 
complex. The reported incidence can be up to 45% 
[48]. Tibial nerve injury can also occur but it is much 
less common.

Fractures, especially avulsion fractures, are often 
encountered. The usual sites are origins of PCL or lat-
eral tibial plateau in the form of Segond fracture. 
Fractures of the distal femur or proximal tibia are not 
uncommon as well.
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20.5.3  Evaluation and Assessment

In emergency setting, a brief history is all one needs, 
which includes the time and mode of injury. Then the 
examination should be directed to neurovascular 
examination since the consequence of missing the vas-
cular injury is disastrous. The dislocated knee is usu-
ally presented with tremendous pain and effusion with 
lots of lower limb swelling. A pitfall in diagnosis 
would be those spontaneously reduced knee disloca-
tions which may look benign on presentation. Since 
most of the time the joint capsules and ligaments are 
severely disrupted, a spontaneously reduced knee is 
presented with severe and extensive bruising on medial 
and lateral side of the leg because of the uncontained 
hemarthrosis. In addition, the presence of multiple 
ligamentous laxity is another clue to spontaneously 
reduced dislocated knee.

The current trend of vascular assessment is now 
based on both clinical assessment and imaging, with 
clinical evaluation as the more important aspect. 
Selective arteriography in patients with abnormal 
physical abnormalities is practiced nowadays. The 
manual palpation of the pulses of dorsalis pedis and 
posterior tibialis is sufficient to detect any clinically 
significant vascular injury. Although minor intimal 
injuries are not detected by clinical examination, these 
non-flow-limiting intimal injuries rarely progressed to 
occlusive lesion [49]. Nevertheless, repeated serial 
careful vascular examination within the first 48 h is 
important. Whenever there is an abnormal clinical 
finding, one should proceed to urgent arteriography 
without delay. Ankle-brachial index (ABI) is a useful 
and non-invasive adjunct to detect vascular compro-
mise. It is the ratio of Doppler systolic pressure in 
injured limb (ankle) to the Doppler systolic pressure in 
uninjured limb (brachial). The presence of ABI <0.9 
indicates immediate further investigation of the arte-
rial status, usually an arteriography [50]. However, the 
result can be inaccurate in patients with peripheral vas-
cular disease.

A complete neurological examination should be 
obtained. The degree of damage can be as minor as 
neuropraxia to complete neuronotmesis. Like vascular 
assessment, serial neurological reassessment should 
also be done, as the development of deteriorate neuro-
logical deficit can be a sign of developing compart-
ment syndrome or ischemia.

The evaluation of the knee stability should be done 
after the lower limb is cleared of any impending vascu-
lar damage. The examination is usually difficult 
because of intense pain, muscle spasm, and gross 
swelling. It should be done as gently as possible to 
minimize the chance of iatrogenic damage. The ACL 
is best tested by Lachman test and the PCL by poste-
rior drawer test. The presence of valgus and varus 
instability signifies medial and lateral collateral liga-
ments disruptions [39].

The radiological assessment must include plain 
radiographs during injury and after the reduction. 
Besides confirmation of the reduction of joint, they also 
give details on any associated fractures and avulsions. 
Nevertheless, these investigations should not delay the 
vascular assessment and intervention. Angiography 
should be done when there is suspicion of vascular 
compromise. Magnetic resonance imaging is useful in 
evaluation of the type and extent of ligamentous inju-
ries as well as cartilage and meniscal damage.

20.5.4  Management

20.5.4.1  Acute

In acute dislocation, the vascular status should be 
checked first. The joint should be reduced gently by 
gentle traction and manipulation under conscious seda-
tion. The direction of reduction should be guided by 
the direction of dislocation. The reduced knee joint is 
then temporarily held with a long leg splint.

Once the reduction is done, the vascular status 
should be reassessed clinically immediately. If pulses 
are absent or ABI is <0.9, urgent angiography should 
be obtained and vascular surgeon opinion is sought. 
When the site of vascular injury is confirmed, urgent 
revascularization, using bypass grafting of the popliteal 
artery or repair using a reverse saphenous vein graft, is 
required [47]. Fasciotomy is usually performed after 
revascularization. The knee is preferably immobilized 
by a knee-spanning external fixator to protect the vas-
cular repair and the knee from re-dislocation. The use 
of the joint spanning external fixator is also indicated 
in open injury and joint that failed to maintain reduc-
tion in a splint.
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In case of knee dislocation necessitating vascular 
repair, concomitant repair of the torn medial or lateral 
collateral ligaments can be attempted, but the use of 
sutures and magnitude of the procedure should be kept 
to minimal. On the other hand, a late repair of these 
ligaments in a few days time is also a good option [39]. 
The delay in repair can help the surgeon to monitor the 
vascular status of the limb in the next 48 h after the 
repair. It also allows further imaging study for better 
preoperative planning and delineation of the extent of 
ligamentous injuries. In open injuries, all ligamentous 
procedure should be delayed until the wound is well 
covered and clean.

20.5.4.2  Definitive

The definitive management of multiligamentous knee 
injuries is controversial. However, there are more and 
more well designed studies which provide guidelines 
for the management of this difficult problem [39, 
51–53].

Nowadays, surgical treatment is the treatment of 
choice unless the patient is surgically unfit. Some con-
ditions are absolute indications for surgical treatment, 
including irreducible knees, dysvascular limbs, and 
open injuries. Studies have shown that the surgically 
treated dislocated knees usually have better range of 
movement, higher level of activities and better knee 
scores [40, 51–54].

Another important issue is the timing of ligamen-
tous repair and reconstruction. Meanwhile, there is 
no consensus on the right timing of surgery. Although 
many studies showed that the range of movement, 
knee stability, knee scores (Lysholm score and 
International Knee Documentation Committee 
[IKDC] score), and level of activities are better in 
patients managed within 3 weeks of injury [51–53], 
there is evidence showing no significant difference 
between the early and late management groups [55]. 
The delay of surgery in 3–6 weeks time may allow 
the healing of the capsule to facilitate the use of 
arthroscopic repair. In fact, the timing of the definite 
ligamentous repair is affected by many other factors, 
especially the vascular status, swelling of the knee, 
soft tissue coverage, and the presence of concomitant 
fractures.

20.5.5  Rehabilitation

The general principle of rehabilitation in multiliga-
mentous injured knee is to restore the knee range of 
movement followed by progressive strengthening 
exercise. The reconstructed knee should be protected 
by a hinged knee brace or a mobile hinged external 
fixator. The knee was immobilized for first 3 weeks 
followed by passive mobilization exercise in brace in 
the next 3 weeks. Starting from seventh week, the 
patient is allowed to start gradual weight bearing train-
ing till full-weight-bearing walking. Range of move-
ment and strengthening exercise are practiced up to 
3 months and then followed by further training to allow 
patients to reintegrate into his/her previous activities of 
daily living [39, 47].

20.5.6  Outcome and Complications

Acute traumatic knee dislocation is a severe injury 
with multiple ligamentous disruption and a high inci-
dence of neurovascular damage. The most disastrous 
local consequence is probably amputation. The chance 
of it in failed revascularization within first 8 h can be 
up to 86% [43]. Return to normal function is rare. 
Using the IKDC score, about 39% of patients are 
nearly normal, 40% are abnormal, and the remaining 
21% are severely abnormal [51, 52, 56]. The most 
common complications are joint stiffness and failure 
of some of the component of ligamentous reconstruc-
tion. Post-traumatic osteoarthritis can be up to 50% 
[57]. Common peroneal nerve injuries are common. 
Many of them are neuropraxia and they are managed 
by observation. Unfortunately, spontaneous full recov-
ery is only about 20% [52].

20.6  Conclusions

The timing of surgical treatment of articular injuries in 
polytrauma patients must be based on priorities and be 
integrated into the optimal management of the overall 
patient. Open fractures and associated neurovascular 
injuries are common and often require urgent treat-
ment in the emergency setting. On the other hand, the 
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complex fractures will require careful preoperative 
planning and preparation. Although primary definitive 
fracture fixation can be performed in selected patients, 
a spanning transarticular external fixation should be 
used most of the time as an initial immobilization 
method while the patient’s physiological status is being 
stabilized or the soft tissue injury is optimal. In gen-
eral, the overall injury severity and the extent of soft 
tissue injury will dictate the timing of definitive frac-
ture fixation.
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21.1  General Principles: Surgical 
Decision Making

Preservation of life and limb salvage with restoration 
of form and function are the primary goals of recon-
structive plastic surgery. The concept of the “Recon-
structive Ladder” [1] describes a possible guide in 
selecting the appropriate surgical technique, which is 
based on the complexity of the technique and defect 
requirements for safe wound closure. In ascending 
order the reconstructive ladder starts with simple tech-
niques such as wound closure or skin grafts and con-
tinues with more complex procedures like distant 
(pedicled) flaps or free microvascular tissue transfer 
(Fig. 21.1).

Although still relevant, it is thought that the recon-
structive ladder may not always provide optimal results 
regarding form, function, and safety, since more com-
plex techniques can often achieve better results. 
Depending on surgical skills and the complexity of the 
defect, form and function can be improved by micro-
vascular techniques. Therefore, the reconstructive lad-
der has widely been replaced by the “Reconstructive 
Triangle” (Fig. 21.2). This reconstructive triangle rep-
resents the basis for a systematic approach to patient 
care through the key phases of management:

1. Evaluation and treatment of organ system derange-
ments

2. Defect analysis
3. Timing
4. Assessment of surgical options
5. Identification of reconstructive goals
6. Execution of the operative procedure

First, the defect has to be evaluated with a concomitant 
evaluation of the medical and functional status of the 
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patient. Then, the defect has to be analyzed with its 
impact on patients’ survival and quality of life. 
Treatment of vital organ systems takes absolute prece-
dence over defect reconstruction (“life before limb”). 
Second, wound analysis has to be accomplished 
regarding location, size, and defect components (skin, 
subcutaneous tissue, muscle, vessels, nerves, cartilage, 
bone etc.). Third, timing of the surgical procedure has 
to be determined. For example, temporary wound cov-
erage after stabilization of vital organ systems and 
control of acute infections. Definitive defect closure 
may have to be delayed after stabilization of the patient. 
Fourth, surgical options need to be assessed. This 
includes temporary wound coverage or definitive 
wound coverage using skin grafts, local flaps, distant 
flaps, or free microvascular flaps. Fifth, reconstructive 

goals need to be defined. According to Mathes and 
Nahai [1] this includes selection of an appropriate 
technique assuring safe and successful reconstruction 
of form and function (Fig. 21.3).

21.2  Classification of Flaps

The timeline of flap surgery goes back to Sushruta 
Samhita in 600 BC and Tagliacozzi in 1597 with 
attempts of nasal reconstruction [2]. The application of 
flap surgery could be extended on the basis of anatomi-
cal studies. The concept of anatomic skin territories 
supplied by consistent blood vessels was studied by 
Carl Manchot in 1889 [3].

Over the last decades, microvascular plastic surgery 
has advanced due to the combination of (a) anatomical 
expertise as a result of detailed anatomical dissection 
studies [4–6] and (b) continuous technical progress 
(i.e., development of special operating microscopes, 
magnifying loupes, microinstruments, etc.). Since the 
1970s [2], an exponential increase of new flaps, con-
cepts, and classifications could be observed and has 
revolutionized the field of plastic surgery.

In general, flaps can be defined as mobilized tissues 
on the basis of their vascular anatomy with the optional 
combination of skin, fat, fascia, muscle, bone, tendons, 
and nerves. Flaps can be differentiated according to 
their form (e.g., bilobed, rhomboid, etc.), their destina-
tion with local versus distant (pedicled flap or free 

Flaps

Microsurgery Tissue
expansion

Fig. 21.2 Reconstructive triangle (microsurgery-flaps-tissue 
expansion) [1]
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Fig. 21.3 Reconstructive triangle (form-function-safety) [1]
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Fig. 21.1 Reconstructive ladder [1]
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flap) or their special preparation (e.g., delay, tissue 
expansion etc.) [7]. However, there is no system that 
perfectly categorizes all types of flaps. Cormack and 
Lamberty [8, 9] tried to give a broad classification of 
pedicled and free flaps by introducing their “6 Cs”:

1. Circulation (blood supply): direct vessels (axial, 
septocutaneous, endosteal) versus indirect vessels 
(myocutaneous, periosteal)

2. Constituents (composition): fasciocutaneous, muscle/
myocutaneous, visceral, nerve, bone, cartilage, etc.

3. Contiguity (destination): local, regional, distant 
(pedicled flap)

4. Construction (flow): uni-/bipedicled, ortho-/retro-
grade flow, turbo-/supercharged

5. Conditioning (preparation): delay, tissue expansion, 
prefabrication

6. Conformation (geometry): combined flaps

For practical reasons, we will give only a short over-
view of the most common classifications.

21.2.1  Cutaneous Flaps

Similar to Cormack and Lamberty’s tripartite system [10], 
Mathes and Nahai [1] subcategorize fasciocutaneous 

flaps on the basis of the type of deep fascial perfora-
tors into (Fig. 21.4):

1. Type A: direct cutaneous
2. Type B: septocutaneous
3. Type C: musculocutaneous.

Over the last years, further refinements in flap surgery 
have led to a new genre of so-called perforator flaps 
(Fig. 21.5) as a new form of cutaneous flaps. Perforator 
flaps have evolved from musculocutaneous and fascio-
cutaneous flaps. It has been shown that neither a mus-
cle nor the underlying fascial plexus of vessels is 
necessary [11, 12].

The great advantage is the decrease of donor-site 
morbidity due to preservation of the innervation, vas-
cularity, and function of the donor muscle. Relatively 
large and thin skin flaps can be harvested without post-
operative muscle atrophy as seen in myocutaneous 
flaps, the presence of long vascular pedicles, and the 
possibility of harvesting sensory nerves with the flap 
[11]. Disadvantages are the meticulous dissection for 
perforator vessel isolation with increased operation 
time, variability in the position and size of perforator 
vessels, and the ease with which the vessels can be 
damaged [2].

According to Blondeel and colleagues [11], a perfo-
rator is a vessel that has its origin in one of the axial 

Fig. 21.4 Cutaneous flaps [1]

Type A Type B

Type C
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vessels of the body and that passes through certain 
structural elements of the body, besides interstitial 
connective tissue and fat, before reaching the subcuta-
neous fat layer. They differentiated five different per-
forators (Fig. 21.5):

1. Direct perforators perforate the deep fascia.
2. Indirect muscle perforators predominantly supply 

subcutaneous tissue.
3. Indirect muscle perforators predominantly supply 

the muscle with secondary branches to the subcuta-
neous tissue.

4. Indirect perimysial perforators travel within the 
perimysium between muscle fibers before piercing 
the deep fascia.

5. Indirect septal perforators travel through the inter-
muscular septum before piercing the deep fascia.

Thus, Blondeel and colleagues [11] defined a perfo-
rator flap as a flap that consists of skin and/or subcu-
taneous fat and differentiated between muscle 
perforator flaps vascularized by muscle perforators 
and septal perforator flaps vascularized by septal per-
forators. The perforator flaps are named after the 
nutrient vessels and not after the underlying muscle 
(Table 21.1).

21.2.2  Muscle Flaps

In contrast to the cutaneous flaps, the classification of 
muscle flaps (Fig. 21.6), as introduced by Mathes and 
Nahai [13], experienced far less discussions and 
received a relatively broad acceptance:

1. Type I: Single vascular pedicle
2. Type II: Dominant vascular pedicle(s) and minor 

vascular pedicle(s)
3. Type III: Two dominant pedicles
4. Type IV: Segmental vascular pedicles
5. Type V: Single dominant vascular pedicle and sec-

ondary segmental pedicles

According to Mathes and Nahai [13], a dominant pedi-
cle is a source of artery and vein that represents the flap 
circulation maintaining tissue viability. A secondary 
pedicle is smaller in relation to the dominant pedicle 
but will reliably maintain tissue viability after division 
of the dominant pedicle. In contrast, a minor pedicle is 
smaller in relation to the dominant vascular pedicle of 
a flap but may not reliably maintain tissue viability 
after division of the dominant pedicle.

21.2.3  Osseus Flaps

In accordance to Serafin [14] vascularized bone flaps 
can be classified as either endosteal with direct blood 
supply (usually via the nutrient foramen) or periosteal 
with indirect blood supply (within the periosteum).

21.3  “Fix and Flap”: Early Soft Tissue 
Coverage in Open Fractures

A conservative and established management of com-
plex open fractures consists of initial wound debride-
ment and lavage, stabilization of the fracture, and 

Source vessel

Deep
fascia

1

Muscle

2
4 53

Fig. 21.5 Perforator vessels according to the “Gent” consensus 
on perforator flap terminology [11]. Schematic drawing of the 
different types of direct and indirect perforator vessels with 
regard to their surgical importance. 1 – Direct perforators perfo-
rate the deep fascia only; 2 – indirect muscle perforators pre-
dominantly supply the subcutaneous tissues; 3 – indirect muscle 

perforators predominantly supply the muscle but have second-
ary branches to the subcutaneous tissues; 4 – indirect perimysial 
perforators travel within the perimysium between muscle fibers 
before piercing deep fascia; 5 – indirect septal perforators travel 
through the intermuscular septum before piercing the deep 
fascia
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Flap/abbreviation Flap/full name Nutrient artery

Muscle perforator flaps

DIEAP Deep inferior epigastric artery perforator Deep inferior epigastric vessels

TAP Thoracodorsal artery perforator Thoracodorsal vessels

SGAP Superior gluteal artery perforator Superior gluteal vessels

IGAP Inferior gluteal artery perforator Inferior gluteal vessels

IMAP Internal mammary artery perforator Internal mammary vessels

ICAP Intercostal perforator Intercostal vessels

PLP Paralumbar perforator Paralumbar perforating vessels

GP Gracilis perforator Medial circumflex femoral vessels

TFLP Tensor fasciae latae perforator Transverse branch of the lateral circumflex femoral vessels

ALTP Anterolateral thigh perforator Descending branch of the lateral circumflex femoral vessels

AMTP Anteromedial thigh perforator Innominate branch of the descending branch of the lateral 
circumflex femoral vessels

SAP Sural artery perforator Sural vessels

PTAP Posterior tibial artery perforator Posterior tibial vessels

ATAP Anterior tibial artery perforator Anterior tibial vessels

Septal perforator flaps

RAP Radial artery perforator Radial vessels

AP Adductor perforator Medial circumflex femoral vessels

ALTP Anterolateral thigh perforator Descending branch of the circumflex femoral lateral vessels

AMTP Anteromedial thigh perforator Innominate branch of the descending branch of the lateral 
circumflex femoral vessels (if perforator runs only in septum)

Table 21.1 Abbreviations and terminology of muscular and septal perforator flaps [11]

Fig. 21.6 Muscle flaps. Patterns of vascular anatomy of muscle: 
type I, one vascular pedicle; type II, dominant pedicle(s) plus 
minor pedicles; type III, two dominant pedicles; type IV, seg-

mental vascular pedicles; type V, dominant pedicle plus 
 secondary segmental pedicles. D dominant pedicle, M minor,  
SS Secondary segmental, S segmental

Type I

D

D

M

M

M

M

Gastrocnemius Trapezius Serratus anterior Tibialis anterior Internal oblique

D1

D2
S

S

SS

SS

SS

S

S

S

D

Type II Type III Type IV Type V
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delayed wound closure. Bone stabilization is often 
performed by an external fixator due to concerns of 
implanting metal into contaminated tissue. Soft tissue 
coverage is delayed to allow both a second-look debri-
dement and for reduction of tissue swelling [15].

A coordinated team of orthopaedic and plastic sur-
geons in a large trauma center has a number of advan-
tages. However, the optimal timing for soft-tissue 
coverage of open fractures has become a matter of 
controversial debate. Advocates for a staged or delayed 
procedure propagate the need for second or multiple 
debridements to allow more adequate excision of trau-
matized tissue. Supporters of early reconstruction pos-
tulate a reduction and prevention of nosocomial 
contamination and secondary tissue necrosis [16].

The concept of immediate or early bone fixation 
and soft tissue coverage of open fractures is frequently 
referred to as “fix and flap” [17, 18]. This paradigm 
change in the management of open fractures goes 
mainly back to the mid 1980s with the landmark pub-
lications of Byrd et al. [19] and Godina [17]. Their 
concept included aggressive initial debridement, early 
definitive internal bone fixation and soft tissue cover-
age with muscle flaps in the lower extremity. This has 
led to a debate between surgeons about the ideal tim-
ing of defect closure including a discussion about the 
correct nomenclature: primary/immediate/early or sec-
ondary/delayed/late.

In 1985, Byrd and colleagues [19] presented a pro-
spective study about the management of open tibial 
fractures with pedicled and free muscle flaps. Using 
three categories (acute = 1–5 days, subacute = 1–6 weeks, 
chronic = >6 weeks) they found better results in the 
acute group. This included less number of surgical pro-
cedures, lower accumulative hospital time, lower aver-
age time to union, and fewer complications (i.e., 
osteomyelitis, non-union, flap loss, amputations). The 
controversial debate of early versus delayed closure of 
open fractures was launched with the posthumously 
published landmark paper of Godina in 1986 [17]. This 
retrospective study about free microvascular transplan-
tation in open upper and lower extremity fractures 
compared three groups: (a) early (<72 h), (b) delayed 
(>72 h, <3 months), and (c) late reconstruction 
(>3 months, <12.6 years). In this large series with 532 
patients, best results were achieved in the early group 
with a lower postoperative infection rate, shorter hos-
pitalization, less number of anesthesias, decreased time 
for bone healing, and lower incidence of flap failure.  

In this landmark paper, the clear and determined opera-
tive strategy by Godina and coworkers becomes clear. 
For instance, Godina attributed his lower free-flap fail-
ure rate in the early group to the absence of fibrosis that 
affected arteries (vasospasm), nerves, and veins (con-
striction of the lumen, tear-resistance). In particular, 
the veins are strongly affected by the posttraumatic 
fibrosis leading to the fact that the venous microanasto-
mosis is the critical point of free microvascular surgery 
in the delayed or late phase. According to Godina, the 
higher postoperative infection rate is based on superfi-
cial infection of granulation tissue, left over necrotic 
tissue in the wound pocket, and immature and poorly 
perfused scars. Especially remaining desiccated bone 
devoid of periosteum may lead to postoperative infec-
tion and sequestration. So the initial wound debride-
ment is of critical interest. Godina postulated that 
debridement at later time points becomes technically 
more difficult due to edema and fibrotic changes. He 
hypothesizes that many surgeons may doubt the effi-
cacy of the first debridement and that superficial infec-
tions may mask the appearance of normal tissue. 
Therefore, the use of free flaps may have two advan-
tages. First, their relatively large dimensions compen-
sate the large defects of initial radical debridement and, 
second, they eliminate dead space and enable skin clo-
sure without tension diminishing the risk of infection. 
Since the initial wound debridement is the crucial part 
impacting on the final result, Godina gave recommen-
dations how to differentiate between unhealthy tissue 
(contused, crushed, devitalized) and healthy tissue. He 
discouraged debridement without tourniquet control, 
because blood may cover the operating field hiding the 
necrotic areas and deeper extensions of the wound. 
Instead, he first recommended starting in a bloodless 
field to evaluate the tissues, eliminate foreign bodies, 
and, for hemostasis, to decrease blood loss. Then, with 
release of the tourniquet, the quality of the tissues and 
their bleeding surfaces can be assessed. Godina con-
cluded that more than 80% of the patients could be 
completely reconstructed at the time of the first anes-
thesia, if the patient was in good general condition and 
if there was good cooperation between the skilled 
orthopedic and plastic surgeons [17].

At the end of the 1990s, Hertel and colleagues [16] 
presented a similar study on the timing of soft tissue 
reconstruction of lower leg open fractures with local or 
free muscle flaps. They compared immediate recon-
struction with delayed (day 1–9) reconstruction using 
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local or free muscle flaps. They found better results in 
the group with immediate reconstruction regarding 
time to full weight-bearing, definitive bone union, 
number of operations, and bone infections. They 
assumed that the shorter time for bone union in the 
immediate group was related to the lower incidence of 
bone infections. Vice versa, they hypothesized that the 
higher number of bone infections was due to the 
lengthy exposure of the fracture to nosocomial con-
tamination, secondary damage of exposed tissue, and 
“necessarily incomplete nature of second-look debri-
dements, particularly in an around a reduced fracture” 
[16]. An interesting aspect, as already mentioned by 
Godina [17], is the logistical aspect. Hertel and col-
leagues described that only 3 out of 15 patients with 
delayed reconstruction were delayed for medical rea-
sons. Instead, the organization and logistics played a 
major role in providing 24 h availability of skilled 
plastic and orthopaedic surgeons, medical staff, and 
operating room time [16].

Another widely noticed study was published by 
Gopal and colleagues [20]. They examined soft tissue 
reconstruction using pedicled muscle flaps (gastrocne-
mius, soleus) or free muscle flaps (latissimus dorsi, 
gracilis, rectus abdominis). Gopal and colleagues dif-
ferentiated between immediate (<24 h), early (<72 h) 
and late reconstruction (>72 h). Both superficial (skin) 
infection and deep (bone) infection were lowest in the 
immediate group, followed by the early group with the 
highest rates in the late group. Again, they hypothe-
sized that the lower rate of infection in the immediate 
and early groups was associated with the adequacy of 
the debridement, skeletal stabilization, and the oblit-
eration of the dead space by well-vascularized muscle 
flaps [20].

Breugem and Stracke [21] performed a Medline 
research and reviewed the literature regarding (a) tim-
ing of soft tissue coverage and (b) incidence of compli-
cations. From the reviewed literature it was suggested 
that the time of surgery has no or little influence on flap 
failure, but indicated that “early” soft tissue coverage 
within 3–5 days reduced osteomyelitis and delayed 
bone union [21].

However, despite these studies with convincing 
datasets and almost more than 20 years since Godina’s 
study [17] the management of open fractures remained 
largely the same and the “fix and flap” procedure is not 
the mainstream thinking [22]. Levin analyzed this in 
his publication [22] and gave his personal preference, 

which is performing early (<72 h) but not emergency 
closure of open fractures. He argues that within the 
early group (<72 h) of Godina in 1986 there was no 
difference in infection rates between patients with 
immediate coverage or coverage at day 3. However, 
Levin put forward seven possible reasons why the “fix 
and flap” procedure still does not represent mainstream 
thinking in all trauma centers. First, fewer and fewer 
orthopaedic surgeons are skilled or are willing to per-
form microvascular free tissue transfer. Second, many 
orthopaedic surgeons may suggest that microsurgical 
techniques are not necessary due to alternatives like 
dermal substitutes and wound VACS. Third, Levin 
appreciated the work and enthusiasm of Godina and 
coworkers, but emphasize that the health care systems 
have since changed around the world. Godina had a 
tireless and highly motivated crew working around the 
clock in teams, but part of their motivation to perform 
emergency free flap was the fact that these cases had to 
be treated immediately because more cases would be 
presented later on. Levin says that there is no reason 
not to do emergency free transfer if a skilled replant or 
microvascular team including trained nursing staff is 
available around the clock. This also includes a team 
which is available for the treatment of postoperative 
complications (i.e., microvascular thrombosis). But in 
the reality there is not always such a team available. It 
is wiser to transfer a patient to another trauma center or 
to perform a delayed closure instead of performing 
immediate coverage with an inexperienced team with 
doubtful outcomes. Fourth, demarcation is important 
between vital or healthy and unviable or unhealthy tis-
sues. Especially in open fractures with vascular inju-
ries it is wise to wait till viability is proven within the 
first 72 h. Fifth, the decision between amputation or 
limb salvage and reconstruction may represent a ratio-
nale for “delayed coverage”. Decision making may 
take a few days, as well as the agreement between the 
patient (i.e., patient, family) and the trauma team. 
Sixth, it might be helpful to wait few days for edema 
resolution since the tissue and extremities are usually 
too swollen immediately after the injury. Initial radical 
debridement in combination with procedures to reduce 
edema (elevated position, cooling, etc.) may be advan-
tageous. Seventh, another reason is that many patients 
are polytrauma patients that have severe systemic or 
general problems which are not appropriate for such a 
time-consuming procedure like free microvascular 
transfer [22].
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21.4  Anatomy and Techniques

The following section comprises a brief overview on 
frequently performed distant (pedicled) or free flaps. 
This outline includes text information supplemented 
with clinical examples.

21.4.1  Lateral Arm Flap

The lateral arm flap is a relatively thin septofasciocuta-
neous flap of type-B according to Mathes and Nahai 
(Fig. 21.4). It is located over the distal half of the lateral 
upper arm and the proximal third of the forearm. It can 
be used as a free flap (e.g., coverage of the hand), as a 
distally based reversed pedicled flap at the level of the 
lateral condyle (e.g., for the coverage of elbow defects), 
or as a proximally based pedicled flap (e.g., for the cov-
erage of shoulder defects). Typically, the lateral arm 
flap can be harvested as a neurosensory flap innervated 
by the lower lateral cutaneous nerve of the arm.

The lateral arm flap receives its vascular supply by 
the radial collateral artery of the deep brachial artery in 
the lateral intermuscular septum of the upper arm 
between the brachialis and the lateral head of the tri-
ceps muscle. During flap elevation identification and 
preservation of the radial nerve is required [1, 23].

21.4.2  Radial Forearm Flap

The radial forearm flap (Figs. 21.7–21.8) is a large and 
thin fasciocutaneus flap of type-B according to Mathes 
and Nahai (Fig. 21.4) with an extensive skin territory 
extending from the antecubital fossa to the wrist. The 
donor site is usually closed with split-thickness skin 
grafts. Care must be taken not to injure the paratenon 
which covers the tendons of the long finger flexors, 
brachioradialis, and flexor carpi radialis muscles.

It receives its vascular supply by the radial artery. To 
ensure sufficient perfusion of the hand through the ulnar 
artery after elevation of the radial forearm flap, it is abso-
lutely necessary to perform preoperative Doppler probe 
or Allen’s test. If in doubt, the radial artery can be recon-
structed using vein grafts (e.g., great saphenous vein).

The radial forearm flap can be used as a proximally 
based pedicled flap (e.g., for the coverage of elbow or 
distal upper arm defects), as a distally based pedicled 

flap (e.g., for the coverage of hand defects), or as a free 
flap, characterized by its very long vascular pedicle. As 
a free flap, the radial forearm flap can be harvested with 
bone, tendons, fascia, or nerves as an osteocutaneous 
flap (vascularized bone of the radius), tendinocutaneous 
flap (e.g., tendinous portion of the flexor carpi radialis), 
fascia flap (preserving skin and subcutaneous tissue), 
neurosensory flap (lateral or medial antebrachial cuta-
neous nerve), and as a flow-through flap with microvas-
cular anastomosis of the proximal and distal end of the 
radial artery in the respective defect site [1, 23].

21.4.3  Anterior Lateral Thigh Flap

The anterolateral thigh (ALT) (Figs. 21.9–21.10) flap 
has become very popular in the last few years for gen-
eral reconstructive procedures. The ALT can be used 
as a pedicled island flap or as a free flap [1]. The skin 
territory of the ALT is located over the anterolateral 
area of the thigh [23]. The ALT flap has its vascular 
supply by the deep femoral artery with the subsequent 
transverse or descending branch of the lateral circum-
flex femoral artery (LCFA). There are different varia-
tions in terms of the cutaneous blood supply, but 
schematically, 84% are myocutaneous and 16% are 
septocutaneous perforator vessels. These are mainly 
located in a circle with a 3 cm radius located at a mid-
point between the superolateral edge of the patella and 
the anterior superior iliac spine [23].

The ALT flap has two major advantages: an exten-
sive territory of pliable and relatively thin skin in com-
bination with a long vascular pedicle characterized by 
large vessel diameters [23]. Furthermore, similar to the 
radial artery flap, the ALT can be used as a “flow-
through” flap, since the distal end of the LCFA can be 
used as interpositional graft. By using the distal end of 
the descending branch for anastomosis with the ves-
sels in an ischemic portion of the respective extremity, 
the ALT can help to revascularize and, thus, salvage 
the respective extremity [23].

Furthermore, the ALT can be used as a “chimeric” 
flap. This term is derived from the word “Chimera,” 
which is, according to Greek myth, a fire-breathing 
monster with the head of a lion, body of a goat, and tail 
of a serpent. In reconstructive surgery, a chimeric flap is 
compounded from multiple different flaps, which are 
usually supplied by different branches from the same 
source vessel. Without microsurgical anastomosis, the 
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ALT can be combined with the “Tensior Fasciae Latae” 
flap (TFL) from the lateral area of the thigh. In addition, 
using microvascular techniques, the ALT flap can be 
used as a chimeric flap with a variety of other tissues. 
As an example, the ALT flap can be combined with a 
vascularized fibula [23].

21.4.4  Gracilis Flap

The gracilis muscle is the most superficial muscle on 
the medial side of the thigh. It is a relatively thin mus-
cle, which is broad proximally and narrow or tapering 
distally. The gracilis muscle arises from the pubic 

symphysis and inserts at the medial tibial condyle via 
the pes anserinus [23].

The gracilis is widely used as a pedicled or free  
(Fig. 21.11) microsurgical muscle flap in reconstructive 
plastic surgery. The donor-site morbidity is relatively 
low; the donor defect can usually be closed primarily and 
loss of the gracilis muscle does not produce any obvious 
dysfunction since the adductor longus and adductor 
magnus muscles are preserved as thigh adductors.

It is classified as a type-II muscle flap (Fig. 21.6) 
[13]. It receives its dominant blood supply from the 
profunda femoris vessels approximately 8–10 cm 
below the pubic tubercle. If used as myocutaneous flap 
sufficient blood supply is usually only reliable for the 
proximal two-thirds of the overlying skin island.

a b c

d

Fig. 21.7 Free microvascular transfer of the radial forearm flap. 
(a) Intraoperative view of a soft tissue defect of the right distal tibia 
after fracture with subsequent plate osteosynthesis. (b) Undersurface 

of a harvested free radial forearm flap. (c) Postoperative view of the 
recipient site (right lower leg). (d) Postoperative view of the donor 
site (left forearm) after split-thickness skin grafting
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21.4.5  Fibula Flap

The fibula flap (Fig. 21.12) can be harvested as a vas-
cularized bone graft or osseus flap with a muscle cuff 
to preserve periosteal vessels, as osteocutaneous flap, 
or osteomuscular flap (including lateral half of the 
soleus muscle). It can be used for long-segment defects 
of the long bones of the upper and lower extremities.

The dominant vessels (nutrient vessels) are derived 
from the peroneal vessels entering the fibula posterior 
to the interosseus membrane in the middle third of the 
fibula. Furthermore, periosteal and muscular branches 
from the peroneal vessels serve as a minor pedicle.

The fibula flap can be used as a free flap and as a 
proximally based pedicled osseus flap. In the latter 
case, the fibula can be used for the reconstruction of 
proximal tibia defects as a vascularized bone graft. 
Although harvesting of the fibula usually does not 
result in functional morbidity, the distal 7 cm should 
be preserved to avoid any possible instability of the 
ankle joint [1, 23].

21.4.6  Gastrocnemius Flap

The gastrocnemius muscle consists of two separate 
heads, which originate from the medial and lateral 
condyles of the femur, respectively. They join the ten-
don of the soleus and insert into the calcaneus via the 
Achilles tendon. If the soleus muscle is functioning, 
either one or both heads of the gastrocnemius muscle 
can be used [1].

Each head has its independent blood supply via the 
medial or lateral sural artery (level of the fibular head) 
arising from the popliteal artery (approximately 3–4 cm 
above the head of the fibula).Therefore, the gastrocne-
mius muscle can be harvested as a medial (Fig. 21.13) 

or lateral muscle or musculocutaneous flap with a type 
I circulation pattern (Fig. 21.6) according to Mathes 
and Nahai [1].

For coverage of the distal thigh, the knee joint or 
upper tibia, the medial gastrocnemius muscle flap  
(Fig. 21.13) is used in preference to the lateral counter-
part in order to avoid possible injuries to the peroneal 
nerve. This may occur during the elevation of the tun-
nel for lateral gastrocnemius transposition.

Release of the origin from the medial or lateral con-
dyle of the femur will extend the arc of rotation allow-
ing a more effective coverage of the distal thigh and 
knee region.

Free muscle transfer is not widely established 
because of the short pedicle length. Since the transfer 
of a myocutaneous flap leads to a considerable contour 
deformity both in the donor and recipient site, a muscle 
flap in combination with split-thickness skin grafts is 
widely preferred [23].

21.4.7  Scapular and Parascapular Flap

The scapular and parascapular (Fig. 21.14) flaps are 
located between the posterior axillary line and the poste-
rior midline centered over the scapula. They are fascio-
cutaneous flaps of type B (Fig. 21.14) according to Nahai 
and Mathes [1]. The circumflex scapular vessels are the 
dominant pedicle arising from the triangular space, 
which is formed by the teres major, teres minor, and long 
head of the triceps muscle. The scapular flap is located 
horizontally (horizontal branch of the circumflex scapu-
lar vessels), while the parascapular flap (Fig. 21.14) is 
located vertically at the lateral margin of the scapula 
(vertical branch of the circumflex scapular vessels). The 
pedicled parascapular flap can be used for coverage of 
the shoulder, axilla, and lateral thoracic wall.

Fig. 21.8 Free microvascular transfer of the radial forearm flap. 
(a–b) Preoperative view: soft tissue defect of the back of the left 
foot after decollement and fracture of the distal fibula as well as 
metatarsal and tarsal bones. (c–d) Postoperative result after 
reconstruction with a free radial forearm flap. (e–f) Intraoperative 

view: Elevation of the radial forearm flap. (g) Coverage of the 
donor site using Integra® Dermal Regeneration Template. (h) 
Postoperative result of the donor site after Integra® Dermal 
Regeneration Template in combination with split-thickness skin 
grafting



254 N. Pallua and A. Bozkurt

a

b c

ed

Fig. 21.9 Free microvascular transfer of the anterior lateral thigh 
perforator flap (ALTP). (a) Preoperative view: soft tissue defect 
of the back of the left foot and left distal lower leg after decolle-
ment and fracture of the distal tibial, distal fibula as well as 

 metatarsal and tarsal bones. (b–c) Intraoperative view: Elevation 
of the ALTP from the left thigh. (d–e) Postoperative result of the 
recipient site (left foot and distal lower leg). (f) Postoperative 
result of the donor site site (left thigh)
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21.4.8  Latissimus Dorsi Flap

The latissimus dorsi muscle (LDM) is a flat and large 
triangular muscle. It originates from the spinous pro-
cesses T7 to L5, the sacrum, posterior part of the iliac 
crest, and external surface of the four inferior ribs. Its 
insertion is the intertubercular groove of the humerus. 
The LDM is an expendable muscle if the synergistic 
shoulder girdle muscles (teres major, pectoralis major) 
are intact.

It can be harvested as a muscle or musculocutane-
ous (Fig. 21.15) flap. According to the Mathes and 
Nahai classification [13], it is a type-V muscle flap 

(Fig. 21.6) with the thoracodorsal vessels serving as 
the dominant pedicle with branches of the posterior 
intercostal vessels as well as lumbar vessels serving as 
secondary segmental pedicles. In open fractures or 
areas of exposed hardware, the standard pedicled flap 
(vascularization: thoracodorsal vessels) can be used 
for coverage of the cranium, spinal column, clavicula, 
sternum, or upper arm. The point of rotation is located 
at the posterior axilla where the thoracodorsal vessels 
enter the muscle. As a reverse pedicled flap (vascular-
ization: secondary segmental vessels), after dividing 
the insertion in the axilla, this flap may reach the 
midthoracic, inferior thoracic, and lumbar vertebral 
regions.

For free microvascular transplantation, the LDM 
flap is one of the most widely used free flaps with a 
large amount of soft tissue. It is reliable and character-
ized by its constant and long pedicle with a large diam-
eter. It can be used for distant coverage in the head and 
neck region, trunk, and upper and lower extremity  
[1, 23]. The LDM can also be harvested as osteomyo-
cutaneous free flap for the reconstruction of bony 
defects of the tibia or femur. The LDM can either be 
combined with ribs (ninth or tenth rib) or the lower 
lateral portion of the scapula [1, 23].

A disadvantage is the bulkiness; this can be avoided 
by using the LDM as a split free muscle flap (medial or 
lateral branches of the thoracodorsal vessels) or as a 
muscle flap without a skin island but with a skin graft. 
Furthermore, muscle atrophy of up to 50% will 
decrease the volume. Another technique to overcome 
the bulkiness and avoid donor-site morbidity is to use 
a perforator flap based on the thoracodorsal vessels 
preserving both the LDM and the thoracodorsal nerve. 
This perforator flap is called the “Thoracodorsal artery 
perforator (TAP) flap.”

Similar to the ALT flap, the LDM can also be used 
as a chimeric flap. Based on the thoracodorsal vessels, 
the LDM can be combined with the serratus anterior 
muscle [23].

Fig. 21.9 (continued)
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Fig. 21.10 Free microvascular transfer of the anterior lateral 
thigh perforator flap (ALTP) (a–c) Preoperative view: defect  
of the ulno-volar region of the right hand after car accident.  

(d) Intraoperative view: Elevation of the ALTP from the left 
thigh. (e) Undersurface of a harvested free ALTP flap.  
(f) Postoperative result of the recipient site (right hand)
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Fig. 21.11 Free microvascular transfer of the gracilis muscle 
flap. (a–b) Preoperative view: soft tissue defect of the right  
lateral ankle after arthrodesis with exposed material. (c–d) 

Postoperative result after reconstruction with a free gracilis 
muscle in combination with split-thickness skin grafting
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Fig. 21.12 Free microvascular transfer of a free osteocutaneous 
fibula flap. (a) Pseudarthrosis of the right upper arm stabilized 
with an external fixator. (b) Intraoperative planning at the outer 
surface of the right lower leg. (c–d) Intraoperative view: Harvesting 

of the free osteocutaneous fibula flap with muscle cuff. (e–f) 
Postoperative result at the recipient site. (g–h) Postoperative result 
at the donor site 
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Fig. 21.12 (continued)
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Fig. 21.13 Pedicled medial gastrcocnemius muscle flap (a) 
Preoperative view: soft tissue defect of the left knee region with 
exposed patella after drilling of small holes (Pridie Drilling). 
(b–d) Intraoperative planning of a proximally based medial  

gastrocnemius muscle flap. (e–f) Intraoperative view: Elevation 
of a proximally based medial gastrocnemius flap. (g–h) 
Intraoperative view: Subcutaneous tunneling of the  gastrocnemius 
flap with coverage of the patella 
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Fig. 21.14 Free osteocutaneous Parascapular flap. (a) Bone and 
soft tissue defect of the left hand. (b–d) Elevation and free 
 microvascular transfer of an osteocutaneous parascapular flap. 

(e) X-ray control after plate osteosynthesis. (f) Postoperative 
result after soft tissue coverage

g h

Fig. 21.13 (continued)
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Fig. 21.14 (continued)

Fig. 21.15 Free latissimus dorsi muscle flap (a–b) Extensive 
soft tissue defect of the left lower leg after third-degree open 
fracture of the left tibia and fibula stabilized with an external 
fixator. (c) Intraoperative view of planning and elevation of a 
free latissimus dorsi muscle flap from the left back. (d–f) 
Postoperative results after free latissimus dorsi muscle transfer 
with end-to-end anastomosis to the anterior tibial artery and 
vein
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22.1  Introduction

More than three out of five accidental injuries in the 
USA are to the musculoskeletal system. Costs associ-
ated with the care of these injuries have been estimated 
to be $849 billion or 7.7% of the US gross domestic 
product (GDP) in the year 2004. Musculoskeletal dis-
ease and injury continue to account for the majority of 
both lost wages and hospital bed days in the USA [1]. 
We must improve the care of these injuries so that we 
may help patients rehabilitate from injury and prevent 
future morbidity.

A small but resource-heavy subset is the high-
energy trauma patient with a mangled extremity 
[2]. The evaluation and subsequent management of 
this patient group can be a great source of stress 
for both the patient and the treating surgical team. 
The decision-making processes are difficult, can be 
controversial, and the clinical evidence for these deci-
sions has been largely based upon small case series 
and historical Level V evidence [3]. These data have 
influenced the treatment of limb-threatening trauma 
and have potentially led to large numbers of limb 
amputations with severe lower-extremity trauma 
where limb-salvage may have been technically possi-
ble but not recommended [4, 5]. As medical and sur-
gical technology, skills, procedures, and concepts 
have evolved, so has our ability to salvage limbs pre-
viously thought to be unsalvageable. Particular areas 
of advancement include soft-tissue handling, less-
invasive fracture management, microvascular repair, 
and soft-tissue coverage [6–13]. Limb-salvage proto-
cols have been evaluated and many of them have 
influenced our current treatment strategies [14, 15]. 
These studies and others reviewing complicated limb 
trauma have suggested that early amputation may be 
preferable due to the mental and physical toll that 
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limb-salvage can levy on patients [16–18]. Most stud-
ies have included small numbers of patients, and their 
results have correspondingly not yielded definitive 
results [9, 10, 16, 19].

In an effort to provide evidence for clinicians to rely 
upon when making amputation versus salvage deci-
sions, a large multicenter, prospective, observational 
study was undertaken entitled the Lower Extremity 
Assessment Project (LEAP) [20–22]. Utilizing data 
from this project, several areas of the amputation – 
limb-salvage debate have been explored. Evidence 
from this trial and others are presented in the following 
chapter to assist treatment teams in these difficult and 
complex situations. The goals of this chapter are to 
present the data from this study and provide a frame-
work for surgical treatment teams to employ when 
evaluating the high-energy trauma patient with a man-
gled extremity.

22.2  Traumatic Primary Amputations: 
Considerations and Completions

The patient presenting with a complete or near-
complete traumatic amputation as the result of high-
energy trauma requires an evaluation consistent with 
the latest recommendations of the American College 
of Surgeons and the principles of Advanced Trauma 
Life Support [23–25]. Once the patient’s life-threaten-
ing issues have been stabilized, attention can then be 
focused on the injured extremity. It is perhaps best to 
have the orthopaedic surgeon present prior to any sur-
gical intervention. It is typically this surgeon who will 
follow the patient through subsequent recovery and 
functional gain with the affected extremity. In addi-
tion, any further surgical interventions are likely to be 
performed by an orthopaedic surgeon.

Standard open wound protocols should be followed 
in accordance with open fracture principles surrounding 
the acute zone of injury (see Chap. 20). Once the patient 
is physiologically stable, the zone of injury on the 
affected limb is defined in the surgical suite, and the limb 
is deemed appropriate for definitive amputation, appro-
priate surgical steps are taken according to the desired 
amputation level and planned technique (i.e., bone cut 
lengths, muscle flap coverage, myodesis planning).

In the orthopaedic trauma setting, there are three 
primary lower-extremity amputations that we consider 

appropriate: below-the-knee, above-the-knee, and in 
some select cases – through-the-knee. In the high-
energy trauma patient, more often than not, the heal 
pad has been traumatized over the hind foot making 
the Syme amputation less optimal and a rarely used 
option (see Fig. 22.1). The hip disarticulation is also 
rarely used except for the most severe proximal inju-
ries. This usually includes those with massive soft- 
tissue injury and/or an obvious vascular and complete 
sciatic nerve transection. The indications and tech-
niques for the above three primary amputations have 
been well described [26] and are not the focus of this 
chapter. However, when contemplating an amputation 
through-the-knee, the surgeon must critically evaluate 
the soft-tissue envelope around this tenuous area. If 
there is any evidence that the zone of injury includes 
this area, most especially the proximal gastroc-soleus 
musculature, then there should be strong consideration 
to proceed with an amputation level above-the-knee. 
Data from the LEAP study [21, 22, 27] has suggested 
that through-the-knee amputations do not perform as 
well as above-the-knee amputations in the mangled 
extremity patient. This finding was most likely attrib-
uted to the condition of the soft-tissue envelope in their 
patient cohort and to difficulties with prosthetic fitting. 
In the absence of compromised soft tissues in this area 
and in the properly selected patient with experienced 
prosthetics support, a through-the-knee amputation 
has been shown to provide good muscular balance 
and has a low risk for the late development of joint 
contractures [28].

Fig. 22.1 This 28 year-old male was involved in a high-speed 
motorcycle crash and sustained significant forefoot and midfoot 
trauma. As often occurs with significant foot and lower-
extremity trauma, his heel pad was severely damaged making 
reconstructive efforts difficult with amputation levels below the 
midsection of the tibia (i.e., Syme amputations)
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Severe upper extremity injuries, which present as 
complete or near-complete amputations, warrant spe-
cial consideration and evaluation by a surgeon who is 
familiar with reconstruction procedures in this area. 
The decision-making process in the mangled upper 
extremity can be challenging, especially when limb-
salvage becomes an option [29]. Primary amputation 
may not be in the best interest of some patients as it has 
been suggested that a sensate hand with minimal pre-
hensile function can outperform a prosthesis [30]. 
Standard principles of wound care should be employed 
until appropriate consultation can be obtained. When 
definitive surgical intervention is required, preserva-
tion of length is critical and can decrease the energy 
needed for patients to suspend their prosthesis (see 
Fig. 22.2). Furthermore, the increased surface area of 
the limb can help with load distribution, prosthesis 
propulsion in space, and counterpressure with task 
performance [26].

Absolute indications for primary limb amputation 
have been suggested in the literature with varying 
algorithms. Generally, these indications have included 
a patient presenting with a total or near-total leg ampu-
tation or complete tibial or sciatic nerve transection in 
an adult [15, 31, 32]. Relative indications have included 
two or more of the following: concurrent severe ipsi-
lateral foot injury, large intercalary soft-tissue or bone 
loss, warm ischemia time of greater than 6 hours, and 
severe concurrent multiple injuries (see Table 22.1) 
[7, 14, 31, 33–35]. Uniformly, however, these studies 
indicate that the clinician’s judgment at the time of ini-
tial evaluation is critical; amputation decision making 
should employ a multitude of factors. We also advise 
seeking multi-specialty input with this difficult deci-
sion (i.e., orthopedics, plastic surgery, general sur-
gery). In one study, a combined approach led to 89% 
of patients achieving a successful viable limb, and only 
11% went on to secondary amputation [31].

22.2.1  Outcome of Traumatic Primary 
Amputations

There is little in the literature reporting the long-
term outcome of traumatic amputations. Recently, 
Dougherty published a study evaluating the outcomes 
of 123 transtibial amputees from the Vietnam War – 
65% of which were victims of land mines and booby 
traps. He found that with isolated amputations, these 
patients led relatively normal lives. However, when 
concomitant injuries were sustained by these patients, 
their SF-36 scores lowered and their incidence of psy-
chological illness increased [36]. Smith et al. [37] 

Fig. 22.2 This 16 year-old female was involved in a high-speed 
motor-vehicle crash in which the vehicle rolled multiple times. 
She sustained a traumatic amputation of the forearm including 
the entire radius and ulna. The proximal soft-tissue involvement 
was extensive, and she underwent a proximal amputation leav-
ing 14 cm of residual humerus. She was ultimately fit with a 
myoelectric hand

Absolute indications 1.  Presentation with complete or 
near-complete limb 
amputation

2.  Complete sciatic OR tibial 
nerve transection in an adult

Relative indications 1.  Concurrent ipsilateral severe 
foot injury

2.  Large intercalary soft-tissue 
or bone loss

3.  Warm ischemia time of >6 h
4.  Severe concurrent multiple 

injuries

Table 22.1 Primary amputation guidelines
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published a descriptive study describing outcomes of 
20 patients with unilateral transtibial amputations. 
They found that SF-36 scores were lower than normal 
age-matched scores in the categories of physical func-
tion and role limitations because of physical health 
problems and pain. Aside from those two sections, 
scores from the normal population were not signifi-
cantly different. Lerner et al. [38, 39] evaluated three 
groups of patients: post-traumatic fracture nonunion, 
chronic refractory osteomyelitis, and lower-extremity 
amputation. In their group of 109 patients, they found 
that the chronic osteomyelitis patients were the 
most adversely affected among the three groups. 
Interestingly, 85% of the amputee patients believed 
they had been “mentally scarred” by their orthopaedic 
problem, but despite that complaint, they had minimal 
restriction in lifestyle and activity – a direct contrast to 
the poorer functioning osteomyelitis group.

In 2004, a study was published which reviewed 161 
trauma-related amputation patients that were partici-
pants in the LEAP study [27]. This study found no dif-
ferences in outcomes between the above-the-knee 
amputees and the below-the-knee amputees. The 
exception to this finding was with walking speeds in 
which the below-the-knee group performed better. A 
key finding in this study was the significantly poorer 
outcomes of patients who had undergone a through-
the-knee amputation. The poorer outcome was associ-
ated with worse walking speeds and also less 
physician-measured satisfaction in terms of clinical, 
functional, and cosmetic recoveries of their patients. 
As we noted earlier, we believe the surgeon must criti-
cally evaluate the zone of injury prior to proceeding 
with a through-the-knee amputation.

The outcome of isolated traumatic lower-extremity 
amputations is mixed but can generally be associated 
with residual disability and lower outcome scores than 
the general population. While Dougherty’s [40] study 
of transtibial amputations demonstrated relatively nor-
mal scores with a select population with an isolated 
lower-extremity injury, other studies indicate substan-
tially poorer outcomes. In another study by Dougherty 
examining more proximal trans-femoral amputations, 
substantial disability was found in patient follow-up 
[36]. Smith et al. [37] and the LEAP study [27] also 
identified significant disability with traumatic amputa-
tions in follow-up. These studies indicate that when 
lower-extremity injuries are among a constellation 
of traumatic injuries, which they often are, outcomes 

demonstrate increased disability. An extensive reha-
bilitation program offered at the treating US Army 
hospital may have influenced the better outcomes iden-
tified in Dougherty’s transtibial amputation study. This 
finding and those of the LEAP study underscore the 
need to have high-energy traumatic amputation patients 
closely followed and managed by a multidisciplinary 
team, including surgeons, rehabilitation physicians, 
nurses, prosthetists, and therapists. It is also the sur-
geon’s responsibility to inform patients of expected 
outcomes and ensure that unrealistic expectations are 
not confusing patients during their recovery. These 
discussions can allay patient fears and allow both the 
patient, their families, and support networks to adjust 
to the trauma and plan ahead for expected changes.

22.3  The Subtotal Amputation Injury: 
Limb-Salvage or Amputation

The high-energy trauma patient with a subtotal ampu-
tation to an extremity presents immediate challenges 
to the trauma team. The Lower Extremity Assessment 
Project (LEAP) was a prospective cohort study of 601 
patients who had been admitted to eight Level I trauma 
centers for the treatment of severe lower-extremity 
injuries below the distal part of the femur [20]. This 
study sought to provide evidence for clinicians to use 
when faced with this dilemma and has recently pub-
lished 7 year follow-up data [22]. The LEAP study has 
produced multiple projects investigating various facets 
of the lower-extremity injured patient and many are 
discussed in the ensuing sections. Inclusion criteria for 
the LEAP study are listed in Table 22.2 and highlight 
the severity of trauma evaluated in this study as well  
as the breadth of injuries included. Please refer to case 
1 in Figs. 22.3–22.5, case 2 in Figs. 22.6 and 22.7 for 
limb-salvage debate examples.

22.3.1  Factors Influencing Initial  
Salvage Decisions

Initial decisions for the acute trauma patient with a 
severely injured lower extremity include immediate 
amputation (i.e., within the first 24 h) or delayed (i.e., 
secondary procedure with the first hospitalization) 
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1. Traumatic amputations below the distal femur
2. Gustilo type IIIA Fracture with
 (a) Length of hospital stay >4 days and
 (b) Two or more surgical limb procedures and
 (c)  Two of more of the following: (i) severe muscle damage (>50% loss of one or more major muscle groups or associated 

compartment syndrome with myonecrosis); (ii) associated nerve injury (posterior tibial or peroneal deficit); (iii) major 
bone loss or bone injury (associated fibula fracture, and >50% displacement, comminution, and segmental type fracture, 
and >75% probability of requiring bone graft/transport)

3. Gustilo type IIIB tibia fracture
4. Gustilo type IIIC tibia fracture
5.  Dysvascular injuries below distal femur excluding foot including: knee dislocations, closed tibia fractures, and penetrating 

wounds with vascular injury documented from arteriogram, surgery, or ultrasound
6. Major soft-tissue injuries below distal femur excluding foot including:
 (a) AOb type IC3-IC5 degloving injuries
 (b) Severe soft-tissue crush/avulsion injuries with muscle disruption or compartment syndrome
 (c) Compartment syndrome resulting in myonecrosis and requiring partial or full muscle unit resection
7. Severe foot injuries including:
 (a) Type IIIB open ankle fractures
 (b)  Sever open hindfoot or midfoot injury (i.e., either insensate plantar surfaces, devascularization, major degloving injury, 

or open soft-tissue injury requiring coverage)
 (c) Open type III pilon fractures

Table 22.2 Inclusion criteria of the LEAPa study [21]

aLower Extremity Assessment Project
bArbeitgemienschaft Fur Osteosynthesfragen

a b

c d

Fig. 22.3 This 20 year-old female sustained severe right-lower-
leg trauma after being run over by a personal watercraft. (a–d) 
Initial surgical evaluation and debridement with subsequent 
external fixation. (c) Extensive soft-tissue loss and intact neuro-
vascular bundle posterior to the tibia fracture. At this time, we 

confirmed our decision to salvage the limb. This wound had a 
vacuum-assisted closure device until the plastic surgery team 
could evaluate and ultimately place a soft-tissue flap over the 
wound (Case and photographs courtesy of David P. Barei, 
M.D.)
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Fig. 22.4 (a, b) Anterior–posterior and lateral radiographic 
views of the injured lower extremity. Note significant soft-tissue 
shadow highlighting the extensive damage. This patient was for-
tunate and did not sustain substantial bone loss. (c, d) Provisional 

external fixation was employed to restore length, alignment, and 
rotation to the injured limb. (e, f) One year post-injury radio-
graphs demonstrating complete union of both the tibia and fibula 
(Case and photographs courtesy of David P. Barei, M.D.)

a

b

c

d

e

f



27122 Outcome and Management of Primary Amputations, Subtotal Amputation Injuries, and Severe Open Fractures

a b

c

Fig. 22.5 (a–c) Clinical follow-up demonstrating good result of 
limb-salvage with this patient. She was able to gain excellent 
range of motion and had an outstanding support network aiding 

her in the recovery process (Case and photographs courtesy of 
David P. Barei, M.D.)

c

db

a

Fig. 22.6 This 27 year-old male was involved in a severe motor-
vehicle crash. (a–c) Profound soft-tissue and osseous damage 
sustained. Emergency Department evaluation demonstrated the 
foot to be avascular. The patient underwent emergent operative 
intervention and initially had a below-the-knee amputation (d). 
The next day, he returned to the operating suite and had the 
amputation level moved proximally to above-the-knee due to 

worsening laboratory values, including increasing myoglobinu-
ria. Intraoperative evaluation at that time revealed muscle dam-
age to the most proximal margins of the quadriceps and 
hamstring musculature. It could be argued that this patient would 
have benefited from the above-the-knee amputation at the initial 
operative intervention. Radiographs for this patient are shown in 
Fig. 22.7a and b
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[7, 14, 15, 17, 41, 42]. There are a multitude of factors 
influencing this decision: those related directly to the 
leg injury itself, the extent and severity of associated 
injuries, the physiologic reserve of the patient, and 
their social support network. The training and experi-
ence of the attending surgeon may also play a role in 
the decision-making process [43].

MacKenzie et al. published the results of a survey 
pertaining to surgeons and their decision to amputate 
or reconstruct traumatized lower extremities. This 
study highlighted various factors that different spe-
cialties (general surgeons and orthopedic surgeons) 
deemed most important to consider in the critical deci-
sion of amputation versus salvage (see Table 22.3). 
Interesting perspectives representative of specialty-
specific training and goals were identified. Namely, the 
general surgeons tended to emphasize the overall 
physiologic condition and reserve of the patient as a 
whole (the injury-severity scale, limb ischemia), 
whereas the orthopedic surgeon emphasized functional 
outcome prognosis (nerve integrity, soft-tissue cover-
age, limb ischemia). The study conclusions suggest 
that the main factor influencing surgeons on the 

a bFig. 22.7 (a, b) Anterior–
operative intervention of the 
patient depicted in Figure 22.6

Factor Total 
(%)

General 
surgeons 
(%)

Orthopaedic 
surgeons  
(%)

Nerve integrity/
plantar sensation

32 21 38

Limb ischemia 20 27 15

Soft-tissue 
coverage

14  9 17

Muscle damage  7  6  8

Neurovascular 
damage

 3  0  6

Fracture pattern/
bone loss

 4  0  6

High Injury 
Severity Scale 
(ISS)

12 31  0

Patient 
characteristics

 2  0  4

Other  6  6  6

Table 22.3 Percent distribution of most important factor 
typically considered in decision to amputate vs. reconstruct by 
specialty

Source: Adapted from MacKenzie et al. [43]
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question of salvageable limbs is apparent soft-tissue 
damage: muscle injury, absence of sensation, arterial 
injury, and vein injury. Patient factors were found to 
play much less of a role, although alcohol consump-
tion and socioeconomic status were noted to be of 
some influence [43].

22.3.2  Lower-Extremity Injury-Severity 
Scales and Scores: Tools for 
Assisting Surgeons with Salvage 
or Amputation Decisions

Lower-extremity injury-severity scores were devel-
oped by clinicians to assist surgical teams in making 
the often difficult initial decision of whether to attempt 
limb-salvage or amputate a severely traumatized 
extremity. Surgeons have hypothesized that patients 
who undergo initial salvage attempts but subsequently 
require later amputation have worse outcomes than 

those who have early amputation. This makes intuitive 
sense and was shown to be correct in the LEAP study 
[18] and highlights the importance of early and accu-
rate selection on which patients should proceed with a 
limb amputation during their first hospitalization.

Several studies [31, 33, 44–46] have examined the 
application of high-energy lower-extremity trauma 
scoring systems to patients with severe lower-extremity 
trauma. The LEAP study [20] contained the largest 
patient cohort of 565 prospectively evaluated high-
energy lower-extremity injured patients. Each patient 
in this study had five well known injury-severity scor-
ing systems applied to their case in an effort to deter-
mine the clinical utility of each system [44]. The five 
systems evaluated were the Mangled Extremity Severity 
Score (MESS) [29, 47], the Limb Salvage Index (LSI) 
[32], the Predictive Salvage Index (PSI) [34], the Nerve 
injury, Ischemia, Soft-tissue injury, Skeletal, Shock, 
and Age of patient score (NISSSA) [48], and the 
Hanover Fracture Scale (HFS-97) [49]. Table 22.4 rep-
resents the components of each injury-severity scale 

Severity scale factors Lower-Extremity Injury-Severity Scales

MESS LSI PSI NISSSA HFS-97 GHOISS

Age X X X

Shock X X X X

Warm ischemia time X X X X X X

Bone injury X X X

Muscle injury X X X

Skin injury X X X

Nerve injury X X X X

Deep-vein injury X

Skeletal/soft-tissue injury X X

Contamination X X X

Time-to-treatment X

Comorbidities X

Score-predicting amputation ³7 ³6 ³8 ³11 ³9 ³17 (14–17 
gray zone)

Table 22.4 Components of Lower-Extremity Injury-Severity Scoring systems

Source: Adapted from Bosse et al. [44] and Rajasekaran [51]

Mangled Extremity Severity Score (MESS) [29, 47], the Limb Salvage Index (LSI) [32], the Predictive Salvage Index (PSI) [34], 
the Nerve Injury, Ischemia, Soft-Tissue Injury, Shock, and Age of Patient score (NISSSA) [48], the Hanover Fracture Scale  
(HFS-97) [49], Ganga Hospital Open Injury Severity Scale (GHOISS) [50]
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with the addition of a newer scale that was developed in 
India to predict hospital days required, flap require-
ments, rate of infection, and the number of secondary 
procedures required. This scale also incorporates 
patient comorbidities, but emphasized primarily the 
evaluation of Type IIIB open tibia fractures [50]. It was 
not assessed in the LEAP trial, but is included for the 
sake of completeness.

When reviewing the initial studies for each of these 
instruments, reports indicated both high sensitivity and 
specificity for their respective scores [29, 32, 34, 47, 
48]. However, when these scoring instruments have 
been evaluated subsequently by other clinicians, the 
initial results have been unable to be reproduced (see 
Table 22.5) with widely varying sensitivity and speci-
ficity values. The differences among these instruments 
(typically a higher specificity) demonstrate that they 
may be more helpful to treatment teams in determining 
which injuries may support entry of the injured extrem-
ity into a limb-salvage pathway [44] and not to which 
extremities should undergo immediate amputation. 
The sensitivities were generally low in the LEAP study 
demonstrating that their accuracy at predicting which 
extremities may eventually require amputation is poor 
and certainly should not be relied upon to make acute 
treatment decisions. Furthermore, in the face of low 
test sensitivity, placing too much emphasis upon these 
scores may delay an inevitable amputation risking 

complications in patient care potentially resulting in 
sepsis and even death [41].

Bosse et al. [44] were unable to recommend any 
scale for independent use in determining the fate of an 
injured limb. With the initial presentation of a trauma 
patient, they concluded that lower-extremity injury-
severity scales have limited usefulness and that scores 
at or above respective amputation thresholds should be 
used cautiously in decision making with high-energy 
trauma patients. Their utility is in providing a list of the 
factors to consider when making the clinical decision.

22.3.3  Lower-Extremity Injury-Severity 
Scales and Scores: Predicting 
Functional Outcomes of Salvaged 
Limbs After Limb-Threatening 
Trauma

It has been hypothesized that lower-extremity injury-
severity scores may have utility in the accurate pre-
diction of functional outcome in limbs that underwent 
salvage after severe trauma. This important and use-
ful question has been studied recently in a number of 
studies [33, 45, 52, 53]. Ly et al. [53] evaluated the 
clinical and functional outcomes of the patient cohort 
in the LEAP study as determined by the Sickness 
Impact Profile [54, 55] and the patients’ scores on the 
MESS, PSI, and LSI lower-extremity injury-severity 
scores. They found no correlation amongst these 
instruments with patient clinical or functional out-
comes. A unique point this study investigated was the 
specific evaluation of functional scores on patients in 
whom the injury-severity threshold-scores had rec-
ommended an amputation, but the patients had under-
gone limb-salvage instead. Very interestingly, these 
“amputation recommended” patients had outcome 
scores that were no worse than those patients who 
had salvaged limbs and had injury-severity scores 
indicating that amputation was not recommended. 
Durham et al. [45] studied 30 limbs that had under-
gone limb-salvage and had similar findings as Ly 
et al. Based upon phone interviews and clinic visits 
where return-to-work, impairment, and disability 
were assessed, they also concluded that none of the 
extremity injury scales could predict functional 
outcome.

MESS PSI LSI NISSSA HFS-97

Bosse et al. [44]

 Sensitivity 0.45 0.47 0.51 0.33 0.37

 Specificity 0.93 0.84 0.97 0.98 0.98

Bonanni et al. [33]

 Sensitivity 0.22 0.33 0.61

 Specificity 0.53 0.70 0.43

Durham et al. [45]

 Sensitivity 0.79 0.96 0.83

 Specificity 0.83 0.50 0.83

Dagum et al. [31]

 Sensitivity 0.40 0.60 0.60

 Specificity 0.89 0.94 0.83

Table 22.5 Independent analyses of Lower-Extremity Injury-
Severity Scales

Evaluating Gustilo type III fractures, including immediate 
amputations
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22.3.4  Lower-Extremity Injury-Severity 
Scales and Scores: Summary

Whenever evaluating patients and deciding upon opti-
mal care for their injured limb, due caution should be 
exercised when interpreting the lower-extremity 
injury-severity scales. This holds true with both initial 
management and extrapolating ultimate functional 
outcomes with patients. It is the author’s opinion that 
these lower-extremity scoring systems should still play 
a role in the management decisions for some patients, 
but should simply be used as one data point among 
many in the complex processes surrounding the care of 
the high-energy trauma patient.

22.3.5  Outcomes in Patients Undergoing 
Limb-Salvage or Amputation  
for Limb-Threatening Injuries

In 2002, Bosse et al. [20] and LEAP study group  
published their initial report on a prospective cohort of 
569 patients that had sustained high-energy lower-
extremity trauma from March 1994 to June 1997. The 
patients in this study had either undergone limb-salvage 
or amputation and were followed prospectively for 
24 months and then reported on again at 7 years follow-
up [22].

The initial report demonstrated that patients had 
similar functional outcomes regardless of whether they 
underwent limb reconstruction/salvage or amputation. 
The results also indicated that although the outcomes 
were similar, both groups had substantial levels of dis-
ability and only half had returned to work at 2 years 
post-injury. Indeed, patients in both groups were able 
to show significant improvement over the study period, 
but an important overreaching finding of the study was 
the profound disability and persistently low psychosocial-
functioning subscale [55, 56].

This study was also able to enlighten surgeons on 
particular factors not related to the injury itself that 
may predispose some trauma patients to a poorer or 
less than optimal outcome. These included a lower 
level of education, poverty, lack of private health insur-
ance, smoking, and involvement with disability-
compensation litigation [20]. The elucidation of these 
factors provides areas for treatment teams to intervene 

and assist patients in achieving a better outcome. We 
advocate for the early involvement and intervention by 
psychosocial and vocational rehabilitation specialists. 
Their function in the patient’s recovery we believe is 
imperative and a key component for a better functional 
outcome. With their expertise, they can directly address 
the variables listed above and change or even prevent 
adverse outcomes.

In addition to the listed factors above, self-efficacy 
and an involved social support network are important 
determinants of outcome and should be emphasized in 
rehabilitation [57–59]. The orthopaedic surgeon evalu-
ating this patient in the outpatient setting can be instru-
mental in this area and help empower the social support 
network to assist the patient through both the difficult 
physical and mental recovery. The orthopaedist is also 
likely the only clinician who can help determine the 
activity level of the patient in the postoperative time-
frame and, with this knowledge and assistance from 
the social workers and disability specialists, help make 
vocational retraining possible. Both of the above func-
tions should help facilitate the patient’s return to work 
as excessive delay in this area could potentially lead to 
poorer outcomes [60, 61].

Longer-term follow-up on the LEAP patient cohort 
was published at 7 years post-injury [22]. Perhaps 
unexpectedly, one-half of the patients in the LEAP 
study remained “severely” disabled, and one-quarter 
were “very severely” disabled [54, 55]. Only one-third 
of the patients had outcome scores similar to the gen-
eral population. As found in the initial LEAP 2-year 
results, there were no significant differences identified 
among limb-salvage and amputation groups. This fol-
low-up study confirmed and added other factors that 
were found to be predictive of poor outcomes in the 
LEAP patient cohort: older age, female gender, non-
white race, lower education level, living in a poor 
household, current or previous smoking history [62], 
low self-efficacy, poor self-reported health status 
before the injury, and involvement with the legal sys-
tem in an effort to obtain disability payments. 
Conclusions drawn from this study warrant attention 
from treatment teams and do not necessarily involve 
the acute surgical management of this traumatized 
population. The optimization of recovery in these 
patients should emphasize the involvement of profes-
sionals who can address certain areas of recovery 
beyond the operating theater – namely, job retraining, 
intensive rehabilitative therapy, and education [63–65]. 
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Furthermore, educating patients and their families on 
realistic and typical expected outcomes is important, 
as many patients will foster unrealistic expectations. 
The presence and mental fixation on these unrealistic 
expectations may predispose patients to poorer out-
comes and generalized dissatisfaction with their con-
dition and care [22, 60, 61].

22.3.6  Complications in the Treatment  
of Severe Lower-Extremity Trauma

The management of limb-threatening trauma is chal-
lenging and complications can be significant. Harris 
et al. [66] reported that among the 149 amputations 
performed among the LEAP patients, there was a 5.4% 
amputation revision rate. There was an overall 24% 
complication rate with most of these being reported at 
3 months post-injury. The most common complica-
tions were wound infection (34%) followed by wound 
dehiscence (13%). In the 371 limb-salvage patients, 
3.9% required a late amputation, which was defined as 
a limb undergoing amputation after the initial hospital-
ization. Most complications were noted at 6 months 
post-injury and included a total of 37.7% of this group. 
Similar to the amputation group, the most common 
complication noted was wound infection (23.2%). The 
complications of osteomyelitis and nonunions were, 
not surprisingly, seen predominantly in the salvage 
group and entailed 8.6% and 31%, respectively.

Soft-tissue coverage associated with limb-salvage 
and reconstruction is also associated with significant 
complications and has been reported to occur in 53% 
of flap procedures within the LEAP patient cohort. 
Operative intervention was required in 87% of these 
patients [67]. Rehospitalization, often a setback in 
recovery, occurred in one-third of LEAP study patients 
and involved the limb-salvage/reconstruction group 
more than amputation group.

Complications in the management of this severely 
injured group of patients are sadly unavoidable. It is in 
our and our patients best interest to understand the 
nature of the complications and how then to best avoid 
them. From the initial evaluation and subsequent fol-
low-up of these patients, treatment teams should not 
underestimate the difficult nature of the recovery pro-
cess and the potential for complications and secondary 
procedures.

22.3.7  Psychological Distress in Patients 
with Severely Injured Lower 
Extremities

Accompanying the significant challenges with physical 
recovery and impairment is an often under-appreciated 
source of morbidity with orthopaedic trauma patients – 
psychological distress and mental illness [68, 69]. This 
is especially evident in the high-energy lower-extrem-
ity trauma patient where limb-salvage and amputations 
are being debated and subsequent recoveries managed. 
During the course of the LEAP study, patients were 
evaluated for psychological distress [70] utilizing the 
Brief Symptom Inventory [71, 72]. At 2 years post-
injury, 42% of the patients screened positive for a psy-
chological disorder, yet only 22% had reported 
receiving any mental health services. Almost 20% of 
the study group reported severe phobic anxiety and/or 
depression. The authors of the study were able to iden-
tify factors that were likely to be associated with 
patients that had psychological distress. These included 
poorer physical function, younger age, nonwhite race, 
poverty, a likely drinking problem, neuroticism, a poor 
sense of self-efficacy, and limited social support. 
Interestingly, some of these same factors have been 
attributed to chronic pain syndromes which could cer-
tainly exacerbate any coexisting psychological distress 
these patients may be suffering from [73].

As emphasized previously, the orthopaedic surgeon 
is most likely going to be the primary coordinator of 
care with these patients in the postoperative period 
during their lengthy functional recoveries. Along with 
recognizing the physical dysfunction and instituting 
appropriate referrals for therapy and job retraining, the 
treating surgeon must also be astute enough to evaluate 
and screen these traumatized patients for psychologi-
cal distress. If mental distress is suspected or identi-
fied, appropriate consultation or referral should be 
initiated to a provider trained in this area. Furthermore, 
by understanding and recognizing potential risk fac-
tors for psychological distress and thus poorer out-
comes with this patient population (i.e., drinking 
problems, poor social support network or poor self-
efficacy), prophylactic referrals can be made early in 
the patient’s recovery. Ultimately, for patients to be 
given the best chance for the most favorable outcome, 
the physical and psychological needs of this popula-
tion should be addressed simultaneously [70].
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22.3.8  Societal Costs Associated with 
Limb-Salvage and Amputation

An argument we have heard and understand is that of the 
cost of limb-salvage and its toll on society in comparison 
to a “quick amputation and be done with it” attitude… 
“let the patient get on with their life.” The cost burden of 
the limb-salvage and amputation debate was recently 
reported [2], and the results directly counter what many 
have argued in the past. At 2 years of follow-up, both 
groups had essentially the same healthcare costs. 
However, projected lifetime costs were $509,000 for 
amputees and $163,000 for limb-salvage patients (2002 
US Dollar figures) – over a threefold difference. The dif-
ference was mainly attributed to the repair and replace-
ment costs associated with prostheses for the amputation 
population, which had an estimated 40–45 years of life 
remaining. In regards to complications, they found a 
46% increase in costs if patients had required a rehospi-
talization – a finding that underscores the importance of 
clinicians having a solid understanding of risk factors 
for both complications and poorer outcomes.

22.4  The Open Fracture with Severe 
Nerve Injury

The management of severe limb-threatening injuries is 
challenging and often requires difficult decisions to be 
made acutely. Predicting the outcome of patients with 
this type of trauma (see Table 22.2) has proved chal-
lenging, and the utility of limb-salvage predictive 
scores has been shown to be limited. A repetitive and 
concerning theme in the scientific literature surround-
ing limb-salvage and amputation is the severe open 
fracture with associated nerve injury and purported 
poor results of 60–100% disability with this type of 
injury [74–76]. This scenario represents a unique 
conundrum in the decision-making process.

The loss of foot plantar sensation has been ingrained 
into the trauma surgeon’s psyche as a major, if not 
sometimes the primary predictor of acute amputation. 
In fact, MacKenzie et al. [43] showed that nearly 40% 
of orthopedic surgeons place nerve integrity and plantar 
sensation as the primary determinant in the decision to 
amputate or reconstruct (see Table 22.3). Often, this 
decision is made based on initial emergency room 

evaluation, even though this sometimes rudimentary 
exam has been shown to be unpredictable [35]. The 
influence of nerve integrity on the trauma community 
has been borne out by its direct and independent inclu-
sion into three of the major limb-salvage prediction 
scales: the LSI, NISSSA, and HFS-97 (see Table 22.4).

The insensate foot was recently evaluated amongst 
a 55 patient cohort of the LEAP study [77]. This group 
presented to the emergency department with an insen-
sate foot and underwent either amputation (26 patients) 
or limb-salvage (29 patients). The insensate-salvage 
group was also matched and compared with a sensate-
salvage group as a control group in the study. The 
authors identified some interesting and important find-
ings directly impacting commonly held beliefs per-
taining to limb-salvage versus amputation debates and 
predicted outcomes. First and foremost, patients that 
had absent plantar sensation demonstrated substan-
tial impairment at final follow-up. However, their out-
comes were similar and appeared to be unaffected 
whether undergoing amputation or limb-salvage. Second 
and perhaps most interesting, the patients with the 
insensate foot on presentation that underwent limb-
salvage did not have worse outcomes than the matched 
cohort with intact sensation that underwent limb-
salvage. This included no differences in final plantar 
sensation or the need for late amputation. In fact, 67% 
of the patients in the insensate foot group regained nor-
mal foot sensation over the study period – a highlight 
that supports increased diligence in treatment deci-
sions utilizing emergency department nerve exams. 
Ultimately, the 2 year outcome of patients that had 
undergone limb-salvage with an insensate foot did not 
appear to be influenced or adversely affected by the 
presence or absence of plantar sensation [77].

The decisions in this analysis and others are often 
based upon emergency department evaluation and not 
upon direct surgical observation. The initial evaluation 
demonstrating a loss of plantar sensation can easily be 
attributed to a transient neurapraxia from compression 
or stretch and/or temporary ischemia, which can be 
reversible. The intraoperative finding of complete 
nerve transection or segmental neural element loss 
could be suggestive of an absolute indication for pri-
mary limb amputation, especially in light of an associ-
ated vascular injury or other severe injuries. However, 
it is important to note that often clinicians treat patients 
with insensate feet in the clinical setting, namely, in 
the diabetic and spinal cord injury patient populations 



278 W.W. Cross III and M.F. Swiontkowski

[77]. In the surgical suite, we do not advocate invasive 
surgical exploration of nerve structures in the lower 
extremity when they are not already exposed second-
ary to the trauma itself. This practice is associated with 
unwarranted tissue damage and should be avoided. 
With evidence to support return of plantar sensation 
during recovery, the reliance upon plantar sensation in 
the initial physical exam finding should be avoided in 
the amputation decision-making process.

22.5  Summary

The high-energy lower-extremity trauma patient pres-
ents many challenges to treatment teams. Past litera-
ture has not been overly supportive of limb-salvage 
and often makes the point that early amputation is 
advantageous to save patients from lengthy suffering 
[14, 17]. However, as technology and surgical concepts 
have evolved, so have our abilities to salvage limbs 
previously thought to be candidates only for amputa-
tion. These salvaged limbs, although demonstrating 
generally poor outcomes, have been shown to have 
equivalent results to limbs treated with primary ampu-
tation [20–22] and entail equivalent 2-year healthcare 
costs and substantial savings over the long term.

Often, given the option of limb-salvage or amputa-
tion, most patients opt to save their extremity rather 
than undergo an amputation. While data presented 
here and in the LEAP data show equivalent results 
among the salvage/amputation groups, it should be 
noted that most of the data were derived from care 
patients had received at Level I trauma centers. It has 
been argued that these centers, with their experienced 
trauma staff, may impart different outcomes than 
patients treated elsewhere [78].

We believe that limb-salvage is a reasonable goal for 
clinicians and patients at experienced Level I trauma 
centers. The LEAP data and other studies present suf-
ficient evidence to support this conclusion. The early 
involvement of post-acute-care services, such as thera-
pists, rehabilitation specialists, psychologists, and many 
others, is imperative for the optimization of patient out-
comes and potentially hold the highest value in recov-
ery efforts. Diligent, thoughtful care and presenting 
realistic expectations will allow these traumatized 
patients to achieve their best recovery and functional 
outcomes.
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As blunt trauma care involving orthopaedic injuries 
evolved over the years, penetrating orthopaedic trauma 
was vastly underrepresented in the literature, despite 
the recent rise in firearms related causality rate, espe-
cially in North America and other industrialized coun-
tries [1], as well as the surge in global terrorism [2]. 
Therefore, the practicing orthopaedic trauma surgeon 
is in need for more information regarding the recogni-
tion, management and preparation needed to cope with 
isolated or mass casualties with high-energy penetrat-
ing musculoskeletal injuries.

The topic of penetrating limb injuries is wide, but 
can be divided into two main subgroups: those inflicted 
by firearms both of high and low velocity, and those 
caused by blast or explosions. Both injuries had been 
long discussed in the military setting, but are now 
encountered in an alarming rate in the civilian setting.

The purpose of this chapter is to characterize both 
gunshot and blast-related extremity injuries, discuss 
their initial and definite management, and review some 
of the recent experience with emphasis on the civilian 
setting.

23.1  Gunshot Ballistics and Injuries

Many authors and surgeons have attempted to clas-
sify the injury pattern of gunshots based on the type 
of weapon, bullet, energy transfer, and velocity of 
the projectile [1, 3, 4]. Traditionally, projectiles were 
classified as either “low velocity” or “high velocity,” 
with low-velocity weapons represented by handguns 
and high-velocity bullets the product of assault rifles. 
The cut-off point has been controversial, but it is 
widely accepted that most high-velocity injuries 
refer to a bullet travelling greater than 2,000 ft/s [1]. 
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Since the kinetic energy is proportional to the square 
of the velocity, most modern guns have switched to 
smaller but faster ammunition. Both in vivo evidence 
in dogs [5], as well as in vitro simulation in gelatin 
blocks [1, 6] demonstrate a wider wound tract and 
tissue damage inflicted by faster ammunition. Early 
clinical reports from the Vietnam war describe the 
unusual injuries inflicted by the M-16 assault rifle at 
that time [7]. Despite the above, the distinction 
between high velocity and low velocity can at times 
become artificial. A 0.45 caliber pistol, firing what is 
usually considered a “low-velocity” bullet, can trans-
mit 900 J of energy, equivalent to a 5 kg weight being 
dropped from a height of 20 m, which can cause 
severe musculoskeletal injury [8], while a military 
assault rifle, classified as high-velocity, can hit a 
thigh with a clean in-and-out wound without signifi-
cant damage [1].

23.1.1  Mechanism of Injury

After the bullet leaves the firearm muzzle, it propa-
gates in a compound movement pattern consisting of 
yaw and rotation. These together create a complex 
form of motion called nutation, and a well-designed 
bullet with a yaw of less than 3° will usually hit the 
target straight [9]. Upon striking its target, the bullet 
forms a temporary cavity due to the stretching forces 
and vacuum created by its passing. This temporary 
cavity is reported to be significantly larger as velocity 
increases to 2,000 ft/s or higher [1, 10, 11]. The cavita-
tion process lasts only a few milliseconds, and the 
amount of tissue damage is dictated by the tissue elas-
ticity and tolerance to stretch. For example, near-liquid 
organs such as the brain, liver, or spleen might be vio-
lently disrupted during this temporary cavity forma-
tion [1, 3]. In the limbs, however, muscle is damaged 
mainly within the close vicinity of the passing bullet, 
but can tolerate stretching quite well [12]. Major ves-
sels are rarely injured by stretch. Nerves rarely tear 
due to cavitation, and typically nerve injury results 
only in neuropraxia. Therefore current practice is to 
not perform nerve exploration routinely in gunshot 
wounds [13].

Bone can be damaged incompletely or completely. 
Various fracture patterns have been described for both 
complete and incomplete fractures, but the clinical 

value of these classifications is questionable. However, 
it should be mentioned that bone fragments can be pro-
pelled to the area of temporary cavitation and can cre-
ate damage in adjacent structures. This is not always 
obvious when looking at injury films since most bone 
fragments usually retract back to the original bone [1].

Virtually, all gunshot wounds are contaminated [1, 3]. 
In an experimental model, the number of organisms in 
a gunshot wound tend to multiply 10–100 times within 
24 h, and all cultures from devitalized muscle are posi-
tive at the time of the initial injury [14]. Therefore, the 
time of wound excision is believed to be of a greater 
value if performed earlier in the course of treatment.

23.1.2  Vascular Injuries

Vascular injuries are not uncommon in high-energy 
gunshot wounds and potential vascular damage must 
be evaluated [1, 15]. Although physical examination is 
often sufficient to rule out major vascular injury [16], 
minor vascular injuries have been reported to appear 
late. Angiography, although very accurate, is not rou-
tinely warranted if the physical examination is normal 
[17]. On the other hand, in a hypo-perfused limb with 
a localized lesion and “hard” signs of vascular injury, 
the location of injury is obvious, and immediate explo-
ration is indicated without further studies [1]. Angio-
graphy, performed in borderline cases when “hard” 
physical findings (an ischemic, pulseless limb, expand-
ing hematoma or a bruit) are absent, is negative in 
many cases and demonstrates benign, non-threatening 
lesions in the other cases [18]. Therefore, arteriogra-
phy should be reserved for only borderline cases when 
physical examination is difficult to perform or is unre-
liable. An example may be where multiple penetrating 
injuries in the same limb are present. Recently, high 
resolution multi-slice CT angiography has been used 
with a high accuracy rate approaching 94%[19]. This 
modality seems to be promising in the initial diagnosis 
of vascular extremity trauma.

23.1.3  Principles of Treatment

As with all high-grade open fractures, treatment goals 
should be stabilization of bone, adequate care of the 
soft tissue, wound coverage, and restoration of limb 
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function. This is true both for diaphyseal as well as 
articular fractures [20].

Perhaps the most common known wound excision 
term has been “debridement” coined by Larrey in 
1812. The original “debridement” implied incision and 
decompression of the wound [21], more likely to be a 
sort of fasciotomy [3] than the current mode of exci-
sional surgery. While it is accepted that in many cases 
of low-velocity gunshots nonoperative treatment can 
succeed, most high-velocity (high-energy) wounds 
require some degree of surgical wound care. Whatever 
kind of excisional surgery is performed, it is now well 
accepted that the single most important factor in reduc-
ing the risk of infection is the timely administration of 
intravenous antibiotics [1, 3].

The degree of wound excision necessary for healing 
is highly controversial and remains one of the greatest 
challenges for the trauma surgeon. Although ideally, 
devitalized tissue should be removed in order to 
decrease the infection burden and to promote angio-
genesis, it is clinically hard to judge which tissue war-
rants removal, especially in regards to muscle. In an 
experimental high energy gunshot model produced in 
pigs, extensive tract excision did not results in a better 
outcome than simple wound drainage and antibiotic 
treatment [11]. On the other hand, retaining devitalized 
tissue can result in necrosis and sepsis [22]. The four 
“Cs” – color, consistency, contractility and circulation 
– have served as a rough guideline for identification of 
dead muscle for generations of surgeons and are still 
valid today [10]. Attempts to correlate between gross 
findings associated with these “Cs” to microscopic 
findings yielded some inaccuracies (reference needed). 
This is related to temporary ischemia around the injury 
zone which resolves after a few hours [1]. Therefore, it 
is advised not to apply the when in doubt, cut it out 
regime, but rather to repeat wound exploration within 
48–72 h, thus sparing more viable tissue [3]. Clearly, 
however, detached, devascularized, or contaminated 
tissue should be excised during the first session. 
Wounds traditionally are best left open initially, but 
closure should be considered early in order to improve 
joint motion and reduce stiffness, ideally not longer 
than 5–10 days after injury [10]. In case tension occurs, 
a primary skin graft should be used. Recently, vacuum 
assisted closure has become a powerful tool in reduc-
ing infection, promoting granulation, and expediting 
closure in war wounds, and is continuing to evolve rap-
idly [23]. This is especially helpful in situations where 

prolonged transport is expected, such as in remote war 
zones.

An increased rate of vascular injuries occurs in 
extremity fractures caused by gunshots [8]. Despite 
controversies about the sequence of fixation and vas-
cular supply restoration, recent war experience demon-
strates the advantage of immediate vascular temporary 
shunting, especially when prolonged and remote evac-
uation to a tertiary care center for definite treatment is 
expected [24].

23.1.4  Fracture Care

Most modern texts recommend treating gunshot-
related fractures using the same surgical principles 
applied to open fractures caused by other mechanisms 
[1]. However, there are special considerations which 
are unique to these injuries and require alternative 
management strategies. Due to the limited scope of 
this chapter we will review only some of the important 
ones.

23.1.4.1  Long Bones

Traditionally, gunshot injuries were considered grossly 
contaminated and, therefore, external fixation was the 
mainstay of their treatment for many years. However, 
reports from the 1990s demonstrated the efficacy of 
immediate intramedullary nailing of femoral shaft 
fracture caused by low to mid-energy gunshot with 
acceptable clinical results [25]. These were supplanted 
with evidence that such treatment could be applied to 
higher-energy firearm trauma [26].

With femoral fractures, care should be taken to 
avoid rotational malalignment since comminution will 
often distort the anatomical landmarks such as the cor-
tical step sign [27] used to judge femoral rotation 
(Fig. 23.1). Bone loss and tissue coverage are a major 
challenge for tibial fractures, especially involving the 
distal third, when soft tissue availability is scant. Due 
to these difficulties, our policy in high-energy gunshot 
wounds is to minimize bone debridement and preserve 
as much bone as possible. Treatment options then 
include rotational flaps, free tissue transfer, and imme-
diate or late bone grafting [28–30]. All of these tech-
niques can be used in conjunction with either internal 
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Fig. 23.1 (a) Gunshot 
fracture to a 25 years-old 
counter-terrorist fighter, 
caused by AK-47. (b) Three 
months following irrigation, 
debrident, and fixation with a 
proximal femoral nail 
(Synthes, Battlach, 
Switzerland) with no 
apparent wound complica-
tions. (c) Due to complaints 
of difficulty running and 
intoeing, a CT scanogram 
was performed and revealed 
almost a 40° internal rotation 
deformity. (d) Fracture 
revised by a derotation 
osteotomy and a reamed nail

a b
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fixation or a circular frame for distraction osteogenesis 
(Fig. 23.2).

It should be noted, however, that even with a rela-
tively high success rates when managing these frac-
tures, the recovery period is excessive and associated 
with multiple reconstructive surgical procedures [31]. 
As with other mangled extremity injuries, the option 
for primary amputation should be considered. Increa-
singly, the bulk of modern reports, both civilian and 
military [32, 33], suggest that the use of “scoring sys-
tems” such as the MESS score, are inadequate. Most 
authorities now prefer to rely on the surgeon’s experi-
ence and on the general condition of the gunshot vic-
tim as predictors for early amputation.

23.1.4.2  Joints

As with other articular fractures, joint reconstruction 
and stable fixation should become the primary goal of 
treatment. However, some unique considerations exist. 

First, due to the contaminated nature of the injury, 
either arthroscopic or open irrigation should be strongly 
considered even in cases where a joint space violation 
is only suspected [20]. A rare but a relevant example is 
the case where abdominal penetration occurred con-
comitant with pelvic or hip involvement. In these 
cases, contamination and joint sepsis would ultimately 
result in a catastrophic joint destruction.

Restoring metaphyseal comminution and building 
the articular block back to the shaft might be challeng-
ing in cases of severe comminution (Fig. 23.3), but 
efforts should be made to restore joint congruity in 
order to maintain function and early motion [20]. 
Finally, chronic retention of metallic foreign bodies 
can results either in a local reaction [34, 35], or in rare 
cases, in systemic toxicity, such as lead poisoning [36, 37]. 
These will mandate early removal even in asymptom-
atic patients.

23.2  Blast Injuries

The other penetrating trauma type relates to an explo-
sion or blast. In the modern military setting, these are 
by far more common injuries than gunshot wounds 
[38]. Though not yet a leading etiological factor for 
civilian penetrating trauma in most industrialized 
countries, it is on a steady rise due to geopolitical rea-
sons [39]. Despite the threat of chemical and biologi-
cal warfare, conventional terrorism in the form of 
blasts is the most common form of attack, and results 
in a high causality rate [40]. Examples include the 
London subway attacks of 2005 [41], the Madrid train 
attacks of 2004 [42], as well as the succession of sui-
cide bombing during the Palestinian uprising between 
2000 and 2005 [43, 44].

Blast injuries are different from gunshots wounds 
mainly because of their multiple mechanisms of 
injury [15, 45, 46]. They tend to involve more body 
regions, and generally tend to be of higher severity 
scores, with increased overall potential for prolonged 
ICU stay and mortality [15, 47]. Although the surgi-
cal management of individual injuries may be simi-
lar to that of other types of trauma, the general 
management of these patients as individuals as well 
as in the context of mass-casualty event is worthy of 
consideration.

d

Fig. 23.1 (continued)
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Fig. 23.2 (a) A 50-year old 
schizophrenic smoker was 
injured by an M-16 military 
assault rifle sustaining a 
grade III-B open distal tibial 
fracture. (b) After irrigation 
and debridment with attempt 
to preserve as much bone as 
possible, and immediate 
fixation with an unreamed 
tibial nail. (c, d) A year after 
a definite treatment that 
included further wound 
irrigation, latissimus dorsi 
free-flap, and iliac crest bone 
graft. Despite the imperfect 
ankle alignment, patient was 
doing clinically well and 
returned to function
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Fig. 23.3 (a) A 40-year old 
patient was shot in his left 
lower arm and treated 
elsewhere with an external 
fixator with attempted 
internal fixation and brought 
to us for evaluation. (b) A 
staged protocol was used – 
removal of external fixator 
and wound debridement, 
definite treatment using 
parallel locked 3.5 recon-
struction plates and iliac crest 
bone graft. Eighteen months 
after injury, the fracture is 
solidly healed and the patient 
has a reasonable range of 
painless motion

a

b
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23.2.1  Mechanisms of Blast Injury

The primary blast effect is related to the rapid pressure 
wave created during the detonation of an explosive 
[48]. The scene location and type of explosive used 
have a direct effect on the severity of injuries. Blast 
wave energy tends to decrease rapidly in space and dis-
sipate [49]. However, when the blast occurs in a closed 
or confined space, such in a bus or a room, the blast 
waves are reverberated from the walls instead of dis-
sipating [49–51], thus inflicting more damage on 
human victims. In a series of suicide bombing in Israel 
occurring in buses during the years 1995–96, a three-
fold increase in primary blast injuries was observed 
when compared to those of open-space explosions, 
exemplifying this phenomenon [51].

When the pressure wave created by detonation 
encounters certain air-fluid interfaces, unique tissue 
damage may occur. The most common and perhaps the 
most life-threatening injury involve the lung. Pressure 
differentials across the alveolar-capillary interface can 
cause disruption, hemorrhage, pulmonary contusion, 
pneumothorax, hemothorax, pneumo-mediastinum, and 
subcutaneous emphysema [52].

The second most common type of primary blast 
injury is that to hollow viscera. The intestines, most 
usually the colon, are affected by the detonation wave. 
Mesenteric ischemia or infarct can cause delayed rup-
ture of the large or the small intestine; these injuries 
are difficult to detect initially. Rupture, infarction, 
ischemia, and hemorrhage of solid organs such as the 
liver, spleen, and kidney are generally associated with 
very high blast forces or proximity of the patient to the 
blast center [53].

Tympanic membrane injury has been extensively dis-
cussed in the literature. It is the most common nonlethal 
injury caused by relatively low-pressure blast waves. 
Traditionally, its presence was used to predict severe pri-
mary blast injuries (such as the lung or bowel), yet it is 
now considered questionable and unreliable [54].

Limb injury due to a blast is rarely caused by the 
primary blast effect. Hull and Cooper studied primary 
blast effects on the extremities resulting in traumatic 
amputations in Northern Ireland [55]. Only 9 of 52 vic-
tims with traumatic amputations caused by primary 
blast survived, demonstrating the high level of energy 
needed to avulse a limb. Practically, a limb injury caused 
solely by the primary blast effect is a rare occurrence.

The secondary blast effects comprise the majority 
of orthopaedic injuries observed in both warfare [38, 56] 
and civilian terrorism [45, 57, 58]. Secondary blast 
effects are related to penetrating injuries caused by 
fragments ejected from the explosives and/or by for-
eign bodies impregnated within it. The extent of this 
effect depends on the subject’s distance from the deto-
nation center, the shape and size of the fragments, and 
the number of foreign bodies implanted or created by 
the explosive. In contrast to most war injuries, the 
improvised explosive devices (I.E.D.) used by terror-
ists have multiple added fragments, including screws, 
bolts, nails, and other objects, that may increase the 
damage caused by penetrating injuries (Fig. 23.4) [59]. 
Open fractures, severe soft tissue injuries, and multio-
rgan penetrating injury are the more common pattern 
seen in the severely injured victim [59, 60]. Unfor-
tunately, these items are frequently coated in excre-
ment before being inserted into the IED, and in many 
cases, flammable materials are applied as well. This 
has the added effect of severe burns as well as deep 
infections.

Tertiary blast injury refers to the blunt trauma com-
ponent of the explosion. Flying or falling objects can 
cause additional traumatic elements to those described 
above. When structural collapse takes place, a high 

Fig. 23.4 A comminuted femoral fracture caused by secondary 
blast: note the numerous bolts implanted in the explosive
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casualty and mortality event occurs [43]. Our experience 
in Israel in recent years did not demonstrate a significant 
proportion of additional blunt trauma, but reports from 
other parts of the world, such as those following the 
Oklahoma city explosion [61] or the Beirut Bombing in 
1983 [62], state this as the primary mechanism of injury, 
as well as the cause of devastating results.

The quaternary blast effect is a recently added one, 
and includes the thermal and chemical damage caused 
by fire and noxious substances occurring at the vicinity 
of the explosion. Confined-space explosions signifi-
cantly increase these types of injuries [51].

23.3  Triage and Primary Resuscitation

Perhaps the most significant difference between gun-
shots and the blast wounded, besides the individual 
injury pattern, is the “mass-casualty” effect caused 
by multiple military and civilian attacks. Instead of 
treating a single patient brought into the treating 
facility, the surgeons face a scenario of mass casualty 
and are required to simultaneously deal with multiple 
patients having multiple injuries. Hence, the initial 
effort should be to establish an orderly triage system 
and to allocate both the medical team and hospital 
resources even before the first patient arrives to the 
hospital [63, 64].

In the military setting, front medical teams using 
“damage-control” strategies and performing only 
emergency surgeries have recently been introduced, 
especially in the global war against terrorism [24]. 
Further procedures are then performed in secondary 
and tertiary centers after further triage and usually pro-
longed transportation. However, this is not the case in 
the civilian setting which is in the primary focus of this 
section.

At recent attacks, such in Jerusalem, Madrid, and 
London, evacuation time to a definite care facility 
ranged between 18 min and 1–2 h [46, 65, 66]. Some 
events, especially those on a large scale, described 
only a few severely injured patients in a majority of 
“walking wounded”. The Middle East experience, 
such as in Jerusalem, paradoxically demonstrated that 
smaller bombing scenes resulted in overall less cau-
salities, but a higher proportion of critically injured 
victims (four to eight per event) arriving in very short 

notice to treating facilities. These can significantly 
encumber the hospital resources available at that time 
point [43].

Logistics of Emergency Department management 
have a major impact on triage. We recommend evac-
uation of noncritical non-terror-related patients tem-
porarily to the hospital floors, while the seriously ill 
patients can be treated in designated areas. The 
trauma bays are thus devoted solely to resuscitative 
efforts performed on critically ill patients, while the 
rest of the ED serves as an admitting area for the 
remainder of the patients. Each area is staffed with a 
surgeon-in-charge and other members of the treating 
team (surgical and orthopaedic residents, nurses, 
medical students, etc.). A surgeon-in- charge should 
be designated beforehand and should serve in critical 
junctions as suggested by Almogy et al. [65]. Triage 
at the initial admitting phase and in various treating 
cycles as well as diagnostics and direction of patients’ 
flow until the general chaos is reduced must be 
accomplished. Every hospital should explore and 
identify the logistics mechanism required to provide 
the best and most efficient setting for disaster man-
agement under its capacity, should an actual disaster 
occur.

The next important principle in managing an event 
of this nature is to direct the flow of patients in an 
orderly fashion in a “one-way” system. Potential 
bottlenecks, such as in the CT scanner, ICUs, and 
limited number of available operating rooms, should 
be identified, and the patients should be directed to 
their proper destination only after the available 
resources of the hospital have been mapped and iden-
tified [43]. In many events, it was demonstrated that 
50% of patients required either operative procedures 
or some sort of intensive care management in their 
initial or subsequent management [67]. Therefore, 
hospital management in such events should take 
these issues into consideration when preparing for a 
mass causality event involving blast injuries.

23.4  Treatment of Specific Injuries

Blast injuries to the extremities tend to be more varied 
and less predictable than gunshot wounds [15, 68]. 
The energy of the penetrating foreign body is extremely 
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variable and greatly depends on the distance from the 
detonation center [38]. The existence of an extremity 
fracture, therefore, indicates a high-energy mechanism 
and has proven many times to implicate a polytrauma 
situation. This is in contrast to a gunshot patient, who 
can present with an extremity injury as a sole manifes-
tation [15, 69]. In fact, one of the studies performed at 
our center correlated the mere existence of a fracture 
with life-risking conditions such as blast lung injury 
(BLI) [70]. Although more injuries are identified per 
patient with the blast injury as compared to a gunshot 
victim, the local injury pattern afflicted by the latter 
tends to be more severe, involve a higher rate of vascu-
lar injury, compartment syndrome, and higher-grade 
open fractures [15].

Despite the above, a recent study using a national 
database has shown that in most instances the treat-
ment of individual blast injuries to the extremity is 
similar to gunshot wounds [71]. However, it should be 
stressed again that the overall care of patients is 
different.

In general, blast extremity injury involves multiple 
fracture sites as opposed to gunshot wounds, as well as 
a higher ISS and more associated life-threatening inju-
ries [15, 71, 72]. In this context, the treatment plans 
and strategies of each patient should be meticulously 
defined. As more patients are simultaneously expe-
dited to the operating room on an emergent basis, more 
orthopaedic teams should be available to undertake 
emergent procedures.

Damage control orthopaedic and soft-tissue strat-
egies should generally be the rule in these cases 
since 70% of bone-injured blast patients have an 
ISS of >20 [68, 69] and are highly prone to pro-
longed ICU stay, respiratory failure, and coagulopa-
thy [47, 72]. An orthopaedic surgeon-in-charge 
should direct the teams in decision making, but the 
first stage treatment plan should be limited since 
definitive reconstruction can occur in subsequent 
phases.

As in blunt polytrauma situations, tertiary surveys 
are extremely important in order to identify missed 
injuries, most of them of musculoskeletal in nature 
[73]. Significant number of fractures and foreign 
 bodies requiring removal are identified during this 
process.

23.5  Specific Considerations

Most treatment principles described above are also 
true for blast injuries, especially regarding wound, vas-
cular, and fracture treatment. However, specific con-
siderations unique to blast injury in the civilian setting 
should also be applied. First, as mentioned above, a 
polytrauma situation dictates decision making in regard 
to staging of bone and soft-tissue treatment that is 
slightly different than that applied to the typical gun-
shot wounded victim (Fig. 23.5). Also, the metal load 
and the amount of foreign bodies in certain patients 
warrant removal, otherwise unnecessary in gunshot 
wounds. The mere removal can cause further soft tis-
sue damage, thus mandating minimally invasive tech-
niques. We reported the use of computerized navigation 
as well as metal detectors to attempt and minimize dis-
section involved in these removals [34, 74].

Lastly, the fact that more and more suicide bombers 
are involved in modern terrorism may increase the risk 
of biological contamination of the victims with tissues 
originating from the terrorists themselves, such as bone 
fragments [75]. Concerns of blood-borne infections 
such as Hepatitis B/C and HIV should be taken into 
consideration when dealing with suicide bombers [76].

23.6  Conclusions

As the new millennium begins, firearm and terror-
related violence has not shown signs of decline, and 
instead, the world is facing a rise in casualties related to 
these mechanisms. Much has been learned during 
recent years regarding mechanisms of injury, scenarios 
of mass-casualty events, and treatment strategies. Despite 
this reality, the principles of treating an isolated pene-
trating injury, such as gunshot wound, and multiple 
penetrating limb injuries, such as blast, are not yet part 
of the standard medical education of the orthopaedic 
surgeon. Keeping in mind that no part of the world is 
immune at this point to these devastating injuries, 
research and investigation of outcome and treatment 
strategies are in strong need, as well as internalization 
of the current knowledge and principles among the 
orthopedic- and trauma-surgeons community.
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24.1  Introduction

Traumatic bone loss has long been a challenging clini-
cal problem. Contemporary techniques in the manage-
ment of acute bone stabilization, revascularization, 
and soft tissue reconstruction have led to an increase in 
limb salvage [1]. There are numerous options in recon-
struction of bone defects. Generally, the management 
of bone defects can be divided into two approaches. 
The first approach involves reconstitution of a bone 
defect that has been stabilized in situ by autologous 
bone grafting or one of its variations. The second 
approach involves distraction osteogenesis. The two 
approaches are not mutually exclusive but have their 
relative indications and difficulties. Distraction osteo-
genesis therapy is generally more protracted, techni-
cally very challenging, and accompanied by high 
complication rates [2]. However, distraction osteogen-
esis can be spectacularly successful in the simultane-
ous management of soft tissue coverage, bone defect, 
and spatial deformity. Because of the complexity of 
frame construction, pin site management, patient com-
pliance, and duration of treatment, distraction osteo-
genesis procedures are perhaps best reserved for 
specialty clinics. Management of bone defects by skel-
etal stabilization, early soft tissue coverage, and by 
autologous reconstruction utilizes implants, tech-
niques, and resources that are widely available. This 
chapter presents a summary of contemporary tech-
niques that allow for the primary therapy of complex 
traumatic bone loss.
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24.2  Traumatic Bone Defect  
Treatment Algorithm

I.    Initial Patient Resuscitation: Resuscitation, Reva-
scularization, Bone and Soft tissue debride ment, 
Provisional or definitive skeletal stabiliza tion, 
Wound Therapy. Days 1–3.

II.   Interim Management with Skeletal Fixation: 
Definitive Soft Tissue Therapy, Conversion to 
definitive Skeletal Stabilization + bone defect/dead 
space management. Days 3–28.

III.   Final Bone Defect Reconstitution: Autologous 
reconstruction with cancellous bone, vascularized 
graft, marrow aspirate, intramedullary harvest, 
growth factor application, bone graft substitute 
augmentation. Weeks 2–6.

24.2.1  Phase I: Initial Patient 
Management

Trauma that produces bone defect is frequently high 
energy and therefore associated with mortality and 
morbidity of visceral or traumatic brain injury. Assess-
ment of the long bone injury determines whether the 
limb is viable and should be amputated versus limb sal-
vage. Considerations for limb salvage are obviously 
complex and efforts to quantitate the injury in regards 
to amputation such as the Mangled Extremity Severity 
Scale (MESS) or the Orthopaedic Trauma Association 
Limb Evaluation and Assessment Protocol (LEAP) are 
often helpful but not definitive [3, 4]. Limb salvage 
requires a limb in which vascularity can be reestab-
lished, adequate neurologic function in terms of sensa-
tion and motor, viable muscle–tendon groups, and soft 
tissues–bone injury in which sepsis can be ultimately 
ablated. The actual extent of bone loss that limits limb 
salvage has yet to be defined regardless of reconstruc-
tion technique. In addition to the biological factors, the 
patient’s psychosocial systems need to be evaluated as 
reconstruction and limb salvage is a relatively long 
process possibly requiring multiple surgical interv-
entions, medical therapies, rehabilitation, and patient 
compliance.

The initial management of a limb deemed suitable for 
limb salvage will consist of emergent resuscitation of 
the patient. Priority for reestablishing hemodynamic 

stability and managing the closed head injury compo-
nent will frequently preclude definitive skeletal stabi-
lization. The concept of “damage control orthopaedics” 
has recently emerged in which spanning external fixa-
tion or unreamed intramedullary nailing is expedi-
ently performed to limit the anesthetic time and reduce 
pulmonary exposure to medullary canal contents in 
severely injured patients [5]. When performed under 
these circumstances, pin sites and implants should be 
chosen to allow for subsequent definitive fixation and 
stabilization of the bone defect. Conversion to defini-
tive fixation should be performed as soon as feasible 
to minimize potential septic seeding from external 
fixation pin sites – generally less than 10 days. 
Stabilization of open fractures with intramedullary 
nails has been validated to be acceptable in terms of 
infection risk [6]. In general, locked intramedullary 
stabilization of a diaphyseal and some metaphyseal 
defects is preferred as length, rotation, and axial align-
ment can be reestablished and maintained in a single 
procedure. The intramedullary nail allows for imme-
diate rehabilitation of the limb in near-anatomic posi-
tion. In addition, the Intramedullary (IM) nail has the 
biomechanical advantages of strength and symmetric 
load sharing in comparison to plates. The locked plate 
is a relatively recent development which allows for 
improved mechanical stability in situations of poor 
bone quality, bone defect or comminution, and articu-
lar fracture patterns associated with metaphyseal or 
diaphyseal extension. Plate fixation can be performed 
with minimal exposure to provide stable bridging 
constructs for the management of bone defects. If a 
limb requires vascular repair, plate or IM nail fixation 
needs to be coordinated with the vascular reconstruc-
tion to provide a stable environment for the repair as 
well as utilize the surgical exposure if indicated. An 
essential early step in the management of a bone 
defect is the initial debridements of bone and soft tis-
sue. The initial debridements are likely to reduce the 
septic burden and reestablish soft tissue viability in 
the shortest time. The principles of debridement are 
well established and consist of excision and removal 
of nonviable osseous and soft tissues. Serial debride-
ments are frequently required to discern borderline 
tissues on a clinical basis. The decision of implant and 
technique is therefore dictated by patient hemody-
namic and neurologic status, concomitant vascular 
repair, tissue and bone debridement, and soft tissue 
coverage. Initial management of the bone defect is 
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directed at managing the dead space of the defect in 
preparation for soft tissue coverage and bone recon-
stitution. During debridements, the defect can be pro-
visionally managed with commercially available 
PMMA-antibiotic beads or surgeon-fabricated PMMA-
antibiotic spacers. The PMMA-antibiotic beads or 
PMMA-spacers can be serially exchanged during deb-
ridements to aid in reducing deep sepsis and has been 
well described [7].

In summary, the initial phase consists of patient 
resuscitation with provisional or possibly definitive 
fixation of the skeletal defect. This is combined with 
establishment of a sterile bone defect and clean wound 
by surgical debridement and soft tissue wound care. 
The time line would be days 1–3.

24.2.2  Phase II: Interim Management –  
Skeletal Fixation and Definitive 
Soft Tissue Coverage

After the patient has been resuscitated, efforts can be 
directed at limb reconstruction. If the limb has been 
treated with spanning external fixation, conversion to 
IM nail or plate implant can be performed – generally 
within 10 days. At this point, soft tissue coverage 
should be obtained either by wound closure, wound-
vac therapy, or local/free flap coverage. Early soft tis-
sue reconstitution aids in the prevention of deep sepsis 
as well as preparing an environment advantageous for 
bone grafting. The bone defect can be managed either 
primarily with early bone grafting or vascularized bone 
transfer. However, the cultivation of an “induced mem-
brane” has clinical and basic science advantages for 
delaying definitive autologous bone transfer into seg-
mental defects for a period of 4–6 weeks [8, 9].

Conversion from spanning external fixation or pro-
visional stabilization to definitive implant fixation 
should restore the limb to near-anatomic length, axial 
alignment, and rotation. The definitive implant should 
have sufficient mechanical properties to function dur-
ing the duration of bone reconstitution. With early res-
toration and maintenance of the limb in anatomic 
position, patient comfort, rehabilitation, and function 
are greatly enhanced – a distinct advantage over dis-
traction osteogenesis.

The keystone step during the Interim Manage - 
ment Phase is perhaps the reestablishment of an 

environment amenable to successful bone grafting. 
Animal studies and clinical studies indicate that a bio-
logically active membrane that facilitates bone regen-
eration can be induced by the temporary implantation 
of a Polymethylmethacrylate Cement (PMMA) cement 
spacer. Histological, immunohistochemical, and bio-
chemical assay in animal models demonstrate that by 
4–6 weeks, a fibrous, highly vascularized, growth 
factor–rich encapsulating membrane has encapsulated 
about the PMMA spacer. At 4–6 weeks postimplanta-
tion, vascular endothelial growth factor (VEGF), 
transforming growth factor (TGF-beta), bone morpho-
genetic protein-2 (BMP-2) are at peaking levels within 
the membrane [10]. Autologous bone techniques may 
therefore optimally be performed at 4–6 weeks post-
PMMA spacer implantation. The technique is easily 
performed. PMMA cement is prepared, and a tubular 
or appropriately shaped spacer is fabricated to span 
the defect and overlap the native bone ends. Antibiotic 
cement can be utilized as an adjunct to around the 
bone defect to prevent deep sepsis. Commercial anti-
biotic-PMMA mixtures that are available for primary 
total joint arthroplasty can be utilized (Biomet, 
Warsaw, IN; Zimmer, Warsaw, IN; and Stryker, 
Mahwah, NJ). The surgeon, however, can prepare 
PMMA with higher amounts of added heat-stable anti-
biotic to produce a bactericidal spacer [11].

In summary, the interim phase consists of obtaining: 
(1) early definitive internal fixation to stabilize the 
bone defect and limb in near-anatomic alignment and 
(2) preparation of a sterile osteogenic defect for osseous 
regeneration. A stable soft tissue environment is rees-
tablished by wound closure or flap coverage if needed. 
In many cases, an induced membrane is formed by the 
temporary implantation of bulk PMMA with planned 
autologous grafting at approximately 4 weeks.

24.2.3  Phase III: Final Bone Defect 
Reconstitution

Autologous bone grafting remains the gold standard 
in the reconstitution of bone defects. Autograft is the 
only material that provides osteogenic cells (osteo-
cytes, osteoblasts, marrow stem cells), osteoconduc-
tive matrix (inorganic mineral), and osteoinductive 
molecules (BMP’s, transforming growth factor-beta, 
vascular endothelial growth factor, and others) [12]. 
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There are many techniques described for bone graft 
harvest including iliac graft harvest, local cancellous 
bone harvest, bone marrow aspirations and concentra-
tion, vascularized fibula, and most recently, intramed-
ullary canal harvest (Reamed Irrigator Aspirator-Synthes, 
Inc., West Chester, PA) [13–17]. In addition to autolo-
gous bone harvest, there are commercially available 
sources for recombinant osteoinductive bone morpho-
genetic proteins (BMP-7/OP01 and BMP-2).

The primary limiting factor in autologous bone 
transplant has been reported morbidity and complica-
tions associated with the harvest site as well as ade-
quate volume for large defects. With defects of 2 cm or 
less, traditional anterior iliac crest bone graft is usually 
sufficient as 5–72 mL can be harvested [13]. Larger 
defects can still be grafted with iliac crest by multiple 
harvest sites such as the contra lateral site or use of the 
posterior iliac crests with amounts of 25–90 mL being 
obtained [13]. In addition, the use of a small acetabular 
reamer may result in less donor site pain and larger 
volume of graft [14].

The most recent development in autologous harvest 
techniques is the intramedullary canal harvest. A recent 
review confirms that the use of the Reamed Irrigator 
Aspirator (RIA) in a single pass reaming of the femur 
produces significant amounts of bone graft (25–90 mL) 
with low rates of complications and postoperative pain 
[13]. While the rate of complication is lower than that 
described in conventional in iliac harvest, iatrogenic 
femur fracture has occurred. In addition, studies of 
RIA harvest material suggest that it is rich in growth 
factors, viable cells, and morselized trabecular bone 
[15]. The RIA harvest can thus be considered biologi-
cally equivalent to iliac graft. The bone marrow har-
vest, however, lacks any structural properties that can 
be achieved with tricortical iliac harvest.

In addition to autologous bone graft, bone graft 
substitutes can be utilized to augment the autograft 
harvest. Bone graft substitutes include osteoconduc-
tive materials such as synthetic tricalcium phos-
phates, calcium sulfates, and coral. These materials 
are fabricated as granules, blocks, strips, putties, and 
pastes. However, the efficacy of these materials as 
stand-alone graft in segmental defects is unknown 
[18]. Similarly, there are currently at least 40 com-
mercial preparations of Demineralized Bone Matrix 
(DBM). Demineralized bone matrix is an acid extract 

of human cadaveric bone consisting largely of type I 
collagen and other acid-stable proteins including 
bone morphogenetic proteins. The osteoinductive 
content of the Demineralized bone matrix is low and 
subject to the variables of donor biological activity, 
processing, and carrier [16]. The osteoconductive 
properties of the various commercial Demineralized 
bone matrix’s relate to carrier chemistry, adjunctive 
inorganic additives such as cadaveric cancellous bone 
or synthetic mineral. At present, there are no pro-
spective studies proving the benefits of Demineralized 
bone matrix for the reconstruction of segmental bone 
defect. The primary use of Demineralized bone 
matrix may be as an extender for autologous bone 
harvests such as intramedullary reaming harvest, 
cancellous bone, or marrow aspirates and concen-
trates [16]. The role of recombinant bone morphoge-
netic proteins in bone defect reconstruction continues 
to evolve [19]. The high cost, carrier characteristics, 
biological activity, and mechanical qualities of avail-
able commercial BMP preparations limit its use at 
present mainly to small cortical defects and acute open 
tibia fractures (Infuse rhBMP-2, Medtronic, Memphis, 
TN; Op-1/rhBMP-7, Stryker, Mahwah, NJ).

There are numerous options for the application of 
the autologous bone graft. Defects up to 29 cm have 
been successfully grafted using the induced membrane 
technique as described recently by Masquelet [9]. At 
4–6 weeks post-PMMA block implantation, the block 
is removed by longitudinally incising the encapsulat-
ing membrane. Autologous bone in the form of iliac 
graft or RIA bone marrow harvest, or autologous 
bone–bone substitute or autologous bone-allograft 
mixture is then used to fill the resulting cavity. A defect 
stabilized with an intramedullary nail will require less 
bone graft volume than defects stabilized with exter-
nal fixation or plate constructs. A resorbable polylac-
tide membrane can also be used to shape and contain 
the graft for applications such as the distal tibia and 
femur. In addition, resorbable membranes can be used 
to contain the graft in applications near the spinal cord, 
interosseous membrane of the forearm, or other appli-
cations where the reconstruction needs to be precisely 
configured [20]. The polymeric membrane may be 
used where bone grafting is done primarily such as the 
reconstruction of an unstable thoracic burst fracture 
where cancellous bone graft is combined with a 
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titanium vertebral reconstructions cage and a posterior 
vertebral body wall is fabricated by molding a poly-
mer membrane (Fig. 24.1). Another technique for 
applying autograft is the use of cylindrical titanium 
cages to form a weight bearing diaphysis. In this tech-
nique, titanium mesh cages that are typically used in 
spinal vertebral reconstructions are fashioned to bridge 
the defect which has been stabilized with an intramed-
ullary nail. The cage is packed with cancellous bone 
and the cage–host bone margins are autografted to cre-
ate a construct which has considerable immediate 
mechanical stability [21].

In summary, Phase III consists of bone reconstitu-
tion of the defect with an autologous bone graft. The 
autologous bone graft can consist of harvested iliac 
crest, intramedullary reaming harvests, or combina-
tions of autogenous materials with synthetic bone sub-
stitutes or allograft materials. The stabilized defect can 
be prepared with the formation of an induced mem-
brane, or bridged with a resorbable polylactide mem-
brane or titanium mesh cage. Because of adequate 
mechanical stability from the internal fixation 
construct, functional rehabilitation can be instituted 
very early in the clinical course of limb salvage and 
bone defect reconstruction. The three-phase algorithm 
incorporates surgical techniques and implants that are 
widely available.

24.3  Clinical Case

Patient is a 49-year-old male involved in a motorcycle 
versus car accident. Patient sustains a pubic symphy-
sis diastasis, unilateral sacroiliac joint dislocation, 
thumb CMC dislocation, and an open IIIa distal tibia 
diaphysis shaft fracture. Patient undergoes initial deb-
ridement via medial skin wound with removal of devi-
talized bone (Fig. 24.2a; Radiograph of tibia as 
splinted in ED). The fibula is plated, and the 5-cm 
defect is stabilized with an unreamed interlocked 
intramedullary nail. The wound is primarily closed 
and bone defect allografted with a Demineralized 
bone matrix putty by the index orthopaedist at 3 days 
postinjury (Fig. 24.2b; AP radiograph of distal dia-
physeal defect with IM nail and fibula bridge plate). 
The patient is refer red for bone defect management 
at approximately 8 weeks postinjury. The patient’s 
clinical exam reveals a well-healed medial skin wound 
with palpable bone defect of the distal tibia. There is 
normal sensation, normal vascular exam, and near 
normal ankle motion. The AP/LAT X-rays demon-
strate and anatomically aligned tibia and fibula with a 
persistent defect of the distal tibia which is unchanged 
from the postoperative films following initial IM fixa-
tion. The patient is taken to surgery where the defect 
is explored and cultured utilizing a new incision 

a b

Fig. 24.1 (a) Thoracic spine burst fracture of T6 with corpec-
tomy and stabilization of body with titanium mesh gauge and 
small fragment plate. Spinal cord is exposed. (b) PLA mem-
brane is fabricated to form posterior wall following corpectomy 

of T6. Mixture of autologous bone from vertebral body fracture 
and Demineralized bone matrix putty is grafted in cage as well 
as anterior to the membrane which protects cord from bone graft 
spillage into spinal canal
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lateral to the tibia crest. There is no evidence of any 
bone regeneration within the defect. Cultures are 
obtained of the fluid and soft tissues in the defect and 
are negative for bacterial growth. A PMMA-antibiotic 
spacer (Biomet Cobalt, Warsaw, IN) is fabricated about 
the nail with approximately 1 cm overlap with the host 
bone ends (Figs. 24.3 and 24.4). Implantation of 
PMMA-antibiotic spacer with Biomet Cobalt polymeth-
ylmethacrylate cement cement. At 4 weeks, the encap-
sulating membrane is incised and the antibiotic spacer 
is removed (Fig. 24.5; Removal of spacer with preser-
vation of encapsulating membrane). An intramedullary 
reaming harvest is made of the ipsilateral femur with 
the Synthes RIA (Synthes, Paoli, PA) resulting in 
approximately 40 mL of graft (Fig. 24.6; Intramedullary 
reaming from RIA). The defect is spanned with a 
polylactide meshed membrane (Synthes Orthomesh, 
Paoli, PA) and the defect cavity packed with the RIA 
auto graft (Figs. 24.7 and 24.8). Defect construct of 
IM nail, intramedullary reamings, polylactide mem-
brane. The incision is closed over a suction drain, 
sutures removed at 12 days, and non-weight bearing 
maintained for 6 weeks. Serial radiographs are 
obtained at 6 and 12 weeks with partial weight bearing 

a b
Fig. 24.2 (a) Injury film of 
open grade IIIb tibia and 
fibula fracture. (b) AP 
radiograph at 2 months 
post-op following debride-
ment of diaphyseal bone 
segment, IM nailing, and 
primary wound closure.  
No evidence of bone 
regeneration

a

b

Fig. 24.3 (a) Surgical exposure of diaphyseal defect with exposed 
IM nail and bone ends. (b) PMMA-antibiotic spacer formed 
around IM nail and overlapping cortical bone ends by 1 cm
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Fig. 24.4 AP and Lateral 
radiographs of PMMA-
antibiotic spacer implant

Fig. 24.5 PMMA-antibiotic spacer has been removed with 
reactive induced membrane lining bone defect cavity

Fig. 24.7 PLA membrane applied as a tube to span defect and 
support the medial skin and keep graft from adhering to overly-
ing Tibialis Anterior tendon

Fig. 24.6 Intramedullary bone graft harvested from ipsilateral 
femur using RIA device
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Fig. 24.8 Postoperative AP 
and Lateral radiographs of 
intramedullary RIA bone 
graft harvest and resorbable 
PLA membrane

Fig. 24.9 Radiographs at 
5-months post-bone grafting 
and membrane implantation. 
Patient is full weight bearing 
with full range of motion at 
knee, ankle, and foot
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started at post-op week 6 and full weight bearing at 
12 weeks post-autologous grafting. Patient is full 
weight bearing with normal gait and normal ankle and 
knee function at 5 months (Fig. 24.9; AP/Lateral x-ray 
of tubular bone regenerate).
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25.1  Introduction

Skin and soft tissue infections (SSTIs) span a broad 
spectrum of clinical entities from limited cellulitis or 
small abscess to rapidly progressive necrotizing fascii-
tis, which may be associated with septic shock or toxic 
shock syndrome [1–5]. Severe and complicated SSTIs 
may result in critical illness and require management in 
the intensive care unit [6]. The complex interplay of 
environment, host, and pathogen are important to con-
sider when evaluating SSTIs and planning therapy. The 
key to a successful outcome in caring for patients with 
severe SSTIs is (1) early diagnosis and differentiation of 
necrotizing vs. non-necrotizing SSTI, (2) early initiation 
of appropriate empiric broad-spectrum antimicrobial 
therapy with consideration of risk factors for specific 
pathogens, (3) “source control”, i.e., early aggressive 
surgical intervention for drainage of abscesses and deb-
ridement of necrotizing soft tissue infections, and (4) 
pathogen identification and app ropriate de-escalation of 
antimicrobial therapy (Table 25.1).

25.2  Classification of SSTIs

The US Food and Drug Administration (FDA) classi-
fies SSTIs into two broad categories for the purpose of 
clinical trials evaluating new antimicrobials for the 
treatment of SSTIs: uncomplicated and complicated 
(Table 25.2). Uncomplicated SSTIs include superficial 
infections such as cellulitis, simple abscesses, impe-
tigo, and furuncles. These infections can be treated by 
antibiotics and/or surgical incision for drainage of 
abscess alone. In contrast, complicated SSTIs include 
deep soft tissue infections that require significant sur-
gical intervention, such as infected ulcers, infected 
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burns, and major abscesses, and these patients also 
have significant underlying comorbidities, i.e., disease 
states that complicate (and usually delay) response to 
treatment. Complicated SSTIs are a significant clinical 
problem, in part related to the increasing resistance of 
infecting bacteria to our current antibiotic therapies.

Uncomplicated SSTIs are associated with low risk 
for life- or limb-threatening infection. These patients 
can be treated with empiric antibiotic therapy accord-
ing to likely pathogen and local resistance patterns.

Complicated SSTIs are associated with high risk for 
life- or limb-threatening infection. In these patients, it 
is of paramount importance to initiate appropriate and 
adequate broad-spectrum initial empiric antimicrobial 
therapy with coverage for MRSA and to consider the 
need for surgical intervention for abscess drainage or 
debridement.

Patients with complicated SSTIs require hospital-
ization for treatment. Specific circumstances that war-
rant hospitalization include the presence of tissue 

necrosis, sepsis, severe pain, altered mental status, 
immunocompromised state, and organ failure (respira-
tory, renal, and hepatic). SSTIs can lead to serious 
potentially life-threatening local and systemic compli-
cations. The infections can progress rapidly and early 
recognition and proper medical and surgical manage-
ment is the cornerstone of therapy.

25.3  Specific Types of SSTIs

25.3.1  Traumatic Wound Infections

A recent report from the Lower Extremity Assessment 
Project (LEAP), a multi-institutional prospective 
observational study of 545 patients with limb-threat-
ening lower extremity trauma with 2-year follow-up 
at eight Level-1 trauma centers, documented that 
wound infection (34%) was the most common com-
plication in the primary amputation group, and that 
nonunion (31.5%) and wound infections (23.2%) 
were the most common complications in the limb sal-
vage group. Furthermore, the late amputation group 
had the highest complication rate (68%), mostly due 
to wound infection [7]. When traumatic wound infec-
tions occur, it is recommended to initiate early empiric 
broad-spectrum antibiotic therapy to cover methicil-
lin-resistant Staphylococcus aureus (MRSA) and all 
other potential pathogens, obtain wound cultures, and 
then tailor definitive antimicrobial therapy once the 
culture results return. In addition, the wound may 
require surgical debridement to provide adequate 
source control.

25.3.2  Surgical Site Infections (SSIs)

SSIs are one of the most common SSTIs that occur in 
orthopedic and trauma care. SSIs are defined as “super-
ficial incisional” or “deep incisional” SSI based on the 
depth of the infection as defined by the Centers for 
Disease Control (CDC) and the National Healthcare 
Safety Network (NHSN) (Table 25.3).

A number of SSI prevention strategies have sig-
nificantly decreased the rate of SSIs following ortho-
pedic surgery and fracture repair in the past decade. 
The Surgical Care Improvement Project (SCIP) has 
implemented three measures for antibiotic 

1.  Early diagnosis and differentiation of necrotizing vs. 
non-necrotizing SSTI

2.  Early initiation of appropriate empiric broad-spectrum 
antimicrobial therapy with anti-MRSA coverage and 
consideration of risk factors for specific pathogens

3.  “Source control” of SSTI (i.e., early aggressive surgical 
intervention for drainage of abscesses and debridement of 
necrotizing soft tissue infections)

4.  Pathogen identification and appropriate de-escalation of 
antimicrobial therapy

Table 25.1 Steps in optimal management of patients with 
severe SSTIs

Uncomplicated Complicated

 Superficial infections • 
such as:

Deep soft tissue such as:• 

 − Simple abscesses  – Infected ulcers

 −  Impetiginous lesions  – Infected burns

 − Furuncles  – Major abscesses

 − Cellulitis  Significant underlying disease • 
state that complicates response to 
treatment

 Can be treated by • 
antibiotics or surgical 
incision alone

 Requires significant surgical int-• 
er  vention and antimicrobials

Table 25.2 Classification of SSTIs by FDA

Source: From http://www.fda.gov/ohrms/dockets/98fr/2566dft.pdf
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prophylaxis for SSI prevention: (1) antibiotic received 
within 1 h prior to surgical incision, (2) appropriate 
antibiotic selection based on surgical procedure per-
formed, and (3) antibiotic discontinued within 24 h 

after surgery completed (Table 25.4). Additional evi-
dence-based strategies for SSI prevention include the 
following: (1) appropriate hair removal (clipping, no 
shaving), (2) maintenance of normothermia intraop-
eratively and perioperatively, (3) glycemic control, 
(4) appropriate skin preparation, and (5) supplemen-
tal oxygen administration.

25.3.2.1  Microbiology of SSIs

S. aureus is the most common causative pathogen for all 
SSIs in the US data reported by the NHSN (Table 25.5), 
and an increasing percentage of these S. aureus isolates 
are methicillin-resistant (MRSA). Comparison of the 
causative pathogens for SSI in US hospitals documents 
that S. aureus increased from 22.5% (1986–2003) to 
30% (2006–2007), with MRSA now the leading  causative 
pathogen, comprising 49.2% of all isolates [10, 11]. The 
advent of community-associated MRSA (CA-MRSA) 
has impacted SSI significantly. Recent studies document 
that CA-MRSA is replacing traditional healthcare-
associated or nosocomial MRSA strains in SSI among 
inpatients [12]. CA-MRSA has emerged as a leading 

Table 25.3 CDC/NHSN classification of surgical site infections 
(SSIs)

Type of 
SSI

Definition

Superficial 
incisional

Infection occurs within 30 days after the 
operative procedure and involves only skin and 
subcutaneous tissue of the incision and patient 
has at least one of the following:

(a)  Purulent drainage from the superficial 
incision

(b)  Organisms isolated from an aseptically 
obtained culture of fluid or tissue from the 
superficial incision

(c)  At least one of the following signs or 
symptoms of infection: pain or tenderness, 
localized swelling, redness, or heat, and 
superficial incision is deliberately opened 
by surgeon and is culture positive or not 
cultured. A culture-negative finding does 
not meet this criterion

(d)  Diagnosis of superficial incisional SSI by 
the surgeon or attending physician

Deep  
incisional

Infection occurs within 30 days after the 
operative procedure if no implanta is left in place 
or within 1 year if implant is in place and the 
infection appears to be related to the operative 
procedure and involves deep soft tissues (e.g., 
fascial and muscle layers) of the incision and 
patient has at least one of the following:

(a)  Purulent drainage from the deep incision 
but not from the organ/space component of 
the surgical site

(b)  A deep incision spontaneously dehisces or is 
deliberately opened by a surgeon and is 
culture positive or not cultured when the 
patient has at least one of the following signs 
or symptoms: fever (38 C), or localized pain 
or tenderness. A culture-negative finding 
does not meet this criterion

(c)  An abscess or other evidence of infection 
involving the deep incision is found on 
direct examination, during reoperation, or by 
histopathologic or radiologic examination

(d)  Diagnosis of a deep incisional SSI by a 
surgeon or attending physician

Source: From Horan et al. [8]
aImplant: A nonhuman-derived object, material, or tissue (e.g., 
prosthetic heart valve, nonhuman vascular graft, mechanical 
heart, or hip prosthesis) that is permanently placed in a patient 
during an operative procedure and is not routinely manipulated 
for diagnostic or therapeutic purposes

Choice of antimicrobial agent
Cephalosporin (cefazolin, cefuroxime)• 
If •  b-lactam allergy, use clindamycin or vancomycin
Consider preoperative screening for MRSA colonization• 
If infected or colonized with MRSA, use vancomycin• 

Timing of administration
 Start up to 60 min before incision: cefazolin, cefuroxime, • 
clindamycin
Start up to 120 min before incision: vancomycin• 
Infusion completed 10 min before tourniquet inflation• 

Dosing
Cefazolin, 1–2 g (2 g for patient weighing >80 kg)• 
Cefuroxime, 1.5 g• 
 Vancomycin (15 mg/kg) and clindamycin (600–900 mg) • 
dosing based on patient mass
Pediatric dosing based on patient mass• 

Duration of antimicrobial use
Single preoperative dose• 
 Redose antimicrobial intraoperatively for prolonged proce-• 
dure or significant blood loss
 When using postoperative doses, discontinue within 24 h • 
after wound closure

Table 25.4 Antibiotics for SSI prevention in orthopedic 
surgery

Source: Adapted from Prokuski [9]
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cause of healthcare-associated infections among patients 
with prosthetic joint SSIs [13].

In a study of 8,302 patients readmitted to US hospi-
tals from 2003 to 2007 with culture-confirmed SSI, the 
proportion of infections caused by MRSA increased sig-
nificantly, from 16.1% to 20.6%, and these infections 
were associated with higher mortality rates, longer stays, 
and higher hospital costs [14]. In view of this important 
finding, some surgeons have advocated strongly that 
patients be screened for nasal carriage of MRSA prior to 
elective surgery, with consideration of decolonization 
prior to surgery, and modification of antimicrobial 
agents for SSI prevention on the basis of the results.

Interestingly, when evaluating the microbiology of 
SSIs related to orthopedic surgical cases, S. aureus 
comprised an even greater percentage of isolates 
(48.6%) when compared to isolates reported for SSIs 
from all surgical cases (30%) (Table 25.5). Although 
knowledge of national microbiology of SSIs related to 
specific surgical procedures is important, it is of even 
greater importance to know the microbiology of SSIs 

within your own institution, and this should help to 
guide empiric antimicrobial management for treatment 
of SSIs in your local setting. Reports of resistant Gram-
negative isolates, particularly multidrug-resistant 
Enterobacter isolates producing extended spectrum 
beta-lactamases (ESBLs), as the etiology of SSIs in 
orthopedic and trauma surgery is worrisome [15, 16]. 
This highlights the importance of pathogen identifica-
tion, i.e., obtaining material for Gram stain and cul-
ture, in the management of all SSIs.

25.3.2.2  Closed Long Bone Fractures

A recent Cochrane Database systematic review of 
patients undergoing surgery for proximal femoral and 
other closed long bone fractures (data from 8,447 par-
ticipants in 23 studies) documented that single dose 
antibiotic prophylaxis significantly reduced deep inci-
sional SSI (risk ratio 0.40, 95% CI 0.24–0.67), super-
ficial incisional SSI, urinary infections, and respiratory 
tract infections. Multiple dose antibiotic prophylaxis 
had an effect of similar size on deep incisional SSI. 
Therefore, appropriate antibiotic prophylaxis should 
be used in all patients undergoing surgical manage-
ment of hip or other closed long bone fractures [17].

25.3.2.3  Open Fractures

Antibiotics reduce the incidence of early infections in 
open fractures of the limbs, confirmed by a Cochrane 
Database systematic review of 913 participants in seven 
studies. The use of antibiotics had a protective effect 
against early infection compared with no antibiotics or 
placebo (relative risk 0.41 [95% confidence interval 
(CI) 0.27–0.63]; absolute risk reduction 0.08 (95% CI 
0.04–0.12); number needed to treat (NNT) 13 (95% CI 
8–25). There were insufficient data in the included 
studies to evaluate other outcomes [18]. The Surgical 
Infection Society evidence-based guidelines for pro-
phylactic antibiotic use in open fractures recommend 
the use of a short course of first-generation cepha-
losporins, begun as soon as possible after injury, in 
addition to modern orthopedic fracture wound manage-
ment (Table 25.6) [19]. Open fracture grade (Gustilo) 
and the degree of associated soft tissue injury are inde-
pendent determinants of infection risk. A recent single-
institution review of patients with Gustilo IIIB tibial 

Organism SSIs from all types 
of surgeries

SSIs from orthopedic 
surgeries

No. (%) of SSIs No. (%) of SSIs

Total n = 7,025 Total n = 963

Staphylococcus 
aureus

2,108 (30.0%) 548 (48.6%)

  Methicillin-
sensitive 
(MSSA)

 1,102 (50.8%)

  Methicillin-
resistant 
(MRSA)

 1,006 (49.2%)

Coagulase-
negative 
staphylococci

965 (13.7%) 173 (15.3%)

Enterococcus 
spp.

788 (11.2%) 104 (10.8%)

Escherichia coli 671 (9.6%) 34 (3.0%)

Pseudomonas 
aeruginosa

390 (5.6%) 38 (3.4%)

Enterobacter 
spp.

293 (4.2%) 37 (3.3%)

Klebsiella spp. 213 (3.0%) 19 (2.0%)

Table 25.5 Causative pathogens for surgical site infections 
(SSI) in US hospitals 2006–2007, National Healthcare Safety 
Network

Source: Adapted from Hidron et al. [10]
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fractures (n = 52) determined that nosocomial bacterial 
pathogens (Enterococci, Pseudomonas, Enterobacter, 
and MRSA) were responsible for deep tissue infec-
tions, and advocated for tailoring antimicrobial pro-
phylaxis against nosocomial organisms at the time of 
definitive wound closure [24].

25.3.3  Necrotizing Soft Tissue  
Infections (NSTIs)

NSTIs are aggressive soft tissue infections that cause 
widespread necrosis, and can include necrotizing 
 cellulitis, fasciitis, and myositis/myonecrosis [25, 26]. 
Establishing the diagnosis of NSTI can be the main 
challenge in treating patients with NSTI, and knowl-
edge of all available tools is key for early and accurate 
diagnosis [27]. There have been a number of recent 
advances in the definition, pathogenesis, diagnostic 
criteria, and treatment of necrotizing soft tissue infec-
tions [28, 29].

Patients with NSTIs require prompt aggressive sur-
gical debridement, appropriate intravenous antibiotics, 
and intensive support. Despite aggressive treatment, 
their mortality and morbidity rates remain high, with 

some series reporting mortality rates of 25–35% [30]. 
A high index of suspicion should be used in conjunc-
tion with laboratory and imaging studies to establish 
the diagnosis as rapidly as possible. Successful treat-
ment requires early, aggressive surgical debridement 
of all necrotic tissue, appropriate broad-spectrum sys-
temic antibiotic therapy, and supportive care (fluid 
resuscitation, organ and critical care support) to main-
tain oxygenation and tissue perfusion. Delayed defini-
tive debridement remains the single most important 
risk factor for death.

A recent single-institution series of 166 patients 
documented that the overall mortality rate was 16.9% 
and limb loss occurred in 26% of patients with extrem-
ity involvement [31]. Independent predictors of mortal-
ity included white blood cell count greater than 
30,000 × 103/mL, creatinine level greater than 2 mg/dL 
(176.8 mmol/L), and heart disease at hospital admis-
sion. Independent predictors of limb loss included heart 
disease and shock (systolic blood pressure <90 mm 
Hg) at hospital admission. Clostridial infection was an 
independent predictor for both limb loss (odds ratio, 
3.9 [95% confidence interval, 1.1–12.8]) and mortality 
(odds ratio, 4.1 [95% confidence interval, 1.3–12.3]) 
and was highly associated with intravenous drug use 
and a high rate of leukocytosis on hospital admission.

Table 25.6 Risk of SSTI in adult trauma patients with open extremity fractures and antimicrobial prophylaxis recommendations

Grade of open fracture Characteristics of Gustilo grade open fracture Infection rate Amputation rate

Grade I Clean wound smaller than 1 cm in diameter, simple fracture 
pattern, no skin crushing

0–2% 0%

Grade II A laceration larger than 1 cm but without significant soft  
tissue crushing, including no flaps, degloving, or contusion. 
Fracture pattern may be more complex

2–7% 0%

Grade III An open segmental fracture or a single fracture with  
extensive soft tissue injury. Also included are injuries older 
than 8 h. Type III injuries are subdivided into three types:

Grade III A Adequate soft tissue coverage of the fracture despite high 
energy trauma or extensive laceration or skin flaps

5–10% 2.5%

Grade III B Inadequate soft tissue coverage with periosteal stripping.  
Soft tissue reconstruction is necessary

10–50% 5.6%

Grade III C Any open fracture that is associated with an arterial injury  
that requires repair

25–50% 25%

Grade of open fracture Recommended Antibiotic Alternate if PCN allergy

Grade I or II Kefzol 1–2 g load then 1 g IV q8h for 48 h Clindamycin 900 mg IV q8h for 48 h

Grade III Ceftriaxone 1 g IV q24h for 48 h Clindamycin 900 mg IV q8h and 
Aztreonam 1 g IV q8h for 48 h

Sources: Hauser et al. [19], Luchette et al. [20], Okike and Bhattachyaryya [21], Holtom [22], Gustilo and Anderson [23]
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25.3.3.1  Aids to Diagnosis of NSTIs

Early operative debridement is a major determinant of 
outcome in NSTIs. However, early recognition of 
NSTIs is difficult clinically. A novel diagnostic scor-
ing system for distinguishing NSTIs from other severe 
soft tissue infections based on laboratory tests rou-
tinely performed for the evaluation of severe SSTIs is 
called the Laboratory Risk Indicator for Necrotizing 
Fasciitis (LRINEC) score (Table 25.7) [32].

The LRINEC score was initially developed in a retro-
spective observational study including 145 patients with 
necrotizing fasciitis and 309 patients with severe celluli-
tis or abscesses admitted to the two tertiary care hospi-
tals. The cutoff value for the LRINEC score was six 
points with a positive predictive value of 92.0% and neg-
ative predictive value of 96.0%. The LRINEC score is a 
robust score capable of detecting even clinically early 
cases of necrotizing fasciitis. The variables used are rou-
tinely measured to assess severe soft tissue infections. 
Patients with a LRINEC score of ³6 should be carefully 
evaluated for the presence of necrotizing fasciitis.

Since the initial development of the LRINEC score, 
a number of other cohort studies have validated its util-
ity in the diagnosis of NSTIs [33]. A recent multicenter 
study in 229 patients with NSTIs from 2002 to 2005 
reported an overall mortality rate of 15.8% and ampu-
tation rate of 26.3%. This study also documented that 
a LRINEC score ³6 was associated with a higher rate 
of both mortality and amputation [34].

25.3.3.2  Diagnostic Imaging in NSTIs

A high clinical index of suspicion is required if the 
diagnosis is to be made sufficiently early for successful 
treatment. NSTIs necessitate prompt aggressive surgi-
cal debridement for satisfactory treatment in addition 
to antimicrobial therapy. It is critical to remember that 
because of the rapidly progressive and potentially fatal 
outcome of this condition, if imaging cannot be per-
formed expeditiously, delaying treatment is not justi-
fied. Plain film findings may reveal extensive soft tissue 
gas. CT examination can reveal asymmetric thickening 
of deep fascia in association with gas, and associated 
abscesses may also be present. MR imaging can also 
assist in the diagnosis of NSTIs [35]. MR imaging has 
been documented to effectively differentiate between 
necrotizing and non-necrotizing infections of the lower 
extremity, but should not delay prompt surgical inter-
vention in NSTIs management [36].

25.3.3.3  Microbiology of NSTIs

Necrotizing fasciitis and myonecrosis are typically 
caused by infection with Group A Streptococcus, 
Clostridium perfringens, or, most commonly, aerobic 
and anaerobic organisms as part of a polymicrobial 
infection that may include S. aureus. In case series, 
CA-MRSA has recently been described as a predomi-
nantly monomicrobial cause of necrotizing fasciitis [37, 
38]. A retrospective review of patients presenting with 
necrotizing fasciitis between 2000 and 2006 indicated 
that MRSA was the most common pathogen, account-
ing for one-third of the organisms isolated [39].

NSTIs have been classified into two types, either 
polymicrobial (Type I) or monomicrobial (Type II). 
Polymicrobial infections are more common, due to 
both aerobic and anaerobic organisms, and commonly 
occur in the trunk and perineum. NSTIs that are 

Variable, units Score

C-reactive protein, mg/L
<150 0
³150 4

Total white cell count, per mm3

<15 0
15–25 1
>25 2

Hemoglobin, g/dL
>13.5 0
11–13.5 1
<11 2

Sodium, mmol/L
³135 0
<135 2

Creatinine, mmol/L
£141 0
>141 2

Glucose, mmol/L
£10 0
>10 1

Table 25.7 The laboratory risk indicator for necrotizing fasciitis 
(LRINEC) score

The maximum score is 13; a score ³6 should raise the suspicion 
of necrotizing fasciitis and a score of ³8 is strongly predictive of 
this disease
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monomicrobial in origin commonly occur in the limbs 
and are typically caused by infection with Group A 
Streptococcus, C. perfringens, or S. aureus. NSTIs are 
categorized into these two specific types based on the 
microbiologic etiology of the infection, and this clas-
sification does impact on the specific antimicrobial 
agents required for treatment of these NSTIs.

Type 1 or polymicrobial• 

Type 2 or monomicrobial• 

Increasingly, MRSA has been identified as the caus-
ative microbe in NSTIs, but a separate category for this 
NSTI does not currently exist [40–44]. Given this find-
ing, anti-MRSA empiric antimicrobial therapy should 
be initiated in all patients with NSTIs and pathogen-
directed antimicrobial therapy considered once tissue 
culture results are available.

Uncommon microbiologic causes of NSTIs and pri-
mary sepsis include Vibrio and Aeromonas spp., viru-
lent Gram-negative bacteria, and members of the 
Vibrionaceae family that thrive in aquatic environments 
[45]. These NSTIs are likely to occur in patients with 
hepatic disease, diabetes, and immunocompromised 
conditions [46]. These organisms are found in warm sea 
waters and are often present in raw oysters, shellfish, 
and other seafood. The diagnosis of Vibrio NSTIs should 
be suspected when a patient has the appropriate clinical 
findings and a history of contact with seawater or raw 
seafood [47]. Early fasciotomy and culture-directed 
antimicrobial therapy should be aggressively performed 
in those patients with hypotensive shock, leukopenia, 
severe hypoalbuminemia, and underlying chronic ill-
ness, especially a combination of hepatic dysfunction 
and diabetes mellitus. The rate of amputation and mor-
tality is very high in these patients, and early definitive 
management is of paramount importance [48–50].

25.3.4  Pyomyositis

Myositis is a rare infection that may lead to serious and 
potentially life-threatening local and systemic compli-
cations [51]. The infection can progress rapidly, and 
early recognition and proper medical and surgical 
management is therefore the cornerstone of therapy. 
With the increasing prevalence of community-associ-
ated MRSA as a pathogen in severe SSTIs, pyomyosi-
tis is more common than in past years. Myositis often 

occurs in muscle sites that have been compromised by 
injury, ischemia, malignancy, or surgery. The predomi-
nant pathogens are S. aureus, Group A streptococci 
(GAS), Gram-negative aerobic and facultative bacilli, 
and the indigenous aerobic and anaerobic cutaneous 
and mucous membranes local microflora.

CT scan imaging is a rapid and sensitive diagnostic 
test and commonly demonstrates diffuse enlargement 
of the involved muscle and may demonstrate the 
 presence of fluid or gas collections within the muscle 
 suggesting the presence of abscesses. MRI is more 
sensitive in showing early inflammatory changes  
prior to development of abscesses in myositis [52]. 
Emergency surgical exploration is warranted in order 
to define the nature of the infective process that is 
accomplished by direct examination of the involved 
muscles. Surgical intervention is required to perform 
appropriate abscess drainage and debridement and to 
also evaluate for necrotizing myositis. Fasciotomies 
and extremity amputation are sometimes necessary.

25.3.5  Osteomyelitis

Bone and joint infections are challenging to diagnose 
and treat [53]. The key to successful management is 
early diagnosis. This requires bone sampling for 
microbiological and pathological examination to allow 
targeted appropriate antimicrobial therapy. There are 
three types of acute osteomyelitis (in order of decreas-
ing frequency):

1. Osteomyelitis secondary to a contiguous focus of 
infection (after trauma, surgery, or insertion of a 
joint prosthesis)

2. Osteomyelitis secondary to vascular insufficiency 
(in diabetic foot infections or peripheral vascular 
disease)

3. Osteomyelitis secondary to hematogenous origin

The rate of osteomyelitis following severe limb-threat-
ening lower extremity trauma reported in the LEAP 
study was 9.4% in the total study cohort of 330 patients. 
The rates of osteomyelitis ranged from 3.1% in the pri-
mary amputation group to the highest rate of 27.3% in 
patients with Grade IIIC tibia fracture [54].

Acute osteomyelitis is treated with antibiotics and 
careful assessment of any associated wound to deter-
mine if the soft tissue and wound require infection 
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source control by surgical debridement. In contrast, 
chronic osteomyelitis is associated with avascular 
necrosis of bone and formation of sequestrum (dead 
bone), and surgical debridement is necessary for cure 
in addition to antimicrobial therapy.

25.3.5.1  Microbiology of Osteomyelitis

The most common pathogenic microorganism in any 
type of osteomyelitis is S. aureus, either susceptible 
(MSSA) or resistant (MRSA) to methicillin and coag-
ulase-negative staphylococci are common in foreign-
body-associated osteomyelitis. The ability of S. aureus 
to adhere is thought to be crucial for the early coloni-
zation of host tissues and implanted biomaterials.

25.3.6  Four Important Steps  
in SSTI Treatment

25.3.6.1   Early diagnosis and differentiation of 
necrotizing versus non-necrotizing SSTI

A classification for SSTIs that is commonly used is the 
differentiation of necrotizing soft tissue infections 
(NSTIs) from non-necrotizing infections. This differen-
tiation is critical since necrotizing infections warrant 
prompt aggressive surgical debridement. Clinical clues 
to the diagnosis of NSTIs are listed in Table 25.8. The 
differentiation of necrotizing infections from non-necro-
tizing infections is critical to achieving adequate surgical 
therapy [55]. A clear approach to these infections must 

allow rapid identification and treatment of NSTIs because 
they are limb-threatening and life-threatening.

When clinical “hard clinical signs” (bullae, crepitus, 
gas on x-ray, hypotension with SBP <90 mm Hg, or skin 
necrosis) of NSTI are present, establishing the diagnosis 
of NSTI is not difficult. However, hard signs of NSTIs 
are often absent on presentation, thus potentially delay-
ing diagnosis and surgical intervention. Studies have 
documented that less than 50% of patients with a defini-
tive diagnosis of NSTI presented with “hard clinical 
signs” of NSTI [56]. Admission white blood cell count 
>15,400 × 109/L and/or serum sodium <135 mEq/L was 
documented to help differentiate NSTI from non-NSTI 
and aided in early diagnosis [57, 58]. The Laboratory Risk 
Indicator for Necrotizing Fasciitis (LRINEC) score is 
also helpful as a laboratory aid in distinguishing necro-
tizing from non-necrotizing SSTIs (see Sect. 25.3.3).

If there is any question regarding the possible diag-
nosis of an NSTI, it is imperative to proceed with sur-
gical intervention and to be certain that the surgical 
incision is continued down to the fascial and muscle 
level to make a definitive diagnosis.

25.3.6.2  Early initiation of appropriate empiric 
broad-spectrum antimicrobial therapy 
with anti-MRSA coverage  
and consideration of risk factors  
for specific pathogens

Antimicrobial therapy is an essential element in  
the management of severe SSTIs. As in all serious  
life-threatening infections, it is important to initiate 
early and appropriate empiric antimicrobial therapy. It 
is well established that prompt appropriate treatment 
of hospitalized infections reduces mortality [59]. 
Similar findings were reported in studies of patients with 
ventilator-associated pneumonia [60] and sepsis [61]. 
A study of ICU patients found that the higher mortality 
rate associated with inappropriate initial therapy is still 
observed when antibiotics are switched from an inap-
propriate to an appropriate treatment [62].

Furthermore, appropriate and timely antibiotic ther-
apy improves treatment outcomes for SSTIs caused by 
methicillin-resistant S. aureus (MRSA) [63]. In a study 
of 492 patients with community-onset MRSA SSTIs, 
95% of episodes treated with an active antibiotic within 
48 h were treated successfully, compared with an 87% 
rate of successful treatment in patients who did not 
receive an active antibiotic (p = 0.001). In logistic 

Skin 
findings

Erythema
Tense edema
Gray or discolored wound drainage
Vesicles or bullae
Skin necrosis
Ulcers
Crepitus

Systemic 
features

Severe pain out of proportion to physical findings
Pain that extends past margin of apparent skin 
infection
Fever
Tachycardia, tachypnea
Diaphoresis
Delirium

Table 25.8 Clinical clues to the diagnosis of necrotizing soft 
tissue infections
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regression analysis, failure to initiate active antimicro-
bial therapy within 48 h of presentation was the only 
independent predictor of treatment failure (adjusted 
OR, 2.80; 95% CI, 1.26–6.22; p = 0.011). Similarly, in 
a study of patients admitted to the hospital with MRSA 
sterile-site infection, multivariate analysis found inap-
propriate antimicrobial treatment to be an independent 
risk factor for hospital mortality (adjusted OR, 1.92; 
95% CI, 1.48–2.50; p = 0.013) [64].

An empiric treatment algorithm for SSTI directed 
against CA-MRSA in the emergency department that 
promotes both the use of antibiotics likely active 
against CA-MRSA and early incision and drainage of 
abscesses was examined. Clinical failure occurred in 
only 3% of cases treated according to the algorithm, 
compared with 62% of those not treated according to 
the algorithm (p < 0.001). Furthermore, among cases 
that underwent immediate incision and drainage, ini-
tial treatment with antibiotics active in vitro against the 
MRSA isolate was associated with a decreased clinical 
failure rate when compared to those treated with inac-
tive antibiotics 0% vs. 67%, (p < 0.001) [65].

Empiric antibiotic therapy should be initiated in all 
patients with cSSTIs. Intravenous broad-spectrum 
antimicrobial therapy should be initiated when an 
infection is severe or progresses rapidly, when there 
are signs of systemic illness, when the patient has 
comorbidities or is immunosuppressed, for very old or 
young patients, when an abscess cannot be completely 
drained, and when the infection does not respond to 
incision and drainage [66].

Timely initiation of antimicrobial therapy is also 
important in the treatment of severe SSTIs, particularly 
if associated with septic shock. In a study of 2,731 
adult patients with septic shock, a strong relationship 
between the delay in effective antimicrobial initiation 
and in-hospital mortality was noted (adjusted odds 
ratio 1.119 [per hour delay], 95% confidence interval 
1.103–1.136, p < 0.0001) [67]. Administration of an 
antimicrobial effective for isolated or suspected patho-
gens within the first hour of documented hypotension 
was associated with a survival rate of 79.9%. Each 
hour of delay in antimicrobial administration over the 
ensuing 6 h was associated with an average decrease in 
survival of 7.6%. By the second hour after onset of 
persistent/recurrent hypotension, in-hospital mortality 
rate was significantly increased relative to receiving 
therapy within the first hour (odds ratio 1.67; 95% con-
fidence interval, 1.12–2.48). In multivariate analysis 
(including Acute Physiology and Chronic Health 

Evaluation II score and therapeutic variables), time to 
initiation of effective antimicrobial therapy was the 
single strongest predictor of outcome. Interestingly, 
only 50% of septic shock patients received effective 
antimicrobial therapy within 6 h of documented 
hypotension.

25.3.7  Epidemiology and Microbiology  
of SSTIs

An understanding of the changing epidemiology and 
microbiology of all SSTIs is required for diagnosis and 
selection of appropriate empiric antibiotic therapy. 
Staphylococci and streptococci have long been the 
leading microbiologic causes of cSSTIs [68]. In recent 
years, however, S. aureus has emerged as the most com-
mon cause of SSTIs. In addition to Group A strepto-
cocci and S. aureus, the indigenous aerobic and 
anaerobic cutaneous and mucous membranes local 
microflora usually is responsible for polymicrobial 
infections, such as NSTIs and diabetic foot infections. 
Severe SSTIs can also be due to Clostridium spp., 
microorganisms associated with water sources (Vibrio 
spp., Aeromonas), and polymicrobial/mixed infections.

Community-associated MRSA (CA-MRSA) infec-
tions have risen rapidly in the last decade, and SSTIs are 
the predominant site of infection, accounting for 74% of 
all CA-MRSA infections in one study [69]. A 15-year 
study of the changing epidemiology of MRSA infections 
from military medical facilities in San Diego from 1990 
to 2004 documented that 65% of MRSA infections were 
community-acquired, with SSTIs as the major site of 
infection in 95% of cases [70].

MRSA was the most common identifiable cause of 
SSTI presenting to EDs in a recent prospective multi-
center US study. S. aureus was isolated from 320 
(76%) of 422 patients with SSTI. The prevalence of 
MRSA was 59% overall and ranged from 15% to 74% 
by ED. Pulse-field type USA300 accounted for 97% of 
MRSA isolates; 72% of these were a single indistin-
guishable strain (USA300-0114). SCCmec type IV 
and the Panton-Valentine leukocidin toxin gene were 
each detected in 98% of MRSA isolates. Among meth-
icillin-susceptible S. aureus isolates, 31% were 
USA300 and 42% contained PVL genes [71]. The 
spectrum of skin infections caused by CA-MRSA is 
wide and can range from simple cutaneous abscesses 
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to large abscesses, severe pyomyositis, and fulminant 
necrotizing soft tissue infections [41, 72, 73].

MRSA has also been identified as the most common 
cause of severe SSTIs requiring surgical drainage and 
debridement in a single-center 7-year study from 
Houston [74]. From 2000 to 2006, 288 patients with 
SSTIs that required operative debridement were identi-
fied. The most common microorganism retrieved from 
intraoperative cultures was S. aureus, 70% of which 
were MRSA. Streptococcus spp. accounted only for 
15% of microbes isolated. Monomicrobial etiology was 
identified in 67% of patients and MRSA was also the 
predominant microbe isolated from such cultures (68%). 
The frequency of MRSA isolates increased significantly 
during the study from 34% in the year 2000 to 77% in 
the year 2006, p < 0.001, (Fig. 25.1). Interestingly, the 
examination of vancomycin MIC demonstrated a shift 
for MRSA isolates over this time period, with 38% of 
the isolates having an MIC ³ 1 mg/mL, with 31% of iso-
lates with MIC = 2 mg/mL. This is concerning given 
recent reports documenting high treatment failure rates 
for MRSA infections with increased MIC [75, 76].

In a study of 12,506 patients with culture-proven 
skin, soft tissue, bone or joint infection in hospitalized 
patients, S. aureus caused infection in 54.6% of patients 
and 28.0% of the S. aureus isolates recovered were 
methicillin-resistant. Healthcare-associated infections 
and complicated SSTIs were associated with signifi-
cantly higher mortality rates, longer and more costly 
length of hospital stay [77].

Based on this change in microbiologic etiology of 
SSTIs, all patients who present with or develop severe 
cSSTIs should be treated with broad-spectrum antimi-
crobial therapy, including mandatory coverage for 
MRSA. Patients who present to the hospital with severe 
infection or infection progressing despite antibiotic 
therapy should be treated aggressively. In these cases, if 
S. aureus is cultured, the clinician should assume the 

organism may be resistant and should treat with agents 
effective against MRSA, such as vancomycin, linezolid, 
or daptomycin [78]. Although risk factors for MRSA 
SSTIs have been identified, in patients with severe 
SSTIs one should not rely solely on the use of risk fac-
tors for MRSA in the decision making regarding whether 
empiric anti-MRSA antimicrobials should be used.

Choice of empiric antimicrobial therapy for SSTIs 
is guided by a number of factors. For patients with 
severe SSTIs that are surgical site infections, it is 
important to choose an empiric antimicrobial agent 
that is different from the class of antibiotics that was 
used for surgical site infection prophylaxis at the time 
of the initial surgery. In the case of surgical site infec-
tion (SSI), the type and site of operation dictate which 
pathogens are suspected. Infections following opera-
tions in the gastrointestinal or genitourinary tract may 
be monomicrobial or mixed, and may be caused by 
Gram-positive or Gram-negative bacteria. In contrast, 
infections following clean operations in other parts of 
the body are typically caused by Gram-positive patho-
gens. Immunocompromised or neutropenic patients 
are, of course, at increased risk of infection and are 
less able to control local infection and therefore should 
be treated with empiric, broad-spectrum antibiotics at 
the first clinical signs of infection, including fever.

It is important to provide anti-MRSA coverage in 
the empiric regimen of all patients with severe SSTIs. 
Four anti-MRSA antimicrobials are approved by the 
FDA (vancomycin, linezolid, daptomycin, tigecycline) 
and a number of new anti-MRSA antimicrobials are in 
development. A comprehensive review of SSTI anti-
microbial studies has recently been published [79].

When selecting empiric antimicrobials for treatment 
of severe cSSTIs, selection of specific antimicrobials 
that inhibit toxin production may be helpful, particularly 
in those patients with evidence of toxic shock syndrome. 
This is commonly present in patients with streptococcal 
and staphylococcal infections. Protein cytotoxins play 
an important role in the pathogenesis of a variety of 
staphylococcal infections, and toxin production should 
be considered when selecting an antimicrobial agent for 
Gram-positive pathogens [80]. The recent identification 
of a class of secreted staphylococcal peptides (phenol-
soluble modulin (PSM) peptides) document that they 
have a remarkable ability to recruit, activate, and lyse 
human neutrophils, thus eliminating the main cellular 
defense against MRSA infection [81]. The b-lactams 
actually enhance toxin production. In contrast, both 
clindamycin and linezolid have the ability to inhibit 
toxin production by suppression of translation, but not 
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Fig. 25.1 Incidence of MRSA isolated from patients presenting 
with SSTI and requiring surgical intervention over 7 years 
(2000–2006) (From Hidayat et al. [74])
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transcription, of toxin genes for S. aureus and by direct 
inhibition of synthesis of group A streptococcal toxins. 
Particularly when patients exhibit signs and symptoms 
of streptococcal toxic shock syndrome (shock, coagul-
opathy, organ failure, and NSTI), anti-toxin antimicro-
bials should be promptly initiated [82].

 25.3.7.1  “Source control”: early aggressive 
surgical intervention for drainage of 
abscesses and debridement of 
necrotizing soft tissue infections

“Source control” includes drainage of infected fluids, 
debridement of infected soft tissues, removal of 

infected devices or foreign bodies, and finally, definite 
measures to correct anatomic derangement resulting in 
ongoing microbial contamination and to restore opti-
mal function [83]. Source control represents a key 
component of success in the therapy of sepsis, since it 
is the best method of prompt reduction of the bacterial 
inoculum at the site of infection. Source control has 
been best identified as an important therapeutic strat-
egy in the treatment of complicated abdominal infec-
tions [84], but is of paramount importance in the 
treatment of cSSTIs as well. Appropriate and timely 
source control is mandatory in the treatment of severe 
SSTIs, particularly in the case of NSTIs. This is 
depicted as the main pillar of the “Treatment Triangle” 
of SSTIs in Fig. 25.2.

25Grayson ML. N Engl J Med. 2006;355:724–727.

Surgical Drainage and Debulking

• Incision and drainage of abscesses

• Removal of prosthetic material (if possible)

Antibiotic Therapy

• MSSA:
antistaphylococcal penicillin, 1-CEF

• Community-associated MRSA:
TMP-SMX, clindamycin, doxycycline

• Health care-associated MRSA:
vancomycin, linezolid, daptomycin, 
rifampin plus fusidic acid

Wound Culture

• Community-associated MRSA:
consider TMP-SMX, tetracycline,
erythromycin, clindamycin, vancomycin

• Health care-associated MRSA:
consider vancomycin, rifampin,
linezolid, (and possibly daptomycin,
quinupristin-dalfopristin, fusidic acid)

Prevention of Transmission

• Improved hand hygiene

• Cleaning of shared equipment
between uses 

• Separation of infected patients;
avoidance of overcrowding

• Selective decolonization

Fig. 25.2 Treatment triangle for Staphylococcus aureus infec-
tion. The three components of the treatment of presumed S. 
aureus infection include surgical drainage and debridement, 
obtaining a wound culture, and initiation of appropriate empiric 
antimicrobial therapy. If MRSA SSTI is confirmed, it is criti-
cally important to utilize all methods to prevent microbial trans-
mission, including hand hygiene. For wound cultures that are 
positive for community-associated MRSA (usually not a multi-
drug-resistant phenotype), in vitro susceptibility to trimethop-
rim–sulfamethoxazole (TMP-SMX), tetracycline, erythromycin, 
clindamycin, and vancomycin should be assessed. If the isolate 
is resistant to erythromycin but susceptible to clindamycin, the 
clindamycin D-zone test should be performed if clindamycin 
therapy is being considered. For wound cultures that are positive 

for healthcare-associated MRSA (usually a multidrug-resistant 
phenotype), in vitro susceptibility to vancomycin, rifampin, and 
linezolid should be assessed. Assessment of susceptibility to 
daptomycin and quinupristin–dalfopristin is not necessary 
unless therapy with these agents is being considered. Susce-
ptibility to fusidic acid may be assessed in countries where this 
agent is available. Empirical antibiotic therapy should be 
reviewed once susceptibility data are known. For methicillin-
susceptible S. aureus (MSSA), antistaphylococcal penicillin or a 
first-generation cephalosporin (1-CEF) may be suitable. For 
community-associated MRSA, TMP-SMX, clindamycin, or tet-
racycline may be suitable. For healthcare-associated MRSA, 
vancomycin, linezolid, daptomycin, or rifampin plus fusidic 
acid may be suitable (Adapted from Grayson [85])
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25.3.7.2  Pathogen identification and 
appropriate de-escalation of 
antimicrobial therapy

Given the increasing prevalence of multidrug-resistant 
pathogens as the etiology of severe SSTIs, pathogen 
identification is of paramount importance. All patients 
with severe SSTIs should have blood cultures obtained 
on admission, prior to initiation of empiric antimicro-
bial therapy if possible. In addition, cultures should be 
obtained directly from the SSTI site, either abscess 
fluid when incision and drainage is performed or tissue 
sample in the case of NSTIs when surgical debride-
ment is performed.

Initial management of cSSTIs should include col-
lection of specimens for culture and antimicrobial 
susceptibility testing from all patients with abscesses 
or purulent lesions. Culture and susceptibility find-
ings are useful both for individual patient manage-
ment and in monitoring local patterns of antimicrobial 
resistance. It has been documented that physicians 
and other healthcare workers cannot accurately pre-
dict if a SSTI is due to MRSA. A prospective obser-
vational study conducted in an urban tertiary 
academic center in emergency department patients 
presenting with purulent wounds and abscesses that 
received wound culture (n = 176) documented that 
physician suspicion of MRSA had a sensitivity of 
80% (95% CI 71–87%) and a specificity of 23.6% 
(95% CI 14–37%) for the presence of MRSA on 
wound culture with a positive likelihood ratio (LR) 
of 1.0 (95% CI 0.9–1.3) and a negative LR of 0.8 
(95% CI 0.5–1.3). Prevalence was 64%. Emergency 
physician’s suspicion of MRSA infection was a poor 
predictor of MRSA infection [86].

It is important to de-escalate antimicrobial therapy 
in the treatment of severe SSTIs once culture results 
return. Pathogen-directed antimicrobial therapy is 
then initiated, with de-escalation from the initial 
broad-spectrum empiric antimicrobial regimen, with 
an attempt to decrease to monotherapy if at all possi-
ble. De-escalation of antimicrobial therapy should 
occur as early as possible, but is only possible if appro-
priate microbiologic specimens are obtained at the 
time of SSTI source control. De-escalation is founded 
on identification of the pathogen and its antibiotic 
susceptibilities.

25.4  Conclusion

SSTIs are associated with significant morbidity and 
mortality, and it is important to differentiate necrotiz-
ing vs. non-necrotizing SSTIs early in the course  
of treatment. MRSA is the most common cause of 
purulent cSSTIs. All patients who present with com-
plicated SSTIs should be treated with broad-spectrum 
antimicrobial therapy, including mandatory coverage 
for MRSA. Source control, including abscess drain-
age and surgical debridement, is the mainstay of ther-
apy in severe cSSTIs. It is of paramount importance 
to obtain specimens for culture and antimicrobial sus-
ceptibilities given the high prevalence of MRSA as a 
causative pathogen in cSSTIs. Empiric broad-spec-
trum antimicrobial therapy should be de-escalated to 
narrower-spectrum agents based on culture pathogen 
identification and the patient’s clinical response.
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26.1  Introduction

Osteomyelitis is a complicated problem characterized 
by progressive inflammatory destruction and new appo-
sition of bone [1]. Treatment of osteomyelitis of the 
lower extremity presents one of the most difficult chal-
lenges for the reconstructive surgeon [2]. The mainstay 
of treatment for chronic osteomyelitis is surgery. 
However, until recently, the disease was particularly 
frustrating for both the patient and surgeon because of 
its persistence despite multiple surgical interventions 
and prolonged antibiotic regimens [1, 3, 4]. Although 
osteomyelitis in the adult may have a hematogenous 
source typically as the result of intravenous drug use, 
the more common causes of osteomyelitis are trauma, 
vascular insufficiency, diabetes, and surgical wound 
infection [1, 5, 6]. Usually, patients that develop 
chronic osteomyelitis experience acute infections early 
after injury. Prolonged infections are often caused by a 
delay in diagnosis or inadequate treatment. There are 
systemic and local factors that increase the susceptibil-
ity of infection. To describe the physiologic status that 
is associated with risk of infection, people are classi-
fied as type A, B, or C hosts [5, 6]. The differentiation 
is based on the presence of local and systemic host fac-
tors, which play a major role in the outcome of the 
interaction between the microorganisms and the host:

Type A host: Strong systemic defense, a high level 
of local vascularity, and a normal physiologic response 
to infection and surgery.

Type B host: Systemic, local, or combined deficiency 
in wound healing and infection response. Systemic host 
factors, such as end-stage renal disease, malignancy, 
diabetes mellitus, alcoholism, malnutrition, rheumato-
logic diseases, HIV infection, or immunosuppressive 
therapy, may reduce the ability of the immune system 
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to have an effective response to microorganisms. Local 
host deficiency may be caused by arterial disease, 
venous stasis, post radiation, scarring of soft tissue, or 
smoking, all of which reduce vascularity. The original 
trauma with severe soft tissue injury and subsequent 
surgery frequently result in avascular bone fragments 
and more damage to the soft tissue envelope. Timing of 
surgery and type of operative fixation should be care-
fully considered.

Type C host: The local and systemic factors are so 
severe that the anticipated morbidity of treatment 
exceeds that of the disease itself.

26.2  Classification and Diagnosis

26.2.1  Classification

A detailed assessment of the patient’s condition and 
judicious choice of medical or surgical treatment are 
predetermined by a clinical staging system based on 
four factors: site of infection, extent of necrosis, host 
condition, and patient disability. The Cierny–Mader 
classification describes the extent of bone involvement 
as I (medullary), II (superficial), III (localized, <5 cm), 
and IV (intercalary defect >5 cm). This classification 
also delineates the physiological class of the patient as 
an A host (uncompromised), BL host (soft tissue, com-
promised locally), BS host (systemic, compromised 
host), BL/BS host (local and systemic compromise), 
and C host (high treatment morbidity, poor prognosis) 
[5]. It is of paramount importance to recognize and 
record the clinical stage of patients with chronic osteo-
myelitis before treatment.

The Cierny–Mader classification differentiates four 
different categories of osteomyelitis according to the 
anatomic localization (REF). (Table 26.1)

26.2.2  Clinical Assessment

Osteomyelitis is diagnosed by history, physical exami-
nation, imaging, and laboratory tests. Clinical diagnosis 
of an acute osseous infection is based on the symptoms 
of local swelling, tenderness, purulent discharge, and 

erythematic change over the fracture site or surgical 
wound. Physical signs persisting for more than 10 days 
correlate with the development of necrotic bone and 
osteomyelitis [1, 4]. Chronic osteomyelitis is defined as 
a bone infection persisting for over 6 months confirmed 
by histological, bacteriological, and radiographic anal-
yses [7, 8]. The patient may present with varying 
degrees of pain, including those who are pain-free. 
There are also various degrees of local swelling and 
erythema. Some present with chronic ulcerations and 
sinus drainage. Soft tissue defects with surrounding 
scar adhesion indicate poor vascularity. This may be a 
result of infection, scar tissue formation by multiple 
surgical procedures, or by the initial soft tissue injury. 
In cases of foul-smelling discharge and long-term sinus 
drainage, malignancy should be ruled out. Fever and 
sepsis are uncommon in chronic osteomyelitis, likely 
because of inadequate soft tissue perfusion. Osseous 
deformity and malunion/nonunion represent common 
complications.

26.2.3  Laboratory Examination  
and Bacterial Culture

With chronic osteomyelitis, the white blood cell count 
is most often normal. Erythrocyte sedimentation rate 
and C-reactive protein levels may be elevated. If these 
are inconclusive, other diagnostic tests are performed 
to confirm the diagnosis.

Identification of the causative microorganisms is 
paramount for successful diagnosis, treatment, and 
prognosis. The definitive diagnosis can be achieved by 
identification of the organism by culture. However, at 
times, no specific organism is identified. Antibiotic 
treatment may preclude the growth of pathogens. 

 Type I: Medullary osteomyelitis involving the intramedul-• 
lary surface.

 Type II: Superficial osteomyelitis involving the periosteal • 
surface. It is caused by infection when the bone surface is 
exposed and represents an early stage.

 Type III: Localized osteomyelitis involves full thickness of • 
bone cortex and extends into the medullary canal.

 Type IV: Diffuse osteomyelitis characterized by circumferen-• 
tial involvement that causes bony destruction and instability.

Table 26.1 Classification of chronic osteomyelitis
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Cultures from the wound discharge are not adequate to 
determine the organism because contamination is fre-
quent. Culture from ulcers or fistula swabs can often 
be misleading [6, 9]. Surgical sampling or needle 
biopsy of the infected tissue provides indispensable 
information. Intraoperative specimens should include 
sinus tract excision, discharge fluid, and soft tissue and 
bone tissue. All these should be sent separately for 
cultures.

26.2.4  Imaging Studies

Conventional radiography is necessary for both diag-
nosis of osseous infections and bone defects, as well as 
for follow-up. Plain radiographs can provide informa-
tion about bony structure and quality. Bone resorption 
with periosteal and endosteal new bone formation 
indicates an inflammatory process. In long standing 
cases, a sequestrum and involucrum may be visual-
ized. Both computed tomography (CT) and magnetic 
resonance imaging (MRI) provide excellent resolution 
of the periosteum.

For questionable cases, a CT scan provides a 
detailed analysis of bony structures for proper preop-
erative planning. For those with surgical implants, the 
evaluation of stability is necessary to decide whether it 
has to be retained or can be removed. MRI is a highly 
sensitive tool for diagnosing osteomyelitis. It can pro-
vide anatomical details required for differentiation 
between bone and soft tissue demarcation of infection. 
The usage of MRI is limited by the presence of 
implants, which cause artifacts and clouds the inter-
pretation of the infected area. In these cases, scinti-
graphic assessment may be helpful, especially when a 
leukocyte scan is used. Nuclear imaging using various 
agents, such as Tc99m methylene diphosphonate or 
gallium citrate Ga 67, is highly sensitive for the early 
detection of osteomyelitis [10].

26.3  Etiology and Pathogens

Osteomyelitis usually develops after complex lower 
extremity injuries, and is associated with open frac-
tures with severe soft tissue destruction [3, 7]. The 

development of osteomyelitis following open fractures 
may occur as the result of an initial massive bacterial 
contamination, devascularization, or delay in achiev-
ing a stable, closed wound [11, 12]. Chronic osteomy-
elitis develops inflammatory foci, which are surrounded 
by sclerotic bone with poor blood supply. This is cov-
ered by a thick, relatively avascular periosteum and 
scarred muscle and subcutaneous tissue [6]. Antibiotics 
reach such infected tissue mainly through diffusion, 
and sensitive organisms may survive and become 
active again after the therapy is discontinued. Secondary 
infection by organisms that are more resistant to anti-
biotics than the primary infecting agents is common 
[13]. This evolving pathogenesis in chronic osteomy-
elitis may account for the therapeutic failures often 
seen despite the extensive array of antibiotics currently 
available.

Staphylococcus aureus, a very common organism, 
may adhere to bone by expressing receptors for  
components of the bone matrix. Additionally, the 
expression of collagen-binding proteins permits the 
attachment of the pathogen to cartilage [1, 14]. 
Staphylococcus aureus internalized by cultured osteo-
blasts can survive intracellularly [15]. The intracellular 
survival of bacteria may explain the persistence of 
bone infection. Once Staphylococcus aureus adheres 
to bone, phenotypic resistance to antibiotic treatment 
is expressed, which may also explain the high failure 
rate of short courses of therapy [1, 16].

In the presence of infection, cytokines (e.g., 
interleukin-1, interleukin-11, and tumor necrosis 
factor) generated locally by inflammatory and bone 
cells are potent osteolytic factors. Therefore, it is 
common to observe bone loss in osteomyelitis. 
Furthermore, phagocytes attempt to contain the 
invading microorganisms, and in the process, gener-
ate toxic oxygen radicals and release proteolytic 
enzymes that lyse surrounding tissues. Several com-
ponents act directly or indirectly as bone-modulat-
ing factors during bacterial-induced bone destruction 
[17]. The ischemic necrosis of bone may also be due 
to purulent material spreading into vascular chan-
nels, raising the intraosseous pressure, and impair-
ing blood flow. Thus, neutrophil infiltration and 
blood vessel thrombosis are the principal histologi-
cal findings in acute osteomyelitis, while necrotic 
bone without viable osteocytes can be recognized in 
the chronic form [6].
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26.4  The Effect of Implant Design and 
Surface Topography on Infections 
Associated with Fracture Fixation 
Devices

The design of a fracture fixation device, the material of 
which it is composed, as well as the surface topogra-
phy of the device can all influence the susceptibility to 
infection [31].

The most significant advancement with respect to 
resistance to infection of internal fixation devices has 
come from the development of the limited contact 
internal fixation plates [44]. Prior to the development 
of limited contact devices, the dynamic compression 
plates (DCPs) that were commonly used provided fixa-
tion by compression of bone fragments across the frac-
ture gap and between the plate and the underlying bone 
across a large footprint. This results in compression-
induced restriction of blood flow through the perios-
teum. As the design of the internal fixation plate 
developed, the compression plate was succeeded by 
the limited contact dynamic compression plate 
(LCDCP), point contact fixator (PC-Fix), and finally, 
the locking compression plate (LCP). All of these 
devices reduced the contact area with the bone and 
caused a lower amount of damage to the periosteum. 
When the resistance to infection of this new locked 
device model was compared with the DCP, the limited 
contact plate (PC-Fix) was found to display a signifi-
cant improvement in infection resistance by several 
orders of magnitude [29]. The reason for the improved 
infection resistance was attributed to improved viability 
of periosteal tissue [29]. This is a clear example of how 
improving implant design can significantly improve 
resistance to infection.

Implant design also plays a role in infections asso-
ciated with intramedullary nails. For example, hollow 
and cannulated nails have been developed which allow 
insertion of a guide wire to help align fractured bone 
fragments and aid nail insertion. However, this design 
incorporates a dead space in the center of the nail, 
which cannot be accessed efficiently by the host vascu-
lature and immune system. The creation of this dead 
space may be expected to negatively influence suscep-
tibility to infection. In an animal study designed to test 
the influence hollow slotted nails, a decreased resis-
tance to infection was indeed observed for the hollow 
nail in comparison with solid nails [37]. The solid nails 

do not create dead space where infecting bacteria can 
initiate and propagate an infection.

The material and the topography of any fracture fixa-
tion device are known to influence the cellular and tissue 
responses [33, 34, 38, 39, 41, 43], and must also be con-
sidered as a potential influence on the development of 
infection. Of the commonly available orthopaedic 
implant materials, stainless steel is associated with an 
increased infection rate in comparison with titanium for 
DCPs and intramedullary nails in animal models [30, 
32], and also for external fixation pins and spinal 
implants in clinical trials [42, 45]. This data suggests 
that implant material does influence infection rates of 
fracture fixation devices. However, more recently, in a 
locked plate (LCP) model, there was found to be no 
large difference in infection resistance between elec-
tropolished to a smooth surface (EPSS) and cpTi, with 
only a small difference in ID

50
 between the cpTi and 

EPSS LCPs [40]. The improved biological protection of 
periosteum provided by the LCP is believed to be the 
reason why the previously observed material-related dif-
ferences in infection susceptibility experienced for EPSS 
and cpTi DCPs in animal studies is not observed for the 
LCPs in the newer study. Therefore, the impact of differ-
ent materials appears to be superseded by implant design 
characteristics that improve protection of tissue.

At this point, it is important to note that in compar-
ing stainless steel with titanium, that stainless steel is 
usually electropolished to a smooth surface, whereas 
titanium in its standard form has a microrough surface. 
Therefore, when comparing stainless steel with tita-
nium, there is a topographical difference in addition to 
a material difference. The exact influence of each of 
these parameters on the development of infection has 
not been determined until recently. When polished 
titanium was compared with polished steel LCP’s (i.e., 
when the topography was practically identical), there 
was no difference in infection susceptibility [40]. 
When the influence of material and topography was 
assessed for intramedullary nails, there was again 
found to be no difference in infection susceptibility 
between smooth TAN nails and standard TAN nails 
(Moriarty et al. 2010, International Journal Artificial 
Organs, in press). Smooth titanium and titanium alloy 
implants have been shown in animal studies to ease 
implant removal complications, and are expected to 
have significant clinical impact in certain applications 
[35, 36, 40]. Based on the results of the infection mod-
els used, these polished implants are not expected to 
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result in an increase in infection susceptibility if imple-
mented clinically.

In the context of orthopaedic fracture fixation 
devices, it must be remembered that it is difficult to 
directly extrapolate the data from animal models of 
infection to the clinical situation. Animal studies 
involve the artificial contamination of the implant and 
surgical site and do not replicate the contamination 
occurring in real clinical situations with respect to bac-
terial numbers, growth phase, nutrient status, species, 
and tissue damage. Nevertheless, animal models are 
helpful in bridging the gap between laboratory studies 
and clinical situations. The animal data shows that 
minimizing dead space and protecting the viability of 
the tissues in contact with the implanted device are 
expected to have the greatest influence upon the sus-
ceptibility to infection. Implant material [34] and 
topography will also play a role, though experiences to 
date suggest that protection of viable tissues may be 
even more important.

26.5  Pre-op Planning and Decision 
Making

Surgical management of chronic osteomyelitis is demand-
ing and requires a thorough assessment. This should 
include evaluation of the soft tissue status and the exact 
localization and degree of bony involvement. Furthermore, 
the personality of patient and the social background 
should be assessed. In certain cases, the option of ampu-
tation should be discussed as a feasible treatment option. 
The soft tissue condition includes the presence of infec-
tion, chronic ulcers with soft tissue defects, scarring, and 
avascular zones. Extensive debridement may include the 
soft tissues and require major soft tissue reconstructive 
measures such as microvascular free flaps [2, 3, 6–8]. 
The neurovascular and functional status of the limb is 
crucial to determine the operative procedure and outcome 
after treatment. Nerve injury, crush injury, and diabetic 
neuropathy, which results in poor sensation of foot, may 
affect treatment and functional outcome and should be 
included in the assessment.

The stability of the implant is usually insufficient 
after prolonged infection and should be removed. This 
evaluation helps in planning for the approach, extent of 
debridement, choice of stabilization, and soft tissue 
reconstruction.

Several factors are summarized under the definition 
of the “personality of the patient,” such as preinjury sta-
tus, profession, comorbidity, and personal expectations.

The surgeon should have a well-documented dis-
cussion with the patient and relatives. This should 
include the plan and the complexity of the reconstruc-
tive procedure along with the issues related to the 
requirement of multiple operations.

Prolonged treatment of chronic osteomyelitis is the 
rule and will affect the personal life of the patient, and 
impose a financial burden. Amputation should be 
openly discussed in patients with multiple comorbidi-
ties, severe bone loss with soft tissue damage, or neu-
rovascular deficit associated with poor functional 
outcome.

26.6  Treatment

The mainstay of treatment for patients with osteomy-
elitis is a combination of surgical debridement and 
systemic antibiotic therapy to promote healing and 
eradicate infection. The treatment can be divided into 
separate stages as follows:

1. Surgical debridement with antibiotic therapy
2. Bony stabilization
3. Soft issue coverage
4. Bridging of bone defect to achieve bony union

Successful treatment of osteomyelitis depends on care-
ful patient selection, adequate administration of antibi-
otics, and application of four essential surgical 
procedures [2–4, 6, 7, 18].

1. Radical debridement: removal of all contaminated 
hard and soft tissue until only well-vascularized 
healthy tissue remains.

2. Obliteration of the resultant dead space: application 
of the bead-pouch technique [6, 19] with local or 
microsurgical free flap transfer to neo-vascularize 
the entire involved area.

3. Bone stabilization: adequate internal or external 
fixation to provide skeletal stability and prevent 
local recurrence of infection [3, 6, 12].

4. Bridging of the bone defect: conventional bone 
graft for short defects, or Ilizarov bone lengthen-
ing or VBG for defects longer than 6 cm [3, 6, 11, 
18, 20].
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26.6.1  Debridement of Bone

The first step is radical debridement with excision of 
sinus tracts and all nonviable tissue from skin, soft tis-
sue, and bone. Debridement proceeds until viable tis-
sue with a bleeding bed is present.

Inadequate debridement will result in persistent and 
recurrent infection that requires multiple operations. 
Specimens from the affected area are sent for aerobic 
and anaerobic cultures. The most common organism 
Staphylococcus aureus may be cultured alone or in 
combination with other pathogens. The second most 
common organism is Pseudomonas aeruginosa. For 
immune-compromised patients, atypical mycobacte-
rium or fungi should be considered. To rule out malig-
nancy, the specimen should be sent for pathological 
examination.

26.6.2  Bony Stabilization

In most cases of chronic osteomyelitis in the presence 
of a surgical implant, microorganisms are protected in 
a biofilm adherent to the implant surface. If the frac-
ture is healed, the implant should be removed. In prin-
ciple, if the implant is stable, then it should be retained 
until the fracture has united. However, adequate debri-
dement may not be possible with an implant, as with 
intramedullary nails within the medullary canal. It is 
recommended to remove the intramedullary nail as it 
rarely provides goods stability. After nail removal, the 
medullary canal is reamed to remove the infected tis-
sue and washed out.

Plate and screws should be removed with debride-
ment of necrotic tissue under the plate and within the 
screw holes with curettes. All dead bone should be 
removed until there is a bleeding bone bed. The choice 
of stabilization varies between conventional external 
fixation for diaphyseal fractures, and hybrid external 
fixation for periarticular injuries. In cases of extensive 
bone loss that will require distraction osteogenesis, an 
Ilizarov type of frame can be assembled at the time of 
debridement or at a later stage [20]. Another option is 
a locking compression plate placed outside of skin to 
serve as an external fixation [21]. The advantage of 
external fixation is to allow repeated debridement 
while providing stability and maintaining proper align-
ment of fracture.

26.6.3  Antibiotics

Antibiotic beads can be used and removed at a subse-
quent procedure for repeat debridement or for soft tis-
sue coverage and bone grafting for the defect. Local 
antibiotic delivery gives high local concentrations and 
low systemic levels of antibiotics with a reduced risk 
of systemic adverse effects. However, there are some 
disadvantages to prolonged bead placement, including 
the development of resistant organisms.

Broad-spectrum systemic antibiotic therapy should 
initially be administered to cover the most common 
organisms. Antibiotics should then be adjusted accord-
ingly pending cultures and sensitivities. Short duration 
of intravenous administration for 1 week followed by 
oral antibiotics for 6 weeks is recommended.

26.6.4  Wound Management

After debridement, delayed closure is considered. 
Primary closure is often not possible because of an 
inadequate soft tissue envelope and poor vascularity. 
Repeated debridement may be necessary and further 
evaluation may be necessary to choose the appropriate 
procedure for soft tissue coverage. Soft tissue cover-
age can be achieved by skin grafts, local flaps, or free 
vascularized flaps [22]. The decision regarding the 
most appropriate treatment depends on the location 
and size of the defect. Muscle flaps eliminate dead 
space, provide soft tissue coverage, and improve vas-
cularity, which is important to resist infection and pro-
mote healing [4, 6–8, 11, 12, 22, 23]. Soft tissue 
coverage is usually performed at a delayed stage 
3–7 days after the initial debridement. Coverage should 
not be considered unless the infectious process is under 
control and devitalized tissue is removed completely 
for Case Demonstration refer (Figs. 26.1–26.6).

26.6.5  Bone Grafting

Autologous iliac bone graft is the gold standard for 
managing bone defects of less than 6 cm [3, 6, 12, 18]. 
Multiple operations may be required for larger defects, 
while carefully assessing the bony healing process. 
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Correct timing is crucial in placing a graft. Bone graft-
ing should be performed after soft tissue coverage has 
been accomplished, and when the infection is under 
control. For infected tibial nonunions, the choice of 
approach for the graft should be adjacent to soft tissues 
that have adequate vascularity.

The conventional nonvascularized cortical grafts 
have been utilized for the reconstruction of large seg-
mental defects, but require at least 4–8 months for 

Fig. 26.4 Free latissimus dorsi (LD) muscle flap transferred to 
cover the soft tissue defect 3 days after debridement

Fig. 26.1 A 68-year-old male with left tibia chronic osteomy-
elitis for 2 years. Acute flare of the infection is noted with ery-
thema and purulent discharge on his affected leg

Fig. 26.2 Debridement performed with adequate soft tissue 
excision and curettage of necrotic bone

Fig. 26.3 External fixator applied after debridement for bony 
stability

Fig. 26.5 STSG (Split thickness skin graft) placed on the sur-
face of LD muscle flap
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revascularization. The majority of cells in autogenous 
grafts do not survive the transplantation and must be 
replaced in a process termed creeping substitution. 
The repair is initiated by osteoclasts, with subsequent 
action by osteoblasts. The graft is likely never com-
pletely replaced by healthy normal bone, existing as a 
mixture of necrotic and viable bone [6, 24]. Therefore, 
conventional autogenous nonvascularized bone graft is 
only indicated for filling bone defects smaller than 
6 cm. Successful distraction osteogenesis in the femur 
and tibia for osteomyelitis has been reported in treat-
ment of bone defects and osteomyelitis [20, 25]. The 
advantages of this procedure include the ability to 
reconstruct long bone defects, repair nonunions, cor-
rect deformities, and lengthen limbs. However, draw-
backs include infection of the wire site, docking site 
nonunion, and prolonged course of treatment with an 
external fixator device [6, 26].

Vascularized bone grafts (VBG) are indicated with 
skeletal defects greater than 6 cm in length [3, 6, 12, 18, 
24]. The vascularized bone graft is very important in 

Fig. 26.7 53-year-old male with chronic osteomyelitis and com-
bined soft tissue and bone loss of right tibia, 6 months after trauma

a

b

Fig. 26.6 Complete recovery from osteomyelitis, with good 
ankle range of motion in plantar flexion (a) and dorsiflexion (b)

Fig. 26.8 Bone and soft tissue defect located over the right leg 
after debridement
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osteomyelitis treatment because of the advantages of 
combining the viability of cancellous grafts with the 
stability of cortical analogs, while leaving the nutrient 
blood supply intact. Furthermore, VBG is of particular 
utility in musculoskeletal sepsis, with selection of this 
procedure implying that antibiotic access to the wound 
and bone segment is unimpeded because of the imme-
diate restoration of the blood supply [18]. Therefore, 
vascularized bone can be used to obliterate the dead 
space, bridge large bony defects, enhance bone healing, 
resist infection (with abundant blood supply), allow 
early rehabilitation, and ensure better clinical out-
comes. The transferred vascularized bone also has the 
ability to hypertrophy. De Boer and Wood reported 
definite hypertrophy (20% width enlargement) in 43% 
of their cases within 1 year and 80% within 2 years 
[27]. Tu et al. reported that hypertrophy is more signifi-
cant in the lower extremity than in the upper extremity 

[3]. In their study of fibular bone grafts, Tu et al. 
reported a mean hypertrophy index of 82.5% [6].

Another versatile free vascular composite graft is the 
combined ribs, serratus anterior, and latissimus dorsi 
muscle flap [3, 6, 28]. This muscular-osseous-cutaneous 
flap can be harvested by a single thoracodorsal vascular 
pedicle. Iliac crest vascularized tissue transfer, based on 
multiple nutrient perforators entering the inner cortex 
and arising from the deep circumflex iliac vessels, is 
another option for VBG [2, 6]. The curvature of the iliac 
crest usually limits its application to defects less than 
10–12 cm in size, and is probably associated with higher 
donor site complication rates. The unreliability of the 
skin paddle of free vascularized iliac bone flap limits its 
clinical application, which accounts for the fact that 
free fibula transfer is utilized in most clinical series of 
lower extremity bone reconstructions [3, 6, 18, 24, 27] 
(Figs 26.7–26.14).

26.7  Summary

Management of chronic posttraumatic osteomyelitis 
poses a challenge in achieving the goals of treatment, 
which are control of infection, bone healing, and a 

Fig. 26.9 The free latissimus dorsi, serratus anterior, ribs com-
posite flap identified and harvested from the right upper back

Fig. 26.10 The composite LD/SA/Ribs flap based on a single 
common pedicle (thoracodorsal artery and vein)

Fig. 26.11 Immediate postoperative picture demonstrating 
good blood supply to this composite flap
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Fig. 26.12 Immediate postoperative radiography displaying 
ribs inserted to bridge the bone defect

a

b

Fig. 26.13 The ESF 
removed and plate and 
screws were inserted as 
MIPO method 4 weeks after 
flap surgery, AP view (a)  
and Lateral view (b)
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satisfactory functional outcome. Timing and choice 
of fixation play a significant role to the primary sur-
geon treating closed or open fractures. Correct deci-
sion making and judgment will influence the 
incidence of postoperative infections. When an infec-
tion does occur, early aggressive debridement is 
required to reduce the likelihood of progressing to 
chronic osteomyelitis.

In the case of chronic osteomyelitis, preoperative 
clinical assessment and investigation of the infecting 
organisms, soft tissue condition, extent of infection, 
stability of the implant, and status of bony condition 
are mandatory to make a proper plan of treatment. 
Radical debridement of nonviable and infected tissue 
is necessary. Identification of organisms from infected 
tissue removed during debridement is recommended to 
identify the correct pathogens. Systemic and local 

antibiotics impregnated into PMMA beads are used to 
fill dead space and to deliver high doses of antibiotics 
to eradicate infection. Bony stability is usually main-
tained by an external fixator after debridement. Repeat 
debridements may be required until the infection is 
under control to allow early soft tissue coverage. Local 
or free muscle flaps may be required for reconstruction 
depending on the site and size of the defect. Use of 
autogenous bone graft or complex vascularized bone 
graft reconstructions depends on the length of bony 
defect needed to be bridged to achieve bone healing.
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27.1  Introduction

Timing and prioritization of care to the multisystem 
trauma patient is critical for promoting survivorship. 
Life-threatening injuries to the head, chest, and abdomen 
need to be addressed first. However, the orthopaedic 
traumatologist serves an integral role in the temporizing 
and eventual definitive management of associated severe 
musculoskeletal injuries.

Despite appropriate musculoskeletal care, nonunion 
and/or deformity is a frequent consequence after high-
energy fracture in this patient population. A modest 
percentage of fractures will develop complication as a 
result of the initial bony injury, adjacent soft tissue 
trauma, compromised host physiology, and initial sta-
bilization tactics [1, 2]. Strategies employed for man-
aging nonunion and deformities are of paramount 
importance for promoting wellness, as musculoskele-
tal functionality is a primary determinant on long-term 
outcomes in the multisystem trauma patient [3].

When planning for secondary interventions, an indi-
vidualized plan of care is essential to promote physical 
function while minimizing surgical risk [3]. Creative 
solutions are sometimes necessary to solve these diffi-
cult problems. The surgeon must have a complete arma-
mentarium of options available for the patient including 
traditional nonunion reconstruction as well as arthrod-
esis and arthroplasty solutions for periarticular injuries.

27.1.1  Nature of Bony Injury

Devastating skeletal injury is realized in the multisys-
tem trauma patient owing to the high-energy mechanism 
of injury (Fig. 27.1). Energy imparted to the skeletal 
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anatomy often results in widely displaced, comminuted 
fracture patterns [4]. Fractures may occur in all ana-
tomic locations including the diaphyseal, metaphyseal, 
and articular regions.

27.1.2  Soft Tissue Injury

Severe fractures associated with the polytrauma patient 
can result in delayed or frank nonunion secondary to the 
poor biologic potential realized by the associated compro-
mised soft tissue sleeve. By definition, a severe high-energy 
fracture is associated with profound damage to the sur-
rounding soft tissue envelope. These investing tissues are 
of paramount importance for uneventful fracture healing. 
The soft tissue sleeve through its vascular conduits brings 
essential factors necessary for fracture union [5–8].

Open fracture is not an uncommon finding in the 
polytraumatized patient. The soft tissue injury associated 
with open fracture portends a worse prognosis as exten-
sive damage to the skin, muscle, and periosteum is typi-
cally evident. Further, after fracture debridement, bone 
loss is a frequent consequence often resulting in non-
union. Lastly, there is a heightened risk of deep infection 
leading to the development of septic nonunion.

27.1.3  Adverse Physiology

The overall health of the polytrauma patient impacts the 
success of fracture healing. A coordinated physiologic 

response, both local and systemic, is a requirement. 
Both immune dysfunction and malnutrition, frequently 
experienced by the polytrauma patient, adversely affect 
their reparative capacity.

Inflammation is part of the normal process of frac-
ture healing. However, the multisystem trauma patient 
may develop hyperactivity of the immune system 
(Systemic Inflammatory Response Syndrome). This 
systemic imbalance can result in an impaired ability 
for the body to support organ system function (Multiple 
Organ Dysfunction Syndrome), ultimately affecting 
the body’s ability to provide support for the healing of 
severe musculoskeletal injuries [9].

While a coordinated immune response is integral to 
fracture healing, optimized nutrition is another key 
component. During all stages of fracture healing, cel-
lular proliferation and protein synthesis are required 
for the formation and remodeling of osseous tissues. 
Unfortunately, the polytrauma patient’s nutritional 
reserve is constantly challenged [10]. Thereby, non-
union of fractures in this patient population is not an 
unexpected event.

27.2  Initial Surgical Tactics

Initial orthopaedic intervention has a profound impact 
on late complication after severe fracture in the poly-
trauma patient. Definitive treatment of these severe 
fractures promotes union and minimizes the possibil-
ity of deformity. Therefore, early total care is desirable 
when feasible and safe. However, there is select subset 
of critically ill polytrauma patients that cannot tolerate 
this surgical burden.

In this subgroup of patients, a damage control 
approach is instituted to provide rapid skeletal 
 stabilization while more critical injuries are managed 
[1]. Closed reduction and external fixation serve as the 
“workhorse” strategy in this clinical setting (Fig. 27.2). 
External fixation is the most rigid form of provisional 
stabilization before definitive surgery is performed. 
The fixator minimizes fracture motion and stops the 
cycle of injury to the traumatized soft tissue sleeve. 
However, if the fixator is used as the definitive 
 treatment scheme, nonunion and/or deformities are 
commonplace.

Fig. 27.1 Horrific musculoskeletal injuries are commonplace in 
the polytrauma patient with extensive bone and soft tissue 
involvement
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27.2.1  Prevention of Nonunion  
and Deformity

The orthopaedic traumatologist has an integral role in 
the multidisciplinary care plan for the polytrauma 
patient. The orthopaedic team must serve as “musculo-
skeletal ambassadors” for the multiply injured patient. 
In many cases, complications such as nonunion and 
deformity can be avoided if aggressive, yet safe, mus-
culoskeletal care can be provided.

The orthopaedic team needs to be in close contact 
with the general surgical trauma group to coordinate 
the optimal timing of definitive musculoskeletal treat-
ment. Even in the most critical patient, there is almost 
always a window of opportunity for efficient orthopae-
dic operation to optimally stabilize the skeletal injury 
as well as manage the associated soft tissue trauma.

27.2.2  Primary Fracture Treatment

Optimal biomechanical strategies can decrease the 
incidence of nonunion and/or deformity after severe 
fracture in the polytrauma patient. Fracture care must 
maximize reduction and stability while respecting the 
traumatized soft tissue envelope. In order to achieve 

uneventful union and promote physical function length, 
alignment and rotation of the affected extremity must 
be restored and anatomic alignment of intra-articular 
fractures is a must. However, fracture exposure and 
fixation must not significantly compromise the often-
tenuous local biology serving to promote union.

An individualized plan of care is required for each 
fracture in a particular host. However, there are certainly 
care algorithms that have proven reliability especially 
with lower extremity trauma. Intramedullary nailing as 
a definitive strategy provides optimal fixation when fea-
sible [11]. Rod insertion can be performed with minimal 
insult of the soft tissue sleeve [12]. Further, mechanical 
stability is optimal. Conversion from temporary exter-
nal fixation to a nail is safe prior to 2 weeks [13].

Fixed angle plating is another popular strategy. This 
technique is warranted in cases where nail fixation is 
not adequate. Examples include metadiaphyseal frac-
tures which either have a very short segment or that 
involve the joint. Submuscular techniques can be 
employed to limit soft tissue damage [14–17].

27.2.3  Staged Fracture Care

There is a subset of severe fracture cases that will not 
achieve uneventful union after the primary definitive 
intervention. These cases are treated with a staged 
approach with thoughtful consideration toward future 
interventions. For example, commonly encountered 
fracture patterns in the polytrauma patient are open 
comminuted metadiaphyseal fractures of the distal 
femur, proximal tibia, and distal tibia (Fig. 27.3). Often 
there is concomitant severe articular involvement of 
the adjacent joint. These fractures frequently occur as 
a result of motor-vehicular trauma when the affected 
extremity contacts the dashboard or floorboard.

The primary goal of initial fracture care is debride-
ment to avoid septic complications. All devitalized 
soft and osseous tissues are excised. However, a criti-
cal size bone defect is frequently realized which will 
not heal primarily.

A rational initial plan of care manages the soft tis-
sues and the horrific bone and joint injury. After all 
devitalized tissues are removed, soft tissue coverage is 
a must. Skeletal stabilization emphasizes anatomic 
articular reduction. The reconstructed articular block is 

Fig. 27.2 The external fixator is an invaluable tool for rapid 
skeletal stabilization while awaiting definitive reconstruction 
efforts when the patient’s overall physiology has improved
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then linked to the shaft with appropriate length, align-
ment, and rotation using bridge fixation technique.

Antibiotic bead application is an invaluable adjunct. 
Beads are installed into the bone defect site. They act 
as a local antibiotic delivery system to decrease the 
incidence of deep infection. Secondly, they serve as a 
“spacer” for later bone grafting strategies. Lastly, the 
cement incites a local inflammatory response promot-
ing a local blood supply to encourage bone graft incor-
poration at the second stage of operation [18–21].

27.2.4  Role of Acute Shortening

As an alternative to staged care, fractures with bone 
loss may be best managed with acute shortening. The 
advantage of this approach is inherent in its simplicity. 
This technique creates an ideal biomechanical envi-
ronment to promote union obviating the need for graft-
ing procedure. Direct cortical contact and effective 
internal fixation encourages primary osseous union.

Acute shortening is a well-tolerated technique in 
the upper extremity with minimal physical dysfunction 
(Fig. 27.4). However, the merits of acute shortening 

for lower extremity trauma are more controversial. 
Shortening in the lower extremity can lead to gait dis-
turbance, need for aggressive shoe lifts, eventual 
symptomatology in the axial skeleton, and most impor-
tantly patient dissatisfaction. Often shortened lower 
extremities will require subsequent complex lengthen-
ing procedures using Ilizarov methodologies.

The prime candidate for acute shortening procedure 
is the polytrauma patient that lacks maturity for mul-
tiple reconstructive procedures. Alternatively, this 
technique is warranted for the type C host that is prone 
to complication with more advanced techniques.

27.3  Secondary Reconstruction

Nonunion with or without deformity occurs as a result 
of a multitude of factors. In the polytrauma patient, 
most cases are expected secondary to the complex 
fracture, compromised soft tissue environment, and 
the critically ill host. However, all fractures in this 
patient population must be followed closely so that a 
proactive approach can be employed when uneventful 
osteosynthesis does not occur.

a b

Fig. 27.3 Polytrauma patient 
with grade 3B open 
intra-articular fractures of the 
distal femur and tibia (a, b). 
Initial fixator applied and 
serial debridements 
performed. Once clean 
wound beds were evident, 
anatomic articular reductions 
were performed and bridge 
plating strategies were 
utilized. Beads were left in 
critical-sized tibial defect (c). 
Anticipated nonunion 
occurred in both fractures. 
Once the patient’s tissues 
matured and overall health 
was maximized, uneventful 
bone grafting, BMP 
application, and supplemen-
tary internal fixation were 
performed (d)
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27.3.1  Anticipated Nonunion

Fractures with critical-sized bone defects will not 
heal without secondary intervention. The goal is to 
perform secondary reconstructive surgery once the 
host and local conditions have been optimized. 
Specifically, the host should be mentally and physi-
cally prepared for the reconstructive effort. Devotion 
to the limb salvage plan is critical. Optimizing gen-
eral health including nutrition while avoidance of 
negative behaviors such as tobacco usage must be 
achieved [22]. Further, preoperative workup must 
exclude the possibility of local infection especially in 
cases of previous open fracture [23, 24]. Lastly, phys-
ical exam should reveal that the soft tissue envelope 

has matured implying that there are vascularized tis-
sues to accept bone grafting procedure.

The preoperative plan should encompass both 
mechanical and biological strategies to promote unevent-
ful osseous union. Biologic supplementation is critical 
to the success of healing bone defects. Autologous bone 
grafting is the gold standard. However for large defects, 
bone graft extenders such as cancellous allograft can be 
used. Further, recombinant technology has paved the 
way for delivery of selected bone morphogenetic pro-
teins directly to the nonunion site [25–28].

Harvest from the iliac crest has served as the 
 traditional site for obtaining autogenous bone [29]. 
Cancellous bone retrieved from this region is heralded 
for its osteogenic, osteoinductive, and osteoconductive 

c dFig. 27.3 (continued)
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properties. This site, however, is infamous for donor 
site morbidity. Further, the presence of prior trauma to 
this region such as pelvic or acetabular fracture makes 
harvest from this region less desirable.

An alternative source of graft can come from the 
medullary cavity of the femur obtained using the reamer 
irrigator aspirator system [30]. With this technique, a 
large volume of cancellous bone can be retrieved with 
limited donor site morbidity [31]. The quality of graft 
material rivals iliac crest harvest with regards to its bio-
logic activity. A learning curve, however, is notable 
when using this technological advance [32].

After graft harvest, the fixation strategy employed 
is largely dependent on the previous fixation scheme. 
In the controlled environment of staged treatment, the 
previous indwelling fixation is presumably stable hold-
ing the fracture in optimal alignment. During this stage 
of reconstruction, however, it is commonplace to pro-
vide supplementary internal fixation to promote rigid-
ity. Rigid fixation will ensure continued optimal 

alignment of the fracture while providing the ideal bio-
mechanical milieu for bone graft incorporation via 
creeping substitution.

Plating is the workhorse for supplementary internal 
fixation. In the case of previous plate fixation, it is 
typical that unicolumnar support was performed in the 
first stage. Thus, at the second stage experience, 

Fig. 27.5 A rigid mechanical environment and autologous bone 
grafting are often necessary for successful reconstruction of 
atrophic and oligotrophic nonunions. In this case, supplemen-
tary medial column support was added to existing lateral 
hardware

Fig. 27.6 Plating over a retained nail is an effective strategy to 
have in the armamentarium of nonunion reconstructive options

Fig. 27.4 Multiple trauma victim after assault with high-veloc-
ity weapon. Debridement and acute shortening of humerus per-
formed to encourage primary union without the need for multiple 
procedures
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supplementary fixation is performed in the opposite 
column [33]. For example, lateral submuscular plate 
fixation is often performed for comminuted metadia-
physeal fracture of the distal femur. At the time of 
bone grafting, this plate is retained and additional sup-
port of the medial column is advantageous to avoid 
varus collapse (Fig. 27.5).

In the face of a retained intramedullary nail, 
exchange nailing is typically the performed [34–39]. 
Alternatively, in certain cases, a plate can be used over 
the nail to manipulate the local mechanical environ-
ment toward increased rigidity (Fig. 27.6). This meth-
odology is frequently employed when open bone 
grafting is necessary for large bone defects [40, 41].

27.4  Established Nonunion  
After Polytrauma

Victims of polytrauma are at heightened risk for 
 nonunion and deformity even after routine fracture 
care. Strategies employed for nonunion reconstruction 
depend on countless variables. Thus, a thoughtful 

process must be performed to marry the treatment plan 
to the specific nonunion, patient, and goals for physi-
cal functional.

27.4.1  Traditional Nonunion 
Reconstruction

Diagnosing and defining the type of nonunion is criti-
cal to the formulation of a rational treatment plan. 
Diagnosis is frequently made after consideration of 
the patient’s symptoms which is correlated with 
objective radiographic findings notable on plain 
radiographs and CT scan. It is critical to distinguish 
nonunion “personality.” Atrophic and oligotrophic 
variants have limited healing response, which will 
require both biologic and mechanical augmentation. 
In contrast, hypertrophic variants demonstrate an 
ineffective yet dramatic healing response, which fre-
quently requires only modulation of the local mechan-
ical environment. Further, the potential for septic 
nonunion must be considered.

The tactics for obtaining osseous union in the 
face of atrophic and oligotrophic nonunions are well 

a b

Fig. 27.7 Deformity 
correction is integral in the 
planning for nonunion 
reconstruction (a). In this 
hypertrophic nonunion (b), 
realignment of the mechani-
cal axis was performed (c). In 
addition, rigid compression 
plating was achieved (d, e)
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established [42]. Rigid fixation and biologic sup-
port with autogenous graft are fundamental princi-
ples of care. Deformity, when present, must also be 
considered in the plan to restore the anatomic and 
mechanical axis to promote optimal functionality 
(Fig. 27.7).

The paradigm for surgical care includes debride-
ment of the fibrous scar at the site of nonunion. 
Further, the sclerotic medullary canal needs to be 
reestablished to promote endosteal healing. The non-
union site should be “stimulated” with a drilling or 
feathering technique to increase the surface area for 
healing which also causes fracture hematoma forma-
tion. Lastly, when possible, compression of the bone 
ends should be performed to encourage primary and/
or gap healing.

27.4.2  Infected Nonunion

A staged protocol is typically employed for septic 
nonunion [43–45]. The patient is brought to the oper-
ative suite for hardware removal and debridement. 
Intraoperative cultures are obtained. Temporary fixa-
tion, most commonly with an external fixator, is 
applied. Organism-specific antibiotics are given both 
systemically and locally via beads. After at least 
6 weeks, the effectiveness of treatment is judged 
based on clinical exam and the results of serial inflam-
matory markers. The patient is then withdrawn from 
antibiotics and taken back to the operating room for 
repeat debridement and culture. If inflammatory 
markers and biopsy specimens are favorable, then 
 nonunion reconstruction can proceed [23, 24].

c d

e

Fig. 27.7 (continued)
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27.5  Unconventional Reconstructive 
Options for Periarticular 
Nonunions

27.5.1  Combined Arthrodesis and 
Nonunion Reconstruction

Preserving motion of essential joints is always a priority 
in promoting optimal physical functionality in the poly-
trauma patient. However, there is a select subset of 

periarticular injuries which have profound articular 
damage that is not recoverable despite previous attempt 
at anatomic reduction. In these patients, the surgical 
plan is designed to perform nonunion surgery in addi-
tion to selected fusion of the adjacent joint. This innova-
tive treatment strategy is gaining popularity for the tibial 
plafond, calcaneous, and midfoot fractures [46, 47].

This surgical design preemptively treats posttraumatic 
joint dysfunction after severe high-energy periarticular 
trauma (Fig. 27.8). In the polytrauma patient population, 
this strategy prevents further operation on a multiply oper-
ated extremity. Theoretically, this aggressive treatment 

a b

c

Fig. 27.8 Distal tibia 
nonunion with ipsilateral 
tibiotalar posttraumatic 
disease (a). Nonunion 
reconstruction with adjacent 
ankle fusion performed (b, c)
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will lead to improved long-term results. However, failure 
of joint fusion is a potential complication. Further, gait 
dysfunction and adjacent joint disease can occur.

27.5.2  Reconstruction Using Arthroplasty 
Techniques

Arthroplasty is a suitable solution for periarticular 
nonunions especially involving the hip, knee, shoul-
der, and elbow (Fig. 27.9). This option can be used 
on younger patients, but it is best reserved for the 
middle aged or older populations as prosthetic loos-
ening is a long-term concern. The arthroplasty option 
is typically in the form of a tumor type prosthesis 

allowing for resection of the un-united fracture. The 
value of this technique is unquestionable as immedi-
ate rehabilitation after operation is a favorable conse-
quence. Weight-bearing capacity is restored in a more 
rapid fashion compared to other more traditional 
methodologies.

27.6  Conclusion

Musculoskeletal injuries occurring in the polytrauma 
patient present unique challenges to the orthopaedic 
trauma surgeon. The treatment plan must take into 
account multiple factors, including the personality of the 
fracture, the local soft tissue environment, concomitant 
injuries, and the patient’s physiologic status. The timing 

Fig. 27.9 Tumor prosthesis 
are effective for definitively 
treating non-reconstructable 
fractures (a, b) and periar-
ticular nonunions around the 
hip (c), knee (d), and 
shoulder (e)

a b

c d
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of skeletal reconstruction is individualized to the patient 
and may occur at the time of injury, or in a staged or 
delayed fashion. It is important to anticipate complica-
tions such as nonunion, deformity, and posttraumatic 
arthritis so that an organized reconstructive plan may be 
performed to restore physical function.
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28.1  Introduction

The goal of this short chapter is to introduce the reader 
to the topic of posttraumatic stress disorder (PTSD) 
after orthopaedic trauma, and to convey a few simple 
facts about the subject. These facts will be discussed in 
greater detail later, but they can be summed up as fol-
lows: First, PTSD is common after orthopaedic trauma; 
second, PTSD has a large effect on patients’ reports of 
outcome after trauma; last, PTSD remains largely 
unrecognized and untreated among orthopaedic trauma 
patients.

28.2  Magnitude of the Problem

Orthopaedic surgeons are not trained to seek out, rec-
ognize, or treat psychological illness in their patients. 
In a way, this is surprising, because every subspecialty 
area of orthopaedics is impacted by the psychological 
makeup of the patients being treated. Every practicing 
surgeon knows from experience that some patients are 
mentally tougher than others, and that some patients 
deal better with pain or setbacks from injury than other 
patients do. Orthopaedic conditions usually cause pain, 
and most orthopaedists have dealt with patients who 
suffer from chronic pain. Helping patients deal with 
pain and physical impairment is a common job require-
ment for orthopaedic surgeons. Thus, the idea that a 
patient’s mental state comes into play during orthopae-
dic treatment is not really controversial. Assessing and 
responding to a patient’s mental state is something 
most orthopaedic surgeons do routinely. The patient’s 
mental state comes into play in almost every orthopae-
dic condition.
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However, despite the working familiarity with 
“mental toughness,” until recently, there has been little 
discussion in the orthopaedic literature of the magni-
tude of the problem posed by psychological illness. All 
orthopaedists encounter patients who struggle emo-
tionally when faced with orthopaedic illness – but do 
any such patients actually meet criteria for a psychiat-
ric diagnosis? Further, how common are such patients, 
really? Many surgeons have memories of particular 
patients who became emotionally devastated by an ill-
ness or injury. On the other hand, patients with less 
dramatic emotional symptoms may not be noticed. If 
we search for psychological distress after orthopaedic 
trauma with diagnostic rigor, what will we find?

A brief review of the literature reveals that PTSD 
and psychological distress are, in fact, quite common 
after trauma in general, and after orthopaedic trauma in 
particular. Michaels et al. examined 100 trauma patients 
6 months after injury and found that 42% met the crite-
ria for PTSD [1]. Zatzick et al. followed a group of 73 
trauma patients for a year after injury and found that 
30% met criteria for PTSD [2]. Shalev et al. examined 
211 trauma patients and found PTSD in 17.5% at 
4 months [3]. In a study that examined patients with 
fractures of the femur, tibia, or fibula, Feinstein and 
Dolan found that 15% had PTSD 6 months after trauma 
[4]. Starr et al. found that 51% of orthopaedic trauma 
patients met the criteria for PTSD in a group examined 
1 year after trauma, on average [5]. Crichlow et al. 
found the prevalence of depression after orthopaedic 

trauma was 45% [6]. An examination of the Lower 
Extremity Assessment Project patients revealed that 
almost one-fifth of the patients reported severe phobic 
anxiety and/or depression, while 42% of the patients 
screened positive for a likely psychological disorder at 
24 months after injury [7].

Although these studies’ patient populations varied, 
and the tools used to assess them differed, it is clear 
that PTSD and psychological distress after orthopae-
dic trauma are common. These data are presented in 
Table 28.1.

28.3  Impact of the Problem

The question that next arises is: if psychological dis-
tress occurs after trauma , does it have any impact on 
patient outcome? The impact of PTSD or psychological 
distress on patients’ reports of outcome after trauma has 
not been extensively studied. In the study mentioned 
above, Zatzick et al. found that among the variables 
tested, PTSD had the strongest association with out-
come as assessed using the SF-36 – stronger than Injury 
Severity Score, age, history of alcohol abuse, or chronic 
medical conditions [2]. This is a fairly remarkable find-
ing. In their study of depression after orthopaedic 
trauma, Crichlow et al. found that functional outcome, 
assessed using the Short Musculoskeletal Functional 
Assessment, was strongly linked to depression, assessed 

Investigator Population Assessment tool Prevalence

Feinstein and Dolan [4] 48 patients with femur, tibia, or 
fibula fracture

IESa and self-report DSM-III-Rb 
checklist for PTSD

7/48 (14%) at 6 months

Shalev et al. [3] 211 trauma survivors Clinician-administered PTSD scale, 
structured clinical interview for 
DSM-III-R

37/211 (17.5%) at 4 months

Zatzick et al. [2] 73 trauma patients PTSD checklist 22/73 (30%) at 1 year

Michaels et al. [1] 100 trauma patients Civilian Mississippi scale for PTSD 42/100 (42%) at 6 months

McCarthy et al. [7] 385 patients with severe lower 
limb injury

Brief symptom inventory to assess 
risk for likely psychological disorder

42% at 24 months

Crichlow et al. [6] 161 orthopaedic trauma patients Beck depression inventory 45% 3–12 months after injury

Starr et al. [5] 580 orthopaedic trauma patients Revised civilian Mississippi scale 
for PTSD

295/580 (51%) at 1 year

Table 28.1 Prevalence of psychological distress reported by other investigators

aImpact of Event Scale
bDiagnostic and Statistical Manual of Mental Disorders, Third Ed., Revised
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using the Beck Depression Inventory [6]. Similarly, 
Bhandari et al. noted that in a population of orthopaedic 
trauma patients, patient reports of health-related quality 
of life, as assessed using the SF-36, were strongly asso-
ciated with the intensity of the patients’ psychological 
symptoms [8]. In a study of patients treated for fractures 
of the posterior wall of the acetabulum, Moed and 
McMichael found that, at 2 years, patients’ responses to 
questions regarding emotional and mobility status were 
most strongly linked to an unsatisfactory overall out-
come [9]. Moed et al. concluded, “There are important 
factors determining our patients’ functional outcome 
other than how well we repair the fracture.”

Thus, the literature on this area of study is clear. 
When patient-derived tools are used to assess results of 
treatment, psychological distress is strongly associated 
with outcome, and in fact may be the “strongest” deter-
minant of outcome. For orthopaedists accustomed to 
considering bony alignment or joint range of motion as 
outcome measures, these findings may be surprising. 
However, after a moment’s reflection, they are under-
standable. Imagine a patient who sustains a femur frac-
ture after an automobile crash. Suppose the patient 
suffers from PTSD, with daily flashbacks, nightmares, 
intrusive memories of the accident, and anxiety. For 
such a patient, “outcome” after injury will not be good, 
even if their fracture heals in perfect alignment. The 
patient will rightly tie these psychological symptoms 
to the injury event. The patient cannot and will not 
divorce psychological outcome from overall outcome. 
The patient will consider outcome to be poor, even if 
physical function is good.

28.4  Addressing the Problem

As noted above, orthopaedic surgeons are not trained 
to seek out, recognize, or treat psychological distress 
after trauma. After years in practice, some surgeons 
may learn to recognize these symptoms and attempt to 
treat them. However, to date, there has been no study 
examining whether treatment of psychological illness 
after orthopaedic trauma is beneficial. Thus, for most 
patients, psychological distress after orthopaedic 
trauma remains unrecognized and untreated.

Perusal of the psychiatry and psychology literature 
reveals that successful treatments exist for PTSD. Two 
FDA-approved medications, paroxetine and sertraline, 

have been shown to significantly reduce PTSD symp-
tom scores in patients suffering from the illness [10, 
11]. Psychotherapy has also been shown to signifi-
cantly lower symptom scores, with methods such as 
cognitive behavioral therapy, exposure therapy, or sup-
portive therapy being commonly employed [12–14].

Despite the existence of successful treatments for 
PTSD, orthopaedic trauma surgeons may question the 
value of engaging in such efforts. The medications and 
therapies used to treat PTSD are unfamiliar to sur-
geons. Furthermore, the exploration of “How do you 
feel?” questions may slow down an already busy clinic. 
However, the orthopaedic surgeon’s role seems likely 
to be limited simply to seeking out such symptoms, 
and asking patients about psychological problems. 
Definitive management of psychiatric illness will be 
left to mental health professionals. Besides, when one 
considers the potential benefits of such treatments, 
concerns such as these should fade away. If psycho-
logical distress is truly one of the factors to have a 
strong effect on outcome after trauma – and multiple 
studies make that conclusion – treatment of illnesses 
such as PTSD offers an enormous opportunity to 
improve outcomes. The current “standard of care” for 
psychological distress after orthopaedic trauma is, 
unfortunately, no care at all. Given the large impact 
psychological illness has upon outcomes, it seems 
clear that even small improvements in PTSD symptom 
scores are likely to yield significant improvements in 
overall patient outcome. Thus, the time seems ripe for 
investigating whether or not accepted treatments for 
PTSD, such as medication or psychotherapy, have any 
beneficial effect on orthopaedic trauma patients.
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Over the past decades, numerous improvements have 
been made in the delivery of trauma care and rehabili-
tation such as injury-prevention advancements in res-
cue systems, improvements in hospital diagnostics and 
surgical techniques, and the development of better 
treatment strategies. A decrease in the mortality rate 
(37–18%) of multiple trauma patients has been noted 
over the past two decades [1–6]. Thus, long-term out-
come evaluation and assessment of quality of life and 
patient satisfaction have gained attention in polytrauma 
care. Severe musculoskeletal trauma is a life-altering 
condition leading to prolonged morbidity and numer-
ous repetitive interventions. That it is the main con-
tributor to work disability [7–9], impaired long-term 
psychosocial outcome, and persisting disabilities has 
been demonstrated in long-term studies, underlining 
the immense economic burden to society and the last-
ing impact on the affected individuals and their fami-
lies [7–12].

29.1  General Long-Term Outcomes  
in Polytrauma Patients

To look beyond mortality and assess the patients’ longi-
tudinal evaluation is a helpful tool for identifying the 
factors that influence long-term outcome following 
major injuries and the appropriate beneficial interven-
tions. Several large projects [7–9, 13–16] have recently 
been conducted that focus on patients long-term func-
tional recovery following polytrauma. These studies 
provide evidence that not only injury-related factors, 
such as injury severity, injury location, and treatment 
methods, but also the specific characteristics of the indi-
vidual, socioeconomic factors, and health habits have a 
strong impact on outcome [8, 13, 17]. In addition, 
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authors have underlined the role of post-injury depres-
sion, anxiety, and chronic pain. High incidence rates 
of posttraumatic stress disorder (24–39%), anxiety 
 (32–70%), and depression (35–68%) have been observed 
among trauma patients. Additionally, cognitive defects, 
such as memory impairment, difficulty with concentra-
tion, and emotional problems have been reported [7, 13, 
18–20]. All these factors negatively affect a patient’s 
functional outcome. These studies stress the need 
for concomitant posttraumatic psychological support. 
Moreover, self-efficacy has been shown to be one of the 
strongest predictors of the Sickness Impact Profile and 
return to work [7–9, 13]. It is assumed that persons with 
low self-efficacy are more likely to be disengaged from 
the physical rehabilitation and recovery process. To 
address this issue, it has been suggested that self-effi-
cacy and self-management training should be introduced 
to polytrauma patients, especially as positive effects 
have been demonstrated in the treatment of patients with 
chronic diseases such as arthritis, diabetes, and chronic 
pain [21, 22].

Several groups have demonstrated evidence of 
gender-related differences after severe injury [16, 23]. 
The advantages of premenopausal women over men 
in the acute phase after multiple injuries have been 
described [16, 23]. However, long-term results dem-
onstrate the opposite. Women showed a higher rate of 
posttraumatic stress disorder and psychological sup-
port, longer duration of rehabilitation, and longer sick 
leave time [24–27].

Blunt injuries of the trunk are acutely associated 
with life-threatening complications. Long-term inves-
tigations, however, demonstrate that after blunt inju-
ries involving the chest and abdomen, substantial 
recovery may occur [28]. These injuries were rarely 
the reason for worse outcome or functional impair-
ments in long-term follow-up studies [28–30].

The Hannover Rehab Study’s goal was to evaluate 
functional outcome with a minimum follow-up of 
10 years (mean 17.5 years) [14–16]. A total of 637 
patients were identified using the electronic database. 
Inclusion criteria included multiple blunt injuries; 
Injury Severity Score (ISS) ³ 16; treated between 
1973 and 1990 in a level I trauma center; age between 
3 and 60 years; and discharged alive. Two standard-
ized scores were used: Hannover Score for Polytrauma 
Outcome (HASPOC) [31] and Short Form-12  
(SF-12) [32]) to evaluate the long-term outcome. This 
study revealed that head and extremity injuries 

accounted for the most frequent causes of long-term 
disability [16]. At follow-up, 33% of patients required 
a medical aid for their disability, and 20.1% reported 
disability due to their injury. Approximately the same 
percent of patients (76.5%) and physicians (69.1%) 
reported success from rehabilitation. Extremity-
related results from this study are summarized in the 
corresponding section.

29.2  Upper-Extremity Injuries

There is a limited number of scientific publications 
addressing the long-term outcome of upper extremity 
injuries. The available long-term studies are mainly 
restricted to follow-up investigations of individual frac-
tures or treatment options [33, 34]. Isolated upper-
extremity fractures are typically associated with 
low-energy trauma mechanisms [33]. Therefore, the 
results found in isolated fractures are likely to be differ-
ent from those of severely injured patients who have 
sustained high-energy trauma and concomitant injuries. 
Moreover, follow-up investigations demonstrate that 
patients with injuries to the upper limb tend to have a 
better long-term outcome than patients with lower-
extremity injuries [35, 36]. Nevertheless, concomitant 
vascular and neurological injuries (involvement of 
Brachial plexus and peripheral nerves) were shown to 
be a major determinant of worse long-term functional 
outcome [37]. Further, typical sequelae following upper-
extremity trauma are nonunion, heterotopic ossification, 
and impaired range of motion [34, 38, 39].

Mkandawire and coauthors analyzed the long-term 
(5 years) musculoskeletal recovery in survivors of 
severe injuries (ISS > 15) [11]. They performed a reex-
amination of 158 severely injured patients (>15 years 
old) treated between 1989 and 1990. According to this 
multicenter investigation (16 hospitals), approximately 
50% of patients with shoulder girdle injury were asso-
ciated with functional impairments and persistent dis-
orders. Functional disabilities were more frequently 
(66%) observed after fractures of the arm and forearm. 
Displaced and articular fractures were identified as 
those mainly responsible for long-term disabilities. 
Moreover, even after 5 years following trauma, a 
remarkable 45% of patients with shoulder girdle and 
62% of patients with upper-extremity fractures com-
plained of chronic pain. Multiple upper limb fractures 
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or a combination of shoulder girdle and shaft fractures 
in particular were more likely to result in long-term 
morbidity. Furthermore, authors discussed whether 
associated head, facial, and thoracic injuries poten-
tially interfere with upper limb rehabilitation, resulting 
in continuing disability and chronic pain.

The Hannover Rehab Study performed a func-
tional outcome evaluation of upper-extremity frac-
tures,  focusing on the question of whether isolated 
articular  fractures, shaft fractures, or the presence of 
both are significantly related to poor outcome results 
(Table 29.1). At time of follow-up, the physical exami-
nation showed better mobility of the affected upper 
limb in patients with isolated shaft fractures as mea-
sured by range of motion (ROM). Furthermore, limita-
tions of ROM, muscle weakness (10–20%) (shoulder 
and elbow), and contractures of the affected region 
(25%) were more frequently observed following com-
bined articular and shaft fractures. These functional 
results are in line with determined score outcomes as 
measured by HASPOC and SF-12. Patients with upper-
extremity shaft fractures demonstrated significantly 
more favorable scores than patients with the combina-
tion of a shaft injury and an articular fracture. This 
might be explained by the degeneration of the affected 
joint following articular fractures which may lead to 

functional disabilities and chronic pain [40–44]. 
Moreover, the initial  surgical reconstruction of articu-
lar and multiple fractures is more complex. A large 
number of these patients require additional operative 
treatments and reconstructions. The interference of 
multiple fractures in the rehabilitation process is 
another factor that negatively affects long-term func-
tional results following severe injury.

29.3  Pelvic Fractures

Pelvic fractures are often associated with multiple con-
comitant injuries of the lower limb, spine, abdomen, 
and head [45, 46]. Accordingly, analysis of long-term 
outcomes may be difficult to interpret because the 
accompanying injuries may affect the results [47–49]. 
It has been shown that both the severity of pelvic frac-
ture (stable vs. unstable) and the presence of associ-
ated injuries contribute to poor long-term outcome 
[50]. Incomplete recovery and functional impairments 
were observed following unstable pelvic ring fractures, 
while stable pelvic injuries rarely led to major long-
term problems [45, 51, 52]. Others could demonstrate 
an association of sequelae and poor outcomes follow-
ing open pelvic fractures [53]. Moreover, the clinical 
outcomes of patients with unstable pelvic ring trauma 
and associated injuries were less satisfactory than the 
outcomes of patients with unstable pelvic ring trauma 
and no associated injuries (Table 29.2) [49, 51].

Chronic pain syndromes, neurologic impairments, 
and nonunions have been described as determining 
factors that influence the long-term outcome in patients 
who have sustained pelvic fracture [52]. An overview 
of long-term (2 years) pain results was demonstrated 
by Pohlemann and coauthors [50, 52, 55]. Pain was 
observed in every fracture classification group; the rate 
of completely pain-free patients was 55% after A-Type 
fractures, 41% after B-Type, and 27% after C-Type 
fractures [50, 52, 55]. Nonanatomic reduction or insuf-
ficient fixation can provide poor long-term outcome 
results, resulting in chronic back pain, instability, and 
malunions or nonunions [46, 56, 57].

Moreover, authors described a close correlation 
between neurological and functional long-term out-
come [48]. At follow-up (2.2 years), 21% of patients 
with B-Type and 60% with C-Type fractures had at 
least some neurological impairments [54]. In particular, 

Articular 
fractures

Shaft 
fractures

Combined 
fractures

N = 60 N = 37 N = 52

ROM > 50% 88.3% 94.6%* 73.1%**

Contractures 8.3%* 10.8% 25%***

Stiffness 1.6% 2.7% 5.8%

Neurological 
impairment

11.7% 10.8% 13.5%

Full muscle 
force shoulder

90% 97.3% 88.5%

Full muscle 
force elbow

86.7% 100%* 80.8%**

HASPOC-total 70.2 ± 48.9** 47 ± 34.3*,*** 69.4 ± 44.4**

SF-12 Phy 43 ± 11.9** 47.9 ± 9.8*,*** 43.6 ± 9.9**

Table 29.1 Functional status of the upper extremities following 
polytrauma with fractures at different localizations

HASPOC Hannover score for polytrauma outcome, SF-12 Psy 
short-form 12 items health survey, physical component summary
*Significantly worse outcome vs. combined fractures (p < 0.05)
**Significantly worse outcome vs. shaft fractures (p < 0.05)
***Significantly worse outcome vs. articular fractures (p < 0.05)
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vertical unstable injuries and transforaminal sacral frac-
tures were shown to be associated with severe neuro-
logic disabilities [58, 59]. Among the neurologic 
sequelae were: peripheral nerve lesions, incontinence, 
and sexual dysfunctions [47, 50–55, 57]. These seque-
lae are also the main reason for work disability [46]. 
Approximately 50–75% of previously employed 
patients with pelvic fractures were able to return to their 
previous occupation [47, 51, 53].

29.4  Lower-Extremity Fractures

Studies analyzing the long-term outcome of trauma 
patients were able to demonstrate that injuries of lower 
extremity especially cause significant impairments 
and loss of function [35, 60–62]. It could be shown 
that injuries of the leg are a dominant factor influenc-
ing late functional outcome [60, 61]. Patients with 
these injuries demonstrated low rates of full recovery 
and overall satisfaction [11, 12]. In particular, patients 
with limb-threatening lower-extremity trauma were 
associated with relevant complications, leading to 
additional operative treatments during the post-injury 
course [63].

A detailed investigation and description of factors 
influencing the long-term outcome of lower-extremity 
injuries was performed within the Lower Extremity 
Assessment Projects (LEAP) [7–9, 13]. The LEAP is a 

prospective multicenter (eight level I trauma centers) 
cohort study investigating the long-term outcome in 
patients with high-energy trauma below the distal 
femur (LEAP studies). Functional outcomes of 601 
patients were assessed for patients with amputation 
versus reconstruction of leg-threatening injuries. 
Patients with open fractures, dysvascular limbs, major 
soft-tissue injury, and severe foot and ankle injuries 
were included in the study and the outcome measure 
performed using the Sickness Impact Profile, a multi-
dimensional measure of self-reported health status 
[7–9, 13]. The results demonstrate comparable func-
tional outcomes in both patient groups. However, 
regardless of the treatment option, both the limb sal-
vage and amputation groups demonstrate severe dis-
ability as compared with general population. One half 
of all patients had physical subscores on the Sickness 
Impact Profile 10, indicative of significant disability; 
only 34% of patients achieved scores typical of a gen-
eral population of similar age and sex. Only 58% of 
those working before the injury were working at 
7 years post-injury; of those patients who returned to 
work, 20–25% were limited in their ability to match 
the demands of their pre-injury status. Moreover, no 
significant improvements were observed at the 7 year 
follow-up when compared to the 2-year data.

The evaluation of the Hannover Rehab Study data base 
[14–16] with regard to lower-extremity fractures has dem-
onstrated the following long-term outcomes (Table 29.3): 
A significant percentage of patients (30–45%) with 

Study Fracture 
type

Follow-up 
(year)

Patienta Pain Functional 
disability

RTW Neurologic 
impairments

Pohlemann et al. [54] Unstable 
fractures

2.2 58 11–66% No data No data 21–60%

Miranda et al. [47] Pelvic ring 
fracture

5 80 16–35% 8–21% 75–81% No data

Tornetta and Matta 
[46]

Unstable 
fracture

3.7 48 37% 37% 67% 35%

Brenneman et al. [53] Open 
fracture

4 27 No data No data 64% 18%

Kabak et al. [51] Unstable 
fracture

3.8 36 31% No data 72% 16–31%b

Suzuki et al. [48] Unstable 
fracture

3.9 57 No data No data 84% 28%

Table 29.2 Clinical examination of pelvic ring fractures following polytrauma

RTW return to work
aSkeletally immature patients
bSexual and urinary dysfunction
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fractures of lower limb experienced posttraumatic pain 
and approximately 10–30% reported limited range of 
motion. The rate of gait abnormalities was significantly 
low following femur shaft fractures. In contrast, high rates 
of gait abnormality were observed in patients who had 
sustained acetabular fractures. Moreover, outcome scores, 
as measured by HASPOC and SF-12, were significantly 
better following an isolated femur shaft fracture when 
compared to the scores of patients with acetabular frac-
tures and knee-joint injuries. The observed rates of arthro-
plasty were 7.5% for the hip joint, 15.1% for the knee 
joint, and the ankle fusion rate was reported to be 12.3%. 
In addition, patients with lower-extremity injuries below 
the knee demonstrated significantly lower outcome scores 
than patients with lower-extremity fractures above the 
knee joint, as measured by the HASPOC, the SF-12, the 
Tegner Activity Score, and the ability to work. Authors 
assumed that various factors such as the thin soft tissue 
envelope, unfavorable blood supply, and the complex 
fracture patterns of many foot and ankle injuries contrib-
uted to the inferior outcomes of patients with fractures 
below the knee joint [15].

29.5  Conclusion

Due to the improved mortality rates of severely injured 
patients, long-term follow-up observation studies have 
gained more attention. Social reintegration of patients 
and return to work were defined as main long-term 

goals in the treatment of polytrauma patients. Large 
outcome studies have recently demonstrated that artic-
ular fractures, especially those with concomitant inju-
ries, and the presence of a lower-extremity injury are 
associated with poor long-term functional results and 
unfavorable outcome scores. Moreover, studies have 
emphasized the importance of psychosocial variables 
on the long-term functional outcome. Early psycho-
logical intervention for polytrauma patients has been 
suggested to address this issue. Furthermore, patients 
with severe injuries that are associated with poor out-
come should be identified earlier in order to improve 
their rehabilitation results.
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Magnetic resonance angiography (MRA)

of spine, 158
Magnetic resonance imaging (MRI)

of spine, 153
Major histocompability complex II (MHC II), 26
Mangled, 135–148
Mannitol, 45
MAP. See Mean arterial pressure
Marginal mandibular branches, 56–58, 63
Masseter muscle, 62, 67, 70, 72
MAST. See Military antishock trousers
Mean arterial pressure (MAP), 45, 46
Membrane attack complex (MAC), 22
Methicillin-resistant Staphylococcus aureus (MRSA),  

306–316
MHC II. See Major histocompability complex II
Military antishock trousers (MAST), 108
Mini-hypoglossus, 62, 64–66
Minor pedicle, 246, 247, 253

MOF. See Multiple organ failure
Mortality

spinal injury, 152, 158–160
Motor index scale 
MPO. See Myeloperoxidase
MRA. See Magnetic resonance angiography
MRI. See Magnetic resonance imaging
MRSA. See Methicillin-resistant Staphylococcus aureus
Multiple injuries, 168–173
Multiple organ failure (MOF), 19–21, 23, 24, 26, 27, 39
Muscle

flaps, 64, 66–68, 70, 246–249, 251, 253, 255, 257, 260, 262
transfer, 62, 65–72
transplantation, 66, 67, 70, 73
transposition, 72

Myeloperoxidase (MPO), 26

N
Nerve

coaptation, 53, 54, 62, 64–68, 70
coaption, 62
compression, 51, 53, 54

Neurapraxia, 52, 53
Neurogenic shock, 152–156
Neurologic deficit. See also Spinal cord, injury to orthosis

cervical, 161–163
halo-vest, 160
thoracolumbar, 160

Neurolysis, 51, 53–54, 56, 62
Neurorrhaphy, 51, 53, 54, 62, 63
Neurotmesis, 52, 53
Nightmare, 347
Nitric oxide (NO), 20, 23, 25, 26, 28
Non-operative management (NOM), 92, 94–99
Nonunion, 333–343

O
Open fracture, 205–213, 282–283, 286, 288, 290
Operative fracture fixation, 46
Orthopaedic trauma temporary measures 
Osmotic therapeutics, 45
Osteomyelitis, 311–312
Osteoporosis, 7–9
Outcome

spinal injuries, 161, 163

P
Partial facial paralysis, 59
Pathogen-associated molecular patterns (PAMPs), 25
Pathophysiology of polytrauma, 33–39
Pattern recognition receptors (PRRs), 25, 28
PCS. See Pulmonary contusion score
PCT. See Procalcitonin
Pediatric, 180–185. See also Child(ren)
Pediatric trauma score (PTS), 181
Pelvic anatomy, 103–105

common iliac artery
external iliac artery, 104
internal iliac artery, 104

iliolumbar ligament, 104
posterior sacroiliac ligaments, 104
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sacrospinous ligament, 104
sacrotuberous ligament, 104
sciatic nerve, 105

Pelvic binders, 108
Pelvic C-clamp, 109
Pelvic fracture, 119, 121, 123, 125
Pelvic fracture classification

Tile classification, 105, 106
Young and Burgess classification

anterior posterior compression (APC), 106, 107
combined mechanism, 106, 107
lateral compression, 106, 107
vertical shear (VS), 106, 107

Pelvic fracture treatment
C-clamp, 109
external fixation, 108
internal fixation

anterior pelvic ring, 112–113
posterior pelvic ring, 113

military antishock trousers (MAST), 108
pelvic binder, 108
pelvic packing, 110, 111

Pelvic packing, 110, 111
Pelvis, 351–352
Penetrating trauma, 281–291
Perforator flaps, 245–247, 255, 256
Perforators, 245–247, 250, 255, 256
Perforator vessels, 245–246, 250
Pericardial injuries, 78
Perineurium, 53, 65
PMNs. See Polymorphonuclear cells
Pneumothorax, 75, 76, 78–79, 81
Polylactide bone grafting membrane, 298–300
Polymorphonuclear cells (PMNs), 22, 24–25
Polytrauma, 8, 168, 169, 171–173, 333–343, 349–353
Polytraumatized children, 179, 181, 183
Posterior sacroiliac ligaments, 104, 107
Posttraumatic stress disorder (PTSD) and psychological 

s equelae after severe trauma, 345–347
Pregnancy, 189–201

anaesthesia, 197
anatomic changes, 190–192
effective doses in imaging, 194
effects of radiation, 194–195, 197
epidemiology, 189–190
foetal radiation dose, 199, 200
general assessment, 192–193
intra-operative radiology, 197–199
orthopaedic injuries, 199
outcomes, 199, 201
pelvic fracture, 199, 200
physiologic changes, 190–192
radiological assessment, 190, 193–197

Prehospital management
of spine injury, 152–154

Prevention, 8–9
Primary brain injury, 43
Primary/immediate/early or secondary/delayed/late, 248
Procalcitonin (PCT), 20–21, 23
Pro-inflammatory cytokines, 19–25, 28
Prone position, 82, 83

PRRs. See Pattern recognition receptors
PTS. See Pediatric trauma score
Pulmonary contusions, 75, 77, 79–81, 84
Pulmonary contusion score (PCS), 80
Pulmonary lacerations, 76, 77

Q
Quality-adjusted life-years (QALY), 6, 7, 9

R
Radial forearm flap, 250, 251, 253
Radiography

of spine, 157
RAGE. See Receptor for advanced glycation  

end products
Randomized controlled trial, 14
Reactive oxygen species (ROSs), 24–28
Receptor for advanced glycation end products  

(RAGE), 25
Reconstructive ladder, 243, 244
Reconstructive triangle, 243, 244
Rib fractures, 75–78, 80, 81
Road traffic accidents, 5, 7–8
ROSs. See Reactive oxygen species

S
Sacral sparing, in incomplete spinal cord injury, 156
Sacrospinous ligament, 104, 107
Sacrotuberous ligament, 104, 107
Salter Harris, 185, 186
Salvage, 135–139, 145–148
Scapular and parascapular flap, 253–255
Sciatic nerve, 105
Score according to Wagner and Jamieson, 80
Secondary brain injury, 43, 46
Secondary pedicle, 246, 247, 255
Second hit, 36–38
Septic state 
Serial rib fractures, 75–77
Shotgun wound(s), 92. See also Gunshot wound(s)
Shunts, 220–221, 224
SIRS. See Systemic inflammatory response syndrome
Skin grafts, 243, 244, 250, 251, 253, 255, 257
SOD. See Super oxide dismutase
Soft tissue injury, 127–130, 133
Solid organ injury, 92, 94, 98
Spinal canal, decompression of, 160, 161
Spinal cord

injury to
incidence of, 151
incomplete, 157

injury to orthosis, 159
Spinal imaging. See Radiography
Spinal instability, 152, 154, 162
Spine

algorithmic approach for spine injury  
patient, 153

ankylosis of, fracture associated with, 151
fracture

non surgical treatment, 159–160
surgical treatment, 158, 160–162
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fracture management
in hospital, 152, 154–159
initial (emergency), 152–154
prehospital, 152–154

gunshot wound of, 162
imaging of, 157–158
immobilization of, 152, 154, 160, 163
injury to (see Fracture)
instability, 152, 154, 158, 162

Spine board, 154
Staged approach, 130–134
Staged/delayed procedure, 248
Stif neck collar, 155, 160
Super oxide dismutase (SOD), 24
Sural nerves, 54, 55, 62
Surgery

for vertebral injuries, 158
Surgical chest wall stabilization, 84
Synkinesis, 59, 60, 62
Systemic inflammatory response, 44
Systemic inflammatory response syndrome (SIRS),  

19–21, 23, 25–27

T
Tarsorrhaphy, 72–73
Temporal bone, 52, 56

fractures, 51, 58–59, 62–63
Temporal branches, facial nerve, 57
Temporalis muscle, 62, 70, 72
Temporalis transfer, 62, 70, 71
Temporary wound coverage, 244
TENS. See Transcutaneous electrical nerve stimulation
Tension pneumothorax, 76, 81
Thoracic trauma, 75–84
Thoracic trauma severity score (TTS), 80–81
Thoracic ultrasonography, 79
Thoracolumbosacral orthosis (TLSO), 10 
Tile classification, 105, 106
Timing, 217–226, 243, 244, 248, 249
Tinel’s sign, 52–53, 64, 65
Tissue necrosis, 306
Toll like receptors (TLRs), 25, 28
Tracheobronchial injuries, 77
Traction

for cervical spine injury, 155, 158–160

Transcutaneous electrical nerve stimulation  
(TENS), 61

Trauma, 1–4, 11–18, 89–92, 95–100
Traumatic amputations

amputation level, 266, 271
completion indications, 266–268
outcomes, 267–268, 273
upper extremity, 267

Traumatic aortic injuries, 78
Treatment, 321–323, 325–329, 331
Trigeminal nerve, 51, 59, 63, 66, 70
TTS. See Thoracic trauma severity score
Type A host, 321
Type B host, 321–322
Type C host, 322

U
Upper extremity, 350–351
Urethral reconstruction, 117–119, 121, 125
Urological trauma, 115–125

V
VACS, 249
Vascular cell adhesion molecule (VCAM-l), 22, 25
Vascular evaluation, 217–219, 224
Vascular injury

diagnosis of spine, 159
treatment of spine, 159

Vascularized bone graft (VBG), 325, 328–329, 331
Vascular trauma, 218, 220
VCAM-l. See Vascular cell adhesion molecule
Vertebrae. See Spine
Vertical shear (VS), 106, 107, 110

W
Wallerian degeneration, 52–53
Wound debridement, 246–248

Y
Years lived with disability (YLD), 9
Years of life lost (YLL), 9
Young and Burgess classification, 105–107

Z
Zygomaticobuccal branches, 57–58
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