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Preface

Welcome to the most comprehensive textbook in print on the management of 
explosion- related injuries. This ambitious project brought together world experts 
from across military and civilian systems and across different medical subspecial-
ties to provide the definitive resource for those engaged in the care of victims of 
explosions. We, the editors, hand-selected each author based upon their contribution 
to the science of blast injury, their experience caring for victims of explosions, or 
their expertise in system design. Each author team is comprised of legends, pio-
neers, and experienced frontline providers.

This work is the culmination of 2 years of labor from scientists, clinicians, and 
operators around the globe. As the editors, we would like to start with a note of 
thanks to the men and women who have taken time from their clinical practice, their 
intra-deployment downtime, and their families to join together and craft the most 
comprehensive book to date on the management of explosion-related injuries. 
Warriors, healers, scientists, and teachers all united by Hippocrates’ “purity of pur-
pose” to share their knowledge. You have all sworn that the bloody and personal 
lessons you have learned in places like Baghdad, Helmand, Tel Aviv, Boston, and 
Madrid will inform our future trauma and emergency responders.

Much has been written about the complex pathophysiology and physics of blast 
injuries. However, there are few resources that offer a bridge between cutting-edge 
blast science, clinical care for severely injured patients, and the operational knowl-
edge required to actually implement systems-level strategies that reduce morbidity 
and mortality. Responders must understand individual effects, community impact, 
and system impact. And systems must support responders.

The health system response to explosive incidents is complex. We cannot predict 
every variable – blast type, health system bed capacity, disruptions in EMS response, 
or weather. As a result, at the system level, there is no best practice. There is only good 
practice, emergent response, and resilience. In order to succeed, responders must be 
part of dynamic, multidisciplinary teams that are experts within their field but also 
understand the importance of their individual role in a broader system. This textbook, 
unlike any other in print, offers a blueprint for creating these high- functioning teams.

We took on this project with the very ambitious goals of being able to craft a text 
that could be used at a variety of levels. First, the comprehensive nature of the book 
serves as a one-stop source for health system leaders and emergency managers – 
military and civilian  – searching for guidance on how to best prepare for the 
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increasing likelihood of explosive mass casualty incidents. Second, the specialty- 
specific sections are designed to be accessible across specialties in order to allow 
professionals to build integrated response plans. Finally, each section is designed to 
provide the most cutting-edge science and practice recommendations within a given 
specialty. The authors did an amazing job balancing these competing priorities.

The introductory section of the book is a must read for anyone involved in trauma 
care or the management of emergency and trauma systems. This section provides a 
comprehensive overview of the critical role that civilian and military trauma sys-
tems play in response to mass casualty incidents related to explosions. The intro-
duction also provides an overview of the most cutting-edge science in blast 
biophysics and pathophysiology from authors who have helped to create the current 
blast injury taxonomy and are global leaders in research and development efforts on 
blast injury.

This book is subsequently divided into sections that address point of injury care 
through emergency department, operating theater, and intensive care unit. Each 
section specifically addresses the unique operational components of responding to 
an explosive incident as well as the most cutting-edge clinical care recommenda-
tions. Understanding that the operational context often shapes the clinical response, 
the chapters are designed to offer lessons learned from both international military 
experience and civilian response to terrorist attacks. The clinical chapters, all writ-
ten by authors with hands-on experience caring for victims of explosions, lay out 
the best practices and evidence-based guidelines (where available) for the clinical 
care of explosion victims with complex poly-trauma. Case studies from civilian 
and military events augment these chapters and add ground truth to the 
recommendations.

This book includes perspectives and experiences from around the globe. As 
such, language occasionally varies. For example, the interchange of Mass Casualty 
Event (MCE) and Mass Casualty Incident (MCI). To the extent possible and 
where intent was consistent, we left native definitions in place to remain true to 
the authors local experience and to demonstrate the complexity of the challenges 
faced during global responses. Ultimately, we believe that this book offers new 
insights that will help prepare our health systems, our clinicians, and our opera-
tional teams to respond more effectively to individual and populations who are 
victims of an explosion. These scenarios are increasingly common and increas-
ingly complex. Willful, or hopeful, ignorance is not an option. We must always be 
studying. We must always be practicing. We must always be improving. Otherwise, 
people will suffer.

From DC
Like many of the authors, the entirety of my medical career has been spent striving 
to understand how to better provide care for the victims of crisis; be it war, terror-
ism, violent crime, or disaster. The hours that I spent talking with these authors and 
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reviewing their work were both inspirational and educational. I hope the reader 
garners as much from it as the editors.

From JB
In the 30 years I have practiced emergency medicine and disaster medicine, it is 
seldom that I have encountered such a dedicated, knowledgeable, and selfless group 
of people as I have in the creation of this book. Bravo Zulu to all.

Charlotte, NC, USA David W. Callaway
Boston, MA, USA Jonathan L. Burstein 
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Part I

Introduction

Howard R. Champion 

This section of this book presents contemporary expertise in the systematic multi-
disciplinary planning and response to explosion-related events and injuries. The 
chapters in this section embody the knowledge acquired and lessons learned from 
explosive events in civilian and in war settings in multiple countries over the past 
20 years, together with the structured approach to this type of injury that we have 
developed through the Department of Defense Committee on Tactical Combat 
Casualty Care (CoTCCC) and its civilian counterpart, the Committee for Tactical 
Emergency Casualty Care (C-TECC).

The various chapters identify considerable efforts by multiple government agen-
cies in many countries and provide useful source references to the reader. Taken as 
a whole they provide a roadmap for communities and providers to optimize the 
response to, and outcomes of, those injured in such events. There is some redun-
dancy, but this allows for different perspectives and emphasis drawn from expertise 
in multiple countries and settings, both civilian and military. Variations in statistics 
are caused by period of study and data source.

The classification of injuries from explosions appears in various forms in multi-
ple chapters. At the request of the US DoD Office of the Secretary of Defense, this 
was created by myself (Dr. Champion) with the help of Graham Cooper, PhD, one 
of the world’s leading experts in blast biophysics and physiology.

H. R. Champion 
Professor of Surgery, Uniformed 
Services University of Health Sciences, 
Bethesda, MD, USA

SimQuest. And, Annapolis, MD, USA
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DoD Taxonomy of Injuries from Explosive Devices [1]

 1. Primary. Blast overpressure injury resulting in direct tissue damage from the 
shock wave coupling into the body.

 2. Secondary. Injury produced by primary fragments originating from the explod-
ing device (preformed and natural (unformed) casing fragments, and other pro-
jectiles deliberately introduced into the device to enhance the fragment threat) 
and secondary fragments, which are projectiles from the environment (debris, 
vehicular metal, etc.).

 3. Tertiary. Displacement of the body or part of body by the blast overpressure 
causing acceleration/deceleration to the body or its parts, which may subse-
quently strike hard objects causing typical blunt injury (translational injury), 
avulsion (separation) of limbs, stripping of soft tissues, skin speckling with 
explosive product residue and building structural collapse with crush and blunt 
injuries, and crush syndrome development.

 4. Quaternary. Other “explosive products” effects – heat (radiant and convective), 
and toxic, toxidromes from fuel, metals, etc. – causing burn and inhalation injury.

 5. Quinary. Clinical consequences of “post-detonation environmental contami-
nants” including bacteria (deliberate and commensal, with or without sepsis), 
radiation (dirty bombs), tissue reactions to fuel, metals, etc.

In general, the multimechanistic injuries from explosions play out as follows:

DoD Nomenclature for Blast Injury Categories After Explosions [2]

Category Definition Typical injuries
Primary Produced by contact of blast shockwave with body

Stress and shear waves occur in tissues
Waves reinforced/reflected at tissue density interfaces
Gas-filled organs (lungs, ears, etc.) at particular risk

Tympanic membrane 
rupture
Blast lung
Eye injuries
Concussion

Secondary Ballistic wounds produced by:
  Primary fragments (pieces of exploding weapon)
  Secondary fragments (environmental fragments, e.g., 

glass)
Threat of fragment injury extends further than that 
from blast wave

Penetrating injuries
Traumatic amputations
Lacerations
Concussion

Tertiary Blast wave propels individuals onto surfaces/objects or 
objects onto individuals, causing whole body 
translocation
Crush injuries caused by structural damage and 
building collapse

Blunt injuries
Crush syndrome
Compartment syndrome
Concussion

Quaternary Other explosion-related injuries, illnesses, or diseases Burns
Toxic gas and other 
inhalation injury
Injury from 
environmental 
contamination

Quinary Injuries resulting from specific additives such as 
bacteria and radiation (“dirty bombs”)

Part I Introduction
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Chapter 1 provides a summary of the complexities associated with blast injury 
and the planning and implementation of a state-of-the-art response. This is followed 
in Chap. 2 by a review of blast biophysics that explains the mechanistic basis for 
injuries that occur as a result of explosions. Chapter 3 reviews the state-of-the-art 
research focus and gaps. Dr. Kobi Peleg’s Chap. 4 builds on an understanding of the 
biophysics of blast and provides a scholarly review of the environmental, mechanis-
tic, and operational threat types that influence wouding epidemiology and thus the 
outcome of injured patients.

Chapters 5 and 6 deal, respectively, with civilian and military responses and dif-
ferences in preparedness, and Chap. 7 provides information on the varieties of 
improvised explosive devices. Chapter 8 gives a state-of-the-art description of the 
London planning and response system and how it is coordinated through LESLP. In 
addition, this chapter serves to emphasize the generalizability of response to explo-
sive events and the responses to other mass casualty and major events such as active 
shooter, earthquake, etc.

The final chapter in this section, a discussion of the Madrid train bombing of 
2004, provides an opportunity to analyze and configure an optimal response system 
based on “lessons learned” in this massive tragedy, which produced over 2000 casu-
alties. Perhaps the most important message in this section is the need for multidis-
ciplinary, multiagency, multi-institutional planning, joint rehearsal, and continued 
reassessment of the response.

Injures from explosions are becoming more common. David Miliband, Chief 
Executive of the International Rescue Committee and previously UK Foreign 
Secretary, has identified the following impacts of explosives:

• 142 Million children are living in high intensity conflict zones.
• More than 20,000 civilians were killed by explosive weapons in 2018.
• 973 Attacks on health facilities and health workers occurred, 167 of whom died.
• Since 2013, there has been 150% increase in landmine-related casualties, 8605 in 

2016 alone.

In summary, explosive devices are not just a matter of military declared wars but 
are increasingly used in civilian conflicts, which are producing healthcare burdens 
on civilian hospitals and internal displacements involving 41 million people and 
some 29.5 million refugees. Taken as a whole, this section paves the way for the 
clinical focus of Part II.
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1Overview of Blast Injury

Scott D. Deitchman, Isaac Ashkenazi, and Henry Falk

Blast incidents and the resulting trauma are an unfortunate and real threat to health. 
It was first proposed in the late eighteenth century that changes in air pressure from 
explosions could produce injury or death. More nuanced, modern understandings of 
blast injury date from observations during the First World War [1]. Blast incidents 
occur in military conflict from both military and improvised munitions. Acts involv-
ing bombings and explosions are by far the most common types of terrorist acts. 
Blast injuries also result from nonintentional events such as industrial explosions. 
Although blast incidents are rare outside of areas of military or social conflict, when 
they occur, the scale in terms of number and types of injuries can range from mild 
to catastrophic. This chapter briefly reviews the various types of injuries that result 
from blast trauma, introduces the settings in which blast injuries occur and the epi-
demiology of blast injuries in different settings, and provides a summary of health 
preparedness and response strategies for incidents involving blast trauma. These 
topics will be expanded upon in subsequent chapters.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-40655-4_1&domain=pdf
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 Types of Blast Injuries

Blast injuries can be particularly challenging because of the severity of the often- 
multisystem injuries and also the unique characteristics of blast injuries. A number 
of excellent review articles provide a broad overview of these issues [2–4].

Blasts and explosions are complex events that can cause injury through multiple 
mechanisms. Future chapters explore the mechanisms of injury in greater detail; 
however, the most common way of characterizing blast injuries is mechanistic:

• Primary – barotrauma, where striking changes of atmospheric pressure directly 
resulting from the blast particularly affect air-filled organs or air/fluid interfaces 
in the body

• Secondary – penetrating injuries primarily related to shrapnel, bolts, screws, and 
other added metallic objects from the blast device

• Tertiary – bodily effects from being thrown by the wind or due to injuries sus-
tained from collapsing structures

• Quaternary  – other direct effects such as burn injuries or inhalation of toxic 
chemicals

• Quintenary/Quinary – some but not all sources add this fifth category, described 
as a delayed hyperinflammatory response

 Blast Injury Scenarios

Blast injuries can result from explosions in a wide range of settings involving 
diverse types of explosive agents and devices. For this overview, we divide these 
into three general scenarios: exposure to explosions in military conflicts; exposures 
related to acts of terrorism using explosive devices; and exposures to accidental 
explosions, including explosions in industry in which the resulting injuries or fatali-
ties are considered occupational injuries.

 Blast Injuries from Military Conflicts

Military conflicts long have involved the use of explosive munitions, originally 
entailing a hollow metal casing into which was packed explosive powder and a fuse 
to ignite that powder. This led to the development of specialized exploding military 
munitions, including bombs, rockets, grenades, and mines. Exploding munitions 
can be used against materiel, personnel, or both. The injuries resulting from explo-
sive munitions are the consequences of blast effects from the explosive force, ther-
mal effects of the explosion, and ballistic effects of fragments from the detonating 
munition. Originally, the dispersed fragments were pieces of the munition casing, 
but starting in the nineteenth century militaries added primary fragments to their 
munitions to increase the number of projectiles resulting from the explosion [5].

S. D. Deitchman et al.
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In more recent combat theaters, including the wars in Iraq and Afghanistan, ser-
vice members increasingly have been exposed to blast injury from improvised 
explosive devices (IEDs) (Fig.  1.1). IEDs vary in construction, deployment, and 
types of explosives and shrapnel used in the device [6]. Current IEDs can be divided 
into three categories: roadside explosives and mines, often constructed from mili-
tary munitions, usually 122 mm or greater, and sometimes with hardware including 
ball bearings, nuts or bolts, or nails added (Fig. 1.2); explosively formed projectiles 
(EFPs), which use an explosive charge to deform a metal plate, usually copper, into 
a penetrating weapon (Fig. 1.3); and suicide bombings using weapons including 
human-worn devices (person-borne IEDs, or PBIEDs) and explosives packed in 
cars or trucks (vehicle-borne IEDs, or VBIEDs) or onto pack animals [7, 8]. IEDs 
are defined by their components including the casing used, the type of main charge, 
and the initiating system used to trigger the detonation [8].

Fig. 1.1 Remains of an 
armored Humvee military 
vehicle after being struck 
on the right side by single 
man-driven, forward- 
loaded suicide vehicle–
borne improvised explosive 
device, Iraq, 2005. (Photo: 
Staff Sgt. John B. Francis, 
USMC. Courtesy US 
Department of Defense)

Fig. 1.2 IED detected in Iraq, 2005. Three 124-mm artillery rounds wired together with a single 
126-mm round, the total combined payload approximately 400 lbs. of explosives (photo edited to 
remove personal identifying information). (Photo: Major Arnold Strong, Oregon National Guard. 
Courtesy US Department of Defense, Oregon National Guard)

1 Overview of Blast Injury
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Recent epidemiologic assessments of blast injuries in military combat opera-
tions, using US service members as a representative population, were summarized 
in a literature review of blast injuries among the combat cohorts participating in 
Operation Enduring Freedom (primarily Afghanistan), Operation Iraqi Freedom 
(Iraq), and Operation New Dawn (Iraq). Among 1,992,232 soldiers deployed to 
Afghanistan or Iraq during 2005–2009, there were 5862 injuries from explosive 
devices. These accounted for a majority (74%) of all injuries at a prevalence rate of 
30.5 per 10,000 deployed. Explosion-related musculoskeletal injuries accounted for 
82% of musculoskeletal wounds and were experienced by 22.9 per 10,000 deployed. 
Explosion-related spinal injuries accounted for 75% of spinal casualties and were 
reported among 3.3 per 10,000 deployed. Major amputations (loss of a limb proxi-
mal to the wrist or ankle) caused by IED detonation were reported at a rate of 38.3 
per 100,000 troop years in the Iraq theater (Operations Enduring Freedom and New 
Dawn) and 87.8 per 100,000 troop years in the Afghanistan theater (Operation 
Enduring Freedom) [9]. These rates are presented as examples, and comparable 
rates from other militaries may vary as they employ different equipment and tactics 
against different adversaries in different theaters.

As conventional and unconventional weapons and the tactics of their deployment 
evolve, so do protective technologies employed against them, resulting in changes to 

EFP Cache in Husseiniyah

A local citizen led Coalition Forces to a building where explosively formed penetrators and
improvised explosive devices were being constructed Oct. 31.

Copper disks used to make EFPS

10 fully-formed EFPs

More than 200 pounds of C4
explosives and other materials
used in making EFPs

Fig. 1.3 Cache of explosively formed penetrators (EFPs) found in Iraq, 2007. (Courtesy US 
Department of Defense)

S. D. Deitchman et al.
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specific rates and patterns of combat-related blast injuries. Different exposure mech-
anisms may lead to different injuries; for example, combat thoracolumbar burst frac-
tures are a unique pattern of injury that occurs as a result of vertical forces imparted 
by an explosion beneath an armored vehicle [9]. Protective technologies also alter 
patterns of injury. In a study of US combatant wounds incurred during Operations 
Enduring Freedom and Iraqi Freedom from 2001 to 2005, the percentage of thoracic 
wounds among was 6% (this included wounds from all mechanisms, not limited to 
blast injuries). Contrasting with a reported 13% in Vietnam, the difference was attrib-
uted to the use of personal protective equipment (PPE) such as body armor, in the 
two recent conflicts [10]. Additionally, though the protection provided by personal 
gear, including helmets and body armor, has increased survival, a significant propor-
tion of service members who were close to a detonation of high explosives, such as 
IEDs, developed persistent neurologic and behavioral symptoms despite appearing 
to be relatively unharmed [6]. Beyond improved PPE, some have suggested that 
patients with massive blast injuries have survived due to advances in first responder 
care and forward surgery implemented in these recent conflicts [11].

Military personnel are not the only victims incurring blast injury in conflict 
zones. Civilians living, working, or transiting the area also are at risk. An injury, 
death, and disability survey conducted among 900 households in Baghdad, Iraq, 
found that for the period 2003–2014, injuries from blast or explosion were the most 
common type of intentional injury in 2008–2011 and in 2013–2014. Although gun-
shots accounted for more deaths, the majority of disabilities resulted from blasts or 
explosions. The sources of the blasts and explosions accounting for these injuries 
(e.g., military use of munitions vs IED) were not reported [12]. A 2015 United 
Nations report from Afghanistan showed that in the first 6 months of 2015, IEDs 
resulted in 22% of civilian deaths and injuries related to the conflict. A majority of 
these (846 of 1108 IED-related deaths and injuries) were civilian casualties of 
attacks targeting military forces [13].

Additional civilian casualties result from explosions of unexploded ordnance 
remaining after military forces have departed the area. The threat arises when par-
ties to the conflict depart without marking or clearing unexploded ordnance from 
the former battlefield. In addition to inadvertently triggering the ordnance, civilians 
may become casualties when collecting scrap metal, tending to livestock, or farm-
ing. The same 2015 United Nations report documented that casualties from explod-
ing remnants of war in Afghanistan accounted for 4% of reported civilian deaths 
and injuries. Children were put at particular risk by naively playing with recovered 
devices [13]. The problem extends to most of the globe (Fig. 1.4). In 2016, at least 
2089 persons globally were killed and 6491 injured by landmines, cluster submuni-
tions, and other explosive remnants of war. Seventy-eight percent of victims with 
known status were civilians, 20% were members of the military or security forces, 
and 2% were deminers. At least 42% of the civilian casualties were children. Rather 
than declining, the global incidence of such casualties has been increasing in recent 
years (Fig. 1.5) [14].

The problem is by no means new or recent. Unexploded ordnance from both 
World Wars still are uncovered in Europe, some causing fatalities upon explosion 

1 Overview of Blast Injury
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[15, 16]. In 1988, one of the authors (SD) visited the Palauan island of Peleliu. 
Residents warned him against picking up unexploded munitions left over from the 
American invasion of the then Japanese-held island, 44 years earlier, saying that 
inadvertent detonations of these aging munitions accounted for several recent 
deaths.

 Blast Injuries from Terrorism

Blast incidents are the most frequent type of terrorist attack. The suggested reasons 
for this preference for blast attacks include: difficulty obtaining the materials and 
expertise required to implement sophisticated biological, chemical, radiological or 
nuclear attacks; a contrasting relative ease of construction, materiel availability, and 
destructive capacity for IEDs; and the success of explosive devices for creating 
social, economic, and psychological instability in a community [17–19]. The explo-
sives used by terrorists include commercial and homemade explosives in addition to 
the military explosive IEDs described in the previous section.

Data in the Global Terrorism Database, an open-source database including infor-
mation on terrorist events around the world from 1970 through 2017, describe that 
of 181,691 incidents recorded during this time period, there were 88,052 (48.5%) 
attacks in which a bombing or explosion was the attack type. Explosives, bombs, or 

Fig. 1.4 Global reports of casualties from landmines, explosive remnants of war (ERW), and 
cluster submunitions in 2016. (Source: Landmine Monitor 2017. Courtesy of International 
Campaign to Ban Landmines – Cluster Munition Coalition)

S. D. Deitchman et al.
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dynamite were the primary attack weapon. Of these, only 6283 (7.1%) worldwide 
were suicide attacks. These statistics can vary by region. For example, in the subset 
of 30,922 attacks occurring in the Middle East and North Africa, 3667 (11.9%) were 
suicide attacks. Of the global incidents with reported casualties, 36% resulted in one 
or more fatalities and 45% resulted in one or more nonfatal injuries. The most cata-
strophic incidents were relatively infrequent, with only 0.1% of incidents resulting 
in 101 or more fatalities and 0.4% causing 101 or more injuries [20]. Chapter 9 
describes one such large event.

Whatever the reason for their selection, terrorist bombs can have truly destruc-
tive effects. Blast victims as a group tend to be more severely injured than victims 
of other types of trauma. Kluger et al. compared injuries among 906 victims of ter-
rorist bombings to injuries of 55,033 individuals injured by nonterrorist trauma dur-
ing the same period. They found that bombing victims were more likely to be 
severely injured (injury severity score 16 or higher), have Glasgow Coma Scale 
scores of 4 or less, be hemodynamically unstable upon arrival to hospital, have inju-
ries in more body regions, require surgical intervention, need intensive care, and 
require longer hospital stays [21]. Despite this impact, during the period 1970–
2017, the worldwide annual incidence of these attacks rose to a peak in 2013, and 
then, for reasons unclear, through 2017 was gradually declining (Fig. 1.6) [20].
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Fig. 1.5 Global number of reported casualties from landmines/explosive remnants of war, 1999–
2016. (Source: Landmine Monitor 2017. Courtesy of International Campaign to Ban Landmines – 
Cluster Munition Coalition)
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The nature of injuries from terrorist use of explosives varies with factors such as 
the size of the device, distance from the detonation, and the materials, including 
shrapnel, used in device construction. The setting of the detonation also affects the 
nature and severity of resulting injuries. Outdoor detonations result in different pat-
terns of injury and mortality rates than do detonations in confined spaces. Injuries 
from indoor detonations are more severe due to the amplifying effect created when 
blast waves deflect off solid surfaces, and indoor victims additionally risk injury 
from resulting structural failures [22]. Golan et al. suggested, this confined space 
effect accounted for the difference in injury patterns seen in bus bombings when 
comparing persons inside the bus to persons outside of but adjacent to the bus. 
Victims inside the bus had higher injury severity scores, had more body regions 
injured, were more likely to require surgery or intensive care, and had higher mor-
tality rates [23].

The nature of terrorism blast injuries also varies by victim age. An Israeli study 
assessed 837 hospitalized civilian and nonactive military victims injured by terrorist 
explosions. Children 0–10 years old were more likely than adults 16–45 years old 
to sustain severe injuries, to have traumatic brain injury, undergo at least one sur-
gery, or require intensive care. These variations may be due to physical or anatomic 
differences between age groups and also may be affected by differences in medical 
protocols for different age groups [24].
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Fig. 1.6 Annual number of global reports of acts of terrorism in which the attack was a bombing 
or explosion and the primary weapon was explosives, bombs, or dynamite. (Source: National 
Consortium for the Study of Terrorism and Responses to Terrorism (START), University of 
Maryland. (2018). The Global Terrorism Database (GTD) [Data file]. Retrieved from https://www.
start.umd.edu/gtd)
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Multimodal attacks (i.e., combining bombs, small arms attacks, or fire) are 
increasing in frequency. Attacks may include bombings in one location and concur-
rent or near-concurrent armed assault in others, as occurred in the attacks in Paris on 
November 13, 2015 [25]. The assailants in Mumbai attack starting on November 26, 
2009 each carried a combination of automatic rifles, handguns and two types of 
explosives: hand grenades, and IEDs containing the high-grade explosive RDX 
(cyclotrimethylenetrinitramine) and ball bearings for shrapnel. These terrorists left 
IEDs with delay timers at some locations, hurled hand grenades at others, and 
attacked with firearms in still other locations [26]. Combined attacks of this type are 
regrettably effective. A review of incidents through 2014 found that attacks using 
both explosives and firearms caused 2.8 times more deaths than those involving 
only explosives [27].

 Other Sources of Blast Exposure

While the previous sections have described blast injuries from devices intended 
to cause harm, blast injuries also occur in unintended circumstances. These can 
result from accidental detonations involving explosives used in nonmilitary settings, 
including mining, building demolition, fireworks, pyrotechnics, etc. In the United 
States, for example, the Bureau of Alcohol, Tobacco and Firearms (ATF, part of 
the Department of Justice) received reports of 687 explosions in 2017, of which 
180 (26%) were accidental (of the remainder, 335 [49%] were bombings and 157 
[23%] were undetermined, while 15 explosions were still under investigation at the 
time of the report). These resulted in 58 injured victims, seven injured suspects, and 
two injured fire service personnel or law enforcement officers. The victim injuries 
primarily were caused by accidental explosions. These explosions also caused 16 
victim fatalities and one fatality to a suspect. In these incidents, the most common 
reported devices were pyrotechnics and fireworks (70 incidents, 31%), flash powder 
and other pyrotechnic mixtures (44 incidents, 19%), and black powder (nine inci-
dents, 4%).The ATF report does not detail how many casualties, nor which devices, 
were associated with accidental vs deliberate events [28].

Accidental detonations can involve substances other than explosives. Dust 
explosions can occur in industrial settings when combustible dust particles are 
dispersed in sufficient quantity, concentration, and confinement in the presence of 
an ignition source and atmospheric oxygen. A primary dust explosion may dis-
perse more dust, resulting in a larger secondary explosion. The combustible dusts 
can be diverse, including flour, sugar, metal dusts, plastics, and, in general, any 
combustible material reduced to a finely divided state [29]. These can be massive 
events; a 2009 sugar dust explosion at a sugar refinery killed 14 and injured 36 
(Fig. 1.7) [30].

Other potentially explosive substances used in the industry can result in occupa-
tional blast exposures. Again using US examples, data collected from the Bureau of 
Labor statistics indicate that in 2016, there were 680 nonfatal injuries, and 55 
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fatalities, from explosions reporting in goods-producing industries and service 
industries combined [31, 32]. Some of these can be catastrophic. A 2013 detonation 
of fertilizer grade ammonium nitrate at a Texas fertilizer plant injured 252 persons, 
including members of the public thousands of feet away, and killed 12 emergency 
responders and 3 members of the public. Most fatalities resulted from fractures, 
blunt force trauma, or blast force injuries. Among survivors, blast injuries included 
pneumothorax, blast lung, blast abdomen, fractures, closed head injuries, traumatic 
brain injuries, and skin burns [33].

 Preparing for Blast Events

The response to a blast event with associated injuries, especially a large event with 
many victims, must be driven by extensive prior planning. The specific elements 
contributing to preparedness for responses to blast incidents will be described in 
detail in subsequent chapters and are only summarized here.

Preparedness begins with individual preparation. Prepared persons, whether vic-
tims or bystanders, can contribute to their own survival. In the 1996 Khobar Towers 
bombing, the affected population (victims and bystanders) were military personnel 
trained to administer immediate first aid and self-treatment. Over 39% of injured 
persons received such treatment [34]. Individual training programs are available, 

Fig. 1.7 Aftermath of a sugar dust explosion at a sugar refinery, 2008. (Source: Chemical Safety 
Board, Wikipedia)

S. D. Deitchman et al.
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such as Stop the Bleed, a national awareness campaign to encourage bystanders to 
help in a bleeding emergency [35].

The next level of preparedness is community preparedness to respond to the 
incident, stabilize the scene, provide prehospital care to victims, and distribute vic-
tims for definitive care. These preparations include provisions for interagency com-
munications, on- or near-site triage, ambulance dispatch and staging, casualty 
distribution, and decontamination as needed [36].

Preparedness in emergency departments and their parent hospitals is likewise 
essential. Because the organizational system used for daily activities frequently can-
not meet the needs of an emergency, hospitals can define emergency roles for per-
sonnel in advance [37]. A solution with broader application, preparing for diverse 
emergencies not limited to blast incidents, is to organize using the Hospital Incident 
Command System (HICS) [38]. The need for surge planning goes well beyond the 
emergency and surgical departments and includes other high-demand programs 
such as nursing, intensive care units, radiology, blood bank, pharmacy, and medical 
supply [36]. Because surgical specimens may contain valuable forensic evidence, 
surgical and pathology programs should be prepared to process and store samples in 
a manner consistent with forensic standards [39].

Staffing surge capacity is critical. A terrorist bombing of a train in Madrid in 
2004 happened to occur at one hospital’s overlap between shifts, so the hospital had 
more than usual staff on scene [40]. Health care facilities cannot rely on such a 
fortuitous coincidence and should have advance plans for summoning additional 
staff as needed. This planning particularly requires participation of hospital admin-
istration, although they support the other functions as well [36]. Other surge activi-
ties include: cancelling elective surgeries to free up operating rooms and staff, 
moving intensive care unit (ICU) patients to lower level care units as appropriate to 
free up ICU beds, using the recovery room beds as a supplementary ICU, discharg-
ing hospitalized patients when possible, designating an area for families, and pre-
paring a designated information center [41].

The health care response to a terrorist bombing can be emotionally and physi-
cally difficult. Israeli intensivists experienced in terrorist bombing responses sug-
gest emergency staffing plans should include provisions to relieve nurses and 
physicians after 8–12  hours [42]. As with any emergency event, having trained 
behavioral health personnel available to support responders, families, and patients 
benefits all who may be affected by the event or its response [36].

 Conclusion

Blast injuries, both fatal and nonfatal, can result from explosions occurring in 
diverse settings and involving various explosive materials. Military personnel and 
nearby civilians can be injured by explosions of military munitions used in com-
bat or of improvised explosive devices. The same devices, when left on former 
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battlefields, can injure civilians who encounter them. Blast incidents also are the 
most frequent type of terrorist attack, whether using explosives alone or in combina-
tion with other weapons. Accidental detonations of explosives can occur in nonmili-
tary settings, including mining, building demolition, fireworks, and pyrotechnics, 
while dust explosions and explosions of industrial materials such as fertilizers can 
occur without conventional explosives. Health care systems must be prepared in 
advance for the large-scale consequences of some blast incidents.

Disclaimer The appearance of US Department of Defense (DoD) visual information does not 
imply or constitute DoD endorsement.
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 Introduction

Injuries from explosions cover a spectrum from minor to lethal. Those at the severe 
end of this spectrum can be exceedingly complex. The blast event itself creates energy 
in a variety of forms – a shock wave, a blast wind, a fireball, and fragmentation, to 
name the most common. The various components of the blast lead to multiple mecha-
nisms of energy transfer to the human body, often leading to anatomic and physi-
ological impacts to multiple systems in the body. For a robust understanding of blast 
physics, the reader is directed to a text dedicated to this subject (e.g., Blast Waves [1]). 
This chapter provides only a high-level discussion of the physics of explosions, with 
a particular emphasis on how energy released in an explosion can cause injury to an 
individual and how factors such as the detonation environment, device construction, 
distance from detonation, and blast energy influence the bio-effects of blast.

 Formation of a Blast Wave

A blast wave is generated when energy is released or deposited, in a localized 
region, at a rate that is greater than can be dissipated at the speed of sound. There 
are many sources of blast waves, including the sudden release of a high-pressure 
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gas, heating by an electrical discharge, an object moving faster than the local speed 
of sound, and energy deposited by the detonation of an explosive mixture. Herein, 
we will concentrate on the latter. More specifically, we will concentrate on solid or 
liquid explosive mixtures, which constitute the vast majority of explosives.

The energy deposited by an explosion is rather restricted and is in the range 
between about 3.010 and 1.311 ergs per cubic centimeter (ergs/cc3). To make this 
more meaningful, ambient air has an energy density of about 2.56. The energy 
deposited by a liquid or solid explosive is therefore a few hundred thousand times 
that of ambient air. The pressure generated by such energy release ranges from 
7.010 to 4.3211 dynes/square centimeter (dynes/cm2) (1 million to 6 million pounds 
per square inch, psi). This is the pressure that is generated inside the explosive as it 
is detonating and is independent of the size of the explosive. The detonation wave 
travels through the explosive at a rate between 4 and 10 kilometers per second (km/
sec). (13,000 and 32,000  ft/sec). By comparison, the ambient air sound speed is 
~0.34 km/sec (1100 feet/sec). Thus, the rate of energy deposition easily surpasses 
the criteria for the generation of a blast wave.

When the detonation front reaches the outside edge of the explosive, the detona-
tion products rapidly expand, compressing the material surrounding the explosive. 
For now, we will assume the surrounding medium is air. The blast wave is character-
ized by a discontinuous jump in overpressure, density, and velocity, followed by an 
exponential decay in each parameter. Figure 2.1 is a cartoon of a generalized blast 
wave parameter as a function of range at a fixed time. This curve could represent 
the overpressure, density, velocity, or dynamic pressure. As the blast wave passes a 
point fixed in space, a pressure gauge, for example, would record a discontinuous 
jump at the arrival time to a peak overpressure. This is immediately followed by an 
exponential decay to a minimum pressure in the negative phase. The time the pres-
sure crosses ambient pressure marks the end of the positive phase. The difference 
between the arrival time and the end of the positive phase is the positive phase dura-
tion. The integral of the overpressure through the positive duration is the overpres-
sure impulse. The overpressure impulse is a measure of the energy in the blast wave 
and is important for target response. The integral of the dynamic pressure through 
the positive phase is the dynamic pressure impulse. This value, too, is important for 
target response, because it is correlated to the acceleration and motion of an object.

An important characteristic of all explosions is that the peak values of all 
parameters occur at the shock front. The overpressure, wind velocity, and dynamic 
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pressure peaks all arrive at the same time, at the shock front. The shock front travels 
supersonically even as the peak pressure decays to a sound wave. In general, each 
blast parameter has a different decay rate and positive duration.

Many articles have stated that the blast wave is followed by the wind gust. This 
false impression is most likely caused by the fact that although the greatest accel-
eration of an object is simultaneous with the arrival of the shock front, some time 
passes before any significant velocity is attained. This gives the impression that 
the wind velocity increases behind the shock front when, in fact, the wind veloc-
ity is decreasing. The acceleration of the object is decreasing while its velocity is 
increasing.

The expanding detonation products remain behind the expanding shock front and 
are referred to as the “fireball.” Figure 2.2 demonstrates that at early times, the deto-
nation products (fireball) are compressing the surrounding air and are immediately 
behind the shock front. By a time of just over half a millisecond, the fireball growth 
slows and the primary shock pulls away. For this example of 1 pound of TNT, the 
fireball reaches a radius of approximately 3.5 feet (just over 1 meter). The region 
inside the fireball has an elevated temperature of about 3000 K, but remains hot for 
only a few milliseconds.

The pressure in the blast wave is decaying with the distance from the charge, 
and the rate depends directly on the size of the charge. For example, an overpres-
sure of 1 bar (100 kPa) occurs at a distance of 200 meters for a kiloton, but that 
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same pressure occurs at a distance of 2 meters for a 1-pound charge or a distance of 
20 cm from a 0.5 gram charge. To decay by a factor of 2 from the 1 bar pressure, a 1 
kiloton blast takes about 100 meters. The peak overpressure from a 1-pound charge 
requires just 1 meter to decay from 1 bar to 0.5 bar, and the half gram charge takes 
only 10 cm (4 inches).

 Construction of Blast Devices

All munitions and IEDs are held in a case or container. The case of an explosive can 
range from a few inches of steel for a penetrating bomb to less than a millimeter of 
plastic for a jug of liquid explosive to about 0.1 mm for a typical soda or beer can. 
Assuming the container is filled with a high-quality explosive, the case will break 
into fragments, which will be accelerated to velocities of 0.6–3.6 km/sec (2000–
12,000 ft/sec). The actual velocity of the fragments depends on the case thickness 
and density and on the explosive properties. A beer can filled with TNT will gener-
ate fragment velocities of 12,000 feet per second. Generally, the energy required to 
accelerate the fragments is about half of the energy of detonation, although for light 
plastic cases only about 25% of the energy is needed.

Figure 2.3 shows the range of blast overpressure and fragments with various 
munitions. A cursory review of this figure shows that range of fragment throw 
dramatically exceeds the range of significant (greater than 2 psi) blast overpres-
sure. In addition, the energy and momentum density of solid fragment materials is 
more than a thousand times that of the air blast. Although the probability of being 
hit by such debris falls off as the square of the distance from the detonation, the 
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energy and momentum of injury causing debris decays very slowly with distance. 
Thus, the fragments and debris create an additional and possibly greater hazard 
than the air blast.

 Interactions with the Environment

 Aboveground Detonations

The position of the explosive relative to its surroundings will change the propagation 
and the properties of the blast wave. If the detonation occurs above the ground, there 
will be an incident and a reflected shock. At the reflecting surface, the overpressure 
at the shock front increases by more than a factor of 2 and can approach a factor 
of 14 at pressures over 1000 PSI. The overpressure in the reflected shock decays 
as it travels away from the reflecting surface. The stronger reflected shock travels 
inside the shock bubble of the primary shock and, therefore, travels faster than the 
primary shock. At a ground range approximately equal to the height of burst, the 
two shocks combine to form a Mach stem or Mach shock (Fig. 2.4). The height of 
the Mach stem increases with distance. The top of the Mach stem is labeled as the 
triple point, because it is the point where the primary, reflected, and Mach shocks 
meet. Below the triple point, objects will experience a single blast wave with about 
twice the overpressure of the primary shock. Above the triple point, an object will 
experience two shocks with a separation that increases with the height above the 
triple point. Either of the two shocks may have the higher pressure, again depending 
on the distance between shock arrivals.

 Buried Detonations

When a charge is buried, the propagation of the air blast is more complicated. 
Generally, the blast is directed upward; the direction of least resistance. A layer of 
soil with a thickness ranging from a few millimeters to 10 cm covers the explosive 
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device. The acceleration of this mass of soil absorbs energy from the air blast, thus 
reducing its threat. However, a crater is formed by the detonation, and the com-
bined crater ejecta mass and the mass of the cover soil constitute a high energy and 
momentum threat to nearby objects.

 Detonations Near Structures, Objects, or People

Primary damage from air blast is caused by the immediate interaction of an 
object with the blast wave. When the blast wave strikes an object, the incident 
overpressure is reflected. Upon reflection, the overpressure increases by at least 
a factor of 2. The increased pressure is caused by the stagnation of the dynamic 
pressure when it strikes the object. The reflection factor is a weak function of 
the angle of incidence for angles from perpendicular to the reflecting surface to 
about 45°. The largest reflection factor may occur near the 45° angle (where a 
Mach stem forms) and then decreases to a value of 1 as the shock travels paral-
lel to the surface. The overpressure falls below the incident value as the shock 
engulfs the object. On the back side of the object, the shocks engulfing the object 
will collide and cause a brief spike in overpressure that may be greater than that 
of the incident shock.

The pressure loads on an object are dependent on the geometry of the object 
and its orientation relative to the incident wave. It is the pressure differential 
between front and back that causes an object to move. Blast experiments with 
simple objects have demonstrated a direct relationship between the incident 
dynamic pressure impulse and the distance an object is moved. This is generally 
true for most objects and is caused by the stagnation of the dynamic pressure and 
conversion to overpressure on the upwind side of the object. As an example, con-
sider an object that is 6-feet tall and 2-feet wide or 12 square feet (1728 square 
inches) in area. An incident blast wave with a 10 psi peak generates a reflected 
pressure of 25 psi, resulting in a total force of 43,200 pounds on the upstream side 
of the object. Under such force, a 220 pound (100 kilogram, kg) object would 
be initially accelerated at more than 190 times gravity (190  g’s). If we reduce 
the incident overpressure to just 1 psi, the acceleration becomes about 15 g’s. In 
general, these forces decay rapidly and exist for only a few milliseconds at the 
10 psi level for conventional explosives of a few pounds. By comparison, a person 
wearing a seat belt and traveling at 30 miles per hour experiences around 30 g’s 
of force in a front-end collision with a fixed object. Being struck by a 10 psi blast 
wave generates more than 6 times the acceleration resulting from a 30 mph head-
on crash. This difference in acceleration is a direct result of the time over which 
the force is applied. For a blast wave, the load is applied in the time it takes for 
the blast wave to travel a few centimeters or less than 0.5 millisecond (because the 
body is not planar). In an automobile crash, the force is applied during the time it 
takes for the crushing of the front of the car (which absorbs energy) and the tight-
ening of the seat belt (a distance of ~40 cm or so), about 50 milliseconds (ms) or 
~100 times as long as a blast wave load.
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 Interior Detonations

When a detonation occurs inside a room, the primary shock will reflect from the 
floor, walls, and ceiling. Thus, an object in the room will be subjected to a multitude 
of shocks coming from many different directions. Mach stems can form on any of 
the reflecting surfaces. The highest pressure may occur at any of the shock fronts, 
depending on the geometry of the room, the position of the detonation, and the posi-
tion and orientation of the object.

 Underwater Explosions

In water, the body reacts very differently to pressure waves and is more suscep-
tible to injury. Close to the explosion, there is a very rapid, high-pressure wave 
front. At greater distances, the waveform more closely approximates the low-fre-
quency, continuous waveform. Water is approximately 800 times denser than air 
and approximately 10,000 times less compressible. A diver in shallow water or at 
the surface will receive not only the direct blast wave from the explosion but also 
the reflected waves from the surface or seabed and any surrounding structures. As 
a rule of thumb, explosions underwater are roughly three times stronger than their 
counterparts on land [2–4], and the deeper the subject is immersed, the greater the 
effect of the blast.

 Delivery Systems

In addition to the size of the explosive device, its construction, and whether it is in 
a closed or open space, another key factor that impacts the effects of an explosion is 
the delivery system. Other chapters will discuss delivery systems in some detail, but 
a brief summary is provided herein for the sake of considering the effect of delivery 
system on associated injuries.

There is a very wide spectrum of delivery systems with extremes used in military 
combat and terrorist activities, and with increasing frequency, a blending of the 
two. Military munitions include those with specifically hardened casing to pen-
etrate armor or concrete bunkers before detonating. Mines have been extensively 
used in all forms of combat to attack dismounted or minimally protected mounted 
targets. Some of these can be detonated by pressure; others are remotely detonated. 
Still others are designed to gain a certain vertical velocity before detonating, thus 
increasing the risk of damage to aboveground targets. The patterns of injury vary 
considerably with the delivery systems. The “bouncing Betsy” mine will, for exam-
ple, likely injure the torso, whereas a buried mine will injure the lower limbs and 
upwards, depending on size. In some conflicts, small explosives, particularly attrac-
tive to children, have been used with significant impact on civilian populations.

Explosive weapons used by insurgents and terrorists are predominantly impro-
vised explosive devices (IEDs), a term encompassing the plethora of weaponized 
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explosives (often built around artillery and mortar rounds) that are deployed to 
achieve tactical objectives. IEDs are the weapon of choice for terrorists and are 
designed to cause “gross disruption and disintegration of the body” [5]. They include 
bare charges, booby traps, car and truck bombs, and large culvert bombs directed 
at vehicles. In contrast to conventional military ordnance, in which the projected 
primary fragments are created by the breakup of the casing surrounding the explo-
sive, IEDs not only generate fragments of shell casing but also metal objects such as 
nails, nuts and bolts, or ball bearings packed inside or around the explosive mixture. 
Precise timing and location are also used to maximize the numbers of injured and 
dead [6] (e.g., during morning rush hour on a London Tube, in a crowded restaurant 
in Tel Aviv, on buses, in military convoys, in lines of police force recruits in Iraq) [6].

Under-vehicle explosions produce a range of injury patterns that are a function of 
both the level of vehicle protection and the power of the device. For example, occu-
pant risk factors were not a design criterion of the original HMVEE, which had very 
little protective armor, particularly on the underside. Thus, occupants of HMVEEs 
typically have a higher risk of direct blast injury. In contrast, the MWRAP is specifi-
cally designed to deflect under vehicle explosions. While this under- vehicle protec-
tion is valuable, occupants can still sustain lower limb, spine, and head injuries from 
impacting the roof inside the vehicle, as the entire vehicle is lifted or translocated 
in response to a blast. In the current conflicts in Iraq and Afghanistan, roadside and 
under-carriage IEDs are frequently used to target vehicles. In their 2008 study of 
injuries from roadside IEDs, Ramasamy et al. [7, 8] classified IEDs as (1) explo-
sive-formed projectiles, (2) conventional explosive devices formed from munitions, 
and (3) suicide or vehicle-borne devices. In their subset of patients (100 casualties 
who were killed in action or admitted to a British field hospital in southeastern Iraq 
in 2006), only 2 (3.7%) of the 53 IED-related casualties had significant primary 
blast [8]. These results led the authors to conclude that “the blast component of 
these devices is not a significant factor in injury causation.”

Most explosives used against vehicles detonate outside the vehicle, although 
a shaped charge munition can enter a vehicle and then explode. When a detona-
tion occurs close to but outside a vehicle, the resulting blast wave diffracts around, 
reflects off, and, to a much lesser extent, transmits into the interior of the vehicle. 
The momentum imparted to the vehicle causes acceleration and displacement of 
both vehicle and occupants, frequently resulting in blunt injury. Because only a 
small portion of the blast wave is transferred into the vehicle, the risk of blast over-
pressure injuries to its occupants is substantially reduced relative to personnel in 
the free field. Test data illustrating this point are provided in Fig. 2.5, with blast 
overpressure impulse measurements taken from inside an armored vehicle located 
10 feet (3 m) from a 38.75 lb (17 kg) bare charge of C-4 explosive. The peak inci-
dent overpressure outside the vehicle is 28 times that inside the vehicle, and the 
impulse (the integral of pressure and time) is three times that inside the vehicle. 
From an injury perspective, those inside the vehicle would be at some risk of ear-
drum rupture and well below the threshold for lung injury, but individuals standing 
outside and adjacent to the vehicle (but protected from fragment injury) would have 
a ~ 50% risk of death from primary blast injury such as blast lung.
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Further, because seatbelts are only intermittently available and infrequently 
used and airbags are not available in military vehicles, vehicle displacement 
(with or without flipping or rollover) caused by the overpressure loading can 
result in significant standard blunt injury to the occupants, often with concussion 
or blunt traumatic brain injuries (TBIs) of various degrees. These blunt inju-
ries are similar to those seen in civilian motor vehicle crash occupants before 
the advent of crashworthiness standards. Data from the Joint Theater Trauma 
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Fig. 2.5 Blast overpressure and impulse inside (a) and (b) adjacent to a vehicle located 10 feet 
(3 m) from a 38.75-lb (17 kg) bare charge of C-4 explosive. (Reprinted from Champion et al. [7])
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Registry (JTTR), a database of injured combatants from Iraq and Afghanistan 
who did not die at the scene, document that most TBIs on the battlefield are asso-
ciated with explosions, and 97% are classified as minor concussions. Of casual-
ties with documented head injuries, 44% had no recorded evidence of anatomic 
intracranial injury, although there was often a brief, transient loss of conscious-
ness or concussion. Prevention of blunt head injury or standard concussion is a 
major concern, especially in light of recent research establishing a connection 
between mild TBI and posttraumatic stress disorder (PTSD) [9, 10]. This has 
reignited research interest in mitigation strategies as simple as improving pad-
ding inside the current combat helmets.

Vehicle-borne improvised explosive devices (VBIEDs) are commonly used by 
insurgents and terrorists. Although the structure of the vehicle contains and, thus, 
reduces the blast overpressure effects to the intended victims, VBIEDs typically 
produce increased injury from secondary fragments. VBIEDs range widely in 
destructive power and in how much explosive they can hold. In-vehicle delivery 
systems can be particularly lethal, as shown in the Marine barracks bombing in 
Lebanon, which caused President Reagan to withdraw troops from that country, 
and in the Oklahoma bombing in the United States. Use of such vehicles may or 
may not be associated with a suicide event. When an in-vehicle bomb is detonated 
near a structure, not only are the traditional blast injuries a concern, but there 
are often a plethora of minor glass-penetration injuries associated with window 
breakage, and there may be substantial loss of life in a building collapse (e.g., 
Oklahoma).

 Enhanced Blast Weapons

Although much of this text has been about conventional blast weapons, it is worth 
noting that a new class of blast weapons, “enhanced blast weapons,” is increasingly 
in use. These weapons are designed specifically to use the primary blast wave to 
engage the target; secondary fragment effects are minimal. Enhanced blast weap-
ons have been used with devastating effect in military campaigns in Chechnya [11, 
12] and Afghanistan [11, 13], and are available on the black market [11, 14]. The 
enhanced effects of these weapons are due to the use of explosive mixtures that 
decay more slowly from the peak overpressure, leading to a higher cumulative 
positive phase impulse. The most common type of enhanced blast weapons is the 
thermobaric weapon, in which chemically active metals, such as aluminum and 
magnesium, are added to a condensed explosive mixture. During detonation, these 
metals do not take part in the detonation reaction but, instead, react with the oxygen 
in the surrounding air [15]. In general, enhanced blast weapons are most effective 
in enclosed spaces, where the quasi-static pressure generated by the blast is sus-
tained for longer periods of time, until the enhanced pressure is vented via natural 
or explosively created openings in the structure.
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 Blast Energy Coupling to Body Tissue

The term “blast injury” is somewhat of a misnomer, since without protective equip-
ment, the most common injuries resulting from an explosion are typically caused 
by fragment penetration or blunt trauma from flying debris, rather than the blast 
overpressure itself. As a result of a lack of uniform knowledge and a common frame 
of reference for the understanding effects of explosions, blast physicists and physi-
cians collaborated to develop a blast injury classification system, which was codi-
fied in 2006 in the Department of Defense (DoD) Directive 6025.21E. The distance 
from the explosive power, construction of the device, and the environment deter-
mine which of the various mechanisms of injury are most prevalent.

As defined in DoD Directive 6025.21E, primary blast injuries are those that can 
be attributed to the blast overpressure itself – that which is most accurately called 
a “blast injury.” Secondary blast injuries are penetration wounds caused by frag-
ments, typically embedded in the explosive mixture or generated by the disassembly 
of the casing surrounding the explosive mixture during the early stages of detonation. 
Tertiary blast injuries are primarily blunt trauma, but may also be penetration wounds, 
caused either by entrained debris in the blast wave or by whole body translation (i.e., 
individuals picked up and thrown by the blast “wind”). Quaternary blast injuries are 
burn injuries. These are usually assumed to be caused by the fireball created early in 
the detonation process but, in fact, the fireball is typically short lived, and burns in a 
blast event most often occur when a blast in or near a building causes the initiation of 
a fire and individuals in the vicinity are unable to extricate themselves from the burn-
ing vehicle or building. Quinary blast injuries are exceptionally rare and are caused 
by radiologic or otherwise hazardous additives to an explosive mixture.

It should be noted that the terms “primary” through “quinary” are in no way 
related to the severity or frequency of the injuries nor the distance at which the 
injuries occur. For example, as shown in Fig. 2.6, closest to a free-field blast source, 
individuals are at risk of death from both blast overpressure to the lungs (primary) 
or from fragment penetrations (secondary). Further away, the risk of death drops, 
but the risk of injury from blast overpressure (primary) remains – this time to the 
ears – as does the risk of injury from fragment penetrations (secondary). Although 
tertiary injuries are not included in this graphic, they occur at near to mid-ranges 
from ground zero. Quaternary blast injuries will typically occur relatively near 
ground zero, where the fireball has ignited flammable materials in the vicinity and 
quinary blast injuries can occur from near to far field, depending upon the nature of 
the hazardous materials added to the explosive mixture.

In general, blast injuries are complex, with multiple mechanisms of injury and 
multisystem impacts. This complicates therapeutics, but to a large degree, second-
ary, tertiary, and quaternary injuries are well understood – with respect to both the 
underlying mechanism of injury and treatment protocols. In contrast, primary blast 
injuries, particularly those impacting the central nervous system, are poorly under-
stood and present both diagnostic and therapeutic challenges.
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 Mechanism of Injury

As has been discussed briefly, blast waves have the potential of causing injuries 
through many different mechanisms. The first mechanism that usually comes to 
mind is injury caused by overpressure. The arrival of the blast wave causes a sud-
den increase in the pressure applied to the external parts of the body. The resultant 
sudden squeezing of internal organs, such as the lungs, bowel, or circulatory sys-
tem, can cause injury. Ear drums can rupture, lung tissue can be torn, and bowels 
ruptured. A sudden compression of the thorax can cause a sudden increase in blood 
pressure throughout the body. This sudden increase in pressure may cause rupture 
of blood vessels anywhere in the body.

Figure 2.7 indicates that for short duration blast waves, the level of reflected 
overpressure that causes injury increases as the duration decreases. If the duration 
is greater than about 20 milliseconds, the injury level is independent of the reflected 
overpressure. These results are for a single peaked, near ideal blast waveform. The 
threshold for injury is about 90 kilopascals (kPa). This corresponds to an incident 
overpressure of 36 kPa or ~5 psi. The 99% lethality reflected overpressure for dura-
tions greater than 20 ms is 600 kPa. This corresponds to an incident overpressure of 
170 kPa or ~25 psi. Table 2.1 summarizes the relationship between peak overpres-
sure and risk of lung injury or death from blast overpressure.

Injuries caused by the propagation of the blast wave through the body are unique 
to explosions. As mentioned earlier, a uniform pressure wave will accelerate objects 
with different densities at different rates, inversely proportional to their density. The 
lungs, for example, are basically constructed of air-filled alveoli, which have a tis-
sue density that is 1000 times that of the air they contain. This huge density differ-
ence results in significant differential velocities, which cause shearing of the tissue.

>1800ft (>549m)

No discernable
physical injury
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24m
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Death from primary blast and fragments;
eardrum rupture
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Injury from fragments;
temporary hearing threshold shift

Injury from fragments only

Fig. 2.6 Morbidity and mortality as a function of distance from open-space detonation of a 155- 
mm (220-lb, ~100-kg) shell. (Reprinted from Champion et al. [7])
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In underwater blast events, the longer duration exposures translate to increased 
impulse, which leads to pulmonary hemorrhage as by far the most frequent injury, 
followed by injury to the susceptible gas-filled intestines. In contrast, in air-blast 
events, primary blast abdominal injury is uncommon and reported incompletely in 
the literature.

Both the mechanism and thresholds for blast injury to the brain are less under-
stood. In the brain, grey matter is a just a few percent more dense than white matter. 
This leads to the hypothesis that when a blast wave is passing through the brain, 
the white matter is accelerated more than the grey matter, causing shearing of the 
connective tissue. Another hypothesis is that the sudden increase in blood pres-
sure caused by thorax compression causes expansion of blood vessels in the brain, 
resulting in shearing of tissue in the vicinity of the blood vessels. These shearing 
effects have been documented in postmortem evidence of scarring at shearing inter-
faces between white and grey matter and at blood vessel interfaces in victims of 
blast exposure. The resulting scar pattern was unique to blast exposure and was not 
observed in victims of blunt trauma injury.

The primary injury mechanism for dynamic pressure is the sudden acceleration 
and resultant translation of the body. The acceleration of different parts of the body 
is dependent on the density of that body part. For a uniform frontal loading, the tho-
rax will be most rapidly accelerated with the head and extremities experiencing less 
acceleration because they are more dense. At high pressure loads, this differential 
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Table 2.1 Short-duration 
primary blast overpressure 
effects upon unprotected 
persons [7]

Pressure (psi) Effect
2 Auditory shift
5 Possible eardrum rupture
15 50% chance of eardrum rupture
30–40 Slight chance of lung injury
80 50% chance of lung injury
100–120 Slight chance of death
130–180 50% chance of death
200–250 Probable death

psi pounds per square inch
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acceleration can lead to injury; however, it is more likely that injury will not be 
caused by the initial acceleration but by the subsequent abrupt deceleration when 
the body strikes a solid object. This sudden stop upon impact is similar to the accel-
erations experienced in automobile accidents and causes similar injuries. These 
injuries include blunt trauma, broken bones, and traumatic brain injury.

 Effects of Body Armor

Historically, individuals close enough to the seat of an explosion to suffer signifi-
cant primary blast injuries typically died from overwhelming penetrating secondary 
blast injuries [16]. In the last 20 years, however, body armor designed to mitigate 
the threat from penetrating missile trauma has been highly effective at mitigat-
ing the effects of not only secondary blast injuries but also primary blast injuries  
to the lungs. As a result of both the improvements in body armor and improvements 
in combat medical care, more individuals have been enabled to survive near-field 
exposure to a blast, only to subsequently exhibit symptoms of a primary blast injury 
to the brain [10, 16, 17].

 Conclusion

Explosions create a multimechanistic capability of human injury dependent of the 
size of the explosive element, the casing, the environment, and the distance of the 
target therefrom. The effects are both macroscopic and microscopic. An understand-
ing of the multiple mechanistic multisystem injury that results from explosions is an 
essential prerequisite to adequate assessment and treatment.
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 Introduction

As described in the previous chapter, the nature and severity of blast injuries is 
largely a function of the charge and device casing, standoff distance, and presence 
or absence of reflecting surfaces. From an injury perspective, the organs most vul-
nerable to primary blast injury are those that are gas-containing (ears, lungs, and 
bowel) or where there are significant tissue density differences. The general risk of 
injury or death from primary blast overpressure injury is provided in Table 3.1, and 
mortality rates in Operations Enduring Freedom (OEF) and Iraqi Freedom (OIF) 
are given in Table 3.2. In these most recent conflicts, protective equipment for the 
thorax and abdomen had improved markedly, reducing the incidence of second-
ary (penetrating) wounds to the thorax and abdomen. As a result, injuries to the 
extremities, particularly traumatic amputations, now compete with traumatic brain 
injury (TBI) for the ignominious title of “signature injury” of the OEF/OIF con-
flicts. Unlike thoracic protective gear, which effectively protects against not just 
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penetrating wounds but also blunt trauma and overpressure, helmets are designed 
primarily to protect against ballistic threats and have not been found to have collat-
eral benefits in protecting against blunt trauma or blast. Thus, tertiary (blunt trauma) 
injuries are also likely a major contributor to the prevalence of closed head wounds 
in combat. The following pages provide a system-by-system review of the state of 
the science with respect to injuries to five major physiological systems – auditory, 
respiratory, digestive, vascular, and neurological – with a bias toward the topic of 
blast-induced TBI, where the most significant scientific advances have been made 
in the last 15–18 years.

 Auditory System

Blast overpressure to unprotected ears is one of the most common injuries in a 
combat environment, with 16% of blast-injured individuals suffering from perfora-
tion of the tympanic membrane [4]. The wound usually results in some initial loss 
of hearing, and about half of those victims also suffer from tinnitus. Post healing, 
whether surgical or spontaneous, about half of the patients continue to suffer from 
hearing loss. In addition to rupture of the tympanic membrane, blast loading on the 
ears can also cause sensory cells to be torn from their supporting cell attachments 
when the basilar membrane is displaced. Where scar tissue forms, the mechanical 
properties of the basilar membrane can change, negatively impacting the function 
of the cochlea in regions beyond that which was initially damaged [5].

The thresholds for blast injury to the auditory system are a function of peak over-
pressure and positive phase impulse. For a short-duration pulse, the threshold for 

Table 3.1 Short-duration 
primary blast overpressure 
effects upon unprotected 
persons [1, 2]

Pressure (psi) Effect
2 Auditory shift
5 Possible eardrum rupture
15 50% chance of eardrum rupture
30−40 Slight chance of lung injury
80 50% chance of lung injury
100−120 Slight chance of death
130−180 50% chance of death
200−250 Probable death

psi pounds per square inch

Table 3.2 Comparison of explosion-related injuries in Iraq: Mar. 2003−Dec. 2004 vs Jan. 2005−
Oct. 2006 [3]

Injury type 2003–2004 2005–2006 p <
No. patients (N) 2588 1935
Primary blast injury (%) 11.5 14.5 <0.01
  Tympanic membrane rupture (%) 8.7 10.3 NS
  Blast lung (%) 3.1 4.6 <0.01
  Intestinal blast (%) 0.1 0.1 NS
Mortality (%) 1.4 1.5 NS
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an auditory shift is 2 pounds per square inch (psi), with the threshold for tympanic 
membrane rupture at 5 psi, and a 50% chance of tympanic membrane rupture at 
15 psi [6].

Every person considered to be at risk of explosive blast exposure should undergo 
an otoscopic examination. The presence of tympanic membrane rupture is a clini-
cal sign that the patient likely was within the blast overpressure shock wave. If so, 
then there is increased risk of other injuries such as traumatic brain (TBI) or hollow 
viscera injury. Though an important marker of likely blast overpressure exposure, 
the lack of tympanic membrane damage does not rule out other clinically relevant 
primary blast injuries.

 Respiratory System

Blast overpressure to the respiratory system has received significant research 
funding over the last 30 years, in recognition of the high mortality rates associ-
ated blast injury to the lungs. In spite of this research, the mechanism of blast lung 
injury remains the subject of some debate. One school of thought is that “blast 
lung” injury is a low-frequency phenomenon in which the blast induces compres-
sion of the thoracic wall over a 2- to 3-millisecond period, producing shear waves 
that induce strain at locations that are fixed. These shear waves move at different 
velocities as they pass through tissues of varying densities, causing disruption of 
the alveolar- capillary interface [7]. Another school of thought argues that blast 
lung injury is a high-frequency phenomenon in which supersonic stress waves 
passing through the lungs cause air bubbles to form within the alveoli, leading to 
alveolar rupture [8].

The threshold for lung injury is a function of both the peak overpressure and the 
blast impulse. The first injury risk curves were published in 1968 and were known 
as the “Bowen’s Injury Risk Curves” (Fig. 3.1) [9].

While these curves were designed to represent blast tolerance, they were widely 
accepted as indicating the risk of blast injury to the lungs. Unfortunately, although 
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the Bowen curves represented a significant step forward in understanding the risk 
of blast injury, they fell far short of providing meaningful insights into thresholds 
for injury, since they assumed a Friedlander blast wave and an unprotected thorax, 
both of which are rarely operationally relevant conditions. More complex blast lung 
injury models were developed in the 1990s, but these models typically require input 
data not available outside of the blast testing environment and still assume an unpro-
tected thorax [10, 11]. In 2012, Bass et al. published data showing updates to the 
Bowen curves based upon large animal data collected in over 50 experiments since 
1968, with adjustments to account for blast wave attenuation through hard (Level 
IV) armor [12]. The resulting curves are shown in Fig. 3.2. Although these curves 
still have the limitation of assuming a Friedlander blast wave, the inputs are readily 
available in most blast situations, and they provide an initial estimate of the effects 
of protective gear on injury thresholds.

The clinical presentation of explosive blast lung may be subtle and delayed 
by several hours. This is because explosive blast lung injury is an acute lung 
injury (ALI) for which inflammation is a prominent cause of clinical deteriora-
tion. Presenting signs and symptoms may be shortness of breath, cyanosis, and 
hemoptysis, and early chest radiography may reveal bilateral peri-hilar infiltrates 
known as the “butterfly” sign [3, 13]. Close early observation is critical. Patients 

Pulmonary 1% Survival (Bass, 2008)

Pulmonary 50% Survival (Bass, 2008)

Pulmonary 99% Survival (Bass, 2008)

Pulmonary Injury Threshold

Krohn, 1941 - Rabbits - No Fatalities

Clemedson, 1953 - Rabbits - No Fatalities

Bogo, 1971 - Rhesus Monkeys - No
Persistent Behavoral Effects

10000

1000

100

P
ea

k 
In

ci
d

en
t 

P
re

ss
u

re
 (

kP
a)

10

1 10 100

Scaled Duration (ms)

1000

Fig. 3.2 Comparison of pulmonary injury threshold and survival curves with and without the 
assumption of blast attenuation through thoracic ballistic protective gear. (Reprinted with permis-
sion from Springer Nature: Annals of Biomedical Engineering, Bass et al. [12] Copyright 2012)

L. R. Young et al.



39

who are able to adequately ventilate without assistance at 2 hours after injury are 
unlikely to progress to needing intubation or mechanical ventilation.

 Digestive System

A recent comprehensive review found an estimated rate of abdominal primary blast 
injury (PBI) of 3.0% in hospitalized survivors of blast [14]. The rate of abdominal 
trauma after primary blast exposure appears only marginally higher in enclosed-space 
detonations than in open-space detonations, but may be as high as 69% in immer-
sion (underwater) blast [14]. From this limited data we can conclude that abdominal 
injuries caused by blast are relatively uncommon, but that certain situations, such as 
blasts in enclosed spaces or under water, can increase the incidence of blast overpres-
sure injury, in general, and abdominal blast injury, in particular. It should be noted that 
there are “enhanced blast weapons,” which may also lead to increased rates of abdom-
inal blast injuries, but the statistics for these newer weapons are still very limited.

In abdominal PBI, the shear wave generates gross body wall and visceral motion 
and exerts its pathological effect through the tearing of restraining tissues because 
of differential acceleration [5]. As stated by Owen et  al. [1], an abdominal blast 
injury is caused when the “incident blast wave is coupled across the abdominal 
wall, generating both a high-velocity, low-amplitude stress wave and a low-velocity, 
high-amplitude shear wave. The stress wave acts at the microscopic level, causing 
injury by tissue spalling and implosion. When a compressive stress wave reaches a 
tissue density interface, such as that between the intestinal wall and the gas-filled 
lumen, it is partially reflected as a tension wave. Most tissues are weaker in tension 
than compression and the surface or boundary shreds (spalls), just as the surface 
of the water is sprayed upwards by an underwater explosion. The passing stress 
wave compresses pockets of gas, which then re-expand, releasing large amounts of 
kinetic energy and destroying the restraining tissues; this is implosion.”

The threshold for injury to the bowel is higher than that for the lungs. As a 
result, the frequency of survivors with blast bowel injuries is relatively low (0.6% 
of military casualties in a 2009 report from Operation Iraqi Freedom [15]). Blast 
bowel injuries typically include a mural hematoma, which may result in a minor 
submucosal hemorrhage or a full-thickness perforation. The intramural hematoma 
can develop hematemesis or melena as a result of the mucosal and submucosal 
hemorrhage. Shear tears to mesenteric vessels can cause hemoperitoneum. The pri-
mary challenge in blast injury to abdominal structures is that they may be difficult 
to diagnose, and, therefore, may initially go untreated.

 Vascular System

Vascular injuries are an important and clinically challenging component of injuries 
from explosions. They are dealt with comprehensively in Chap. 31, which also 
identifies the relative frequency of vascular injuries in the limbs and neck and 
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torso. Since the majority of preventable deaths and prehospital deaths occur from 
bleeding, vascular injuries of any significance are the priority in early care of the 
injured.

 Neurological System

Traumatic brain injuries were dubbed the “signature injury” of Operations Iraqi and 
Enduring Freedom, with closed head injuries representing the “new” discovery of 
those conflicts. It has been estimated that between 15% and 20% of returning veter-
ans from Afghanistan and Iraq have traumatic brain injuries (TBI), although these 
numbers are highly suspect due to the lack of meaningful tools for diagnosing mild 
TBI [16]. Most of the attention to TBI in the last 15 years has been to blast-induced 
TBI, meaning primary blast-induced TBI.  The complex nature of blast physics, 
however, particularly in a combat environment, suggests that many of the blast- 
induced closed, traumatic brain injuries may have been caused by rapid head accel-
eration or blunt trauma instead of, or in addition to, direct effects of the shock wave.

 Blunt Trauma and Acceleration Injury Mechanism

Blunt trauma and acceleration cause injury via three mechanisms: skull deforma-
tion, translational and rotational motion, and intracranial pressure (ICP) [13]. Skull 
deformation, both elastic and plastic, transmits stress to underlying tissues, lead-
ing to contusions at the site of impact. Additionally, when the skull rebounds from 
initial deformation, the dura mater and skull can be separated, causing epidural 
hematomas [17].

Translational motion of the skull causes injury because the brain is not rigidly 
attached to the skull, and its motion lags behind that of the head and skull. This 
leads to contusions at the site of impact between the inner table of the skull and the 
brain (coup lesions). Subsequently, when the head ceases to move, the brain may 
continue to move, leading to an impact on the interior of the skull at side opposite of 
the point of initial impact (contrecoup lesions) [18]. There appear to be two mecha-
nisms of injury associated with rotational motion. First, because the brainstem is 
relatively fixed, rotational motion of the head and skull leads to contusions where 
the brain is most constrained: around the foramen magnum and ventral frontal com-
partments [19]. Second, the rotational motion of the brain around the fixed point 
of the brainstem also leads to shear tearing at interfaces between adjacent tissues 
moving at different rates as a result of different densities [20]. These tears are most 
pronounced near the surface of the brain, where motion is the greatest; they are 
least pronounced near the center of gravity of the brain, where motion is the least. 
Generally, the more significant the rotational motion, the deeper into the brain struc-
tures are found shear tears.

Relative motion of the brain within the skull results in increased intracranial 
pressure (ICP) [15]. As the brain moves toward the skull in response to head 
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acceleration, the intracranial pressure between the brain and the skull is increased 
locally, with a corresponding decrease in ICP distally, where the brain is moving 
away from the skull. Both the ICP pressure gradients and the shearing from brain 
motion stretch and enlarge axons, causing damage to microtubules and leading to 
diffuse axonal injuries (DAI).

 Blunt Trauma and Acceleration Thresholds for Injury

Thresholds for blunt trauma injury have been a topic of research for over 60 years. 
The most commonly used metric is the Head Injury Criterion (HIC) [21], which 
was developed based upon skull fracture in 23 drop-tests of five embalmed cadavers 
in the 1950s [22]. Prasad and Mertz developed the Head Injury Risk Curve using 
human cadaver test data and found that an HIC of 1400 is associated with a 50% 
probability of a life-threatening brain injury and an HIC of 700 is associated with a 
5% probability of a life-threatening brain injury [23].

In addition to the Head Injury Criterion, other injury criteria have been devel-
oped, although none are in wide use. In recognition that the HIC is insufficient when 
applied to mild TBI, the principal component score (wPCS) has been proposed 
as a metric for evaluating the risk of mild TBI [24]. In recognition that the HIC 
is designed only for translational motion, the Head Injury Power (HIP) criterion 
[25] has been proposed to account for the rate of change of both translational and 
rotational kinetic energy, and both Rotational Injury Criterion (RIC) and Power 
Rotational Head Injury Criterion (PRHIC) are based upon angular acceleration 
[26]. The existing blunt trauma injury criteria have been useful to the develop-
ment of protective equipment to reduce the risk of skull fractures and hematomas. 
However, we continue to lack criteria for the threshold of mild TBI. Moreover, the 
susceptibility of the brain to injury increases with repeated impacts, and a criterion 
that accounts for this repeated impact effect is still under development [13].

 Blast Injury Mechanism

Elucidation of the injury mechanisms of primary blast loading to the brain has been 
impeded by poor replication of blast loading environments in a laboratory setting 
[27]. Much of the research has been conducted using shock tubes which can, in fact, 
produce a highly realistic free-field shock wave. However, these tubes have been 
misused, placing test specimens outside the tube or using a tube that is too small 
to avoid substantial artifacts due to a distorted flow pattern around the specimen. 
As a result of these challenges, the mechanism of brain injury caused by exposure 
to blast overpressure remains a topic of some debate. Currently, there are several 
hypotheses under investigation, all without sufficient data to be either definitively 
discredited or substantially supported. One hypothesis is that energy transferred 
from the shock wave to the torso causes damage to the brain via (1) the difference 
between the pressure in the ventral body cavity and the cranial cavity; (2) a pressure 
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wave transmitted via blood vessels to the brain; and (3) a breakdown of small cere-
bral blood vessels and the blood brain barrier as a result of the sudden increase in 
perfusion pressure [28]. Another hypothesis is that as the shock wave transmiths 
through the skull it initiates stress waves in the brain tissues. These stress waves 
include micro and marco level tearing within the first 2 milliseconds of the blast 
event, with shear wave amplitudes that are magnified at material boundaries, such 
as the interfaces between gray and white matter [29]. These same forces are also 
hypothesized to cause macroscale damage, particularly in the brainstem and white 
matter of the corpus callosum [30]. Still another hypothesis is that the elastic defor-
mation of the skull (“skull flexure”) under blast loading initiates pressure gradients, 
increases intracranial pressure, initiates cerebrospinal fluid micro-cavitation, and 
may cause acceleration of the brain within the skull cavity [13, 31].

Due to the large number of variables associated with exposure to blast and con-
founding factors in human populations, such as previous TBI history, large ani-
mal models are now being used to both elucidate physiological and neurological 
effects of exposure to blast and determine thresholds of injury. Using these models, 
researchers interpret the response of the brain after exposure to blast by quantify-
ing the relationship between the intensity of the exposure, the number of repeti-
tions, and the timeframe over which the exposures occur. Large animals, such as the 
Yucatan mini pig, are an appropriate model since they have a brain anatomy similar 
to humans, making the transformation of the findings from the animal to a human- 
relevant loading possible. The use of the large animal model has shown that inflam-
mation is present at subthreshold blast levels, suggesting the brain is reacting to 
blast at low-exposure levels, but the brain may be capable of compensating for those 
changes such that no behavioral changes are detected. As the blast intensity and the 
number of exposures increase, markers of neurodegeneration start to express them-
selves. The expression of neurodegenerative markers seems to be associated with 
changes in animal behavior 24 hours after exposure. Similar to the human popu-
lation studies, animal behavioral changes trend to baseline after 24  hours. What 
animal testing can show us is that while behavior is trending back to preexposure 
levels, inflammatory, neurodegeneration, and other markers are still showing a mea-
sured response 72 hours after exposure.

The pathophysiologic effects from exposure to blast overpressure are diverse 
and differ from effects observed from other threats, such as blunt impact. For the 
most severe cases of blast exposure, brain injuries include edema, intracranial hem-
orrhage, and vasospasm. On the other end of the spectrum, transient neurological 
effects are observed for up to 24 hours for repeated exposure to heavy weapons fire 
and breaching during training. The symptoms for in-training repeated blast expo-
sure include memory recall deficits, emotional dysregulation (indicated by increased 
volatility), loss of sleep, etc. These changes occur with no detectible change in the 
brain anatomy using standard CT and MR imaging. Other factors that affect the 
magnitude of the neurological response include the orientation of the body/head to 
the direction of blast as well as the use of protective equipment.

The most prominent pathophysiologic characterists of blast-inducted TBI are 
edema, intracranial hemorrhage, and vasospasm. In severe blast TBI, intracranial 
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hypertension is common, with hyperemia and severe edema occurring in the acute 
post-injury period [28]. Traumatic cerebral vasospasm (TCV) has been observed in 
swine models [32], nonhuman primates [33], and humans [34]. TCV from blast can 
last up to 30 days, which is twice as long as the TCV that occurs with conventional 
TBI. Traumatic cerebral vasospasm is positively correlated to acute subarachnoid 
hemorrhage and is predicted by the number of injured lobes and the presence of 
a pseudoaneurysm. The occurrence of a pseudoaneurysm with traumatic cerebral 
vasospasm is thought to be the result of arterial damage leading to subarachnoid 
hemorrhaging. Diffuse axonal injury due to sheer strain has been found in white 
matter tracts arising from the cortex, frontostriatal, frontoparietal, and frontotem-
poral pathways [35]. Other abnormalities have been observed using Diffusion 
Tensor Imaging (DTI) in the orbitofrontal white matter, cingulum bundles [36], 
and uncinate fasciculus [37]. Exposure to blast loads ranging from 11 psi to 29 psi 
have let to distortion of apical dendrites of pyramidal neurons, with shrunken and 
condensed soma in the CA3 region of the hippocampus. The CA1 region of the 
hippocampus also showed a significant reduction in pyramidal neurons [30]. These 
changes in the hippocampus may be the cause of memory impairments in some 
blast TBI patients [28].

 Blast TBI Injury Thresholds

Efforts to identify blast TBI injury thresholds are, like those of blunt TBI, impeded 
by the lack of clear diagnostics for mild TBI. Historically, blast-induced TBI risk 
has been estimated using acceleration-loading standards, such as the Head Injury 
Criterion (HIC). However, because of the extremely short load duration for blast 
exposure (under 10 milliseconds), acceleration-based criteria are not valid for blast 
scenarios.

Only a few studies have been conducted that were designed to characterize 
exposure thresholds for any level of injury. This is due to a variety of reasons, 
not the least of which is the variability in responses among individuals of the 
same species as well as the challenge of scaling one species response to human 
equivalency. For example, Rafaels et al. (2011) performed blast testing on rabbits 
and ferrets to determine the threshold for single-impact blast injury. Using logistic 
regression, a 50% probability of lethality curve was generated [38]. This work 
yielded the interesting result that a 50% risk of fatality from blast exposure to the 
brain is, in fact, at overpressures well above the level for a 99% risk of fatality 
from blast exposure to an unprotected thorax (Fig. 3.3a). In fact, at overpressures 
well above the unprotected pulmonary 99% risk of fatality level (Fig. 3.3a). In 
contrast, the 50% risk of mild brain injury (defined as bleeding) occurs at levels 
similar to the unprotected threshold pulmonary injury (Fig. 3.3b) [9].

Most recently, data from the large animal studies are being used to both guide the 
development of threshold levels and support stand-down and return-to-duty recom-
mendations. Blast thresholds that factor in blast intensity, number of repetitions and 
timeframe over which the exposures occur are being developed are using combined 
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ferret data. (Reprinted with permission from Springer Nature: Annals of Biomedical Engineering, 
Bass et al. [12]. Copyright 2012)

L. R. Young et al.



45

data from animal and human studies [39]. These combined datasets are integrated 
using the assumptions that energy transmitted through the skull interacts with the 
brain to cause injury and that both human and pig intracranial tissue will react simi-
larly to pressure once through the human or pig skull. Biomechanical tests have been 
conducted to measure the energy transmitted through the skull for the human and the 
animal under shock tube loading conditions. Transfer functions derived from these 
tests provide a means to determine equivalent incident pressures outside the skulls 
that produce similar pressures inside the skull. In this way, researchers are able to 
develop transfer functions that account for differences in skull anatomy between 
the human and mini pig. Algorithms based upon integrated data sets indicate that 
the threshold for a transient neurological effect from a single exposure is below the 
threshold for respiratory injury. The algorithms also validate that exposure to mul-
tiple exposures reduces the magnitude of the exposures that a subject can tolerate. 
The observed transient neurological effects do not appear to affect the operational 
readiness of the forces relative to the ability of the soldier to move, shoot, and com-
municate. However, observations indicate that the level of effort for a blast-exposed 
soldier to complete the task is greater than that of a nonblast exposed individual. 
The long-term effect of this observation on the individual and force readiness is 
unknown. Additionally, blast overpressure alone does not cause severe brain inju-
ries until extremely high pressures, outside reasonable military range, are attained. 
This observation suggests that neurological injury associated with exposure to blast 
in the military is likely the result of either a combination of blast and impact or the 
accumulated effects over time from repeated blast exposures. Additional research is 
required to quantify the combined effects of these factors.

The clinical management of TBI begins with diagnosis. For mild TBI or concus-
sion, symptoms may be subtle. For this reason, any person suspected of having been 
exposed to explosive blast should be screened for TBI using validated clinical tools, 
such as the Military Acute Concussion Evaluation (MACE) or Sport Concussion 
Assessment Tool (SCAT5). The MACE is the military acute concussion evaluation 
and is intended for use in military settings [40, 41]. The SCAT is the sport concus-
sion assessment tool, 5th edition [42]. Both are clinical tests of cognitive function 
and balance. If found to be abnormal on either test, the patient is at significant risk 
of having suffered a mild TBI/concussion and should be evaluated by an appropri-
ate advanced medical provider so that the diagnosis of TBI can be made. Clinical 
treatment of concussion is conservative with attention toward reducing the risk of 
subsequent or secondary TBI before the patient has fully recovered. Symptoms such 
as headache, dizziness, tinnitus, and insomnia should be treated. Patients should not 
return to regular activity until fully recover, which is when symptoms have resolved 
and no do they longer require treatment and when provocative testing does cause a 
symptom recurrence [43, 44].

Patients who have suffered moderate to severe TBI will require advanced medi-
cal care. After appropriate attention to immediate life threats, patients need to be 
evacuated to a Level 1 trauma center with neurosurgical and neurological intensive 
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care. Neuroimaging, typically with beginning with noncontrast CT-head, should 
be performed [10]. Clinical management should follow the Guidelines for the 
Management of Severe TBI, focused on intracranial pressure (ICP) control, blood 
pressure and cerebral perfusion pressure management, airway and ventilatory ther-
apy, early seizure and deep vein thrombosis prophylaxis, and ensuring adequate 
nutrition. The role of decompressive craniectomy is still being determined. At pres-
ent, neither steroid use nor induced hypothermia is advocated [45, 46].

 Skeletal/Muscular Systems

The limbs are the most frequently injured parts of the body in combat blast events. 
Because of the need for mobility in the operational setting, limbs are relatively 
unprotected compared to the head and torso. At the severe end of the spectrum, 
blast-related limb injuries are characterized by their massive soft tissue damage and 
often unsalvageable injuries to multiple limbs. The severity and nature of severe 
combat limb injuries from explosions is rarely replicated in civilian peacetime 
trauma medicine except in extreme circumstances (e.g., run over by a train).

Limb injuries that are a combination of blast overpressure and fragments (i.e., 
primary plus secondary blast injury) are common. The exposure of limbs to the 
device and blast overpressure damage to the tissues produces not only massive soft 
tissue injuries, resulting in loss of muscle mass, but also microscopic damage to 
the tissue and microvasculature, adding to a risk of slow healing and infection. In 
general, blast wounds have a high infection rate, with extensive soft tissue damage, 
volumetric muscle loss, nerve damage, and complex scarring. Blast-related extrem-
ity injuries, in particular, result in significant damage and often multiple amputa-
tions [47]. These wounds tend to be colonized by multiple pathogens, and complex 
soft tissue wounds are particularly susceptible to invasive fungal infections.

Research on primary blast overpressure effect on limbs has produced the counter 
intuitive finding that major fractures and amputations do not occur at the joints, but 
above and below these areas, for example, 4–8 inches down the tibia and up the 
femur. The past 10 years have seen explosion research into prosthesis and soft tis-
sue/muscle regeneration. The result is an increase in the functionality of amputated 
and seriously damaged limbs [48].

 Conclusion

The last 20 years have seen dramatic improvements in our understanding of blast- 
induced injuries. When Operation Iraqi Freedom began, the general consensus 
was that the risk of primary blast-induced brain injuries was low, with the working 
assumption being that blast levels required to damage the brain would result in 
terminal blast lung injuries. Today, we now recognize that improvements in tho-
racic protection make these formally lethal blast levels survivable – and individu-
als now live to experience not only blast-induced traumatic brain injuries, but also 
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catastrophic orthopedic injuries. Of these, the blast-induced traumatic brain injuries 
are least understood and have received the most significant investments in research. 
Today, however, we are still struggling to understand the mechanism of blast TBI, 
and the threshold for injury is elusive. Worse still, making the diagnosis of mild TBI 
remains difficult, so that individuals exposed to blast may not receive the care they 
need. Over the coming years, investments in research are needed to provide better 
materials for protecting limbs, diagnose mild blast TBI, and prevent blast TBI.
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 Introduction

In previous decades, most blast events occurred in the military and industrial arenas, 
but the current threat shifts more toward terrorism. Indeed, injuries caused by terror- 
related explosions are of major concern in recent years, with increasing threats of ter-
rorism worldwide. Prime examples are the Oklahoma bombing (1995), September 
11th attacks (2001), Madrid train bombings (2004), London underground bombing 
(2005), Mumbai attacks (2008), Paris attacks (2015), Brussels bombings (2016), the 
Manchester suicide attacks (2016), and more. What once was presumed to be a con-
cern mainly for countries close to conflict zones, such as Israel, Iraq, Afghanistan, 
and some regions of India and Pakistan, is now a global threat.

A common misconception is to confuse blast injuries with blast events. The for-
mer describes a type of injury mechanism found in the latter. In reality, blast events 
usually result in combined injuries, of which “blast effect” is only a single kind. 
Blast events take different shapes and forms, which occur in varying contexts. These 
events can occur in combat-related scenarios (e.g., war or civil conflicts), criminal 
acts (e.g., assassinations and mafia-driven incidents), and terrorism.
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Terror-related blast events frequently cause multiple casualties, with a risk of 
overwhelming healthcare services in the case of Mass Casualty Events (MCE), and 
are associated with immediate and delayed psychological effects, both to the vic-
tims present at the scene and on the wider community level. They also produce 
patterns of injury that are different from prior experience with industrial explosions 
and military casualties: multiple penetrating injuries from improvised fragment ele-
ments combined with other types of blast-related trauma result in injuries of much 
higher severity in survivors of the immediate blast.

In general, injuries caused by blast are typically divided into five types. Primary 
blast injuries are direct effects caused by initial overpressure or underpressure asso-
ciated with the explosive detonation. These include rupture of tympanic membranes, 
pulmonary damage, and rupture of the hollow viscera. Secondary blast injuries are 
caused by debris carried by the blast (e.g., small shrapnel), leading to penetrating 
trauma or fragmentation injuries. Tertiary blast injuries are caused by the physical 
displacement of the victim, for instance, being thrown by the blast wind or being 
affected by structural collapse. These include crush injuries, blunt trauma, fractures 
and traumatic amputations, open or closed brain injuries, and penetrating trauma. 
Quaternary blast injuries include all other injuries, such as burns, asphyxia, crush 
injuries, and inhalation of toxic compounds. Quinary blast injury is a relatively new 
concept. It includes delayed effects such as chronic pain, malnutrition, and immu-
nosuppression [1–4].

The unique characteristics of terror-related explosion events require a thorough 
review to prepare all levels of medical treatment for casualties of such incidents, 
from the prehospital setting, through the hospitals, and all the way to rehabilitation 
and mental health. This chapter will therefore discuss the main operational consider-
ations stemming from the modern trends of terror explosion injuries noted in recent 
evidence-based research. In particular, the chapter will describe how explosive device 
characteristics interact with physical location of the explosion to define the patterns 
of injury and required clinical resources, as well as the influence of the general set-
ting of the event (military/civilian, urban/rural) on scene and medical management.

 Epidemiology of Explosion Injuries

Blast casualties are different from explosion casualties (e.g., industrial explosion), 
and both are different from terror-related explosion casualties. While the first two 
might demonstrate mostly the classical blast injuries, such as traumatic amputa-
tions, blast lung and intestine perforation, accompanied by less severe injuries, such 
as ruptured tympanic membrane [1, 5], the casualties of terror-related explosions 
will likely present a more diverse and complex pattern of injury.

For instance, studies from the Second Intifada in Israel (2000–2005) show that 
about two-thirds of the blast victims presented with penetrating injuries, 48% suf-
fered from blunt injuries, and high-severity burns were presented with 20% of terror 
explosion victims (Fig. 4.1) [6, 7]. A large proportion of secondary blast injuries 
will be to the extremities, followed by torso injuries [6]. Tertiary trauma will lead 
to contusions, bone and skull fractures. Blast trauma per se is also encountered 
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but on a lower scale than expected: a recent study has found that only 14% of pri-
mary blast injuries were present among explosion survivors [7]. A relatively high 
proportion of casualties (~19%) presented with combined injuries (e.g., blast and 
penetrating). Similar patterns of injury from explosive incidents were reported from 
fighting in Iraq and Afghanistan, especially after the conflicts have entered the 
counter- insurgency phase [8, 9].

Perhaps one of the most important characteristic of terror-related explosion inju-
ries, however, is multidimensional injury pattern (MIP), that is, the manifestation 
of injuries of different mechanisms in the same patient. MIP contributes to an over-
all higher injury severity and lower odds of survival [8]. Injuries to multiple body 
regions are also to be expected.

On the other hand, when reviewing the full spectrum of past explosion events, 
the first thing to notice is how different all these events are both in their contextual 
profile and the patterns of casualties they produce. Some of the events, such as crimi-
nal assassinations and home accidents, may produce only a single casualty; others, 
such as most terror attacks, produce significantly more treatable injuries than deaths, 
whereas explosions resulting in building collapse may cause an appalling death rate 
on par with the volume of treatable injuries. The patterns of treatable injuries from 
different explosion events also seem to differ greatly, even when the events them-
selves belong to a similar category, such as terror attacks or industrial accidents.

The extent to which individuals become affected by explosion events, as well 
as the severity of injuries, number of casualties, types of injuries, and medical 
resources needed, varies in accordance with several factors, including type of explo-
sive device, physical location of the detonation, and the setting of the event.

 Type of Explosive Devices

The results of a terror-related explosion incident will greatly depend on the type 
of explosive device and the way it is used to inflict damage. A suicide bomber vest 
will disperse shrapnel at the torso level in a circular pattern causing upper body 
injuries to people in the vicinity of the explosion, while an improvised explosive 
device (IED) left on the ground will mostly injure the lower body parts [6, 10]. 
A vehicle- based explosive device (VBIED) will contain much more explosives and 
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will therefore cause much more damage than a suicide bomber; however, an explo-
sion at a munitions factory or storage facility is likely to be of incomparably bigger 
proportions. A small charge implanted in a car for criminal assassination will rarely 
physically injure someone outside the car. On the other hand, terrorists may use 
more than one explosive device or even more than one kind of device in the same 
attack in order to maximize the number of casualties. Finally, a high-explosive air-
craft bomb will mostly cause blast and penetrating injuries, whereas a fuel/air bomb 
dropped by the same aircraft will cause mostly burns.

Another important aspect to consider in type of explosive device is the use 
of metal fragments in order to maximize injury in terroristic explosions. Often, 
these elements will cause penetrating injuries that pose a medical challenge on 
their own merits. Yet, as suggested already above, when it comes to terrorism we 
can expect everything. For example, when executing the terror attack at Mike’s 
Place Pub in Tel-Aviv on April 30, 2003, in order to get past security guards, the 
terrorist avoided using any metal components in the explosive device, including 
shrapnel. While the results of this attack were horrific, the casualties presented 
with almost no penetrating injuries, rather only blast, blunt, and burns injuries. 
The only penetrating wounds were caused by glass broken on site as a result of 
the explosion.

The type of explosive device will also likely influence the way it is used. Perhaps 
one of the most prominent examples illustrating this is the Boston Marathon bomb-
ings on April 15, 2013. The perpetrators of this terror attack used a pressure cooker 
bomb as an IED. This low-yield IED, given its shape and weight, was left by the 
terrorists near a building and on the ground. The explosion resulted in predomi-
nantly secondary blast injuries (i.e., penetrating wounds caused by ball bearings, 
nails, screws, and pieces of the pressure cooker housing acting as shrapnel) mostly 
to the lower limbs. Almost three-quarters (32 out of 43) of patients undergoing radi-
ography in this event retained shrapnel fragments, mostly embedded in the lower 
extremities [3].

In striking contrast to the Boston marathon bombing, we describe one of the 
suicide attacks that occurred on a bus to Jerusalem in 1979. As the bus was mak-
ing its way to Jerusalem, near Ma’ale Edumim, on the outskirts of the city, a bomb 
exploded inside the bus. The terrorists placed it in the overhead compartments usu-
ally used to place small carry-on bags. The resulting casualties suffered mostly from 
head and chest injuries. In other suicide terror incidents, in which terrorists carried 
their explosive vest on their torso, the resulting casualties demonstrated scattered 
injuries to all body parts.

Indeed, no two explosions are the same. This is when dealing with terror-related 
explosions. The characteristics of these events change greatly depending on a mul-
titude of factors contributing to the outcomes of the event. The examples provided 
above from Boston and Israel are helpful in demonstrating the difficulty in estab-
lishing a unified profile of explosion events. In essence, this means that emergency 
planners, as well as medical practitioners, should work on principles rather than 
protocols when preparing for and responding to an explosion event.

K. Peleg et al.



55

 Physical Location of the Detonation

To a great extent, the results of an explosion incident depend not only on the explo-
sive, penetrating agents, and resulting fireball but also their interaction with the 
surrounding space. Depending on the level of confinement of the location and its 
structural composition, the severity of injuries may differ. For example, confined 
spaces may enhance the impact on the potential victims through the refraction of the 
blast wave from the walls and the containment of the fireball, resulting in extremely 
high temperatures [4, 5, 11]. On the other hand, more open spaces will quickly 
dissipate the shockwave and fireball, but will provide a noninhibited pathway for 
the flying debris and shrapnel. While these differences seem highly intuitive, it is 
worth noting that researchers are still debating whether or not these basic differ-
ences are enough to properly explain the resulting variation in the patterns of inju-
ries (Table 4.1).

Thus, it was found that that the injury patterns are different between a simple 
explosion inside a building and an explosion strong enough to cause the building 
to collapse, as in the latter case the addition of crush injuries heightens the overall 
injury severity, with the situation further aggravated by the need to extract the vic-
tims from under the rubble [11]. Explosions inside buildings are characterized by 
a larger proportion of critical (ISS 25+) injuries, among all due to severe TBI and 
abdomen injuries and a combination of multiple injuries [7].

Table 4.1 The main characteristics of different explosion locations

Context Expected medical implications Additional considerations
Physical space
Building 
collapse

High mortality; crush injuries Need to extract the victims from under the rubble

Inside 
building

Head and neck, abdomen and 
extremities injuries
Severe TBI; burns
Multiple injuries

High in-hospital mortality

Near 
building

Face and extremities injuries 
Blast injuries among survivors

Due to lower security measures and high density 
of crowds, these are presumably more “inviting” 
targets

Inside bus/
train

Head and neck, face and 
extremities injuries
Serious blast injuries among 
survivors
Multiple injuries

High on-scene mortality

Near bus/
train

Mild head and neck injuries.
External injuries, leg fractures. 
No penetrating injuries

Possibly attacked by VBIEDs, i.e., larger 
explosive devices

In the open Extremities and abdomen 
injuries; mostly penetrating
No burns

Injuries highly dependent on device composition

4 Operational Considerations: Review of Contemporary Data
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The classification of open versus closed spaces, in the context of explosions, 
was further developed in light of terror-related explosion incidents. In Israel, for 
example, vast differences in patterns of injuries were observed between casualties 
of explosions happening inside a building versus inside a bus, both considered as 
“closed spaces.” It was also found that buses, and by association train cars, could be 
considered as a kind of “hyper-confined” spaces. This is true because of them being 
narrow and with lower ceilings, having metal rather than concrete walls, and usually 
containing a dense crowd of potential victims before the explosion. Buses/train cars 
are different from inside buildings, as the higher confinement cause greater imme-
diate mortality due to blast and higher proportion of primary blast injuries among 
survivors [7, 12]. Among survivors of the initial explosion inside a bus, a relatively 
high proportion (19%) of severe chest injuries could be encountered; almost half of 
the survivors will sustain injuries to multiple body regions [7]. Despite the differ-
ences, in all confined settings an explosion results in increased frequency of burns 
because even though the effects of a blast wave inside a confined space may vary 
depending on the context, the containment by four walls will consistently increase 
the effect of the fireball produced by the explosion [7, 11].

An additional variation regarding explosions involving buses is between explo-
sions inside buses and near them. In cases when the suicide bomber was not allowed 
to enter or an intentional attack was performed by closing to a bus with a VBIED, it 
was found that the injuries are much less severe, with most injuries being superficial 
due to glass fragments. Data also shows an increased volume of lower extremity 
fractures due to bus walls bending inwards [13].

Lastly, some significant variations in injury profiles were registered regarding so 
called semi-confined or semi-open spaces, such as open markets and restaurants, as 
well as explosions next to a building wall [7, 14]. A somber example of this scenario 
was the Dolphinarium nightclub explosion in Israel that happened on June 1, 2001. 
This suicide bombing killed 21 teenagers waiting in line outside next to the concrete 
wall and injured an additional 100 civilians. After inquiring into the exceptionally 
high mortality of this incident, it was found that in this scenario the refraction of 
the blast wave from a single wall may have magnified the blast wave effect and 
increased both the volume and the severity of casualties [7]. The presence of a large 
crowd of people next to a building wall in semi-open environments also explains the 
higher incidence of primary blast injuries in explosions near buildings as compared 
to those that happened inside buildings, because people already inside a building are 
not necessarily clustered near the walls and could be more freely distributed through 
the inner space.

Regarding completely open settings, it is important to remember that physical 
factors at play here are less universal and homogenous. Therefore, the resulting 
impact is being strongly dependent on the profile of the event (e.g., the number 
and the composition of explosive devices and the density of the crowd [15]). In an 
open setting, the blast overpressure and thermal energy dissipate rapidly and pen-
etrate trauma by shrapnel elements predominates [4, 11]. The most frequent injuries 
expected would be to the abdomen and extremities [7, 11].
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In terms of injury severity, the proportion of severe injuries tends to increase 
almost linearly in relation to the level of enclosure, it being the highest inside build-
ings (especially if the building collapses), followed by explosions inside buses and 
train cars, explosions near buildings, and open spaces [7] (Fig. 4.2). The lowest pro-
portion of severe injuries is usually found in explosions near buses, as in this case 
the metal walls of the bus and sometimes its motor serve to protect people sitting 
inside. This hierarchy of injury severity is important to comprehend as it affects the 
requirements for hospital resources following the explosion event. Victims arriving 
from more enclosed environments require proportionally more surgeries and ICU 
beds and have higher in-hospital mortality.

 Setting of the Event

Whether an explosion will result in fewer or many casualties and/or higher or lower 
levels of injury severity also depends on circumstantial factors associated with the 
event’s setting. For example, the density of services provided in the vicinity of the 
event, namely, whether the event takes place in urban or rural setting. Geography is 
expected to lead to dramatic differences in event management and patient outcomes 
for given injury patterns.

With the exception of industrial explosions, the majority of explosions, espe-
cially terror-related ones, occur in urban settings. This is true in light of the larger 
pool of high-profile targets and greater chances to find large crowds [16]. On the 
other hand, security may be perceived as lower in the countryside, inviting a poten-
tial attack, perhaps with additional assault measures other than explosives. For 
example, during a double terror attack at the Utoya Island resort in Norway (2011), 
the terrorist detonated explosive devices in Oslo, prior to executing a firearms-based 
murder spree [17]. Israel has abundant experience in multimodal terror attacks, yet 
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accounts of such incidents were also recorded in Madrid train bombings, Boston 
Marathon bombing, London underground bombings, etc. [10, 18, 19].

Urban and rural settings also differ on the kind of explosion we expect to 
occur in them [16]. For instance, most criminal acts utilizing explosives, such 
as throwing grenades or planting bombs into cars for assassinations or Mafia-
style threatening, tend to happen more frequently in urban environments. In rural 
places, on the contrary, we can expect more industrial explosions, as industrial 
zones in developed countries rarely remain within city limits. Domestic explosive 
incidents (i.e., those happening inside a house) may happen both in urban and 
rural environments, though their origins are likely to be different, with natural gas 
explosions more characteristic to cities and agricultural assets, such as fertilizers 
or grain storage facilities, more of a blast risk in the countryside.

Perhaps the most important aspect highlighting the differences between urban 
and rural settings is the accessibility to medical resources and services (i.e., “ser-
vices density”). The number and the quality of hospitals and EMS in the urban 
area exceed that which exists in a rural setting. With longer transport times to 
medical treatment, as is the case in most rural settings, there are significantly 
higher odds of aid arriving too late and patients deteriorating while waiting for 
definitive treatment. A large number of severe patients may also overwhelm areas 
with lower health services density and quality of trauma-related healthcare ser-
vices. In many cases, explosion events in rural areas require utilization of helicop-
ters as a main mean of transportation to and from the scene. In case of MCE, this 
may lead to evacuation performed by medical priorities, with patients most likely 
to benefit from immediate evacuation receiving priority over others. However, 
lack of proper facilities for utilizing ambulance or military/police helicopters 
may still cause significant delays in patient evacuation, as happened in the Utoya 
attack [17].

While the potential abundance of healthcare services in urban and especially 
metropolitan areas is clearly an advantage, the inability to utilize them properly can 
quickly become a challenge. All attempts to get to the scene or evacuate casualties 
from it could be thwarted by intensive city traffic, the disturbance of the transport 
grid due to a serious explosion event, and the need to employ security and safety. 
While on the scene in urban environment, systematic triage has to be employed in 
order to guide evacuation efforts to different hospitals based on proximity and level 
of care, the number and severity of remaining casualties, and available transporta-
tion means. Some evacuations may be performed by the police or by the bystanders; 
however, this uncoordinated effort may lead to crowding of the closest hospitals, 
while other facilities in the same city used suboptimally [10]. Due to these chal-
lenges, in a rural environment, it could be more advisable to “bring the hospital to 
the event” (“Stay and Play”) than to “bring the event to the hospital” (“Scoop and 
Run”), as practiced in urban scenarios.
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 Military Versus Civilian Contexts: Explosive Devices, Injuries, 
and Operational Considerations

Injuries caused by explosions are well documented in the context of combat zones 
[20]. Explosions represent the most common mechanism of injury (78%) and death 
(63%) on the modern battlefield [21]. According to [22], nearly three-quarters of all 
combat injuries over the period from 2005 to 2009 (31 per 10,000 deployed) were 
due to explosions. In the recent conflicts in Iraq and Afghanistan, the incidence of 
primary blast injury in US military personnel was 12.2%; however, blast overpres-
sure was the cause of death in only 1.5% [5]. Much of our understanding of blast 
injuries stems from military-based contexts. Yet, there is a growing threat of blast 
injury in civilian contexts. This threat spans from terrorism [8], through criminal 
acts, all the way to industrial accidents [23].

Due to the extensive experience with blast trauma obtained in the recent military 
conflicts, it is very tempting to rely on knowledge from military medicine in regards 
to this type of injury event. However, injuries from terror and war are not necessar-
ily comparable [24]. There are vast differences between the military and the civilian 
contexts of explosion injuries, as well as between the different types of civilian con-
texts, such as terror-related, industrial/domestic accidents, and criminal activities. 
These differences concern both the explosive devices and circumstances causing the 
explosion, the epidemiology of produced injuries, the location of event site, and the 
balance between vulnerabilities and protective factors important for preparedness 
and response (Table 4.2). Therefore, extrapolation from military texts, such as the 
Combat Casualty Care textbook, should be undertaken with caution [2]. According 
to Reade [2]: “Mistaken preconceptions of the medical consequences of explosion 
can lead planners and managers to allocate resources incorrectly and clinicians to 
focus attention away from the most likely pathology.”

The differences between military- and civilian-based explosion scenario are 
ample. It is worthwhile to consider several of the prominent ones in order to high-
light the importance in additional research and study into civilian contexts to solid-
ify our understanding of blast injuries in modern times. Perhaps the most obvious 
difference between the two contexts is demographics. The demographic compo-
sition of military and civilian casualty population is very different, with military 
explosion victims being much younger and mostly male while terror victims have 
a wider age and gender distribution [24]. This is especially important due to higher 
incidence of pediatric and geriatric cases among terror victims, with both groups 
presenting unique challenges for the responders. Blast injuries of children younger 
than 11 years old present a specifically major challenge, due to their higher rates 
of traumatic brain injury (TBI), lower rates of injuries to extremities, and overall 
higher injury severity [25].
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In addition, considering the differences in target populations across the two con-
texts (i.e., soldiers versus civilians), it is readily understandable why military explo-
sion incidents cause less-severe injuries; soldiers wildly use protective gear, such 
as helmets and body armor [25, 26]. With the most important body areas protected, 
injury patterns in military casualties will be very different from civilians. Civilian 
victims of terror explosions are also worse off in terms of sustained injuries, as a 
result of a combination of penetrating injuries, with blast, blunt, and burn injuries 
occurring to the same patient. Aiming to cause more casualties, terrorists equip their 
bombs with penetrating agents, such as bearing balls, nails, nuts, and bolts, resulting 
in a large volume of penetrating injuries. This improvised shrapnel may result in 
multiple injuries of the same patient, while increasing the demand for surgeries for 
the patients arriving from the event [8].

Reade [2] provides a detailed account of the epidemiology of civilian explo-
sion injuries. According to the author, most survivors of explosion injury do not 
have clinically significant primary blast trauma. Mainly, civilian victims of terror-
ism, for example, present with penetrating low-energy transfer blast fragmentation 
wounds or crush injury in the case of structural collapse. The number of patients 
and the number of affected body parts is the main difference between blast and non-
blast civilian victims. Table 4.2 summarizes the characteristics of civilian explosion 
 incidents [2].

The literature provides additional insights into the unique characteristics and 
epidemiology of civilian explosion injuries. For instance, Regens, Schultheiss, and 
Mould [27] surveyed the data of 77,258 successful terrorist MCIs that occurred 

Table 4.2 Characteristic of civilian explosion eventsa

Typical circumstances

Typical 
number of 
casualties

Type of 
explosion

Typical wound 
pattern

Industrial or 
domestic 
accident

Breach of usual safety 
precautions Domestic 
accidents in particular are 
often associated with 
misuse of drugs or 
alcohol

1–5 Low explosive, 
e.g., LPG, 
gasoline

Burns, including 
respiratory burns 
from inhalation of 
hot gases
1st and 2nd blast 
injury is rare; 3rd is 
uncommon except 
with very large 
explosions

Terrorist 
event

High-visibility target with 
optimized media 
exposure and 
recognizable landmarks

50–100 High explosive, 
particularly 
ammonium 
nitrate

Depends on the 
location of the 
incident

Homicide/
suicide

Attackers known to 
victim. Explosion used as 
a mechanism of inflicting 
trauma without the need 
for proximity

1–2 Pipe bomb, 
usually loaded 
with low 
explosive 
charge

Blast-fragmentation

aReproduced with permission from Reade [2]. https://healthmanagement.org/c/icu/issuearticle/
blast-injury
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between 1970 and 2013 that involved the use of explosives, firearms, and/or incen-
diaries. They reported that explosions cause more complex damage than other con-
ventional weapon types, including traumatic amputation of extremities, ruptured 
eardrums, mild-to-severe traumatic brain injury, and/or penetrating injuries from 
shrapnel. Supporting evidence from [28] notes that conventional blunt, penetrating, 
and thermal trauma are the most common forms of injury following high-explosive 
detonations. Soft tissue, orthopedic, and head injuries dominate, and severe head 
injury is a leading cause of death in explosion victims.

In a study published in 2010, Peleg et al. demonstrated the abovementioned dif-
ferences between civilian and military casualties when comparing injury data of 
both cohorts in the context of war (Second Lebanon War in 2006) and terrorism 
(Second Intifada during 2000–2003). According to the study, critical injuries and 
multiple body regions injuries were more likely in terror scenarios rather than war. 
Soldiers tended to present with less severe injuries from war than terror incidents. 
In-hospital mortality was higher in terror scenarios (7%) compared to war (2%), 
particularly among civilians [24].

Moreover, the mechanism of injury varied for civilians and soldiers according 
to conflict type. Specifically, the study reported that civilians in terror compared 
with war presented with less-blunt injuries (36% vs 45%, p = 0.042), approximately 
the same rate of penetrating injuries (~70%) and more burn injuries (10% vs 2%, 
p = 0.002). Civilians and soldiers also differed in injuries caused by multiple mech-
anisms with a prevalence of ~20% among civilians compared to only 10% among 
soldiers. Differences were also observed in terms of injury severity. Mild wounds 
(ISS: 1–8) were reported for 53% of civilians and 67% of soldiers, whereas criti-
cal wounds (ISS: 25+) reported for 17% of civilians and 6% of soldiers. Civilians 
compared with soldiers were twice as likely to present with internal wounds (30% 
vs 15%, respectively). See also Table 4.3 [24]. Broadly, terror victims were more 
severely wounded than war casualties.

 Other Civilian Considerations of Explosion Events

In the overall context of explosion events, it is imperative to discuss also noninten-
tional events involving explosives, such as domestic or industrial accidents. These 
incidents may involve a larger volume of casualties. A domestic explosion scenario 
may result from gas, gasoline, or boiler explosions and fuel-air mixture explosions, 
such as sawdust, grain dust, or even pain [29–31]. Electric hardware and fireworks 
accidents are also common [2]. Industrial explosions mainly result from overpres-
sured gases and liquids, misuse of industrial explosives and faulty machinery. 
Accidents at ammunition storage facilities and fertilizer plants may be especially 
destructive, causing vast devastation and significant mortality and morbidity, some-
times measured in the hundreds [29, 30].

In these scenarios, casualties suffering from severe blast trauma would likely 
be declared as fatalities on-scene, while patients presenting for treatment would 
suffer mostly from a combination of blunt and penetrating trauma, with burns and 
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tympanic blast injuries also present in some patients [29, 30]. Entrapment of victims 
due to building collapse and continuing fires endangering both victims and the first 
responders are also likely. Additionally, as most industrial facilities are located in a 
nonurban environment, the evacuation times may be longer, with coordination chal-
lenges related to destination protocols and mode of transportation.

Industrial accidents resulting in explosions are widely documented [23, 30]. We 
can learn about the injury characteristics of such events from the example of the 
incident in the West Fertilizer Company plant in West, Texas. On April 17, 2013, 
a fire and subsequent explosion occurred at the factory, causing severe damage to 
the nearby neighborhood. A total of 252 nonfatal casualties directly related to the 
explosion were treated. Of those, about half had documented abrasions/contusions 
and lacerations/penetrating trauma. Other injuries included TBI (21%), tinnitus/
hearing problems (14%), eye injuries (12%), inhalational injuries (12%), sprain/
strain (11%), fractures/dislocations (8%), tympanic membrane ruptures (5%), and 
burns (2%). Primary blast injuries, including pneumothorax, blast lung, and blast 
abdomen injuries, were seen in 5% of patients [29].

Table 4.3 Body region injured and nature of injury among civilians and soldiers injured in terror 
and war in Israel from October 2000 through December 2006a, e

Civilians Soldiers
Total Terror War Total Terror War
N = 1784 N = 1658 N = 126 Pb N = 802 N = 456 N = 346 Pb

No. body regions 
injuredc

<0.001 0.715

  1 41.9 40.6 57.9 67.5 66.7 68.5
  2–3 51.6 52.5 39.7 30.8 31.7 29.5
  4+ 6.6 6.9 2.4 1.8 1.5 1.8
Body region
  TBI 16.5 16.6 14.3 0.491 6.1 7.2 4.6 0.126
  Other head and 

neck
43.6 44.3 33.3 0.016 31.0 28.9 33.8 0.140

  Spine and back 4.8 4.9 2.4 0.193 3.0 3.5 2.3 0.325
  Torso 42.7 42.8 42.1 0.878 23.9 27.9 18.8 0.003
  Extremities 58.3 58.0 62.7 0.299 69.2 68.9 69.7 0.809
  System-wide/

unspecified
33.7 35.6 8.7 <0.001 14.2 12.5 16.5 0.110

Nature of injuryd

  Open wound 58.3 58.9 50.0 0.050 63.8 65.8 61.3 0.187
  Fracture 37.8 38.1 34.1 0.380 31.8 36.6 25.4 0.001
  Internal 30.2 31.0 19.0 0.005 14.7 18.0 10.4 0.003
  Vascular 8.4 8.5 6.3 0.399 5.9 7.7 3.5 0.012
  Burns 10.1 10.7 2.4 0.003 5.9 4.8 7.2 0.152

aCivilian casualties included all nonmilitary and nonactive soldiers
bχ2 tests were performed to assess distributional differences between injuries from terror and war
cMultiple injuries according to 5 body regions: head and neck, spine and back, torso, extremities, 
and system-wide/unspecified. Data are missing for civilians: terror n = 17 and soldiers: terror n = 2
dClassified according to Barel Injury Diagnosis Matrix [32]
eReproduced with permission from Peleg et al. [24]
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 Implications for Preparedness and Treatment

The most important aspect of explosion events is how they are different in terms of 
their geographic location and the parameters of their physical environment, their 
social context, and the technical characteristics of the explosive mechanism or 
device behind the explosion. These differences cause significant variation in the 
volume and profile of casualties, the speed and the complexity of the response, as 
well as the consequent demand for medical resources. With so many factors influ-
encing the response effort, it is nigh impossible to develop a universal system of pre-
paredness for explosion events, even if we narrow our scope exclusively to MCEs. 
Because of a multitude of potential scenarios, it is hard to produce a point- by- point 
response plan that will be robust enough to guide the responders in each specific 
scenario.

A more optimal approach would be to rely not on protocols but on several uni-
versal, yet flexible principles, which will have the potential to be applicable to every 
scenario. Such an approach will enable quick adaptation to most needs raised by any 
given situation without unnecessary encumbrance by strict protocols. These prin-
ciples should concern the basics of scene management, the knowledge on potential 
challenges and contradictions characteristic to explosion casualties, the priorities 
and procedures for triage at different stages and for evacuation, the capabilities of 
available response teams and coordination between them, and the limitations and 
advantages incurred by different contexts and locations.

 Conclusion

No two explosions are the same. This is especially true when dealing with terror- 
related explosion incidents, which often result in diverse and complex patterns 
of injuries. The epidemiology of explosion injuries, as learned from decades of 
experience with terror-related and other explosion incidents, is highly complex and 
requires careful attention to details if one wishes to tailor the response adequately. 
In this chapter, we demonstrated the effects of different factors on injury pattern as 
a result of explosions. We highlighted the importance of the explosive device, the 
location of the detonation, and the general setting of the incident over the outcomes. 
Lessons learned from years of experience, as well as carefully crafted research 
spanning over decades, provide the evidence-based conclusions needed to improve 
and perfect the medical response to terror-related and other explosion incident.
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 Introduction

Hospitals, emergency medical services (EMS) providers, and other organizations 
within the civilian healthcare system very rarely, if ever, encounter victims of blast 
incidents in their normal course of operations. However, when blast incidents do 
occur due to industrial accidents, acts of violence, or other causes, the local civilian 
healthcare system must be prepared to respond instantly and meet the specialized 
demands that are predictable with such incidents. These demands may include the 
need to anticipate special safety and security threats to first responders and first 
receivers, the need to expertly specially manage the transport and distribution of 
injured victims, the need to create immediate trauma and burn surge capacity among 
receiving hospitals, and the need to ensure that responding clinicians are adequately 
familiar with the unique injury patterns associated with blasts.

Because blast incidents are unpredictable and unfold so rapidly, there is gener-
ally insufficient time to develop optimal response strategies to these events in the 
minutes after they occur. Therefore, communities and healthcare systems must cre-
ate detailed and specialized plans to respond to blast incidents prior to the event or 
risk exposing the injured victims and their responders to further harm and/or pre-
ventable mistakes in their medical care. Adequate civilian healthcare system plan-
ning for blast incidents requires knowledge of the unique epidemiology of these 
kinds of incidents and complex coordination across the community and within 
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hospitals before blast events occur in order to save the greatest number of lives and 
to minimize morbidity.

 Prehospital Care

 Public Safety Answering Point (PSAP) Actions

When blast incidents occur, local public safety agencies (i.e., EMS, police and fire 
departments) are usually the first to be notified, most commonly through the local 
public safety answering point (PSAP). In most communities in the United States, 
the local PSAP is reached by calling 911, though sometimes full seven-digit or ten- 
digit phone numbers are required. The operator answering the initial call for assis-
tance must try to gather as much information as possible in as short a time as 
possible to assist and protect first responders as they are dispatched. As with all 
PSAP calls, the operator will try to determine the location of the event, the number 
of persons affected, and the potential injuries and/or medical complaints. The opera-
tor will also try to determine if there are any known safety threats to first responders 
as they arrive. When a blast event is reported, the PSAP operator should also make 
special additional queries of the caller(s) in order to help identify if other hazards 
may be present in the area. These queries may include asking about the presence of 
violent actors still on scene, about persistent vapor clouds or unusual particulates 
following the explosion, or whether victims are exhibiting any of the specific symp-
toms that are associated with chemical hazards. These groups of symptoms, or 
“toxic syndromes,” are sometimes called toxidromes. Common toxidromes associ-
ated with chemicals that may be involved in blasts are listed in Table 5.1. The use of 
scripts in blast events to guide PSAP operators’ questions to gather information that 
will improve the safety and speed of the response has been recommended as a best 
practice for these rare events [1]. Fire, police, EMS, and medical experts may be 
helpful in jointly creating these scripts to ensure all hazards and perspectives are 
appropriately represented.

 Initial Scene Response

When the first police, fire department, and EMS units arrive on the scene, many of 
their initial tasks will be similar to their usual first priorities in responding to other 
types of incidents. These priorities include assessing the safety of the scene, attempt-
ing to identify potential hazards to arriving responders, identifying what has hap-
pened at the scene, and estimating what additional resources may be needed to 
respond. In blast incidents, while these initial tasks remain a priority for the first 
arriving responders, they may require special modifications.

With respect to surveying the scene for safety, responders should assume that all 
blast events are intentional events until proven otherwise. This means that that they 
should assume that there may be additional hazards that further threaten both 
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victims and responders. They must always be aware of the possible presence of so- 
called secondary devices, which are additional explosive devices that may be placed 
around an incident scene and are designed to detonate later and injure or kill 
bystanders and first responders as they provide aid to the victims. There is persistent 
controversy about how best to balance the duties and opportunities of first respond-
ers to emergently aid injured victims with the responders’ right to protect their own 
lives during the response. In general, modern response focuses on three options: 

Table 5.1 Common toxic syndromes/toxidromes observed in mass chemical exposures (https://
chemm.nlm.nih.gov/toxicsyndromes.htm)

Acute Exposure to Solvents, Anesthetics, or Sedatives (SAS) Toxidrome
Central nervous system depression leading to a decreased level of consciousness (progressing 
to coma in some cases), depressed respirations, and in some cases ataxia (difficulty in balancing 
and walking)
Anticholinergic Toxidrome
Under stimulation of cholinergic receptors leading to dilated pupils (mydriasis), decreased 
sweating, elevated temperature, and mental status changes, including characteristic 
hallucinations
Anticoagulants Toxidrome
Alteration of blood coagulation that results in abnormal bleeding, indicated by excessive 
bruising, and bleeding from mucous membranes, the stomach, intestines, urinary bladder, and 
wounds, as well as other internal (e.g., intracranial, retroperitoneal) bleeding.
Cholinergic Toxidrome (Also Called Pesticide or Nerve Agent Syndrome)a

Over stimulation of cholinergic receptors leading to first activation, and then fatigue of target 
organs, leading to pinpoint pupils (miosis), seizing, wheezing, twitching, and excessive output 
from all secretory cells/organs (“leaking all over” – bronchial secretions, sweat, tears, saliva, 
vomiting, incontinence)
Convulsant Toxidrome
Central nervous system excitation (GABA antagonism and/or glutamate agonism and/or 
glycine antagonism) leading to generalized convulsions
Irritant/Corrosive Toxidrome
Immediate effects range from minor irritation of exposed skin, mucous membranes, pulmonary, 
and gastrointestinal (GI) tract to coughing, wheezing, respiratory distress, and more severe GI 
symptoms that may progress rapidly to systemic toxicity
Knockdown Toxidrome
Disrupted cellular oxygen delivery to tissues may be caused by simple asphyxia due to oxygen 
displacement by inert gases, hemoglobinopathies (e.g., carbon monoxide, methemoglobin 
inducers), impairing oxygen transport by the red blood cell, and/or impairment of the cell’s 
ability to use oxygen (e.g., mitochondrial inhibitors such as cyanide). All of these situations 
lead to altered states of consciousness, progressing from fatigue and lightheadedness to seizures 
and/or coma, with cardiac signs and symptoms, including the possibility of cardiac arrest
Opioid Toxidrome
Opioid agonism leading to pinpoint pupils (miosis) and central nervous system and respiratory 
depression
Stress-Response/Sympathomimetic Toxidrome
Stress- or toxicant-induced catecholamine excess or central nervous system excitation leading 
to confusion, panic, and increased pulse, respiration, and blood pressure

Source: Report to the Toxic Chemical Syndrome Definitions and Nomenclature Workshop (PDF – 
2.01 MB) (May, 2012)
aNOTE: CHEMM-IST uses “Pesticide Syndrome (also called Cholinergic or Nerve Agent 
Syndrome)” instead of the document’s recommended “Cholinergic Toxidrome” name
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increased medical and evacuation capabilities for law enforcement, joint law 
enforcement and medical teams (i.e., escorted care), or creation of “warm corri-
dors.” The challenges of operating in high-threat environments are addressed in 
Chap. 15 on warm zone operations.

First responders must also be alert for clues to the possibility of chemical or 
radiation hazards that can be associated with blasts, such as vapor clouds, unusual 
particulate debris, or toxidromes among the first victims they encounter. In general, 
the presence of excess radiation can easily be ruled in or ruled out with the correct 
equipment used at the incident scene, while the presence of chemicals at an incident 
scene may be significantly harder to detect. In some communities, first responders 
may be trained and equipped use a variety of detection devices to assess for poten-
tial chemical or radiation hazards at the scene. In other communities, such surveil-
lance requires the deployment of specialized hazardous materials teams, generally 
from the fire service. When hazardous substances are detected or suspected, trained 
personnel must decontaminate patients prior to transporting them to healthcare 
facilities (see Chap. 42 for more information). Responders must also remain 
extremely vigilant to note whether there has been physical or structural damage to 
the environment around the incident that could cause further injuries from falling 
debris, collapsing structures, ruptured gas lines, or other threats. In some cases, this 
may require special technical expertise that must be summoned to the scene.

Responders in the field should utilize the incident command system (ICS), or 
similar incident management structure, to organize and unify their response to blast 
incidents in the field. The ICS is a management system that allows differing groups 
of responders to operate within a common organizational structure during emergen-
cies [2]. It is widely used among differing kinds of agencies and allows them to 
come together under a single command structure with unified efforts in five func-
tional areas: command, operations, planning, logistics, and finance and administra-
tion. Use of the ICS allows EMS, police, fire, and other responders from differing 
departments and jurisdictions to assemble and coordinate their response to the secu-
rity, medical, safety, and other concerns that arise with complex blast events. As 
soon as ICS leadership is established on scene, those leaders must quickly deter-
mine what additional response assets are needed to safely access, treat, and trans-
port injured victims and immediately mobilize sufficient resources to meet those 
needs to the greatest extent possible.

 Communication with Healthcare Facilities

As early as possible in the response, first responders must make the area’s hospitals 
aware of blast incidents so those hospitals may begin to prepare to receive casual-
ties. Effective hospital response to blast events requires an extremely rapid mobili-
zation of appropriate personnel and resuscitation resources, including medical 
supplies and treatment rooms that can receive a large surge of complex patients. 
Unfortunately, it is extremely common for emergency departments (ED), operating 
rooms, and inpatient units to be overcrowded on a daily basis and lack sufficient 
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“surge” capacity to respond to mass-casualty incidents [3]. The current state of hos-
pitals operating at or near full capacity creates a significant barrier to MCI response 
and mandates a system-wide, whole-of-community early warning mechanism.

When communicating with hospitals about a blast event, there are details that 
should be shared in addition to usual estimates about the numbers of patients. The 
first of these details should be whether the blast occurred in a closed space or open 
space; closed-space blasts result in significantly different and more severe injury 
patterns [4].Second, first responders should communicate whether they have identi-
fied special populations who have been involved in the blast (e.g., children or the 
elderly), and whether they are observing special injury patterns. Hospitals’ advance 
knowledge of these special kinds of injuries can help them mobilize additional spe-
cialty medical personnel, such as pediatric surgeons, vascular surgeons, burn spe-
cialists, and others as early in the response as possible. Third, first responders should 
communicate with area hospitals as soon as possible about whether they suspect the 
coincident presence of hazardous substances in the event. Because historical data 
show that a significant number of patients can arrive at hospitals transported by 
means other than EMS [5], it is essential that hospitals be alerted to the potential 
need to decontaminate patients when needed. Performing decontamination at the 
hospital is challenging, and most hospitals’ response requires additional mobiliza-
tion of area fire department or other specialized hazardous materials teams. 
Therefore, it is essential to minimize the delay in notifying area hospitals and thus 
minimize delays in care and resuscitations as contaminated victims arrive at the 
hospital.

 Triage and Patient Care

If the number of patients is greater than the number of ambulances on scene, EMS 
providers must identify which patients require transport to the hospital first. At pres-
ent, many different kinds of disaster triage systems are in place in the United States 
to guide out-of-hospital triage; however, data comparing the effectiveness of the 
differing available systems is suboptimal. To help to improve the quality of out-of- 
hospital triage, the Federal Interagency Committee on Emergency Medical Services 
(FICEMS) recommended in 2013 that state and local EMS providers adopt triage 
systems that are based on the Model Uniform Core Criteria (MUCC), which form a 
science and consensus-based national guideline that recommends 24 core criteria 
for all mass-casualty triage systems [6]. These criteria are listed in Table  5.2. 
Currently, the SALT (Sort-Assess-Lifesaving Interventions-Treatment) triage sys-
tem, which is in common use, adheres to the MUCC. The SALT algorithm is shown 
in Fig. 5.1.

The leading causes of early death after blast incidents are (in decreasing order): 
multiple trauma, head trauma, thoracic injury, and abdominal injury [7]. Because 
the resources needed to save the lives of the majority of patients with these critical 
injuries exist only in the hospital setting, an expert consensus panel consisting of 
more than 50 national and international experts in the management of blast 
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Table 5.2 Model Uniform Core Criteria for Mass Casualty (MUCC)a

Triage systems and all of their components must apply to all ages and populations of patients
Triage systems must be applicable across the broad range of mass-casualty incidents in which 
there is a single location with multiple patients
Triage systems must be simple, easy to remember, and amenable to quick memory aids
Triage systems must be rapid to apply and practical for use in an austere environment
Triage systems are resource dependent, and the system must allow for dynamic triage decision 
based on changes in available resource and patient conditions
The triage system must require that the assigned triage category for each patient be visibly 
identifiable (i.e., flags, tarps, markers, tags)
Triage is dynamic and reflects patient condition and available resources at the time of 
assessment. Assessments may be repeated whenever possible and categories adjusted to reflect 
changes
Sorting of patients:
Simple commands must be used to prioritize victims for individual assessment
The first priority for individual assessment is to identify those who are likely to need a 
lifesaving intervention (unable to follow commands, no purposeful movements, obvious threat 
to life)
The second priority for individual assessment is to identify those who are unable to follow the 
command to ambulate to an assigned place but are able to follow other commands or make 
purposeful movement
The last priority for individual assessment is to identify those who follow commands by 
ambulating to an assigned place (or make purposeful movements) and have no obvious 
life-threatening conditions
All patients must be assessed individually regardless of their initial prioritization during global 
sorting. This includes the assessment of walking patients as soon as resources are available
Lifesaving interventions (LSI):
LSI are considered for each patient and provided as necessary, before assigning a triage 
category. Patients must be assigned a triage category according to their condition after any 
lifesaving interventions
LSI are performed only if the equipment is readily available, the intervention is within the 
provider’s scope of practice, the intervention can be performed quickly (less than 1 minute), 
and the intervention does not require the provider to stay with the patient
LSI include the following: controlling life-threatening external hemorrhage, opening the airway 
using basic maneuvers (for an apneic child, consider 2 rescue breaths), +/− performing chest 
decompression, and providing auto-injector antidotes
Individual assessment:
Each victim must be assigned to 1 of 5 triage categories with an associated color and initial 
(immediate/red, delayed/yellow, minimal/green, expectant/gray, dead/black)
Assessment must not require counting or timing of vital signs and instead must use yes/no 
criteria. No diagnostic equipment may be used (pulse ox, BP cuff, EKG monitor, AED)
Capillary refill must not be used as a sole indicator of peripheral perfusion
Patients who are not breathing after 1 attempt to open their airway (in children 2 rescue 
breaths) must be classified as dead and visually identified as such
Patients are categorized as immediate if they are unable to follow commands or make 
purposeful movements or they do not have a peripheral pulse, or they are in obvious respiratory 
distress, or they have a life-threatening external hemorrhage, and they are unlikely to survive 
given the available resources. These patients should receive resuscitation or comfort care when 
sufficient resources are available
Patients are categorized as delayed if they are able to follow commands or make purposeful 
movements, and they have peripheral pulse, and they are not in respiratory distress, and they do 
not have a life-threatening external hemorrhage, and their injuries are considered minor
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Table 5.2 (continued)

Patients are categorized as minimal if they are able to follow commands or make purposeful 
movements, and they have peripheral pulse, and they are not in respiratory distress, and they do 
not have a life-threatening external hemorrhage, and their injuries are considered minor
Patients categorized as immediate are the first priority for treatment and/or transport 
followed by patients categorized as delayed and minimal. Patients categorized as expectant 
should be provided with treatment and/or transport as resources allow. Efficient use of 
transport assets may include mixing categories of patients and using alternate forms of 
transport

aReproduced from PLOS Currents online at: https://images.app.goo.gl/bzMD9vBbvjdpV1eXA
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• Control major hemorrhage
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Fig. 5.1 The SALT algorithm. (https://chemm.nlm.nih.gov/salttriage.htm)
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casualties recommended that on-scene medical interventions be limited to basic 
life-support measures for the most seriously injured casualties [8]. Therefore, trans-
port of critically injured victims should not be delayed to provide advanced life 
support measures on scene. One notable intervention that is indicated in the field, 
and is strongly recommended by multiple professional organizations (e.g., 
Committee for Tactical Emergency Casualty Care, the American College of 
Emergency Physicians, the American College of Surgeons, the Hartford Consensus, 
etc.), is early hemorrhage control. For example, the Hartford Consensus recom-
mends the broadest possible training of first responders and the public in the use of 
tourniquets to control life-threatening limb bleeding and the use of wound packing 
to control junctional bleeding prior to patient transport [9]. Community first- 
response agencies should take steps to ensure that they have substantial numbers of 
tourniquets available among responding units in the field and may be used immedi-
ately on first responders’ arrival when needed and by the public if available.

 Patient Distribution Among Hospitals

Historical data demonstrate that the hospitals closest to the incident scene typically 
receive the greatest number of victims following mass-casualty incidents, and that 
those hospitals can easily become overwhelmed [5, 10]. Even level 1 trauma centers 
can become overwhelmed with large numbers of patients, and patient outcomes 
may suffer when any hospital becomes overloaded [11]. Therefore, EMS must 
attempt to distribute patients as thoughtfully as possible among the potential first 
receiver hospitals, taking into account those hospitals’ distance from the event and 
their differing clinical care capabilities [12]. A number of differing models have 
been proposed to help guide decision-making regarding patient distribution [13–
15]. Regardless the model, critical data inputs when constructing the model include 
demographic details about each community, including the total number of hospitals, 
the number of trauma centers, the number of readily available ambulances, regional 
blood bank capabilities, and the geography and access to roads within the region. 
Therefore, community EMS, public health, public safety, and healthcare partners 
should all plan jointly in advance to anticipate how differing blast locations within 
their catchment areas and design will affect the most expeditious and effective 
patient distribution plan using their resources available.

If the hospital closest to the incident scene becomes severely overwhelmed, it 
may be advisable for hospital and EMS leaders to choose to transfer groups of 
patients away from that hospital even before they receive a complete medical evalu-
ation in the emergency department or other care area. Transferring critically injured 
victims to another facility where they can receive immediate evaluation and resus-
citation if the victims cannot otherwise receive those services at the overwhelmed 
hospital in time may save lives. In addition, transferring groups of minimally injured 
(“green-triaged”) patients away from the overwhelmed hospital may lessen the 
overall burden of response on the facility and allow them to concentrate their lim-
ited resources on treating the critical victims already in their care. The transfer of 

P. Biddinger and S. Chung



75

patients away from the overwhelmed facilities in disasters is permitted under the 
Emergency Medical Treatment and Active Labor Act (EMTALA) so long as such 
transfers are anticipated as part of a community disaster plan and are undertaken as 
a coordinated effort among hospitals, EMS, and public health authorities [16].

 Hospital Care

Response to blast events generally requires a “whole-hospital” response that extends 
well beyond the emergency department and operating theaters. Time is essential in 
mobilizing hospital resources, and many hospital mass-casualty plans do not ade-
quately anticipate the breadth of response that may be required of them in a very 
short interval after a blast. Hospitals should utilize detailed, prescripted response 
protocols that automate the large number of actions immediately required to effec-
tively respond to mass-casualty blast events as well as utilize the ICS to lead their 
institutions, and scripted planning for blast MCIs can significantly improve coordi-
nation of the institution’s response [17–19].

 Facility Security and Safety

Like first responders, hospitals must first assume that blast events are intentional, 
until proven otherwise. This means that they must be able to protect their facility 
and the patients, staff and visitors who are inside the facility when the event occurs. 
Upon hearing of a blast incident in the area, hospitals should be able to quickly 
secure all access to the institution and limit arriving patients and visitors to one or 
two entrances that can be effectively managed by hospital security and medical 
personnel. It may be advisable to maintain one entrance for arriving victims and one 
separate entrance for arriving hospital visitors and others in order to minimize 
crowding and delays in ensuring immediate patient access to the facility. The deci-
sion of whether to secure access to the facility should be made immediately by 
security, emergency medicine, and hospital leadership staff and be based on the best 
available information from public safety officials on scene.

Though it has fortunately been rare for hospitals to be primarily targeted in blast 
attacks, hospitals have increasingly been concerned about their vulnerability as sec-
ondary targets in blast incidents [20, 21]. Regrettably, most hospitals are ill-equipped 
to effectively barricade their campus from an oncoming vehicle-borne improvised 
explosive device (VBIED) or to screen arriving ambulances or patients for the pres-
ence of hidden explosives or other weapons during an MCI. Hospital security direc-
tors and other leaders should work with the law enforcement and other security 
experts in their community to discuss the vulnerability of their facility and to dis-
cuss how best to mitigate these risks through changes to their physical campus and 
response protocols.

As mentioned above, it is possible that chemical or radiation hazards may be 
used in an intentional blast attack or accompany an industrial blast accident. Because 
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as many as 75% to 80% of victims may present to the closest hospitals immediately, 
bypassing EMS transport, hospitals are significantly vulnerable to potential con-
tamination from arriving contaminated victims. As a matter of regulatory compli-
ance, hospitals must plan for the arrival of potentially contaminated patients, be able 
to limit the extent of collateral exposure from the presentation of a contaminated 
patient or patients, and be able to safely provide initial triage and care for arriving 
victims if they are contaminated [22, 23]. Hospitals must anticipate the potential for 
chemical or radiation contamination with all blast incidents. However, because 
there are important differences in the threats of radiation and chemicals to clinicians 
and to the facility, hospitals must be able to distinguish between chemical hazards 
and radiation hazards in their response plans and act accordingly. Working with 
public safety and specialized hazmat team experts, they must also be able to deter-
mine when decontamination of patients is not needed following blasts, since the 
delays caused by patient decontamination can cause excess mortality when decon-
tamination is not required.

 Creating Resuscitation Capacity

In blast events, large volumes of patients can present within minutes to nearby hos-
pitals, leaving them little time to prepare to receive incoming victims. Following the 
Boston Marathon bombing in 2013, the first patients began arriving at area hospitals 
in less than 10 minutes after notifications, and the entire scene was cleared of criti-
cal casualties in just 18 minutes [24]. Fifty percent or more of the total number of 
patients are likely to arrive in hospital emergency departments within the first hour 
after the blast [25]. Effective hospital response to blast events requires an extremely 
rapid mobilization of appropriate personnel and resuscitation resources to meet the 
needs of the arriving patients. Unfortunately, because of routine emergency depart-
ments and hospital crowding, this mobilization is often severely constrained. In 
order to rapidly create treatment room capacity within the emergency departments, 
hospitals should include their admitting offices, hospital nursing supervisors, hospi-
talists, and patient transporters in their blast response protocols and notification 
systems. These partners can respond immediately to the ED, take over the care of 
existing patients, identify available destinations for those patients outside of the ED, 
and transport the stretchers to those locations within minutes.

Of course, emergency physicians, advanced practice providers, nurses, surgeons, 
anesthesiologists, intensivists, and others are essential to resuscitate the arriving 
victims. Using automated technology that immediately notifies all of the necessary 
staff to report to the hospital with one call is strongly preferred over use of manual 
call trees. Call trees take time and generally only access one phone or pager at a 
time, whereas automated systems can call, text, page, email, and otherwise notify 
needed responders within seconds. The automated call systems should be config-
ured to include all of the necessary responders for blast events, including emergency 
department physicians, surgeons, anesthesiologists, nurses, respiratory therapists, 
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radiologists, radiology technicians, blood bank staff, laboratory staff, hospitalists, 
admitting representatives, hospital nursing supervisors, security staff, relevant hos-
pital administrators and leaders, and others. Because blast events are extremely rare, 
hospitals should be there on the side of caution over-notification and over-mobiliza-
tion of resources in case they are actually all needed for an overwhelming event.

Resuscitation teams in the ED should be created from the groups of mobilized 
responders and generally assigned to specific rooms to await patient arrivals. This 
helps to minimize the noise and crowding in the hallways of the ED that frequently 
accompany large disasters. The resuscitation teams should be created and jointly led 
by a senior emergency physician who can direct use of the ED resources to where 
they are most needed and a senior surgeon who can direct the operative decision- 
making among the resuscitation teams. Together, the emergency physician and sur-
geon must also make joint decisions regarding the relative priorities for patient 
access to the x-ray and Computed Tomography (CT) imaging suites, as well as the 
ICU (intensive care unit) beds when needed. The lead emergency physician and 
surgeon should also endeavor to keep the anesthesiologist in charge of the Operating 
Rooms (ORs) apprised of the situation, including the expected numbers of patients, 
the types of injuries seen, and the anticipated number of patients who will emer-
gently need access to the OR. By communicating frequently with the OR, the ED 
team is more likely to have the right resources available for their patients who need 
emergent surgery. Similar to the ED, groups of resuscitation teams should assemble 
in the operating room and ICUs of the hospital; however, in general, those teams 
should not report to the ED unless requested in order to minimize crowding.

 Triage

In general, triage of arriving patients should occur at the entrance of patients to the 
emergency department [26]. There is controversy about which clinicians are best 
utilized to perform triage of the arriving patients. Some authors have suggested 
utilizing junior clinicians or advanced practice providers (APPs) in order to allow 
more senior clinicians to perform resuscitations and surgical procedures [27], while 
others have argued that hospitals should utilize senior providers combined with 
nurses to perform triage in order to perform the most effective triage [28]. While the 
most critically injured (typically red-triaged) patients must be taken immediately 
into resuscitation rooms, it is common in mass-casualty incidents that yellow- and 
green-triaged patients may be required to wait before receiving care, since there is 
often a delay between the incident occurring and the mobilization of sufficient clini-
cal space and staff to treat all of the arriving victims. For those patients who are not 
taken immediately into resuscitation rooms, it must be recognized that initial hospi-
tal triage cannot be relied upon to accurately detect all patients with life-threatening 
injuries, and triage must be repeated [29]. As with triage of blast victims in the field, 
there is a general lack of quality data about the best method to be used to ensure 
patients are appropriately triaged.
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 Patient Registration and Tracking

In many recent mass-casualty incidents, including those caused by blasts, hospitals 
have experienced significant problems being able to utilize their electronic health 
record (EHR) systems effectively [30]. Problems include being unable to register 
arriving patients quickly enough, having difficulty using multiple similar patient ID 
numbers for unidentified patients, slowing of the system, lack of sufficient devices, 
and others. While it is often tempting to shift hospital operations to “downtime” 
(i.e., paper) systems in response to blast mass-casualty incidents, doing so removes 
the other efficiency, communications, and safety tools that are built into these sys-
tems and creates a potential for greater miscommunication of results and data. 
Hospitals should assemble clinicians, registrars, and Information Systems (IS) lead-
ers to carefully explore ways they can streamline their disaster patient registration 
process for arriving victims and identify specific barriers to the use of the system in 
an MCI so that they can be addressed and mitigated.

 Patient Care

Because blast incidents are extremely uncommon, physicians will rarely use spe-
cialized training about blast injury patterns in their daily practice. Nonetheless, 
emergency physicians, surgeons, and others who may respond to these events 
must have a basic familiarity with the unique patterns of injury associated with 
blast events. More senior clinicians must be presented with updates to older teach-
ings, such as about the relationship between tympanic membrane rupture and 
severe injury. Older physicians may have been taught that patients with intact 
tympanic membranes are not likely to have severe injuries, even though more 
recent data show that 50% of pulmonary blast injury occurs in patients with intact 
tympanic membranes [31]. All physicians must be aware that the severity of inju-
ries sustained from blasts may not be as immediately apparent as they are in other 
kinds of traumatic injury. Traumatic brain injuries, blast lung injury, and abdomi-
nal blast injuries, in particular, may all have delayed presentation of the signs and 
symptoms of illness. For example, the symptoms of blast lung injury can be 
delayed for as long as 48 hours [25]. Periodic refresher trainings regarding blast 
injury management for clinicians are helpful, but just-in-time resources may also 
be of use, such as those produced by the National Center for United States Centers 
for Disease Control and Prevention National Center for Injury Prevention and 
Control [25].

Blast incidents also tend to create a greater need for selected medical specialists 
because of the patterns of injury. Numerous authors have described a tremendous 
demand on x-ray machines, CT scanners, and radiologists to interpret the studies 
following blasts [32]. Patients also typically have far greater frequency of eye and 
ear injuries, as well as orthopedic and vascular with blast incidents than with many 
other types of trauma [33]. Hospitals should have specific and detailed contingency 
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plans to be able to mobilize sufficient numbers of these specialists if possible to 
support the care needed for these patients in blast events. Blasts may also create 
associated burn and inhalation injuries, and appropriate burn surgery and pulmo-
nary specialists should be mobilized as soon as these patterns of injury are recog-
nized in the event.

Blood products may be needed in large quantities in the ED, the OR and the ICU 
following blast events. Because of this reason, a large group from blood bank lead-
ership and staff should also be included in the automated activation of the hospital’s 
mass-casualty protocol and messaging system.

Mental health concerns are extremely prevalent following blast events, espe-
cially in the setting of intentional events. This is true for both patients with and 
without preexisting mental illness as well as for hospital staff and other responders. 
Hospitals must mobilize their psychiatrists, psychologists, social workers, and other 
appropriate clinicians to help address these concerns. For staff and patients, the 
mental health support needs that result from a blast incident can last for months, 
years, or longer.

 Vulnerable Populations

Certain groups, notably older adults, pregnant women, and children, are especially 
vulnerable to adverse outcomes in blast events. Blasts can create large numbers of 
pediatric patients, depending on the location of the event, and area hospitals may 
not initially have sufficient numbers of pediatric-trained clinicians available to treat 
all of the arriving pediatric victims. In addition, children injured during terrorist 
events have higher injury severity score (ISS) and longer lengths of stay in the inten-
sive care unit (ICU) and in the hospital than children injured in nonterrorist events 
[28]. Healthcare systems should anticipate the fact that these vulnerable patients 
may have even greater medical needs than other victims and preemptively mobilize 
additional resources to assist them when they are identified as victims.

 Other Operational Concerns

Because of the potential for delayed presentations of injury following blasts, hospi-
tals should anticipate the need to monitor many patients who appear otherwise rela-
tively well for longer periods than in other kinds of disaster events. Patients may 
require prolonged monitoring of their oxygen saturations and perhaps repeated 
chest imaging to detect pulmonary injury. They may require repeated abdominal 
examinations to detect abdominal hemorrhage or perforation [34]. Hospitals should 
anticipate the need to open additional observation unit areas in the hospital that can 
be staffed by appropriate clinicians and equipped with the necessary monitors to 
safely observe patients at risk of occult blast injury and identify subtle symptoms 
and signs as early as possible for intervention.
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 Coordination Across the Healthcare System and Coalitions

Over the past decade, the United States Department of Health and Human Services’ 
Assistant Secretary for Preparedness and Response (ASPR) has encouraged the 
development and growth of multidisciplinary coalitions for emergency prepared-
ness and response formed with members of the EMS, hospital, public health, and 
emergency management communities, among others. In the recently published 
ASPR document, “2017-2022 Health Care Preparedness and Response Capabilities,” 
the role of coalitions is highlighted as essential for effective community disaster 
response. The capabilities that are defined in the ASPR document for coalitions are: 
“ensuring a strong foundation for health care and medical readiness (including 
strong administrative and financial backing for disaster planning efforts), ensuring 
health care and medical response coordination by understanding that each of the key 
participants in the health care coalition has a role to support one another in response, 
promoting continuity of health care service delivery (recognizing that disruptions in 
service delivery constitute failure), and planning for medical surge to ensure timely 
and efficient care to patients even when the demand for health care services exceeds 
available supply” [35].

Coalitions have at least two extremely important potential roles to play in 
response to blast incidents. First, because the coalitions are not directly involved in 
the provision of care, they are able to step back and gather intelligence and other 
information about the event and process that information and distribute it to coali-
tion members to optimize the region’s situational awareness. In some communi-
ties, coalition staff may be able to monitor social media, which has been 
demonstrated to be an early indicator of the severity of events, and disseminate 
appropriate information [36]. Second, because coalitions are based in the public 
health and healthcare sectors, they are able to monitor the effectiveness of the 
response as it is ongoing and assist with addressing emergent resource requests, 
requests for coordination of actions, and identifying obstacles or gaps in the overall 
healthcare system response.

 Conclusion

Blast incidents are extremely rare, and most civilian hospitals and clinical staff 
will have little experience in responding to such incidents when they do occur. 
Because these events unfold extremely quickly with intense needs for a rapid 
medical response, but also with the potential for additional harm for victims and 
for responders if they are not aware of potential pitfalls, it is essential that EMS, 
hospital, and healthcare system managers develop plans that reflect a knowledge 
of the epidemiology of blast threats and patterns of injury associated with those 
threats.
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 Introduction

Blast injuries have the potential to rapidly create large numbers of casualties with 
multiple complex wounds. A single blast can quickly overwhelm a medical response 
system due to the number and severity of casualties. Terrorist attacks, such as the 
2013 Boston Marathon Bombing, the 2006 Mumbai Train Bombing, and the 2004 
Madrid Train Bombing, demonstrate the magnitude and lethality of blast injuries. 
These events and the likelihood of further intentional acts of violence underscore 
the need for a prepared medical response to these and other types of mass casualty 
incidents. The United States military experience with wartime trauma in the most 
recent conflicts has matured into a global trauma system designed to ensure optimal 
care of wounded casualties. The success of our military trauma system did not hap-
pen overnight and the lessons learned from experience with blast injury and mass 
casualty incidents can be applied to civilian trauma systems [1, 2].
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 Mass Casualty Incident

A mass casualty incident (MCI) overwhelms available medical capacity and capa-
bility, including personnel, supplies, equipment, and space [3]. The absolute num-
ber of casualties does not define an MCI, as patient volume surge capacity is facility 
dependent and even affected by the time of day. For instance, five casualties may 
inundate one receiving facility, but not another. Similarly, those five casualties could 
overrun the same facility depending on when they are received, that is, accepting 
patients during the peak hours of the day versus overnight, when staffing is typically 
lower. Fifty burn patients will overwhelm a region. Thus, an MCI depends not only 
on the number and type of casualties that occur but also the setting in which they 
are treated.

 Challenges of Blast Injuries and Mass Casualty Incidents

During Operation Enduring Freedom (OEF) and Operation Iraqi Freedom (OIF), 
explosive injury was the most common cause of trauma leading to multiple frag-
ment wounds at multiple anatomical sites [4]. Blasts can be categorized into five 
distinct mechanisms that result in injury: primary, secondary tertiary, quaternary, 
and quinary (Table 6.1). Of these five mechanisms only primary is unique to blast 
[5–7].

The degree of injury and mortality depends on the energy of the blast, if the 
blast occurred in an open or confined space, and the patient’s proximity to the blast. 
Casualties closest to the source of the explosion often die immediately or very soon 
after. If they survive, they are often the most severely injured [7, 8]. In the open 
air, the intensity of the blast wave decreases rapidly as the wave propagates. The 
radius of effect of the blast wave is often smaller than the radius of the effect of 

Table 6.1 There are five possible categories of blast injury

Type of blast 
injury Description Examples of injury
Primary Interaction of the blast wave with the body. 

Gas-filled structures are most susceptible
Blast lung, tympanic 
membrane rupture, hollow 
viscous perforation

Secondary Results from flying debris such as bomb fragments 
or other projectiles energized by the explosion

Penetrating or blunt 
injuries

Tertiary Results from displacement of the body by the blast Fractures, traumatic 
amputation, closed and 
open head injury

Quaternary Miscellaneous collection of remaining injuries not 
caused by previous three mechanisms to include 
burns and exacerbation of existing comorbidities

Burns, asthma, COPD, 
angina

Quinary Illnesses or injuries caused by the addition of 
chemical, biological, or radiological substances to 
the bomb

Radiation illness

The injuries are not exclusive and each one can occur in a single patient
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airborne fragments. Primary blast injuries that occur in open air are limited to the 
origin of the blast. Patients who are close enough to sustain serious primary blast 
injury usually have lethal secondary or tertiary injuries. The likelihood of a primary 
blast injury increases when the blast occurs in an enclosed area, when the patient is 
wearing body armor and when the explosion is large [5]. This is a result of increased 
pressures the blast generates as the wave is reflected. This reflected wave can be 
magnified eight to nine times in a closed space in comparison to open air and can 
cause both increased lethality and more devastating injuries [5, 9].

The medical care of blast-injured casualties should follow the same standard 
trauma management as applies to their specific injuries. The complexity in their 
care arises from the fact that a single blast patient can suffer from all five catego-
ries at once. These complex patients can quickly overwhelm even the most well- 
prepared health system. If not mindful of the situation, multiple simultaneously 
injured patients can immediately absorb all available medical capabilities and 
capacity of a system. Effective management of such an incident depends on triage 
and an already established and rehearsed system to deal with both the complexity 
and volume of casualties.

 Security Considerations with Mass Casualty Incident

Security of not only the blast scene but also the medical treatment facility is para-
mount for effective response to a mass casualty incident. Terrorist attacks often 
occur in public areas, where access is largely open. The point of injury (POI) needs 
to be secured to prevent further casualties and injuries to arriving medical person-
nel. After one explosion, there is always the concern for follow-on coordinated 
blasts attacking first responders. Providers at any level becoming casualties dooms 
the medical response. In addition to scene security, medical treatment facilities also 
must be protected. A secure medical treatment facility governs the flow of patients 
and access to the medical treatment facility. In this way, the triage process can be 
tightly controlled and prevent any bystander interference. In the military environ-
ment, most patients are armed. All weapons need to be identified and secured prior 
to entry to a medical facility. In addition, providers care for all wounded, including 
injured enemy combatants. As a result, there is a genuine threat of nonwounded 
enemy combatants being included with casualties entering the treatment facilities 
without proper screening. Therefore, vigilance to the screening process is imper-
ative, especially with the “walking wounded” to avoid further attacks within the 
treatment facility [3, 10].

 Triage During Mass Casualty Incident

Effective triage is the first step in a medical facility’s ability to manage an MCI. The 
underlying role of triage is to do the greatest good for the greatest number of peo-
ple. This triage differs significantly from traditional emergency department triage. 

6 Military Trauma System Response to Blast MCI
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Most civilian providers in the United States rarely practice true triage. Hospitals are 
resource rich, and for the majority of patients the maximum amount of resources 
can be applied. Usually when a patient arrives in the emergency department, they 
are triaged to determine what level of resources they will require. The goal of treat-
ment is to provide the greatest good for that individual patient [9, 11]. Thus, it is 
a drastic shift to provide the greatest good for the greatest number of patients. The 
first step is to determine if there is a need for medical intervention and then deter-
mine if that intervention is possible given the current situation. During an MCI, 
triage should be a fluid and continual process, keeping in mind that a patient’s status 
and the overall situation can change.

Triage categories are immediate, delayed, minimal, and expectant (Table 6.2). The 
minimal category is best applied to patients who, when asked, can “stand up,” don’t 
have occult life-threatening injuries, and can be treated in a delayed fashion with mini-
mal emergency resources [10]. Injuries that are “minimal” consist of minor lacerations, 
small burns, and small bone fractures. Patients in the “minimal” category may be able 
to assist in the care of other patients. Depending on the location of the MCI, these 
patients may arrive first for medical treatment as they simply can walk to medical treat-
ment and even bypass the established triage process. If not managed effectively, casu-
alties can threaten the effective triage process by their early arrival and use of medical 
personnel and equipment. Patients in the minimal category reinforce the importance of 
controlling access to medical care as discussed in the “Security” section.

Expectant patients are not expected to survive. The expectant category would 
include patients who arrive without vital signs [3]. Outside of an MCI, the iden-
tification of a patient without vital signs would initiate advanced cardiac life sup-
port (ACLS) protocols and cardiopulmonary resuscitation (CPR). Due to the nature 
of an MCI, there is rarely an indication for CPR, especially in the early phases 
of response [12]. Identifying a patient as expectant and not performing CPR is 
extremely difficult for medical providers, but it is necessary to sustain the MCI 
response. Expectant patients should not be abandoned. Instead, they should be iso-
lated away from other treatment areas and be kept comfortable. If, after all other 
patients have been treated and the situation allows, expectant patients can be retri-
aged, which could potentially lead to receiving heroic treatment.

Table 6.2 There are four categories of triage: delayed, immediate, minimal, and expectant

Category Tag color Criteria
Delayed Operative intervention required, but condition allows 

time before intervention without loss of life, limb, or 
eyesight

Immediate Operative intervention, with a good chance of success, 
required within minutes to 2 hours to prevent loss of 
life, limb, or eyesight

Minimal Ambulatory, minor injuries that can wait for definitive 
attention

Expectant Survival is unlikely, whether due to nature of injuries or 
the limited nature of resources

For easy identification, a color-coded tag is often applied to each casualty during a mass casualty 
incident
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The last, and often unmentioned, category of triage is the deceased (often labeled 
“black”). The deceased should be respectfully placed in a clearly identified morgue 
that is isolated from the ongoing emergent medical care. If possible, the morgue 
should even be physically separate and kept at a cool temperature [3, 10].

 Considerations Related to Unexploded Ordnance(s)

A special mention should be made of the extreme circumstance of an unexploded 
ordnance (UXO) embedded within a patient. The ordnances are usually rockets, 
grenades, or mortar rounds that can be triggered in a variety of ways, including 
direct impact and electromagnetism. These patients should be triaged as delayed, 
isolated from other patients, and moved to a safe area. Unexploded ordnances 
have also been found in patients in the morgue, highlighting the need for careful 
screening of all patients [13]. Upon discovery, an explosive ordnance team should 
be notified and present prior to invasive interventions. The patient should be oper-
ated on last in a protected area away from the main operating room. While plain 
radiographs may be appropriate, potential explosive-triggering stimuli such as CT 
scan, ultrasound, or monopolar electrosurgery should be avoided. The removal 
should be accomplished in the most efficient manner possible with the fewest 
number of people involved. If possible, anesthesia should be regional or local. 
When the situation is ready for operative removal of the ordnance, the surgeon 
should be alone with the patient. The selection of the surgeon is a difficult pro-
cess. Should it be an unmarried person without children? Should it be the oldest 
person? Ideally it is a volunteer, but what if there are multiple volunteers? There is 
no right answer, but a discussion should be had beforehand regarding selection for 
such a high-risk operation. With that being said, in a review of the United States 
military experience with unexploded ordnance, 32 out of 32 patients as well as the 
treatment teams survived the removal [14].

 Triage Officer for Mass Casualty Incident

The decision-making surrounding triage should be done at the expert level. The 
triage officer not only has to have the experience of trauma situations but also 
be comfortable making life and death decisions. The triage officer should be 
the system’s most experienced trauma surgeon or emergency physician. For the 
military, this position falls to the most veteran combat surgeon. A surgeon has 
the skillset to identify wounds, understand the impact, and determine the require-
ment for the operating room as well as the resources needed [10, 12]. While 
there may be the tendency to think that the triage officer should be someone who 
will not be needed in the operating room, such as a dentist or a primary care 
provider, this is incorrect. It is because of the knowledge of surgical care that a 
trauma surgeon is most useful as the triage officer during a blast MCI. During a 
trauma-related MCI, the triage officer should be a trauma surgeon or emergency 
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physician. However, if the MCI is a result of a biological exposure, such as 
anthrax or smallpox, or a chemical exposure, such as Sarin nerve agent, the triage 
officer should be an expert in those fields, such as an infectious disease physician 
or an emergency physician.

The importance of the triage officer is magnified by the results of inappropriate 
triage. There are two categories of inappropriate triage: undertriage and overtriage. 
Undertriage occurs when a casualty has injuries that should place him/her in the 
immediate category, but instead is identified as delayed. This obviously can lead 
to treatment delay and the resulting morbidity and possible mortality. Overtriage 
occurs when patients with non-life-threatening injuries are identified as immediate 
and evacuated to a medical facility or receive operative care at the current location. 
Under normal circumstances, overtriage can be considered a budgetary or admin-
istrative issue, and medical facilities would rather overtriage than undertriage. It 
does not cause any patient harm. However, during an MCI, overtriage can increase 
the mortality of the MCI as resources are inappropriately allocated and potentially 
salvageable lives are lost [15].

The triage officer must also be aware of both internal and external factors that 
influence the response to the MCI. This often requires coordination with the medi-
cal facility’s logistics, bed manager, operating room director, and, in the military, 
the command structure and nonmedical line officers. Although the triage officer has 
limited control of these factors, effective triage will depend on his knowledge and 
awareness of them.

External factors in a theater of combat include the tactical mission, weather, 
operational and medical facility security, and the specifics of the event that is 
causing the MCI. The ultimate role of military medicine is to support the warf-
ighter to complete the mission [16]. This may mean medical attention is first 
directed to those who can return to the fight as soon as possible. The fight may be 
far forward or it may be defending against an attack on the base where the medi-
cal treatment facility is located. Ultimately, the medical treatment facility needs to 
be secure and safe to allow for effective triage and medical care. In addition, the 
current operation or security may limit the ability for resupply or evacuation. The 
weather may also prevent the use of rotary wing or fixed wing aircraft for which 
resupply and evacuation depend. If patients are unable to be moved to the next 
level of care, resources can diminish quickly and prevent the capability of caring 
for new patients.

The triage officer must also be aware of internal factors, including medical sup-
plies, operating room space, bed space, available personnel, and provider stress. 
Knowledge of the cause of the MCI can help anticipate the level of strain that will 
be put on the system. The answers to questions such as: (i) Was it a blast or small 
arms fire? (ii) Did the blast originate from military grade explosives or was it home-
made? (iii) Did the blast occur in a building or in the open air? (iv) Did it occur in 
an isolated area or was it a populous area? help to predict the number of injured, the 
severity of injuries, and the classification of injuries.
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 Anticipation of Resource Needs for Mass Casualty Incident

Medical resources during an MCI include surgical instruments and the ability to 
sterilize, ventilators, medications, dressings, sutures, and blood and blood storage 
capabilities. Blood products may be quickly utilized in an MCI, and access to further 
blood products may be limited. Based on the most recent conflicts in Afghanistan 
and Iraq, roughly 20% of combat casualties will require blood transfusions and 
roughly 7% of casualties will require massive transfusions, defined as greater than 
ten units of packed red blood cells transfused in 24 hours [17]. Furthermore, blast 
injury patients are more likely to require massive transfusions compared to casual-
ties from small arms fire. In a review of mass casualty incidents between December 
2003 and December 2004 treated at a military treatment facility during Operation 
Iraqi Freedom, 4% of patients injured in firefights required a massive transfusion 
protocol, compared with 9% injured during a blast [17]. Transfusion requirements 
are greatest in the first 24 hours of an MCI, but the requirements remain elevated 
for the days following an MCI [2]. Adequate response to an MCI carries the under-
standing the blood bank will be stressed not only during the immediate response but 
also in the days after.

The military has a unique ability to surge the availability of blood products with 
a walking blood bank, which can be used for the emergency collection and transfu-
sion of fresh whole blood. Fresh whole blood can be used when the current blood 
supply is depleted or when other blood products cannot be delivered at an accept-
able rate to maintain resuscitation. The risks of whole blood are numerous even in a 
controlled population like the military. The risks include HIV, hepatitis C, syphilis, 
and endemic diseases such as malaria or dengue [3]. These risks can be mitigated 
and fresh whole blood is lifesaving in the appropriate setting [18]. The process 
by which the walking blood bank is activated and utilized should be developed, 
planned, and rehearsed long before it is needed. It is a complicated process that 
requires coordination of multiple parts and people. In the best of circumstances, it 
takes approximately 45 minutes from request to transfusion [3]. Early knowledge 
of the mechanism of injury, such as blast, allows for early activation of the walking 
blood bank, which can decrease the time to transfusion [19].

Within this military experience, there are examples of resource utilization that 
may not be possible during all MCIs. In one instance, following a vehicle-born 
explosion that caused 24 casualties, two patients required massive transfusion 
and laparotomy. One patient received 27 PRBC, 4 FFP, and 2 units of fresh whole 
blood. The other patient received 41 PRBC, 14 FFP, and 5 units fresh whole blood. 
These two patients accounted for 89% of all blood products transfused during this 
MCI. Both patients ultimately died from their injuries in the operating room [2]. 
This level of resource utilization was possible during this particular MCI, but it may 
not be possible in all MCIs. It may be difficult to justify this amount of resources 
during an MCI depending on the facility’s capability, capacity, and resources. MCI 
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response teams need to be mindful of other resources besides blood products, such 
as operating room utilization. An incident like this may be an example in other situ-
ations where a surgeon needs to retriage a patient on the operating room table.

In addition to blood products, two other resources often create a choke point in 
the care and flow of patients: the operating room and mechanical ventilation sup-
port. In one review of the clinical resource utilization during the 72 hours follow-
ing three separate blast-related MCI in 2008 in Iraq, 50 patients were treated, with 
76% requiring an immediate operation upon presentation. In total, 75 operations, 
consisting of 191 procedures, were performed. Nearly 50% of patients required 
ICU-level care, and 50% required mechanical ventilation outside of the operating 
room [2]. This example underscores the resources needed in the immediate and 
short-term period to sustain patients. Even if the initial response is adequate, some-
thing as seemingly minor as a ventilator will likely be required to continue to care 
for patients and needs to be planned for.

 Roles of Care During Mass Casualty Incident

The current military trauma system is built upon the distribution of manpower and 
resources to levels of care or roles. There are four roles through which patients 
are cared for following injury (Table  6.3). Each role has the capabilities of the 
role before it and then adds to that role. There are slight differences amongst the 
branches of services (i.e., Army vs Navy) regarding the specific makeup and orga-
nization, but the overall fundamentals are the same.

Role I care occurs at the point of injury. This care includes self-aid, buddy-aid, 
or a combat lifesaver, including Army medics, Navy corpsman, and Air Force para-
rescuemen. Overall, care involves triage, immediate life-saving interventions, and 
evacuation. There are no surgical capabilities and, for the majority, no blood prod-
ucts. Patients cannot be held for any extended period. The outcome of care is either 
evacuation to a higher level of care or return to duty [3]. The care delivered at Role 
I is driven by the Tactical Combat Casualty Care (TCCC) guidelines. The develop-
ment of TCCC began in the 1990s with the Naval Special Warfare Command and 

Table 6.3 The United States Military distributes medical resources and capabilities to four sepa-
rate levels or roles of care

Role Capabilities Example
1 Injury point of care. No blood products or surgical 

capabilities
Combat medic on the 
battlefield

2 Damage control surgery
Limited blood products
Limited ICU-level care

Forward surgical team

3 Sustained operative, ICU, and blood product 
capabilities on par with most trauma facilities

Combat Support Hospital, 
USNS Comfort

4 Full resources and capabilities of any civilian medical 
center

Walter Reed National Military 
Medical Center

Each role has the capabilities of the role before it and then expands on those capabilities
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spurred out of the necessity to care for combat casualties in the field while manag-
ing the tactical requirements of the mission [20]. TCCC has since undergone several 
iterations with the goal of reducing preventable deaths on the battlefield. The surviv-
ability of casualties from the current conflicts speaks to the success of TCCC. The 
basic guidelines of TCCC are as follows: (1) take cover and return fire; (2) direct 
casualty to cover and apply self-aid; (3) prevent casualty from sustaining further 
wounds; and (4) stop life-threatening hemorrhage; if extremity, apply tourniquet. 
All combatants are trained to complete these steps. The Special Operations medics 
undergo extensive training in order to provide additional levels of care, such as sur-
gical airways, needle decompression, pelvic binder placement, and administration 
of TXA [21].

Role II care includes basic primary care, laboratory, radiographic, and damage 
control surgical capabilities. An example of a Role II is a Forward Surgical Team 
(FST), with a mission to provide lifesaving resuscitative surgery. Traditionally, the 
FST performs damage control surgery on patients too critically injured to evacuate 
over long distances without further stabilization. Team members typically include 
general surgeon, orthopedic surgeon, nurse anesthetist, critical care nurse, and tech-
nicians. The operating capabilities are usually two tables that can do a total of 30 
operations in 72 hours. Postoperative capabilities include ICU-level care for up to 8 
patients for up to 6 hours. There is a limited supply of stored blood products. Further 
operations at the FST must be supplemented and augmented by a Role III [3].

A well-established Role III functions similar to a trauma center in the United 
States. A Role III is capable of providing initial triage, resuscitation, definitive sur-
gery, and sustained postoperative care. Typically, there are multiple operating rooms 
and hospital beds potentially capable of caring for a few hundred patients. There is 
a blood bank, advanced imaging to include CT scan, and an ICU ward. In theater, 
the ultimate destination of the critically wounded is a Role III. The Navy hospital 
ships, USNS Mercy, and USNS Comfort function as a Role III with massive care 
capabilities deployable throughout the world [3]. Role IV medical care includes the 
long-standing established facilities such as Walter Reed National Military Medical 
Center.

The benefit of these roles of care is the ability for triage at each role and the con-
trol of casualty flow. The most severely injured are rapidly identified and evacuated 
to an appropriate level of care. If the evacuation is anticipated to be too stressful, 
damage control surgery is performed. Patients are stabilized before each evacuation 
to ensure survivability.

 Patient Evacuation from a Mass Casualty Incident

The military model of medical treatment throughout the continuum of care 
depends on a reliable evacuation process. There are three categories of evacua-
tion precedence: Urgent/Category A, Priority/Category B, and Routine/Category 
C.  Examples of injuries that would necessitate urgent evacuation include pene-
trating torso injuries, airway or respiratory difficulty, an unconscious state, the 

6 Military Trauma System Response to Blast MCI



94

presence of shock, severe traumatic brain injury, and burns greater than 20% total 
body surface area. Traditionally, Urgent evacuation requires evacuation ideally 
within 2  hours. However, following the implementation of the “Golden Hour” 
rule, casualties identified as Urgent mandated evacuation to a military treatment 
facility with surgical capability within 60 minutes from the time evacuation mis-
sion was approved. For Priority casualties, evacuation should occur within 4 hours. 
Injuries meeting Priority classification include extremity hemorrhage controlled 
with a tourniquet, open extremity fracture, and burns between 10% and 20% total 
body surface area. Routine evacuations should occur within 24 hours. Injuries in 
this category include mild traumatic brain injury, penetrating extremity injury with 
bleeding controlled without tourniquet, and burns less than 10% of total body sur-
face area [21].

The request for medical evacuation from the point of injury is a standardized pro-
tocol known as the “9-Line Medevac Request” (Table 6.4). Through ideally secure 

Table 6.4 9-Line Medevac Request

Line Item Explanation
1 Location of pickup site
2 Call sign and frequency of radio at 

the pickup site
3 Number of patients by precedence A – urgent casualties

B – priority casualties
C – routine casualties

4 Special equipment required A – none
B – hoist
C – extraction equipment
D – ventilator

5 Number of patients by type L – litter casualties
A – ambulatory casualties
E – escorts

6 Security of pickup site N – no enemy
P – possible enemy
E – enemy in area
X – armed escort required

7 Pickup site marking A – panels
B – pyrotechnics
C – smoke signal (with color)
D – none
E – other

8 Casualties by nationality and 
status

A – US/Coalition military
B – US/Coalition civilian
C – Noncoalition
D – Noncoalition civilian
E – Opposing forces/detainee
F – Child

9 Pickup site terrain, obstacles, and 
contamination

Description of any obstacles to approach or 
presence of chemical, biological, radiological, or 
nuclear contamination

The 9-line Medevac Request is a standardized process by which the point-of-injury team details 
their casualty evacuation needs
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communications, the team at the point of injury communicates with their com-
mand, the need for evacuation of injured soldiers. The “9-Line Medevac Request” 
provides a format to relay information regarding the location of the injured, the 
number of casualties and their evacuation precedence, whether special equipment 
is required, the number of casualties in a stretcher, the security at the location, 
how the location is marked, the nationality of casualties, the type of terrain at the 
location, and any obstacles at the location. Following receipt of this information, 
command can request additional information in conjunction with consultation with 
medical providers. The goal of this request is to provide a standardized format for 
communication to allow rapid and effective evacuation to the necessary role of 
care [21, 22].

 Command and Control During a Mass Casualty Incident

During a mass casualty incident, establishment of command and control is the 
first step in the systemic response. Part of command and control is an effective 
communication system [23]. The military operates under a well-established com-
mand and control system. There is a set hierarchy and communication platform 
that exists during every mission. Similar to the Incident Command System, every 
Role III facility has a command center to coordinate the medical response to casu-
alties. Together, the tactical operations commander (TOC) and patient administra-
tor (PAD) assist in the evacuation of casualties and the mobilization of resources 
at the Role III facility. The Director of Trauma at a Role III assists with the coor-
dination of medical care.

 Simulation and Rehearsal for Mass Casualty Incidents

The military’s dedication to simulation is unparalleled. From flight simulators 
to a mockup of Osama bin Laden’s compound, simulation has helped opera-
tors prepare for the real event. Mass casualty incident response is no different. 
Predeployment and deployment training and exercises help to prepare treatment 
facilities for an MCI. Training not only needs to prepare medical personnel to deal 
with multiple complex injuries but also to do so in a resource limited environ-
ment. This austere training is typically completely opposite to what physicians 
face in a nondeployed setting. In a simulation of a MCI, even an experienced 
forward surgical team was found to have 20% preventable deaths in the care 
it delivered. Poor communication, including medical documentation, and inap-
propriate triage leading to ineffective resource utilization were the main sources 
of preventable deaths [24]. Thus, even a combat-hardened forward surgical team 
had room for improvement identified on simulation. The implications for a civil-
ian mass casualty incident are clear. Training and simulation can improve com-
munication, clearly define provider roles, and impart confidence for a real mass 
casualty incident [25].
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 Conclusion

The principles of mass casualty incident management are the same whether the 
source of injury is a terrorist bomb, an industrial accident, or a school shooter. 
The terrifying nature of a blast injury arises not only from the number of poten-
tial casualties but also the nature of possible injuries. Medical resources can be 
overwhelmed by both. Lessons from the United States military experience with 
mass casualties and blast injuries can apply to the civilian medical system. The 
goal in a mass casualty incident is to provide the greatest good for the high-
est number of patients. An effective response starts with appropriate triage, a 
dynamic and ongoing process. Providers should have defined roles of care estab-
lished, and participating providers should be well-identified and well-practiced. 
An effect response also includes the ability to immediately activate personnel 
and sequester materials and supplies while also being prepared to sustain the 
response. Finally, while the hope is mass casualties are rare, each event should 
be used to prepare for the next.

Pitfalls
• Triage officer. The importance of the triage officer cannot be understated. 

This position should be held by someone with the most trauma experi-
ence and ideally previous mass casualty events. This person should be 
identified well in advance. The triage officer should be comfortable not 
only stating that a patient needs the operating room immediately but also 
determining that expectant care is necessary in a patient that may have 
benefitted from an operation if not injured during a mass casualty 
incident.

• Patient identification and record keeping. The ability to consistently 
and accurately identify patients from initial injury to definitive medical 
care is crucial to delivering safe and effective care. Nowhere more 
important and basic does this come into play in the administration of 
blood products. There must be a system by which the medical care a 
patient receives is documented and follows that patient to the next level 
of care.

• Simulation. The most well-defined and well-thought-out response to a pos-
sible mass casualty incident will fail during a real incident if the response 
has not been well-rehearsed. A medical treatment facility should regularly 
engage in mass casualty simulations to include the entire system: security 
teams, hospital communications, medical providers at all levels, blood 
bank, sterile processing, pharmacy, and pastoral care.
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7The Modern Explosive Threat: 
Improvised Explosive Devices

Brian P. Shreve

 Introduction

Since the beginning of United States combat operations in October 2001 in response 
to the 9/11 terror attacks, improvised explosive devices (IEDs) have been the most 
common cause of battlefield fatalities and further account for 38–64% of US and 
coalition combat injuries sustained [1–4]. One may assume that the use of IEDs is 
currently confined to the two combat theaters where the United States is currently 
engaged and is not representative of a what medical providers face worldwide. 
However, data from 2012 indicates that excluding Iraq and Afghanistan, there were 
a reported 500 IED detonations per month worldwide [1]. This data does not reflect 
a large number of events localized to one or two countries, but, rather, over half of 
United Nations (UN)-recognized countries have been impacted by IEDs [5]. This 
increase in IED use has led to a significant burden of disease, with approximately 
105,000 deaths worldwide from 2011 to 2015 [5]. Of these 105,000 casualties, over 
80% of them were civilians representing not only a topic important to those con-
ducting military and anti-terrorism operations but to local governments and world-
wide organizations such as the UN [5].

 Background

IEDs are weapons born from necessity. A quick glance at the conflict in Afghanistan 
highlights the contrast between the two sides; a large, industrial nation, with 
immense resources and a large conventional army versus a group of tribes without 
state support, with limited resources, using a guerrilla force. The IED is an attempt 
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by one side to level the playing field. Bomb makers can use simple components to 
create the detonator and containers for IEDs, adulterate the explosives with a variety 
of materials (e.g., nails, ball bearing, human waste), and can use a variety of easily 
accessible delivery mechanisms (e.g., automobiles, backpacks, carcasses).

Many may think that IEDs are a new phenomenon due to the recent prolifera-
tion of these devices and increased awareness, thanks to constant media reports. 
According to the Oxford dictionaries, however, the first use of the term IED was in 
the 1970s, and combatants have used IEDs since long before the term was coined 
[6]. The concept of an improvised device started to be recorded in the 1940s mili-
tary manuals, which described a process by which one could modify or construct 
an explosive device if the situation arose where conventional explosives were 
unavailable or if conducting asymmetric warfare [7]. These tactics and techniques 
eventually spilled into the civilian sector with the publication of texts such as The 
Anarchist’s Cookbook. While this may seem innocuous, the codification of how to 
produce homemade explosives plays a part in the proliferation of IEDs. Recently, 
the expanded and loosely regulated Internet has allowed criminals to develop and 
quickly disseminate plans for explosives and IEDs at the click of a mouse. Increased 
bandwidth capabilities and streaming services allow videos demonstrating how to 
build and test IEDs to spread with near impunity. Now more than ever, it is easier to 
get a hold of plans for an explosive device.

The use of IEDs has become so advanced that now an organization will imple-
ment an “IED campaign.” The IED campaign will have an overarching goal that will 
often aid the insurgency, terror group, or criminal organization. For example, a cam-
paign may be introduced with the goal of impacting a local election or to intimidate 
a local police force. Just like a political campaign, an IED campaign has a very com-
plex support system that can be broken down into three components: organization, 
resources and operations. The organization must have secure communications, a 
public affairs apparatus typically with access to social media to spread propaganda, 
and a supportive populace. Resources will encompass a broad number of elements 
to include people, money, intelligence, bomb-making materials, and facilities where 
devices can be produced. Operations will be comprised of the building of the device 
itself, the storage of the device, the training associated with the deployment of the 
device, and then execution of the operation itself [8]. As one can see, the manufac-
ture and deployment of IEDs has now become a sophisticated operation with many 
moving parts. Given the large number of people involved in the creation of IEDs, 
this provides many opportunities to disrupt and counter the effectiveness of IED 
campaigns.

 IED Basics

The United States Department of Defense currently defines an IED as “A weapon 
that is fabricated or emplaced in an unconventional manner incorporating destruc-
tive, lethal, noxious, pyrotechnic, or incendiary chemicals,” which incorporates a 
large variety of devices with varying degrees of lethality, targets, and mechanisms 
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of detonation [9]. With such a wide definition, the number of potential devices is 
limitless, from the basic pipe bomb to an explosively formed penetrator (EFP) trig-
gered by radar as the target approaches. Regardless of the complexity of a device, it 
will consist of five parts: a power source, a switch, an initiator, a main charge, and a 
container [10]. It is important to know these different parts of an IED as they can all 
be addressed and potentially used in countermeasures to decrease the effectiveness 
of the device.

IEDs are categorized by the method by which they are delivered, with the two 
most common being vehicle-borne IED (VBIED) and person-borne IED (PBIED). 
Both VBIED and PBIED are commonly carried out as suicide bombing. Each of 
these methods of delivering the ordnance to the target comes with its advantages 
and disadvantages from the standpoint of those using the devices. The VBIEDs, 
which came to prominence in Iraq, are able to deliver a large amount of explosives 
to the target. However, given the size of the delivery vehicle, it can be difficult to 
reach the intended target, and countermeasures such as roadblocks can be effective 
in hindering the effectiveness of VBIEDs. VBIEDs are usually comprised of explo-
sives, and the vehicle itself serves as the source of shrapnel. An example of the mas-
sive amount of damage caused by VBIEDs is the Oklahoma City Bombing in 1995, 
which resulted in 168 deaths, numerous injuries, and damage to 300 surrounding 
buildings [11]. The PBIEDs’ effectiveness lies in the portability of the device. 
Typically, PBIED can be delivered to the desired target with ease and little risk for 
detection. The biggest limiting factor for these devices is the personnel themselves, 
as the device weight cannot be too heavy to be transported. As suicide bombings 
have become more common, the devices have become more refined. Originally, 
the devices were mostly explosives and were ineffective. But over time, IEDs have 
become a 50/50 mix of explosives and shrapnel in an attempt to increase lethality 
[7]. The Moscow Metro Bombings are an example of the effectiveness of PBIEDs; 
40 people were killed and over 100 were injured in multiple coordinated attacks.

An alternate way to classify IEDs is by the intended target, antipersonnel and 
anti-vehicle being the most common. A common example of an anti-vehicle IED 
widely used in Iraq is the explosively formed penetrator (EFPs) [12]. The EFP con-
cept was invented in 1910 in Germany but has seen increased and widespread use 
in the war in Iraq [13]. These devices are different than many of the other devices 
classified as IEDs in that this weapon is a projectile more than it is an explosive. 
The concept behind EFPs is similar to that of shaped charges like those used in anti-
tank rounds. An explosive is placed in a container with a “liner” which can consist 
of many materials but is usually steel or copper [13]. When the device is detonated, 
this causes the liner to deform and be propelled in the direction the device is aimed. 
This fast-moving, hot piece of metal is now able to penetrate armor. As one can sur-
mise, the impact of this device will differ from more traditional IEDs, which draw 
their effectiveness from the amount of ordnance or shrapnel contained in the device. 
EFP attacks result in higher percentages of blunt and thermal trauma compared to 
traditional “blast” incidents.

IEDs demonstrate the largest degree of variability in the explosive used and in 
the triggering method. Explosives can be procured from ordnance made for military 
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use, such as 155-mm artillery shells to homemade explosives (HME) that are 
made from a “recipe” pulled from the Internet or from a sympathetic organiza-
tion. Triggering methods offer the same variability as the explosive content device 
does. Triggers can be “dumb” requiring no presence of an individual; for example, a 
pressure- switch-activated IED similar to a landmine. Or, the trigger may be highly 
sophisticated, such as a radiofrequency signal that is timed and initiated by an indi-
vidual observing the target. The possibilities for IED design are endless. This basic 
truth makes it difficult to develop effective countermeasures. For those interested in 
exploring the full variability of devices, the Improvised Explosive Device Lexicon 
produced by the United Nations Mine Action service is a good resource [10]. A brief 
look at that document demonstrates the wide variety of potential devices and clas-
sification systems relating to IEDs.

Regardless of the explosive or trigger used, there are some general techniques 
that amplify the lethality of IEDs. The first technique is called coupling and is the 
linking of two devices together. The first device is unfused and the second contains 
the fuse. When the vehicle passes over the second device, it triggers and detonates 
both devices simultaneously, taking advantage of the first device, which is typically 
positioned to be directly under the triggering vehicle [14]. Coupling is especially 
effective when used against route-clearing vehicles. Boosting is another method 
employed in which devices are stacked upon one another, with the top explosives 
contained in nonmetal containers. This technique helps to avoid detection and 
causes a bigger blast when the device is detonated [14]. Shaped charges (i.e., EFPs) 
are the next enhancement used in an attempt to defeat the increased vehicle armor 
that is used as a countermeasure against IEDs. The last and possibly the most rel-
evant to the prehospital provider is a “daisy chain,” in which multiple devices are 
strung together so that when one device is triggered, all of the devices detonate. The 
daisy chain spread devices across a geographic area in a way that attempts to mimic 
the spacing of the vehicles in a convoy, thus causing maximum damage to multiple 
vehicles simultaneously in one event.

 Medical Management Implications of IEDS

Blast injuries have traditionally been categorized by the mechanism by which the 
injury is caused: primary, secondary, tertiary, and quaternary. Primary blast injuries 
are the result of overpressurization or underpressurization and damage structures 
such as tympanic membranes, the pulmonary system, and hollow viscera, the most 
worrisome of these injuries being those to the pulmonary system. Typically, injuries 
involving the lungs will have immediate respiratory failure and require immediate 
intervention; in rare cases, significant pulmonary injury can be delayed but will be 
heralded by signs such as dyspnea and hemoptysis [15]. While pulmonary injury 
carries a grave diagnosis, remarkably, data from the conflict in Iraq showed that 
less than 4% of casualties from IEDs, despite close proximity to the blast, suffered 
pulmonary injury, and all of those injured were fatalities [2]. While data from the 
conflict in Iraq does not show a high incidence of primary blast injuries, civilian 
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bombings commonly demonstrate this wounding pattern. One study comparing 
injuries from bombings occurring on buses to those in an open-air environment 
shows an increase in primary blast injury from those involved in bombings in con-
fined spaces, with associated higher morbidity related to lung injury, burns, and 
overall increased mortality [16, 17]. This finding is an important distinction in the 
comparison of combat and civilian IED victims, as the civilian setting may see an 
increased frequency of enclosed-space PBIED attacks and higher levels of primary 
blast injury. For medical providers, these observations also highlight the importance 
of obtaining details of the event as it can help to identify potential pathology.

Of most concern to the first responder is secondary blast injury caused by frag-
ments that are propelled by the explosion. Secondary blast injuries account for the 
highest burden of death and injury from blasts and, in particular, IED attacks [15]. 
The wounds caused by secondary blast injuries have evolved over time, mirroring 
the increased frequency and sophistication of IED use. Data indicates that in casual-
ties of a blast incident, 70–87% suffer trauma to the extremities, 20–25% to the head 
and neck, and less than 10% sustain injuries to the torso [2, 18]. Ocular injuries are 
frequently associated with IEDs in civilian events. However, in one study from Iraq, 
few casualties experienced ocular injuries; this is likely due to the fact that ballistic 
eye protection is now in standard use among troops in the Iraqi theater [2]. Increased 
ballistic protection, Kevlar and ceramic plates that cover most of the torso, is likely 
to account for the distribution of injuries that is currently being seen from combat 
theaters as there has been an overall increased percentage of extremity injuries and 
a decrease in torso injuries [18]. When compared to traditional landmines, IEDs are 
more likely to cause traumatic amputations, have higher rates of multiple traumatic 
amputations, and associated significant injuries to the perineal and gluteal regions 
[19]. One specific injury pattern that prehospital providers should be aware of is 
the association of pelvic fractures with bilateral amputations, with data from one 
sample indicating that 100% of casualties suffering pelvic fractures had bilateral 
traumatic amputations [19]. Management of these highly morbid injuries comprises 
a major focus in the prehospital treatment of IED blasts.

The last two categories are seen even less on the battlefield: tertiary blast injuries, 
which are due to the effects of wind created by the explosion, and quaternary inju-
ries, which encompasses a wide variety of injuries ranging from burns to exposure 
to toxic inhalants. One may assume that burns would represent a significant burden 
of disease in combat operations as many IEDs are detonated in close proximity to 
vehicles with a potential fuel source but only 15% of casualties sustained burns and 
none were greater than 5% body surface area [2].

One clinically important quaternary injury that cannot be overlooked is infec-
tion. IEDs have a propensity for causing severe contamination by pathogens as the 
device is typically buried and the blast is directed upwards at the target, forcing 
soil along soft tissue plains far above the site of injury [19]. Acinetobacter infec-
tion has been one of the most commonly associated infections, seen in up to 30% 
of casualties, and complicates treatment as it has been associated with multi-drug 
resistance [20]. Contaminants are not limited to organisms living in the soil. A study 
examining the rates of infection after a suicide bombing in a marketplace showed an 
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increased rate of candidemia [21]. Analysis of the market afterwards showed a high 
prevalence of Candida, and it was hypothesized that the Candida became airborne 
during the blast and thus increased the exposure of victims to the pathogen.

While the Department of Defense currently has a broad definition of what con-
stitutes an IED, these devices are primarily used in two capacities as previously 
discussed (i.e., anti-vehicle device or antipersonnel). With such heterogeneity in 
devices, the wounding patterns can be unpredictable. However, some generaliza-
tions can be made. Devices that are directed at mounted patrols are associated with 
death secondary to head trauma, followed by hemorrhage while those directed at 
personnel (e.g., dismounted patrols, open space crowds) result in more extremity 
and junctional injuries [1]. Casualties in confined spaces or vehicles experience 
different patterns and increased severity of injuries. When looking at EFPs specifi-
cally they present an interesting pattern of “all or nothing” injuries, where personnel 
will either suffer immediate catastrophic injuries or be relatively unharmed by the 
projectile [2]. In contrast, a study looking at the injury profile of those involved in 
suicide bombings casualties have more severe injuries with increased hypotension, 
decreased LOC, multiple body areas injured, resulting in more surgical interven-
tions, time in ICU and hospital mortality when compared to nonterror explosions 
[22]. As a medical provider, it is important to be aware of this fact: just the mecha-
nism of being involved in a suicide bombing is a herald of significant morbidity and 
mortality.

The number of casualties sustained in an explosive event can vary widely depend-
ing on the type of target. Data from the conflict in Iraq indicated an average of 2.3 
casualties per event, with a range from 1 to 5 [2]. While attacks in combat zones 
are more frequent, individual civilian terror attacks often have higher numbers of 
casualties. This observation highlights the importance of employing systems that 
allow first responders and first receiving facilities to quickly perform triage and 
immediate lifesaving interventions. Not only can the sheer number of casualties 
overwhelm the first responder, but frequently these casualties will have sustained 
multiple injuries; one study reported 2.61 body areas being affected per casualty 
[2]. Despite the improvement of evacuation times during the recent US conflict, 
with some as low as 75 minutes from time of injury in Afghanistan as compared to 
6 hours at the beginning of the Iraqi conflict, the data indicating increased number 
of casualties per event and number of body areas injured highlights one of the med-
ic’s most important job on the battlefield: education and preparation of all of those 
on the battlefield prior to deployment [1]. This principle has been best demonstrated 
by the 75th Ranger Regiment, who at the direction of then Col. Stanley McChrystal 
required all Rangers, not just medics, to be trained in basic lifesaving maneuvers, 
which include, management of extremity hemorrhage, tension pneumothorax, and 
airway obstruction, known as the Ranger First Responder (RFR) program [23]. 
Despite continual deployment of the 75th Ranger Regiment since the beginning of 
US combat operations, they have a preventable death incidence of 3%, as compared 
to 24% for the overall US combat force. This amazing result is a testament to the 
value of education of all nonmedical personnel. This is an idea that has caught on 
with many military units, and it is now standard practice for all personnel to carry 
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their own medical kit. While the content of these kits may differ (e.g., hemostatic 
agent, tourniquet, chest seal, needle-for-needle thoracostomy), the principle is that 
the contents of that kit are to be used on that individual and they have the ability to 
perform these interventions on themselves. The principles of the RFR program are 
not constrained to military operations. Just like in combat, civilian medical person-
nel are limited in their access to the patient during an active event, with law enforce-
ment arriving first in 60–80% of cases [24]. However, casualties can typically be 
immediately accessed by bystanders or law enforcement as best exemplified by the 
2013 Boston Marathon bombing, where the interventions of “bystanders” may have 
saved multiple lives [25]. As with the RFR program, the key is a whole of commu-
nity approach that includes hospitals, EMS and fire agencies, law enforcement and 
individual community members [26].

 Future of IEDS

One of the hallmarks of IED use is the ability of the enemy to develop new devices 
and tactics that undermine the current countermeasures. Typically, the development 
of new IED tactics is shorter than the time needed to develop, deploy, and imple-
ment IED countermeasures. This results in a battlefield that is constantly changing 
[8]. Just since the beginning of the conflict in Iraq and Afghanistan, IEDs have 
become more sophisticated, evolving from old military hardware requiring little 
skill to assemble to more complex devices such as EFPs with intricate triggering 
mechanisms. It is hard to predict the future of IEDs as it is a continual game of cat 
and mouse. However, the conflict in Syria may offer a clue as to the direction of 
the changes. In January of 2018, there was a report about drones being used to fly 
explosive devices into Russian outposts [27]. Another threat that has been constant 
but has not yet been implemented is the coupling of IEDs with other materials such 
as toxic chemicals, biological toxins, or radiological material [14]. Unfortunately, 
as the nature of conflict evolves, the IED tactics developed and honed on the battle-
fields of Iraq, Afghanistan and Syria will metastasize to the civilian settings. It is 
vital that the medical and first responder community is prepared.

 Conclusion

IEDs are not new to conflicts but are seeing increased use not only against military 
targets but with increasingly frequent use against civilian targets. With the advent 
of the Internet, there has been a proliferation in IED technology, innovation and 
sharing resulting in increasingly sophisticated devices despite a basic template for 
these devices. A plethora of devices can be categorized as IEDs depending on the 
target, delivery method, explosives, or triggering mechanism. This results in a wide 
range of potential injury patterns. Many injury patterns are similar to those from 
traditional explosions with higher frequencies of secondary injuries. IEDs result in 
higher morbidity and mortality when used in confined spaces, result in higher rates 
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of traumatic amputations, and are associated with clinically significant pathogenic 
contamination. As demonstrated by the rapid sophistication of IEDs over the past 
20 years, the future will hold the same with readily available technology, such as 
drones being employed to increase the lethality of devices. Regardless, medical 
providers should constantly be alert to the changes in IED use and change in injury 
patterns if one hopes to provide optimal care to the victims of IEDs.
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Interagency Collaboration 
and Maturation – The UK Experience

Robert (Bob) Dobson and Howard R. Champion

Introducton

Emergency medical services around the world have varying degrees of cooperation 
with colleagues from other agencies, such as police, fire and rescue and military. In 
some countries the connection is very good, whereas in others it is completely bro-
ken or non-existent. One of the classic system challenges is agency rivalries. There 
is often a lack of trust or understanding of the different roles being played by each 
agency. Command and control is often compromised by arguments between agen-
cies regarding who is in charge of the incident. The time to discuss such issues is 
obviously not when the incident happens or when people’s lives are in the balance.

For some countries, it has taken a large incident to shake up the views of inter-
agency working, whereas others have looked at the problem from the outside and 
started to develop their systems by observing best practice elsewhere. Some coun-
tries do not have a fully functioning emergency medical service and therefore have 
no interagency working, and other countries simply ignore the problem and hope it 
never happens to them.

In most modern countries, the interface between emergency medical services 
and the police and security staff has been developing and improving over recent 
years. There is a better understanding of each other’s roles and responsibilities. 
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All agencies involved agree that the preservation of life takes precedence, but 
understanding the current terrorist trends and capabilities has a significant effect 
on how this can be achieved. For example, a mobile terrorist with a gun or edged 
weapons, as in the incidents in Mumbai, Paris, or London, may result in the police 
having to “win the fight” or secure the scene before they can assist the emergency 
medical services. Fire and rescue services may need to establish safety of 
 structures or buildings, such as occurred in New York on 9/11, or the absence or 
 presence of chemicals, such as the Sarin attack in Tokyo or the underground 
 system in London during the multiple attacks in July 2007.

A structured response system senses not only bomb attacks but also the other 
“major events” listed above, including “active shooter.”

Lessons learned from the above incidents make it essential that the medical 
response and the security forces understand each other’s role, rehearse their interac-
tion, and interface so that security needs can be taken care of and patient care is not 
delayed. The challenge of expediting patient care in the presence of a security 
requirement and continued potential or actual risk can be particularly difficult.

In the United Kingdom, the police take the lead role in terrorist-related incidents, 
and this enables the medical and rescue services to focus on the clinical issues of 
saving people’s lives. That said, safety is everyone’s responsibility, and rescue ser-
vices should not assume that everything is completely safe.

Emergency medical service personnel need to be aware of secondary threats/
risks, i.e., one explosion to attract a large emergency response and then a second 
bomb, people carrying second bombs, multiple locations (e.g., the last London 
bombing), hostages, high-value targets, etc.

The role of the police and security forces is to

• Secure the scene to control ingress and egress
• Identify and secure any continuing additional threats at the scene
• Apprehend perpetrators
• Ensure safe passage of EMS personnel to patients and patient egress
• Develop forensic analysis and crime scene analyses

 United Kingdom

The United Kingdom suffered 30 years of Irish Republican Army (IRA) attacks in 
both Northern Ireland and England. London was particularly badly hit, with 
nearly 500 incidents of bombs and hoax devices that were designed to complicate, 
confuse, and generally give the emergency services the “run around.” Trends 
around the world today are slightly different than the IRA years in London in the 
1970s and 1980s.The IRA tactic was to place hoax bombs and then warn the 
emergency services via newspaper agencies by giving the so-called “coded mes-
sages.” On occasions, the police were given time to evacuate areas, and on some 
occasions, there was no warning and bombs would go off, killing innocent people. 
Bombs and hoax bombs were the norm for London, and it was not unusual to see 
ambulances, fire engines, and police cars racing in banks of vehicles from one site 
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to another. It was an uncoordinated mess, creating a wall of sirens. Something 
needed to change.

Led by the Metropolitan Police, the London Emergency Service Liaison Panel 
(LESLP) was established in 1973 to coordinate London’s response to major inci-
dents. Extensive consultation took place between the police, fire and ambulance ser-
vices, along with the voluntary agencies of St. John Ambulance and the Red Cross 
and also the military. The forward thinking of the Metropolitan Police Counter Terror 
Command (now known as SO15) established the early plans and the interagency 
links that have developed and improved to this day. The many different intelligence 
departments within the police and that of the UK Security Service (MI5) and the 
Secret Intelligence Service (MI6) can now be channelled via the police to the LESLP 
group, thus giving the other emergency services the up-to-date intelligence regarding 
trends and capabilities of the terrorists. The police will share only what needs to be 
shared and therefore protect the official secrets of the intelligence agencies.

London has many other large incidents such as fires, train/bus crashes, and 
floods. LESLP now includes plans to deal with all of these. Some of the main agen-
cies operating within the LESLP are as follows:

• Metropolitan Police
• London Fire Brigade
• London Ambulance Service
• City of London Police
• British Transport Police
• London Councils
• Port of London Authority
• Maritime and Coastguard Agency

LESLP defines a major incident, the functions of the emergency services and 
other agencies, command and control safety zones, and media liaison. It also gives 
instructions for incidents that include chemical, biological, radiological, and nuclear 
devices (CBRN), railway, aircraft, River Thames incidents, or flooding. Due to the 
wide diversity within the London population, there is also a multi-faith plan that 
includes involving leaders from the various religions, especially in the care of 
casualties.

 The Therapeutic Vacuum/Armed Police

In terrorist incidents, whether the mechanism is explosive, active shooter, CBRN, or 
other, there is always a delay from incident to first treatment. In the United Kingdom, 
responders have coined the term “therapeutic vacuum” to describe the time from 
first point of injury (POI) until first medical intervention. From the first few seconds 
after a casualty is injured, up to more than 2 hours in some incidents, armed police 
and bystanders are often the only people present in the Hot zone able to provide 
life-saving treatment. This observation contributed to the development of police 
medics who are able to work in the Hot zone and a specialized ambulance and fire 
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services response comprised of trained and protected personnel to enter the Warm 
zone under the protection of armed police officers.

Armed police are critical to Hot/Warm zone operations. They can initiate early 
life-saving treatment, directly evacuate casualties, or facilitate rapid evacuation of 
casualties via armed police corridors (warm corridors) while the threat is being 
neutralized or isolated. The overarching principle driving actions in these high- 
threat scenarios is the European Convention on Human Rights (ECHR), Article 2 
“Right to Life,” that states that the threat to life from injuries must be addressed as 
soon as physically possible.

 Command and Control

UK command and control is organized into Gold, Silver, and Bronze levels.

Gold Strategic
Silver Tactical
Bronze Operational

The Bronze ambulance service will communicate with the Bronze fire and police 
levels in geographic specific areas. All services report to a Silver who has an area- 
wide (e.g., Central London) perspective and picture. Gold in turn reports to govern-
ment level and would brief the prime minister as required. Gold is often the chief or 
deputy chief of fire and ambulance services.

 Safety Zones

An essential element of any incident is the establishment of safety or work zones 
(Fig. 8.1).

Within the inner cordon of an incident there are two areas:

 1. Hot zone. Hot zone is the most dangerous area of the incident, and only essential 
personnel, such as armed police or fire fighters, will go to this area. They will 
require the appropriate level of PPE (personal protective equipment).

 2. Warm zone. Warm zone is less dangerous and where the medical and other sup-
port teams can function. It is the link between the Hot and Cold zones, and is a 
protected area in which rescues workers and support staff can work.

Within the outer cordon of an incident is the following zone:

 3. Cold zone. Cold zone is the safe zone and is normally where the control and 
command vehicles are located.

Outside the outer cordon, which is protected by police, would be press and 
bystanders.
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The Hot and Warm zone responses in the United Kingdom are coordinated at the 
forward command point, which focuses on bringing commanders of the three emer-
gency services – security (police), emergency medical services, and fire – together 
for joint situational awareness and decision-making.

 Hot Zone Response

Bystanders and armed police are the only people who will be present initially in 
the Hot zone of a terrorist attack, and so any immediate life-saving treatment 
must be carried out by one of these two groups. The UK is unusual in that not all 
of the police officers are armed, and so this has an impact on which officers will 
deploy into this area.

RVP: Rendezvous Point
ACP: Access Control Point
SACP: Scene Access Control Point

Inner
Cordon

Outer
Cordon

Route
OUT

Route
IN

RVP

Traffic
cordon

: Access points

: Egress points
FCP: Forward Command Post

Media
Briefing

FCP

SACPACP

Marshalling
Area

W
ind dire
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Fig. 8.1 Scene management – standard response to a declared major incident. This diagram uses the 
Civil Protection Common Map Symbology (Cabinet Office, 2012) (Source: https://www.london.gov.
uk/sites/default/files/leslp_mi_procedure_manual_2019_version_10.1.pdf)
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 Bystanders
It is important to highlight that in the first few moments after injury, it will be bystand-
ers (whether off-duty medical or other emergency service personnel or not) who have 
the best opportunity to save the life of those injured. Public training programs for 
immediate care of trauma patients are important to empower bystanders to make a 
difference, as there are for cardiac arrests from a medical event (typically a heart 
attack). Public training schemes based on the Committee for Tactical Emergency 
Casualty Care (CTECC) guidelines [1, 2] along with availability of trauma kits for 
bystander to use (e.g., in a red or green box next to the public defibrillator boxes) are 
an excellent way to achieve this. In the United States, a community engagement 
program called the “Stop the Bleed” has trained over one million non-medical per-
sonnel in haemorrhage control. All security personnel should be taught this simple 
set of routines such as pressure on bleeding and tourniquets.

 “Care Under Fire” Principle for Armed Police
Although neutralizing the threat is important, and stopping the killing is a priority 
in these events to prevent further casualties, stopping the dying of those injured is 
equally important. Some simple maneuvers can be employed by any responder in 
the direct threat (or Hot zone) area that can be life-saving and can be performed 
while continuing to look to neutralize the threat. TECC provides guidelines for first 
responders with a duty to act (e.g., on-duty law enforcement personnel) for simple 
maneuvers that can be carried out in the direct threat area [4]. After mitigating the 
threat and moving to a safer position, this predominately focuses on two main inter-
ventions: placing tourniquets and positional airway management by ensuring 
unconscious casualties or those with airway injuries are in a prone or semiprone 
position. Bystanders can be directed to help.

 Rapid Evacuation of Casualties to Definitive Treatment
Armed police movement of casualties out of the Hot zone is also important if the 
Hot zone cannot be accessed by advanced medical care. In addition, some casual-
ties from penetrating trauma with internal bleeding can only be saved by definitive 
haemorrhage control by surgical interventions that requires a surgical team in an 
operating room and transfusion of blood products. This time is significantly 
delayed when casualties are not assessed or moved rapidly out of the Hot zone to 
hospital.

 Warm Zone Response

A Warm zone or indirect threat area can be either a delineated area away from the 
Hot zone or a protected corridor/bubble, provided by armed police. The current UK 
Joint Emergency Services Interoperability Principles (JESIP) doctrine [3] that 
focuses on a joint command point and interagency working is a step ahead of many 
international responses in this respect. It has also been updated in April 2019 to 
include the option of deploying non-specialist multi-agency responders into the 
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Warm zone depending on the assessed threat. There are key lessons learned from 
previous events (e.g., the Manchester arena attack) where the fire response was 
delayed, that highlight the importance of these joint operations [4].

 Armed Police
Armed police are also present in the Warm zone, and this is where a more thorough 
assessment of casualties can take place and further interventions carried out. 
Casualties must still be protected by their own PPE if present and so assessment at 
this point should not include removal of all clothes and PPE without the ability to 
rapidly be replaced.

 Ambulance
The UK ambulance Warm zone response consists of ambulance intervention teams 
(AITs) specifically trained to work in ballistic PPE in the Warm zone under the 
protection of armed police. Their training is to perform basic life-saving interven-
tions for penetrating chest injuries and catastrophic external hemorrhage. Despite 
having more skills than police medics, they only currently take tourniquets, blast 
bandages, and chest seals as interventions into the Warm zone, rather than their full 
range of paramedic skills. Their training focuses on triaging the casualties for evac-
uation to the casualty clearing station in the Cold zone. The triage is kept simple to 
alive or dead for teams in London, under the assumption that all Priority 3 (P3 – 
Green) will have walked out under direction and so the remaining casualties will be 
all Priority 1 (P1 – Red) urgent, Priority 2 (P2 – Yellow) emergent, or dead. Other 
country teams differentiate between P1 and P2 in the Warm zone.

The deployment into the Warm zone is under the command of a specifically 
trained ambulance officer from the joint Forward Command Point (FCP) with police 
and fire at the edge of the Warm zone. The ground Tactical Firearms Commander 
(TFC) will control the limits of exploitation of these teams. In London these teams 
are from both the Hazardous Area Response Teams (HART) and the Tactical 
Response Unit (TRU). TRU usually work as a single responder on a car and can be 
replaced with a patient within 10 minutes if required in order to be available for a 
Warm zone response. The HART response also has CBRN and remote rescue capa-
bility. TRU does not exist in the rest of the country and so AITs in other areas are all 
from HART or upskilled standard technicians and paramedics.

 Fire Service
Specialist operations teams of fire officers include a Warm zone response in ballistic 
PPE to work alongside the ambulance response as part of the AIT and specifically 
to evacuate casualties from the Warm zone.

 Cold Zone Response

Unarmed police and standard fire major incident response will be present in this 
area in addition to the health assets as detailed below.
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 Health
This is the standard healthcare response as per any major incident. In general, the 
health response includes a casualty clearing station (CCS) and the full spectrum of 
ambulance roles.

 Physicians/Senior Clinicians
The Cold zone is currently the only place where advanced prehospital medical 
teams and any physician able to provide medical advice to commanders will be 
located. In London, London’s Air Ambulance (LAA), otherwise known as London 
Helicopter Emergency Medical Services (HEMS), has a major incident predeter-
mined response of a minimum of four doctor/paramedic teams that should be 
deployed to the CCS. In addition, there is a London Ambulance Service Medical 
Adviser who will be deployed to the Cold zone command point.

 Scene Evidence

When someone has a road accident, paramedics have a tendency to pick up and 
bring all the patients belongings with them. In a terrorist incident, everything should 
stay on scene and only the patient be brought to the hospital. The possibility of 
bringing something into the hospital from scene is a real threat. One system to pre-
vent this happening is in Israel, where a security check and a triage point are set up 
outside the hospital. This can be very challenging for the medical staff waiting at the 
door of the hospital who know that minutes matter. But they also have a flag system. 
As the doors of the ambulance open, they raise a flag indicating to the doctors wait-
ing at the door the priority of the patient. When a red flag is raised, it is an absolute 
priority, and the red medical team gets ready to receive the patient. If a green flag is 
raised, they know from a distance that it is not life-threatening and the green team 
prepares. Not only does it stop the frustration of not knowing how the patient is, but 
it also prepares the relevant team.

 Develop Forensic Analysis and Crime Scene Analyses

In the case of a bomb explosion, the police need to develop forensic evidence both 
at scene and also from patients and their clothing at the hospital. In London on April 
30, 1999, a bomb went off in Soho and a woman closest to the blast had tiny frag-
ments of wires embedded in her body. Forensic examination of the bomb-maker’s 
hotel where he made the bomb revealed fragments of the same as in the victim’s 
body, and this forensic evidence secured his conviction.

Lessons were also learned at the Clapham Rail Crash in London on December 
12, 1988, when 35 people were tragically killed. Some of the victims were moved 
by paramedics into over 100 body bags. It was a forensic disaster because the foren-
sic teams took years to establish which body part belonged to which victim and then 
not only to work out cause of death but it also delayed returning the bodies to the 
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relatives so that funerals could take place. One of the key lessons learned and still 
used to this day is that the dead stay where they are unless they are preventing 
access or removal of live patients.

 Hospital Involvement

At 3.53 pm on November 2, 1991, the Provisional IRA exploded a bomb in Musgrave 
Park Hospital in Belfast, killing 2 soldiers and injuring 11 people, among them were 
a 5-year-old girl and a baby that was 4 months old. The bomb was planted in a tunnel 
between the orthopaedic and children’s wards. The bomb was estimated to have con-
tained 20 lb. of Semtex. It caused severe damage to the children’s ward to the cost of 
£250.000. Some of the children on the ward were in traction after operations.

This is one example of terrorist attacks on a hospital within the United Kingdom. 
Worldwide the story is much different. Approximately 100 terrorist attacks have 
been perpetrated at hospitals worldwide, in 43 countries on every continent, killing 
approximately 775 people and wounding 1217 others [5]. The need for hospital 
interagency work is essential. Hospitals are no longer a safe haven. There have been 
incidents where they have locked their emergency room doors in reaction to an 
incident.

 Bystander Response

The American system seems to advocate Run, Hide, Fight, whereas the European 
countries prefer Run, Hide, Tell.

Run, Hide, Tell enables the police to gain intelligence about the incident and also 
allows the police to know where pockets of “friendlies” can be found. It also gives 
the police the chance to advise the caller. Fight is the last resort. This can be espe-
cially useful in a shopping mall or hotel. The Croatia Special Police have produced 
a video showing Run, Hide, Tell during a course called Medical Response to Major 
Incidents [6].

 Special Forces Integration

Military assistance to major incidents in London is always done at the request of the 
civilian authorities and must be approved by the Defence Minister. Military assis-
tance can come in the form of unarmed soldiers from regular units such as Royal 
Engineers assisting with the recent floods in South West England. In terrorist inci-
dents, UK Special Forces from the Special Air Service (SAS) and Special Boat 
Service (SBS) can be activated. In 1980, terrorists took over the Iranian Embassy in 
London. The siege lasted 6 days. The terrorist had threatened to kill a hostage every 
30 minutes. The SAS were activated and immediately devised a deliberate action 
plan in the event that the police should hand the rescue over to them. The 
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capabilities of the SAS and equipment and technology are within the top-secret 
bracket. After a terrorist killed one hostage, the Metropolitan Police formally signed 
the rescue over to the Special Forces. All other hostages were successfully 
rescued.

 Recent Lessons Learned

Since the Iranian Embassy siege (Operation Nimrod) in 1980, clear guidelines on 
what the expectations, role, and responsibility of the civilian emergency services, 
such as the ambulance and medical services, have been devised in the event of 
Special Forces being deployed. Currently in London (2019), the firearms depart-
ment of the Metropolitan Police (SCO19), which includes Special Firearms Officers 
(SFOs), is highly trained for such incidents. SCO19 Firearms Officers attend any 
potentially lethal weapons on a regular basis as well as at incidents such as the 
London Bridge attack on June 3, 2017, where the three terrorists were shot dead by 
City of London and SCO19 Officers. Only when the scene was safe, were the medi-
cal services allowed to move forward to treat the patients. For all of the above inci-
dents, clear instructions needed to be developed because all terrorist incidents in the 
first instance are fast-moving, and it is the job of the emergency and intelligence 
services to catch up and understand the potential ever-changing threat. Take, for 
example, the Charlie Hebdo attack on a French magazine in Paris on January 7, 
2015. When the attack happened and random shootings occurred, resulting in 12 
people being killed and 11 injured, the terrorist simply disappeared in a getaway car 
before hijacking a vehicle and making his escape, resulting in French police having 
to understand what had happened and then having to search for the attackers, very 
similar to what happened at the Boston Marathon in 2013.

Both incidents at Westminster Bridge and London Bridge started with a motor- 
vehicle crash. The emergency services were aware of this form of copycat attack, as 
previously on the evening of July 14, 2016 (Bastille Day), a 16-tonne truck drove 
along the Promenade Des Anglaise in Nice, France, killing 86 people and injuring 
458. More recently, a similar attack happened in Finsbury Park, London, on June 
19, 2019, when a hire van driven by a 51-year-old father of four children deliber-
ately drove into Muslim worshippers outside their mosque.

Emergency services are aware that in a terrorist multimodal attack anything can 
happen at any time by any person or persons from ANY background. But there is no 
time for any big discussions when the incidents occur. Management structures on 
scene are crucial, and speaking a common language is essential. A good example of 
this was a recent exercise where the emergency services were confused about where 
the threat was. One service counted the floors of an office building starting ground 
(0), 1, 2, 3, 4, 5, whereas the other services counted the floors 1, 2, 3, 4, 5, and 6. So 
when told that the incident was now on level 6, the other services said that the build-
ing only goes up to 5 levels. This was a simple mistake that could have led to lives 
being lost. The lessons of 9/11 in New York in 2001 had been missed. The American’s 
used the term “Ground Zero,” and now it is a key teaching of major incidents 
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involving buildings to establish a common understanding of the scene. Lessons 
learned from the Madrid train station bombing are detailed in Chap. 9.

 Active Issues

 Development of Police Medics
One of the newest developments is that of the Specialist Police Medics, and this has 
borne fruit from the interagency work. In the past, firefighters did not train on defi-
brillators for fear that they were encroaching on the role of the paramedics. Police 
officers were given basic first aid skills. As the understanding and respect of each 
agency has developed so have the benefits. In the United Kingdom, there were some 
concerns with paramedics being so close to the violence of rioters during civil dis-
order. Often the violence moved at the speed of the fastest runner and the paramed-
ics would be caught up within a Hot zone with no police protection. The police civil 
disorder teams now have specialist medics who are trained to treat not only injured 
police officers but also injured civilians. They also have another unique role of 
understanding when immediate paramedic or doctor assistance is required. They are 
trained to make a decision of either dragging the patient back to safety or calling the 
paramedics/doctors forward. They understand that in trauma, time is critical if you 
want to save lives.

 Interagency Response of Hospitals
Interagency response of hospitals is another crucial function in the response to blast 
incidents. Either the hospital is part of the response or in some cases the hospital has 
been the target. When hospitals are part of the response, they could either inadver-
tently become a target or be a planned second target.

 High-Value Targets

Special circumstances such as high-value targets and the need for advanced medical 
care close to the scene also require special plans and procedures for the medical 
services. The UK Royalty and Diplomatic Protection Department is a unit of the 
Metropolitan Police and regularly train with paramedics and medical services. 
Selection for Royalty and Diplomatic Protection Department and SCO19 is from 
within the Metropolitan Police Service, and so as regular police officers, they are 
used to working with paramedics regularly on a daily basis on the streets of London. 
It is because the interagency liaison is working at every level that UK paramedics 
get involved with Special Operations with the police. But it is a fine line between 
being successful and being cancelled. The main area of concern has been the secu-
rity clearance of the paramedics and medical staff. Knowing about ongoing opera-
tions or the capabilities of Police Officers is CONFIDENTIAL. Medics have proved 
they are very good at patient confidentiality but when it comes to the tactics police 
may use or seeing secret or confidential documents, they are yet to prove they can 
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be trusted. It is one of the biggest challenges, but imagine you are part of an event 
involving the Queen; the information you receive is not your information to share. 
Things like rendezvous points or access or egress to palaces are shared with the 
other emergency services but are not to be given out freely to public or press.

A prime reason for the interagency working is that of the police who may wish 
to seek evidence and information from the casualties about what has happened. But 
what if the patient is a terrorist? Imagine how many agencies from police or security 
services will want to speak with him/her? For both the police and security service, 
they are dealing with the ongoing incident and have a requirement to find out as 
quickly as possible who else is involved or if further incidents are likely to occur. 
And what if one of the injured is from one of the secret agencies where his/her iden-
tity must remain secret? At every major incident, the press will not only be at the 
scene but will also be outside the hospital taking photographs. Any extra or unusual 
activity will raise suspicion to a level that something unusual might be going on.

Some of the countries doing particularly well with interagency cooperation 
include the following:

• United Kingdom
• Israel
• Sweden
• Norway
• Croatia
• Slovenia

Why are the above countries doing so well with their interagency cooperation? It 
is mainly down to the positive attitude of the three main emergency services: police, 
fire, and ambulance service. One other common theme that makes it easier is that 
the above countries are dealing with mainly one police service, one fire brigade, and 
one ambulance service. Most countries appear to have a one fire brigade system but 
most countries have multiple ambulance services, and in the case of the United 
States they have multiple police services.

 The Future

Currently the focus is on new technologies and equipment. For example, we will 
know the capabilities of each responder on scene and tracking systems will enable 
commanders on-site to know where everyone is and relocate staff to meet their skill 
levels needed. It is technology that will assist in getting the right people to the right 
place.

It is clear that the work of the Emergency Services will always develop and hope-
fully improve. The goal will always be the same and that is to save life, no matter 
what the incident, in the safest possible way to those who have the privilege to be 
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given such a task. The responders on scene will only have their patients for a snap-
shot of that patient’s chain of treatment. It is vital therefore that that short interaction 
is to the best of everyone’s ability. Their families, in addition to the ongoing medical 
care from Surgeons, Nurses, Physiotherapists, family Doctors and a score and a 
score of other health professionals as well as their families, may have to care for the 
patient for the rest of their lives.

Key elements:

• Interdisciplinary communication and planning
• Interdisciplinary training/rehearsal
• Annual reviews

 Conclusion

Constant interdisciplinary and institutional communication, review, and rehearsal 
on an annual basis are essential prerequisites to an effective major event response, 
particularly those involving explosions. Only then can a strong command and con-
trol and understanding of roles in relationships of responders be understood and 
respected for the benefit of those injured. The London System coordinated by 
LESLP is a fine example of this and has been tested multiple times and continues to 
improve, providing a robust template for other systems.
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9Case Study: The Madrid Train Bombing 
of March 11, 2004

Isaac Ashkenazi, Scott D. Deitchman, and Henry Falk

Madrid, the capital of Spain, is a highly Westernized metropolis with a well- 
developed and modern emergency system that has had extensive experience 
responding to terror attacks. Nevertheless, the March 11, 2004 (M-11), train 
bombings resulted in a mass casualty incident (MCI) that produced a casualty 
load of 2062 victims, almost immediately overwhelming the medical emergency 
response system [1]. Local ambulance services and hospitals were severely 
challenged by the multiple casualties, cadavers, inrush of both families and 
media representatives, etc.

In an era saturated with extremism, it is entirely reasonable to expect future ter-
rorist attacks, including those generating catastrophic levels of casualties. The M-11 
train bombing stands as an important marker to prepare for similar catastrophic 
events and to prevent systemic failures in the response. This case study briefly pres-
ents the main lessons learned of this event and provides recommendations for 
improving emergency system readiness. One of the authors (IA) participated in 
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post-event assessments of the response; the case study includes his personal obser-
vations as well as those of published post-incident reviews [2–4].

 Anatomy of Madrid’s Emergency Medical System Prior to M-11

Madrid’s medical emergency response system consisted of five main emergency 
medical systems (EMS) available to assist within the city: Madrid 1-1-2, Servicio de 
Urgencias Médicas de Madrid (SUMMA), Servicio de Asistencia Municipal de 
Urgencia y Rescate-Protección Civil (SAMUR-PC), Servicio de Emergencias de la 
Comunidad de Madrid3 (SERCAM), and Cruz Roja (Spanish Red Cross). A full 
description of the five EMS role and structure is presented elsewhere [4]. The after- 
action reviews noted above all acknowledge the competent and critical efforts and 
actions of the many individual responders in this catastrophic event; the case study 
below highlights key features of the systemic response that provide lessons learned 
for future events.

Acute pre-hospital care is carried out by SUMMA 112 and 
SAMUR-PC. Responsibilities of these two systems are clear during routine opera-
tions but less defined during MCI. The division of responsibility between the two on 
the grounds of whether an incident occurs at private accommodation or at a public 
place generates difficulties during real a crisis.

SAMUR-PC and SUMMA 112 are among the best ambulance services in the 
world, in terms of qualified and trained personnel, advanced technology, command 
and control, and response time (personal observation, IA). Incoming emergency 
calls are received and assessed by the call center – Madrid 112 and the operators 
have the responsibility to distribute the tasks among the different emergency entities 
(i.e., police, rescue service, or medical care).

In Madrid, there are 24 hospitals with emergency rooms and over 10,000 beds.

 Description of the Attack

The M-11 attack was directed by an al-Qaeda terrorist cell in Madrid. Fourteen 
IEDs in sports bags had been placed in different train carriages at Alcalá de Henares 
station. These trains were traveling toward Atocha station in Madrid. Each bag con-
tained about 10 kg of explosives and a large amount of metal fragments to maximize 
the number of victims and the severity of injuries.

Ten of the 14 IEDs exploded almost simultaneously aboard four commuter trains 
during the peak of the Madrid rush hour on a Thursday morning (Fig. 9.1). Four 
IEDs failed to explode because of technical problems. The detonations resulted in 
2062 casualties, 177 (8.6%) of whom were killed immediately (deaths at the scene) 
and 14 subsequent deaths that occurred in hospital (in-hospital deaths), bringing the 
total death toll to 191 [4, 5].
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 Local Emergency Response

The first call reporting explosions in Atocha station was received by Madrid 1-1-2 
on 11 March at 07:39 am. SUMMA 1-1-2 and SAMUR-PC were immediately acti-
vated. SUMMA 11-2 alerted the hospitals at 07:50 am, while SAMUR-PC immedi-
ately sent all available personnel and equipment to the reported sites.

Madrid’s emergency services were forced to open four different response sites 
simultaneously: Atocha station, Tellez Street, El Pozo station, and Santa Eugenia 
station. The magnitude and unusual nature of the event strained all available 
resources. The resources mobilized to care for the wounded and their families were 
unprecedented, involving over 70,000 health personnel, 291 ambulances for trans-
port, 200 firefighters, 13 groups of psychologists, 500 volunteers, thousands of 
donations of blood at hospitals and in 10 mobile units, and 1725 blood donors from 
other regions of the country. The 112 emergency communication centers that were 
set up to handle calls from concerned citizens received more than 20,000 phone 
calls during the morning of the blasts [5].

Atocha
Station

Atocha
Station

07:38 am
29 dead

115 injured

07:38 am
29 dead

115 injured

Téllez
Street

07:39 am
64 dead

165 injured

El Pozo
Station

07:41 am
67 dead

56 injured

Santa
Eugenia
Station

07:42 am
17 dead

52 injured

LEGEND

C2 train line

Number of bomb
explosions at site

Bombing site

Detonation time
and casualties 

Fig. 9.1 Locations of bomb detonations in Madrid, Spain, on March 11, 2004. (Map data: Google, 
Inst. Geogr. Nacional)
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All the injured had been transported from the incident sites within 2 hours and 
40 minutes after the first explosion. It is important to emphasize that both organiza-
tions SUMMA 11-2 and SAMUR-PC operated independently, and neither provided 
overall management of this MCI; such overall management would have included 
leading and coordinating the medical work at the incident sites and distributing 
victims to hospitals (personal observation, IA).

 Challenges

• Field Triage: No use of a standardized triage system or triage tags. Despite the 
facts that SAMUR-PC and SUMMA 1-1-2 personnel are trained to use triage 
methods during a MCI, and the triage color tags were readily available, no form 
of standardized triage system or triage tags were used at the four major incident 
sites, during transportation, and at the receiving hospitals.

• Stay and Play Vs. Scoop and Run: One of the main dilemmas presented in M-11 
was the decision to set up treatment tents (“field hospital”). The local EMS sys-
tems established the tents within 30 minutes of the first team’s arrival. As it is 
well known, explosion victims are reported to suffer high mortality rates and 
increased morbidity due to blast effects [6]. In addition, a second bomb that can 
be detonated soon after the arrival of the emergency forces is an integral part of 
the terrorism plans. The “stay and play” approach is based on advanced and pro-
longed field treatment, whereas the “scoop and run” approach brings the patient 
almost immediately to a definitive treatment at hospitals [7]. In a situation such 
as Madrid, with very large numbers of available ambulances and hospitals, only 
with a fully coordinated response of all available resources could “scoop and 
run” have been a more feasible or desirable approach.

• Patient Transportation and Distribution: Casualties were distributed irregularly 
to the local medical facilities. A central distribution system was never imple-
mented. Each triage site distributed its casualties to local hospitals according to 
the site commander’s instructions. Nearly 35–45% of the victims were self- 
referred or self-transported to hospitals in the immediate vicinity of the event by 
bystanders using cabs and private vehicles and by police. These victims who 
bypassed the pre-hospital system approached those hospitals in the first minutes 
without notice, generating primary chaos in the emergency rooms.

• Victims Tracking: Soon after the attack, many hundreds of relatives rushed into 
receiving hospitals to look for their missing family members. The absence of a 
victim-tracking system worsened the chaos at these facilities. Hospitals in 
Madrid were not ready for such a scenario. The absence of a victim-tracking 
system caused deep suffering to families and a huge distraction to hospitals. (The 
leadership in Gregorio Marañón hospital developed an innovative way to assist 
families by inviting them to a large assembly hall where a list of injured patients 
was read out every 30–60 minutes.)

• Surge Capacity of Hospitals: There was no updated information on the surge 
capacity status of receiving hospitals during the first 24 hours. Two hospitals, 
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Gregorio Marañón and 12 de Octubre, received more than 50% of hospitalized 
patients, 312 and 255, respectively.

Soon after the first alarm, leaders at Gregorio Marañón, one of the largest hospi-
tals in Madrid, addressed surge challenges with ad hoc decisions to postpone all 
scheduled ambulatory operations and prepare 22 operating rooms for emergency 
procedures. By discharging patients, over 400 beds were made available in 5 hours. 
The hospital later opened a triage area at the ambulance entrance, where patients 
were categorized and taken accordingly to the appropriate site.

Nevertheless, the hospitals lacked an appropriate surge capacity and capability 
system that would have facilitated a more reasonable distribution of patients includ-
ing the large numbers of simultaneously injured persons, enhanced emergency 
operations, and assured appropriate allocation of needed resources to those hospi-
tals. The Hospital Central de la Defensa Gómez Ulla (Military Central Hospital) 
received only 5% of the casualty load, even though it constantly maintained the 
largest surge capacity assets for disasters [4, 8].

• Psychological Support: Hospitals were not prepared and trained to provide a 
psychological support to victims, relatives, and personnel during an 
MCI. Psychiatric departments had to develop a variety of ad hoc solutions to deal 
with the “new” psychological challenges. To their credit, departments developed 
these solutions in less than 5 hours.

• Communication: Each EMS agency had its own radio frequency. The respective 
EMS agency radios were incompatible with one another, and there were no tacti-
cal channels for responders in the field [4]. Landline and mobile phone systems 
became overwhelmed and information sharing between all emergency entities 
was almost impossible.

• The hospital administrative and medical leaders received no information directly 
from the incident sites other than through the victims, bystanders, and ambulance 
personnel.

• “Siloization”: With the exception of the Military Central Hospital, none of the 
hospitals had developed interagency emergency planning to a major incident, and 
none conducted drills with the local emergency system [4, 8]. Emergency entities 
in Madrid exercised vertical crisis management within their own organizational 
continuums. This prevented them from collaborating with and seeking support 
from one another to improve their overall response efficacy. In addition, each of 
the organizations established its own command center. The absence of a unified 
command center and a designated incident commander resulted in contradictory 
orders from different response managers, which exacerbated the initial chaos.

 Lessons Learned

• Coordinate Three Critical Areas of Casualty Care: The successful medical 
response to an MCI depends on effectively coordinating three critical areas of 
patient care: (1) pre-hospital care, (2) casualty distribution, and (3) hospital care. 
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Critical steps must be taken throughout the response flow to ensure rapid and 
efficient patient triage, effective and appropriate distribution of patients to avail-
able hospitals and health care facilities, and proper management of the surge of 
patients at receiving hospitals [9].

• Active Bystanders: Educating and training people on preparedness and response 
tactics can save lives, decrease morbidity, and increase resilience. The immediate 
responders have a direct impact on the preservation of health care resources and 
the protection of limited surge capacity assets [10, 11].

• Patient Transport and Distribution: Most planning scenarios adequately address 
pre-hospital and hospital care. Very few consider the potential problems of casu-
alty distribution. As in any emergency, distribution involves matching the medi-
cal needs of casualties to available transportation and medical facilities. Because 
of the unusual nature of injuries found in bombing casualties, a coordinated plan 
for distributing casualties must be a key component of preparedness plans [9].

• Hospitals Will Confront Four Mass Events: Terrorist use of explosives often cre-
ates four distinct types of mass events in hospitals: (1) mass casualty event, (2) 
mass fatality event, (3) mass anxiety event, and (4) mass onlooker events (e.g., 
families, media, curiosity seekers, volunteers, politicians, public officials). 
Hospital emergency leaders should consider these events and be prepared for 
their simultaneous occurrence [9].

• Hospital Decompression: Large numbers of casualties commonly self-refer or 
self-transport to hospitals in the immediate vicinity of the incident. Three main 
approaches enable hospital facilities to prevent system collapse through decom-
pression: outside diversion, secondary relocation, and triage hospital [9].

• Victims Tracking: In an MCI, hospitals are overwhelmed with a sudden influx of 
casualties and fatalities. Using a victim-tracking data system coordinated across 
all medical facilities is essential. The system should be capable of registering, 
documenting, and tracking victims to help make families’ searches for missing 
relatives as efficient as possible. Through this system, citizens can call any hos-
pital throughout the region to locate family members. The system could include 
digital photographs of each incoming victim and descriptions of victims and 
their personal belongings.

• Public Information: A strategy for clear, reliable, and contiguous messages 
should be established to inform the public continuously about the progress of 
the incident. Leaders have a great deal of influence over the expectations, 
understanding, responses, and resilience of both individuals and communities 
to an MCI.

• Exercises and Drills: Mandatory regular exercises involving all relevant agencies 
should be conducted, including both annual exercises and unannounced limited- 
scale exercises. These drills should include the use of smart casualties (people 
posing as casualties). Four levels of drills are recommended: focal (vertical) 
exercise; table-top (horizontal) exercises; functional exercises, and full-scale 
real-time drills [9]. Performance in drills should be methodically evaluated with 
input from other response agencies. Identified concerns should be addressed 
prior to the next exercise.
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 Conclusion

The 2004 Madrid train bombings had all the elements of a “predictable surprise” 
[12]. Terrorists struck a major transportation system where there was a densely con-
tained, highly vulnerable population at risk, virtually guaranteeing a high-impact, 
high-visibility mass casualty incident. Because trains are closed environments, the 
explosions guaranteed blast overpressure, exacerbating the impact of the attack. The 
resulting injuries encompassed the range that has been described for blast injuries.

The attacks followed the pattern of multifocal, simultaneous, highly aggressive 
events that are the hallmark of terrorists, severely complicating response to the point 
of overwhelming and collapse. In Madrid, the emergency response was limited in 
important ways by deficiencies in experience, training, equipment and coordination 
of resources. Despite the heroic, competent, and timely actions by many pre- hospital 
and hospital staff, it is evident that the full range of a systemic response would have 
been enhanced by the preparedness, planning, and response approaches noted 
above. In this attack, all of the purposeful cascades that terrorists planned for were 
achieved. Railway systems will continue to represent one of the more singularly 
attractive soft targets for future terrorist attacks.

Surge capacity planning and training at a system-wide level are thus critically 
important for everything related to a national mass casualty incident. Individual 
technical competencies and institutional capacities in caring for blast injuries are 
necessary but not sufficient, as institution- and system-wide preparations are needed 
to prepare for large-scale events. Even for developed nations, in the event of a ter-
rorist MCI or other large blast incident, there will be insufficient resources to sup-
port the affected population if pre-event deliberate planning has not been done to 
address surge. The ability of public health and health care systems to respond to 
catastrophic MCIs and save as many lives as possible will remain the single most 
important measure of national resiliency.
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 Introduction

In the recent decades, the increased and continued threat of terrorism has forced a 
paradigm shift in the prehospital response to incidents involving potential terrorist 
incidents. Responding agencies have had to evolve response plans to train and pre-
pare their providers for this hybrid threat. Explosives and incendiary devices, typi-
cally seen on the battlefield, have become increasingly common as terrorist weapons 
in the civilian setting as the execution of terrorist acts has spread worldwide. In 
particular, the rise in the use of improvised explosive devices (IEDs) – non-standard 
explosive devices made from common materials with potential for being contami-
nated with chemical, biological, or radiological (CBR) agents – has contributed to 
the need for increased awareness from prehospital providers when responding to 
such incidents. In the United States, for example, the number of deaths related to 
terrorist incidents since 1995 have steadily increased, with 2017 being the deadliest 
year (excluding the 2001 World Trade Center attack) [1]. Furthermore, the readily 
available instructional videos found on the internet and distributed in print are mak-
ing IEDs simpler to manufacture.

Over the past two decades, military providers have gained an enormous amount 
of experience in dealing with blast incidents and injuries [2, 3]. However, the non- 
military medical establishment has had minimal exposure and thus lack experience 
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in dealing with these incidents. The development of local and regional emergency 
response plans since the September 11, 2001, attacks on the World Trade Center has 
led to a more formalized approach to major disaster and incident response and man-
agement [4, 5]. Major challenges remain, as proper recognition, adherence to proto-
col and safety tenets, and the use of good decision-making in the early stages of 
patient care of a blast incident continue to be inconsistent during actual incidents.

Prehospital response to blast incidents poses a unique challenge from an opera-
tional perspective. Many components of a successful prehospital system are stressed 
during such an event. The ability to accurately dispatch the appropriate resources 
becomes extremely difficult during a flood of 911 calls that may provide information 
of conflicting nature. Available resources may quickly be overwhelmed in smaller 
communities, and mutual aid response may not always be possible in a time-sensitive 
manner. The loss of infrastructure, such as roads or radio towers, may make it more 
difficult for emergency responders to actually reach and communicate on the scene. 
Furthermore, the concept of scene safety during a potential blast incident can become 
a complex, multidimensional, active process that providers may not recognize early 
and anticipate the frequent changes. Few prehospital providers are regularly trained 
to consider the operational and tactical considerations of terrorists, such as target 
selection or the potential for secondary devices aimed at harming rescuers. This can 
lead to underestimation of the security of a scene and potential for increased casual-
ties and disruption of the prehospital response to the incident. With increased expo-
sure and improved training, prehospital providers will appreciate that medical 
treatment becomes secondary to the potential for further loss of life when security/
safety is not established. The approach to these incidents needs to continue to evolve, 
as individual prehospital systems develop plans that match their resources.

Multiple challenges present themselves for each prehospital response to a poten-
tial blast incident. These challenges are multifactorial and unique to each incident. 
Here, we explore some of the potential barriers to a safe and efficient response that 
minimize actual and potential harm to both the affected victims and the first respond-
ers. By looking at individual components of a typical prehospital operations model 
[6], we aim to describe the specific challenges faced at each step (Table 10.1).

Table 10.1 Individual  
components of an EMS 
response

Emergency response system activation
Response and arrival on scene
Scene safety and security (protective 
measures, exposure prevention)
Scene size-up (recognition of potential 
blast incident)
Establishment of command
Notification/additional resources
Product identification/evidence 
preservation
Rescue/medical care
Control, recovery and termination
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 Emergency Response System Activation

One of the pillars of proper EMS system functionality is the ability of the public to 
activate the emergency response system by contacting a dispatcher. The most com-
mon way this happens is by calling 911. While this number covers nearly 100% of 
the US population, not all areas have access to 911, and localization of 911 calls 
from mobile phones is limited [7]. This is often overcome by local phone numbers 
being available for emergency response, but it still underlines the point that EMS 
activation should not always be taken for granted.

In situations involving blast incidents, additional barriers to proper prehospital 
system activation may occur. Disruption of infrastructure – in particular, cell phone 
towers  – can make reaching the proper authorities impossible. Even with intact 
infrastructure, call volumes can overload the cell phone network and “gridlock” the 
telecommunication system, creating an additional delay in EMS notification. 
Confusion and mass hysteria from the people affected by an event can lead to an 
overwhelming call volume and frequently conflicting information being relayed to 
the authorities. This introduces an extra difficulty for the dispatcher to activate an 
organized response to such events.

 Dispatcher Role in Potential Bomb Threats

The dispatcher plays an essential role in helping providers get to the right location 
and notify them of any changes to the scene as they become available. In particular, 
when dealing with potential terrorist attacks or bomb threats, the dispatcher should 
follow specific questionnaires to obtain as much information as possible. Questions 
regarding the location, timing of explosion, and potential identification of the per-
son calling may help prevent the incident before it occurs (Table 10.2).

It is important for dispatchers to consider the volume and specialization required 
for a large-scale blast incident response. Ready availability of appropriately trained 
responders can mitigate the morbidity and mortality of victims during blast inci-
dents, as demonstrated by the response to the Boston Marathon bombings in 2013 
[8]. However, specialized teams, such as a bomb squad or other equivalent unit, are 
also critical to mitigate threats on scene during periods when situational information 

Table 10.2 Dispatcher- 
specific questions  
for a bomb threat phone call

Where is the bomb located?
What does the bomb look like?
What kind of bomb is it?
What will cause it to explode?
When is the bomb going to explode?
Did you place the bomb?
Why did you place the bomb?
What is your name or the name of 
your group?
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is limited. In situations when an incident occurs during regular operations of a 
municipality, this large pool of resources is often not available and may create an 
operational constraint for the dispatchers. Establishment of mutual aid agreements, 
development of regional disaster/major event response plans, and standardized pro-
cesses for recall of off-duty responders are all essential components for anticipating 
and minimizing panic during responses to blast incidents.

 Response and Arrival on Scene

Once an incident has been identified and a dispatcher has been notified, the next 
phase of the prehospital response is the actual response to the scene of the incident. 
Blast incidents present some additional unique challenges to the already poten-
tially difficult environment faced during a prehospital response. Depending on the 
severity of an incident, the identification of the scene of the incident may not 
always be obvious to the dispatcher. This ambiguity can lead to imprecise dispatch 
information and make the scene arrival less straightforward. Particularly, if the 
blast incident involves any destruction of infrastructure, first responders may have 
to find a secondary route or method of accessing casualties. Instability of the scene, 
due to impending building collapse or further safety hazards, can significantly 
inhibit the ability of the prehospital providers to reach the scene. Situational aware-
ness, adherence to training and validated standard operating procedures (SOPs), 
and establishment and maintenance of a reasonable degree of personal and scene 
safety and security can mitigate some of the challenges faced at this stage of the 
response.

 Scene Safety and Security

Scene safety is a critical aspect of any response to an incident. While in tradi-
tional EMS and fire training, scene safety was aimed at minimizing injury to 
providers from violence and traffic, blast incidents create a unique source of 
potential injury and harm [9]. Amplified by lack of specific training and experi-
ence with such events, many prehospital providers may not realize the danger 
they may be facing and, as a result, compromise the safety of both responders 
and their patients. This is a common theme for responders involved not only in 
blast incidents but also in any environment that poses hazard to their safety. 
Because of this, most EMS agencies have standing protocols preventing their 
providers from entering any scene deemed unsafe. However, based on the experi-
ences from recent terrorist attacks and mass- casualty incidents (MCIs), the men-
tality regarding how medical rescue in these situations are approached has begun 
to change [10]. Seeking cover and waiting for a scene to be established safe may 
not be a sustainable strategy for more complicated situations, particularly those 
involving explosives.

In general, any scene involving a threat to safety or health can be broken down into 
three areas, based on the actual or perceived threat level to a prehospital provider. 
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Tactical terminology, as well as the National Incident Management System (NIMS), 
utilizes specific verbiage when describing such zones of operation: Hot, Warm, and 
Cold [11]. The Hot zone involves an active or direct threat, such as the presence of an 
unexploded or partially exploded device, fire, or a hazardous materials (HAZMAT) 
contamination. The Warm zone is a designated area that is separated from the Hot 
zone by a barrier or distance, but where a potential threat still exists. An example 
would include a prehospital provider being 100 yards away from a secondary blast 
device, taking care of a patient behind a cement barrier. The Cold zone is considered 
the “safe” zone, as no specific threat is yet present in this area. Based on traditional 
teaching, EMS providers would only function in the Cold zone, where the threat was 
minimal. Programs such as Tactical Emergency Casualty Care (TECC), adopted from 
military practices, advocate for the transition of EMS operations away from solely the 
Cold zone and toward the operationally crucial Warm zone [12–14]. Despite this shift-
ing paradigm, safety is still paramount. Some question the existence of a true Cold 
zone in the response to blast events given the potential for secondary attacks and or 
explosions. Well-trained and experienced prehospital providers learn to recognize and 
mitigate threats to them and their patient’s safety before they arise.

All emergency personnel responding to a blast incident must be vigilant in 
assessing the scene. Aside from the usual environmental and urban dangers, provid-
ers should be aware of additional threats unique to a blast, similar to how a potential 
HAZMAT incident is approached. Specifically, providers should be on high alert for 
unusual objects, packages, and containers; substances, fumes, and odors; and suspi-
cious persons who may be potential perpetrators. Furthermore, damage from an 
explosion can create secondary hazards, such as structural instability, gas leak, elec-
trical malfunction, or fires. Situations involving “dirty bombs” (i.e., ones that have 
a device contaminated with CBR substances) can complicate a scene by making it a 
dual blast and HAZMAT incident.

An important safety concern for any responding prehospital provider, especially 
for those first on scene, is the potential for a secondary blast if the explosive device 
has ot detonated all of its explosive material. Paying attention to some of the four 
components required for successful detonation (i.e., combustible material, oxidizer 
to support the rapid burning process, igniting component, and confinement of the 
ingredients) can help maintain proper safety procedures and establish standoff dis-
tances and perimeters for scene organization (see Chap. 12) in order to mitigate 
some of the threat from unexploded primary or secondary devices.

One additional potential threat faced by prehospital providers at a blast incident 
scene is the presence of “secondary” devices aimed specifically at the arriving emer-
gency responders. An example of this was the second IED placed at a near distance 
away from the first IED during the 2013 Boston Marathon bombings possibly meant 
to injure first responders at the scene of the first blast [8]. This is also a potential 
“distraction technique” that misdirects initial responders into a false sense of safety 
and can potentially create difficulty in establishing a safe area for EMS operations. 
Due to these unique dangers, special operational considerations must be employed. 
For example, radio/cell phone communication should be cut off immediately if 
there is potential for an unexploded explosive device that could be remotely acti-
vated, until a safe perimeter has been established and cleared. Similar to initial 
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response to HAZMAT incidents, safe distances should be determined and followed 
based on current best practice guidelines. Depending on the size and potential 
lethality of an explosive device and its potential for secondary damage, establishing 
isolation perimeter distances by EMS will vary. As mentioned later, early activation 
of appropriate resources is essential. Establishing command, minimizing the likeli-
hood of new harm, and maximizing survival from existing injuries are keys to suc-
cessful incident management.

 Protective Measures

Major components of scene safety taught in EMS courses are proper personal pro-
tective equipment (PPE) and body substance isolation (BSI). Whereas in routine 
prehospital responses the uniform of the provider and basic medical gloves may be 
the only protection necessary, in more complex incidents involving hazardous mate-
rials, explosive devices and/or fire and additional protection may be required. Based 
on the National Fire Protection Association (NFPA) Standards, four levels of 
HAZMAT protective equipment exist, as shown below [9].

• Level A = SCBA with maximal vapor protection and flash protection
• Level B = Self-contained breathing apparatus (SCBA)
• Level C = Air-purifying respirators (APR) with increased splash protection
• Level D = General duty or work uniform

Although this equipment is stocked by most fire departments and some other 
response agencies, it is not often easily accessible at the moment of a response, 
especially for non-fire-department-based first responders. This makes PPE the most 
important consideration, as it is the only barrier from a responder becoming poten-
tially contaminated or harmed by a hazardous threat on scene. (Of course, it does 
not provide protection from a secondary device’s blast.) Failure to have proper pro-
tection for equipment can lead to contamination, causing a potentially damaging 
depletion of resources and material during a response. Proper stockpiling, mainte-
nance, and ease of accessibility and deployment of appropriate specialized resources 
can help mitigate the threat to both providers and patients on scene.

 Scene Size-Up

Once the immediate scene safety and security issues have been addressed, an evalu-
ation of the scope of the incident becomes necessary. Part of this process begins 
prior to arrival on scene. In particular, it is important for first responders to always 
consider, even during regular operations, whether there is a potential for a terrorist 
attack or blast incident based on the characteristics of the dispatch. This includes the 
location of the call, some examples of which include a symbolic or historic site, a 
public event, a controversial event or rally, critical infrastructures, or other 
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vulnerable facilities (e.g., nuclear facility and weapons depot). Also, responders 
should consider the date and time of the event, which could correspond to important 
dates or anniversaries of events. Furthermore, the time of day or timing during an 
event could also be a clue, as a potential terrorist attack could be targeted to maxi-
mize casualties at peak hours, such as the attack in Nice, France, during Bastille 
Day celebrations in 2016 [15]. Additional and more obvious clues from the dis-
patcher may assist in evaluation of risk. These might include a known bomb threat, 
reports of an explosion, evidence of blast damage at the scene, a wide area of 
destruction, large numbers of casualties in a relatively small space, or large unex-
plained fires. On scene, it is crucial for EMS providers to obtain a reasonable, but 
not necessarily exact, number of casualties early in the scene size-up process, as this 
will allow for earlier communication with dispatch and a more efficient coordinated 
response to the incident.

As the process of patient assessment and triage begins, it is important to ensure 
that providers and responders continue to maintain vigilance in looking for potential 
unidentified and/or partially unexploded devices. Characteristics would include 
obvious wires, blasting caps, chemicals, cans of gasoline or other flammable liq-
uids, compressed gasses, timing devices, etc. (Table 10.3). It is important not only 
to recognize devices that were planted purposefully but also to remember that cer-
tain explosive materials can unintentionally become a secondary hazard during the 
rescue operations.

 Establishment of Incident Command

Once the scene has been assessed and secured, and the number of patients has been 
estimated to exceed the current medical capabilities, the first responders on scene 
should declare an MCI and establish an incident command (IC) structure organized 
around the Incident Command System (ICS) principles [5]. This is a crucial step in 
coordinating an appropriate response to the incident. However, operational barriers, 
especially during a scene involving an unknown amount of casualties in an unstable 
structure with potential secondary hazards, can make this step difficult to accom-
plish. In particular, if an undetonated device is found, radio operations should be 

Table 10.3 Physical features of a potential IED

Abandoned container out of place with the surroundings
Obvious/classic-appearing devices with blasting caps, timers, booster charged, etc.
Unusual devices attached to compressed gas cylinders, flammable liquid containers, bulk 
storage fixtures, other containers
Abandoned vehicles that do not fit the current environment (gasoline tanker in front of a 
government building)
Entrance thresholds with wires or hardware that appears out of place
Strong chemical odors
Trip wires
Written or verbal threats
Partially exploded devices
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ceased immediately due to the possibility that the IED could be command-detonated 
via radio; this will likely delay the ability to establish a proper IC structure.

The IC structure should function to coordinate the response by establishing stra-
tegic and tactical goals. Strategic goals are the broad aims for the incident response. 
To accomplish these for a large, complex, or geographically dispersed incident, divi-
sions of labor need to be organized and resourced. For example, assigning roles to the 
Operations Section, as well as a Medical Operations Branch with the objective of 
triaging and medically stabilizing patients, would fall in line with the strategic goal 
of expeditious and effective casualty management. Tactical goals would include spe-
cific steps that collectively support achieving each strategic goal. For example, 
assigning specific personnel to Treatment Teams A and B, with the tactical objective 
of triaging the first 30 patients on the south side of Building 1, would support a tacti-
cal goal of identifying medical resources needed in that location.

Ultimately, the responsibility for managing the incident should be assigned to the 
most qualified person on scene, though leadership might change hands once the full 
scale of the incident is realized and appropriate resources are made available. For 
large-scale incidents, this usually requires the involvement of law enforcement, fire 
service, and EMS working through a joint command.

 Notification and Additional Resources

Following establishment of command, it is important to activate the necessary 
resources for successful management of the incident. Depending on whether a blast 
incident involves any unexploded devices or other ongoing threats, including sec-
ondary ones aimed at first responders or “dirty bombs” involving CBR or other 
hazardous materials, specialized response teams may need to be involved as early as 
possible for proper containment and to minimize secondary harm. Almost any 
explosive incident will involve the local police department or sheriff’s office. Active 
or anticipated criminal threats may require a tactical law-enforcement response 
necessitating medical support in the Hot zone (see Chap. 15). Explosive ordinance 
disposal (EOD) or “bomb squad” teams may be necessary to investigate suspicious 
items and render them harmless if considered a potential threat. Hazardous materi-
als are usually handled by HAZMAT teams from fire services. Occasionally, some 
CBR responses might require a more specialized team, often from the federal law 
enforcement agencies or the military. In particular, during MCIs where resources 
are insufficient for number of patients, appropriately trained personnel may need to 
be able to function in all three of the various zones of operations (i.e., Hot, Warm, 
and Cold zones). Immediate notification of local hospitals and trauma centers will 
assist in minimizing delays for patient care once patients begin arriving at the hos-
pital (see Chap. 13). Depending on the number of patients involved, activation of 
additional medical resources may become necessary. Employing local, regional, 
and state resources to deploy field hospitals and medical providers is yet another 
possibility. It would also be mistake to overlook the state resources such as the 
Army or Air National Guards, particularly for extended incidents.
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The development of multiple national guidelines and recommendations since 
early 2000 for improving the response to major disasters and incidents, multiple 
federal resources have become available for deployment based on the nature and 
scope of a given incident. These include the US Department of Transportation 
(DoT), US Department of Defense (DoD), Army Corps of Engineers, Federal 
Emergency Management Agency (FEMA), Urban Search and Rescue (US&R), 
Public Health Service (PHS from the US Department of Health and Human Services 
(DHHS), Environmental Protection Agency (EPA), US Department of Agriculture 
(USDA), US Department of Homeland Security (DHS), and US Department of 
Justice (DoJ) – all of which serve a specific function based on the scale and type of 
incident. Available federal medical resources also available include the National 
Disaster Medical System (NDMS) which coordinate the readiness and response of 
deployable Disaster Medical Assistance Teams (DMATs), coordinated through 
DHHS, as well as the American Red Cross [6].

 Product Identification and Evidence Preservation

While identification of the explosive and evidence management will often not be in 
the forefront of medical responders’ minds during an active incident, this informa-
tion can be crucial in the investigation into potential criminal or terrorist activity that 
may have caused the incident. First responders rely on the Emergency Response 
Guidebook [16] for identification of unknown and potentially hazardous substances 
during regular operations. This tool can also be useful during potential blast or ter-
rorist events, as it can help identify those potential secondary threats present on scene 
and help mitigate the dangers caused by those substances, in case they were ignited 
or exploded. Additionally, identifying IEDs that are constructed using existing canis-
ters, cylinders, and other containers meant for chemical transport, particularly those 
labeled appropriately and accurately, can help establish security perimeters and miti-
gate risk to the public prior to any initial or subsequent explosion.

Evidence preservation on scene is important, though often overlooked by the need 
to assess and rescue casualties on scene. Effort should be taken to minimize disrup-
tion to the scene, in particular if a partially unexploded device or if debris of a poten-
tial source explosive is found. This also applies to potential suicidal bombing 
situations, where the bomber’s body should not be moved or handled unnecessarily.

 Rescue and Medical Care

While these topics will be covered in more detail in Chap. 13, it is important to 
consider some of the challenges faced by prehospital providers on the scene of a 
blast incident. When considered as part of Warm zone treatment algorithms such as 
those covered in TECC [12] or the THREAT (Threat suppression, Hemorrhage con-
trol, Rapid Extrication to safety, Assessment by medical providers, and Transport to 
definitive care) algorithm described in the Hartford Consensus [13, 14], medical 
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care often comes relatively late when dealing with dangerous incidents. Such situa-
tions are often initially MCIs, which create a large but not unique barrier to patient 
assessment and treatment. Some unique challenges faced by medical providers dur-
ing blast incidents include physical barriers to patient assessment, such as hearing 
damage as a result of a blast, difficulty of triage due to unique pattern of injuries and 
unstable environment, and unique life threats that may not be quickly recognized 
during patient assessment due to limited clinical experience with such injuries.

 Control, Recovery, and Termination

As the last part of major incident management, recovery operations often involve 
restoring the community and infrastructure back to normal. This process is not 
always straightforward, particularly when involving terrorism or large number of 
casualties. In part, this process depends on the resilience and “immunity” of a com-
munity to the violence experienced. Community recovery is defined by the US 
Centers for Disease Control and Prevention (CDC) as the “ability to collaborate 
with community partners to plan and advocate for the rebuilding of public health, 
medical, and mental/behavioral health systems” [17]. Returning the physical struc-
ture of a community back to what it was prior may not fully compensate for the 
potential harm done by the event psychologically or emotionally. Debriefing, in 
particular for those directly involved with the incident, is a crucial step for recovery 
of prehospital providers and all first responders [18, 19]. As most of these incidents 
are infrequent, their effect can be potent and proper care for those affected should 
not be ignored. In communities with no prior or very limited experience, it would be 
remiss not to reach out to entities trained to deal with recovery from such events, 
such as FEMA or the CDC. Furthermore, larger communities with potential prior 
experience of such incidents can benefit from national or international collabora-
tions to improve their debriefing techniques.

 Conclusion

EMS providers face unique challenges when responding to potential blast and ter-
rorist incidents. The situational circumstances, particularly those involving massive 
disruptions of infrastructure, can create exceptional barriers to effective EMS opera-
tions. Prehospital providers can follow several guiding principles when dealing with 
a potential incident. By focusing on three concepts, including active operational risk 
management, effective recognition of secondary and hazardous materials devices, 
and efficient activation of appropriate resources and establishment of incident com-
mand, a prehospital provider can ensure a potentially uncontrollable situation that 
becomes manageable and safe.

The principles of operational risk management, which include proper mainte-
nance of scene safety and situational awareness, can help minimize potential harm 
to first responders at blast injury incidents. Awareness and early recognition of 

Y. Maksimenko and R. C. Kue



143

secondary and contaminated explosives devices are essential components of situa-
tional awareness that all prehospital providers should exercise when responding to 
potential blast incidents. Given the complexity of a response to blast incidents, acti-
vation of specialized resources and the use of incident command will help with 
making an otherwise chaotic scene into one that can be managed effectively. Finally, 
consideration of patient care while a blast threat is actively being mitigated should 
be undertaken by the prehospital providers. EMS systems should train their provid-
ers to not hide behind the dogma of scene safety, in order to provide time-sensitive 
medical care. With the implementation of Warm-zone medical response strategies, 
casualty survival can be maximized (see Chap. 15). Following the resolution of an 
incident, all prehospital personnel should undergo a formal debrief and seek addi-
tional help as needed. Through application of the lessons learned by the military and 
EMS systems around the country, prehospital response to such incidents will con-
tinue to improve.

Key Points
• Operational risk management  – active maintenance of scene safety and 

situational awareness
• Awareness and early recognition of secondary and contaminated explo-

sives devices
• Implementation of Warm-zone medical response strategies

Pitfalls
• Lack of situational awareness = not recognizing an event as a potential ter-

rorist attack or blast incident, including potential “dirty bombs” and sec-
ondary devices.

• Delay in activation of appropriate resources (including personnel trained 
for Warm-zone operations) can lead to increased casualty mortality and 
morbidity.

• Not taking care of rescuers in prolonged incidents = fatigue and accidents 
related to fatigue.

Pearls
• Prehospital providers must maintain situational awareness to avoid becom-

ing a victim. Assume there remin secondary threats in all operational zones.
• Prehospital training for a response to blast and terrorist incidents is essen-

tial for ensuring a coordinated and safe response to an actual incident.
• A formalized debrief should take place for every blast or terrorist incident 

that prehospital providers are involved in.
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 Introduction

A tragedy of war is failure to implement the hard lessons encountered from previ-
ous conflicts. Over the past 19 years of combat, prehospital military medicine has 
experienced more change than most other areas of the military, including military 
treatment facilities (MTFs) representing hospitals and clinics. These changes 
occurred not only as new lessons were learned but also as a result of relearning 
lessons from previous conflicts. In the current conflicts in Iraq and Afghanistan, 
the use of improvised explosive devices (IEDs) produced more blast injuries than 
in any other war [1, 2]. As a result of the significant increase in IED use along with 
improved torso protection from newer body armor, unique injury survival patterns 
emerged with large numbers of complex extremity injuries. Seven prehospital les-
sons have had the largest impact on survival from combat-related blast injuries: 
formal development and rigorous evaluation of Tactical Combat Casualty Care 
(TCCC) guidelines, use of tourniquets for extremity hemorrhage, employment of 
nonmedical personnel to deliver life-saving care at the point of injury, better doc-
umentation of care provided in the prehospital setting, evacuation within “the 
Golden Hour” timeframe, administration of blood products in the field, and the 
prehospital management of traumatic brain injury (TBI) have all been instrumen-
tal in saving lives on the battlefield.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-40655-4_11&domain=pdf
https://doi.org/10.1007/978-3-030-40655-4_11#ESM
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 Tactical Combat Casualty Care

At the onset of hostilities in Afghanistan in October 2001, the majority of battlefield 
trauma care was based on the prevailing prehospital trauma care concepts in the 
civilian sector at that time. These concepts were not designed for the prehospital 
combat setting and included such concepts as follows:

 1. Combat medical personnel being trained not to use tourniquets because of the 
unvalidated belief that even short-duration tourniquet application would cause 
ischemic damage to extremities

 2. No allowance or use of hemostatic dressings to stop external hemorrhage from 
locations not amenable to tourniquet use

 3. Treatment of hemorrhagic shock with large-volume crystalloid fluid resuscita-
tion to restore normal blood pressure

 4. Intramuscular morphine for battlefield analgesia [3, 4]

The formalization and adoption of TCCC guidelines provided the medical com-
munity with a framework to rapidly adopt and implement life-saving tactics at the 
point of injury (POI), through the evacuation chain, and onto higher echelons of 
medical care. The “new” concepts of TCCC had been introduced by Butler and col-
leagues in the original TCCC paper published as a special supplement in Military 
Medicine in August of 1996 [5]. Among other things, TCCC discussed three phases 
of care – Care Under Fire, Tactical Field Care, and Casualty Evacuation Care – to 
ensure that medical care rendered was appropriate to the prevailing tactical 
situation.

Tactical Combat Casualty Care focused on reducing “potentially preventable 
combat death,” defined as mortality that resulted from injuries which were not inevi-
tably fatal had optimal care been provided to the casualty quickly enough [2, 6]. The 
primary metric chosen for TCCC in the original 1996 paper was to eliminate all 
deaths on the battlefield that were the result of conditions that could be easily treated 
in the prehospital environment, such as extremity bleeding, other sources of exter-
nal hemorrhage, tension pneumothorax, and airway obstruction [5]. The TCCC 
guidelines articulated three overarching goals as pertinent to success in battlefield 
medicine: (1) treat the casualty, (2) prevent additional casualties, and (3) complete 
the mission [5, 7].

The early use of limb tourniquets was strongly recommended to obtain initial 
control of life-threatening extremity hemorrhage. Intravenous (IV) fluid resusci-
tation was recommended only when shock had resulted from hemorrhage and 
then only when bleeding had been controlled. Initially, instead of an isotonic 
crystalloid fluid such as lactated Ringer’s solution or 0.9% sodium chloride (nor-
mal saline), 6% hetastarch with a longer intravascular dwell time was recom-
mended. The use of spinal motion restriction was recommended only for 
casualties who had sustained blunt trauma, not those whose injuries were limited 
to penetrating trauma. Intravenous morphine was recommended rather than the 
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previously used intramuscular morphine, both to provide faster onset of analge-
sia and to reduce the likelihood of opioid overdose resulting from the delayed 
onset of analgesia associated with intramuscular morphine deposition [3].

The recommendations found in the first TCCC guidelines were not in line with 
mainstream concepts in prehospital trauma care at the time. As a result, very few US 
military units used TCCC at the start of the recent conflicts. As experience was 
gained and evidence obtained over the next two decades, TCCC concepts were found 
to dramatically reduce potentially preventable death on the battlefield [2, 8–11].

Units that adopted TCCC as their standard for battlefield trauma care demon-
strated success in decreasing potentially preventable deaths during the campaigns in 
Iraq and Afghanistan. For instance, during the first 25 days of the Iraq invasion, Task 
Force 1–15 suffered 32 wounded in action (WIA) and no potentially preventable 
deaths or casualties who later died of wounds (DOW) [9]. Kelly et al. described 
casualties from March 2003 to April 2004 and from June 2006 to December 2006 
during a similar practice change, with a shift in potentially preventable death rate to 
19% vs. 28% [12].

TCCC was recommended as the standard of care for combat first-aid training in 
member nations by the American, British, Canadian, Australian, and New Zealand 
armies [13] and by the NATO Special-Operations-convened Human Factor and 
Medicine Expert Panel 224 in 2011 [14]. In 2018, 17 years after the initiation of 
combat operations, TCCC was mandated as the US Department of Defense (DoD) 
standard for battlefield trauma care [7]. TCCC concepts have now also been adopted 
by civilian law enforcement agencies [15, 16], civilian EMS systems [17, 18], and 
many other nations.

The authors of the original 1996 TCCC paper realized that TCCC would need to 
be updated on an ongoing basis as new evidence and new technologies became avail-
able, so it called for the establishment of a standing Committee on TCCC (CoTCCC). 
The CoTCCC was founded in 2001 through a joint effort of the US Special Operations 
Command and the US Navy Operational Medicine Command [19].

As of 2020, the CoTCCC has 42 voting members, all of whom have deployed in 
support of US military combat operations. In addition to trauma surgeons, emer-
gency physicians, and operational medicine physicians and physician assistants 
(PAs), the CoTCCC also has members who are combat medics, corpsmen, and para-
rescuemen (PJs), so that all TCCC recommendations have considerable input from 
the individuals who will actually be using TCCC to save lives on the battlefield [19].

The evolution of the CoTCCC and the widespread acceptance of TCCC concepts 
have facilitated the rapid sharing of battlefield trauma care lessons learned, enabled 
the rapid evaluation and fielding of cutting-edge techniques and technologies, and 
focused expert opinion on critical issues in trauma care in order to rapidly come to 
consensus on best practices and openly share this knowledge globally.

As a result, TCCC has saved countless lives by accelerating the development of 
new standards for battlefield trauma care by championing the passage of this new 
medical knowledge directly to those providing medical care in the prehospital set-
ting of care, where 87% of potentially preventable deaths occur [2].

11 Lessons in Prehospital Trauma Management During Combat
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 Tourniquets and Pelvic Binding

The majority of combat deaths occur in the prehospital setting and most are non- 
survivable [2]. The vast majority of casualties who survive the initial wounding 
often require little prehospital life-saving intervention. It is a small percentage of 
casualties that require immediate care in order to survive, but these are the patients 
who benefit the most from prehospital care. Hemorrhage control is the leading inter-
vention to prevent death, and extremity hemorrhage is a leading cause of potentially 
preventable death in combat [6, 12, 19].

Given their relative low cost and simplicity of construction, IEDs quickly became 
the weapon of choice in Iraq and Afghanistan [20, 21] and the leading cause of 
death in Iraq [22]. From 2001 to 2005, of the 6609 wounds in Iraq and Afghanistan, 
3575 (54.1%) were extremity wounds [21]. Explosions caused 79% of the wounds 
in the early years [21], and this number would remain steady for years. In the early 
years of the Global War on Terror, the use of tourniquets was still discouraged and 
they were only to be used after all other treatments had failed. Prior to 2006, despite 
the CoTCCC recommending tourniquets for hemorrhage control, most of the pre-
hospital tourniquets were improvised and units were still being advised to use them 
as a last resort. During the same time, members of the 75th Ranger Regiment were 
effectively using a ratchet style tourniquet (Fig. 11.1).

After 2006, documented benefits of early hemorrhage control via tourniquet use 
were recognized. Consequently, distribution and employment of tourniquets slowly 
became widespread in the US military. In Iraq and Afghanistan when tourniquets 
were just starting to be used, extremity hemorrhage caused 7.8% of total fatalities 
[19]. After the greater adoption of prehospital tourniquets from 2006 to 2011, deaths 
from extremity hemorrhage dropped to 2.6% of total fatalities – a 67% decrease in 
fatalities from extremity hemorrhage [19].

The commercially made Combat Application Tourniquet® (C-A-T) (C-A-T 
Resources, LLC, Rock Hill, SC) (Fig.  11.2) and SOF Tactical Tourniquet® 
(SOFT-T) (Tactical Medical Solutions, Anderson, SC) (Fig.  11.3) were the two 

Fig. 11.1 The “Ranger 
Ratchet” tourniquet. 
(Photograph courtesy of 
Harold R. Montgomery)

A. D. Fisher and E. A. Miles



149

tourniquets tested and evaluated at the US Army Institute of Surgical Research 
(USAISR) and subsequently recommended by the CoTCCC for use at the POI [23]. 
The Emergency and Military Tourniquet (EMT) (Delfi Medical Innovations Inc., 
Vancouver, BC) was recommended for use in medical facilities, given its larger size 
and reliance on an air bladder.

The C-A-T and SOFT-T would go through many changes and improvements and 
changes over the years up to the C-A-T® GEN7 (Fig.  11.4) and SOFTT-W® 
(Fig. 11.5). For many years, tourniquets were considered dangerous due to risk of 
limb loss from ischemia. Currently, tourniquets are considered safe and effective as 
thousands of tourniquets have been applied without loss of limb when applied for 
less than 2 hours [10]. A more recent review by the CoTCCC expanded the tourni-
quet recommendations to include eight non-pneumatic and two pneumatic tourni-
quets [24].

If an IED blast injury is significant enough to cause lower-extremity amputation, 
then there is a relatively high probability of pelvic fracture and pelvic ring disrup-
tion. In a 2014 study, Cross et al. showed that, in blast injuries, 10% of unilateral 
amputations, 30% of bilateral amputations, and 39% of bilateral transfemoral 
amputations had concurrent pelvic fractures [25]. This discovery led to the common 
practice of applying a pelvic binder to any casualty with a lower-extremity 

Fig. 11.2 Generation 3 
Combat Application 
Tourniquet® (C-A-T®). 
(Photograph courtesy of 
North American Rescue®)

Fig. 11.3 SOF® Tactical 
Tourniquet. (Photograph 
courtesy of Tactical 
Medical Solutions®)
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amputation from an IED blast mechanism. Increasing emphasis on pelvic fracture 
management in blast-injured casualties to decrease noncompressible hemorrhage is 
an ongoing research effort area for device manufacturers.

 Use of Nonmedical Personnel

Military units have seen time and time again that the individual closest to the injured 
casualty is the most important caregiver, regardless of their designation as a medical 
provider. This holds true across the spectrum of injuries seen on the battlefield, but 
particularly so in a mass-casualty (MASCAL) event.

A MASCAL incident is when the number of patients requiring immediate atten-
tion overwhelms the medical personnel or equipment required to adequately treat all 
patients to an expected standard of care. Explosive blasts often cause MASCAL 
situations as military units typically have only one combat medic on a mission, and 
adversary tactics employing IEDs are typically designed to inflict maximum 

Fig. 11.4 Combat 
Application Tourniquet® 
(C-A-T® Gen7). 
(Photograph courtesy of 
North American Rescue®)

Fig. 11.5 SOFTT-W ® 
Tactical Tourniquet – 
Wide. (Photograph 
courtesy of Tactical 
Medical Solutions®)
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damage on the maximum number of individuals. The US Army long ago recognized 
the issue of limited medical resources on the battlefield, so Colonel (Retired) Robert 
H. Mosebar created the Combat Lifesaver (CLS) Course in the 1980s [26]. The CLS 
concept cross-trained nonmedical personnel to provide life-saving medical care on 
the battlefield in the event the medic is separated, overwhelmed with casualties, or 
physically unable to respond to the situation. Nevertheless, as of 2017, the US Army 
only required one CLS per squad of 9–11 people, thus limiting the potential for hav-
ing a higher percentage of medically trained individuals to deliver immediate care 
at the POI.

Even before the invasions of Iraq and Afghanistan, the 75th Ranger Regiment rec-
ognized the power of numbers in medical response. In 1997, then Regimental 
Commander Colonel Stanley A. McChrystal and Command Sergeant Major Michael 
T. Hall outlined their top four priorities (termed “Big Four”): marksmanship, physical 
training, small-unit tactics, and medical training [27]. This required all soldiers assigned 
to the 75th Ranger Regiment to be trained in TCCC, which had only been introduced 
the year prior. The Regiment branded their version of TCCC “Ranger First Responder” 
(RFR). The RFR program enabled the 75th Ranger Regiment to achieve the goal of 
zero preventable deaths in the prehospital setting [11]. This effect was noted to be such 
a success, that US Central Command required all troops deploying to its Area of 
Responsibility (AOR) to be trained in TCCC [28]. TCCC training is now the standard 
training for all its military members following curriculum set by the CoTCCC.

In 2016, the National Academies of Science, Engineering and Medicine 
(NASEM) estimated that up to 20% of civilian trauma deaths are potentially pre-
ventable [29]. The concept of training nonmedical personnel in essential life-saving 
procedures like hemorrhage control has the potential to reduce this unacceptably 
high rate and is particularly relevant in civilian MASCAL events. The NASEM 
report, buoyed by professional society endorsement strengthened grass root efforts 
to teach bystanders and non-military health care professionals how to control hem-
orrhage with tourniquets and hemostatic dressings. President Barack Obama’s 
administration supported this policy directive for national preparedness, leading the 
Departments of Homeland Security and Defense to create a structure for public- 
private partnerships and scaling of the “Stop the Bleed” campaign [30]. Since then, 
a majority of relevant professional societies have signed on to support the “Stop the 
Bleed” campaign, build hemorrhage control programmatic, and translate this com-
bat lessons learned to the general population.

 Prehospital Documentation

Prior to the current wars in Iraq and Afghanistan, there were no formal means to 
track prehospital care and outcomes. The lack of documentation left the US military 
with a significant knowledge gap in prehospital medical care, as roughly 87% of 
casualties died before reaching the hospital [2]. Recognizing the need to formally 
capture prehospital medical intervention data, the 75th Ranger Regiment in partner-
ship with Texas A&M Health Science Center Rural and Community Health Institute 
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and consulting with the USAISR developed the Prehospital Trauma Registry 
(PHTR) in 2005 [31]. To capture critical data from the POI, the 75th Ranger 
Regiment utilized a casualty card with the necessary information (Fig. 11.6). The 
PHTR was modeled after existing trauma registries and was vital to the 75th Ranger 
Regiment’s success in eliminating preventable death in combat.

There were five goals for the PHTR: (1) augment the commander’s decision- 
making process, (2) reduce morbidity and mortality through force protection modi-
fications and directed procurement, (3) validate and refine the commander’s casualty 
response system, (4) evaluate current TCCC treatment strategies, and (5) guide 
needed modifications to unit medical and nonmedical personnel.

Kotwal and colleagues showed that 42% of tourniquets were applied by non-
medical personnel and, overall, 25% of all hemorrhages were controlled by indi-
viduals who were not medical providers [11]. The 75th Ranger Regiment’s 
prehospital documentation system helped other units and the DoD recognize the 
importance of using prehospital data to improve combat casualty care, and it has 
been used a model for several areas of research interest. The casualty card became 
the standard for the DoD and has now been transformed into an updated DD Form 
1380 (Fig. 11.7). The Joint Trauma System (JTS) adopted the PHTR and imple-
mented it in January 2013 as part of the larger DoD Trauma Registry (DoDTR) – “a 
web-based data collection tool which supports US military performance improve-
ment initiatives with global-wide collection and aggregation of combat casualty 
care epidemiology, treatments and outcomes” [32].

Name/Unit
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TIME

AVPU
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Fig. 11.6 Casualty card, circa 2007
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By collecting prehospital medical data in a centralized data registry, the medi-
cal community has the ability to learn, in near-real time, lessons from an ongoing 
conflict. The registry can be mined for specifics on interventions, levels of medi-
cal training, medical equipment, injury types, and wound patterns in order to rap-
idly recommend life-saving procedures for the prehospital environment. Thus, the 
DoDTR not only functions as a database for ongoing research and direction of 
medical equipment procurement but also serves to collect and distribute lessons 
learned.

As an example, the DoDTR has shown that a large percentage of potentially 
preventable wounds resulting in death are from junctional hemorrhage [33, 34], and 
the efficacy of junctional tourniquets in combat is still limited [35]. Junctional hem-
orrhage can be defined as bleeding from a site too close to the hips or shoulders to 
place a proximal tourniquet. Given this information, multiple agencies are directing 
research efforts to develop effective means of controlling junctional hemorrhage in 
the prehospital environment. The data on junctional wounds led to the rapid inven-
tion and distribution of multiple devices to prehospital providers in both the civilian 
and military settings. By collecting and sharing real-time data on prehospital inju-
ries and treatments, a community can rapidly respond to and mitigate emerging 
medical threats in both civilian and military sectors.
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Despite the recognized benefit of prehospital documentation, there is still a sig-
nificant portion of data that goes uncollected. This gap was recognized early on and 
spurred the creation of the PHTR [36]. A recent study noted that, while 94.8% of 
patients had data from TCCC AARs (N = 705), only 27% of patients could be linked 
to the DoDTR due to missing identifiers [37]. Data capture and integrity is an ongo-
ing issue that is complex, but it is critical for improving medical and operational 
response to blast incidents.

 The Golden Hour

The term “golden hour” is credited to Dr. R Adams Cowley and the famed Baltimore 
Shock Trauma Center [38]. The concept is that casualties have better outcomes 
when they receive definitive and surgical care within 60  minutes. Although the 
“hour” itself was not proposed as a measure validated by data, it is clear that faster 
evacuation to definite care is associated with increased survival. Both Iraq and 
Afghanistan operations had a preponderance of casualties from explosive injuries 
with varying times to definitive care [39–42]. The medical support and small geo-
graphical area of Iraq enabled most casualties to be treated in a surgical facility in 
an hour or less. The fewer number of soldiers deployed to Afghanistan with a more 
difficult terrain caused delays in the evacuation from the battlefield to surgical facil-
ities. The case fatality rate (CFR) had been decreasing slowly over the course of the 
conflict, but as the surge was implemented in 2009, there was a small increase in 
CFR [43]. Subsequently, Secretary of Defense Robert M. Gates implemented the 
Golden Hour Policy (GHP) mandating all military operations would be within a 
60-minute evacuation time to surgical care. At the time of implementation, the CFR 
was 13.7 and decreased to 7.6 after the GHP was implemented [43]. This policy 
implementation with accompanying scientific study and publication in the medical 
literature further solidified the need to push surgical support as close to the POI as 
possible in order to reduce mortality. The findings of Kotwal et al. were reexamined, 
and similar outcomes were observed, so their conclusions remained unaltered [44]. 
More recent data from the USAISR would suggest that achieving even faster trans-
portation times could further reduce potentially preventable deaths [45].

 Blood Far Forward

Once again in warfare, the US military has learned the benefits of using blood trans-
fusions far forward. Despite the clear knowledge of the primacy of blood products 
for treatment of hemorrhagic shock, the US military entered the War on Terror 
armed with crystalloids for resuscitation, despite evidence that crystalloids were 
inadequate and possibly dangerous. As a result, hetastarch colloid fluids were rec-
ommended and carried as a primary treatment for hemorrhagic shock. Early on, 
blood use was limited to medical facilities with rare transfusions in the field or en- 
route during evacuation to a medical facility. In 2014, the CoTCCC changed the 
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guidelines to recommend whole blood at the POI [46]. As the war progressed, adap-
tive units realized the clear benefit of blood products for hemorrhagic shock and 
developed methods to deliver blood to the POI [47].

In 2016, the 75th Ranger Regiment implemented an “O low titer” universal 
donor program and began carrying low-titer group-O whole blood (LTOWB). 
Ranger support personnel serve as donors for pre-mission blood collection and 
prescreened donors are identified within the operational teams to be available for 
a “walking blood bank” at the POI (Fig. 11.8). During the writing of this chapter, 
approximately 20 transfusions of LTOWB had been given at the POI with 17 sur-
viving to surgical care (unpublished data). LTOWB does not have a strict defini-
tion; however, for the US military, it is defined as blood group O with anti-A and 
anti-B IgM titers <1:256. The titer limits are based on data from World War II 
[48]. The use of blood far forward was further reinforced in Shackelford’s study 
where it was observed that providing blood within 13 minutes of medical evacua-
tion (MEDEVAC) take off provided a 20-fold survival benefit (Fig. 11.9) [42]. 
The success of using blood products, particularly whole blood, for resuscitation 
of critical trauma patients in the out of hospital setting has spread to multiple 
civilian trauma systems as they look for ways to increase survivability in patients 
with hemorrhagic shock [49–51].

Fig. 11.8 Low-titer group-O whole blood collected at Bagram Airfield, Afghanistan, from the 
75th Ranger Regiment’s “ROLO” program. (Photograph courtesy of Andrew D. Fisher)
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 Traumatic Brain Injury

IED use in the current conflict has led to large numbers of patients suffering 
traumatic brain injury (TBI). TBI is particularly devastating in the setting of 
blast injury, as it is commonly seen in conjunction with moderate to severe 
injury severity scores [2, 39, 52–54] and creates the deadly combination of TBI 
and hemorrhagic shock. Blood pressure goals for resuscitation from hemor-
rhagic shock are typically quite low in order to minimize additional bleeding 
and to facilitate clot formation in noncompressible hemorrhage [47, 55, 56]. 
This presents a quandary when combined with TBI as the goal is to keep perfu-
sion to the brain as normal as possible. One method to deal with this predica-
ment is to use whole blood for resuscitation, where target blood pressures can 
be increased due to the hemostatic functionality of whole blood [57].

Overall goals in patients with blast-induced TBI are to avoid “second hit” events 
of hypoxia by maintaining or supplementing oxygenation and hypotension by keep-
ing a goal systolic blood pressure above 110 mmHg to maintain cerebral perfusion 
pressure, and to maintain the end-tidal CO2 (ETCO2) near 40 torr [58]. Although 
casualties with hemorrhagic shock and TBI present a significantly complex predica-
ment, utilization of whole blood for resuscitation, avoidance of intubation (if pos-
sible) while still avoiding hypoxia, and monitoring ETCO2 with a portable device 
can significantly assist the provider at the point of injury.

Rapid pre- or in-hospital transfusion

Adjusted cox models for 24 hours survival

Transfusion started within 13*
vs. >13 minutes after MEDEVAC
take-off from POI

Among survivors past minute
13, transfusion started >13–20
vs. >20 minutes after take-off

20-fold early survival benefit

6-fold early survival benefit
No survival benefit

Transfusion within 13 min HR = 0.05, p = 0.004

Transfusion started >13–20 min HR = 0.94

Even after excluding 49/60 KIAs for ? contra-
indications, HR = 0.17 , p = 0.035
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Fig. 11.9 Impact of prehospital blood transfusions on mortality. (Adapted from Shackelford, 
et al. JTS 2016. Courtesy of Col. Andre Cap)
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 Conclusion

The past 17 years of combat have rapidly led to an ever-increasing body of knowl-
edge in the medical treatment of combat casualties in the prehospital setting. The 
rapid increase in blast injuries secondary to IED use in combat has served to further 
amplify these lessons. Although the military combat setting is unique in many 
aspects, the seven best practices in this chapter can be applied across the civilian 
setting as well. Creating a body of knowledge with expert input and timely sharing 
of information enables a responsive, learning trauma system that readily adapts to 
emerging injury patterns in order to save lives and decrease morbidity.

Blast injuries typically produce devastating trauma. Early aggressive use of tour-
niquets, management of junctional hemorrhage, and pelvic binding when the lower 
extremities are involved can have a significant impact on survival. Recording and 
analyzing data from the prehospital environment produces rapid and meaningful 
results in research, equipment, and techniques for saving lives in the setting where 
the most preventable and potentially preventable death occurs.

Medical training for nonmedical personnel increased survivability by placing 
life-saving interventions closest to the point of injury with the greatest effect. Time 
to definitive surgical care in blast patients is paramount, so any trauma system 
should continually strive to reduce the “time to steel.” Blood, especially whole 
blood, is by far the resuscitation fluid of choice in patients with hemorrhagic shock. 
Blast injuries produce a significant amount of TBI and treatment must be geared 
toward preventing hypoxia, preventing hypotension, and maintaining adequate 
ETCO2 levels.

Key Points
• Blast injuries typically produce devastating soft tissue and extremity 

trauma.
• Aggressive use of tourniquets and hemostatic dressings and devices can 

help decease mortality in blast wounds.
• Nonmedical personnel can have the biggest impact with simple life-saving 

skills.
• Documentation not only provides real- to near-time changes that help save 

lives but also maintains a record for future conflicts.
• Since casualties hemorrhage blood, whole blood should be used for 

resuscitation.
• The goals of TBI should be to prevent hypoxia and hypotension and to 

maintain adequate ETCO2 levels.
• Quick access to surgical care for the severely injured and wounded should 

always be paramount.
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 Introduction

The clinical care of blast injuries poses a challenge for prehospital Emergency 
Medical Services (EMS) providers. The complexities of blast trauma arise from 
both the mechanisms of injury and resultant pathophysiology. For nearly two 
decades, the United States and coalition partners have engaged in combat opera-
tions in the Middle East and Southwest Asia in response to the World Trade Center 
and Pentagon attacks in 2001. Lessons from the wars in Iraq and Afghanistan pro-
vide significant understanding and insight into the traumatic injuries resulting from 
explosive effects. The Joint Theater Trauma Registry reports that from 2001 to 
2005, explosive mechanisms resulted in nearly 80% of documented injuries, the 
highest rate documented in US combat history [1]. Although explosive blast trauma 
has typically been thought of as occurring only in combat, blast injuries can occur 
in civilian settings in the form of intentional terrorist attacks and accidental home 
and industrial explosions.

Lessons described from civilian terrorist bombing incidents, such as those in 
Madrid, London, and Boston, have provided insights into the common challenges 
faced in dealing with these situations that have parallels to the military experience [2–
4]. Common issues arising in the civilian response, such as mass-casualty planning 
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and preparation, appropriate use of personal protective equipment (PPE), limitations 
in the ability to perform triage, and the rapid scene clearance of critically ill patients 
to definitive care, are valuable lessons for future planning and best practices.

 Patterns of Injuries and Causes of Death

Although blast incidents create significant tactical and operational considerations 
for EMS first responders, the clinical consequences of the blast incident itself pose 
a unique medical problem, which requires specific considerations during patient 
care. Bombing incidents produce unique patterns of injury that, if not recognized 
by prehospital medical personnel, could result in increased patient morbidity and 
mortality.

The ways in which the human body interacts with an explosion are highly com-
plex. Explosive injuries have traditionally been classified into: (1) primary blast 
injuries, which are injuries due solely to the overpressure of the blast wave; (2) sec-
ondary blast injuries, which comprise ballistic trauma from device fragmentation, 
added shrapnel, or debris from the environment; (3) tertiary blast injuries as a result 
of displacement of the victim; and (4) quaternary explosive injuries due to nonpres-
sure effects that include burns, inhalations, and toxins [5, 6]. Collateral injuries can 
occur from motor vehicle crashes, building collapse, structural fires, and exacerba-
tion of chronic illnesses.

High-explosive detonations generate a shock wave formed by the instantaneous 
expansion of gas. As the wave travels through distance and time, it rapidly loses its 
pressure and velocity. The physics of a blast wave as it interacts with the surface 
of a human body results in specific injury patterns due to the two effects of energy 
translated internally: stress waves and shear waves. Stress waves result in disruption 
of air-tissue interfaces when moving through water-density tissues in various direc-
tions around air spaces, thereby stretching and tearing structures at those boundar-
ies [7]. Shear waves are typically developed as a result of the stress wave, traveling 
perpendicular to stress waves and resulting in sudden, tangential stretching forces 
on displaced subsurface body tissues [8]. The pathophysiologic effects on the body 
result from the consequences of extreme pressure differentials developed at body 
surfaces.

The most common anatomical location of primary blast injury is the tympanic 
membrane, requiring as little as 5 psi above atmospheric pressure for rupture. The 
second most common site of primary blast injury is the lungs and occurs at much 
higher overpressures. Blast lung injury (BLI) can be highly lethal. In published data, 
evidence of primary BLI was present in 17–47% of those who died from explo-
sions and up to 44% of hospitalized patients; nearly 71% of critically ill patients 
show evidence of pulmonary injury [9, 10]. Lung injuries occurring from primary 
blast mechanisms include pulmonary contusions, pneumothorax, and air embolism. 
Onset of clinically detectable pulmonary damage can be delayed from time of expo-
sure. Rapid onset of symptoms such as dyspnea, hypoxia, and need for ventilatory 
support tends to predict poor outcomes [5].
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When determining the likelihood of significant primary blast injuries, prehospi-
tal providers should consider a few factors related to the incident. The likelihood of 
increasing injury severity with closed-space detonations is due the ability for blast 
waves to “bounce” and reflect off walls increasing in pressure at surfaces resulting 
in additive effects. When evaluating the patient, the presence of traumatic amputa-
tion should serve as a marker to look for occult explosive injuries to the central 
nervous system, thorax, and abdomen [5].

In the absence of obvious external trauma, triage is more difficult. Though fre-
quently discussed, the presence of a ruptured tympanic membrane does not accu-
rately predict whether other primary blast injuries are present or likely to develop 
[11]. Accordingly, prehospital providers should not perform otoscopic examination 
to conditionally exclude the presence of occult BLI in the absence of other symp-
toms such as respiratory distress, dyspnea, or chest pain.

An analysis of injuries among patients presenting to the closest hospital to the 
2004 Madrid Train Bombings showed that 28.5% of patients were hospitalized for 
>24 hours—12% of all casualties (32.5% of those hospitalized) were in critical con-
dition. Two died within minutes of arrival and 3 more died during hospitalization, 
bringing the critical mortality rate to just over 17%. Of the 243 patients with mod-
erate-to-severe trauma, 40% had chest injuries, 36% had “shrapnel” wounds, 18% 
had fractures, 18% had eye injuries, 12% had head injuries, and 5% had abdominal 
trauma [12].

 Scene Safety and Secondary Attacks

Scene safety is a paramount concern for rescuers in a bombing incident. 
Attackers may place secondary devices intended to injure first responders, as 
was done in the Atlanta Northside Family Planning Services Clinic bombing of 
1996. Blasts may cause fire directly or may disrupt gas lines, posing additional 
fire and explosion risks. Explosions may destabilize structures, thus risking col-
lapse and increasing risk to first responders. For example, a nurse who responded 
to the Murrah Federal Building bombing in Oklahoma City was killed by falling 
debris [13].

Secondary devices are a frequent concern among responders to bombing inci-
dents [3, 14]. While use of explosives in civilian settings has increased markedly 
over the past few decades, with a fourfold increase worldwide between 1999 and 
2006, the number of civilian bombings with secondary devices remains small [10]. 
Of the 36,110 bombing incidents in the United States between 1983 and 2002, no 
more than five involved a secondary device [15].

Staging to await clearance by other responders such as police is one tactic used 
by many responding organizations. However, this delays potentially life-saving 
interventions for victims that require care and may directly increase mortality [16]. 
Due to the complexities of explosive incident response, it is highly unlikely that 
law enforcement will be able to rapidly clear a blast site and determine if it is safe 
for additional responders within a meaningful time frame. Explosive detection 
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K-9 teams remain the most effective means of rapidly locating potential explo-
sive devices, but they have their own limitations such as availability and scene 
complexity.

In the event of a risk of scene hazardous-material or radioactive contamination, 
time, distance, and shielding must be used to minimize risk to responders and 
victims alike. Responders should minimize time spent in the incident area, maxi-
mizing staging and operational distance from the impact area, and utilize shielding 
in the form of terrain features, hard buildings, and personal protective equipment. 
Clinical interventions must be balanced against the risk to providers and casualties 
from additional explosions or consequences of explosions (e.g., building collapse). 
Risks of prehospital operations in the hot, warm, and cold zones are discussed in 
Chap. 15.

 Decontamination

Chemical, biological, and radiological (CBR) dispersal threats are, fortunately, rare 
in bombing incidents but must be considered. In 1995, members of a cult perpe-
trated five coordinated attacks on the Tokyo subway system with a nerve agent 
known as sarin [17]. Chlorine gas was reportedly used by Islamic State militants 
against Iraqi security forces [18]. The combination of chemical and explosive events 
is technically challenging for intentional attacks, but more commonplace in indus-
trial accidents.

CBR contamination complicates response to and care for victims of bombing 
events significantly. First, responders must recognize a CBR event. This may occur 
through observation of a release of material, receipt of a specific threat, or recogni-
tion of a cluster of effects among victims [19]. To prevent secondary contamination 
and exposure of healthcare personnel, victims require decontamination, which is a 
procedure that, under the best of conditions, is laborious and time-consuming. This 
is discussed in greater detail in Chap. 42.

 Triage

No triage system has demonstrated superiority over another in the literature, and 
many valid systems exist to include START, JumpSTART, SALT, and others. 
Chapter 13 details more thoroughly prehospital scene management and triage. 
Several mass-casualty incidents and training exercises have demonstrated the limi-
tations of existing triage systems in real-world events [20]. In some cases, patients 
in disasters who arrive at a nearby hospital do so by means other than EMS trans-
portation and bypass field triage Schemes [21, 22]. Casualties may be transported to 
the hospital by law enforcement or by other citizens present at the incident [23, 24].

Creating casualty collection points (CCPs) may delay transport to definitive 
care [25]. Delays in transport are potentially harmful to trauma patients who 
require surgical intervention and expose rescuers to the potential of secondary 
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attack intended to harm responders to the incident. Concentrating on detailed sort-
ing and tracking of patients takes additional time at the scene and may not sig-
nificantly help their care, unless robust field-treatment capabilities can be rapidly 
established. One successful example of aggressive prehospital care occurred after 
the simultaneous bombings of four commuter trains in Madrid in 2004. The coor-
dinated actions enabled evaluation, treatment, and discharge of victims with minor 
injuries away from overwhelmed nearby hospitals. After the Madrid train bomb-
ings of 2004, the closest facility received over 270 patients in the first 2.5 hours 
following the blast [26].

Some prehospital systems—notably Israel—defer full triage of casualties at 
mass-casualty incidents and employ basic “primary triage” schemes in order to 
minimize time spent on scene at an incident [27]. What is important in any triage 
scheme is that it be performed rapidly and that limited life-saving interventions 
such as hemorrhage control, airway management, and decompression of tension 
pneumothorax be performed immediately upon encountering the casualty and not 
deferred for rescuers to perform at higher echelons of care.

 Clinical Management

Rapid transportation to a capable receiving hospital is a priority of prehospital care, 
but doing so prior to or without performing certain life-saving interventions could 
result in a poorer outcome than for a patient who had correctable life-threatening 
injuries addressed in the field.

The Committee for Tactical Emergency Casualty Care (C-TECC) has created 
standards for immediate management of trauma casualties for providers ranging 
from the layperson to professional rescuers and receiving hospital personnel [28]. 
C-TECC has adopted “MARCHE” as a memory aid for priorities of tasks in deal-
ing with severely injured patients. The acronym stands for massive bleeding, air-
way, respirations, circulation, hypothermia, and everything else. United States Air 
Force Pararescue Technicians, have expanded this as a checklist with the mnemonic 
“MARCH-PAWS” which includes massive bleeding, airway, respirations, circula-
tion, hypothermia, pain, antibiotics, wounds, and splinting [29].

 Hemorrhage Control

Massive hemorrhage is the leading cause of preventable death in battlefield trauma 
[30]. Serious bleeding can render the casualty unconscious in less than a minute, 
with shock resulting quickly and irreversible shock occurring before arrival of pro-
fessional responders. Tissue damage from blast trauma can be extensive with large 
wounds, wide areas of exposed soft tissue, and partial or complete amputations 
of extremities. A study published by Ashkenazi et al. of blast injured patients in a 
terrorist attack, described 9 of 66 patients that suffered extremity wounds as a sole 
cause of hemorrhagic shock and required a mean of 10 units of packed red blood 
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cell transfusion in the first 24 hours of care [31]. A study by Heldenberg et al. of 
victims of terror-related explosions found that patients with vascular trauma had 
higher injury severity scores, longer admissions, and a mortality rate five times 
that of their counterparts without vascular trauma [32]. Kauvar et  al. showed 
that isolated lower-extremity vascular trauma carries a 10% mortality rate [33]. 
Management of external hemorrhage is a key “life skill” for which medical first 
responders should possess expertise and all community members should possess 
competence [34–36].

 Extremity Injuries

Significant extremity hemorrhage should be managed with immediate application 
of direct pressure. If direct pressure is insufficient to control hemorrhage, or if there 
is an amputation or near-amputation, a tourniquet should be applied to the most 
proximal area of the extremity [37]. EMS providers should remove the contents of 
pockets or tactical equipment to prevent interference with the tourniquet. However, 
generally, in the immediate phase, time should not be taken to remove clothing 
prior to tourniquet application. A rescuer should never delay application of a tour-
niquet over concerns about tissue damage or ischemia being caused by the tourni-
quet. Significant tourniquet complications such as limb loss are exceedingly rare, 
whereas external hemorrhage may kill a patient in minutes [38, 39].

Several commercial tourniquets are available that have been independently vali-
dated by the Committee on Tactical Combat Casualty Care (CoTCCC) and have 
seen successful use in combat theaters. These tourniquets have been found to be 
reliable, effective, and easy to use [40, 41]. Commercial tourniquets have advan-
tages over improvised tourniquets due to their ease of use, rapid application, and 
general reliability when applied properly [42]. If no commercial tourniquet is avail-
able, one may be fashioned from suitably wide fabric (2 inches is an ideal width), 
a rigid windlass to increase tension around the tourniquet to occlude proximal ves-
sels, and a locking mechanism [43].

 Junctional Hemorrhage

Wounds to the neck, groin, and axilla (i.e., at the junctions with the torso) are often 
not amenable to tourniquet application. These injuries should be managed by appli-
cation of direct pressure and then packing of the wound with dressing material. 
If sterile gauze is not immediately available, then any fabric can be substituted to 
gain control of bleeding. Infection or additional contamination of the wound with 
non- sterile dressing material are distant concerns to the immediate priority of hem-
orrhage control. Dressings impregnated with hemostatic agents may assist in clot 
formation; however, wound packing should not be delayed if hemostatic agents 
are not immediately available [44]. Several commercially available junctional 

J. R. Pickett et al.



169

tourniquets now exist that can help with control of hemorrhage that is too proximal 
for application of a tourniquet. These devices are relatively new to the market and 
comparative data are still forthcoming.

 Noncompressible Hemorrhage

Internal hemorrhage requires immediate surgical management, which is typically 
unavailable in the field setting. For these patients, adequate volume resuscita-
tion with blood products, reversal of shock physiology, and rapid transport to an 
appropriate surgical facility are key. Detection of those patients with uncontrolled 
hemorrhage in the field may expedite triage to surgical management. Point-of-care 
ultrasonography may be useful to identify intra-abdominal hemorrhage, estimate 
fluid status, and detect other potentially life-threatening issues such as cardiac tam-
ponade or tension pneumothorax [45, 46].

Emergent thoracotomy and cross-clamping of the aorta may, in rare cases, buy 
time for the casualty in the field; however, scant literature supports this in the pre-
hospital setting outside of individual case reports [47–49].

Resuscitative endovascular balloon occlusion of the aorta (REBOA) is a per-
cutaneous procedure whereby a balloon is placed through the femoral artery into 
the proximal or distal aorta, limiting blood flow to the lower part of the body and 
slowing the rate of hemorrhage. A study by Henry et al. showed that 10% of trauma 
patients who presented with cardiac arrest could have benefitted from REBOA [50]. 
Brede et al. showed that a training program for prehospital providers was effective 
in developing competence in the procedure [51]. Pasley et  al. demonstrated that 
a training program of independent duty medical technicians could bring REBOA 
closer to the point of injury in the prehospital setting [52]. Despite some promise, 
REBOA is contraindicated in concomitant chest injury and has little indication in 
traditional pre-hospital management of blast injuries.

 Airway Management

Airway obstruction in the prehospital setting can rapidly lead to brain damage and death, 
often before arrival of professional rescuers. While endotracheal intubation provides 
greater protection from aspiration and facilitates positive-pressure ventilation, other 
devices such as nasopharyngeal airways and supraglottic airways (SGA) can be rapidly 
placed with minimal preparation. Scant evidence exists to recommend one SGA over 
another in the emergency prehospital environment [53]. Further, in the trauma setting, 
SGAs did not result in better outcomes than surgical cricothyroidotomy [54].

A surgical airway is a little-used tool in emergency airway management in the 
civilian prehospital setting. It does have certain advantages in the field when the air-
way must be secured quickly and with little preparation or assistance. Studies have 
demonstrated the rapidity with which an endotracheal tube can be placed through 
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the cricothyroid membrane by paramedics using a simple open surgical approach 
[55, 56]. Several commercial devices exist to assist in placement of a surgical air-
way, though they vary in cost, complexity, and success of insertion [57–59].

Patients who are not breathing after airway obstruction has been addressed 
by positioning, nasal airway, SGA device, intubation, or surgical cricothyroidot-
omy have little to no chance of meaningful recovery. These casualties should be 
considered potentially unsalvageable without additional resources and managed 
accordingly.

 Inhalational Injuries

Explosions are often accompanied by fire and potential inhalational injury from 
smoke or poisonous gases. Inhalation of hot gases and particulates can injure the 
upper, middle, and lower airways. Products of combustion such as carbon monox-
ide (CO) and cyanide can asphyxiate casualties even after the exposure has ceased. 
Supplemental oxygen should be administered to maintain oxygen saturations above 
92% in order to accelerate the dissipation of carbon monoxide from the system.

A casualty who has inhaled hot gas may suffer rapid airway compromise due to 
airway edema [60]. It is important to consider early invasive airway management in 
patients who are exhibiting hoarseness, soot or edema in the oropharynx or nares, 
or worsening difficulty of breathing or a sensation that the throat is closing. At least 
one study suggests a decrease in mortality if the airway is secured prior to frank 
respiratory compromise [61].

Smoke inhalation may also cause bronchospasm, which should be treated with 
bronchodilators such as albuterol, ipratropium bromide, metaproterenol, or epi-
nephrine [62–65].

CO can be detected rapidly by CO-oximetry. Hyperbaric oxygen (HBO) treat-
ment may be considered in any patient who has been exposed to CO and exhib-
its neurological effects such as altered mental status, though most studies have 
failed to show improved outcomes with HBO in patients poisoned with CO [66, 
67]. However, victims of explosions may have traumatic injuries that take prece-
dence over the need for HBO treatment. If given a choice between transporting to 
an appropriate trauma center without hyperbaric capability and a hospital with a 
hyperbaric chamber but no trauma designation, the patient should be taken to the 
trauma center.

Cyanide is a frequent by-product of combustion of many modern building 
materials. In prehospital cyanide toxicity cases, hydroxocobalamin (Cyanokit®) 
is the preferred antidote. Hydroxocobalamin should be considered early in 
patients who have significant smoke exposure and cyanosis that does not resolve 
with oxygen administration. Although the significance of cyanide toxicity in 
smoke inhalation victims is uncertain, hydroxocobalamin is generally regarded 
as safe [68]. Older, multiagent cyanide antidotes may be considered; however, 
sodium thiosulfate will create a methemoglobinemia that will further impair 
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oxygen delivery in patients who have also been exposed to CO and result in 
potent vasodilation. Both sequelae are detrimental to hypovolemic patients.

 Open Chest Injuries

Tension pneumothorax in the blast casualty can be difficult to detect as it is often 
bilateral and unequal breath sounds are therefore not present. Rapid decompression 
of one or both sides of the chest should be considered in any blast casualty with 
absent or deteriorating vital signs, particularly if positive-pressure ventilations are 
being provided. To quote one report [69]: “In ventilated patients, (tension pneumo-
thorax) presents rapidly with consistent signs of respiratory and cardiac compro-
mise. In contrast, awake patients show a greater variability of presentations, which 
are generally more progressive, with slower decompensation.”

Needle chest decompression (NDC) thoracentesis is currently the only procedure 
available to many prehospital providers in the United States. The 68–87% success 
rate for NDC in pneumothorax [70] may belie the fact that the procedure frequently 
fails to evacuate an active, ongoing air leak. NDC failed to effectively decompress 
the thorax in 50% of patients with physiologic evidence of tension pneumothorax 
despite adequate catheter length [71]. This failure rate is unacceptable in a disease 
process that is rapidly fatal without successful intervention, particularly when a 
simple and highly effective alternative exists.

One animal study showed a failure rate of NDC of 58% and NDC failed to 
restore perfusion in 64% of models [72]. A 2017 review showed lack of objec-
tive clinical improvement in 90% and missed pneumothorax or ineffective drainage 
rate of 25–50% [72]. Other complications include failure to completely penetrate 
the chest wall, intrathoracic organ injury, cardiac tamponade, and serious bleeding 
from intercostal or pulmonary vessel injury. In an observational study of 25 emer-
gency physicians, only 60% identified the second intercostal space correctly [73]. 
Misplacement of a 4.5-cm needle in the anterior chest can easily injure mediastinal 
structures [74, 75]. This has led to many experts to recommend a lateral insertion 
along the midaxillary line in the 4th or 5th intercostal space [76, 77].

An observational study of severely injured trauma patients showed NDC suc-
cessfully relieved tension pneumothorax in only 18% of patients [70, 78]. Longer 
needles have been recommended by several studies of NDC, but this carries an 
increased risk of iatrogenic injury to great vessels, lung hilum, and the heart [77–82].

Simple thoracostomy (ST) is a rapid procedure for decompression of a tension 
pneumothorax, which takes less than 1 minute to perform and has a 97% success 
rate [83]. The blunt dissection technique carries a low risk of damage to intratho-
racic organs and large blood vessels [84]. Unlike NDC, ST maintains an open chan-
nel for continuous venting of excess pressure from the pleural cavity. A 2018 study 
by Dickson et  al. described their experience in an urban/suburban ground EMS 
system, where they found the procedure could be performed safely and effectively 
by paramedics [85].
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 Volume Resuscitation

Damage control resuscitation (DCR) principles apply in prehospital management of 
blast victims in shock. Previous recommendations for resuscitation included large 
volumes of isotonic crystalloid solutions, usually in the form of 0.9% sodium chloride 
(normal saline, or NS) or lactated Ringer’s (LR) solution. This resuscitation strategy 
has long been recognized to be inadequate in the setting of blood loss and potentially 
harmful. Several studies in the past few decades have demonstrated the harm caused 
with liberal use of crystalloids in the trauma patient [86]. A doctrine of “permissive 
hypotension” was adopted by most institutions in response to this research, whereby 
crystalloid solutions were withheld from the trauma patient, even if hypotensive, 
unless in frank shock [87]. This research, however, compared the use of limited crys-
talloids versus large-volume crystalloid infusions, but did not examine use of blood 
for resuscitation to keep the patient normotensive. In effect, crystalloids were shown 
to be harmful, but the studies did not show that hypotension was helpful [88].

NS and LR are acidic when compared to blood (pH 5.5 and 6.5, respectively). 
Balanced crystalloid solutions such as Normosol-R, Plasmalyte-A, and Isolyte® 
have a physiological pH of 7.4. These solutions and LR also have much lower chlo-
ride concentrations than NS.  The high chloride level in NS leads to impairment 
of the kidneys’ ability to reclaim bicarbonate and, consequently, the bicarbonate 
buffer system essential to maintaining a normal pH [89]. Balanced solutions are 
preferable to NS in the resuscitation of injured patients if crystalloid is to be used 
at all [90–92].

Over-resuscitation with crystalloid IV fluid has several harmful effects [93–95]. 
No crystalloids have oxygen-carrying capacity or clotting factors and have the net 
effect of diluting the blood. The lack of protein results in these fluids quickly redis-
tributing to the interstitial space, limiting their effectiveness at increasing blood 
volume for any significant period of time [96]. Patients during the Vietnam War 
who received crystalloid resuscitation often developed non-cardiogenic pulmonary 
edema which was colloquially referred to as “Da Nang lung” [97]. This threshold of 
harm is lower than previously thought, with increased rates of acute kidney injury, 
multiorgan system failure, intensive care unit (ICU) length of stay, hospital length of 
stay, and death once a trauma patient has received in excess of 1.5 L of crystalloids 
[98]. Poor perfusion may be evidenced by lack of peripheral pulses, skin mottling, 
and altered mental status, as well as tachycardia and hypotension. If crystalloids are 
to be administered, these should be limited to small volumes and only that amount 
needed to reverse frank shock. Balanced crystalloids are preferred to NS, and the 
recommendation from the CoTCCC is that NS be avoided altogether in trauma.

 Damage Control Resuscitation

Urgent surgical management is the mainstay of care for the critically injured trauma 
patient. The tyranny of distance and an overwhelming number of casualties may 
prolong evacuation to a surgical asset, leading to irreversible shock and death. It is 
during this prehospital and presurgical interval that appropriate resuscitation can 
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prolong the patient’s life, prevent further deterioration, and optimize the patient’s 
condition in preparation for surgery. In the setting of severe hemorrhage, a cascade 
of physiological changes known as the lethal triad of hemorrhage (acidosis, coagu-
lopathy, and hypothermia) occurs, which can potentially worsen bleeding and lead 
to organ failure from prolonged hypoperfusion and inflammation. Major exsangui-
nation can cause death within minutes, well before any significant alteration in body 
chemistry can take place. Most fatally injured patients, however, die 2.5 hours after 
the initial injury, after a time when the effects of hypoperfusion have damaged many 
body systems [99].

In the prehospital setting, the goals of damage control resuscitation (DCR) are 
mechanical control of hemorrhage, maintenance of the physiologic clotting cas-
cade (i.e., limit dilution and hypothermia while considering tranexamic acid), and 
supporting perfusion by restoring circulating blood volume [100]. While these 
interventions usually occur in the hospital setting, it may be appropriate for some 
prehospital care systems to implement aspects of DCR if time to definitive care is 
anticipated to be high and allowable within local jurisdictions.

 Prehospital Blood Products

There is currently no adequate substitute for lost blood other than blood transfusion. 
In most institutions, patients receive blood in components of packed red blood cells, 
plasma, and platelets. Current recommendations are that these should be given in 
equal ratios to best reconstitute the blood that the patient has lost. Cryoprecipitate 
may be added for additional fibrinogen and clotting factors. These components have 
limited shelf life and stringent storage requirements that require significant mea-
sures to maintain in a field environment.

Some institutions have begun transfusing whole blood (WB) to trauma patients. 
And several EMS agencies are now carrying WB or fractionated blood products in 
the field for resuscitation. Blood products in the civilian EMS setting were previ-
ously limited to critical-care interfacility transport services. The logistics required 
to maintain blood products within a tight temperature range and change them out 
frequently as they expire had made them seem impractical for EMS. With increas-
ing literature highlighting the dangers of crystalloids in trauma and the recognition 
of the value of early trauma resuscitation, some EMS systems have started carrying 
blood products such as packed red blood cells, liquid plasma, or cold-stored whole 
blood [101].

Whole blood has a relatively short shelf life (21–35 days, depending on the pre-
servative), but has the added advantage of carrying platelets, fibrinogen, and clot-
ting factors. Whole blood has been shown to be at least equivalent to components 
and may be superior [102, 103]. During the Vietnam War, over one million units 
of whole blood were transfused [104]. Whole blood has one-third the amount of 
preservative as an equivalent amount of fractionated products.

In remote environments, US military special operations teams have implemented 
a “walking blood bank” protocol, whereby ideal donors with type O blood and low 
levels of antibody titers are identified prior to deployment [105]. When a casualty 
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needs whole blood for survival, a donor on the team will immediately have a unit of 
whole blood drawn and delivered to the casualty. This enables medics to resuscitate 
the patient with blood without the logistical concerns of carrying blood products in a 
combat environment. Additionally, the donor has been found to remain combat effec-
tive with minimal noticeable performance decrement after donation of up to 500 mL 
of whole blood [106]. The Texas Ranger Division of the Texas Department of Public 
Safety has adopted this transfusion program for rural law enforcement operations in 
Texas as they often perform high-risk missions far from trauma centers.

Freeze-dried plasma (FDP) has been in use in France since the mid-1990s. This 
pooled plasma product is shelf-stable at room temperature. The powder can be 
quickly reconstituted with water in the field and provides advantages over other 
blood products in that it has a longer shelf life and tolerates field conditions better 
[107]. Several FDP products are now or soon to be on the market, and these may 
provide a viable option for trauma resuscitation in prehospital systems that cannot 
manage cold-stored whole blood, packed red blood cells, or liquid plasma.

 Tranexamic Acid

Tranexamic acid (TXA) is an antithrombolytic drug that can be administered via 
either intravenous or intraosseous routes. There is some data that it can be admin-
istered intramuscularly as well [108]. A large randomized controlled trial of TXA 
showed improved survival in a broad cohort of trauma patients [109]. Subsequent 
study showed the benefits of TXA are greatest when given inside 1 hour after injury 
and nonexistent if given outside 3 hours after injury and that the benefit of TXA 
drops 10% for every 15 minutes that administration is delayed [110].

Administration of TXA in the prehospital setting decreases time to administra-
tion [111] and reduces blood product usage [112, 113]. TXA also appears to benefit 
patients with severe injury scores or evidence of shock [112]. Along with blood 
products, TXA shows independent survival benefit in hemorrhagic shock and when 
administered with cryoprecipitate [114]. TXA is often recommended at a dose of 
1 g IV over 10 minutes once vascular access has been obtained. However, the ideal 
dose for trauma has yet to be identified. TXA has been given safely at higher doses 
in cardiothoracic, orthopedic, and obstetrical surgery.

TXA has shown some benefit in patients with head injury. A large, pragmatic 
multicenter trial showed that TXA improved survival in patients with mild-to- 
moderate traumatic brain injury and did not increase the number of patients surviv-
ing with poor neurological outcomes [115]. Other studies showed less impressive 
improvement but did not demonstrate harm from administration of TXA to patients 
with traumatic brain injury [116, 117]. Recent evidence indicates that a higher 
initial dose of 2 g intravenously may benefit patients without significant adverse 
effects. One study showed decreased mortality in these patients with a nonsignifi-
cant trend toward slowing progression of the hemorrhage [118]. Another study of 
military casualties showed lower mortality and an increased number of casualties 
improving to a Glasgow Coma Scale (GCS) score of 14 or 15 [119].
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 Hypothermia Management

Decreased perfusion of tissues from shock will decrease oxygen delivery. Anaerobic 
metabolism is far less efficient at producing heat compared to the electron transport 
chain that is used when oxygen is plentiful. This can result in hypothermia, which 
impairs the body’s clotting mechanisms. Other pathways for heat loss include mois-
ture evaporation from wounds, convection into the air, conduction via direct contact 
with the ground, and decreased mobility resulting in decreased heat production. The 
patient may, therefore, become hypothermic, even in warm ambient temperatures. 
Additional risk factors for hypothermia in trauma patients arriving by EMS include 
endotracheal intubation, comorbidities, and increased injury severity [120, 121].

Once the patient has been examined and injuries stabilized, aggressive measures 
to insulate the patient and provide active warming should be initiated. Several com-
mercially available warming blankets and reflective wraps will serve this purpose. 
A technique used by the Norwegian Special Operations Commando includes wrap-
ping the patient in clear plastic bubble wrap, which enables the medic to insulate the 
patient but monitor for unexpected blood loss [122].

It is advisable to utilize fluid warmers, if any intravenous fluids are to be given, 
to reduce the cooling effect these fluids have when given at storage (room) tempera-
ture [123]. The use of inline fluid warmers is paramount if blood products are to be 
given, because these are often stored at relatively cold temperatures (2–6 °C).

 Head Injuries

Blast trauma can lead to a wide spectrum of traumatic brain injuries that range from 
occult to potentially severe and fatal outcomes. Traumatic brain injuries (TBIs) 
result in a significant societal burden and financial cost [123, 124]. Aggressive pre-
vention of hypoxia and hypotension has been shown to significantly improve out-
comes in moderate and severe head injuries by reducing the incidence of secondary 
brain injury [125].Severe TBIs, including both blunt impacts and those resulting 
from penetration of the cranial vault, have significant mortality rates. Cessation of 
respiratory effort in the trauma casualty is an extremely poor prognostic sign, as it 
often portends severe and irreversible damage to the central nervous system. Impact 
brain apnea (IBA) is an underrecognized but significant and preventable contribu-
tor to death resulting from TBI [126]. If not rapidly self-terminated or corrected by 
artificial means, IBA will lead to hypoxia-induced cardiac arrest.

Hypotension, even if only a single episode, dramatically increases mortality 
rates. In the setting of TBI, there is no identifiable threshold for a safe decrease in 
blood pressure below that of normalized hemodynamics [127]. Aggressive efforts 
should be made to optimize hemodynamics, oxygenation, and ventilation in this 
patient population to prevent secondary brain injury. If other injuries allow, the 
patient should be maintained in a 30-degree head-elevated position in an effort to 
lower the intracranial pressure [128]. With evidence of impending or active hernia-
tion, such as unilateral dilation of one pupil with decreasing level of consciousness, 
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it may be advantageous to administer 250  mL of a 3% or 5% hypertonic saline 
solution. Modest hyperventilation targeted to an end-tidal carbon dioxide level of 
30–35 mmHg is appropriate in the setting of active herniation as well. Even mild 
traumatic brain injury (mTBI) can result in significant and persistent symptoms 
such as headache, nausea, vomiting, vertigo, balance problems, fatigue, sleep dis-
turbances, drowsiness, sensitivity to light or noise, blurred vision, difficulty remem-
bering, or difficulty concentrating [129]. One of the more challenging aspects of 
managing mild and occult traumatic brain injuries is screening potential patients 
and reliably identifying mTBI. The Military Acute Concussion Evaluation, a com-
mon TBI screening tool based on the Standardized Assessment of Concussion, may 
have limited application in the civilian setting as a standalone tool [130, 131].

 Pain Control

Management of pain at the point of wounding has been shown to reduce posttrau-
matic stress disorder (PTSD) in combat casualties [132, 133]. Several options exist 
that are appropriate to the prehospital setting.

For severe pain, transmucosal fentanyl citrate 800 mcg can be used as a lozenge 
against the buccal mucosa [131]. Intravenous, intramuscular, and intranasal fentanyl 
at doses of 1–2 mcg/kg causes less histamine release and hypotension than mor-
phine and is relatively short acting [134, 135]. For casualties in shock or in whom 
there is a concern for loss of airway control, the dissociative anesthetic ketamine 
can provide analgesia without significant drop in blood pressure or loss of protective 
airway reflexes [136]. Ketamine is administered intravenously or intramuscularly in 
doses of 0.1–0.3 mg/kg for pain management [137]. Intravenous acetaminophen is 
another option recently available in the United States, which can help manage pain 
without affecting platelet function [138]. Oral pain medication should be deferred 
unless there are expected significant delays to care. In these cases, responders may 
use oral acetaminophen or meloxicam for mild-to-moderate pain [139].

 Antibiotic Administration

Blasts carry particulate matter in the form of soil, clothing, and other fragments 
deep into the body, and complex polymicrobial wound infections are common 
[140]. During Operation GOTHIC SERPENT (aka the Battle of Mogadishu) in 
1993, casualties experienced a nearly 30% wound infection rate, although none 
reached definitive care (and presumably antibiotic administration) for more than 
18 hours after the battle started. Early antibiotic therapy is therefore important and 
may reduce combat infection rates [141, 142].

Antibiotics are rarely given in the civilian EMS setting due to relatively short 
transport times and lack of perceived benefit. In austere environments with 
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prolonged evacuation times, antibiotics are more practical. Antibiotic therapy for 
the prehospital setting must meet several operational requirements: They must be 
simple to administer, must be shelf stable across wide temperature ranges, have 
broad antimicrobial spectra, and should have relatively long dosing intervals since 
medical personnel are typically limited and will have multiple tasks to accomplish. 
Ertapenem, meropenem, ceftriaxone, cefepime, moxifloxacin, and aztreonam are 
some antibiotics that meet these goals. They have the added advantage that several 
can be safely administered intramuscularly, if IV and IO access is not obtainable.

 Wound Care

Blast injuries are unique from other types of penetrating and blunt trauma in the 
sheer number of wounds that can be suffered by each casualty. After life-threatening 
hemorrhage has been addressed, medics should dress other wounds to prevent fur-
ther blood and insensible fluid loss, protect from contamination, and preserve body 
heat. This may require a substantial amount of bandage material. Wounds must be 
monitored for increasing bleeding. Securing dressings with clear cellophane wrap 
may enable the medic to observe these wounds and preserve body heat. This is also 
appropriate for abdominal eviscerations where organs must be protected from dry-
ing out.

Burn wounds can be severe depending on a casualty’s proximity to the blast site. 
Burn wounds should be addressed appropriately, with focus on stopping the burn 
process, dressing open wounds with sterile dressings, protection from further heat 
loss through disrupted skin, and transport to a capable burn or trauma center for 
definitive care.

It has been estimated that up to 40–50% of the relatively minor wounds affecting 
the soft tissues and bones can be safely treated with appropriate first-aid measures 
alone, thus easing the burden on hospital facilities and saving scarce resources and 
operating time [143].

 Splinting

Blasts frequently induce extremity injuries. Fractures and amputations were 
extremely common at the Boston Marathon Bombing in 2013 and were universal in 
the Austin bombing incidents in 2018 [144, 145]. A variety of splint materials are 
available for prehospital use, but padded malleable aluminum splints are versatile, 
compact, and lightweight. As a general rule, civilian EMS personnel will splint 
fractures and dislocations in the position found, but will reduce these fractures in 
the field, if absent distal pulses or sensation indicate vascular compromise [146]. In 
a prolonged field care scenario, it is prudent to reduce fractures in order to reduce 
pain, control bleeding, and prevent ischemia.
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 Conclusion

Management of casualties from blast trauma can quickly tax EMS personnel due to 
injury burden and the propensity for multiple casualties at a scene. Limiting risk to 
prehospital providers by minimizing time in the blast zone, utilizing personal pro-
tective equipment, quickly extracting victims, and utilizing cover from terrain are 
the first steps in ensuring adequate prehospital care. Life-threatening hemorrhage 
should be addressed immediately when found and should not be deferred for other 
providers or for extraction. Airway management, decompression of pneumothorax, 
judicial volume resuscitation, and prevention of hypothermia follow hemorrhage 
control in the immediate period following blast injury. Additional priorities such as 
pain management, antibiotic administration, wound care, and splinting of fractures 
and dislocations should be addressed as time and circumstances allow. Casualties 
must be brought to definitive surgical care as rapidly as possible but actions in the 
prehospital setting will ensure patients arrive in the best possible condition to sur-
vive surgical management.

Key Points
• Blast injuries produce complex, multisystem trauma due to the presence of 

overpressure, penetrating, blunt, and thermal trauma. EMS trauma care 
should follow a standardized approach based on TECC that emphasizes 
immediate hemorrhage control.

• Exsanguinating external hemorrhage must be immediately controlled with 
direct pressure, tourniquet, wound packing, or junctional hemorrhage 
device. Casualties with suspected internal hemorrhage must be expedi-
tiously transported to a hospital or other facility capable of performing 
emergent surgery.

• Tension pneumothorax is often bilateral and therefore more difficult to 
detect with asymmetric lung sounds. Consider chest decompression in 
patients with difficulty breathing, unexplained tachycardia, or worsening 
shock. Needle decompression has a relatively high failure rate due to 
incorrect placement or high-volume air leak into pleural spaces secondary 
to bronchopleural fistulae.

• Whole blood or component therapy is the trauma resuscitation fluid of 
choice.

• Aggressively prevent hypothermia. Blast victims are at high risk for hypo-
thermia, which can result in coagulopathy and increased mortality.

J. R. Pickett et al.



179

Pitfalls
• Not maintaining a high index of suspicion for secondary threats. EMS and 

other first responders are at high personal risk during the response to a 
blast incident. Scene safety is paramount.

• Not placing a tourniquet proximal to a severe extremity injury, regardless 
of whether or not it is actively bleeding.

• Not fully examining casualties for posterior or hidden wounds.
• Allowing even transient hypoxia or hypotension to occur may initiate or 

exacerbate secondary brain injury caused by increased intracranial 
pressure.

• Overuse of IV crystalloid fluids can cause harm without significant benefit 
in casualties with uncontrolled hemorrhage. Even a relatively small 
amount, 1.5 L in the adult, increases morbidity and mortality.

Pearls
• Primary blast injuries carry a high mortality and may not be readily appar-

ent during initial examinations by EMS personnel. Providers should con-
sider factors that increase the likelihood of the presence or subsequent 
development of primary blast injuries (e.g., vicinity of victim to blast site, 
open- versus closed-space blast, magnitude of explosive device, etc.).

• TXA administered in the prehospital phase of care can reduce bleeding and 
mortality. Since the benefits of TXA drop rapidly as administration is 
delayed, it should be administered as soon as feasible.

• Unusual hemodynamic or neurological presentations could be explained 
by inhalation of poisonous gases or arterial air embolism secondary to lung 
injury.

• When transportation to a hospital is significantly delayed, antibiotics are 
essential to prevent infection. The treater must also pay continued attention 
to pain management, positioning, comfort, and prevention of 
hypothermia.

• Clear plastic wrapping can be used to bandage penetrating wounds, evis-
cerations, and burns. It has advantages over fabric dressings, because it is 
extremely lightweight, compact, and self-adhesive, allows the medic to 
monitor for continued bleeding, and serves as an occlusive dressing to 
maintain moisture in wounds and prevent air entry.
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 Overview of Explosive Mass Casualty Incidents

Worldwide, the terrorist threat has increased dramatically since 2001 (Fig. 13.1). In 
2016, the number of casualties from terrorist incidents was 59,435. Many of these 
international attacks utilized explosive devices and resulted in mass casualty inci-
dents (MCIs). In the United States, annual explosion rates top 600/year and a major-
ity are intentional bombings (Figs. 13.2 and 13.3) [1–11].

An MCI is an event that causes casualties in sufficient number or acuity to over-
whelm the locally available medical and public health services and resources [12]. 
Large numbers of casualties alone can stress medical capabilities and resources. 
However, explosives are uniquely suited to cause MCIs due to their ability to affect 
large areas and numbers of people, produce severe and complicated injuries, cause 
massive structural damage, displace populations, and create environmental hazards 
(Table 13.1).

The characteristics of the bomb and explosion have a large impact on the 
resources needed for response and how to distribute them. A 2003 examination of 
44 blast MCIs evaluated many of these differences [13]. Immediate mortality ranged 
from 0% to 68%, early (on-scene) mortality ranged from 0% to 4%, and late mortal-
ity ranged from 0% to 5%. ED utilization ranged from 26% to 100% of initial 
survivors.

Explosive MCIs also vary greatly in their epidemiological outcomes, time 
courses of resource needs, and overall use of resources. These vary in somewhat 
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predictable ways depending on the type of explosion, explosion setting, and blast 
sequelae [14]. This predictability can help emergency systems prepare for and react 
to explosive MCIs. The explosive incident characteristics useful for planning and 
predictive purpose include incident proximity to hospitals, explosive payload and 
mechanism of delivery, early warning and evacuation prior to detonation, open-air 
versus confined-space setting, and any structural collapse or fire. All of these char-
acteristics have implications for MCI management, as well as anticipated impacts 
on number of patients, injury frequency, and injury severity. These effects are sum-
marized in Table 13.2.

70000

60000

50000

40000

30000

20000

10000

0
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

*

Incidents

Casualties

Fig. 13.1 Numbers of international terrorism incidents and casualties in 2000–2016 [1–9]. (∗Data 
not available for 2004)
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Fig. 13.3 United States explosions incidents types in 2016 [11]

Table 13.1 Relevant Explosive MCI Characteristics

High volume of casualties
Complex poly-trauma injuries may require specialized equipment and/or resources.
Structural damage resulting in casualty entrapment and prolonged extrications that overwhelm 
search, rescue, and evacuation capabilities
Contamination or environmental hazards may displace personnel from living or working areas
Ongoing security challenges and information management (i.e., social media) challenges

Table 13.2 Blast MCI characteristics and the implications and Anticipated impacts on hospitals

Blast MCI 
characteristic Implication

Anticipated impacts
Numbers 
seeking 
emergency care

Frequency of blast 
injury type Injury severity

Blast proximity 
to closest care 
center

1.  Increased 
number of 
injured survivors 
will arrive at ED 
outside EMS

2.  Decreased EMS 
transport time

Increased 
number at 
nearby hospitals

Increased primary 
blast injuries, 
traumatic 
amputations, and 
many minor injuries

Variable – 
more minor 
and more 
serious injuries

Vehicle- 
delivered 
explosive

1.  Increase 
explosive 
magnitude

2.  Structural 
collapse possible

3.  Increase 
immediate 
deaths close to 
detonation point 
or inside 
collapse

Increase; may 
produce 100s to 
1000s of injured 
survivors

Variable Increased

(continued)
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Table 13.2 (continued)

Blast MCI 
characteristic Implication

Anticipated impacts
Numbers 
seeking 
emergency care

Frequency of blast 
injury type Injury severity

Evacuation 
prior to 
explosion or 
collapse

1.  Increase distance 
between 
potential victims 
and detonation 
point

2.  Decreased 
number at risk

Decrease Decrease primary 
blast injury, 
traumatic 
amputations, flash 
burns

Decrease

Open-air setting 1.  Blast energy 
dissipated, but 
spread over 
greater area

2.  Structural 
collapse unlikely

3.  Decrease 
number of 
immediate 
deaths

Increase; may 
produce up to 
200 injured 
survivors

Increase secondary 
blast injury

Decrease – 
more injuries 
minor

Confined space 
setting

1.  Blast energy 
potentiated, but 
contained in 
lesser area

2.  Increased 
number of 
immediate 
deaths inside 
space

3.  Increased 
number of 
injured exposed 
to blast effects

4.  Increased effects 
in smaller space 
(bus ≫ public 
room)

Decrease; 
usually 
produces <100 
injured 
survivors

Increased primary 
blast injury, 
amputations, burns

Greatly 
increased

Structural 
collapse result

1.  Increased 
explosive 
magnitude

2.  Collateral 
damage outside 
structure 
possible

3.  Increased 
number of 
immediate 
deaths inside 
collapse

4.  Increased effects 
with taller 
building

1.  Variable
2.  Decreased 

number from 
inside 
structural 
collapse

3.  Increased 
number from 
outside 
structural 
collapse

4.  May produce 
100s to 
1000s of 
injured 
survivors

Increased inhalation 
injury, crush injury

Increased
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Vehicle-delivered explosives often have a larger explosive magnitude and, if the 
vehicle is driven close to or into a structure, can cause collapse, thereby producing 
hundreds or even thousands of casualties to occupants and causing additional injury 
patterns. For example, explosives in a van were used to attack the World Trade 
Center in 1993. There were few deaths or injuries from the blast in an underground 
parking space, but it caused hundreds of casualties from smoke inhalation [15].

Explosions occurring in open-air setting compared to those in confined spaces, 
tend to decrease primary blast injury casualties because the blast energy is dissi-
pated over a larger area. Victims close enough to sustain primary blast injury of the 
lungs or bowel tend to be killed outright by a combination of mechanisms, hence 
not becoming patients entering the medical system [14]. Although this tends to 
decrease the percentages of immediate deaths and overall injury severity, it tends to 
increase the percentage of initial survivors with secondary blast injuries requiring 
emergency medical system (EMS) intervention.

Explosions in confined spaces have their energy potentiated but concentrated in 
a smaller area [14]. This effect is enhanced by smaller structures or bombs placed in 
private or public transportation vehicles. This increases the chance of immediate 
deaths and increases the exposure to bomb additives [16]. Any increased number of 
immediate deaths acts to decrease the percentages of total victims seeking aid.

Structural collapse typically implies a larger explosion magnitude [14]. Collapse 
is likely to kill more people inside the structure as crush and inhalation injuries are 
compounded atop the injuries caused by the blast. For example, in the 1993 World 
Trade Center bombing, almost 88.8% of 546 casualties seeking hospital care were 
from smoke inhalation [17]. In addition, structural collapse often requires massive, 
specialized resources for rescue and result in high mortality, with delays in initial 
evaluation and stabilization. Should a fire result inside a building or vehicle, this 
will likely complicate extrication attempts, particularly in very tall buildings where 
vertical movement may be more difficult [14]. It may also require adjusting the 

Blast MCI 
characteristic Implication

Anticipated impacts
Numbers 
seeking 
emergency care

Frequency of blast 
injury type Injury severity

Structural fire 
result

1.  Increased 
number of 
victims inside 
structure 
exposed to 
smoke and fire

2.  Increased effects 
with taller 
building

3.  Increased 
evacuation time 
in high rise fire

Increased 
number from 
inside structure

1.  Increase burns, 
inhalation injury

2.  Increased 
inhalation injury 
in high rise fire

Variable

Modified from Halpern et al. [14], reproduced with permission
ED emergency department, EMS Emergency Management Services

Table 13.2 (continued)
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prehospital treatment, because of ongoing risks to responders, combined burn- 
crush- blast injuries, and alterations in destination protocols.

It is important for the prehospital providers and on-scene Incident Command 
System (ICS) to be aware of these factors and impacts, as they can inform what 
resources they request, and how they request them. They can also help them under-
stand higher-level decisions about where to route patients and why there are delays 
in resources. Regardless of the location, explosive MCIs present substantial risks to 
responders, such as ongoing terrorist threats, secondary explosions, unstable struc-
tures, and electrical and fire hazards. The response to such attacks requires a coor-
dinated multi-jurisdictional approach, and this is best coordinated using the 
ICS. And all of these factors highlight the need for effective dynamic triage.

 Incident Command in Explosive Mass Casualty Incidents

The initial chaos following a blast incident provides a difficult command, control, 
and logistics problem. How does one alert, marshal, and coordinate the assets nec-
essary to effectively respond to a blast MCI? As noted in Chap. 6, emergency 
response organizations in the United States employ the National Incident 
Management System (NIMS) to structure emergency management activities related 
to preparedness, operational command, resource management, communication and 
information management, and maintenance [18]. Under NIMS, command and con-
trol of these activities is structured under the ICS to enable effective and efficient 
integration of facilities, equipment, personnel, procedures, and communications. 
Incidents of all types require the same broad functions in order to be managed suc-
cessfully. The ICS breaks these functions out into the following areas: command, 
operations, planning, logistics, and finance/administration. The ICS seeks to accom-
plish these functions by leveraging its core principles of modular organization, inte-
grated communications, manageable spans of control, transfer of command, and an 
incident action plan. Modular organization allows the ICS to be built, piece-by- 
piece, as assets and personnel arrive on scene. Integrated communications ensure 
that all elements of the response are in contact with each other. Manageable span of 
control ensures that no individual is directing more personnel than they are capable 
of personally overseeing. Transfer of command ensures appropriate, accurate, and 
timely handoff between commanders. An incident action plan ensures that there is a 
coherent framework for continued response to the incident.

Explosive MCIs are complex and highly dynamic with compressed response 
timelines that challenge the implementation of ICS. The keys to establishing an 
effective ICS after an explosive MCI is to start small, start early, and have a frame-
work [12]. The ICS starts from the first step of the medical response as the initial 
responders designate an incident commander. As more personnel arrive on scene, 
the initial incident commander may transition command to a more capable person. 
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In the case of an explosive event, either law enforcement or fire department person-
nel will likely act as incident command (IC). Law enforcement is generally the IC 
if there is a persistent criminal threat with fire taking command once this threat is 
mitigated and the focus shifts to rescue. Command may change during the incident 
and the transfer of command must include a briefing, even if informal, including all 
essential information up until that point. Furthermore, all responding personnel 
must clearly understand when and to whom command has transitioned.

Manageable spans of control can be maintained as more personnel arrive by 
delegating responsibilities and organizing arriving personnel into well-defined 
teams with clear leadership, roles, and duties. Integrated communications must be 
maintained between arriving personnel, especially when a whole new organiza-
tion (e.g., EMS) arrives. As more responders become available, these personnel 
can provide the planning, logistics, and finance functions (Fig. 13.4) that may not 
have been necessary during the initial response. The trend toward integrated 
warm-zone operations (e.g., Rescue Task Force), discussed in Chap. 15, is a 
model that facilitates improved communication during high-threat incidents such 
as the explosive MCI.

There is controversy as to the universality and effectiveness of the ICS in a 
dynamic MCI such as a terrorist bomb attack [19]. The ICS appears to be most 
effective under certain conditions. For instance, it may work best for events that are 
limited in duration, objectives, and scope. This would seem to make it well-suited 
for response to a blast incident. It also appears to work best when there is a shared 
vision for response among the participating organizations, there are strong working 
relationships among individual responders, and the individual responders are trained 
in, or familiar with, the ICS structure. This highlights the need to get organizational 
buy-in before an incident occurs, as well as the need to conduct integrated training 
exercises.

Incident
commander

Operations
section chief

Planning
section chief

Logistics
section chief

Finance/admin
section chief

Fig. 13.4 Incident Command System structure [18]
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 Security Priorities in Explosive MCI Response

Security is paramount following an explosive MCI.  Regardless of whether the 
explosion was intentional or accidental, secondary explosions, fires, structural col-
lapse, and toxic inhalation can threaten first responders. In the case of intentional 
bombings, the possibility of additional security threats following the initial attack 
must be considered [10, 11, 20]. Secondary attacks on first responders—an initial 
attack may be a ruse to draw resources to the area in order to affect a larger attack—
are an increasingly common tactic in terrorism. From the attacker’s perspective, the 
concentration of emergency personnel provides a target-rich environment for a sec-
ond explosive device or other follow-up attack. Thus, it is important for law enforce-
ment and other security forces to be integrated into the ICS and the overall disaster 
response system. Security forces should maintain control of ingress and egress 
routes from the scene or scenes. They should also consider the area immediately 
surrounding them. These areas should be observed or cleared if suspicion is high 
enough. If an explosive device is suspected, bomb expert personnel, either law 
enforcement or military, need to be notified in order to deal with the threat. 
Figure  13.5 provides a rough guideline for the evacuation distances necessary 
depending on the type of threatening device [21]. Keep in mind that a clever terror-
ist might set a decoy to cause evacuation, with the real device set along the most 
likely evacuation routes and destinations, including hospitals.

As emergency responders, it is also important to note that nonprofessional 
bystanders at the scene will likely be the first responders to any blast incident [22]. 
The historical MCI focus on “crowd control” has largely evolved, acknowledging 
the important role active bystanders can play in reducing mortality. Lay public train-
ing courses that teach global sorting and provide a narrow range of LSI—generally 
open airway and hemorrhage control—can be important force multipliers. However, 
the extended presence of active bystanders on scene creates a host of security con-
cerns including but not limited to threat of perpetrating secondary attack, increased 
victim load if follow-on incident, and physical overcrowding of response area. First 
responder agencies must consider the planning and response implications that this 
new reality brings including impacts on security, communication, and on-scene 
leadership roles.

 Triage in the Explosive MCI

Historically, there has been great variability in all hazard mass casualty triage sys-
tems. And currently, there exists no validated triage tool for victims of the explosive 
MCI. However, data and experience suggest that having a system, even if not ideal, 
is more effective than a completely ad hoc response.

The Centers for Disease Control and Prevention (CDC) funded the development 
of standardized criteria known as the Model Uniform Core Criteria for Mass 
Casualty Triage (MUCC) [23–25]. The MUCC were integrated into the National 
Highway Traffic and Safety Administration (NHTSA) January 2017 guidance for 
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UNCLASSIFIED

Improvised Explosive Device (lED) Safe Standoff Distance Cheat Sheet

Threat Description

Threat Description

Explosives Mass1

(TNT equivalent)

LPG Mass/Volume1

Building
Evacuation
Distance2

Fireball
Diameter4

Outdoor
Evacuation
Distance3

Safe
Distance5

Pipe Bomb

Suicide Belt

Suicide Vest

Briefcase/Suitcase
Bomb

Compact Sedan

Sedan

Passenger/Cargo Van

Small Moving Van/
Delivery Truck

Moving Van/Water
Truck

Semitrailer

5 lbs
2.3 kg

10 lbs
4.5 kg

20 lbs
9 kg

50 lbs
23 kg

500 lbs
227 kg

1,000 lbs
454 kg

4,000 lbs
1,814 kg

10,000 lbs
4,536 kg

30,000 lbs
13,608 kg

60,000 lbs
27,216 kg

70 ft
21 m

90 ft
27 m

110 ft
34 m

150 ft
46 m

320 ft
98 m
400 ft
122 m
640 ft
195 m
860 ft
263 m

1,240 ft
375 m

1,570 ft
475 m

850 ft
259 m

1,080 ft
330 m

1,360 ft
415 m

1,850 ft
564 m

1,750 ft
534 m

2,750 ft
838 m

3,750 ft
1,143 m

6,500 ft
1,982 m

7,000 ft
2,134 m

1,500 ft
457 m

Small LPG Tank

Small LPG Truck

Semitanker LPG

Large LPG Tank

Commerical/Residential
LPG Tank

20 lbs/5 gal
9 kg/19 l

100 lbs/25 gal
45 kg/95 l

2,000  lbs/500 gal
907 kg/1,893 l

8,000 lbs/2,000 gal
3,630 kg/7,570 l

40,000 lbs/10,000 gal
18,144 kg/37,850 l

40 ft
12 m

69 ft
21 m

184 ft
56 m

292 ft
89 m

499 ft
152 m

160 ft
48 m

276 ft
84 m

736 ft
224 m

1,168 ft
356 m

1,996 ft
608 m
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1Based on the maximum amount of material that could reasonably fit into a container or vehicle. Variations possible.
2Governed by the abilty of an unreinforced building withstand severe damage or collapse.
3Governed by the greater of fragment throw distance or glass breakage/falling glass hazard distance. These distances
can be reduced for personnel wearing basllistic protection. Note that the pipe bomb, suicide belt/vest, and
briefcase/suitcase bomb are assumed to have a fragmentation characteristic that requires greater standoff distances than
an equal amount of explosives in a vehicle.
4Assuming efficient mixing of the flammable gas with ambient air.
5Determined by U.S. firefighting practices wherein safe distances are approximately 4 times the flame height. Note that
an LPG tank filled with high explosives would require a significantly greater standoff distance than if it were filled with
LPG.

UNCLASSIFIED

Fig. 13.5 Improvised Explosive Device Safe Standoff Distance Cheat Sheet [21]
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EMS education programs. SMART (not an acronym) and SALT (Sort, Assess, 
Lifesaving Interventions [LSI], Transport) triage are examples of MUCC-compliant 
triage systems. SALT triage (Fig. 13.6) is the most commonly used. It is a nonpro-
prietary system that will be further described. Simple Triage and Rapid Treatment 
(START) is another commonly used triage system in the United States, but it is not 
MUCC-compliant and not in line with NHTSA guidance.

SALT triage and all MUCC-compliant systems utilize two steps: (1) global sort-
ing of casualties and (2) LSI and individual victim assessment (see Fig. 13.6).

 Global Sorting

All casualties are given clear, verbal commands augmented with hand signals 
regarding where to go and what to do in order to receive help. Those patients 
completely unable to respond to verbal commands are those most likely to require 
lifesaving interventions first. Thus, global sorting decreases the time it takes to get 
to those patients most in need of lifesaving interventions. Those casualties able to 
heed the instructions should be evaluated on scene and, if deemed low acuity, may 
be transported to designated facilities after scene clearance of more critical 
patients.

Step 1 – Sort:
global sorting

Step 2 – Assess:
individual assessment

Walk
Assess 3rd

Wave / Purposeful movement
Assess 2nd

Still / Obvious life threat
Assess 1st

LSI:
• Control major hemorrhage

• Has Peripheral Pulse?
• Not in respiratory distress?
• Major hemorrahage is controlled?

• Obeys commands or makes
   purposeful movements?

• Chest decompression
• Auto injector antidotes

• Open airway (if child
  consider 2 rescue breaths) Breathing

Yes
Yes

Yes

Yes

No

Dead

All

Any No
No

No

Minor
Injuries
only?

Minimal

Delayed

Immediate

Expectant

Likely to survive given
current resources

SALT mass casualty triage

Fig. 13.6 SALT mass casualty triage [24]. LSI, lifesaving interventions
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 Individual Assessment

In SALT triage, there are no specific vital sign parameters to be memorized. Instead, 
the provider needs only to check for the presence of a peripheral pulse, the appear-
ance of difficulty breathing and make a quick clinical assessment. This makes the 
triage scheme easier to remember, faster to apply, and usable for patients of all ages. 
All MUCC-compliant triage systems utilize the following triage categories: imme-
diate (red), delayed (yellow), minimal (green), expectant (blue or gray), and dead 
(black). The categories can be remembered by using the mnemonic ID-MED and 
are consistent with US Military and North Atlantic Treaty Organization (NATO) 
triage categories.

The expectant category is resource-based and the use of this category changes 
depending on the magnitude of the event, the available resources, and the provider’s 
level of training and comfort with using the category. The expectant category will 
only be needed if there are not enough resources available to meet demand. This 
allows providers to allocate scarce resources to potentially salvageable patients 
rather than applying resuscitation resources to those who are unlikely to survive. 
Labeling and identifying victims who are unlikely to survive as expectant is impor-
tant to limit redundant triaging and so that resuscitation or comfort care can be 
provided when resources become available.

Casualties that are triaged as minimal may be transported to designated facilities 
after scene clearance of more critical patients. The consolidation of the minimal 
patients at the scene while more seriously injured patients are evacuated still requires 
resources. In an explosive incident, minor-appearing injuries with major life threats 
can be missed during the initial sorting. Medically, these victims will require a more 
thorough evaluation as soon as time permits. However, depending on the resources 
available, it may take several minutes or even hours before these patients can be 
given a more detailed evaluation. One mitigation strategy is to assign incoming 
personnel to the green zone as a re-triage officer. This person will operate in an 
environment with high patient-to-provider ratios and be responsible for re-triage, 
casualty accountability, and integrated operations with security personnel who will 
likely need to screen and interview all victims. Some patients who do not need 
urgent or emergent care can be reassured and sent home or to primary care follow-
 up, if adequately assessed at the scene.

The scene assessment needs to go beyond a triage assessment and must be pro-
vided by a practitioner who is familiar with injuries related to blasts. Patients with 
minor injuries should have no shortness of breath, abdominal pain, oropharyngeal 
petechia, and no penetrating wounds to the neck, thorax, abdomen, or over joints or 
major vascular structures.

All patients with concern for primary blast lung should be transported to a loca-
tion with chest X-ray capabilities. Most patients with a concern for primary blast 
lung injury would be triaged as immediate or delayed depending on the severity of 
hypoxemia or respiratory distress. Symptoms and signs appear relatively early after 
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exposure, and prolonged observation to rule out blast lung injury may not be neces-
sary [26]. Other aspects of the patient should be assessed, such as presence of visi-
ble trauma, lung sounds, and abnormal vital signs (tachypnea or tachycardia) to 
determine if there is an underlying severe injury. Point-of-care ultrasonography 
(POCUS) can help discriminate between pneumothorax and potential primary blast 
lung injury in the field or in the hospital.

Providers should consider legality here, as they cannot legally prevent a patient 
from leaving the scene to seek aid wherever they choose. Thus, patients cannot be 
stopped from leaving the scene, only advised as to the best course of action. 
Similarly, due to the Emergency Medical Treatment and Active Labor Act 
(EMTALA), emergency departments cannot turn away patients who present seek-
ing care, though they can be medically screened and assessed to not have a life- 
threatening condition and thereby made to wait while more-emergent patients are 
evaluated and treated.

 Lifesaving Interventions

When employing a MUCC-compliant triage algorithm, providing lifesaving inter-
ventions is a formal process that is completed prior to assigning a triage category. 
Lifesaving interventions must be provided quickly and at any point in the SALT 
process. Lifesaving interventions include: controlling major hemorrhage, opening 
the airway, providing two rescue breaths for child casualties, decompression of any 
tension pneumothorax, and use of auto-injector antidotes, such as atropine and pral-
idoxime for a nerve-agent exposure. These interventions can be applied rapidly and 
may have a profound impact on survival. When the person performing triage is 
operating as part of a team, triage and LSI responsibilities can be split between 
responders.

 Limitations of SALT Triage for Blast Victims

The global sorting process of MUCC-compliant triage utilizes verbal commands 
to sort the casualties. Tympanic membrane rupture has been reported between 9% 
and 45% of explosion casualties [27, 28]. Hearing injury from tympanic mem-
brane injury and traumatic brain injury can complicate the sorting component of 
the SALT triage process. However, the remainder of the algorithm can be fol-
lowed. It would be anticipated that fewer casualties would be able to follow verbal 
commands, yet a substantial number of them would still have purposeful move-
ment and the algorithm could still be followed. Patients with only hearing changes 
would be triaged as minimal by SALT triage and would only need to have otos-
copy by a medical provider eventually. While a high percentage of patients 
exposed to explosions will have TM injury, TM injuries are not predictive of other 
primary blast injury. Moreover, absence of TM injury does not rule out other pri-
mary blast injury [29].
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 Evacuation Priorities

MUCC-compliant triage was developed to establish treatment categories; however, 
it does not define the evacuation priority or process of moving patients from the 
scene to medical care. The US Military has established evacuation priority criteria 
(urgent, urgent surgical, priority, routine, and convenience) [30]. However, these are 
not easily applied to civilian EMS. As a general rule, the immediate patients should 
be evacuated first followed by delayed, expectant, and then minimal. The likelihood 
of rapid decompensation can be used to prioritize patients in the same category. For 
instance, if there were two patients with a penetrating torso injury, and one has 
altered mental status and respiratory distress and lacks a radial pulse, while the 
other has only respiratory distress, the former needs evacuation first. Clinical judge-
ment will guide evacuation priority decisions on the scene.

In an explosive MCI, it may also be reasonable for minor patients to be evacuated 
along with, or in parallel to, higher-acuity patients. For instance, there may be room 
on an evacuation platform for a lower-acuity patient that is able to sit or stand and 
no higher-acuity patient able to occupy that space. There may also be unconven-
tional evacuation platforms such as a school bus that can be considered for ambula-
tory patients.

An explosive MCI that occurs closer to a hospital often leads to more patients 
who self-transport and shorter EMS transport times [14]. The first patients may 
arrive within minutes, while the time delay to last patient arrival may be minutes or 
even days later [13]. It has been suggested that EMS tends to bring patients to the 
same hospital in order to decrease transport time and decrease turnaround time and 
because of lack of familiarity/access to routes to farther facilities [17]. The tendency 
in explosions close to hospitals is for the hospital to see more primary blast injuries 
as well as more major injuries like traumatic amputations, but also more minor 
injuries [17]. All these factors may overload that hospital and lead to inaccurate tri-
age at that location. EMS should make efforts to distribute casualties rather than 
overloading the closest facility.

If the closest hospital becomes overloaded at the outset of an MCI response, one 
option to mitigate this is to have this hospital act as a casualty collection point 
(CCP). Patients can undergo further triage at the CCP hospital, and then as transpor-
tation resources are acquired, patients can be transferred to other facilities in order 
to maximize utilization of resources. These processes would correlate to the 
hospital- based “reevaluation phase” and “redistribution phase,” respectively, which 
are discussed in Chap. 21—just that the main goal in this case would be to decom-
press the patient volume at the CCP facility instead of redistributing to obtain spe-
cialty services. Additionally, many casualties with relatively minor-appearing 
injuries may have self-evacuated to the nearest facility during the hospital-based 
“disordered arrival phase.”

Critical patients have the potential to be under-triaged at hospitals following 
mass casualty incidents, particularly when highly visible, distracting injuries are 
concomitant with more serious, but less obvious, injuries [31]. Deceptively small 
entry wounds may hide serious internal injuries [32]. Therefore, care should be 
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taken to not under-triage patients having secondary blast injuries with small wounds. 
Patients with traumatic amputation or injuries to four or more areas are likely to 
have associated intra-abdominal injury [33]. This also highlights the need for fre-
quent reevaluation and re-triage throughout the continuum of care. If possible, the 
highest-acuity patients should be sent to the closest facility with appropriate capa-
bilities, while lower-acuity patients are routed to farther away facilities.

 Re-triage and Stabilization

Following initial triage and treatment and perhaps the first wave of evacuations, 
there are likely to be many patients still in need of transportation to medical facili-
ties. These patients may need to wait a period of time for evacuation due to inade-
quate resources. Because of this, understanding the injury patterns produced by the 
different types of blast injuries, and their emergent interventions, can help ensure 
injuries are appropriately managed when prehospital care must be prolonged.

Patients should be reassessed as frequently as is feasible, and triage categories 
altered as their condition improves or worsens. As always, assessing and interven-
ing on the ABCs (airway, breathing, and circulation) is of paramount importance. 
Using the typical tools of hospital-based triage—history, physical examination, and 
vital signs—may have significant rates of under- and over-triage. One study of non- 
MCI trauma patients suggested rates of over-triage of around 12% and under-triage 
of around 4% [34]. POCUS may be a useful adjunct in prehospital triage. 
Ultrasonographic imaging techniques can be taught in a short amount of time, units 
are portable, and images may be transmitted to receiving facilities or medical per-
sonnel and have been used in environments as diverse as space stations, medical 
transport, and combat support teams [35].

POCUS has been used in MCIs. For example, ultrasound was used as a primary 
screening tool in the 1988 Armenian earthquake, in which 530 ultrasound screening 
examinations were done with abdominal and retroperitoneal trauma being identified 
in 12.8% of the patients, with a 1% false-negative rate and no false positives [36]. In 
another earthquake MCI in Lushan China in 2013, START was compared to the 
Streamlined Focused Assessment with Sonography for Trauma (SFAST). When 
comparing the ability to predict the need for emergent surgery, START had an accu-
racy rate of 55.6%, sensitivity 51.9%, specificity 61.1%, positive predictive value 
(PPV) 66.7%, and negative predictive value (NPV) 45.8%; SFAST had an accuracy 
rate of 62.2%, sensitivity 59.3%, specificity 66.7%, PPV 72.7%, and NPV 52.2%. 
Although these are not impressive numbers for predicting the need for emergent 
surgery, they are better than a commonly used triage system. SFAST has not been 
compared to a MUCC-compliant triage system.

Prehospital POCUS was also studied in a prospective multicenter trial in 
Germany. They used the Prehospital Focused Abdominal Sonography for Trauma 
(PFAST) to evaluate 202 trauma patients for hemoperitoneum [37] and compared 
assessment by the emergency physician on-scene using physical examination and 
vital signs alone to PFAST assessment. The sensitivity was on par (93%) between 
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the physician assessment and PFAST, but specificity of PFAST was 99%, compared 
to 52% for physician assessment. Accuracy of PFAST was 99%, compared to 57% 
for physician assessment. On-scene PFAST occurred a mean of 35 minutes earlier 
than FAST in the ED. Furthermore, prehospital management changed in 30% of the 
patients evaluated with PFAST, and PFAST results changed the choice of admitting 
hospital in 22% of patients. While not studied in an MCI, these findings suggest that 
prehospital POCUS may be useful for helping allocate scarce on-scene resources to 
the most seriously injured patients and to help with the evacuation priority. This is 
particularly true in the context of re-triage, as a patient with hemoperitoneum may 
not have a positive PFAST on initial examination, but may become positive as addi-
tional blood accumulates in the intraperitoneal space.

 Conclusion

Explosions have a great potential to cause mass casualty incidents. A number of 
characteristics of a blast, including open air, enclosed space, building collapse, 
causing fire, vehicle delivered, hospital proximity, and prior evacuation, greatly 
affect the amount and type of casualties as well as the resource requirement for an 
effective prehospital response. Understanding how these factors are likely to affect 
casualty type and severity, as well as the necessary resources, can aid in the execu-
tion of an effective response. The triage process for MCIs should utilize a MUCC- 
compliant triage system for scene triage. There are a number of unique concerns 
related to explosive injuries that can complicate triage in the field setting. Preventing 
morbidity and mortality in MCIs is best accomplished using a well understood 
system of command and control (i.e., ICS), a practiced MUCC-compliant triage 
system (e.g., SALT), and a systems-based approach.

Pitfalls
• Failure to correctly triage or re-triage a blast injury patient. Lack of TM 

injury should not be taken as assurance that the patient has no serious, 
primary blast injury. Patients with primary blast injury to the lungs, or 
inhalation injury from fire/smoke, may rapidly progress from relative sta-
bility to emergent condition. Patient with small entry wounds may be hid-
ing severe internal injuries.

• Failure to establish ICS early and failure to grow the ICS as resources 
arrive. Even with only a few responders on scene, it is important to start 
building an ICS so that command and control of the response is main-
tained. As additional resources arrive, they must be incorporated into the 
ICS so that overall command and control is maintained, thereby allowing 
appropriate allocation of resources to give the best chance of survival to the 
greatest number of patients.

13 The Explosive Mass Casualty Incident: Prehospital Incident Management …
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14Transporting Blast-Injured Patients

Hideaki L. Tanaka and Alex P. Keller IV

 Introduction

Blast injuries are inherently difficult to address because of the various mechanisms 
involved in disrupting and damaging tissues. As described in other chapters, not all 
injuries will be readily visualized, so a high index of suspicion is paramount to 
appropriately consider ongoing care during transportation out of the field to a hos-
pital or during transfer from one facility to another. This chapter will focus on the 
former. Although many principles will apply to both, especially if transporting by 
air, interfacility transfers are most often accomplished after casualties are somewhat 
stabilized and specialized teams are employed.

Transporting any patient increases risk. However, moving those with blast inju-
ries can be especially precarious. Stable patients on the ground can easily become 
unstable in the air without any major change in patient pathophysiology due to 
changes in the environment associated with vehicular travel such as linear and angu-
lar accelerations and decelerations, noise, vibration, changes in humidity and tem-
perature, and potential alterations in barometric pressure if altitude must be changed 
during ground or air transport. Hypoxia, pressure differentials, and expansion of 
closed gas-filled spaces are all challenges that need to be anticipated with ascent. 
Coupling this with the risk of dislodging lines and tubes during movement, trans-
portation is by nature one of the most error-prone and perilous times. Unstable 
patients should not be moved, except in exigent circumstances where the risks are 
outweighed by the benefits of expeditiously delivering the patient to a higher level 
of care.
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Transfer of patient care from one team to another is also a process that increases 
risk. If the transporting team is not the same as the one that provided the initial care, one 
handoff occurs before movement and effective communication of information must 
occur at this stage. Each time a handoff occurs, a new medical team takes ownership of 
a patient with whom they have not physically managed. Without a strong handoff, 
There is no history, no examination, no baseline, and no trends with which to compare 
other than the verbal report and written documentation provided. Independent evalua-
tion of the patient from top to bottom is crucial each time a patient is received from 
another team. Receiving a detailed report of known injuries and documented treat-
ments performed is also vital to successful patient transfer. Good verbal reports and 
written documentation enable longer- term trends to be noticed and occult pathophysi-
ological problems to be identified.

Moving these types of patients requires careful thought and consideration to 
ensure a safe and efficient transport. The goal of this chapter is to identify the factors 
involved in the transportation of blast-injured patients. Identifying these individual 
factors will help in planning, which will be just as important as actually moving the 
patient.

 Vehicular Movement

Whether moving a patient in a gurney through the halls of the hospital and into 
elevators, riding in an ambulance or commandeered vehicle, or flying in a helicop-
ter, moving a patient takes coordination, ingenuity, and flexibility. All manners of 
transport are affected by space constraints, access issues, and suboptimal lighting. 
Noise and communication with transport team members and with patients will be 
hindered. Vibrations, especially in rhythm, can move lines, jostle sensitive tissues, 
and potentially dislodge clots.

Travel also may take a toll on the personnel providing care. If not prepositioned, 
a transport team is generated and needs to travel to pick up a patient. This may be 
the first transport of the day or the fifth. Team members may be fatigued, dehy-
drated, and fighting hunger which may more easily lead to mistakes [1, 2].

 Ground Transport

Regardless of the primary transport modality, there will always be a component of 
movement on the ground. All hospital clinicians realize the inherent dangers of 
moving a patient from one floor to another, or from one hospital location to an imag-
ing table and back. The same is true of ambulance transportation from the field to 
the hospital—airways become dislodged, lines become disconnected, and records 
lost. Even in the smoothest of civilian ambulances, noticeable jerks occur when 
driving over uneven terrain or bumps in roads. Although much of the movement is 
in two dimensions, there are numerous decelerations and accelerations with traffic, 
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stoplights, and checkpoints—all of which can cause fluctuations in systemic blood 
pressure and intracranial pressure in supine patients.

Most urban ground transports are in the realm of minutes, as patients are taken to 
the closest hospital or regional trauma center. Depending on the area travelled, any 
unexpected issues can usually be addressed by stopping or diverting to the closest 
hospital for further stabilization and treatment. However, ground transport is often 
also slower than air travel and critical patients who need to travel longer distances 
are usually taken by air when weather allows.

Transportation in a rural setting is naturally different with limited resources and 
longer distances to care. Mutual assistance agreements and volunteer forces are 
crucial for this medical coverage, but the scopes of transporting provider practices 
are often variable. Roads may be unpaved and railroad crossings may be more fre-
quently encountered. Coupled with longer transportation times, en route care is 
complicated with increased risk of deterioration of patient status while traveling [3], 
which will be further explained below.

 Maritime Transport

Patient transportation may need to occur via water either to get to land or to get off 
a shore. Accidental explosions are not infrequent aboard powered watercraft. 
Handling fuel, volatile vapors in enclosed spaces, and potentially hazardous cargo 
all contribute. Boats and ships for various industries and commercial hauling rarely 
have robust medical resources during maritime operations. Even passenger cruise 
ships, which are generally prepared for austere medical care, cannot handle all 
problems.

Most maritime vessels are not built to transport injured patients. Further, all ves-
sels are at risk of falling under rough water sufficient to cause untoward forces on 
patients and make patient care difficult. In regards to ship transport for long dis-
tances until a patient can be off-boarded to a boat or helicopter for ship-to-shore 
movement, a suitable location within the vessel for prolonged care may be needed. 
Most large vessels are designed to close off certain flooded sections to prevent cap-
sizing. These chambers are secured via doors which are thick but narrow. Any 
movement of patients in ships should consider the effects movement may have on 
patients, especially as nonambulatory patients will need to be carried in narrow 
hallways, up or down steep stairwells, and through hatches. In terms of movement 
of a ship with rough seas, the lower and more central areas will be least affected; 
however, these can be more difficult areas to access and will require eventually 
moving the patient back up to a deck to off-board.

Seasickness, like airsickness, is a phenomenon that may affect both patient and 
medical providers. Medications to address motion sickness are thus important to 
treat patients, if side effects are inconsequential, but also to keep the transportation 
team involved in the treatment of those under their care. Two recommended medica-
tions are meclizine in oral tablet form or scopolamine. Although transdermal 
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scopolamine via patch is readily available in the United States, a smaller yet just as 
effective intranasal dose is currently in the US Food and Drug Administration 
(FDA) fast-track approval process for use in the United States. Although ondanse-
tron has been commonly used to treat motion sickness in the US military, used often 
by aeromedical evacuation crews to pretreat anticipated nausea and vomiting prior 
to aircraft flight, this medication is an antiemetic and is not designed to counter 
motion sickness. It will typically have less than desirable efficacy.

 Air Transport

At some point, the speed of air travel outweighs the burden of establishing a heli-
copter landing zone or using a runway that may not be close to a treatment facility 
and will be beneficial for patients in getting care expeditiously. Typically, these are 
in rural settings or areas that are greater than an hour away by ground transport. This 
may also be impacted if roads are blocked, bridges are out, or traffic is snarled. 
Rotary-wing aircraft are prime modes of transport for medium-distance transport of 
one or two patients, due to their airspeeds of 120 knots or more, and need only an 
established helipad or improvised cleared helicopter landing zone. Airplane trans-
port is ideal for extended distances, typically over 100 miles, as they can fly up to 
500 knots, but need an established runway or possibly an expedient landing strip for 
more hardy aircraft.

Helicopter movement should be performed with the doors closed, although this 
may not always be feasible. Helicopters generally do not have pressurized cabins so 
attention should be paid to altitude during flight, mostly in regards to exposure. In the 
military, there is an old adage regarding the H-60 MEDEVAC helicopter: “If it is hot, 
cold, wet, dusty, or dark on the outside, it is hot, wet, cold, dusty, or dark on the 
inside.” This serves as a reminder to flight medics to always package the patient 
appropriately to prevent hypothermia and other environmental insults. Patients trans-
ported by air, especially helicopters, should always be provided eye and ear protec-
tion. Rupture of the tympanic membrane from the overpressure of a blast is never a 
contraindication to hearing protection. In fact, disruption of the TM will result in 
more sound waves transmitting directly into the inner ear and, thus, may cause hear-
ing damage that could be mitigated or prevented with simple foam earplugs.

Fixed-wing movement can take multiple forms as the variety of aircraft can 
range from small, single-engine propeller planes with a capacity for only one litter 
patient to enormous multi-engine jets that can carry over 100 patients. Some aircraft 
may also have medical oxygen systems built in to the airframe. Weight and space 
considerations generally are not as significant as they are for transportation in heli-
copters and small fixed-wing aircraft.

The type of aircraft may make a physiological difference to the patient during 
transportation. Most rotary-wing aircraft do not have the capability of controlling 
internal cabin pressure. Fixed-wing aircraft may have cabin pressurization sys-
tems, but smaller airplanes often may not. Furthermore, the types of 
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pressurization in aircraft can vary between isobaric and constant differential. The 
typical setup in civilian aircraft is isobaric pressurization. It maintains a consistent 
cabin pressure that is set by the pilot, usually 6000–8000  feet above mean sea 
level (MSL) pressure. Isobaric differential is a pressurization scheme that keeps 
cabin pressure a specific percentage higher than the atmospheric pressure. 
Therefore, it will fluctuate throughout the flight as the aircraft changes altitudes. 
This scheme is most often encountered in military fighter jets to prevent explosive 
decompression when flying at very high altitudes, but is not typically used in air-
craft that transport patients.

 Altitude Effects on Oxygenation

The most crucial difference from maritime or most ground transportation compared 
to air movement is the pressure differential that is caused when flying at altitude. 
Taking anyone, especially a critically injured patient, from a lower altitude to this 
level of stress has physiologic consequences.

The common belief that there is less oxygen at altitude is actually oversimplified. 
The same percentage of oxygen exists at ground level and at any atmospheric alti-
tude a rotary-wing or fixed-wing aircraft can fly. The difference is the partial pres-
sure of oxygen at different altitudes. At higher altitudes, there is lower atmospheric 
pressure and thus less relative available oxygen for human consumption. This is 
conveyed by Dalton’s law of reduced partial pressure of oxygen, which also hints 
that at certain elevated atmospheric levels, even with an FIO2 of 1.00, an intubated 
patient may not be receiving sufficient oxygen supplementation due to the low par-
tial pressure of oxygen supplied. It is important to understand this concept as flying 
at higher altitudes will cause further difficulty with oxygenation, and similarly the 
inverse; if there are issues with maintaining oxygen saturations at altitude, decreas-
ing the cabin altitude either via increased cabin pressure or by decreasing the flight 
altitude of the aircraft may improve patient oxygenation.

The end result of decreased oxygen is hypoxia. Hypoxia can lead to symptoms 
of headache, fatigue, decreased concentration, and decreased responsiveness. 
Hypoxia can be diagnosed by lower hemoglobin oxygen saturation levels on pulse 
oximetry (SPO2) and is normally treated by administering supplemental oxygen or 
otherwise increasing the FIO2. If increasing the amount of supplemental oxygen is 
impossible, positive end-expiratory pressure (PEEP) can be added with either non-
invasive or invasive positive-pressure ventilation. Decreased SPO2 is typically sec-
ondary to hypopnea or apnea in a spontaneously breathing patient, but pneumothorax 
or progressive blast lung injury should be considered. Tension pneumothorax should 
be especially considered in the setting of unexpected hypotension. Intubated patients 
can be victim to inadvertent tube dislodgement inferiorly or superiorly, or frank 
endotracheal extubation from jostling during movement. Standard critical care ven-
tilator concerns such as auto-PEEP and other causes of inadequate tissue oxygen 
delivery should also be considered.
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 Altitude Effects on Trapped Gases

Pneumothoraces are difficult to diagnose in any moving vehicle, but must be high 
on the list of considerations for blast-injured patients. A pneumothorax can easily 
develop as sequelae of blast exposure. Typically, by time of controlled transport, the 
diagnosis has been made. At the prehospital stage, decreased breath sounds on the 
associated side is noted along with loss of chest wall movement. However, an 
untreated pneumothorax at ground level can turn into a tension pneumothorax by 
the decreased relative ambient pressure in comparison to the stable pressure of an 
enclosed body cavity, causing gas expansion via Boyle’s law. Thus, not declaring a 
pneumothorax to the transport team or failure to identify a pneumothorax before 
flight can be lethal, because they are notoriously difficult to detect in noisy vehicles. 
Critical hypotension or signs of shock may be attributed to internal hemorrhage, 
developing intrathoracic or intra- abdominal pathology with tension physiology not 
recognized, and circulatory collapse and arrest could ensue. All known pneumotho-
races should be treated with a chest tube prior to flight. Point-of-care ultrasonogra-
phy, if available, can be used to detect pneumothoraces prior to or during 
transportation [4, 5].

Probably more a consideration for transport team members and less critical 
patients, any type of Eustachian tube dysfunction may be amplified by ear block 
occurrences particularly on aircraft descent. It is typically easier to vent expanding 
air in the middle ear on ascent; but on descent, the squeeze on the middle ear of 
increasing external ambient air pressure can cause excruciating discomfort if not 
relieved via Valsalva maneuver. In these cases, oxymetazoline can work well to 
decongest any sinus tissue, but should only be used during the landing process, not 
just in order to fly. The worst outcome is usually a ruptured tympanic membrane, 
which normally heals well, though can sometimes be associated with permanent 
hearing loss. In blast-affected patients, tympanic membranes often already are rup-
tured by blast waves, and thus ear squeeze may be less of an issue.

 Altitude Effects on Temperature and Humidity

Another concern of air travel is of hypothermia, which takes on importance as 
ambient temperature decreases with altitude. This decreased temperature will be 
an important consideration particularly in hemodynamically compromised patients 
or those with burns, which are certainly types of patients seen after explosions. 
Similarly, some helicopters fly with windows open and the air flowing in from 
rotor wash may cause circumstances ideal for evaporation and cooling. Although 
there are heating systems on aircraft and doors of rotary aircraft can be closed, 
 combatting hypothermia will be an active concern to prevent the Lethal Triad from 
taking hold [6].

Some other considerations in a critically ill patient involve the decreased mois-
ture in flying environments. The humidity at altitude can be as low as 4%, which 
will cause increased rates of dehydration via increased insensible losses. A burn 
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patient who has lost the ability to retain moisture is a prime example of a blast- 
injured patient being affected by this phenomenon. In addition to preventing fluid 
loss by covering wounds appropriately, maintenance fluid rates will need to be 
increased. Coupled with the internal fluid shifts occurring in a low-pressure envi-
ronment, homeostatic balance in an injured critical patient may easily be compli-
cated. Intubated patients may experience thicker endotracheal secretions, which 
could lead to greater tendency for mucus plugs.

 Altitude Effects on Venous Circulation

At altitude, the external ambient pressure, or lack thereof, can also affect venous 
return, as pooling of blood and fluid in dependent places will be magnified. The 
“coach class” syndrome referred to in the setting of commercial air travel is not only 
due to immobility in a cramped seat, but also due to increased propensity of stasis 
as the ground-level ambient pressure is removed and the venous vasculature is fur-
ther relied upon to counter the effects of gravity.

 Examining the Patient Prior to Movement

Examination of the blast-injured patient is done as with any other patient, but with 
special attention to the pulmonary system, musculoskeletal structures, abdominal 
hollow viscera, and central nervous system. The primary examination of addressing 
any airway issues, assessing adequacy of respirations, and then evaluating circula-
tion is crucial. Exposing the patient for a secondary examination from top to bottom 
is a necessity, as findings can be subtle. In this manner, the approach should be simi-
lar to that for a ground medic who encounters a patient for the first time. A complete 
head-to-toe exam should be conducted to prevent missed injuries and establish 
baseline status prior to any movement.

A common mnemonic taught to Special Operations Forces is MARCH PAWS. 
This simple mnemonic has been shown to address all “battle injuries” and only 
missed a very small portion of non-battle injuries in a retrospective review of com-
bat evacuations during Operation Enduring Freedom [7]. It gives a great framework 
to build upon and standardizes the primary and secondary examinations; the US 
military states that good use of the MARCH algorithm and practice of tactical com-
bat casualty care is the basis for good prolonged field care, the latter of which some 
may consider akin to transport care. Below is the algorithm with some additions to 
more fully address the transport process:

M – Massive hemorrhage
A – Airway
R – Respiration
C – Circulation
H – Head injury, hypothermia/hyperthermia, and head-to-toe examination
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P – Pain medication
A – Antibiotics
W – Wound dressings
S – Splinting, straps, spaghetti, and scribble

Massive hemorrhage should be addressed aggressively, although most of the 
focus during en route care shifts to ensuring tourniquets, pressure dressings, clamps, 
sutures, and staples are adequately preventing additional blood loss. All patients 
with massive hemorrhage or significant blood loss should receive 1 g of tranexamic 
acid (TXA), if it can be administered within 3 hours of sustaining the injury [8]. If 
1 g TXA has already been given, a second dose should be given. The administration 
of TXA is increasingly a prehospital transport task.

Airway patency should be assured appropriately. This entails an assessment of 
breathing with confirmation of good ventilation via pulse oximetry. No significant 
intervention is required for a completely alert and oriented patient, unless respira-
tory distress or hypoxia is displayed. If lower oxygen saturations are seen, supple-
mental oxygen should be administered. However, new evidence has steadily been 
gathered suggesting harm of hyperoxia [9]. Although work has been focused on 
acute coronary syndrome treatment, there is evidence that patients may be harmed 
by too much supplemental oxygen via oxygen free radicals [9].

Patients with an altered mental status or concern of airway patency, inappropri-
ately low or high respiratory rate, or concern for significant damage to lungs or 
tracheal-bronchial tree should receive further airway support based on provider 
experience and scope of practice. Secure airways are the first step in providing fur-
ther ventilatory support in blast-injured lungs, although noninvasive positive- 
pressure devices may act as a bridge or act as definitive management [10]. In 
intubated or immediately postoperative patients being moved from one facility to 
another, fresh arterial blood gas values are important. Ventilator settings should be 
adjusted as needed. Respiratory rate should be controlled based on the specific clini-
cal circumstances and desired effects.

Circulatory status should be frequently assessed during transport. Well-perfused 
distal extremities with good capillary refill is encouraging and should be trended 
over time. Maintenance fluids should be started if movement is anticipated to be an 
hour or more, but providers should also be wary of over-resuscitation. Any ongoing 
fluid administration should be monitored with serial pulmonary examinations, and 
appearance of any peripheral edema should be documented.

If a thermometer is available, core body temperature should be measured before 
transportation and en route if travel is prolonged. Core body temperature below 
35  °C should be corrected prior to transportation, if possible, because it is only 
likely to be exacerbated, unless the internal warmth of the vehicle can be brought up 
to at least normal body temperature.

With blast injuries, intracranial injuries are very possible and may be hard to 
detect if mild. Initial mental status examination prior to transportation must be 
made, so that it can be trended through transportation and at arriving facility. Any 
evidence of deterioration should trigger immediate full neurological reexamination. 

H. L. Tanaka and A. P. Keller IV



215

Any evidence of trans-tentorial herniation or impending herniation should instigate 
treatment to include hypertonic saline or mannitol administration. This treatment 
should not be given preventatively but only based on clinical findings and suspicion. 
Transport of any head-injured patients should generally occur in supine fashion 
with head elevated at 30 degrees and head first in fixed-wing aircraft due to the hori-
zontal forces experienced at takeoff, although this may depend also on the length of 
the runway on landing and rapidity to full top after wheels touch the ground.

Pain assessment prior to transportation is important, because pain may be exac-
erbated by patient movement and affect hemodynamic stability. Furthermore, 
depending on patient-to-medical-attendant ratio, pain control may inadvertently 
become less of a priority while en route to higher levels of care. Pain documentation 
is also important for the receiving team as it can elucidate an otherwise subtle trend 
in patient status. The control of pain will be discussed later; however, traumatic 
experiences, such as being injured during a sudden and unexpected explosion, can 
be mitigated by dissociative medications such as ketamine, which has been sug-
gested to lower rates of posttraumatic stress disorder (PTSD) in survivors [11].

Antibiotics are routinely administered to combat-wounded patients in the mili-
tary setting. Prophylactic antibiotic administration in blast-injured patients is appro-
priate if any open, penetrating wounds are present. Ertapenem generally is a good 
antibiotic to administer due to good overall coverage for skin and soft tissue, as well 
as bowel flora. It may be administered either intravenously (IV) or intramuscularly 
(IM) and is typically dosed 1 g once every 24 hours.

Wound dressings should be applied to help protect exposed tissues, to prevent 
debris or contamination from further sullying open wounds, to provide comfort to 
the patient, and to indicate to providers later on in the chain of care to see where 
these wounds exist. Rotary-wing transportation particularly leads to flying dust and 
dirt which will adhere to any moist surface. Similarly, any engine-running on-load 
or offload particularly with propeller aircraft will present the same situation. If pos-
sible, all previously dressed wounds should be taken down and examined prior to 
patient movement. The exception would be fresh surgical dressings, which should 
be left to receiving surgeons to examine.

The original “S” in MARCH PAWS stood only for splinting, but can be extended 
to include “straps, spaghetti, and scribble.” Splinting serves several purposes, as it 
helps to decrease pain and may prevent further aggravation of the injury due to move-
ment of sharp bony ends. Cervical collars and padding of voids created by body 
shape in relation to a litter or cot can also be considered forms of splinting. Straps 
should be applied if a patient is packaged for transportation, but any injury that will 
be constantly monitored should be easily accessible. “Spaghetti” is a reminder to 
organize all lines, monitoring cables, and power cords that can be wrapped around 
the patient in hectic times or interfere with patient care or patient movement. Lines 
should be labeled and cables should be easily accessible or stowed prior to move-
ment. Neatly kempt lines and tubes also set the stage for simple transportation and 
organized treatment, plus a professional handover at the receiving facility.

“Scribble” is a reminder to gather all documentation from the prior treatment 
team and complete all transportation documentation, so that the entire continuum of 
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care can be followed throughout phases of patient management from the point of 
injury to definitive care and rehabilitation. Loss of this data may complicate or 
inhibit treatment and prevents future analysis for future quality improvement, iden-
tifying capability gaps leading to new medical developments, development of 
evidence- based best practice guidelines, and dissemination to the greater medical 
community. Moreover, with respect to compensation for occupational injuries and 
illnesses, it may affect benefits years or decades later if something was not docu-
mented appropriately.

In a multi-trauma patient, the eyes often do not receive immediate attention, and 
subtle injury can worsen with time. Any patient with significant eye discomfort, 
new pupil deformity or asymmetry, or any penetrating globe injury should have a 
rigid shield placed over the eye to protect it. A patch or any dressing that touches the 
eyelid or creates pressure on the globe should never be applied as an otherwise sal-
vageable ruptured globe could be lost if additional force causes herniation of globe 
contents. Particular attention must be paid to communication with the patient who 
has both eyes covered to help keep them oriented and calm, since this induced blind-
ness may cause significant anxiety.

The premise of en route care should always be to address conditions found prior 
to transport, with the knowledge that care during transportation will be limited and 
less than ideal. The multitasking needed to care for a critically injured patient is 
further complicated by added concerns of movement. If critical interventions are in 
any way anticipated, preparatory interventions should be made prior to transport. 
For example, although vasoactive medications can be used in peripheral lines in the 
short term, if they will be potentially used, a central IV line should be placed before 
movement. If a pneumothorax is noted, a chest tube should be placed even if con-
sidered clinically insignificant prior to transport. Additionally, if respiratory failure 
is anticipated in a self-breathing patient, the decision to intubate prior to flight 
should be strongly considered as the setting, space, and lighting in any transport 
platform will be less than ideal.

Before moving the patient, it is crucial to understand that further information will 
be unavailable during transport. The transport team should accept that once move-
ment begins, further clinical data from the previous team will not be accessible 
unless a good handoff occurred. All questions regarding care should be anticipated 
and asked prior to departure. Similarly, any supplies that are unique or not carried 
by the transport team should be gathered prior to movement. In certain scenarios, 
patient movement may need to commence without appropriate handoff, but these 
situations exponentially heighten risk.

 Transporting the Patient

Considering the manner of transport and optimizing the final mode of travel can be 
crucial in success of treatment. The vibrations of ground movement can often exac-
erbate fractures, especially unstable ones. Fat emboli can be dislodged from long- 
bone fractures and cause pulmonary emboli. Similarly, deep venous thromboses 
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(DVTs) can form from immobility and decreased diastolic pressure for venous 
return, which subsequently may be promulgated through the vasculature to the 
lungs. Air transport can further add complexity to the vibratory stimuli whether via 
rotary wing or fixed wing. Pressure differentials can also physiologically worsen 
disease or injury processes.

Packaging of the patient may certainly facilitate or complicate the task at hand. 
Pertinent not only to Emergency Medical Services (EMS) but to interfacility trans-
fer as well, spine board immobilization for known or suspected fractures to mini-
mize risk of further injury must be considered and weighed against the significant 
risk of skin pressure ischemia, especially with any patient who is sedated or para-
lyzed and unable to shift weight. Commonly, spinal patients can be safely trans-
ported on a padded cot or stretcher with cervical immobilization and precautions to 
logroll patients. The authors observed the British Critical Care Air Support Team 
routinely using a vacuum immobilizer to transport patients as it hugs the natural 
curves of the spine and molds to the patient. This tool is helpful as it provides sup-
port to a patient despite the stresses of movement and adds an increased level of 
safety via more evenly distributed weight that also minimizes mobility. However, it 
is another piece of equipment that must be maintained and carried. In all patients, 
particularly during longer transportation times, the possibility of pressure points 
causing further injury must be considered and actively addressed.

In all circumstances, the dangers of movement should be addressed proactively. 
Ear and eye protection should be considered for all. If the patient is conscious, an 
explanation of upcoming events should be communicated. A safety briefing, espe-
cially with regard to emergency egress of the vehicle, should be provided.

When straps are applied, hands and arms should be free in an awake and coop-
erative individual to allow for self-protection of the head or body if the litter or cot 
is accidentally dropped or rolled. Patients should also be properly secured to the 
litter or transport apparatus as well as to any vehicle or aircraft. Similarly, all moni-
toring equipment should be secured so that it does not become a projectile in the 
event of rough travel conditions and injure patients or providers, or become inoper-
able if damaged. “Spaghetti” should be neatly kept and out of the way, so excess 
loops are removed or hidden to avoid snagging on gear, personnel, vegetation, or 
vehicle parts during movement. If flying to altitude, cuffs on endotracheal tubes 
should be filled with saline rather than air to prevent balloon expansion and exces-
sive pressure on the tracheal epithelium.

Appropriate equipment and supplies must be at hand to successfully transport 
(Table 14.1). Monitors, which have the capability to assess blood pressure, heart 
rate, oxygen saturation, end-tidal CO2, and electrocardiographic (ECG) monitoring 
should be available. Suction and bag valve mask devices will be crucial for airway 
and respiratory management, including intubation kit and induction and mainte-
nance medications. Ventilators should be chosen to provide the greatest capability 
for the smallest size. IV pumps can be temperamental due to air in the line and the 
physiologic expansion of gas at altitude, but do allow for precision administration 
of fluids. Otherwise, drips to gravity and push-dose meds can be given should this 
equipment be inoperable or unavailable.
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The oxygen demands should be calculated per hour for each patient, and the supply 
should be commensurate with the need, but also exceed need in case of contingency. 
For example, if travelling by air for 4 hours with a patient taking 10 liters per minute of 
oxygen, 2400 liters of oxygen would be needed for the flight. However, time of shut-
tling from aircraft to pickup of patient and back, plus taxiing for takeoff and landing, 
and then final ground movement from aircraft to final destination should all be 
accounted for and factored into oxygen needs. This may necessitate another 90 minutes 
of care, which would equal an additional 900 liters, without including the reserve sup-
ply for emergencies. The US Aeromedical Evacuation teams typically add an addi-
tional two liters per minute to the baseline need while in flight, to address Dalton’s law 
of decreased partial pressures [3]. This would indicate an extra 480 liters needed. For 
intubated patients, calculations should always be for 100% oxygen.

Most transportation vehicles do not generate their own oxygen and require cyl-
inders or liquid oxygen. The source of oxygen is crucial to know and account for. 
One liter of liquid oxygen provides 804 liters of gaseous oxygen, whereas a D cyl-
inder at 2200 PSI will provide for 352 liters of oxygen. Carrying multiple cylinders 
for transport is often not feasible for mobility or efficiency in movement.

Transport is often painful for patients, as injured extremities are inadvertently 
jostled and as shifts in body weight occur during exams and movement. Appropriate 

Table 14.1 Equipment and supplies for en route care

Gear Contents
Airway Oxygen masks

Bag valve mask
Airway kit
Suction
Pulse oximetry

Ventilation Ventilator
Vent circuits
Adaptors and regulators
Blood gas analyzer

Trauma Chest tubes
Foley kits
IV kits
Central line kits
Arterial line kits
Surgical airway kit

Drugs ACLS drugs
General supportive medications
Paralytics

Narcotics Controlled substances including:
Analgesics
Sedatives

Support Blood or blood products
Fluids
IV pumps
Monitor/defibrillator
Litters, straps, and restraints
Blankets
Infection control kit
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pain control should be provided to the patient at all times, but particularly prior to 
movement in anticipation of increased stimulation of pain receptors. The most tur-
bulent times during aircraft transport is normally during takeoff and landing, thus 
providing pain medications immediately prior to these events may be beneficial. 
Proactive control is often more effective and requires lower overall amounts of anal-
gesics than reactively administering pain medications.

Pain control can be accomplished in a myriad of fashions including ketamine, 
fentanyl, morphine, hydromorphone, acetaminophen, ibuprofen, naproxen, and 
other agents. Anxiolysis should also be considered as an adjunctive therapy espe-
cially in patients on ventilators for comfort. Research also suggests that early anal-
gesia may reduce the potential for developing or worsening PTSD symptoms [11]. 
Advanced techniques such as a Bier block, hematoma block, or regional blocks 
should be considered by appropriately trained personnel for interfacility transfers or 
in a prolonged field care setting where resources may be limited or giving the patient 
narcotics may pose more operational/tactical risk. Neuromuscular blockade, only 
after pain has been addressed and sedation applied, could be used for short periods 
to increase compliance with ventilator treatment in a complicated patient.

The effect of all of analgesics and paralytics on blood pressure should be consid-
ered, especially in the complex blast patient at risk for hemodynamic compromise. 
Ensuring initial and ongoing resuscitation during transport is critical. It is important 
to remember that the nature of transport may create a resource-limited environment 
but damage control principles should be maintained. In general, vasopressors should 
only be used for euvolemic patients to maintain mean arterial pressure (MAP) at 
target levels or keep the patient’s clinical status out of a shock state.

Head-injured patients, specifically those with intracranial hemorrhage, may 
require higher blood pressures. Cerebral perfusion pressure (CPP) is equal to MAP 
minus intracranial pressure (ICP). Head-injured patients with increased ICP will 
require higher MAP to maintain CPP. Most monitors will calculate MAP and dis-
play it in the same area as SBP and diastolic blood pressure (DBP). Providers should 
target a systolic blood pressure of greater than 100 mmHg and a goal for MAP in 
head injury of 65–70 mmHg [12].

Hypothermia represents a hazard to all trauma patients particularly during trans-
port. Many potential sites of bleeding may be internal after blasts and easy to miss at 
any stage, though they tend to declare objective signs as time passes. Normal clotting 
is important to minimize blood loss as the Lethal Triad relationship is comprised of 
hypothermia, acidosis, and coagulopathy. Prevention of hypothermia is often over-
looked during patient movement. Trauma blast and burn victims are at particular risk 
for hypothermia given the dermal damage, internal hypermetabolic states, and iatro-
genic interventions such as casualty exposure for evaluation and fluid resuscitation. 
Providers should always strive for normothermia during initial resuscitations.

The danger of an unvented thoracic airspace in a critical patient should never be 
underestimated. A clinically significant pneumothorax measuring 2 cm of air around 
the rim of the hemithorax at ground level, or roughly a 30% pneumothorax [13], can 
expand 35% at cabin altitude of 8000 feet with all other parameters being equal. 
Considering that the greater pressure changes per foot of elevation are nearer sea 
level, lowering the cabin pressure can be a helpful intervention.
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If a patient begins to decompensate, the patient should be exposed and a MARCH 
examination should be repeated. If on the ventilator, the patient should be detached 
and manually bagged while a full respiratory assessment is conducted. Fresh surgi-
cal wounds and any drains or suction devices should be exposed to ensure that no 
complications have arisen.

Point-of-care ultrasonography can be used to evaluate patients en route. 
However, any piece of equipment brought on vehicle, especially an aircraft, 
should be deemed safe via certification for use on mode of transport chosen. For 
example, considerations for medical gear include any interference it may cause 
to aircraft systems and vice versa with aircraft systems interfering with medical 
electronics. Altitude physiology affects humans, but may also affect equipment. 
It should not be assumed that all equipment brought on a transport mission will 
work outside of the hospital setting.

Importantly, all the documentation that will be performed during transport, espe-
cially in a mass casualty or active military operation, will be the only record of care 
for the patient. Everything should be documented as completely and concisely as 
possible so that the accepting team can easily scan the record for any pertinent 
information so that no patient care data is lost. Without complete and accurate 
records of care, quality improvement and lessons learned cannot be accomplished.

Living patients should not be transported with the dead. American Critical Care 
Air Transport and Aeromedical Evacuation teams have regulations preventing the 
cotransport of the living and dead [3]. Although some may attempt to maximize 
efficiency by cotransport, resistance should be given to this practice, as location of 
the dead may be useful to subsequent forensic investigations [14].

 Handoff

The patient handoff should come from the primary medic who has been caring for 
the individual. A standard handoff in a MIST format (mechanism of injury, injuries 
sustained, symptoms and signs exhibited by the patient, and treatment provided) is 
a good foundation to build the discourse. This keeps the communication standard 
and brief. If elaboration is needed, this can easily be added to the relevant section. 
If transfer has gone as planned, lines will not be tangled and nothing unintentionally 
has been discontinued. This prevents time wasted untangling gear when passing off 
to the next level of care and prevents the need to reaccomplish procedures, thereby 
increasing patient safety. The team leader accepting handoff should be given all 
pertinent data and documentation, and the transferring team should be prepared to 
repeat the report of care in case senior personnel or consultants arrive.

 Miscellaneous

Transportation safety is paramount. Secondary devices, suicide bombers, and IED 
imbedded are all possible discussions. Contamination from blasts can be a 
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consideration, especially with dirty bombs, but those will likely have been consid-
erations encountered prior to en route care teams accepting missions. One aspect of 
air transport that is a nonfactor is in regards to higher exposure to ionizing radiation 
at airline cruising altitude, and there is no evidence that this affects patients or medi-
cal teams during transport; normal ionizing radiation is a lifetime exposure risk.

Finally, hectic scenarios such as may occur after a blast event will undoubt-
edly complicate care. Events involving blasts in civilian scenarios are typically 
mass casualty events, with tens or hundreds of victims. Therefore, the concept of 
crew resource management (CRM) should be kept in mind. Typically found with 
aircrew in terms of risk management, the core of CRM involves situational 
awareness, crew coordination and integration, mission analysis including plan-
ning and debrief, task management, communication, and decision making as it 
involves risk management.

Some specific points to discuss with en route care involve the personnel involved. 
Although various trained individuals can be successful, those with prerequisite 
training include flight paramedics and critical care staff. Regardless of level of train-
ing, it is imperative that training and familiarization simulating patient movement 
occur before performing actual transport. Personnel involved must know the equip-
ment and how to run it, as well as the actual mode of transportation and the intrica-
cies involved with the airframe, vehicle, or watercraft. The physiological effects of 
travel should be introduced to team members prior to an actual mission.

There is inherent danger to transporting team members. Different from aircrew, 
convoy personnel, or shipmates, the medical team must be comfortable with the 
mode of transport and also care for the patient simultaneously. There have been 
documented instances of flight paramedics injured by impacts from rotor blades, 
ground medics being injured by doors or collisions with vehicles, and rescuers 
being struck by watercraft propeller blades. With that said, recent data indicate that 
air ambulances are the safest manner of flying in all rotary airframes [15]. Ideally, a 
trained transport team to include nonmedical crew will provide for the most reliable 
and safest manner of transport for the team and patient. For example, flying cargo 
and waiting on approach clearance and aircraft patterns is different from having 
priority medical clearance to approach direct to an airfield without loitering.

Motion sickness must also be considered and countermeasures should be identi-
fied. Even if the brightest and most capable medic is available to care for a patient, 
it is all for naught if the medic is incapacitated by the dynamic transport environ-
ment. Zofran is a standard medication that most medics will carry for treatment 
purposes, but meclizine or scopolamine should be considered for the treatment 
team. If this becomes an option for use, it should be tested on the ground while off- 
duty, to determine efficacy and side effect profile in each individual medic.

 Conclusion

Moving blast-injured patients from one location to another to receive further 
advanced care is not an easy task. Blast phenomena lend to complicated wound 

14 Transporting Blast-Injured Patients



222

patterns and injuries, with much of what is damaged not easily displayed to the 
naked eye. Those not aware of the effects of vehicular movement may not realize 
the importance of the physiological variations associated with transport—whether 
via ground, via water, or in the air.

Key Points
• Explosions often cause occult injuries, which can be exacerbated during 

transportation.
• If all blast injuries are not predicted or thoroughly evaluated prior to trans-

port, patients may decompensate during travel.
• Multiple modes of transportation exist, and the best choice is dependent on 

scenario, stability of patients, time to higher or next-level care, and 
resources available at each end.

• Each mode of transportation has distinctive advantages, but also specific 
physiological stresses to individuals and medical conditions. Anticipating 
these stressors and subsequent effects on patients is a key to successful 
casualty movement.

Pitfalls
• Any transition of care is a particularly high-risk time. Medical errors can 

occur when crucial information is not effectively transmitted from one 
team to another.

• Transport by definition involves changes to a patient’s physical location 
which can easily lead to pulled lines or tubes if safeguards are not made.

• Different modes of transport subject patients to various environmental 
changes which can lead to life-threatening physiological responses; be 
wary of air travel and changes with partial pressures of gas, which can lead 
to oxygenation issues, expansion of trapped gases, and exposure to cold 
temperatures and low humidity.

Pearls
• Using a checklist or pneumonic, such as MARCH-PAWS, can assist in 

providing optimal essential care before and during transportation.
• Conveying data in a MIST format verbally, in addition to transferring com-

plete medical documentation, is helpful in quickly sharing information on 
injuries, assessments, treatments, and trends.

• Dedicated transportation teams trained in patient movement with practice 
and experience in casualty evacuation should lead to improved outcomes 
for morbidity and mortality, especially in blast-injured patients.

• Use of emerging technology, such as point-of-care laboratory and ultraso-
nography, may further enhance medical capabilities during transportation.
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 Introduction

Public safety medical responders often work in dynamic and unstable environments. 
Although efforts to mitigate threats are typically ongoing, the primacy of rescue for 
injured victims in the immediate aftermath of intentional and unintentional events 
often requires operations in areas with elevated, even imminent, risk. Medical res-
cue in post-blast areas is just one such example of operating in areas of high risk. 
Although the intentional use of explosives to injure and kill citizens is well known, 
unintentional or accidental explosions and subsequent post-blast operations are not 
uncommon in civilian emergencies. Events such as the chemical plant explosion in 
Crosby, Texas, on April 2, 2019 [1], and the 2013 ammonium nitrate explosion at 
the West Fertilizer Company storage and distribution facility in West Texas [2] that 
occurred while emergency services personnel were responding to a fire at the facil-
ity demonstrate not only the devastating power of these events, but also the difficult 
challenges and need for special considerations when operating in the post-blast 
environment.
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Intentional use of explosives against military, government, public, and even med-
ical facilities and personnel is well documented and has been employed by terrorists 
around the world for many years. Improvised explosive devices (IEDs) and vehicle- 
borne IEDs are considered by many terrorist groups to be cheap, easy to make, and 
extremely effective weapons. Explosive precursor materials are widely available, 
and the chemical recipes and mechanical plans for devices are easily accessed on 
the Internet and in print. Additionally, the mobility, flexibility, and ease of use of this 
weapon lend itself to stealthy and subtle deployment. For example, an explosive can 
be placed in a ubiquitous container such as a backpack that will not draw attention 
and then can either be set to detonate on a timer, can be command detonated in a 
suicide-homicide attack, or can be remotely command detonated once the individ-
ual who placed it is no longer in the area. This is the exact scenario and deployment 
of the two lethal explosive devices used in the 2013 Boston Marathon bombing. 
Explosives can also be placed and designed to be triggered by a victim months later, 
such as with a land mine. In essence, when used as an offensive weapon, explosive 
devices are limited only by the imagination of the designer and the one using it.

The “double bomb” is a common tactic used in intentional explosive mass casu-
alty events to affect public safety responders. This term describes the tactic where a 
second explosive device is placed in a separate but geographically related area and 
then detonated on a delay with the purpose of creating additional casualties, espe-
cially among responders, disrupting the overall response, and creating chaos, confu-
sion, and fear. Mistakenly thought by many to only occur in foreign countries, the 
double-bomb tactic was used on American soil by Eric Rudolph in his politically 
motivated bombing of the Atlanta Northside Family Planning Clinic in 1997 [3]. In 
this event, Rudolph detonated his first device inside the clinic, injuring six, and then 
detonated a second device on a delay in a nearby dumpster in an attempt to target 
first responders and evacuees from the clinic. Kip Kinkel, the 15-year-old assailant 
in the 1998 Thurston High School shooting in Springfield, Oregon, killed his par-
ents the day before the shooting at the high school and booby-trapped his home with 
explosive devices intended to injure whomever found the bodies [4]. The double- 
bomb tactic has been used frequently to increase disruption and devastation in med-
ical response worldwide. Internationally, from 1990 through 2014, at least 11 
terrorist groups have detonated a device in one part of a city and then a second 
device at a nearby hospital to disrupt the medical response and injure those trying to 
save lives [3].

The risk of secondary devices is one of the many operational considerations that 
must be understood and mitigated during medical rescue operations. First respond-
ers must be aware of the tactics being used, the risks, and operational considerations 
and must be capable of conducting coordinated medical rescue operations for the 
wounded in the immediate aftermath of an explosive event and possibly even per-
form life safety and medical rescue operations in the vicinity of known but unex-
ploded devices.

Traditionally, in the post-blast environment or when there is a potential explosive 
risk, the common public safety operational medical response has been to minimize 
risk to responders by taking a conservative approach: instead of initiating 
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immediate coordinated rescue, a common standard operating procedure, at least on 
paper, is to “stage and wait” at a safe distance until the explosive risk is fully miti-
gated and the scene is totally secure. The idea of eliminating all risk to responders 
in active violence and in post-blast response is traditional fire and emergency medi-
cal services culture.

From day one of most fire and emergency medical services (EMS) training, stu-
dents are taught that scene safety is paramount and that responder safety has the 
highest priority. However, in real-world incidents, many law enforcement, fire 
department, and EMS personnel, despite the risk and often without thought, have 
immediately reacted to an event, moving forward into uncleared, unsecured, and 
potentially dangerous areas to begin lifesaving rescue operations.

One well-known example of such spontaneous medical response into an area of 
high risk was the 2013 bombing near the finish line of the Boston Marathon. Despite 
a strongly traditional operational culture and a firm operational policy of “stage and 
wait” until the post-blast area was fully swept and cleared by the bomb unit, first 
responders from all public safety disciplines in Boston (police, fire/rescue, and 
EMS) instantly converged directly to the epicenters of the two blasts to provide 
immediate life rescue, treatment, and evacuation of the wounded [5]. In this and 
other cases, although suspicion for possible secondary devices or other threats 
existed, the subconscious urge to save lives as part of public safety first responder 
job identity and training became the operational driving force, and those profession-
als went to work despite the risk.

As the first responder community is looking to take on more of an “all-hazard 
model” approach, it may be time to look at a more modern “principles of risk” 
model for the future. In any incident the overall priorities should first be life safety, 
with incident stabilization second, and resource and property conservation third. 
Realizing that in the initial stages of the incident there is a short time frame to make 
the most impact on life safety, this would be when modern principles of risk should 
be deployed: (1) accept high risk to responder life to save a citizen life (conscious 
casualty), (2) accept mitigated risk to responder life to possibly save a citizen life 
(unconscious casualty), (3) accept no risk when there is no citizen life to save (obvi-
ous death), or (4) accept no risk when there are no casualties.

Given the operational truth that most public safety responders will not stage 
while there are citizens injured and in need of rescue, the only way to mitigate the 
increased risk to public safety is to give them a better understanding of that risk and 
provide the training, procedures, and operational knowledge for operations in these 
areas. This approach is similar to that employed by the US military. In the current 
War on Terror (WoT), many combat injuries incurred by US troops in Iraq and 
Afghanistan have been caused by the IED.

Early in the WoT, Explosive Ordnance Disposal (EOD) units were the only mili-
tary personnel that were trained and empowered to mitigate and dispose of an 
IED.  If an IED was discovered or detonated, all operations are halted until the 
immediate area had been swept and any unexploded ordinance had been prosecuted. 
However, as the number and frequency of IEDs requiring specialty EOD teams 
overwhelmed the limited availability of EOD personnel, the military countered by 
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training frontline combat personnel to both identify explosive devices and to maneu-
ver and operate in space around them despite the risk they represented. This training 
focused on teaching military line personnel to both identify key features of the 
device and initiate immediate action drills of extracting any casualties to areas of 
higher safety in order to minimize loss of life.

This chapter will discuss a similar operational approach for civilian systems and 
present the immediate action medical rescue tactics for public safety personnel 
responding to a post-blast scenario, or to a scenario in which there are casualties in 
need of rescue in locations near known but unexploded devices. The basis of the 
discussion will be considerations for operations and medical rescue in the different 
zones of prehospital operations and the application of the risk-benefit-ratio-based 
medical treatment paradigm of Tactical Emergency Casualty Care (TECC) for those 
injured.

 Initial Actions on Scene of a Possible IED Incident

Upon initial response, the first arriving units must maintain a high index of suspi-
cion and should recognize the pattern of widespread damage caused by an explo-
sion. The reporting party that called 911, especially if that person is not directly 
involved, may not have known or may not have had direct situational awareness 
relevant to the true cause of the event and may wrongfully have reported only 
“smoke” or “fire” or “structural collapse” instead of correctly identifying the event 
as an explosion. As such, it is important for public safety response personnel to 
recognize scene details that could indicate an explosive device was detonated.

Explosives create destruction through distinct mechanisms: the rapid conversion 
of the explosive material (liquid or solid) to gas creates a destructive pressure wave 
and brisance; multiple projectiles from the device itself or from the surrounding 
environment are propelled outward at high velocity that create tearing and penetrat-
ing injuries; blast wind that can throw objects and people is created as the pressure 
wave moves through the air; and thermal injuries are caused from the heat of com-
bustion of the explosive materials [6].

The pattern of destruction seen by first arriving personnel may provide clues to 
an explosive event. For example, an area with structural damage and widespread 
fragmented materials seemingly emanating from a charred epicenter should lead the 
first arriving units to initiate actions for response to an explosive event. Additionally, 
given the frequency of use of the double-bomb tactic, it is important for public 
safety response personnel to be trained in the key features of explosive devices and 
potential for additional accidental explosions to allow for recognition and identifi-
cation. Any call type has the potential to involve explosives. For example, one of the 
two car bombs parked outside the Tiger Tiger London club in an attempted bombing 
in 2007 was not initially recognized as such; instead, it was ticketed for illegal park-
ing and towed to an impound lot. It was not until much later that is was discovered 
to be a vehicle-borne IED [7].
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Once recognized, either in a post-blast scene or with an unexploded live or suspi-
cious device on scene, immediate notification of the situation and request for 
response should be made to the local EOD unit. The proximate blast area, or the 
potential blast and fragmentation area of an unexploded device, represents a direct 
and immediate threat to persons or providers and should be considered a hot zone 
(see Chap. 13 for information regarding estimated standoff distances). Direct threats 
in this area include, but are not limited to, fire, large fragmentation and unstable 
structural damage, and the potential for secondary devices or other additional 
explosions.

Recognizing the post-blast area and the apparent seat of the blast, responders 
should immediately position fire apparatus in a “V” with the front of each vehicle 
positioned towards the seat of the blast, creating a hasty area of refuge immediately 
behind the vehicles where, if additional explosions occurred, the blast overpressure 
wave and fireball would be channeled away and fragmentation would be absorbed 
by the structures of the vehicles. A safer area such as this can be considered a warm 
zone where risk exists, but it is not direct and immediate. Other potential warm zone 
areas could be established by using buildings and other terrain features to provide 
cover. For example, moving out of direct line of sight around the corner of a stable 
building will protect responders from ballistic and thermal trauma and minimize 
exposure to the shock wave. If using buildings for cover, be wary of corridor effects 
that create the potential for channeling of overpressure waves or overhanging fea-
tures that could be damaged and fall.

Once a close warm zone area is created or identified, a hasty casualty collection 
point (CCP) should be quickly established in this area to receive patients as they are 
extracted by rescue personnel from the immediate blast area in the hot zone. An 
early operational priority should be to sweep this warm zone area for secondary 
explosive devices, although, even if swept, given the increased risk, time spent in 
this area should be minimized as much as possible (Fig. 15.1).

a b

Fig. 15.1 (a, b) Examples of innovative improvised explosive devices

15 Risk-Related Zones of Prehospital Operations



230

In cases where there is a known undetonated IED, any civilians and nonessential 
personnel in the area should be immediately moved outside the blast and fragmenta-
tion radius. Response personnel operating in the hot zone should be limited in num-
ber to only what is needed to effect rapid rescue of any casualties. Prior to initiating 
hot zone rescue operations, medical response personnel should determine “go/no 
go” criteria by using a checkdown method:

• High threat, no victims: no need for rescue so maintain cordon and safe 
standoff.

• High threat, victims present: determine rapid rescue method according to the 
priorities of life (civilian > public safety responder > perpetrator). Mitigate risk 
by utilizing the response concept of time-distance-shielding. Minimize the 
amount of time exposed to areas with high risk through coordinated rescue oper-
ations that involve rapid extrication. Additionally, rescue personnel functioning 
in this area should be wearing ballistic vests to provide some shielding. Utilize 
the same path of egress as entry to minimize additional disruption of the environ-
ment. Be aware of the surroundings and have an alternate egress route should it 
become necessary.

• Low threat, victims present: use safest ingress and egress means possible. 
Minimize environmental and evidence disturbance to extract victims.

• Low threat, no victims: maintain cordon and safe standoff distance.

 Tactical Emergency Casualty Care: Medical Considerations 
in an IED Environment

Tactical Emergency Casualty Care (TECC) is a set of evidence-based and consen-
sus best practice trauma care guidelines intended for civilian high-threat medical 
response [8]. The TECC guidelines are built upon the critical medical lessons 
learned by US and allied military forces over the past 18 years of conflict. Using 
the military combat medical guidelines of Tactical Combat Casualty Care (TCCC) 
as a starting point, the Committee for Tactical Emergency Casualty Care creates 
the civilian high-threat medical guidelines through a process of literature research, 
evidence evaluation, expert discussion, and civilian best practices review. The 
TECC guidelines are built upon the foundations of TCCC, but are necessarily dif-
ferent to meet the unique needs and differences of the civilian medical and opera-
tional environments, including civilian-specific language, provider scope of 
practice, population, civil liability, civilian mission and operational constraints, 
logistics, and resource acquisition. At its most basic, the guidelines of TECC bal-
ance the risk- benefit ratio for medical intervention in areas of risk, dictating the 
specific medical interventions to stabilize the trauma patient at or near the point 
of wounding and then effect rapid rescue. The TECC guidelines are applied in 
three different phases depending on the relationship between the provider and the 
actual or potential threat [9].
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 Risk-Related Zones of Prehospital Operations

Hot, warm, and cold zones are common terms used in civilian response communi-
ties. In addition to these, TECC guidelines use terms related to medical care appro-
priate in each zone, referred to as direct threat, indirect threat, and evacuation care. 
In scenarios involving risks from additional explosions (and other deliberate attacks 
discussed in Chap. 16), the most robust treatment and evacuation from the scene 
occurs from the cold zone/evacuation care area, although immediately lifesaving 
care may have to be performed in the hot zone/direct threat and warm zone/indirect 
threat locations (Fig. 15.2).

Hot Zone
Direct-Threat Care

Phase 1: Rescue
Rescue teams deploy into the hot
zone. Ambulatory casualties are

directed straight to the Cold Zone area.
Non-ambulatory are rapidly stabilized
for exsanguinating hemorrhage and
rapidly extracted to the Warm Zone

CCP.

Phase 2: CCP

Phase 3: Cold Zone Triage/Treatment

Apparatus are positioned on arrival as
a blast/ballistic shield creating a Hasty

Warm Zone. TECC medical supplies are
dropped here by rescue teams.

Additional medical personnel here set
up a hasty CCP to provide TECC
Indirect-Threat Care and medical

stabilization prior to further movement
to the Cold Zone.

Warm Zone
Indirect-Threat Care

CCP

Cold Zone
Triage and Treatment Area

Evacuation Care

As medical rescue and extraction is ongoing,
additional arriving personnel set up a Cold Zone
treatment area where ambulatory patients can

be evaluated and further TECC Evacuation Care
can be provided. Patients extracted from the

Warm Zone CCP are further stabilized and all
injured are evacuated to definitive care in a

coordinated and expeditious operation.

Fig. 15.2 Creating zones of care and casualty flow between risk-related zones
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 Hot Zone/Direct Threat

Any area of operations where there is a direct and immediate risk of injury to the 
provider and/or further injury to the patient should be considered a hot zone/direct 
threat area. As stated above, the estimated seat of the explosive in a post-blast area, 
or any area within the blast and fragmentation range of an unexploded device, rep-
resents the hot zone. Rescue personnel responding into this hot zone to effect victim 
rescue will have the primary role of direct threat care, point-of-wounding stabiliza-
tion, and rapid extraction from the hot zone either to a CCP in the warm zone or, if 
appropriate, directly to the definitive care area in the cold zone.

The area of safety initially established using geography or apparatus positioning 
can be considered a warm zone and can be utilized as a close CCP if necessary. No 
formal triage should be performed in the hot zone. Instead, rescue personnel should 
direct ambulatory patients to quickly self-extract directly to the cold zone, bypass-
ing the warm zone CCP. If the patient is ambulatory, has no obvious severe injuries, 
and can follow directions, they essentially have triaged themselves as not requiring 
immediate care and, therefore, do not need evaluation or treatment until they reach 
the assigned triage and treatment area in the cold zone. Patients with injuries incom-
patible with life should be visually marked as deceased but should not be moved. 
Any remaining nonambulatory viable patients should be assessed, stabilized as indi-
cated below, and evacuated by rescue personnel in the order they are accessed.

The only medical intervention performed during hot zone/direct threat care is to 
stop immediately life-threatening bleeding. If there is no life-threatening compress-
ible hemorrhage or if the hemorrhage is not immediately life threatening, no medi-
cal interventions need to be applied and the injured should be rapidly extracted to 
the warm zone CCP.

Direct pressure stops external bleeding. The rescuer should immediately apply—
or have a bystander or even the patient, if capable, apply—pressure directly to the 
wound itself. For very large wounds or for amputations where applying direct pres-
sure would be difficult or impossible, the rescuer can instead apply pressure by 
kneeling on the proximal inner arm to occlude the brachial artery or the femoral 
triangle to occlude the femoral artery. Once exsanguinating hemorrhage is con-
trolled with direct pressure or proximal arterial occlusion, application of prefabri-
cated tourniquets or compression devices will make extraction easier.

For any extremity injury that, in the opinion of the rescuer, is exsanguinating, a 
commercial tourniquet should be placed “high and over the clothes,” meaning 
placed as high up on the limb as possible and overtop of any clothing—but not solid 
pocket items such as cell phones or keys—to stop life-threatening hemorrhage that, 
in the opinion of the rescuer, might lead to death during movement to the CCP. The 
decision to place a tourniquet versus a grab-and-go rapid extraction should be bal-
anced with the amount of bleeding, the distance to safety, and the perceived risk of 
further injury to the rescuer and the patient. Spending time in the hot zone to apply 
a tourniquet is a consideration that must be balanced against the risk. If immediately 
indicated, the tourniquet should then be applied “high and tight,” fully tightened and 
properly secured to prevent loosening. For commercial tourniquets, this process 
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should not take more than 60 seconds. If no tourniquet is available or the risk is too 
high to take the time to apply a tourniquet, direct pressure on the bleeding wound 
should be continued during extraction out of the hot zone.

All nonambulatory wounded persons should be extracted as rapidly as possible 
to the casualty collection point in the warm zone using an efficient technique such 
as the two-man fore-aft carry, the one-man elevated drag, or rescue equipment such 
as the GrabStrap™ (Fig. 15.3).

 Warm Zone/Indirect Threat

Any area of operations where there is a potential, but not direct and immediate, 
threat of further injury to patients or providers should be considered as a warm zone. 
Examples include areas of safety intentionally created through apparatus position-
ing, as well as those identified in nearby areas with structural or geographical cover 
from shock waves and ballistic objects.

As stated above, a hasty CCP should rapidly be established in this warm zone. 
This CCP should be the initial destination for nonambulatory patients extracted 
from the hot zone and is where stabilizing medical care according to the indirect 
threat care principles of TECC will be applied. As such, in the initial phases of the 
response, as emergency responders arrive on scene and move forward to initiate 

a b

c

Fig. 15.3 Lifts, moves, and carries. (a) Fore-aft carry. (b) One-man elevated drag. (c) Rescue 
GrabStrap
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rescue operations, TECC equipment and supplies from the Fire/EMS apparatus 
should be brought up to this CCP for medical stabilization in the warm zone. Fire/
EMS medical personnel not involved in hot zone rescue and extraction operations 
should move into this CCP and be ready to accept care as patients are brought in by 
the rescue teams. A rapid transfer of care from the rescue team to medical personnel 
at the CCP allows the former to quickly return to the hot zone for continued rescue 
operations, while further medical stabilization is being provided in the warm zone 
by the latter.

This hasty CCP represents a pit stop during patient extraction, allowing for sta-
bilization of immediately life-threatening injuries in a mitigated risk area close to 
the point of wounding prior to the continued movement to the cold zone/evacuation 
care treatment area or definitive care. Despite the decreased risk in this area, time 
spent here should be as minimal as possible, both for the injured and for the respond-
ers. By limiting care here to only immediately lifesaving stabilization, time spent 
here, and thus risk, is minimized. Management of non-life-threatening injuries such 
as fractures, non-hemorrhaging soft-tissue injuries, and small-to-moderate burns 
can be deferred until later.

No formal triage needs to be performed here either. Ambulatory patients should 
be directed to bypass this area and proceed straight to the cold zone; nonambulatory 
patients should be stabilized in the order in which they are brought into the area. 
Formal triage can occur in the next phase of care once the patients reach the cold 
zone where there is minimal threat to patients or providers.

The priority of care in this hasty CCP should follow the TECC indirect threat 
care guidelines. Although the MARCH2E algorithm (Massive Hemorrhage, Airway, 
Respirations, Circulation and Resuscitation, Head Injury and Hypothermia 
Management, Everything Else) is described in the TECC guidelines, streamlining 
TECC even further to adapt to the austerity and meet the overarching goal of rapid 
movement of patients and personnel to safety is appropriate. By definition, any 
operational warm zone has inherent risk, but when compared to other scenarios, 
post-blast rescue or rescue operations when there is known unexploded ordinance 
falls on the higher end of the warm zone risk spectrum. For example, in response to 
the Boston bombing, each of the multitude of bags and backpacks left by those flee-
ing from the blast site had the potential to be secondary devices; as such, although 
there were no known tangible secondary explosive, the presence of many potential 
devices created a high-risk warm zone. In such operational cases when it is prudent 
to limit the amount of time spent in warm zone areas to the absolute minimum, 
TECC can be streamlined to address only the immediate life threat by limiting the 
medical treatment priorities to the mnemonic “SCAB-E”: Situational Awareness, 
Circulation, Airway, Breathing, and Evacuate. Proceeded in a stepwise manner, this 
approach prioritizes care, not on the likelihood of injury, but on how rapidly lethal 
the injury can be. Bleeding control is prioritized, both because it is a likely injury in 
the blast scenario and because large vasculature injury can lead to irreversible hem-
orrhagic shock in minutes. Airway compromise and penetrating secondary blast 
injury to the torso are also likely in the severely wounded, and after hemorrhage 
control, compromised airways should be stabilized and any open or developing 
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tension pneumothorax should be assessed for and treated prior to any further evacu-
ation. At the responder’s discretion, the full MARCH2E care can then be performed 
during the evacuation care phase.

Situational awareness is listed first in the algorithm to remind the medical per-
sonnel operating in the warm zone CCP that they must “keep their head up,” main-
taining enhanced situational awareness in this area for additional, unrecognized 
threats. This includes not only secondary bombs, but structural damage from the 
blast that may lead to collapse. As a part of situational awareness, rapid egress 
routes from the warm zone CCP to other nearby safe havens should be identified.

Circulation in the algorithm means to assess for and treat any life-threatening 
extremity or junctional bleeding that was not addressed during direct threat care. 
Junctional hemorrhage is defined as bleeding from a non-torso wound that is too 
close to the hips or shoulders to place a proximal tourniquet.

The first medical priority during indirect threat care is to quickly assess for 
unrecognized or untreated exsanguinating hemorrhage and to reassess any tourni-
quet that was placed during direct threat care to ensure effective bleeding control 
after patient movement. If the tourniquet is effective, it should be left alone. If the 
tourniquet is found to be ineffective, it can be tightened further, or a second tourni-
quet can be placed immediately next to the first, ideally more proximal. The combi-
nation of two tourniquets adjacent to each other widens the area of circumferential 
pressure, increasing the compressive effect on the underlying vasculature. One 
other option for a fully tightened but still ineffective tourniquet is to leave it in place, 
but then fully expose the wound and apply a new deliberate tourniquet directly to 
the skin 2–3 inches proximal to the most proximal wound. If hemorrhage control is 
obtained with the deliberate distal tourniquet, the proximal ineffective tourniquet 
should be loosened but left in place.

If untreated life-threatening bleeding is identified, immediate direct pressure 
should be applied to the wound. The emphasis here is on treating exsanguinating 
hemorrhage only. Treatment for non-life-threatening bleeding may be deferred. 
With the exception of an amputation, which always needs a tourniquet regardless of 
bleeding, soft tissue wounds that are not bleeding heavily do not need to be addressed 
in this phase.

Hemorrhage control in this phase of care does not always have to be “tourniquet 
first”; the provider has three options for addressing hemorrhaging wounds: tourni-
quets, wound packing plus pressure bandage, and hemostatic gauze plus direct pres-
sure. Each hemorrhage control intervention has strengths and weakness, and the 
decision on which method to employ should be based on the number and types of 
wounds versus the amount and type of hemorrhage-control supplies.

Tourniquets continue to be a rapid and effective hemorrhage control option in 
this phase and may be employed for any extremity wound with massive uncon-
trolled bleeding. Tourniquet application is the most effective method for controlling 
hemorrhage from an amputation; thus, all amputations, regardless of amount of 
bleeding, need a proximal tourniquet applied. In this phase of care, extremity 
wounds should be fully exposed and evaluated for extent, and the tourniquet applied 
in a deliberate manner directly to the skin in an appropriate location. If tourniquets 
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are limited in supply, they may need to be prioritized for use on amputations, while 
other hemorrhage-control options are utilized for non-amputation-related extremity 
injuries.

Wound packing plus a circumferential pressure bandage is another effective 
hemorrhage control option in this phase. Prior to application of a pressure bandage, 
large and/or deep wounds should be fully packed with hemostatic or standard roller 
gauze, essentially creating a cotton plug to transmit the pressure applied at the sur-
face deep into the wound onto the site of bleeding. If the wound is packed with plain 
gauze, direct pressure should be applied for 5–10 minutes. A concentric pressure 
bandage, either a manufactured pressure dressing/bandage or a plain elastic wrap, 
should then be applied over the packing to maintain direct pressure on the wound.

Hemostatic gauze packing plus direct pressure is the third option for hemorrhage 
control in this phase of care. Hemostatic gauze may be used on any bleeding wound, 
but should be prioritized for use on anatomically junctional wounds. These areas are 
traversed by large-caliber vasculature and anatomically are not amenable to tourni-
quet or pressure bandage. If a patient has a junctional wound such as to the femoral 
triangle or the carotid sheath, direct pressure should be immediately applied, fol-
lowed by packing with hemostatic gauze and direct pressure for up to 3–5 minutes. 
Bandages should then be applied to keep the gauze packing in place.

One last consideration for hemorrhage control in this phase is the use of junc-
tional tourniquets specifically for femoral junctional bleeding. If available, a junc-
tional tourniquet such as the Junctional Emergency Tourniquet or the SAM 
Junctional Tourniquet should be applied for these life-threatening wounds. 
Additionally, there is a direct relationship between blast-induced traumatic lower 
limb amputation and open-book pelvic ring disruptions; thus, junctional tourniquets 
may have additional value of splinting the pelvis along with applying pressure into 
the femoral triangle.

Airway is the next step in the SCAB-E approach. The provider should assess for 
airway patency and provide basic airway maneuvers to attain and maintain an open 
airway. Allow the conscious and alert patient with facial injury to assume any posi-
tion that best protects the airway, including sitting up and leaning forward. Concern 
for cervical injury and cervical immobilization should not dictate or compromise 
airway management. Even in the setting of an unstable cervical fracture, normal 
movements of the head may not injure the cervical spinal cord [10]. Additionally, in 
this phase of care, application of full spinal immobilization is too logistically cum-
bersome and manpower intense. Instead, employ spine injury-clearance protocols 
and, if indicated and available, facilitate spinal motion restriction by applying a 
semirigid cervical collar or an improvised blanket rolled into a horse collar.

Although advanced airway procedures may be performed by appropriately 
trained personnel operating within their scope of practice, endotracheal intubation 
requires more equipment, more time, and more personnel for post-intubation man-
agement. Deferring advanced airway procedures until the patient has been fully 
extracted to the cold zone should strongly be considered.

In place of advanced airway management, any occluded airway or any patient 
with altered mental status should have a nasopharyngeal airway (NPA) placed. This 

E. R. Smith Jr. et al.



237

airway is easy to insert, useful regardless of gag reflex, and stable and has the added 
benefit of being transiently stimulating to patients with altered mental status. 
Concerns for intracranial placement of an NPA through a cribiform plate fracture in 
patients with facial trauma are largely unfounded and not reported in any meaning-
ful incidence in the medical literature. Thus, there are almost no contraindications 
to their use in this scenario. Despite the low risk, however, proper training and 
proper technique during placement must be emphasized. For patients with severe 
facial injuries that are significantly compromising the airway, additional consider-
ation can be given for appropriately trained and authorized personnel to secure an 
airway by surgical cricothyroidostomy.

Breathing assessment and management, during indirect threat care, is focused on 
assessing and improving respiratory mechanics. In blast injury, the risk to the respi-
ratory system comes from both primary blast injury (i.e., blast lung) and from sec-
ondary penetrating injury to the chest wall. There is little that can be done in the 
hasty CCP for blast lung other than to recognize the symptom complex (see Chap. 
12). Instead, the priority is to address penetrating chest injury that is compromising 
respiratory function by creating an open pneumothorax. Any penetrating wound to 
the torso above the level of the umbilicus, anterior or posterior, should be covered 
with a nonocclusive chest seal (one-way valve or channeled) that will prevent air 
from entering the chest cavity during inspiration yet allow any air inside the chest 
cavity to vent out, decreasing the risk of a tension pneumothorax [11].

Any patient with penetrating chest wounds, whether or not they were covered 
with chest seals, must be closely monitored for development of a tension pneumo-
thorax. Symptoms may include increasing dyspnea or respiratory rate, gasping, 
increasing anxiety, or cyanosis.

Given the operational conditions, good respiratory assessment with palpation 
and auscultation will be challenging at best; thus, any patient with known or sus-
pected thoracic injury (blast, blunt, or penetrating) who has respiratory distress, 
either initially or that develops during care, should have a needle thoracostomy 
performed by appropriately trained and authorized personnel. If there is no provider 
with the appropriate scope of practice immediately available to perform a needle 
decompression, the torso wound can be physically “burped” by uncovering the 
wound and massaging the tissue around the wound or gently pulling the wound 
edges apart to open the wound track back up, allowing intrapleural air to vent 
(Fig. 15.4).

Safe and effective locations for needle decompression include the second inter-
costal space at the midclavicular line, not medial to the nipple line and not directed 
towards the heart, and the fourth or fifth intercostal space at the anterior axillary line 
directed slightly posteriorly. At a minimum, needle/catheter devices should be 
10–14 gauge to move enough air and 3¼ inches to reach the pleural space. Success 
is indicated by an improvement in the patient’s symptoms. The needle should be 
removed and the catheter left in place, allowing it to vent the excessive intrathoracic 
pressure. If the first attempt is unsuccessful or only partially effective, or repeat 
decompression is necessary due to recurrence of tension physiology, another needle 
decompression should be performed on the same side at another location [12].
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The final step in the SCAB-E indirect threat care management in the warm zone 
CCP is to reassess all interventions for continued effectiveness, perform a quick 
head-to-toe evaluation for any significant missed injuries that need stabilization, 
prevent hypothermia, and prepare the patient for further extraction to the cold zone. 
Any wounds discovered should be managed as above, and procedures to prevent 
heat loss should be instituted. Ideally, commercial hypothermia kits can be used, but 
improvised “burrito wraps” that consist of a vapor barrier, thermal barrier, and an 
inner reflective layer can be very effective [13]. At a minimum, a Mylar reflective 
blanket covered with a wool blanket can be utilized. The patient should then be 
allowed to assume a position of comfort or, if unconscious, placed in the lateral 
recumbent rescue position while awaiting evacuation to a triage and treatment area 
in the cold zone. No unconscious patient should ever be left by themselves in the 
supine position.

Limiting time in areas of higher risk is one of the risk mitigation strategies 
for patient and personnel protection. The overarching principle of high-threat 
rescue missions should be to deploy limited personnel into areas of high risk 
(hot zone), move the wounded to areas of mitigated risk (warm zone) for stabi-
lization, and then further extricate to areas of relative safety (cold zone) for 
definitive care as expeditiously as possible. When sufficient personnel are avail-
able, patients should be extracted from warm zone CCP to cold zone triage and 
treatment area or directly to a waiting ambulance if one is available. Once all 
viable patients have been evacuated from the hot zone, stabilized in the warm 
zone CCP, and moved to the cold zone, medical operations in the hot and warm 
zones should be terminated.

a b

Fig. 15.4 (a, b) Manual “burp” of a chest wound for suspected tension pneumothorax
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 Cold Zone/Evacuation Care

Initiating hot zone rescue operations, establishing a warm zone CCP, and providing 
personnel and resources to allow for indirect threat care stabilization of the wounded 
are the initial medical priorities on scene. However, identifying and establishing a 
cold zone treatment area is a close second. This should be established as early as 
practicable, clearly designated, and staffed with personnel and equipment to receive 
ambulatory casualties self-evacuating directly from the blast site and nonambula-
tory casualties who have been stabilized in and are being extracted from the warm 
zone CCP.

Ambulatory casualties directed out of the hot zone by the initial rescue teams 
will not have received any medical evaluation and, despite their ambulatory status, 
may have potentially life-threatening injuries. Young, healthy, well-conditioned 
people have the physiologic reserve to ambulate despite significant blast injuries by 
all mechanisms and, hence, should not be minimized or ignored, because they 
appear stable. Instead, any ambulatory person, especially any child carried into the 
cold zone, must be immediately evaluated for significant injuries.

When medical transport units are available, any severely injured patient that is 
brought into the cold zone area should be placed directly onto any available unit or 
immediate transport to receiving medical facility, in essence, bypassing the cold 
zone treatment area altogether. The immediate post-blast medical priority is to limit 
the time injured patients remain on scene.

When transport is available, TECC evacuation care can be performed during the 
transport by transporting medical crew. The tenet to follow is “get the red out,” 
meaning prioritize evacuation of critical (red triage tag) patients. Ambulances 
should rarely stage on scene when there are patients that need transport, even if 
those patients do not have priority injuries. If transport resources are available, there 
is no need to hold “lower-priority” patients on scene in order to keep transport avail-
able for a more critical patient. Instead, deploy the available transport units as the 
patients are brought in from the hot zone or warm zone CCP following the mantra, 
“Ambulances should never wait on scene if patients are available, but patients may 
need to wait on scene until ambulances are available.”

Controlled distribution of transported patients from the scene should be initiated 
as the first patients are leaving the scene. One important consideration in this distri-
bution is that the minimally injured and worried well will predictably self-transport 
to the closet hospital. Thus, this hospital, regardless of trauma capability, will often 
be inundated with patients [14]. This pattern has been well documented after many 
of the recent intentional mass casualty events such as the shooting at the Route 91 
festival in Las Vegas. The closest facility to the scene, Desert Springs Hospital, is a 
small community facility with a minimally staffed ED, and yet they received over 
90 patients within the first hours of the event [15].

In the aftermath of any large-scale event, patients with lower triage designa-
tions should be transported to medical facilities farther away from the incident 
to decrease the medical surge at the closest medical facility. Additionally, 
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operational consideration should be given to sending additional transport units 
directly to the closest hospital to enable secondary redistribution of patients 
after medical evaluation. Stable patients may be pushed to facilities farther out, 
allowing the closest facility to maintain capacity for the severely injured and 
unstable patients (see Chap. 21 for more information on this “redistribution 
phase”).

Patient tracking procedures should be initiated in a coordinated fashion across 
the entirety of the medical system, including receiving facilities, to enable family 
reunification. Many “walking wounded” and even some severely wounded patients 
may be transported by other citizens directly to hospitals. As such, hospitals must 
assume responsibility along with Fire/EMS for patient tracking with information 
being fed into a coordinated system among all responder agencies for family notifi-
cation and unification. Newer technology such as handheld barcode scanners and 
patient tracking via mobile facial recognition applications (www.FlingTrack.com) 
may help streamline this reunification process.

Once transport units are no longer immediately available, any patient brought 
into the cold zone treatment area from the CCP should be immediately reevaluated 
for efficacy of prior TECC interventions. Tourniquets and pressure bandages loosen 
while patients are carried or dragged, and some injuries may have been missed by 
providers under stress. As these patients are being reevaluated, they should be tri-
aged according to local protocol for both priority of transportation and destination. 
There is no need to change principles of triage in the setting of field triage for blast 
injuries; however, additional considerations should be given for any patient with 
penetrating torso injury, even if they appear physiologically stable. Penetrating 
trauma to the torso should be considered as severe uncontrolled hemorrhage, and it 
should be assumed that the patient will go into uncompensated shock at any moment. 
These patients should have remote damage control procedures initiated in the cold 
zone treatment area and should be placed in the highest triage category even when 
physiologically stable.

The established cold zone should have additional personnel and the field medical 
resources that are standard for EMS systems. In this phase, these additional person-
nel and resources—including increased monitoring, diagnostic, and treatment 
modalities—should be devoted to increasing the level of care provided. Given the 
typically greater resources and personnel in the cold zone, the full evaluation and 
management guidelines of TECC evacuation care can be initiated, including inter-
ventions related to damage control resuscitation: permissive hypotension, limited 
administration of crystalloid fluids, hemostatic resuscitation, and hypothermia pre-
vention. Pain control is emphasized as well.

The overarching medical priority for the cold zone triage and treatment area is to 
continue stabilizing any life-threatening wounds and to emphasize rapid evacuation 
to definitive treatment facilities with evacuation care en route. Efficient operations 
can lead to removal of all critical wounded from the scene in less than 30 minutes 
and all patients within an hour.

E. R. Smith Jr. et al.
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 Conclusion

Operational medical response to explosive incidents, whether accidental or inten-
tional, is a reality for public safety personnel. The post-blast environment represents 
unique operational considerations and challenges. Medical rescue in this environ-
ment should follow the priorities of life where first responders must put the lives of 
civilians first, but in a mitigated-risk operational approach. The post-blast environ-
ment and operations in the vicinity of unexploded ordinance environments carry 
risk for first responders, different but no less or no more dangerous than suppression 
activities, technical rescue, or other high-risk operations such as a Rescue Task 
Force [16].

As with all of these examples, the operational risk can be mitigated during the 
response by understanding the working environment, understanding the hazards, 
and mitigating risk through limiting time in areas of highest risk, creating warm 
zone areas with lower risk, rapidly stabilizing immediate life threats, and efficiently 
moving the wounded through the zones to definitive care. Once the wounded have 
been cleared, medical personnel should leave these zones of increased risk as well.

Key Points
• Recognize the key identifying features of the blast epicenter and post-blast 

environment.
• Recognize the potential for secondary explosions, any unexploded devices, 

good frontal and overhead protection, and the possibility of terrain or man-
made structures to channel and magnify shock waves.

• Utilize vehicle positioning as a possible blast shield to create a hasty warm 
zone casualty collection point (CCP).

• Employ the phased medical care approach of Tactical Emergency Casualty 
Care to stabilize the immediate life threats and evacuate the patient in 
stages: hot zone to warm zone CCP to cold zone.

Pitfalls
• Delaying rescue operations for the wounded in a post-blast environment 

until the “all clear” signal is given following a formal explosive sweep by 
a specialized explosives ordinance handling team.

• Delaying medical care of immediately life-threatening injuries to extract 
the injured to an area of complete safety.

• Conducting medical rescue and treatment in the post-blast environment in 
the same manner conducted for non-high-threat environments.
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 Introduction

Tactical Emergency Medical Support (TEMS) involves the multidimensional provi-
sion of medical care during and surrounding high-threat civilian law enforcement 
operations. TEMS providers, often embedded in special operations tactical teams, 
are tasked with providing potentially lifesaving care in high-risk and medically 
remote settings. The practice of TEMS has been influenced significantly by the 
extensive experience of military combat medics confronted with battlefield inju-
ries. Current best practices in TEMS are driven by additional guidelines developed 
specifically to account for important differences between the military and civilian 
environments.

 Tactical Emergency Medical Support

In the mid- to late 1960s, an emerging pattern of hostile mass-violence incidents 
across the United States led to the realization among law enforcement agencies 
that specialized elements were needed to effectively respond to crises beyond the 
routine capabilities of patrol officers [1]. The subsequent decades saw a prolifera-
tion of Special Weapons and Tactics (SWAT) and other “tactical” teams, which 
are now commonly deployed by police departments and law enforcement agen-
cies throughout the United States. Today, the law enforcement tactical mission 
commonly includes responses to hostage or barricade incidents, high-risk warrant 
service, civil disturbances, dignitary and executive protection missions, maritime 
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and dive operations, and explosive ordnance disposal. The potential for explosive 
devices and blast injuries to complicate many or all of these types of missions is 
increasingly recognized.

The emergence of TEMS followed closely the evolution of SWAT teams and has 
gained increasing recognition as an essential element of the modern law enforce-
ment mission [2–5]. TEMS recognizes that law enforcement personnel engaged in 
special-operations-type missions are placed at high risk for traumatic injury often 
without the organized provision of dedicated or accessible medical care. Early func-
tional parallels were drawn between these tactical officers and military combatants 
engaged in small-unit operations. Unlike their medic and corpsman counterparts 
embedded with teams of military operators, civilian Emergency Medical Services 
(EMS) providers historically lacked the training and skills to render lifesaving care 
to injured tactical officers in high-threat environments. Today, although singularly 
focused on medical effectiveness in operational settings, TEMS remains a hetero-
geneous entity rendered either by non-sworn medical providers with specialized 
training or law enforcement officers who maintain collateral skills as medics.

The goals of TEMS are broadly to facilitate the overall success and safety of 
high-risk law enforcement missions throughout all phases of tactical operations. 
Its primary objectives during a mission are injury prevention, resource allocation, 
and rapid initiation of emergency medical care. TEMS bolsters the on-scene com-
mand infrastructure by providing medical threat assessments, delivering immediate 
emergency medical care, and promoting the safety and health of law enforcement 
personnel. TEMS personnel further achieve their objectives by facilitating com-
munications and interoperability between law enforcement, EMS, and the emer-
gency health care system. During law enforcement operations, medical activities 
and casualty movements are coordinated between the command post, operational 
team leaders, and the medical support element. A fundamental tenet in TEMS is that 
law enforcement mission accomplishment will often supersede medical decision- 
making and the needs of individual casualties.

Integral to the advancement of TEMS has been the ongoing pursuit of medically 
effective practices specifically developed or adapted for the high-threat law enforce-
ment environment. TEMS providers must be thoroughly prepared to manage both 
high-frequency/low-consequence and low-frequency/high-consequence medical 
and trauma scenarios [6, 7]. Best practices derived from emergency medicine and 
EMS remain the foundation for most clinical interventions performed in the course 
of tactical operations. Furthermore, TEMS has sustained longitudinal benefit from 
military medicine experiences and lessons learned in active theaters of combat.

 Lessons from the Military

Prior to 1996, US military medics were trained according to the principles of 
Advanced Trauma Life Support (ATLS). Although the widespread implementation 
of ATLS had been credited with decreasing the mortality of trauma victims in the 
civilian in-hospital setting, many in the military medicine community recognized 
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that it was poorly suited for their out-of-hospital mission sets. ATLS was developed 
by trauma surgeons establishing clinical standards for hospital-based care. It did not 
adequately address the needs of medics and corpsmen expected to balance mission- 
specific operational goals with the need to provide medical care for combat casual-
ties. Military prehospital providers routinely had to provide that care under active 
enemy fire, with limited portable equipment, and in austere locations.

The US Special Operations Command (USSOCOM) recognized the shortcom-
ings of using ATLS on the battlefield and in 1995 commissioned a study on how to 
improve survival from combat-related injuries. The following year, after extensive 
research on ballistic and blast wounding patterns from military weapons, which 
included medical records and autopsy data, a report entitled “Tactical Combat 
Casualty Care (TCCC) in Special Operations” was released [8]. This report, for the 
first time, described the integration of both tactics and medicine. The three major 
goals of TCCC are the delivery of lifesaving treatment to injured combatants, limit-
ing the risk of additional injuries to casualties and providers, and mission success.

In order to achieve these goals, TCCC proposed dividing each mission into three 
phases based on threat levels and provided specific recommendations for the medi-
cal care appropriate during each phase. USSOCOM embraced TCCC and rapidly 
implemented its recommendations. Following positive feedback from the Special 
Operations community, the remainder of the US military adopted TCCC as well. 
Since its implementation, TCCC protocols have been credited with significantly 
reducing battlefield mortality [9, 10].

 Adaptation to Civilian Casualty Care

In recent decades, high-capacity firearms and improvised explosive devices (IEDs) 
have been used with increasing frequency to target civilians [11]. In these incidents 
of intentional mass violence, law enforcement and medical responders are often 
forced to operate in an environment with significant similarities to a military combat 
zone. Confronted with the prospect of ongoing threats, including active shooter(s) 
or secondary explosive devices and patterns of injuries at least theoretically similar 
to those experienced by injured combatants, civilian public safety entities have been 
challenged with continually adapting their response capabilities. While TEMS had 
already broadly espoused medical approaches derived from its military counter-
parts, the need to establish more organized and standardized approaches to casualty 
care in the civilian high-threat setting became critical.

In the effort to develop civilian guidelines, important differences between the 
military and civilian settings must be recognized. Compared to their military coun-
terparts, civilian prehospital responders are employed by a wider variety of agencies 
across multiple tiers of government and possess variable levels of training, scopes 
of practice, and prior experiences. Historically, medical care in high-threat envi-
ronments is not intrinsic to the approaches of civilian prehospital care. Vulnerable 
populations in the civilian setting are diverse and not typically accounted for in 
the TCCC paradigm. These include pediatric, pregnant, and geriatric patients with 
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variable baseline conditioning and physiologies. A myriad of physical settings for 
many acts of intentional mass violence exist in the civilian setting and can impact 
access to casualties and transport times to definitive medical care.

 Tactical Emergency Casualty Care (TECC)

The Committee for Tactical Emergency Casualty Care (C-TECC) was founded in 
2011 as a standing, independent, nonprofit organization comprised of operational 
and academic medical leaders with a unified mission to develop and maintain best 
practice guidelines for the provision of medical care during high-threat incidents. 
Translating key lessons learned from its military counterpart, the TECC guidelines 
promoted evidence-based management of casualties during tactical operations 
accounting for differences in civilian environments, resource allocations, patient 
populations, and responder scopes of practice. The C-TECC convenes formally 
twice annually to present scientific advances, emerging technology, and update 
TECC guidelines to further enhance the lifesaving mission. C-TECC membership 
includes leaders, subject matter experts, presenters and stakeholders from domestic 
and international law enforcement, EMS, fire/rescue, military, industry, and inter-
ested parties. TECC recommendations and guidelines are updated on a regular basis 
and available as open source resources [12, 13].

TECC protocols provide specific recommendations for medical care according 
to the threat level. In TECC nomenclature, the three phases of care are defined as 
follows [14]:

• Direct Threat Care (DTC): This phase of care occurs at the scene of the injury, 
when the casualty and medical provider remain under some immediate threat 
(e.g., enemy weapons fire or civil disturbance, IEDs or accidental explosions, 
flooding or fire, etc.). The emphasis in DTC remains on mitigating the threat to 
prevent further casualties, moving the wounded to cover or an area of relative 
safety, and managing life-threatening extremity hemorrhage with tourniquets. 
The importance of various rescue and patient-movement techniques and rapid 
positional airway management is delineated in DTC. Medical care and opera-
tional requirements are the same for operators and all levels of TEMS providers 
during this phase of care.

• Indirect Threat Care (ITC): This phase is initiated once the casualty is in a loca-
tion of relative safety where there is less potential for responders being injured or 
casualties sustaining additional injuries. Assessment and treatment priorities in 
this phase focus on the preventable causes of death such as hemorrhage control, 
airway management, diagnosis and treatment of tension pneumothorax and 
hypovolemic shock, and prevention of hypothermia. Five different levels of pro-
viders are assigned TECC skill sets based on training and certification 
(Table 16.1).

• Evacuation Care: During this phase of care, efforts are initiated to move the 
casualty toward a definitive treatment facility. Most additional interventions 
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during this phase of care are similar to those performed during conventional 
EMS. Major emphasis is placed on reassessment of field interventions and con-
tinuation of damage control resuscitation (DCR).

Delays in the evacuation of injured patients may be caused by a number of factors, 
including the tactical situation, lack of appropriate transportation assets, and limita-
tions imposed by inclement weather and adverse terrain. Tactical medical providers 
should be prepared to continue effective treatment in these situations, referred to as 
“prolonged field care.” Although current TECC guidelines do not cover prolonged 
field care, recognizing the potential need to render care for extended durations in 
the field is important for TEMS providers. Planning for such contingencies and 
operational flexibility are critical to limiting morbidity and mortality when immedi-
ate evacuation is not possible.

 Mechanisms of Blast Injuries

Explosions have the potential to cause a wide variety of physical injuries, which can 
range in severity from mild to life-threatening. It is important for TEMS providers 
to rapidly recognize these injuries, so that they may successfully triage and treat 
victims of a blast.

Blast injuries are often classified according to the mechanism of injury. The most 
common classification system divides injury mechanisms into four categories [15] 
and is discussed in detail in the introductory sections of this book. Briefly:

• Primary blast injury is caused by the pressure wave generated during an explo-
sion. Immediately following combustion, air is rapidly compressed and forced 
outwards at high speed. The blast wave can move around barricades and is not 
mitigated by body armor.

• Secondary blast injury is caused by the acceleration of an object, which subse-
quently strikes an individual. The accelerated object can be from the bomb 
(shrapnel) or from the environment (debris or shattered glass). Most secondary 
blast injuries result in penetrating trauma. Body armor and armored vehicles 
offer some protection from secondary blast injury.

• Tertiary blast injury is caused by the acceleration of an individual, who subse-
quently strikes an object. In these cases, the force of the explosion lifts an indi-
vidual off the ground and launches them through the air. Blunt trauma occurs 
much more frequently than penetrating trauma. However, as with secondary 
blast injuries, any organ system may be involved.

• Quaternary blast injury is caused by all other mechanisms not specifically 
described in the first three categories, including burns, inhalational injuries, 
chemical exposures, and crush injuries. These are increasingly relevant in 
response to multimodal attacks and urban operations.
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Many blast casualties will suffer from a combination of the injury patterns 
described above, resulting in damage to multiple organs. TEMS providers should 
therefore understand how blasts affect the different organ systems, so that they can 
correctly assess and treat victims after an explosion.

 TEMS Responses to Blast Incidents

A thorough understanding of the complex injuries that may result from explosions 
and blast incidents is key to effective recognition and clinical management in the 
prehospital phase of responses. (The injury patterns from blast are discussed exten-
sively in Part I of this book.) Blast incidents are typically of such large scale and 
wide impact that TEMS resources are quickly overwhelmed, and these specialized 
teams end up playing a focused support role in the incident response.

Conventional EMS system-based providers will always significantly outnumber 
TEMS assets and ultimately provide the broad base of sustained responses to blast 
incidents, especially during the casualty transport phase. However, scene safety is a 
fundamental tenet of EMS care, with emphasis on provider safety the predominant 
consideration. In typical high-threat tactical incidents, this approach often limits 
early EMS provider access and initiation of emergency care of casualties within the 
law enforcement hot zone – the innermost perimeter of a tactical operation where 
the risk of ongoing harm is highest. By contrast, integrated TEMS providers with 
specialized training and ballistic protective equipment can initiate care in these 
environments thus bridging a critical gap between points of injury and conventional 
EMS resources.

TEMS by definition is intended to support exclusively tactical teams, a very 
small subset of overall law enforcement capacity. Operationally, TEMS providers 
typically deploy singly or in small numbers and are outfitted with finite, highly 
compact medical load outs designed to care for limited casualties resulting from 
isolated incidents. Consequently, the ability of TEMS providers to respond compre-
hensively to blast incidents resulting in mass casualties is limited. A key operational 
TEMS decision is when to transition from primary provider for the tactical team to 
a force multiplier, focused on leading teams of conventional EMS responders who 
do not routinely operate in high-threat environments.

The involvement of explosive devices in acts of intentional mass violence 
complicates the operational responses exponentially. Whether intended to cause 
injury or provide distraction, or both, the scope of actual threat in blast incidents is 
unknown during the initial phases of all responses. In some cases, whether explo-
sions are intentional or accidental may not even be known. If the primary incident 
is an intentional explosion, the potential for delayed blasts that are set to inflict 
maximal damage to initial responders must be considered. The chaos that invariably 
follows an initial blast incident makes the detection or exclusion of a secondary 
explosive threat extremely difficult. If incidents involve shootings, stabbings, or 
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vehicular trauma plus explosives, TEMS personnel are at particular risk for injury 
or death as secondary devices are most likely to harm those earliest responders in 
closest proximity.

 Conclusion

Over the past 25 years, TEMS providers have become integral components of many 
law enforcement teams. These providers have specialized training and protective 
equipment that allows them to render lifesaving care in high-risk settings. They are 
uniquely positioned to initiate treatment of wounded patients immediately after the 
injury occurs, filling a critical gap in medical coverage between the point of injury 
and definitive medical care.

Injuries resulting from blast incidents are among the most complex that TEMS 
providers may encounter. Explosions have the potential to cause severe, complex 
injuries involving multiple organ systems. TEMS providers with a thorough under-
standing of the spectrum of blast injuries will be better prepared to support law 
enforcement personnel during high-risk operations and capable of effectively man-
aging the injuries resulting from blast incidents.
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17Case Study: Primary Blast Injury 
in a Field Setting

Elon Glassberg, Avi Benov, and Avraham Yitzhak

On July 8, 2014, Israel launched Operation Protective Edge (OPE) in response to 
the kidnapping and murder of three Israeli teenagers and a massive rocket attack on 
the civilian population in southern Israel. The aim of the operation was to stop 
rocket fire from Gaza into Israel. The operation ended 50 days later, when a cease 
fire agreement was reached. The operation resulted in more than 700 casualties 
(including 74 fatalities) among the Israeli Defense Forces.

On July 30, 2014, a special forces team gained control of a tactically vital two- 
story building. While in the building, a previously planted large improvised explo-
sive device (IED), positioned in the basement of the building, was detonated. All 
team members were injured, including a few that were positioned outside the build-
ing; one was buried under the rubble.

Four blast-injured soldiers were immediately designated for urgent evacuation 
with need of lifesaving intervention (LSI). Injuries included (1) penetrating abdomi-
nal trauma from blast fragments; (2) blunt head trauma with concussion; (3) pene-
trating ocular trauma and blunt chest trauma; and (4) buried under rubble with head, 
chest, and abdominal injuries. Injuries to the casualties designated for nonurgent 
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evacuation included tympanic membrane perforations and limb injuries with undis-
placed fractures and soft-tissue abrasions.

In the aftermath of the explosion, the seriously injured team leader was replaced 
by one of the operators, who had been positioned on the roof of the building at the 
time of the explosion. He took command and directed the rescue efforts. Within 
minutes, the units’ medical squad (consisting of a physician and three medics) 
arrived and started triaging and treating the casualties. The now-in-command 
19-year-old sergeant seemed to be minimally affected by the blast. He was found to 
be fully conscious and “feeling well” with no overt external injuries. He was thus 
triaged for nonurgent evacuation, and he continued leading rescue efforts and direct-
ing the evacuation of the wounded and the dead.

However Ten minutes later, the sergeant reported some “dizziness” and difficulty 
breathing. His vital signs were found to be normal, except a heart rate of 106 beats 
per minute, which could have been expected for his level of emotional and physical 
activity. He was again triaged for nonurgent evacuation while efforts concentrated 
on the evacuation of the four seriously injured team members. The estimated time 
of arrival for the first evacuation helicopter was 20 minutes. At the evacuation point, 
the sergeant refused to be evacuated and allowed other team members to take prior-
ity in boarding the helicopter. Minutes later, the sergeant collapsed with pronounced 
dizziness, headache, cough, and hemoptysis. He was now tachypneic with respira-
tory rate of 30 breaths per minute, hemoglobin oxygen saturation of 88% on room 
air, blood pressure of 95/60 mmHg, and pulse rate of 75 beats per minute. His situ-
ation quickly deteriorated and, per Israeli Defense Forces Medical Corps protocol, 
advanced damage control resuscitation (DCR) was initiated at the point of injury 
and he was added to the list of urgent evacuations.

Out-of-hospital resuscitation included venous access, administration of reconsti-
tuted freeze-dried plasma (FDP) and ventilation. Within half an hour, the casualty 
was air-transported to a level-one trauma center, where he was diagnosed to be suf-
fering from severe primary blast lung injury and hypovolemic shock. He was admit-
ted to the intensive care unit, and a myriad of lifesaving interventions were initiated, 
including extracorporeal membrane oxygenation (ECMO), without success. The 
patient and two other team members were pronounced dead within 18 hours follow-
ing their injuries.

In the after-action report, his teammates stressed the fact that the sergeant was on 
the roof of the building at the time of the explosion, wearing his body armor and 
helmet, and was functioning and feeling well immediately following the blast. The 
importance of the advanced care provided on the scene was also stressed by the 
surgeons at the trauma center, as it was their estimation that without it the patient 
would not have made it to the hospital alive.

 Challenges

• Operating in Hot and Warm Zones: Poses Direct and indirect threats and to the 
responders (see Chaps. 11, 12, 13, and 14 for more information on scene safety). 
In this case, medical operations in a dense urban enviroment entailed specific 
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challenges, that included booby-trapped buildings and three-dimensional threats 
(e.g., tall buildings with possible snipers, adversaries in the streets, and under-
ground tunnels for hidden movements leading to surprise attacks). The potential 
for a “dirty bomb” to spread contamination with chemical, biological, or radio-
logical (CBR) materials is always present.

• Primary Blast Injuries (PBI): Primary blast injuries to internal structures present 
a specific challenge. Aside from tympanic membrane rupture with otorrhea, PBIs 
may not present with immediate symptoms or obvious signs of external trauma. 
The operator on the roof had been protected from secondary, tertiary, and quater-
nary blast injury but was still exposed to the high-explosive blast wave, which 
ultimately caused fatal blast lung injury. Clinical manifestations of blast intesti-
nal injury may be even further delayed.

• Providing Advanced Medical Care in the Field: Bringing capabilities beyond 
those of the paramedic level to the prehospital environment is extreemly chal-
lenging a physician assistants, physicians, or surgical assets prestaged before an 
incident may not be able to employ their full capabilities under direct or indirect 
threat, wearing appropriate personal protective equipment, in the dark, exposed 
to temperature extremes or inclement weather. Rushing to extend medical care 
after an incident has occured, may also prove of limited contribution, especcialy 
when transportation to definitive care is significantly delayed (see Chap. 11).

• Multiple Casualty Incident: Medical support consisted of a single medical squad 
with a small number of prehospital providers confronted with multiple casual-
ties, having to perform triage, provide care, conduct evacuation, and coordinate 
the rescue efforts. These are all extremely challenging, especially in high-threat 
environments and with relatively junior team members involved.

• Rapid Evacuation: Rapidly clearing casualties from the scene of an explosion is 
as critical, as it is difficult. Unless prestaged, transportation assets may take con-
siderable time to arrive and to evacuate the casualties (see Chaps. 14 and 15 for 
more information on evacuation priorities). Ongoing threats may further delay 
evacuation by ground, water, or air vehicles.

 Lessons Learned

• Blast Wave Physics: One does not need to be in a direct line of sight to the explo-
sion to suffer primary blast injury! The casualty in this case was standing on the 
roof and was wearing his protective gear when the detonation occurred in the 
basement. Blast waves can wrap around objects and be magnified in small spaces. 
Awarness to this potential mechanism of injury should lead to a higher index of 
suspicion, where those impacted by the blast wave should be “over-triaged” ini-
tially or watched more closely after the exposure. That said, the importance of 
the protective gear should not be underestimated, as it helps prevent the much 
more common penetrating injuries (secondary balst injuries).

• Advanced Life Support: Responding with advanced provider allows for rapid 
application of advanced interventions that may be needed for lifesaving care 
(e.g., tube thoracostomies and blood products for resuscitation), all the while 
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acknowledging that operations in a Hot or Warm zone may be putting the care 
providers at significant risk.

• Advanced Out-of-Hospital Damage Control Resuscitation: When feasible and in 
anticipation of high-risk operations, teams capable of advanced DCR should be 
staged as close as possible to the potential points of injury is crucial for saving 
the lives of those seriously wounded. When feasible, rapid evacuation to a higher 
level of care in a more stable environment generally takes precedence, particu-
larly if advanced en route care can be provided.

• Timely Evacuation: Effective casualty evacuation that balances care in the field, 
en route care capabilities, and time to definitive care poses a significant challenge 
and requires a well-coordinated effort.

• Military-to-Civilian Translation: Lessons learned in the military environment 
can be translated to civilian prehospital care. Although this case study concerned 
a military team, lessons could be easily applied to law enforcement teams (see 
Chap. 15), other specialized rescue teams, or even conventional EMS 
responders.
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18Case Study: 2013 Boston Marathon

Ricky C. Kue

 Overview of the Incident

April 15, 2013, marked the 117th running of the Boston Marathon, an annual tradi-
tion occurring on the Patriot’s Day holiday commemorating the Revolutionary War 
battles of Lexington and Concord. Runners began their journey from Hopkinton, 
Massachusetts, eastward into the City of Boston. At approximately 2:49 pm, every-
thing changed. Two improvised explosive devices (IEDs) positioned less than 200 
yards apart were detonated near the finish line on Boylston Street in a span of 
13 seconds. The devices used were homemade bombs inside pressure cookers hid-
den in backpacks and placed among spectators.

Due to the size and nature of the Boston Marathon, the Boston Athletic Association 
(BAA) operated a medical support program using healthcare volunteers to staff the 
majority of medical tents near the finish line. Boston Emergency Medical Services 
(EMS) provided additional response support to the BAA along the race route, medi-
cal staffing within the tents, and ambulance transport to area hospitals. The intent 
of this robust medical support is to minimize unnecessary ambulance transports to 
hospitals and avoid emergency department (ED) overload by maximally managing 
runners in need of medical attention on site. The two finish line medical tents – 
Alpha and Bravo – had been operational since the start of the race.

Many volunteers and EMS personnel located near the finish line quickly recog-
nized an intentional bombing incident once the explosions occurred. The medical 
response to the blasts was rapid and swift. First responders and BAA volunteers 
already on site had begun treatment and evacuation to ambulances already near the 
two sites. Casualty evacuation then shifted to the Alpha medical tent at the finish 
line. The Alpha tent quickly transitioned its operations from a medical aid station 
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to a casualty collection point (CCP). Inside the tent, casualties were quickly triaged 
and placed in treatment areas, with the most critical patients located closest to the 
ambulance loading zone. Care was limited to control of major external hemorrhage 
and other basic interventions in order to rapidly load patients onto waiting ambu-
lances for transport to area trauma centers.

Overall, the prehospital medical response resulted in a total of 118 ambulance 
transports to a total of six area trauma centers. Approximately 30 critically injured 
patients were transported within 18 minutes, and all 80 critically injured patients 
were ultimately transported within 60 minutes of the first blast. The median time 
interval from scene departure to hospital arrival was 11 minutes. Based on available 
pooled data from all the Boston-area trauma centers, approximately 36% of the 127 
patients evaluated arrived by means other than EMS. The majority of patients seen 
were spectators of the event (75%). Hospitals reported a total of 31 patients with 
signs of exsanguinating extremity wounds, with 84% (26/31) having had at least 
one or more tourniquets placed prior to ED arrival. A low rate of triage tag use as 
reported by receiving hospitals (0.8%) coupled with the relatively short median 
transport time was a result of the “scoop-and-run” approach by EMS in response to 
this incident.

Within 6 minutes of the initial blast, EMS was able to coordinate mutual-aid 
responses from other ambulance services within the area, increasing transportation 
capabilities from 16 ambulances detailed to the event to up to nearly 90  in all. 
Area hospitals received notification of the incident within 4 minutes of the initial 
blast and prepared for inbound patients. Dispatch Operations personnel were able to 
direct patient destinations for on-scene EMS personnel so that no one trauma center 
would be overwhelmed with patients coming from the scene. As a testament to the 
response by an entire trauma system, no single casualty transported by EMS to a 
hospital that afternoon died from their injuries.

The incident did not end in the metro-Boston area when the bombing scenes 
were cleared. A weeklong manhunt for the perpetrators ensued, ending in a large- 
scale search-and-apprehend operation 4 days later in Watertown, Massachusetts. In 
all, four fatalities occurred as a result of this incident, and numerous victims were 
left with permanent disabilities.

 Challenges

• Scene Safety: Given that first responders and BAA volunteers were already on 
scene as part of the event, scene safety was an immediate concern after the blasts 
occurred. It was not feasible for responders and volunteers to “stage appropri-
ately” until scene safety could be assured. Rather, responders and volunteers 
quickly began treatment and evacuation to nearby ambulances and the Alpha tent 
CCP.

• Triage Tags: Performing full triage in a large-scale mass casualty incident (MCI), 
including the use of triage tags that document prehospital care, is problematic 
because responders often do not have time to document care prior to loading for 
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evacuation from the scene. Additional time constraints were imposed in this inci-
dent given the safety concerns at both the blast sites and around the CCP. Limited 
triage prior to loading did occur based on injury patterns and severity; however, 
receiving hospitals should understand that documentation of triage categories 
and prehospital interventions may not be completed at the scene under some 
operational constraints and that hospital triage should be performed upon arrival, 
especially given the differences in available resources that could affect treatment 
decisions compared to the prehospital environment.

• Tourniquet Availability: Given the fluid and dynamic nature of the initial response 
at both blast sites, most first responders did not have readily available tourniquets 
or other bleeding-control kits on hand. Unlike the military, where tourniquet- 
containing individual first-aid kits (IFAKs) are issued and carried by troops at all 
times, most victims requiring initial control of extremity hemorrhage had impro-
vised tourniquets placed by bystanders at the scene. A few prefabricated tourni-
quets were placed by EMS personnel.

• Contamination Potential: Communication of any concerns for chemical, biologi-
cal, or radiological (CBR) hazards from scene to area hospitals did not occur as 
rapidly as the information did to Incident Commanders and the Unified Command 
Center. This left many hospitals unaware on whether the blast casualties required 
decontamination prior to transfer of care from EMS providers to ED staff.

• Mental Health Services: Coordination of mental health services through local, 
state, and federal resources became available within 2 days of the incident. In the 
aftermath, however, some first responders and volunteers voiced the need for 
mental health services sooner after the incident.

 Lessons Learned

• Incident Command System (ICS): ICS works well for MCIs when it is used as 
planned. Every year, the Boston Marathon is managed as a “preplanned” MCI, 
which allows for efficient management of the event. Having ICS roles already in 
place at the time of the bombing allowed for an instantaneous and seamless 
response.

• Regional EMS Communications: This network allowed for rapid response to the 
EMS mutual-aid request by area ambulance services, as well as notification to 
receiving hospitals. The Boston Area Ambulance Mutual Aid (BAMA) enabled 
direct communication between the City of Boston EMS Dispatch Center and 
participating EMS agencies to allow for immediate mutual-aid request and dis-
patch. The metro-Boston Central Medical Emergency Direction (CMED) Center 
within Boston EMS Dispatch Operations allowed for real-time communication 
with all regional hospitals, as well as direct communications with EMS field staff 
to evenly distribute patients to all facilities. This correlates to the Deliberate 
Arrival Phase discussed in Chap. 21.

• Tactical Emergency Casualty Care (TECC): Integration of EMS warm-zone 
response methods gave first responders a patient-care approach that incorporated 
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the environmental threats faced during active-shooter and other hostile-action 
events. Active-shooter response training that occurred prior to the bombings, as 
well as the longstanding practice of prehospital tourniquet use under Boston 
EMS protocols, all contributed to the effective response by EMS that day.

• Limited Field Medical Care: With the rapid arrival of ambulances and crews to 
the CCP for transportation of casualties to hospitals, limiting medical care within 
the Alpha tent to lifesaving interventions such as hemorrhage control with tour-
niquets, basic airway maneuvers, bag-valve mask ventilation with airway 
adjuncts, and use of high-flow supplemental oxygen allowed for rapid loading 
and transport to available definitive care.

• Bystander Utilization: Bystander participation in casualty care on scene, despite 
their uncertain safety, demonstrated that MCI response policies and training 
should consider incorporating the general public as a “force multiplier” for first 
responders, as opposed to hysterical distractions used in exercises to provide 
“stress inoculation.”

Dedication This chapter is dedicated to Captain Robert Y. “Sarge” Haley, Special Operations, 
Boston EMS, 1954–2017 (Fig. 18.1). As Captain of Special Operations for Boston EMS, Sarge is 
considered the architect for many of the successes described in this case study. Most of the suc-
cesses did not occur by chance; rather, the response followed an MCI plan that had been rehearsed 
many times and developed over the years of his experience. Through his dedication and service to 
the Department and the community for which he served, Sarge has left a lasting legacy on the way 
in which EMS respond to disasters.

Fig. 18.1 Captain Robert 
Y. “Sarge” Haley

R. C. Kue
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 Introduction

This chapter provides a broad introduction to critical emergency department opera-
tions in response to an explosion-related mass casualty incident (MCI). Although 
malicious action as a cause is a common concern, not all explosive incidents are ter-
rorism or intentional bombings. Storage facilities for petroleum products, fertilizer, 
and other chemicals and fireworks factories have exploded, resulting in tremendous 
loss of life in recent years [1–5]. The two deadliest events in recent US history were 
the 2013 West Fertilizer Company ammonium nitrate arson explosion that killed 15 
and injured 160 [6] and the 2010 West Virginia coal mine dust explosion that killed 
38 men [7]. Regardless of the intent surrounding the incident, all explosion-related 
MCIs have added layers of complexity tied to security, decontamination, informa-
tion management, and complex polytrauma. Preparation is needed in all hospitals, 
not just those located in areas vulnerable to terrorism.

 Scope of (Part of) the Problem

The Explosives Incident Report is an informational product prepared by the US 
Bomb Data Center, using incident data reported in the Bomb Arson Tracking System 
(BATS), that examines the total number of annual explosive-related incidents. It 
includes explosions and bombings, recoveries, suspicious packages, bomb threats, 
hoaxes, and explosives thefts or losses. In 2017, the most recent report, BATS cap-
tured a total of 687 explosions of which 335 were bombings. Both total explo-
sive incidents and bombings decreased significantly since 2014. Total explosive 
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incidents are down by 25%, and bombing incidents as a subset decreased by 48% 
over those 3 years [8]. Epidemiological statistics for accidental explosions are not 
included in this report.

 The Disaster Surge Plan

The emergency department (ED) and hospital must have a plan to effectively man-
age explosive incidents. The US Department of Health and Human Services and the 
Centers for Medicare and Medicaid Services provide some general recommenda-
tions for effective healthcare facility disaster planning [9]. A hospital must develop 
a workable and relevant emergency operations plan (EOP). The structure recom-
mended is an all-hazards approach that allows the ED to manage all disasters both 
internally and externally. Please refer to Chap. 24 in this textbook for detailed infor-
mation on these topics.

The planning process should include a mechanism by which the EOP can be 
continually adapted in response to changing requirements and emerging threats. 
Changes in ED infrastructure, staffing models, trauma protocols, and supply avail-
ability may also force changes. Each hospital should develop and facilitate an emer-
gency management committee composed of administrative, physician, nursing, 
and ancillary support department leaders. This committee should meet regularly to 
review significant hazards and modify the EOP as needed. Emergency plans should 
be exercised frequently to improve skill retention [10].

 Command and Control

The ED frontline providers are generally responsible for recognizing a disas-
ter/surge situation, communicating with hospital leadership, and coordinating 
other specialty engagement. Once the EOP is activated, major decision-making 
responsibility transfers from the ED attending to representatives of the hospital 
administration and emergency management committee. The Hospital Incident 
Command System (HICS) is a scalable administrative model designed to stream-
line this process [11]. The HICS is discussed in significant detail in Chap. 24 of 
this text.

Large explosive MCIs will likely require command and control functions to 
also incorporate local, federal, and private partners. Local health departments and 
healthcare coalitions can be integrated into all functions of the hospital manage-
ment system to assist in resource acquisition, trauma and burn region-wide system 
activation, incident intelligence, and family reunification. For catastrophic events, 
the federal government can provide resources through mechanisms administrated 
by the Federal Emergency Management Agency and the Department of Health and 
Human Services.
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 Emergency Department Logistics

The resources available to an ED to provide care are critical to the management of 
mass casualties of any cause. Resources can be divided into four categories: staff-
ing, services, space, and supplies. The planning phase for any MCI should include 
developing a system of activation, accountability, maintenance, and recovery within 
each category. This is vital to be able to sustain short-term and long-term opera-
tions, including care for patients who were not victims of the incident.

Each department should have a plan to expand their services. Support services 
such as laboratory, materiel management, and plant services must be ready to 
augment their capabilities to meet increased demand, operating room use, and 
equipment needs during a surge in patient volume. The medical services depend 
on the ability of the supporting services to parallel their expanding and changing 
needs.

Modification of existing hospital spaces during a surge event can expand the 
patient care footprint quickly. Large areas such as the cafeteria, atrium, and audi-
torium can be used alternatively as family reunification centers, personnel “tri-
age” and staging sites, and care areas for minimally injured patients. Outpatient 
clinics, classrooms, and meeting spaces can be used as minor patient treatment 
areas, storage, or other uses. Each facility is unique, and the disaster plan should 
clearly delineate these sites for alternative use. The ED space, in particular, will 
need to be adapted to fit the needs of arriving patients and to maximize staff 
efficiency. Capacity can be created by converting non-critical care rooms into 
critical care capable spaces by adding needed monitoring equipment, procedure 
kits, ventilators, etc. Additional patient care spaces can be created by utilizing 
appropriate hallway beds and by converting single patient locations into multiple 
patient spaces. This can be done quickly but will also require additional critical 
care equipment, procedure materials, and other trauma/burn supplies. Doubling 
the critical patient load in an ED may tax the infrastructure. The logistical sup-
port for these types of changes must consider appropriate access to generator 
power, information technology services, food and water, and toilets for patients 
and staff.

Hospitals typically store 48–72 hours’ worth of supplies to maintain normal 
operations. In a blast incident, those supplies may be quickly exhausted. The 
surge plan should detail means of obtaining additional supplies from distribu-
tors, the health department, and associated healthcare coalition partners. Supplies 
include, but are not limited to, medications, blood products, surgical materials, 
specialty items such as radiology contrast, lab-testing materials, and reagents. 
Sterile processing facility’s staff and supplies should be immediately augmented 
for surgical equipment turnover. Members of the material management and sterile 
processing teams should be included in the operational branch of the HICS to 
ensure needs are being met.
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 Communications

Communication in a disaster is paramount to the success of most operations in 
the prehospital and hospital setting. The entire system of care requires effective 
communication, including but not limited to on-scene dispatch, hospital trauma 
notifications, staff recall, and real-time resource management. A PACE-based com-
munication plan should be considered for each phase of operations to ensure redun-
dancy of communication. PACE is a communication planning modality that stands 
for Primary, Alternative, Contingency, and Emergency:

• Primary  – The primary or usual means of communicating during day-to-day 
operations.

• Alternative – The first “backup” system of communicating should the primary 
system fail.

• Contingency – Third-line communication system, the “backup to the backup.”
• Emergency – The plan for when all prepared means of communication fail.

An example of the communication PACE plan in practice was during the May 
22, 2011, EF-5 tornado that severely damaged St. John’s Regional Medical Center 
in Joplin, Missouri. The damage destroyed portions of the hospital including its pri-
mary communication system. One hundred and eighty-three patients required verti-
cal evacuation to safety without their primary system of communications, landline 
telephones. Cellular phone voice calling was expected to suffice as the alternative 
mode, but cellular voice calling was also unavailable. However, personal cellular 
phone text messaging and social media sites were available and were utilized as a 
contingency plan for communications, leading to a successful evacuation [12].

 Communication with Prehospital EMS Providers

Except in rare circumstances, receiving hospitals will be notified to expect patients 
from the scene of an explosive incident prior to arrival. High-casualty events will 
require the local EMS dispatch center to coordinate with multiple hospitals quickly 
in an effort to distribute patients appropriately to prevent overwhelming any indi-
vidual ED.  The infrastructure for such communications and coordination differs 
by jurisdiction and city size. In small locales, there may be only a single EMS 
provider, hospital, and associated dispatch. In large cities, there are special com-
munication centers in place to manage these tasks. During mass casualty situations, 
these centers play a key role in determining the appropriate location and timing for 
transport of triaged survivors to medical facilities. In the immediate aftermath of 
the Boston Marathon Bombing, the local Central Medical Emergency Direction 
Center (CMED) determined the number of patients each ED could accept and coor-
dinated distribution of patients to each center. CMED centers play a role in assist-
ing field medics with communications during an event by connecting them directly 
with medical control and receiving hospitals, managing radio channel usage, 
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maintaining clear EMS communications procedures within a region, and providing 
interoperability with other public safety agencies [13]. Particularly during a multi- 
jurisdictional response, heavy or unreliable radio traffic may lead to confusion and 
operational mistakes. Most EMS systems employ redundant means of communica-
tions and multiple available frequencies of radio communication.

 Communications Within the Hospital

Within the hospital environment, redundant means of communication are recom-
mended even during normal working conditions. Barring power loss, telephones, 
pagers, and overhead announcements will serve as the primary means of communi-
cation between physicians, administrators, nurses, and departments during an MCI 
as well. In the event of power or phone losses, human “runners” can serve in lieu of 
telephones or pagers. Whatever the system, pre-incident planning and training are 
prerequisite to success.

 Staffing Needs

A good disaster plan is not binary. It must be scalable and able to be tailored quan-
tifiably to the number of injured patients expected. Hospitals should activate staff 
early in order to meet the projected demand. There must be a system of checking in, 
deployment, and accountability for staff members and volunteers. A majority of US 
hospitals operate at overcapacity on a daily basis. Limited staff availability could 
make it very hard to meet manpower needs during a mass casualty surge [14]. A sys-
tem of rapid notification and recall of hospital staff is a mandatory plan component. 
Such systems include calling staff from a phone list, autodialing “robocalls,” mass 
text messaging systems, and even television announcements.

Recall must include not only ED physicians and nurses but also trauma surgery, 
ICU, and anesthesia. Not to be forgotten is the need for inpatient medicine provid-
ers. While their utility may be quite limited in the care of arriving trauma victims, 
medicine staff should take immediate care of all boarding, recently admitted, and 
admission-pending patients. Nurses from critical care areas should be considered as 
options to support the ED. Instructions to recalled staff should provide clear, specific 
directions detailing exactly where to report so that they may be “triaged” to areas 
of need. Instructions should include known information on street closures, secu-
rity measures, and potential threats. The logistics leadership should plan to provide 
food, water, and sleeping arrangements during the operational period. Technicians, 
medical students, EMS providers, and other qualified personnel can be utilized to 
transport patients within the hospital, as there may be a large increase in transport 
use, and also to monitor those patients being cared for in auxiliary locations.

Environmental services (EVS) staff deserve special mention. Without augmented 
housekeeping staff, ED and OR staff will be responsible for room cleaning and 
“turnover” which will cause significant delay and distraction from patient care. The 
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EVS leadership should be involved in disaster planning at least annually. Security 
staff will need to be augmented. In addition, they may have particular needs that 
they must address through contact with local law enforcement (such as extra armed 
staff).

 Emergency Department Operations

Surge capacity in the healthcare sector can be defined as the maximum augmenta-
tion of resources available to care for the influx of an unexpectedly large number of 
patients [15]. Surge capacity is a critical function of a hospital’s ability to manage 
mass casualties from a sudden event such as an explosion. Factors that determine 
surge capacity include availability of extra staff, supplies, and the number of empty 
licensed beds. The most critical means by which surge capacity can be increased 
is by discharging inpatients to home or other facilities when safe to do so. Reverse 
triage, a concept of discharging patients from the hospital early if they are consid-
ered low risk for any significant medical consequence that continued admission 
can prevent or treat, has been studied. If appropriately harnessed, it can be a major 
contributor to increasing surge capacity [16]. Depending on the size of the event, 
increasing patient capacity will require not only ED decompression but also the 
inpatient wards.

However, even if inpatients are identified who are appropriate candidates for 
immediate hospital discharge or transfer to unaffected inpatient facilities, complet-
ing these tasks is time-consuming, and inter-hospital transport ambulances may 
be limited. The nursing staff who routinely perform these tasks may be already 
involved in the disaster response elsewhere in the hospital and therefore may be 
unavailable. Temporizing options can be instituted in such a case. As patient rooms 
and physical space on medical wards become the priority need, patients awaiting 
discharge to home can be taken to a designated area elsewhere in the hospital. Such 
a “discharge waiting room” requires minimal staff and patient care supplies (wheel-
chairs, home oxygen, access to scheduled medications) while these stable patients 
await completion of their discharge paperwork. Additional inpatient capacity can 
be achieved by temporarily converting single patient rooms into multiple patient 
rooms. Noncritical patients in private rooms can be “doubled up” if space, electrical 
power access, and patient safety allow.

Decompressing the emergency department of patients is a critical immediate 
step when facing a large patient surge following an explosion. In an ideal situa-
tion, every patient would be accurately triaged in the ED, would receive relevant 
laboratory and radiological evaluation, and would be assessed by all necessary con-
sultants. During a surge event, this may be impossible, and typical ED care may 
need to be abbreviated when it is safe to do so. In accordance with the Emergency 
Medical Treatment and Labor Act (EMTALA), all patients must undergo a medical 
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screening evaluation (MSE) in the ED. Patients without an emergency medical con-
dition identified during the MSE should be immediately discharged to home. Others 
will require admission to the hospital. For those patients, inpatient medicine teams 
must be prepared to accept patients into inpatient areas without delay, even if a full 
workup is incomplete by typical ED standards. Admitting internists, intensivists, 
and consultants should be prepared to complete patient workups and minor pro-
cedures on inpatient wards in a manner they are not accustomed to but are quali-
fied to perform. Inpatient hallways should be used as overflow patient care areas to 
increase surge capacity. For this to work effectively, incorporation into drills and 
disaster planning is necessary. Because safety is the priority, the fire marshal should 
be involved in surge planning to help identify nontraditional patient care areas that 
can be safe and in accordance with local laws.

 Patient Inflow

Patients will begin to arrive at nearby EDs via EMS and private vehicles. 
Depending on the location of the hospital and proximity of the incident, some may 
arrive by public transportation, ride-sharing services, taxi, or foot. Research has 
demonstrated a bimodal distribution of arrival, with less severely injured patients 
arriving to the ED by non-ambulance transportation prior to the more severely 
injured patients who required EMS transport [17]. ED mass casualty plans must 
include a plan to triage all arriving casualties, regardless of their prehospital tri-
age designation. Those arriving by EMS are likely to have been sorted in the field 
by a standard triage method (i.e., SALT, START, JumpSTART). Reassessment is 
critical. Initial field triage may be inaccurate, or the patient’s clinical condition 
may change after this initial assessment. A multiple-layer system of assessment 
and triage, although not validated, are likely to improve accuracy and reduce both 
over-triage and under-triage.

Following an explosive event, traffic may impair ingress and egress of transport 
vehicles and could affect patient outcomes. This is true at the scene of the event 
where patients are being loaded for transport to a hospital but equally importantly 
upon arrival to the receiving center. In areas where traffic is a preexisting concern, 
hospitals should include in their mass casualty plan strategies for traffic control 
around the hospital to allow continuous flow of transporting vehicles. Hospital secu-
rity should have a plan to control movement of vehicles into and out of the ambu-
lance bay to prevent a bottleneck. Additional unloading points at the hospital may 
be necessary and should be planned for in advance.

Security concerns include safety of the hospital itself. EDs have been targets of 
secondary attacks, and multiple recent violent attacks have led to lockdown of EDs 
for fear of such violence [18]. A manned defensive security perimeter that can be 
quickly implemented should be part of the disaster plan.
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 Patient Throughput

 Triage

Efficient flow of patients through the ED is critical to accommodate a surge in com-
plex victims of an explosive incident. Initial triage at the incident site may occur 
and be helpful in the setting of limited transport and large numbers of injured. 
However, recent mass casualty events in the United States demonstrate that on-
scene triage systems are limited in their utility. Injured but ambulatory survivors 
are utilizing alternative modes of transport that bypass EMS to seek ED care (e.g., 
civilian vehicles, phone app-based ride-share vehicles) and may arrive before more 
critically injured patients [19, 20]. This bimodal arrival of patients will disrupt 
the ideal on- scene triage goal in which the sickest patients arrive to the ED first. 
Additionally, high rates of over-triage and under-triage using standard prehospital 
triage systems further reduce this desired orderly arrival. Therefore, it is imperative 
that mass casualty plans incorporate the designation of a triage officer, preferably 
an experienced physician, to perform secondary triage of patients arriving at the 
ED, re-sorting them to specific patient care areas and teams based upon their injury 
severity. Continuous reassessment of patients will detect both improvements and 
declines in their conditions and should be performed constantly during the surge.

 Registration

The flow of patients through the ED can be delayed at multiple bottleneck points. 
One of these that can impede care significantly during an MCI is registration and 
provision of a hospital identification. During normal ED operations, traumatically 
injured patients are typically given temporary pseudonyms (e.g., Trauma Jack) and 
number in an effort to rapidly assign a hospital chart and facilitate the ordering and 
tracking of medications and imaging. During an MCI surge of trauma victims, this 
type of registration may lead to medical errors if the temporarily assigned identifica-
tions are confusing or too similar. It is likely that all EDs already have a naming con-
vention for unidentified patients. However, those existing conventions may prove 
confusing or inadequate during simultaneous care of many unidentified patients. 
One of the receiving trauma centers during the Boston Marathon Bombing found in 
their after-action review that “critically ill patients were checked in with our uniden-
tified patient naming convention; however, the names assigned with this convention 
were difficult to distinguish from one another on the ED electronic tracking board 
and in downstream clinical systems” [21]. This resulted in one near- miss event and 
prompted a revision of their naming system, taking into account the manner in which 
the names appeared on department computer screens, ID bracelets, etc. A system 
should be designed to reduce the possibility of such errors. This should include 
the creation of a preexisting disaster registration set – a large number of unique, 
temporary identifications that will allow for immediate patient tracking, medication 
administration, and accurate ordering and reporting of radiological studies.
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 Movement to Designated ED Care Area

Emergency department space is limited and creating patient care “zones” may be 
useful. Prior to recalling physicians and nurses for augmentation, staffing levels will 
be at their lowest. Casualties will require the most immediate level of care during 
that time. If possible, staff should be divided into care areas, and arriving patients 
assigned to those areas by the triage officer. Each individual should expect to man-
age multiple critical and lesser injured patients simultaneously during the stabiliza-
tion phase while awaiting the arrival of additional staff.

As recalled ED providers arrive to help, “staff triage” should be performed by the 
lead emergency physician and the lead surgeon to assign them to appropriate zones 
and/or patients based upon their skill and experience. Medical students and volun-
teers can provide valuable help and should be used accordingly. Pathology staff are 
often overlooked in disaster planning, but their value is significant if fatalities are 
present. Deceased patients should be taken to the morgue as quickly as possible, and 
capacity may be quickly reached. Disaster plans should include contingencies for 
additional refrigerated space.

Trauma and resuscitation bays should be reserved for “red” (immediate care) 
patients that require intubation or immediate surgical evaluation. Grouping of “yel-
low” (delayed care) patients together in one zone will allow for efficient evaluation 
and continuous reevaluation. “Green” patients, or the so-called walking wounded 
and worried, should be rapidly assessed and isolated in large areas that can accom-
modate such a mass of low-acuity patients. Walking wounded patients post explo-
sive incident may harbor occult life-threatening injuries, and clinicians should 
insure a regimented reassessment process is in place.

 Clinical Care

The clinical aspects of care will vary depending upon many factors. Police and 
fire department reports, in addition to EMS triage on scene, will likely identify the 
type of explosion relatively early making it clear if the majority of survivors will 
present with injuries caused by primary blast injury from high-order explosives or 
with shrapnel, fragmentation, and burn injuries typically resulting from low-order 
explosive improvised devices. Primary blast lung injury can present in a delayed 
fashion, and the treatment is primarily medical. Trauma surgery teams will man-
age penetrating trauma, amputations, and soft tissue and CNS injuries operatively 
as needed. Extensive burns resulting from the blast and resulting fires may require 
stabilization and transfer if criteria for burn center admission are met.

 Decontamination

Decontamination may be necessary after an explosion involving hazardous chemi-
cals, chemical warfare agents, or biological weapons. The process typically involves 
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disrobing and showering the patient using soap and water. If hazardous chemi-
cals or agents are suspected, all patients and potentially exposed persons must be 
decontaminated prior to entry to the ED. The most common mass decontamination 
shower type is the “pop-up” style shower system designed to be rapidly set up out-
doors. Inefficient processes may serve as an additional bottleneck to patient input 
and thus delay trauma care.

 Criminal Evidence

Staff should be made aware that in the event that the explosive incident was an 
intentional attack, the clothing and belongings of patients should be considered 
evidence from a crime scene. Staff should follow law enforcement evidence 
preservation instructions. Additionally, the perpetrators of a bombing could be 
patients in the ED themselves and may require special security considerations. At 
Beth Israel Deaconess Medical Center, both brothers who perpetrated the Boston 
Marathon Bombings received care in the same emergency department just days 
after dozens of victims from their bombs were treated there. The surviving brother 
required surgery and a long hospital stay. There were significant security concerns 
associated with his residence in the same hospital where many of his victims 
still resided as patients requiring large-scale security staffing by local and federal 
agencies.

 Radiology and Labs

The essence of a medical disaster is when patient needs exceed medical 
resources. In a mass casualty surge, radiological imaging and laboratory capa-
bilities can become quickly overwhelmed. Following an explosive incident 
with large-scale shrapnel imaging, computed tomography (CT) imaging is the 
modality of choice to diagnose organ and CNS damage to determine the need 
for immediate surgical intervention. When CT availability is limited severely, it 
has been postulated that CT imaging should be reserved for CNS injury detec-
tion almost exclusively, relying upon thoracic and abdominal ultrasonography 
performed by experienced emergency specialists to detect internal injuries that 
warrant thoracic procedures or exploratory laparotomy/damage control surgery. 
A designated ultrasound team can perform serial exams on patients to reassess 
for newly detectable injury that may warrant intervention more quickly [22]. 
Bedside lab testing can be utilized if available for both quick results and to 
offload some of the burden from the hospital laboratory. The blood bank should 
be notified immediately when a traumatic mass casualty event has occurred, and 
the initial steps to procure additional blood products from other facilities should 
be explored.
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 Prioritization of Disposition

An additional layer of triage in the trauma bay may improve throughput. Following 
an explosive incident, a senior surgeon (ideally with knowledge of blast injury pat-
terns) should serve as the leader in the “red zone” to determine timing and order of 
surgeries. This “OR gatekeeper” determines the ultimate need and order of emer-
gent operative treatment and acts as the liaison between the ED and the OR [23]. 
Damage control resuscitation and surgery concepts, discussed elsewhere in this 
book, boosted surge capacity in the receiving hospitals following the 2005 London 
Transit bombings [24].

A senior intensivist may prioritize and direct traffic to intensive care units in the 
hospital. In 2016, an expert recommendation paper was published on critical care 
triage emphasizing key concepts including the following regarding ICU admissions 
during an MCI (Table 19.1) [25, 26].

 Emergency Department Output

A mass casualty surge is not just an ED problem, it is a hospital and health system 
problem. Output includes admission to the hospital, transport to the OR, transport to 
the morgue, and discharge to home. The primary factors that will determine output 
from the ED include availability of hospital rooms and associated nursing cover-
age, manpower for the transport of patients to various locations within the hospi-
tal, and abbreviated registration. Just as the ED must be decompressed rapidly in 
anticipation of an immediate bolus of patients from the scene of an explosion, the 
entire hospital should be prepared to decompress inpatients, allowing for ongoing 

Table 19.1 Key considerations regarding intensive care admission during a mass casualty inci-
dent [25, 26]

Triage criteria 
goals Triage method choices ICU decision-making
Objective
Ethical
Transparent
Applied 
equitably
Publicly 
disclosed

Who will likely benefit 
the most from the ICU 
care?
“First come, first served” 
basis

Apply explicit inclusion and exclusion criteria to 
determine appropriateness for intensive care unit 
admission

Special considerations
Consider transferring to alternative hospitals stable patients to maximize ICU space
Transfer trauma patients to trauma centers if possible
Transfer pediatric trauma patients to pediatric trauma centers if possible
Transfer patients who meet appropriate criteria to burn centers if possible
Pediatricians should be assigned to the triage area if children are among the victims
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admission output from the ED. As the response matures and the less critical yellow 
and green patients begin receiving care, output will transition from the  OR/ICU/
telemetry settings to the less acute care settings or to home. Stable patients requiring 
admission or specialty services should be considered for transfer to other hospitals 
remote from the response zone as local capacity is reached.

 Media Relations

The media play a vital role in reporting information about an incident. The infor-
mation disseminated to the public must be well coordinated, timely, and accurate 
in order to avoid confusion, anger, or the loss of public trust. During an incident, 
the hospital’s public information officer (PIO) must work closely with other official 
information sources to provide “one message, many voices.” This is an essential 
component of the HICS, which is discussed at length in a later chapter in this book. 
The hospital’s PIO may use social media to disseminate information to the public 
[11]. During mass casualty and other high-profile medical events, hospital employ-
ees and visitors may choose to post information on social media sites. Employees 
should review their hospital social media policy to ensure compliance with confiden-
tiality laws prior to posting potentially inflammatory statements or misinformation.

 Patient Family Assistance

The HICS should designate a family reunification unit leader who will assist fami-
lies in locating their loved one through the hospital’s patient tracking program or the 
community’s patient location system. Reunification of families with the deceased 
must also be a priority. For example, following a mass fatality event, the District of 
Columbia has a plan to establish a Family Assistance Center to collect antemortem 
information from family and friends of the missing and deceased in order to reunite 
them [27].

 Conclusion

Explosions can result in large numbers of injured and dead. Drills and exercises 
practiced at the hospital level are necessary to prepare for surge events and must 
include all medical specialties. Normal hospital operations will be proportionally 
disrupted by the magnitude of the event. Disaster plans should be enacted to modify 
operations, recall necessary staff, and create additional surge capacity for the survi-
vors. Special considerations include decontamination, security, involvement of spe-
cialists in disaster planning, media relations, and family assistance. Psychological 
care for the responding hospital staff should be provided free of cost.
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 Introduction

The practice of emergency medicine in the unique risk-context of the combat 
environment is at once the same but altogether different from the practice of civil-
ian medicine [1–3]. The overarching challenge for medical providers serving in 
combat is optimally adapting their medical expertise to a dynamic, austere, and 
unfamiliar risk-context. Medical expertise is contextual [4, 5], and as we transi-
tion from the risk-context of civilian medicine to the risk-context of combat, we 
must transition and adapt our expertise, both task specific and operational [6]. Task-
specific expertise entails the knowledge, experience, and critical decision-making 
that we apply to specific tasks within a medical problem-set, such as a blast injury. 
Operational expertise encompasses a broad understanding of a risk-context and a 
critical decision- making framework to understand and calculate trade-offs in that 
risk- context in order to optimally utilize available resources to resolve the problem-
set and accomplish the goals of patient care.

Adapting expertise from the civilian risk-context to the combat risk-context 
requires emergency physicians to understand two critical concepts: trauma as 
a problem-set and risk-context. For critically injured patients, trauma is a time- 
constrained problem-set with three fundamental risk variables:

• Time: Physiologic dysfunction increases as time elapses without effective treat-
ment. At some point in time, the patient will reach a terminal outcome – loss of 
life, limb, eyesight, fertility, or function.

• Diagnostic uncertainty: Emergency physicians require some threshold of diag-
nostic certainty to apply risk-optimal intervention and effectively treat the 
patient. Decreasing diagnostic uncertainty requires time, either in the form of 
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clinical assessment or the utilization of diagnostic modalities. Thus, the cost of 
diagnostic certainty is elapsed time and increased physiologic dysfunction.

• Intervention: All diagnostic and therapeutic interventions carry some risk of 
morbidity and mortality, either directly or through the risk of elapsed time 
required to implement them. Furthermore, as physiologic dysfunction increases, 
patients will generally require more therapeutic intervention, which means that 
the total applied risk of intervention generally increases with time [7].

The optimal intersection of these risk variables will yield the optimal resolu-
tion of the problem-set. Ultimately, the goal of emergency physicians treating criti-
cally injured patients is to apply the lowest effective interventional risk, with as 
much diagnostic certainty possible, in as little time as possible. However, the abil-
ity to accomplish this, and where the optimal intersection lies, is dependent upon 
risk-context.

Risk-context is defined by three domains: environment, system, and components. 
The environment is the product of political, social, economic, security, and infra-
structure considerations. The environment has two critical implications with respect 
to trauma: it affects the nature and incidence of trauma, and it determines what 
systems can be supported and enabled to treat trauma. Trauma systems provide the 
operational framework within the environment for treating trauma. The components 
of trauma are the patients, medical providers, and medical supplies and equipment 
that define the trauma problem-set and coalesce within the system to resolve the 
trauma problem-set.

The civilian risk-context is a complicated predictability risk-context, while the 
combat risk-context is a complex adaptability risk-context. A complicated risk- 
context has multiple well-defined components with clear and often discernable rela-
tionships between them. The effect of these components on the trauma problem-set 
can generally be understood and anticipated. A complex risk-context has multiple 
components that are poorly defined and highly networked through ambiguous rela-
tionships. The effect of these components on the trauma problem-set cannot be eas-
ily understood or anticipated [8–10]. The combat environment has the potential to 
produce a high incidence of trauma that is unfamiliar to civilian emergency physi-
cians by virtue of both its nature and scale, such as blast injuries and mass casu-
alty incidents (MASCALs). Furthermore, the combat environment cannot support 
trauma systems with the same level of integration and predictability as US trauma 
systems. The relatively predictable environment in which US trauma systems are 
nested potentiates their ability to create systemic predictability and decreased risk 
through a focus on process at scale. The dynamic combat environment favors a 
trauma system based on a decentralized “Team of Teams” model [8]. This system 
potentiates the adaptability required in a dynamic environment. At the component- 
level within this system, emergency physicians and their medical teams ideally 
function as Mission Critical Teams (MCTs) to resolve the trauma problem-set, a 
type of Rapidly Emergent Complex Adaptive Problem Set (RECAPS) [6, 11].

Emergency physicians primarily develop and sustain their expertise in the civil-
ian risk-context. They are critical components within robust and efficient systems 
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who, as part of the trauma team, apply validated processes to optimally resolve the 
trauma problem-set. The expertise that emergency physicians develop is specific to 
this context, and the more “expert” the physicians become, the more their exper-
tise manifests as habit patterns, a type of System I thinking, specific to the context 
where the expertise is developed [5, 12, 13]. In medicine, these habit patterns are 
termed scripts [14]. When emergency physicians transition from the civilian risk-
context to the combat risk-context, they risk exposing their patients to the liability 
of negative habit pattern transfer; the risk that a habit pattern, applied out of context, 
will have an unintended or deleterious outcome [15]. Therefore, when emergency 
physicians are called to apply their expertise in the combat risk-context, they must 
recognize the contextual change, they must determine how the time-constrained 
trauma problem- set can be optimally resolved in the specific risk-context, and they 
must adapt.

 Body

Blasts and explosions have been the most common mechanism of injury (MOI) for 
US combat casualties throughout the Global War on Terror (GWOT) and dating 
back to World War II [16, 17]. Conversely, explosive mechanisms of injury are not 
frequently encountered in the civilian medical setting [18]. Emergency physicians 
who have primarily developed and sustained their expertise in the civilian setting 
may not have developed certain task-specific expertise related to blast injuries.

Emergency physicians practicing in a combat theater must be experts in Tactical 
Combat Casualty Care (TCCC), Damage Control Resuscitation (DCR), and the 
Theater Tactical Evacuation (TACEVAC) system, which are the foundation of 
task- specific combat trauma expertise [2, 19, 20]. Aggressive but calculated use of 
these principles and resources in a well-integrated fashion throughout the GWOT 
has contributed to the lowest rates of US combat fatalities in modern history [21]. 
TCCC is the task-specific standard of care for “prehospital” combat medicine. 
TCCC recognizes three core objectives: (1) treat the casualty, (2) prevent additional 
casualties, and (3) complete the mission. It mitigates the primary causes of pre-
ventable death on the battlefield by focusing on the Massive Hemorrhage, Airway, 
Respiration, Circulation, and Hypothermia/Head Injury (MARCH) patient assess-
ment and stabilization algorithm through three phases of care: (1) care under fire 
(CUF), (2) tactical field care (TFC), and (3) tactical evacuation (TACEVAC) [22, 
23]. Emergency physicians should be capable of integrating the basic principles 
of TCCC by reading the TCCC guidelines, which are published and updated by 
the Joint Trauma System (JTS) Committee on Tactical Combat Casualty Care 
(CoTCCC) [24]. However, effective and efficient application of TCCC will require 
training under realistic conditions. DCR is a strategy for preventing or reversing the 
lethal triad of hypothermia, acidosis, and coagulopathy through the use of multiple 
treatment paradigms. It is typically employed once casualties have reached the care 
of a surgical- resuscitative asset. DCR focuses on early control of both compressible 
and noncompressible hemorrhage, hypotensive resuscitation with whole blood or 
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fixed ratio blood product transfusion, and patient warming [25]. Tactical evacua-
tion systems will be theater, location, and mission specific. Medical personnel must 
have open and frequent communication with medical operations personnel and 
combat leadership to maintain awareness of available evacuation platforms, medi-
cal resources on those platforms, evacuation times, and resources available at higher 
levels of care. These variables have the potential to change on a frequent basis due 
to multiple factors.

Explosive MOIs have the potential to produce significant polytrauma, and mili-
tary emergency physicians must be familiar with the management of common inju-
ries that result from the primary, secondary, tertiary, or quaternary effects of blast 
mechanisms [20, 26, 27]. It is important to understand both the acute management 
of these injuries and the management over hours to days in the event that emergency 
physicians face a prolonged field care (PFC) contingency. The Joint Trauma System 
(JTS) Clinical Practice Guidelines (CPGs) provide an excellent resource for DCR 
and PFC [28].

The military battlefield trauma system may be conceptualized as a trauma cen-
ter that has been deconstructed and geographically distributed, with the emergency 
department trauma bay, operating rooms, and intensive care units connected by med-
ical evacuation platforms. This system, outlined in military doctrine, is composed of 
four “Roles of Care” with increasing medical capabilities. Role IV describes large 
military medical centers such as those in the USA or Germany. Military emergency 
physicians serving in combat should expect to be deployed as part of a Role I, II, 
or III medical elements. Role I is the farthest forward and most austere, while Role 
III approximates the emergency department and trauma capabilities of a US Level I 
Trauma Center [3]. Increasingly, military emergency physicians are being deployed 
as part of non-doctrinal surgical-resuscitative teams composed of four to six medi-
cal providers and employed far forward in the battle space [6, 29]. Individual expe-
riences, and the degree of adaptability required, will vary for emergency physicians 
depending where and how they are deployed.

The care of critically injured patients is a time-constrained problem-set that 
balances the risks of time elapsed without treatment, diagnostic uncertainty, and 
interventions [7]. Recognizing and understanding the limitations and trade-offs 
in this problem-set forms the basis of operational expertise in the combat setting. 
Time without effective treatment is equivalent to risk and will adversely affect the 
probability of morbidity and mortality. The lack of resources is cited as the limit-
ing factor in the care of patients in the austere combat setting [2]. However, the 
overarching theater trauma system, with its increasing Roles of Care, provides all 
resources necessary for the diagnosis and treatment of complex trauma. The chal-
lenge is that patients are often separated from needed resources by time due to 
distance, logistics, weather, kinetic activity, and other factors such that, even where 
a robust tactical evacuation (TACEVAC) system exists, it may not be able to con-
nect a patient with an optimal resource in the limited time afforded by their injuries. 
This dilemma becomes most acute when small medical elements are faced with 
mass casualty incidents (MASCALs), such as those often seen with improvised 
explosive device (IED) attacks [2]. Rather than focusing on an immediate lack of 
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resources, emergency physicians must focus on the most efficient use of time in 
the care of critically injured patients in order to potentiate successful stabilization, 
evacuation, and definitive care. Operational parallels exist in the civilian sector as 
resources vary across prehospital systems, non-trauma centers, and trauma centers. 
This subtle shift in thinking drives more effective utilization of immediately avail-
able resources.

No clear standard of care exists to guide far forward surgical-resuscitative 
care [29]. This is, in part, because the dynamic nature of the risk-context makes a 
rigid standard elusive. US trauma systems represent a complicated predictability 
risk- context that exists to solve the time-constrained trauma problem-set for criti-
cally injured patients – patients are rapidly and reliably transported to resources 
capable of optimally efficient diagnosis and treatment. In the complex adaptability 
risk- context of the far forward combat environment, this is the ideal, but often not 
the case due to multiple factors. The result is that emergency physicians confront 
critical decisions that are different, more ambiguous, and more complex than in 
a civilian emergency department [9, 10]. Physical, environmental, and emotional 
adversity will compound the challenge of critical decision-making.

In response to blast multiple casualty incidents (MCIs), emergency physicians 
and medical teams will be forced to operate out of their comfort zone, requiring 
medical courage and a critical decision-making framework that is based on sound 
medical principles, tolerates uncertainty, and is clearly articulated and agreed upon 
by all team members [30]. The goal for emergency physicians and their teams is 
to function as MCTs capable of resolving Rapidly Emergent Complex Adaptive 
Problem Sets (RECAPS) across the combat risk-context spectrum to provide the 
best care possible under the prevailing circumstances at a given time and place [1, 
6, 11]. Without certain immediate diagnostic capabilities, risk calculus may favor 
aggressive early intervention with a low level of diagnostic certainty. Emergency 
physicians must consider treating empirically to avoid deterioration and the lethal 
triad of hypothermia, acidosis, and coagulopathy [20]. Alternatively, when there is 
a high level of diagnostic certainty for imminently mortal pathology and the opti-
mal interventional expertise is not immediately available, risk calculus may favor 
emergency physicians or other nonexperts performing certain life-saving interven-
tions. For example, the JTS recognizes the potential need for, and past instances 
of, non-neurosurgeons performing emergency life-saving cranial procedures in the 
deployed setting and provides published guidance [31].

Developing and adapting operational expertise is a continuous process of rec-
ognizing changes in risk-context and potential contingencies; developing primary, 
alternate, contingency, and emergency (PACE) plans; rehearsing the plans; perform-
ing after action reviews (AARs) to improve the plans; and, ultimately, validating 
plans with high fidelity. It is critical to coordinate with nonmedical personnel on 
both medical and nonmedical tasks related to the efficient and effective care of 
patients. These include plans for communication, patient transload and transport, 
securing patient weapons and sensitive items, a “walking blood bank” (WBB) pro-
tocol for drawing fresh whole blood (FWB), work rest cycles for prolonged con-
tingencies, and a MASCAL plan [32]. A plan for medical task sharing should be 
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devised for medical and nonmedical personnel to optimize medical care in extremis 
[33]. This requires training, validation, documentation, and trust.

 Translation to Civilian Setting

The complicated predictability risk-context of a US trauma system may be suddenly 
transformed to a complex adaptability risk-context in the event of a natural or man- 
made disaster, particularly large-scale intentional acts of violence such a bombing. 
This transformation occurs when one or more of the three risk-context domains – 
environment, system, components – experiences rapid and precipitous change. The 
2013 IED attacks at the Boston Marathon, resulting in 281 casualties (127 of whom 
were transported to one of Boston’s five adult Level I trauma centers or four pedi-
atric trauma centers), offers a key example of a rapid transition from a complicated 
to complex risk-context [34].

This event transformed the environment, most immediately from a security stand-
point, and injected an elevated level of uncertainty into what had been a predict-
able risk-context. Initially, in such events, it is unknown what exactly happened and 
whether the attacks are isolated and discrete or part of a broader and ongoing terrorist 
attack, possibly with the goal of targeting first responders and medical infrastructure. 
Within this uncertainty, the system and components must determine how to best allo-
cate resources and effectively deliver care. Medical and emergency response systems 
and components adapted to the change in risk-context and performed exceptionally. 
This was largely a result of planning and preparation, which had the effect of prophy-
lactically minimizing uncertainty. It was also the result of emergent adaptation.

The medical outcomes from the Boston Marathon Bombing benefited from the 
fact that the city had assumed an elevated emergency response posture for the mara-
thon, which facilitated a favorable environment, placed key response systems on 
alert, and potentiated component response. Distinct actions were taken to structure 
the command climate through Incident Command System (ICS) use and control 
of the physical environment  – roads were already closed to traffic, allowing for 
clear ingress and egress of EMS vehicles to and from the point of injury. Robust 
security and communications infrastructure were in place, accelerating scene safety 
and command and control at the incident site. Medical treatment capabilities were 
proximate to the time and location of injury with a staffed medical tent on scene that 
served as a casualty collection point for approximately 100 patients. One-hundred 
eighteen patients were evacuated directly to the hospital based on the severity of 
injury and concern regarding scene safety. The median transport time from the time 
of the explosions until patients reached the hospital was only 11 minutes. Patients 
were transported by multiple platforms including police vans [34, 35].

The use of prehospital tourniquets in the Boston Marathon Bombing response 
highlights both emergent adaptation and an area for significant improvement in 
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response to civilian blast incidents. Among 29 patients with recognized extrem-
ity exsanguination, 27 had tourniquets applied at the point of injury. Ten were 
applied by EMS personnel, nine were applied by non-EMS personnel, and eight 
were applied by unknown individuals. None of these were commercial, purpose-
designed tourniquets, and many only achieved control of venous bleeding without 
arterial hemorrhage control [36]. Tourniquets have been validated as a life-saving 
prehospital intervention for extremity hemorrhage on the battlefield in the GWOT 
[37]. The fact that tourniquets were utilized prehospital in Boston, and the fact 
that a significant percentage were placed by non-EMS personnel, demonstrates 
favorable component- level adaptation by EMS and bystanders alike. However, it 
also highlights the need for broader adaptation of, and training on, core combat 
trauma response tactics, techniques, and procedures.

Boston’s Massachusetts General Hospital (MGH) rapidly initiated their disaster 
response plan, which had been rehearsed and implemented on previous occasions, 
such as blizzards. However, the initial challenges of responding to the incident were 
unprecedented in the history of the hospital. They received 39 patients in the imme-
diate period after the bombing and made multiple emergent adaptations to poten-
tiate an effective response. In the emergency department, dispositioned and low 
acuity patients were rapidly cleared to accommodate incoming casualties [35], the 
most severely injured patients went directly to the operating rooms without evalu-
ation in the trauma bay, medical staff changed from using the electronic medical 
records (EMR) system to using paper charting as it became clear that the EMR was 
too time-consuming, and crystalloid and blood products were used judiciously to 
ensure both optimal resuscitation and resource utilization (David R. King, personal 
communication, 6 Mar 2019).

Driven by the time-constrained problem-set of multiple critically injured patients 
and a finite number of immediately available surgical resources, surgeons applied 
damage control surgery (DCS) techniques common on the battlefield. Surgical 
patients initially received the required level of surgical stabilization and nothing 
more. Surgeons later convened to review all of the surgical patients, catalogue the 
entirety of their injuries, and re-triage patients for follow-on interventions (David 
R. King, personal communication, 6 Mar 2019).

One of the challenges encountered at MGH in response to the bombing was 
that hospital staff, including attending surgeons, residents, and cafeteria employ-
ees, admirably insisted on staying at the hospital even as the initial chaos tran-
sitioned to a controlled response and less personnel were required. The hospital 
administration responded by bringing in cots and sleeping bags to facilitate a 
rested and optimally functioning staff (David R. King, personal communication, 6 
Mar 2019). This mirrored a common challenge in the combat environment where 
military operations may last for days, and a deliberate work-rest cycle is critical 
to ensure the ability of medical providers to optimally function for prolonged 
periods.
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 Conclusion

It is important for emergency care providers to understand that the combat risk- 
context is markedly different from the civilian risk-context and that explosive- 
incident- related MCIs may require shifts in mindset. Teams must determine local 
best practices for effectively and efficiently solving the time-constrained blast 
injury problem-set including adaptations and trade-offs of civilian best practices. 
It is important to proactively integrate with all co-located medical and nonmedi-
cal assets to establish communication and participation in mission and contingency 
planning. And, the responders within and across health systems must plan, rehearse, 
perform AAR, and validate their response procedures to maintain currency. This 
cycle must be constantly repeated, particularly as risk-variables change (e.g., new 
mission sets, personnel changes, and asset availability).

Disclaimer The views expressed in this chapter are those of the author and do not reflect the 
official policy or position of the Department of the Army, the Department of Defense, or the US 
Government.
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 Introduction

The first place a hospital is likely to receive persons injured during an explosive 
event is the emergency department (ED). Many of these victims will arrive under 
their own power, some will be driven to the hospital by nonmedical first respond-
ers or bystanders, and others will be transported via emergency medical services 
(EMS).

Casualties from the employment of military munitions are very rare in most 
civilian EDs, but the criminal use of improvised explosive devices (IEDs) is more 
common than many planners know. IEDs can be as small and simple as a pipe 
bomb or as large and complex as a tanker truck loaded with tons of ammonium 
nitrate mixed with fuel oil. The majority of these felonious acts are directed against 
only property, but collateral human injuries do occur. Terrorist IED attacks directed 
against people are also increasingly common [1]. Accidental and natural explosions 
occur throughout the world as well and create their own response complexities [2].

In explosive incidents, mechanisms and severities of injuries vary widely. The 
different types of blast trauma have been reviewed [2] and are covered in detail 
in Chap. 3. Using hospital admission rates as a gross surrogate marker of injury 
severity in victims who survive long enough to be admitted, pooled data from inci-
dents involving 30 or more casualties suggest that terrorist bombings have high 
injury severities [3]. Arnold et al. noted admission rates of 13% for IEDs placed and 
detonated in open spaces and 19% for vehicle-borne improvised explosive devices 
(VBIEDs) but 58% for IEDs carried by an individual who committed suicide with 
detonation [3]. Aharonson et al. found that over a quarter of all initial survivors of 
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explosions perpetrated by suicidal bombers required management in an intensive 
care unit (ICU) compared to approximately 1 in every 15 patients with non-blast 
mechanisms of injury [4].

 Situational Awareness

Clear communication between responders at the scene or scenes, the emergency 
operations center (EOC), and all facilities where casualties might be transported 
are essential. Understanding the location and characteristics of the incident and its 
impact on the surrounding population and infrastructure is the first step in preparing 
to receive casualties [5]. The epidemiology of injuries following terrorist bombings 
may be quite different depending on a number of factors. Many of these have been 
detailed in Chap. 13.

Detonation of IEDs in open spaces, especially when shrapnel has been intention-
ally added to the device, mostly causes secondary and tertiary blast injuries. Victims 
close enough to the epicenter of the explosion to sustain primary blast injury of 
internal organs are typically dead at the scene [6]. Bombings in enclosed spaces like 
commuter buses tend to leave a higher proportion of initial survivors with blast lung 
injury (BLI) and blast intestinal injury (BII), due to magnification of overpressure 
at surfaces in close proximity to victims [7, 8]. Building collapse leads to a high 
percentage of fatalities in the areas of structural failure [9, 10] and a higher propor-
tion of crush injuries in those who survive [11]. After pooling data from 44 events 
causing 30 or more casualties, Arnold et al. observed that structural collapse and 
structural fire result in high initial death rates and relatively higher rates of hospital 
admissions [3].

Hospital proximity to incident site(s) may affect casualty flow, because not 
all victims will be transported by EMS. Following the April 19, 1995 detonation 
of a large VBIED outside the Murrah Federal Building in downtown Oklahoma 
City, Hogan et  al. found that 80% (312/388) of victims were eventually treated 
and released from an ED. Some of the victims arrived at the nearest ED as early 
as 5 minutes after the explosion. These relatively less-injured patients were more 
likely to arrive at hospitals before the 19% of casualties injured seriously enough to 
require admission. Although only 33% of all victims arrived to the ED via ambu-
lance, casualties transported by EMS were ten times more likely to be admitted 
(64% vs. 6%, respectively) [12]. Healthcare facilities relatively close to scenes of 
explosions should anticipate at least two waves of casualties: less serious first and 
then more serious [5]. The multiple coordinated IED attacks in London on July 7, 
2005, are illustrative of patient flow challenges post-incident. The Royal London 
Hospital received 194 of the 775 total  casualties. The maximum surge rate was 
18 seriously injured patients per hour, and capacity was reached within the first 
15 minutes [13].

A unified Incident Command System (ICS) or Central Medical Emergency 
Direction (CMED) can offer some control of patient flow if destination protocols are 
in place, coordinated with local health systems, and well-practiced [14]. The goal 
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is to match available healthcare resources to medical and surgical needs. Although 
hospital capacity is a critical issue in destination protocols, clinical leaders must 
also understand that this is balanced with the duration for which an EMS asset will 
be off-line if transporting to more remote facilities.

A multiple-casualty incident (MCI) may be defined as one in which more casu-
alties must be evaluated and managed than time allows to maintain the culturally 
customary standard of care, but any alterations or delays are unlikely to result in 
increased morbidity or mortality. A mass-casualty (MASCAL) incident may be 
defined as one during which the standard of care must be significantly altered for 
some patients in such a way as to decrease the likelihood of avoiding death or per-
manent disability in order to increase the likelihood of meaningful survival for a 
larger percentage of the affected population.

Two publications from Israel have described four phases of the out-of-hospital 
MASCAL response slightly differently [15, 16] and two phases of the in-hospital 
approach to surgical problems [15]. Blending these for the initial receivers at a fixed 
location providing emergency medical care, the following five phases are proposed:

 1. Disordered arrival phase: casualties who have departed the scene under their 
own power or who have been transported by nonmedical first responders or 
bystanders arrive in the ED in a completely uncontrolled order. They may or may 
not have had any first aid rendered prior to arrival. Some may have life- threatening 
injuries, but most will have been ambulatory at some point in time, so the prob-
ability of an untoward outcome is diminished but not zero.

 2. Controlled arrival phase: casualties who did not self-evacuate and arrive via 
EMS. These patients should be the most seriously injured of all victims en route 
to a given facility. Some out-of-hospital interventions should have been per-
formed, and some information regarding patient injuries and physiological status 
should have been communicated prior to arrival.

 3. Deliberate arrival phase: casualties are directed or transported to specific desti-
nations to best match their needs with resources available at any given time. 
Facility destinations are usually controlled by a designated person or team under 
the ICS or CMED. Some casualties may be deliberately sent to facilities farther 
away, so as not to further burden hospitals close to the scene. After field medical- 
screening examinations, some victims may even be directed to urgent care cen-
ters or primary care offices the same day or next day.

 4. Reevaluation phase: experienced emergency medicine or trauma providers reas-
sess all remaining patients who received only field or preliminary triage. This 
occurs after disposition of critical patients or when surge staffing arrives. One 
recommended process is to conduct the reevaluation while bringing noncritical 
patients back through radiology to have any needed imaging studies performed 
prior to subsequent triage and treatment decisions [2]. This process acknowl-
edges that radiological imaging is often the most saturated ancillary service in 
many MASCAL situations [3, 12].

 5. Redistribution phase: patients are moved to where needed services can be most 
effectively and efficiently delivered. Once all victims have been evaluated 
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sufficiently to determine all resources needed emergently, patients can be redis-
tributed to services or facilities where capability and capacity exist or will be 
soon augmented. This could involve intra-facility movement of patients (e.g., 
operating room (OR) for a surgical procedure that was not immediately neces-
sary) or could involve inter-facility transfer when services are not available at the 
hospital where a patient might have been initially admitted.

Repeated assessments and re-triage should be accomplished during all phases.

 Arrival Triage

Conventional ED triage protocols (e.g., Emergency Severity Index (ESI) [17], 
Canadian Triage and Acuity Scale (CTAS) [18]) may be too cumbersome to employ 
in a necessarily brief initial encounter without exact vital signs or other parameters 
used by the triage system. They may not effectively sort patients in situations with 
extraordinarily limited resources, because they assume a normal standard of emer-
gency care.

During any MASCAL triage process, the principle of justly distributing lim-
ited resources for the greater good may supersede the right of individuals to make 
their own decisions regarding care—autonomy being  a cornerstone of patient- 
provider relationships in other situations [19]. Patients and caregivers decide on 
their needs for emergency services [20], but the healthcare system must decide on 
what resources can or should be allocated to meet those needs.

Triage  methodologies developed for out-of-hospital settings (e.g., 
Sort → Assess → Life-saving interventions → Treatment/Transport (SALT) [21]) 
may not be appropriate inside a hospital where resources not available in the field 
may be employed. The Simple Triage and Rapid Treatment (START) algorithm has 
gained wide popularity even in hospital disaster plans but was derived from bus 
crashes and then developed for field responses to earthquakes [22], so its applicabil-
ity to initial triage at a healthcare facility for blast-injured trauma victims may be 
limited. No out-of-hospital or in-hospital MASCAL triage methodology has been 
retrospectively derived from real-world MASCAL situations, prospectively and 
consistently applied in a limited population, scientifically evaluated and modified 
as necessary, validated in a broader population or under different conditions, and 
then widely accepted for generalized employment. Until that rigorous assessment 
occurs [23, 24], no specific triage system can be recommended as the standard [25], 
especially not for one that might be better than another for blast-injured patients [2]. 
Hospitals and their EDs should choose a single triage system based on best avail-
able evidence, fully integrate it into their MCI planning, and train personnel to their 
internal standard.

Triage accuracy has operational implications. “Under-triage” (i.e., inadequate 
specificity) can result in potentially preventable morbidity or mortality in the acute 
phase. This can be mitigated through an MCI plan that integrates structured patient 
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reassessments. Conversely, “over-triage” (i.e., excessive sensitivity) can result in 
over-expenditure of human and material resources on noncritical patients. The 
result is more rapid progression to operational saturation. Following the 2005 
London bombings, over-triage was felt to be less when performed by trained 
responders [13]. Over-triage has been thought to have a direct relationship to over-
all event mortality rates [26], but scientific evidence of this is lacking. In essence, 
over-triage is only an issue if the receiving facility exceeds capacity to care for 
patients.

Incorrect triage decisions can affect outcomes [27] beyond the individual patient. 
Accordingly, triage should be thought of as a dynamic process, and a formal re- 
triage process must be in place to mitigate the initial sacrifice of detailed infor-
mation for speed of decision-making. In a review of 19 MASCAL incidents from 
terrorist bombings, Ashkenazi et  al. discovered that, out of 205 victim records 
examined, 11 to 18 (i.e., < 10%) may have been under-triaged (depending on the 
measure of injury severity) initially, but the true seriousness could later be detected 
with additional examinations [28].

Point-of-care ultrasonography (POCUS) may be a useful adjunct in evalu-
ating critical patients. As a general screening examination for life threats of 
unknown cause under normal circumstances, the Rapid Ultrasound for Shock 
and Hypotension (RUSH) or extended RUSH protocols may be useful [29]. 
POCUS protocols with the largest body of evidence specifically for trauma 
patients in the ED are the focused abdominal sonography for trauma (FAST), 
the extended FAST (E-FAST), and the chest abdominal FAST (CA-FAST) pro-
tocols [30]. FAST has been suggested as a potential adjunct to the START triage 
system [31].

Sarkisian et al. reported the first use of POCUS in triage following a MASCAL 
event. The study examined abdominal imaging on 400 patients in a single facil-
ity during the first 72 hours after a magnitude 6.8 earthquake in Armenia in order 
to identify intra-abdominal organ injuries in need of operative intervention [32]. 
Blaivas as also noted use of the FAST protocol to prioritize simultaneous patients 
with penetrating cardiac injuries [33]. These reports are examples of interventions 
based on positive findings (i.e., actions based on the specificity or positive likeli-
hood ratio (LR+) of the examination). Negative findings can also be useful decision 
criteria. For instance, the absence of anechoic fluid in the intraperitoneal and intra-
pleural cavities indicates that any cause of shock is unlikely due to life-threatening 
blood loss into these internal potential spaces.

Two detonations at the Boston Marathon on April 15, 2013 resulted in 281 casu-
alties [34]. Emergency physicians at Brigham and Women’s Hospital used POCUS 
to rule out or rule in intracavitary truncal hemorrhage in many patients during their 
ED assessments [35]. Although not used as a primary triage tool to direct casualties 
to specific locations in a facility, POCUS was used as an adjunct to triage patients 
for surgical services.

One POCUS protocol has been proposed for MASCAL situations, which goes 
by the acronym CAVEAT: chest, abdomen, vena cava, and extremities for acute 
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triage [36, 37]. Imaging windows for the chest and abdomen are the most crucial 
and essentially constitute the examinations in the E-FAST protocol. Assessment of 
vena cava diameter and compressibility could be performed if time allows and the 
cause of any shock or hypotension is still in question.

POCUS has yet to be prospectively validated as an efficient and effective 
adjunct to any specific ED MASCAL triage system during an actual event. Over 
the courses of six combat deployments, this author has observed that decisions 
to perform needle thoracentesis for suspected tension pneumothoraces could be 
made clinically and did not require imaging of any kind. POCUS using the basic 
FAST protocol, while noting if anechoic fluid was present in the costophrenic 
angles, was more useful in allocating personnel resources to perform procedures 
(e.g., needle pericardiocentesis and tube thoracostomy) or expeditiously sending 
casualties to an OR than it was in assigning triage categories during MASCAL 
situations.

Some casualties will not be in extremis or present with multiple external injuries 
to cue the triage officer into the possibility of internal injuries due to the primary 
effects of the blast wave, and therefore, they may not be identified as being at risk 
for BLI or BII. One expert with experience in the Vietnam War suggested that “med-
ical personnel should look for certain sentinel signs, such as a ruptured tympanic 
membrane, hypopharyngeal contusions, hemoptysis in the absence of external chest 
trauma, or subcutaneous emphysema” as potential associations with BLI [38].

During assessment of the airway, petechiae may be noted in the tissue of the hard 
or soft pallet or the posterior pharynx. This is a rare finding in the author’s experi-
ence managing initial survivors [39], but based on experimental evidence [40], it 
may indicate trauma from a blast wave of sufficient magnitude to have also caused 
contusions of internal organs. This finding could be helpful if noted but likely has no 
predictive value if absent. Any blast event associated with hemoptysis or subcutane-
ous emphysema should prompt consideration of pulmonary trauma.

Rupture of one or both tympanic membranes does indicate exposure to a blast 
wave, but its presence does not predict the occurrence or progression of BLI [41], 
and it can be absent in persons exposed to significant blast loads due to a variety of 
factors such as head orientation and hearing protection. There is no need to perform 
otoscopy during the initial triage process. Clinical manifestations and pulse oxim-
etry (SPO2) can be used to signal development of significant BLI.

Absolute SPO2 spot measurements and trends might be useful in predicting which 
patients are or are not likely to require mechanical ventilation in the first 24 hours 
after injury [2]. Otherwise, no absolute number or combination of vital signs have 
been identified to suggest occult primary BLI or BII. Non-POCUS imaging studies 
are unlikely to be rapidly available at the time of triage upon hospital arrival. No 
laboratory tests were found to be sensitive or specific in one animal study [42] and 
anything but basic laboratory testing is even less likely to be rapidly available at the 
point of care. 

By whatever means triage for treatment is accomplished, the remainder of this 
chapter will base discussions on a typical five-category model for initial triage 
upon hospital arrival, because such systems are in common use and systems that 
use fewer groupings can be considered as modifications. The five categories most 
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often used in MASCAL situations are named and coded by color: immediate/red, 
delayed/yellow, minimal/green, expectant/blue, and dead/black.

 Standards of Care

Virtually every decision in MASCAL situations involves prioritization of two 
or more courses of action. When the standard of care must be significantly 
altered during a MASCAL situation, the concept of “minimum acceptable care” 
may be useful [2, 43]. If this model is to be truly accepted by the society being 
served, proposals should be debated within the community and its leaders, 
discussed among health departments at local and state levels, and socialized 
throughout each healthcare facility before an event occurs [44]. Ultimately, 
the success or failure of victim triage and treatment will be judged in multiple 
forums at multiple levels after the MASCAL circumstances have resolved. Any 
altered standard of care will also need to be applied to all other ED patients: 
those who may not have been affected by the casualty-generating explosion but 
who, nevertheless, still present to the ED requesting emergency services (i.e., 
the baseline volume).

Allocation of resources must be prioritized when there is not enough to go 
around for all patients. Even in facilities where major trauma is not part of routine 
practice, extra resources are typically dedicated to the seriously injured. When these 
resources are needed for multiple patients simultaneously, this standard may not 
be met. The time personnel and services can spend with each individual casualty 
must often be curtailed. History taking and physical examination should initially be 
focused on two things: (1) screening for life threats requiring emergent interven-
tion and (2) gathering information necessary for clinical decision-making regarding 
additional studies or disposition from the ED.

The level of care may be increased from the “minimum” by sharing portable 
equipment between patients. POCUS may be a useful adjunct to relieve some of the 
burden for radiological services [35, 45]. Although no POCUS protocols specific 
for blast injuries exist at this time, standard applications for penetrating and blunt 
trauma would be appropriate, though the interpretation of findings and any action 
taken based on them may require alternative consideration.

One meta-analysis of POCUS for blunt trauma discovered relatively high speci-
ficity for detecting free fluid and organ lesions, but the negative likelihood ratio 
(LR-) for excluding abdominal injuries was only 0.23 [46]. The time to add organ- 
specific imaging would not likely be taken under MASCAL circumstances; how-
ever, the absence of free fluid would inform providers that the patient does not have 
more than 250–500 mL of blood in the peritoneal cavity at that time, so damage- 
control laparotomy might not be immediately necessary. Serial physical examina-
tions coupled with POCUS may be helpful, keeping in mind that positive findings 
are generally more actionable. Negative findings often require additional testing at 
a later time yet may provide information that can reassure providers that any delay 
to more definitive decision-making is less likely to increase mortality or long-term 
morbidity. Prospective trials are needed to confirm this recommendation.
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 Immediate Threats to Life

Patients who are likely to have a poor outcome without rapid intervention are typi-
cally prioritized into an immediate/red or expectant/blue triage category. Patients in 
the immediate category receive immediate care. Patients in the expectant category 
do not. The only difference between the two is that sufficient resources are read-
ily available to intervene for the potential benefit of immediate patients, but the 
resources necessary to reasonably improve outcomes for expectant patients are not 
available at the time any given triage decision is made.

The term “expectant” is often misunderstood when applied to casualties being 
triaged [2, 43]. Medical personnel should not “expect them to die.” They should 
“expect to take care of them” when the required resources become available. If that 
cannot occur before they die, then that is an unfortunate reality of critical injuries 
when too many victims need to be managed in too short a time or when the serious-
ness of the injuries makes saving life impossible. Some patients in the blue category 
will be truly unsalvageable, but they still should not be placed in the black category 
until they are actually dead.

 Massive Hemorrhage

Massive bleeding is always the first priority. Failure to control exsanguinating 
external hemorrhage is the primary cause of potentially survivable death in combat 
casualties. In a mixed population of 4596 deaths—73.7% due to explosions and 
22.1% due to gunshot wounds—Eastridge et al. documented that 90.9% died from 
uncontrolled hemorrhage. Approximately one in every three of these had hemor-
rhage from the extremities where timely nonsurgical interventions could have made 
a difference [47].

Similarly refined data could not be found in the English-language literature 
concerning noncombat blast events. Any population-based conclusions must be 
inferred from other data. For instance, Mirza et al. examined deaths in Karachi over 
a 5-year period [48]. Not counting late deaths due to shock, they found that about 
two in every three bombing victims died of “shock from multiple injuries” separate 
from head, chest, and abdominal trauma—so this could be indirect evidence for 
exsanguinating extremity wounds.

Interventions for exsanguinating external hemorrhage are the same as those used in 
the field: direct pressure, tourniquets, and wound packing. Direct pressure should be 
employed first, while equipment or supplies are obtained and employed. Prefabricated 
tourniquets or pneumatic devices can be placed around extremities proximal to bleed-
ing wounds or amputation remnants. Full exposure of patients may not have occurred 
when immediate intervention is necessary, so direct pressure and tourniquets are 
applied over clothing initially. Bony anatomical locations like joints and solid items in 
clothing pockets should be avoided when placing tourniquets. If the site(s) of massive 
hemorrhage cannot be determined at a glance, tourniquets are placed “high and tight” 
(i.e., as proximal on the extremity as possible) at an otherwise appropriate location. 
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Tourniquets should also be placed proximal to traumatic amputations, regardless of 
the degree of hemorrhage, because bleeding may resume as the casualty’s physiologi-
cal condition improves.

One group in Israel examined terror-related explosive events and discovered that 
the presence of  vascular trauma was associated with poorer prognosis [49]. 
Nonetheless, a review of trauma solely in extremities, prehospital interventions for 
those injuries, and outcomes (e.g., deaths that might have been preventable with 
earlier hemorrhage control) has not yet been undertaken in Israel (Kobi Peleg, MD, 
MPH, personal communication). One Canadian study found a very low prevalence 
of tourniquets used in the field, but tourniquets placed in the ED may have improved 
survival [50]. In the United States, one retrospective study at a single institution 
comparing matched cases with penetrating extremity hemorrhage amenable to tour-
niquet application found that those who had tourniquet(s) applied in the field had a 
lower shock index on hospital arrival, required fewer blood products, and had fewer 
surgical procedures such as fasciotomy and amputation [51]. Another single-site 
US study came to similar conclusions and identified an increased risk of death: 4.5 
times higher if hemorrhage control was delayed until hospital arrival [52].

Only one commercial purpose-built tourniquet was known to have been used 
on victims of the bombings at the Boston Marathon, despite 17 traumatic amputa-
tions of lower extremities in 15 victims and 12 others with major vascular injuries. 
Twenty-six other  tourniquets were improvised and mostly ineffective on hospital 
arrival. Several casualties arrived at a hospital with active life-threatening extremity 
hemorrhage [53]. Whether or not two of the three on-scene deaths could have been 
prevented with rapid hemorrhage control in the field has been debated.

Junctional hemorrhage is represented by bleeding wounds too close to the hips 
or shoulders to place a proximal tourniquet. Direct pressure should be applied first. 
In the hospital setting, wounds can be packed with standard or “hemostatic” gauze 
followed by 2–3 more minutes of direct pressure [54]. The latter may be further 
categorized as procoagulants or muco-adhesive dressings, with many commercial 
products being equally efficacious if used in appropriate settings [55]. A relatively 
new device has been developed to inject multiple, small, rapidly expanding sponges 
into narrow channels that may be difficult to pack [56]. These approaches can also 
be used for neck wounds, which should be considered a junctional location as well.

For axillary and inguinal junctional wounds, a number of prefabricated devices 
have been marketed for exerting external pressure on femoral or axillary vessels and 
one for externally compressing the abdominal aorta. If efficacious  in controlling 
bleeding, with or without wound packing, they have the advantage of freeing up a 
person who would otherwise have been applying direct pressure.

The continued effectiveness of tourniquets, other devices, and packing that may 
have been placed in an out-of-hospital setting to control external hemorrhage should 
be reassessed upon hospital arrival. Many of those placed after the Boston Marathon 
bombing were ineffective on hospital arrival (Ricky Kue, MD, MPH, personal com-
munication). Vascular pressure can increase with prehospital resuscitation, and 
muscular relaxation can decrease the pressure being generated by a nonelastic tour-
niquet that is not retightened [57].
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Although other methods are being researched, life-threatening internal hemor-
rhage can only be stopped through endovascular or surgical intervention at pres-
ent. Resuscitative endovascular balloon occlusion of the aorta (REBOA) has been 
used with great success to temporarily arrest distal bleeding, thereby extending the 
time until damage-control surgery must be performed. REBOA has been effectively 
performed by both emergency physicians and surgeons in resource-constrained cir-
cumstances [58].

Emergency support of circulation, breathing, and airway should be addressed 
after life-threatening hemorrhage has been controlled. Damage-control resuscita-
tion is covered in more detail in Chap. 22. The following paragraphs will briefly 
discuss some of the problems that are more likely to occur in blast-injured casualties 
than in victims of trauma by other mechanisms more commonly seen.

 Tension Pneumothorax

Tension pneumothoraces are often identified when assessing respirations. The 
pathophysiology appears to be more complex than previously appreciated—and, 
in the setting of an ED resuscitation, possibly biphasic. Based on detailed measure-
ments in a porcine model by Nelson et al., tidal volume in spontaneously breathing 
patients is likely to be progressively diminished by the increasing extrapulmonary 
intrathoracic pressure, which leads to advancing hypoxia and the potential for 
hypoxic cardiac arrest. Once a patient is exposed to positive-pressure ventilation 
(PPV), intrathoracic pressure may exceed central venous pressure and diastolic arte-
rial pressure to cause a form of cardiogenic shock due to preload attenuation [59].

Tension pneumothoraces may be bilateral due to either penetrating trauma or 
internal rupture of lung tissue by a  primary blast mechanism, so asymmetrical 
breath sounds may not be detectable [2]. Pizov et al. reported seven cases of bilat-
eral tension pneumothoraces and two cases of unilateral tension pneumothorax out 
of 15 victims with BLI from IED detonations inside two  commuter buses [60]. 
Although the prevalence of tension pneumothorax is reported in many event-based 
studies, no population-based epidemiological reports on the true incidence follow-
ing explosive blast could be found.

Any set of the following conditions should prompt immediate performance of 
needle thoracostomy on the side of suspected tension pneumothorax: (1) shock and 
asymmetrical breath sounds, (2) penetrating trauma and progressive respiratory 
distress, or (3) traumatic cardiac arrest without obviously fatal wounds. Tension 
pneumothorax should also be considered with severe or progressive respiratory dis-
tress or low or rapidly decreasing hemoglobin oxygen saturation as measured by 
continuous SpO2.

If one needle thoracostomy fails to improve the patient’s condition, another 
needle decompression should be performed on the same side at an alternate loca-
tion. If that also does not provide relief, then one or two needle thoracostomies 
should be attempted on the opposite side [61]. Because they have been shown to 
be effective in the out-of-hospital setting [62], bilateral limited “finger” thora-
cotomies should be considered in moribund or arrested patients in the in-hospital 
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MASCAL setting. With the immediate life threat of tension physiology addressed, 
tube thoracostomies can be performed at the time of the thoracotomies or later as 
resources and time allow.

 Blast Lung Injury

Pulmonary contusions are the primary manifestations of BLI, though disruption of 
lung tissue can also result in blood occluding airways and air leaks into the lung 
substance, pleural spaces, and pulmonary vascular system. Contusions of lung tis-
sue may range from a few patchy areas beneath intercostal spaces to entire lungs, 
which inhibit gas exchange to various degrees [1, 63]. A BLI clinical prediction 
rule has been posted on MDCalc as “useful in guiding triage decisions in the set-
ting of mass casualties” [64] but has not been prospectively validated and requires 
arterial blood-gas analysis, a known fraction of inspired oxygen, a plain radiograph 
of the chest, and determination of the presence or absence of any bronchopleural 
fistula(e)—none of which will be readily available during the initial triage process. 
On the other hand,  the small retrospective case series of BLI patients [60]  from 
which this putative scoring system was drawn did have some useful information 
regarding patients who are unlikely to require PPV [65], the cutoff for which can 
be roughly estimated as those not in shock who can maintain hemoglobin oxygen 
saturation of at least 75% breathing ambient air [2].

Contused lung tissue is less compliant than normal, so PPV has the potential 
to cause barotrauma to affected areas, which can increase the possibilities of ten-
sion pneumothoraces (see above) and arterial air embolism (AAE) (see below). 
Spontaneous negative-pressure ventilations are preferred whenever possible [65]. A 
trial of noninvasive PPV is a reasonable option in borderline cases [2]. A definitive 
airway and PPV will commit ICU resources to a patient.

Of 93 victims from two confined-space explosions seen at a single facility, 
Leibovici et al. found that 71 did not require mechanical ventilation, but of those 
diagnosed with BLI, 76% did require some period of PPV with intubation being 
accomplished in the field or within 2  hours of injury [8]. Primary BLI has been 
reported to be capable of progressing over the first 4 hours after the initial insult [66].

However, one study examining 647 survivors of 11 terrorist bombings in Israel 
found that none of the patients were diagnosed with BLI by physical examination 
or plain chest radiography within the first hour after injury subsequently developed 
BLI [41]. If not requiring intervention within the first hour after exposure to a blast 
wave, progression is much more likely to be slow and not life-threatening. A review 
of BLI short- and long-term outcomes has been conducted by Avidan et al. [63].

 Massive Hemoptysis

Although rarely reported in the literature related to explosive events, another imme-
diate threat to life is massive hemoptysis, when blood from torn lung tissue occludes 
the larger airways. The only interventions that are available are selective intubation 

21 First Receivers: Managing Blast Injuries upon Hospital Arrival



300

of the lesser injured lung or performance of a thoracotomy to surgically stop pul-
monary blood flow. With regard to the former in a resource-limited MASCAL situ-
ation, access to and expertise with specialized endotracheal tubes will be unlikely. 
An algorithm for blind intubation of one mainstem bronchus or the other has been 
proposed for use with conventional single-lumen tubes [1, 2].

 Arterial Air Embolism

AAE can be a sequela of either primary or secondary blast trauma. Air can escape 
into pulmonary veins, flow to the heart, and be ejected into the systemic circulation. 
Embolic infarction may be clinically silent, but major syndromes related to cere-
bral/cerebellar, retinal, spinal, myocardial, mesenteric, renal, and other ischemic 
insults do occur.

If the side of the lung injury is known or strongly suspected by penetrating 
wounds, ED intervention includes lung isolation by selectively intubating the oppo-
site mainstem bronchus [67]. The same algorithm for blind mainstem bronchial 
intubation used for massive hemoptysis could also be used for AAE or tension 
pneumothorax, so additional air does not enter the injured lung to transit into pul-
monary veins or pleural spaces [1, 2]. Additional hospital-based treatments include 
operative lung exclusion and hyperbaric therapy [67].

Positioning the patient with the head at the level of the heart is important to 
lessen the likelihood of air embolism to the brain and eyes [38]. Another proposed 
but unproven method of decreasing the likelihood of cerebral or coronary AAE is to 
place the casualty in the recovery position turned 45° toward prone [65]. If the side 
of the injury is known, placing that side down will increase pulmonary venous pres-
sure and increase the airway-to-vessel resistance. If the side of injury is not known 
or is bilateral, the left side down will place the coronary artery ostia at the lowest 
orientation relative to gravity.

The true prevalence of AAE after exposure to a blast wave is unknown. It is often 
not definitively diagnosed in living patients and is difficult to detect on autopsies 
even if specifically sought.

 Other Serious Injuries

Casualties who do not require immediate intervention, but who have the potential 
to deteriorate or develop secondary problems over time, are typically assigned to 
a delayed/yellow category during the triage process. They must be monitored for 
changes in their conditions that might warrant more or less healthcare resources. 
Hospitals should consider where and how this monitoring occurs, taking into 
account current and expected patient inflow as well as status of inpatient resources 
(e.g., staffed OR suites, open hospital beds, professional and ancillary staffing).
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 Spinal Injury

In a retrospective study of 2667 victims of terror-related explosions, all had cervical 
collars placed at the scene, yet only nine had unstable cervical spine injuries, and 
only one of those had no identifiable neurological deficits on initial presentation 
[68]. On the other hand, the US military experience has revealed a large number of 
spinal injuries from IEDs and other explosives [69]. One army unit sustained 5.6 
spinal injuries per 1000 combat-years [70], but these populations are not the same 
as most civilian blast-injured populations. Civilians close to IED detonations are 
often dead at the scene. During MASCAL situations with limited supplies, cervical 
collars may only be necessary for blast-injured casualties with neurological deficits 
on examination.

 Ocular Injury

No definitive evidence for primary blast ocular injury exists outside the laboratory 
[71]. Nonetheless, penetrating and nonpenetrating wounds have been reported to 
occur in 10–15% of victims from explosive events [72]. In the 2013 Boston inci-
dent, 13.4% of casualties transported to trauma centers had eye injuries in addi-
tion to multiple other injuries [73]. A thorough examination with magnification is 
required [74, 75]. POCUS may be a useful bedside adjunct once life-threatening 
injuries have been considered and managed [76]. Definitive imaging of the globes 
may involve either or both ultrasonography and computed tomography (CT) as 
complementary tests [77].

 Blast Intestinal Injury

BII is, in general, relatively uncommon following intentional bombings, but it car-
ries a high risk for morbidity and mortality [78, 79]. It deserves special mention, 
because symptoms can be subtle [65] and delayed bowel perforation can occur up 
to a week or more after initial injury [80, 81]. The most common symptom is tenes-
mus, and the most common sign is hematochezia, but neither of these have been 
reported to be particularly sensitive or specific [2]. Pain may be diffuse, localized, 
or referred to the shoulders, back, or testicles [38]. CT may be useful if images 
demonstrate abnormalities [82, 83], but it is less sensitive for detecting bowel injury 
without gas-releasing perforation than it is for other injuries [84, 85]. POCUS is 
also relatively insensitive for bowel injury in the absence of hemoperitoneum [86]. 
When applying negative likelihood ratios from existing trauma literature, the pretest 
probability of bowel injury is likely higher following exposure to a blast wave than 
it is for blunt trauma, and this should be kept in mind when interpreting physical 
examinations and imaging results for clinical decision-making.
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 Orthopedic Injury

Imaging services are often the most taxed during MASCAL events. Radiology 
was the most heavily employed support service following the VBIED explosion 
in Oklahoma City [12]. In addition to standard POCUS for immediately life- 
threatening injuries, one protocol has suggested using this bedside imaging modal-
ity to examine for pulmonary contusions as well [30]. POCUS may also be useful 
in lieu of radiography to detect foreign bodies [87, 88] and underlying fractures, 
particularly around the midshafts of long bones [89, 90]. Extremity examinations 
are part of the proposed CAVEAT protocol to augment MASCAL triage when time 
allows for these additional views [36].

 Burn Injury

Thermal trauma resulting in burns is another important mechanism of injury, either 
directly due to the explosion (i.e., quaternary blast injury) or due to ignition of 
clothing, vehicles, buildings, or surrounding vegetation [91]. The number of burned 
casualties will vary greatly by the type of explosion. Industrial accidents are notori-
ous for producing large fireballs and ongoing chemical fires. Terrorists can also con-
struct intentionally incendiary devices [92, 93]. No studies could be identified that 
have addressed any differences in airway, ventilation, or circulatory management of 
thermal injuries in the presence of concomitant blast trauma with or without BLI.

 Miscellaneous Injuries

Patients who are unlikely to have any significant sequelae from their injuries are 
typically assigned to a minimal/green triage category. This does not mean that they 
will not need significant resources at another time. Some of these injuries include 
superficial wounds, simple closed fractures, mild traumatic brain injury (TBI), and 
emotional distress. Until proven otherwise, the “worried well” should also be placed 
in the green/minimal triage category pending an appropriate evaluation.

 Mild Traumatic Brain Injury

TBI may occur without external evidence of blunt or penetrating trauma. Mild TBI 
is sometimes more difficult to uncover than moderate or severe TBI, especially in 
the absence of any known period of abnormal consciousness or mental functioning. 
Structured screening algorithms can be useful for this purpose [94]. The Defense 
and Veterans Brain Injury Center (DVBIC) offers a number of free tools for acute 
screening, such as the Military Acute Concussion Evaluation (MACE) [95], and for 
follow-up for persistent symptoms. In general, the prognosis after mild TBI is good, 
but cases must first be detected, and professional evaluation might be indicated [96].

J. M. Wightman



303

 Wound Contamination

Tetanus immunization standards are appropriate for all open wounds. The possibil-
ity of embedded bacterial, fungal, and viral pathogens must also be considered. 
Biological agents can be intentionally added to make a dirty bomb, debris from 
the environment can contaminate wounds, and human blood and tissue from other 
victims can penetrate the skin when propelled by the energy of a high-explosive 
detonation. Issues surrounding prophylaxis against blood-borne pathogens have 
been reviewed [97].

 Admission and Transfer

No prospective trials have evaluated any particular admission criteria or algorithm 
for blast-injured casualties. All retrospective studies have reported admission rates 
based on clinical judgment. With the exception of BII, most blast injuries can be 
detected during the reevaluation phase of management. CT  imaging can be the 
linchpin of decision-making regarding disposition.

Transfers to other hospitals should be based on matching available resources 
in the facility where the patient is and other facilities where the patient could be 
sent. Trauma care has been shown to be better at trauma centers, but many rou-
tinely operate at near-maximum capacity [98]. Following detonation of a high-yield 
explosive in the region a trauma center serves, it may be overwhelmed with victims 
during the disordered and perhaps controlled arrival phases. Sending patients who 
do not need the unique services of a trauma center occurs even when a MASCAL 
incident has not occurred [99]. Centers with specialty capabilities (e.g., burn care 
and hyperbaric therapy) may also be potential destinations for patients in facili-
ties without these services. Discussions must occur between sending and receiving 
facilities to determine where needed resources can be delivered in a time frame that 
will make a difference in outcome without placing the patient at unacceptable risk 
during transport.

The disposition of blast victims with penetrating trauma should fundamentally 
be no different than for those sustaining non-blast trauma [2]. Because fragments of 
explosive devices, any shrapnel added to IEDs, and debris picked up from the envi-
ronment may be propelled at very high initial velocities yet cause only tiny punc-
ture wounds, every wound has the potential to cause internal damage. When not 
associated with abnormal physiological parameters or other immediate concerns 
suggested by trajectory, wounds should be further assessed during the reevaluation 
phase after imaging resources become more available.

Even after negative CT imaging, patients with any abdominal complaint such 
as pain or discomfort, nausea or vomiting, tenesmus, or hematochezia should be 
observed for development of primary BII over the next 2–3 days.

With regard to the potential for primary BLI, pulse oximetry and plain chest radi-
ography should be sufficient to exclude any problems that might require intervention 
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or an additional period of observation for asymptomatic patients being clinically 
considered for discharge. Patients with lingering chest pain not ascribed to specific 
surface wounds, unresolved dyspnea, wheezing on auscultation, prolonged expira-
tory phase on forced exhalation, or any imagining abnormalities should be observed 
for at least several hours to watch for progression or resolution. If space and person-
nel resources are needed for other victims during a MASCAL situation, admission 
or transfer may be appropriate.

 Discharge

Numerous descriptions of individual explosive events [1] and articles pooling data 
from multiple incidents [100–103] have shown that the majority of initial survivors 
are able to be discharged from the ED without admission to the hospital. More 
recent incidents have had different results, likely as a result of different response 
types.

Over 2000 people were injured by multiple simultaneous IED detonations in 
Madrid on March 11, 2004. Almost all casualties transported to hospitals were taken 
to only two trauma centers. Just over half of the initial survivors were managed in 
EDs, and 47% of those were discharged the same day. However, in this event, many 
were initially managed in rapidly deployed field hospitals as part of the emergency 
disaster response or in primary care clinics throughout the city [104]. Therefore, the 
overall rate of initial survivors not admitted was 73%, despite the closed spaces in 
which these bombings occurred.

Following the 2005 bombings at four separate London locations, 722 casualties 
were distributed to six hospitals. One trauma center reported receiving 27 seriously 
injured casualties, but did not report admission rates on the other 167 “walking 
wounded” [13]. In Boston, 281 victims of two explosions in close proximity were 
distributed to 26 area hospitals in 2013. Of the 127 casualties seen at trauma centers, 
52 (41%) were not admitted [34].

Community standards for discharge instructions related to specific injuries 
should be applicable. Standards of care in this regard would not require adjustment 
in most MASCAL situations; because, unless space is critically needed for the care 
of other patients during the arrival phases, the time at which discharge decisions are 
made will usually be during the reevaluation phase after the last anticipated victim 
has arrived and been assessed.

Patients ultimately diagnosed with mild TBI by history or neurocognitive screen-
ing tests (e.g., MACE) can be discharged under community standards applicable to 
concussions sustained by blunt mechanisms, preferably into a setting with another 
responsible individual who is familiar with the patient’s baseline neuropsychologi-
cal functioning, and can be observed for subtle changes in level of consciousness, 
mood or behavior, and symptoms such as headache and difficulty concentrating. In 
a study of war veterans with mild TBI caused by blast, blunt, and combined inju-
ries, there were no substantial differences in post-concussive symptoms based on 
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mechanism [105]. The DVBIC has posted recommendations, clinical tools, and fact 
sheets for progressive return to activities [106].

Acute, subacute, and chronic mental health issues in blast-injured casualties have 
become more well-known and well-studied since the events of 9/11 and the subse-
quent Global War on Terrorism [107, 108]. Post-traumatic stress reactions and post- 
traumatic stress disorder (PTSD) occur with some frequency [109]. Patients being 
discharged from the ED should be made aware of these possibilities and instructed 
to seek care for any concerns. If these patients return to the ED at a later time 
with complaints of new or persistent symptoms, they should be thoroughly evalu-
ated with full knowledge that psychological PTSD and physical TBI symptoms and 
signs often overlap [96, 110]. The DVBIC offers free information, clinical tools, 
and fact sheets for clinicians and patients [111].

Tympanic membrane rupture is not a problem requiring immediate care. Full 
otoscopic evaluation in the ED is recommended when time allows, but discharge 
with a 72-hour referral to an otorhinolaryngologist for a detailed examination and 
possible middle ear irrigation would be appropriate when space and time are at a 
premium during a MASCAL scenario.

No matter what injuries a patient has sustained, discharge must include a safe 
plan and comprehensive written instructions. If discharged earlier than desired dur-
ing a MASCAL situation, scheduled return to the ED or other medical setting for 
delayed reevaluation may be appropriate.

 Conclusion

Victims of explosions are uncommon in civilian EDs, but when encountered, poly-
trauma from multiple mechanisms may rapidly strain even the most robust health-
care system. Some patients may have unique injuries with which some healthcare 
personnel may not be familiar. Multiple casualties may present simultaneously or 
in rapid succession. All this may complicate triage and treatment decisions upon 
hospital arrival and throughout courses of care in EDs. Knowledge, planning, and 
rehearsals are the keys to mitigating potentially preventable morbidity and mortality.

Key Points
• Explosions may cause isolated or polytraumatic injuries by multiple mech-

anisms, one of which is primary blast injury caused by translation of atmo-
spheric wave energy into the body.

• Exsanguinating hemorrhage must be controlled immediately.
• Tension pneumothoraces may manifest quickly, occur bilaterally, and cause 

cardiac arrest by both hypoxic respiratory and obstructive vascular mecha-
nisms. Decompression of the chest by needle thoracentesis or simple finger 
thoracotomy on the affected side(s) can be immediately lifesaving.
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Disclaimer The opinions and assertions herein are the private views of the author and are not to 
be construed as official or as reflecting the views of the Uniformed Services University, Department 
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 Introduction

Damage control resuscitation (DCR) of the massively bleeding trauma patient 
comprises early intervention with blood products to replete intravascular volume, 
restore tissue oxygenation, and correct coagulopathy until surgical hemostasis 
can be achieved. Blood product resuscitation in the emergency department (ED),  
and also in the prehospital setting, must be coordinated, prompt, multifaceted, and 
evidence- based and should incorporate the appropriate use of laboratory tests and 
adjunct therapies, which facilitate DCR and damage control surgery. Hemostatic 
resuscitation should also address the management of the acute and delayed compli-
cations of massive transfusion including electrolyte imbalances, interstitial edema, 
acidosis, and hypothermia.

Uncontrolled or refractory hemorrhage accounts for up to 40% of trauma-related 
mortality among injured civilian patients admitted to trauma centers, and up to 5% 
of general civilian trauma patients require a massive transfusion [1, 2]. Mass casu-
alty events (MCE) associated with blast injuries, such as civilian bombings, can 
place an even greater strain on a hospital’s, or even a region’s, blood product inven-
tory due to the number of casualties involved, the unpredictability of the events, and 
the distribution and severity of injuries [3].
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https://doi.org/10.1007/978-3-030-40655-4_22#ESM
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 Historical Review of Blood Product Resuscitation in Blast 
Injury

To treat the injuries that patients sustained during the London, England, bombings 
of 2005, hospitals ordered a total of 978 units of red blood cells (RBC), 36 doses 
of platelets (PLT), 141 units of plasma, and 300 doses of cryoprecipitate from the 
National Blood Service in the United Kingdom [4]. However, less than half (440) of 
the RBC units ordered by hospitals were ultimately transfused to a total of 25 criti-
cally ill patients. Most of the units were transfused within the patients’ first 36 hours 
of admission: 336 of the RBC units, along with 106 units of plasma, 235 units of 
cryoprecipitate, and 29 PLT doses. Those casualties who had sustained traumatic 
amputations required the greatest number of blood products.

During the Boston marathon bombing in 2013, 281 people were injured and 
cared for at 26 hospitals. Of the 75 patients admitted for further management 
at trauma centers, close to 12% required immediate transfusion of RBCs in the 
ED [5]. Data from two of the Boston hospitals showed that 168 uncrossmatched 
group O RBC units were issued to 58 injured patients. There were two mas-
sive transfusion protocol (MTP) activations at those two hospitals, and thirteen 
patients were transfused with 48 RBC and 35 plasma units within 24 hours of 
admission [6].

The Israeli experience with blood product transfusion at a single level 1 trauma 
center following 17 civilian bombing attacks from 2000 to 2005 found that close 
to 40% of blast-injured patients required blood products [7]. The 53 transfused 
patients received a total of 524 RBC units, 42 whole blood (WB) units, and 449 
plasma units. Close to half of all of the RBC units transfused to these 53 patients 
were given within the first 2  hours of admission. While only a quarter of these 
patients (14/53) required a massive transfusion, those that did require a massive 
transfusion used more than 75% of all of the RBC units transfused during the study 
period (399 RBC units), and these 14 patients were transfused with a mean of 28.5 
(range: 10–59) RBC units.

The military experience with 26 MCEs from 2003 to 2004 during Operation Iraqi 
Freedom is similar (average number of RBC units transfused per patient: 1.4 ± 0.8), 
with 22% of all evacuated casualties from an MCE requiring transfusion and 4.2% 
requiring a massive transfusion [8]. There were more massive transfusions adminis-
tered to patients injured by discrete explosion-related events compared with patients 
injured from firefights (9.6% vs. 4.0%, respectively, p < 0.05). It is also clear that 
blast injury to certain organ systems, such as the lungs, confers an even higher blood 
product requirement during their resuscitation. Of the 11.2% of patients admitted 
to a NATO Role 3 hospital in Afghanistan from January 2008 to March 2013 with 
a primary blast lung injury, the majority received a massive transfusion (average of 
33.4 ± 38.3 RBC units per patient over 24 hours) [9].
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 Coagulopathy of Trauma

Traditional models that ascribe the etiology of coagulation defects in an injured 
patient to the trauma itself and to the effects of the ensuing resuscitation effort, 
such as hemodilution, hypothermia, acidosis, and coagulation factor depletion, do 
not fully explain the clinically observed defects. More recently, a newly recog-
nized coagulopathic process occurring within the first few hours of injury in up to 
24% of trauma patients and resulting from dysregulation of multiple procoagulant, 
anticoagulant and fibrinolytic pathways, and the so-called early trauma-induced 
coagulopathy (ETIC), has been described [10, 11]. There have been two main 
mechanisms proposed to explain the pathogenesis of ETIC: (1) activation of protein 
C by thrombin- thrombomodulin complexes resulting in degradation of plasminogen 
activator inhibitor 1 (PAI-1) [12, 13], an important inhibitor of fibrinolysis, and 
(2) overwhelming release of tissue plasminogen activator (tPA) from the vascular 
endothelium (Fig. 22.1) [14].

Modern resuscitation of traumatically injured patients involves minimizing hypo-
thermia and acidosis and reversing the ETIC. Due to the deleterious consequences 
of administering large quantities of isotonic crystalloid or colloid solutions, includ-
ing but not limited to clot disruption, dilutional coagulopathy, and pro- inflammatory 
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Fig. 22.1 Mechanisms of early trauma-induced coagulopathy. Protein C is activated by thrombin- 
thrombomodulin complexes. Activated protein C inactivates factors V and VIII and plasminogen 
activator inhibitor-1 (PAI-1). Damage to the endothelium stimulates release of tissue-type plas-
minogen activator (tPA). Inactivation of PAI-1 and release of tPA both contribute to the hyperfibri-
nolysis observed in the early trauma period. aPC activated protein C, FDPs fibrin degradation 
products
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effects of these fluids on the endothelial glycocalyx [15–18], there has been a para-
digm shift toward the early use of blood products and the limitation of crystal-
loid and colloid fluids, which are physiologically inert insofar as they do not have 
oxygen-carrying capacity or supply coagulation factors [19].

 Massive Transfusion Protocol

Massive transfusion protocols (MTPs) facilitate the rapid delivery of blood products 
to a bleeding patient via a formal institutional response procedure. MTP activation 
usually occurs at the first point of contact with the injured trauma patient in the ED 
[20], although there is a survival benefit to providing blood products even before 
the patient arrives in the ED [21, 22]. Development of an MTP is an institutional 
affair and requires a multidisciplinary approach involving physicians, nurses, and 
laboratory staff. Factors such as staffing levels and competency; communication 
pathways; facilities for laboratory monitoring, including at the point of care; and 
logistics of specimen and blood product transportation and proper storage in order 
to minimize waste should be considered in implementing an MTP. Retrospective 
data suggest improved survival after implementation of an MTP [23–25], likely 
resulting from enhanced communication between the clinical staff and the transfu-
sion service and/or optimization of blood product availability and transportation 
leading to earlier transfusion of plasma and platelet products.

 Blood Product Transfusion Strategies in Massive Hemorrhage

 Fixed-Ratio Component Therapy (FRCT)
A fixed-ratio component transfusion (FRCT) strategy aims to recapitulate the con-
tents of whole blood using blood components, which is especially important in the 
early stages of DCR. Proposed in the 1980s and 1990s in the military setting, FRCT 
gained popularity in the civilian trauma setting in the late 2000s based on mathemati-
cal models and retrospective studies that purported to show a survival benefit among 
those who received higher ratios of plasma:RBCs compared to those with lower 
ratios [26, 27]. In 2007, Borgman et al. reported a significantly lower mortality rate 
among those who received a higher ratio of plasma to RBCs (i.e., close to a 1:1 ratio) 
compared to those who received a lower plasma:RBC ratio in a retrospective study 
of 246 military patients receiving massive transfusion at an Army Combat Support 
Hospital. However, survivor bias (i.e., patients who lived longer because they were 
less severely injured received more plasma) likely had a major impact on this result 
[28]. A series of retrospective civilian trauma studies that followed failed to clarify 
the benefits of FRCT due to important confounding factors that were present in these 
studies that limit their generalizability and the strength of their conclusions [29, 30].

The prospective, observational, multicenter, major trauma transfusion 
(PROMMTT) study, which was a prospective study conducted at ten level 1 trauma 
centers in the United States, examined the relationship of in-hospital mortality to 
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early transfusion of plasma and/or platelets and to plasma:RBC and platelet:RBC 
ratios during the first 6 hours of resuscitation [31]. In this study, a low plasma:RBC 
transfusion ratio (<1:2) was associated with increased mortality only in the first 
24 hours after admission, while the subsequent risk of death at 30 days was not 
related to the plasma:RBC or platelet:RBC ratio. The Pragmatic Randomized 
Optimal Platelet and Plasma Ratios (PROPPR) trial, which followed and which 
remains the largest randomized controlled trial to date on FRCT in trauma, found 
no differences in the primary outcomes of 24-hour and 30-day all-cause mortality 
in the 680 traumatically injured patients who were randomized to receive plasma, 
platelets, and red blood cells in a 1:1:1 ratio versus a 1:1:2 ratio [32]. However, the 
investigators did note that several secondary outcome analyses favored the 1:1:1 
ratio group, including reduced exsanguination as the primary cause of death within 
24 hours of admission and achieving anatomical hemostasis. The major limitation 
of the PROPPR trial was the absence of an intervention arm where the patients’ 
resuscitations were guided by something other than FRCT, such as goal-directed 
resuscitation based on conventional laboratory testing or viscoelastic tests (VETs). 
Therefore, while there appears to be no significant difference in survival using a 
1:1:1 ratio versus a 1:1:2 ratio in DCR, the question of the most effective technique 
for resuscitating bleeding trauma patients remains elusive.

 Goal-Directed Component Therapy (GDCT)
Goal-directed component therapy (GDCT) aims to replace the specific hemostatic 
factors that the patient is missing, thus minimizing over- and under-transfusion, 
wastage, and the incidence of transfusion-related complications. In this regard, 
GDCT represents a lean, more individualized approach to DCR compared to FRCT. 
In GDCT, laboratory tests of hemostasis and oxygen-carrying capacity form the 
basis for decisions regarding blood product use. The utility of GDCT in guiding 
the dynamic resuscitation of a trauma patient was, in the past, limited by the typi-
cally long turnaround time of traditional laboratory testing such as the complete 
blood count (CBC), prothrombin time (PT), activated partial thromboplastin time 
(aPTT), and fibrinogen assays. However, more recently, the use of global tests 
of coagulation, mainly VETs such as thromboelastography (TEG) and rotational 
thromboelastometry (ROTEM), has made this approach more practical and feasible 
allowing earlier detection of coagulopathy and more accurate prediction of trans-
fusion requirements compared with conventional coagulation assays (CCAs) [33, 
34]. VETs, when offered at the point of care, can provide actionable results pertain-
ing to the activity of coagulation factors (including fibrinogen) and platelet count 
and function within 30 minutes and can also provide information about hyper- and 
hypo-fibrinolysis within 60 minutes [35]. Thus, information derived from the trac-
ings can be used to guide real-time blood component therapy. Additional benefits 
of VETs are that they are performed using whole blood, thus accounting for the 
patient’s red cell contribution to the fibrin clot [36], and that they can be performed 
at the patient’s core temperature, accounting for the potential effect of hypother-
mia on coagulation factor activity (although the importance of temperature-adjusted 
VET is still debatable) [37].

22 The Role of Blood Products in Damage Control Resuscitation…



318

The following optimal thresholds have been suggested for TEG-guided massive 
transfusion resuscitation: plasma transfusion for a TEG-activated clotting time (TEG-
ACT) > 128 seconds, cryoprecipitate transfusion for an α-angle <65°, platelet transfu-
sion for a maximal amplitude (MA) < 55, and antifibrinolytic agents for an LY30 > 5%, 
although these recommendations should be considered in the context of the patient’s 
clinical situation [38]. Studies comparing GDCT to FRCT have shown promising 
results [39, 40]. A pragmatic, randomized clinical trial (RCT), which included 111 
patients admitted to a level 1 trauma center, demonstrated a survival benefit of TEG-
directed MTP compared to CCA-guided MTP (80.4% vs. 63.6%, p = 0.049) [40].

The benefits and limitations of FRCT and GDCT have been extensively debated 
[41]. In the explosion-related MCE, the volume of high-acuity patients may place 
logistical and operational challenges on broad use of VETs. Based on the available 
evidence and practical experience, utilizing an FRCT strategy in the early stages of 
DCR when laboratory results are not immediately available appears to be a reason-
able approach, as it emphasizes plasma replacement for the significant minority of 
trauma patients who are coagulopathic upon presentation in the ED. As soon as the 
results of VETs and/or CCAs are available, however, there should be a transition to 
GDCT for the remainder of the resuscitation.

 Operational Aspects of an MTP

An institutional MTP should contain clear guidance on the following: the criteria 
for MTP activation, including who is authorized to initiate it; a validated mecha-
nism for notification of the transfusion service/blood bank and general labora-
tory; an algorithm outlining the CCAs, VETs, and other tests, such as blood gases 
and ionized calcium levels, their frequency, and details about specimen types and 
transportation to the laboratory; blood product preparation and delivery guidelines 
including predetermined MTP package contents; and other patient care needs such 
as blood warmers and nursing care (Fig. 22.2).

 What Constitutes a Massive Transfusion and When Should an MTP 
Be Initiated?
Massive transfusion has traditionally been defined as the transfusion of 10 or more 
RBC units within 24 hours [42, 43]; however, more recent pragmatic definitions 
include (1) transfusion of four or more RBC units within 1 hour with anticipation 
of continued need for blood product support [44] and (2) replacement of 50% of 
the total blood volume within 4 hours [45]. Predicting which hemorrhaging trauma 
patient is likely to require a massive transfusion can be difficult during the early 
stages of resuscitation. Trauma team clinical judgment appears to be the most fre-
quently used trigger for MTP activation, followed by hypotension and administra-
tion of uncrossmatched blood products [46].

Two commonly used composite scoring systems, which have proven to be accu-
rate in the prediction of which civilian trauma patients will require a massive trans-
fusion, are presented in Table 22.1 [47, 48]. While these scores have been validated 
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extensively in general civilian trauma populations, their accuracy in the civilian and 
military blast injury settings remains to be verified. In fact, one study of 137 civil-
ian blast injury patients identified between January 1993 and November 2012 in the 
TraumaRegister DGU of the German Trauma Society (TR-DGU) reported that the 
Trauma Associated Severe Hemorrhage (TASH) score underestimated the probabil-
ity for transfusion of more than 10 units of packed red blood cells (5.0% estimated 
vs. 12.5% actual) [49].

 MTP Packages
During an MTP activation, blood components are issued from the transfusion ser-
vice/blood bank in rounds until the MTP is deactivated. MTP packages issued in 
this fashion contain RBCs and plasma (in coolers) and platelets (at room temper-
ature) in a close to 1:1:1 ratio. The number and type of blood products in each 
MTP round should be based on the needs of the individual institution. Additionally, 
trauma centers usually store uncrossmatched group O RBCs in an easily accessible 
location in the trauma bay, with or without thawed plasma.
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Fig. 22.2 Sample massive transfusion protocol (MTP) algorithm. Note that the contents of the 
MTP package can vary by institution. PT prothrombin time, aPTT activated partial thromboplastin 
time, INR international normalized ratio, TXA tranexamic acid, VET viscoelastic tests
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 Safety of Using Group O Uncrossmatched RBCs and Transition 
to Group-Specific Blood Components
Uncrossmatched group O RBCs can be issued quickly from the transfusion service 
or, if available, can be obtained from the trauma bay refrigerator for transfusion 
to a recipient of unknown ABO group. Group O RBCs are used since they will be 
compatible with the recipient’s preformed anti-A and/or anti-B isohemagglutinins. 
The risk of a hemolytic transfusion reaction with uncrossmatched group O RBCs, 
even in patients with active alloantibodies against minor (i.e., non-A/ on-B) red cell 
antigens, is very low [50–52]. No acute hemolytic transfusion reactions were identi-
fied in one study of 581 uncrossmatched group O RBCs transfused to 161 patients 
[53]. In another study, only one out of 262 patients who received uncrossmatched 
group O RBCs had a hemolytic transfusion reaction, and the etiology of hemolysis 
was not firmly linked to the receipt of the incompatible RBC units [54]. Based on 
these safety data, lifesaving uncrossmatched RBCs should not be withheld from the 
resuscitation of a hemodynamically unstable trauma patient while awaiting group- 
specific products and the results of the antibody detection test.

Samples for ABO blood group determination, antibody detection, and RBC 
crossmatch should ideally be collected prior to transfusion of uncrossmatched 
RBCs, or as early in the resuscitation as possible, and should be sent to the blood 
bank as soon as possible. A check-ABO sample, required at many institutions in the 
United States, serves to confirm the ABO group in patients without a historic ABO 
group on file at the blood bank, thereby helping to prevent ABO mismatched trans-
fusions by detecting wrong blood in tube (WBIT) miscollections [55]. Once the 
patient’s samples have been received in the transfusion service, ABO-group-specific 

Table 22.1 Prediction tools for massive transfusion in the civilian post-trauma and liver trans-
plantation settings [43, 44, 46]

TASH Score ABC Score
Criteria Score Criteria Score

Demographic Male gender 1
Clinical HR > 120 b/min 2 SBP < 90 mm Hg 1

Free abdominal fluid 3 HR > 120 b/min 1
Clinically unstable pelvic fracture 6 Penetrating mechanism 1
Open or dislocated femur fracture 3 Positive FAST 1

Laboratory Hb < 7 g/dl 8
Hb < 9 g/dl 6
Hb < 10 g/dl 4
Hb < 11 g/dl 3
Hb < 12 g/dl 2
Base excess < −10 4
Base excess < −6 3
Base excess < −2 1

Maximum score 29 4
Threshold ≥18 ≥2

TASH trauma-associated severe hemorrhage, Hb hemoglobin, HR heart rate, ABC assessment of 
blood consumption, SBP systolic blood pressure, FAST focused abdominal sonography for trauma, 
MT massive transfusion, INR international normalized ratio
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blood products can usually be provided by the blood bank within 15 minutes, and 
crossmatched RBCs can be provided within an hour, as long as an unexpected anti-
body to minor red cell antigens is not identified. Such unexpected antibodies are 
detected in ~5% of transfused patients [56], require further investigation to identify 
the nature of the antibody, and then find compatible RBC units; this process usu-
ally takes several hours to complete. After the testing is completed and if no unex-
pected antibodies are identified, crossmatched RBCs can be issued within minutes 
of ordering if an electronic crossmatch system is in place in the hospital’s transfu-
sion service.

The transition to ABO-group-specific blood products is especially important in 
the case of plasma products, since it helps conserve the often-limited AB plasma 
inventory (AB donors comprise only 4% of all donors in Caucasian cohorts), which 
can be rapidly depleted in an MCE setting. Trauma centers can supplement the 
limited AB plasma inventory by using group A plasma (see the Section “Thawed 
Plasma and Low-Titer Group A Plasma”).

Platelets are generally transfused without regard to donor and recipient ABO 
groups in adult patients in the United States due to chronic shortages of this prod-
uct. Given that there have been very few reports of hemolysis among recipients of 
incompatible plasma, group-specific platelets are not usually required in most adult 
settings [57, 58].

 Use of Rh(D)-Positive Products in Rh(D)-Negative or Rh(D) status 
Unknown Patients
Rh(D)-negative group O uncrossmatched RBCs are generally reserved for transfu-
sion to females of childbearing potential due to the risk of Rh(D) alloimmunization 
(~21% for RBCs [59–61] and 1.4% for platelets [62]) and the potential for the 
resulting anti-D to cause severe hemolytic disease of the fetus and newborn (HDFN) 
[63]. The criteria for using Rh(D)-positive RBCs in Rh(D)-negative patients and in 
patients whose Rh(D) group is unknown should be clearly defined in the institu-
tion’s standard operating procedures. The transfusion service may choose to switch 
massively bleeding Rh(D)-negative or Rh(D) status unknown men, and women who 
are no longer of childbearing potential, to Rh(D)-positive products after their gender 
and age are confirmed, in an attempt to conserve the Rh(D)-negative RBC inven-
tory. However, it is important to remember that a potentially lifesaving transfusion 
with Rh(D)-positive RBCs or platelets should not be withheld from a female of 
childbearing potential if she is Rh(D)-negative, or if her Rh(D) group is unknown, 
and Rh(D)-negative RBCs or platelets are not available.

 Thawed Plasma and Low-Titer Group A Plasma
Plasma is the preferred fluid for the replenishment of coagulation factors and the 
treatment of ETIC in order to avoid dilutional coagulopathy in the massive transfu-
sion setting [64]. Both fresh frozen plasma (FFP), which is plasma frozen within 8 
hours of collection, and plasma frozen within 24 hours of collection (PF24) can be 
stored in the liquid state for a maximum of 24 hours in the refrigerator after thawing 
[65]. Thawed plasma, on the other hand, can be stored for up to 5 days after thawing 
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and is a practical solution for trauma centers, especially those with an institutional 
response plan for MCEs, since these units can be thawed ahead of time and stored 
in the trauma bay refrigerator. The longer storage period also reduces wastage and 
constraints on the blood bank’s inventory.

As mentioned earlier, the transition to ABO-group-specific plasma is important 
for preserving the limited AB plasma inventory. As a result, there has been renewed 
interest in the use of group A plasma in DCR of bleeding trauma patients, with 
97% of 61 surveyed level 1 trauma centers in the United States reporting that they 
maintained group A thawed plasma. Of those surveyed, 88% stated that group A 
plasma was immediately available for use in a resuscitation, and 69% reported use 
for trauma patients of unknown ABO group [66]. Of the centers that use group A 
plasma for massively bleeding patients, 62% do not limit the amount of group A 
plasma that can be administered to a recipient of unknown ABO group, and 79% do 
not titer the anti-B level in the group A plasma. The safety of group A plasma trans-
fusion to recipients of unknown ABO group can be inferred from the very low rate 
of hemolytic transfusion reactions following the transfusion of ABO-mismatched 
platelet units, which contain the same amount of plasma as a plasma unit [65, 67]. 
Also the results of the retrospective Safety of The use of group A plasma in Trauma 
(STAT) study demonstrated no increase in in-hospital or early (<24  hours after 
admission) mortality or hospital length of stay between group A versus B and AB 
trauma patients who were resuscitated with at least one unit of group A plasma [68].

 Cold-Stored Low-Titer Group O Whole Blood
The use of cold-stored, low-titer group O whole blood (LTOWB) for the manage-
ment of civilian trauma patients is now expanding because of its many advantages 
compared to conventional component therapy. These advantages include a smaller 
volume of anticoagulants, preservatives, and additive solutions in the whole blood 
that leads to less dilution of hemostatic factors and platelets, reduced fluid redis-
tribution to the interstitial fluid compartment, fewer donor exposures, and the sim-
plification of the logistics of DCR as all the components of whole blood can be 
administered in one bag instead of up to four [69–71]. Platelets stored in the cold 
(1–6 °C) demonstrate improved function compared with room temperature-stored 
platelets in in  vitro studies, and agitation of the whole blood is not required to 
preserve platelet function [72–76]. The decision on what constitutes a “low-titer” 
LTOWB unit remains at the discretion of each institution and should be selected 
based on the institution’s tolerance of risk from hemolysis among non-group O 
recipients versus the extent of donor deferrals (i.e., a very low-titer threshold will 
result in a very low risk of hemolysis but a high rate of donor deferrals) [77]. At the 
authors’ center, a critical titer threshold of <50 for both anti-A and anti-B is used 
to mitigate the risk of immediate hemolysis, but titers of <256 have also been suc-
cessfully utilized [78].

Transfusion of up to four units of LTOWB has been demonstrated to be safe in 
civilian trauma patients with no demonstrable clinical or biochemical evidence of 
hemolysis observed in a retrospective study of 102 non-group O recipients com-
pared to 70 group O recipients [79, 80]. Clinical outcomes, such as mortality and 
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length of stay, among a propensity-matched cohort of 135 recipients of up to four 
units of LTOWB compared to 135 recipients of conventional components were also 
similar, with perhaps a faster resolution of an elevated admission lactate concen-
tration among the LTOWB recipients [81]. Based on the initial safety profile and 
outcome data, at least 15 centers in the United States are now using LTOWB in the 
initial resuscitation of trauma patients [78, 80, 82, 83]. LTOWB could also prove to 
be the ideal prehospital resuscitation fluid since it provides plasma and functional 
platelets early in the resuscitation and since it can be stored and transported in the 
same way as RBC units, which are already used in the prehospital setting at cer-
tain institutions. A study comparing the outcomes of trauma patients who will be 
randomized to receive LTOWB versus RBC units alone in the prehospital setting 
commenced in the autumn of 2018 and is expected to be completed in late 2021 
(Pragmatic Prehospital Group O Whole Blood Early Resuscitation Trial, PPOWER, 
NCT03477006).

 Adjunct Therapies in Massive Transfusion

Primary hyperfibrinolysis has been reported in 34% of trauma patients requiring 
massive transfusion [84, 85]. Tranexamic acid (TXA) and epsilon-aminocaproic 
acid are lysine analogues, which inhibit fibrinolysis by reversibly antagonizing the 
lysine-binding site on plasminogen and plasmin [86]. The Clinical Randomization 
of an Antifibrinolytic in Significant Hemorrhage 2 (CRASH-2) trial demonstrated 
that the administration of TXA to bleeding trauma patients within the first 3 hours 
of injury reduced the risk of death due to bleeding without an increase in vascular 
occlusive events [87]. VETs may be useful in differentiating those patients with 
primary hyperfibrinolysis who are most likely to benefit from antifibrinolytic agents 
from those with physiologic fibrinolysis or fibrinolysis shutdown who may not 
require these agents [88, 89].

Given the limited retrospective efficacy data [90] and the absence of a prospective 
randomized controlled trial, the decision to use prothrombin complex concentrate 
(PCC) in DCR should be assessed on a case-by-case basis. There is no definitive 
data on the safety and efficacy of desmopressin, a synthetic analogue of the antidi-
uretic hormone vasopressin, in the treatment of trauma-related hemorrhage, and the 
use of activated recombinant factor VIIa (rFVIIa) is no longer recommended as an 
adjunct therapy in DCR [91, 92].

 Disaster Preparedness in the Civilian Blood Bank

Disaster preparedness vis-à-vis blood product use has been extensively reported 
from the military experience [8, 93]. Much of the civilian literature describing how 
civilian hospitals and their transfusion services and blood banks have prepared for 
such an event derives from the experiences gained from terrorist attacks with a large 
number of ensuing casualties [6, 7, 94–99]. An in silico analysis of the effect of 
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various-sized MCEs performed using military and civilian transfusion requirements 
revealed that many of the hospitals that would have received injured patients would 
have had their stocks of group O (universal donor) RBCs exhausted in a median of 
10 hours or fewer depending on the number of casualties [98]. It is thus impera-
tive that civilian hospitals have an emergency plan in place for how their blood 
banks will supply products to injured patients during an MCE and rapidly restock 
their inventories. Some critical aspects to consider include the reserves of products 
located at the receiving facility, their major blood suppliers, and other regional hos-
pitals. Having a disaster plan agreed upon by the hospitals that are most likely to 
receive injured patients and those that would not likely receive patients but would 
use their inventory of products to resupply those that do before the MCE occurs is 
essential for the seamless activation of the disaster plan.

Beyond the physical proximity of these resources, the delivery mechanism of 
the blood products to the treating hospitals must also be considered; streets might 
become impassable due to evacuations or crime scene investigation limiting the 
ability to move blood products by car or van, public transit might be halted, and “no 
fly” zones might be imposed limiting helicopter movement. The same conditions 
that might limit the movement of blood products between hospitals and the blood 
centers might also prevent donors from attending blood donation drives to resupply 
the blood center. In addition, unlike canned food goods, RBCs have a short shelf 
life such that they cannot be stockpiled in a liquid form indefinitely. While RBCs 
can be frozen, thawing them is usually a manual process that can take several hours, 
and thawing the large number of RBCs that might be required in an MCE is imprac-
tically slow. Therefore, relying on a blood center’s inventory of frozen RBCs for 
the initial resuscitation of the first wave of casualties is not likely to be a practical 
solution when liquid RBCs are urgently needed. Thus, not only should the disaster 
plan detail the willingness to provide blood products, but also rehearsals of how the 
products would be transported under various conditions that might occur during an 
MCE should regularly take place.

 Conclusion

The evidence indicates that the early intervention with blood products in severely 
injured trauma patients saves lives. Supplying blood products prehospital is the 
ideal way to begin the resuscitation, and the rapid and appropriate activation of the 
hospital’s MTP when the patient arrives at the ED helps to ensure that the clini-
cal team has the blood products that are necessary to continue the resuscitation. 
The ideal formula for resuscitating massively bleeding trauma patients is currently 
unknown, but starting with an FRCT strategy in the early stages of DCR followed 
by a transition to GDCT when the results of VETs and/or CCAs become available 
would seem reasonable. Uncrossmatched group O RBCs can be issued quickly from 
the transfusion service or, if available, can be obtained from the trauma bay refriger-
ator. The use of group A plasma in DCR can help to preserve the blood bank’s often-
limited AB plasma inventory. LTOWB use in DCR is expanding because of its many 
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advantages compared to conventional component therapy. The use of TXA in DCR 
is well-established, but the evidence is not as strong for other adjunct therapies. A 
rehearsed disaster plan, which includes consideration of blood product reserves, 
blood supply agreements, and logistics of blood product transportation during an 
MCE, is of critical importance.
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23Pediatric Considerations

Guyon J. Hill and Katherine Remick

 Introduction

Children are at risk of sustaining life-threatening injuries from acts of terrorism, 
industrial accidents, or the recreational use of explosives such as fireworks or pyro-
technics. In areas of conflict, children may be exposed to unexploded ordinance, land 
mines, or improvised explosive devices (IEDs). Pediatric patients are especially sus-
ceptible to blast injuries due to the same kinetic energy being transmitted over a rela-
tively smaller mass in addition to key differences in anatomy and physiology. These 
factors also increase the risk for multisystem injuries. In areas of conflict and civilian 
settings, children will not have the benefits of protective attire such as body armor, 
ballistic eyewear, helmets, or other equipment available to military personnel. In any 
setting, healthcare providers with minimal pediatric experience may be called on to 
care for children with life-threatening injuries as a result of explosives.

Historically, there is little available evidence describing the scope of pediatric 
blast injuries. However, recent terrorist incidents and military conflicts have greatly 
enhanced our knowledge in this area [1–4]. Blast injuries can cause both blunt and 
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penetrating trauma as well as thermal burns. All of these can be life-threatening and 
have special implications in the pediatric age range. Blast injuries in children are 
further compounded by unique patterns of injury and distinct differences in anat-
omy and physiology. A number of other key factors that may increase or complicate 
the severity of injuries include:

 1. The child’s proximity to the blast
 2. The type and composition of the explosive
 3. Location of the child when the blast occurred (i.e., an enclosed space, next to a 

barrier, or submerged)
 4. Presence of projectiles in the device
 5. Potential for radiological or biological contamination

In an emergency situation, the varied developmental stages and behavioral char-
acteristics of children can make the care of these children even more challenging. 
During terrorist events or disasters, children may choose to hide in their immediate 
vicinity, which may increase their risk of entrapment and delay discovery. They may 
also be less able to discern suitable escape routes [5]. Providers should expect chil-
dren to be at higher risk of disorientation due to the trauma, separation from family 
and caregivers, and developmental regression. Given these factors, children may be 
more prone to developing post-traumatic stress disorder in the aftermath of a disas-
ter. Thus, the pediatric blast-injured patient creates a rare challenge, especially for 
providers unaccustomed to caring for severely injured children.

 Overview of Blast Injuries in Children

Blast injuries are commonly classified as primary to quaternary [6]. Primary blast 
injuries (PBIs) are a significant cause of mortality and are generally caused by high- 
order explosives, and injuries result from the overpressure of the blast wave. PBIs 
primarily affect organs that are either air-filled or contain an air-fluid interface such 
as tympanic membranes, blood vessels, the gastrointestinal tract, or the lungs. The 
classification of secondary blast injury is used to describe penetrating injuries 
caused by shrapnel or other flying debris. This classification usually causes the 
greatest number of injuries. Tertiary blast injury refers to injuries caused by accel-
eration and deceleration forces as individuals being propelled by the blast wind into 
other objects. These injuries can affect any organ and are unique to high-energy 
explosions. Children and those in close proximity to the blast are disproportionately 
affected due to the transfer of energy and their smaller size, respectively. Tertiary 
blast injuries can account for a considerable proportion of pediatric injuries and can 
cause injuries such as skull fractures, intracranial hemorrhage, long bone fractures, 
and traumatic amputations [1]. The classification of quaternary blast injury includes 
burns (thermal or chemical), inhalational injuries from toxic fumes, crush injuries, 
and the exacerbation of chronic illnesses such as asthma. These injuries contribute 
to delayed mortality. An additional classification that may sometimes be used is 
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quinary. This designation refers to a hyperinflammatory state that cannot be 
explained by other categories of blast injury. It may also be used to refer to illnesses, 
diseases, or injuries caused by contamination of the explosive device with chemical, 
biological, or radiological substances (i.e., “dirty bombs”) [7, 8]. Not included in 
this classification system are the psychological trauma and residual effects such as 
post-traumatic stress disorder (PTSD) that can result from these situations.

When approaching pediatric patients with blast injuries, it is important to con-
sider key differences in anatomy and physiology. These variances can cause chal-
lenges during resuscitation especially if providers are inexperienced in caring for 
critically injured pediatric trauma patients. As hypoxia is the most common cause of 
cardiac arrest in children, optimal airway management is critical to the survival of 
pediatric patients injured by explosives. Several anatomic differences make airway 
management more difficult in children and make pediatric patients more prone to 
complications. Because resistance to flow is proportional to the radius to the fourth 
power (Poiseuille’s law) and the pediatric airway is narrower, the same degree of 
swelling in children can cause significant airway obstruction. This also predisposes 
them to bronchospasm. Children have relatively shorter tracheas making it more 
likely to inadvertently perform a right mainstem intubation. Children also have pro-
portionally larger heads making it more difficult to align the airway and cervical 
spine; padding beneath the upper back may be needed to achieve a neutral position. 
In addition to the difficulty in maintaining pediatric airway skills, optimal pediatric 
airway management requires having different-sized devices for different-sized chil-
dren. Last, due to challenges in anatomic assessment, there are age limitations on 
surgical cricothyrotomy.

Children respond to hemodynamic losses primarily by increasing heart rate 
rather than altering cardiac contractility. Thus, in general, children are able to main-
tain normal blood pressure despite up to a 25% or greater loss of blood volume [9]. 
As hypotension is a late finding, other signs such as tachycardia or tachypnea, 
altered mental status, delayed capillary refill, or mottled skin may be more reliable 
indicators of a child in shock. Due to differences in metabolism and absorption, all 
medication doses and resuscitation fluid volumes in children are weight-based. 
Providers need to ensure the correct dose of medication is given. The simple mis-
placement of a decimal point can result in administration of 10–100 times the 
intended dose. Due to their high ability to compensate, children who are initially 
alert and at baseline should still warrant further evaluation for the presence of any 
of the following: abnormal behavior such as excessive sleepiness or irritability, sei-
zure activity, persistent vomiting, loss of consciousness, or evidence of a cerebro-
spinal fluid (CSF) leak [9].

 Common Blast Injury Patterns in Children

Severe head trauma is the most frequent cause of death for children involved in blast 
events [1, 2]. Traumatic brain injuries (TBIs) from primary blast injury can include 
hemorrhage, edema, concussions, diffuse axonal injury (DAI), or infarction due to 
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gas emboli as is seen in blast lung [1]. It can be difficult to assess TBI in children, 
particularly in the preverbal child. Age-based neurologic assessments exist for chil-
dren of all ages, and emergency departments (ED) would benefit from maintaining 
ready access to such tools. In addition, TBI can occur in the absence of loss of con-
sciousness. Validated algorithms for the assessment of such children should be con-
sidered [10].

Pulmonary contusions are the most common traumatic thoracic injury in chil-
dren and the most frequent fatal form of primary blast injury (PBI) among initial 
survivors [11–13]. However, pulmonary injuries from the primary blast may vary 
and include lung contusion, blast lung, alveolar rupture, air embolism, and acute 
respiratory distress syndrome (ARDS) [6]. Pulmonary PBI commonly results in 
symptoms of cough, chest pain, dyspnea, or hemoptysis. Clinical findings may con-
sist of tachypnea, hypoxia, respiratory distress, cyanosis, decreased or adventitious 
breath sounds, crepitus, subcutaneous emphysema, or pneumomediastinum. The 
majority of patients will have other associated thoracic injuries such as pleural effu-
sions, pneumothoraces, hemothoraces, and fractures as well as extrathoracic inju-
ries. Unlike adults, pulmonary contusions in children can occur without rib fractures 
as the more compliant and elastic chest wall allows kinetic energy to be transmitted 
to intrathoracic structures [14]. When rib fractures are present, they portend signifi-
cant force and are correlated with the presence of other injuries.

While most children will have at least mild degrees of respiratory distress, tachy-
pnea, or hypoxemia, providers should suspect a pulmonary contusion in any child 
exposed to a significant blast, even in the absence of physical exam findings or signs 
of chest wall injury. One study of pediatric pulmonary contusions noted that more 
than half lacked abnormal findings on physical exam [15]. Yet, it is important that 
providers recognize the potential risks imposed by the presence of pulmonary con-
tusions. Pneumonia is the most common complication and can develop in 20–50% 
of patients [16, 17]. ARDS is an infrequent complication of pulmonary contusions 
in children but carries an exceedingly high mortality rate. While ARDS can result 
from shock related to other bodily injuries, it can also result from direct lung injury 
[18, 19]. Regardless, the long-term outcomes for children with pulmonary contu-
sions are generally excellent and are associated with much lower rates of long-term 
respiratory sequelae than adults [20, 21].

The term “blast lung” has traditionally been used to describe pulmonary baro-
trauma causing severe pulmonary contusions and other findings following a blast 
injury. It typically presents early in the clinical course and, in addition to pulmonary 
contusions, can include hemothorax, pneumothorax, pneumomediastinum, pulmo-
nary edema, and other injuries. Chest radiographs and CT may demonstrate diffuse 
bilateral infiltrates in a “butterfly” pattern within the first few hours, and findings 
can be progressive until 24–48  hours [22]. Positive-pressure ventilation may be 
required for severe cases of blast lung. Patients with blast lung can also experience 
stroke-like symptoms, blindness, or death from an air embolism in the brain or spi-
nal cord. The risks for air embolism are increased for those on positive-pressure 
ventilation. Treatment is generally supportive and includes 100% oxygen. 
Hyperbaric oxygen has been shown to be effective in patients with neurologic 
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symptoms [23]. Air emboli can also enter the coronary circulation which can pres-
ent as a cardiac arrhythmia or myocardial infarction. Pulmonary injury cannot be 
excluded in patients with intact tympanic membranes (TMs) in the absence of pul-
monary symptoms; indeed, recent studies have shown that isolated pulmonary blast 
injury can occur in patients without TM rupture [24, 25].

Abdominal injuries due to blasts are more likely in children than in adults. In 
addition to the same force being applied to a smaller area, there are also several 
notable anatomic differences that make this more likely. Children have thinner and 
less muscular abdominal walls and more pliable and smaller ribs conferring less 
protection. Children also have proportionally larger abdominal organs making the 
liver and spleen the most likely to be injured by either penetrating or blunt trauma. 
Air- and fluid-filled structures in the abdomen and pelvis are especially susceptible 
to PBI. Possible injuries include retroperitoneal hematomas, subcapsular hemato-
mas, lacerations of solid organs, mesenteric ischemia, and scrotal or testicular rup-
ture. Of note, intestinal PBI is more common when the victim is submerged. While 
performing focused abdominal sonography for trauma (FAST) ultrasound may have 
some utility in the detection of fluid collections or solid organ injuries, it cannot rule 
out bowel or mesenteric injuries. Recent studies have concluded that FAST is not as 
sensitive in the pediatric population as it is in adults and may miss intra-abdominal 
injuries requiring intervention [26, 27]. Computed tomography (CT) imaging is 
required to identify such injuries in otherwise stable patients if there is a high index 
of suspicion and in unstable patients requiring early surgical intervention. Occult 
abdominal blast injuries may go undetected until complications develop.

The most common PBI injury that occurs involves the tympanic membrane 
(TM), as it is extremely vulnerable to the effects of the blast [28]. Injuries may 
include tympanic membrane rupture, ossicle fracture or dislocation, or isolated 
hemotympanum. Inner ear injuries may also occur and can cause hearing loss, ver-
tigo, and tinnitus [29, 30]. As many as half of tympanic membrane perforations 
caused by barotrauma will need to be surgically repaired [29, 30]. While historically 
used as a marker to predict other injuries, there is no data to support TM rupture as 
a surrogate for primary blast injury in pediatrics.

Cervical spine injury should be considered in any child with head or neck injury. 
Due to a proportionally larger head and weaker neck musculature, children are more 
susceptible to cervical spine injury in the C1–C3 area [9]. Pediatric patients with 
neurologic findings on presentation or with resolution of transient symptoms may 
have significant injuries to the spinal cord and/or spinal column in the absence of 
abnormalities noted on radiographs or CT. Termed spinal cord injury without radio-
graphic abnormality (SCIWORA), the majority of cases occur in the cervical region 
in children less than 8 years of age. Most children will have demonstrable injuries 
on MRI [9, 31]. In addition to complaining of neck or back pain, the affected child 
may present with neurologic deficits such as paralysis, weakness, loss of pain or 
sensation, or paresthesia. They may also present with apnea, bradycardia, and hypo-
tension if in spinal shock.

Primary blast injury can result in numerous other injuries in children including 
transient complete or partial paralysis, eye injuries such as globe rupture and 
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hyphema, and facial fractures [32, 33]. Even in the absence of obvious external 
trauma, PBI may cause cardiovascular shock likely due to a vagally mediated mech-
anism. Patients will typically present with bradycardia, hypotension, and hypox-
emia and will not show evidence of compensatory vasoconstriction [32]. Last, 
traumatic amputations can occur as a result of the high-pressure blast wave (PBI) 
passing through long bones. In addition to primary blast injuries, children can suffer 
considerable injury from secondary and tertiary blast effects. Blunt trauma to the 
chest may cause cardiac contusions or arrhythmias. Traumatic asphyxiation is an 
entity unique to children and results from the compression of the chest or abdomen 
combined with inspiration against a closed glottis. The diagnosis is usually made by 
physical findings and may include petechiae on the upper chest and face, conjuncti-
val hemorrhages, or facial edema and cyanosis. Treatment is generally supportive 
and consistent with the resuscitation of other pediatric traumatic injuries.

 Treatment Considerations for Children with Blast Injuries

While many principles of prehospital care and emergency medical treatment remain 
constant when treating children, we will highlight key differences or areas that 
require special attention or emphasis. Steps taken in the prehospital setting can have 
a dramatic impact on lowering the morbidity and mortality of pediatric patients 
exposed to blasts. Serial examinations will increase the chances of detecting an 
injury as the traumatized child may be difficult to examine initially. When possible, 
minimizing the separation from parents and other family members will decrease dis-
tress and make children easier to treat and transport. In the prehospital setting, the 
immediate priority after a blast of any kind is scene safety. As there is a continuum 
of emergency care, it is critical that all medical teams (out-of-hospital and in- hospital) 
work collaboratively. Optimal care provided at the scene and en route will help 
ensure pediatric blast-injured patients arrive alive at treatment facilities. While mass 
casualty incidents (MCI) and triage are addressed elsewhere, triage strategies such as 
JumpSTART, Smart, SALT, or Sacco can be used to effectively triage children [34].

Traumatic amputations are common, and extremity hemorrhage should be 
addressed immediately at the scene with a tourniquet or manual compression. 
Tourniquets should be reassessed every time the patient is moved to ensure they are 
effective and have not been dislodged. Commercially available, purposed-designed 
tourniquets will work on most children. For those where the arm circumference is 
too small for it to be effective, a roll of gauze can be placed between the arm, and 
the tourniquet or direct pressure can be applied if necessary. A review of pediatric 
war casualties ages 4–17 years old failed to note any pediatric-specific issues and 
found the same survival rate as in adults [35]. Providers should pay particular atten-
tion to any signs of respiratory distress such as tachypnea or retractions as well as 
signs of chest wall injury. Providers should also inspect the child’s chest for sym-
metric rise and fall (especially if they are altered) and auscultate for bilateral breath 
sounds when feasible. In children, tension pneumothoraces can develop quickly 
because the thoracic cavity is smaller and mediastinal structures are more mobile. 
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This diagnosis should be considered in any child that is hypoxic and hypotensive. 
Either missing or not managing this complication can be especially dangerous if the 
patient is transported via a helicopter or partially pressurized military aircraft. Pulse 
oximetry should be monitored in all patients if possible, and consider supplemental 
oxygen with a goal of 94–99% during transport and in the ED for those thought to 
be close to the explosion or those in enclosed areas. The decision to intubate a child 
in the prehospital setting must be carefully undertaken. Field intubation of the 
child is very resource intensive, requires the necessary equipment for the size of 
the child and provider experienced in pediatric airway management, and may 
diminish the ability to care for multiple other casualties depending on the situation 
and number and severity of injured patients. There is also some evidence that rapid 
sequence intubation in the field may not confer a benefit over bag-valve-mask [36, 
37]. Care must be taken when spinal motion restriction is applied to place children 
in an anatomic position. Cervical collars and spinal motion restriction should not be 
applied automatically solely due to the age of the child [38]. Children have an espe-
cially large body surface area for their mass and can lose heat by radiation, convec-
tion, and evaporation. It is imperative to keep children warm throughout the 
continuum of care as this population is especially at risk for hypothermia and 
becoming more acidotic and coagulopathic during transport and in the ED [3].

In the emergency department (ED), there is no change to the primary, secondary, 
or tertiary surveys. Any patient with pulmonary symptoms or suspected inhalational 
injury or thoracic trauma should receive supplemental oxygen, and high-flow oxy-
gen may be beneficial if available. Maintain a low threshold for placing intraosseous 
access if there is difficulty obtaining intravenous access. Special attention should be 
paid during the survey to explore areas that may hide small penetrating injuries such 
as the axilla, groin, and buttocks. Also inspect carefully for penetrating eye injuries, 
corneal injuries, or other ocular complications. If decontamination is necessary, it 
should be done in the presence of the parents when possible, and very close atten-
tion should be paid to mitigating hypothermia.

Hemorrhagic shock is the leading preventable cause of death after blast injuries. 
An initial bolus of 20–30 mL/kg of normal saline or Ringer’s lactate can be given to 
children at risk of shock. Transfusion of blood products should be initiated if resus-
citation volume exceeds 60 mL/kg, and consider earlier utilization in the case of 
hemorrhagic shock or anticipated massive transfusion. Massive transfusion in a 
pediatric patient is generally defined as when half or more of their circulating blood 
volume or greater than 40 mL/kg is expected to be replaced in 24 hours [5, 39]. The 
principles of damage control resuscitation that apply to adults can be applied to 
children. The ratio of blood products transfused to patients that have suffered 
combat- related trauma has been proven to reduce mortality with the 1:1 plasma to 
red blood cell (RBC) units being optimal during massive transfusion [5, 40]. The 
use of blood warmers will help prevent hypothermia and exacerbation of the acute 
coagulopathy of trauma. Also consider the use of tranexamic acid (TXA) in injuries 
less than 3 hours old. Early administration has been associated with a decrease in 
mortality and blood product utilization in severely injured adults [41]. Numerous 
pediatric surgery studies have shown TXA is associated with decreased blood loss 
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and a decreased need for blood product transfusion [42]. A wartime review of pedi-
atric trauma patients that received TXA showed that it was independently associated 
with decreased mortality despite the patients having greater injury severity, hypo-
tension, acidosis, and coagulopathy. Patients receiving TXA also had no increase in 
thromboembolic complications, had decreased ventilator dependence, and improved 
neurologic status upon discharge [43].

Laboratory studies to consider ordering in the emergency department (ED) 
include urinalysis, complete blood count, and blood chemistries. Prothrombin time 
(PT), partial thromboplastin time (PTT), international normalized ratio (INR), and 
fibrinogen should be ordered in any patient with ongoing or suspected hemorrhage. 
Providers should also consider carboxyhemoglobin, especially in the case of an 
explosion in an enclosed space or if it was accompanied by a fire. Children can also 
develop cyanide toxicity if they were exposed to burning plastics. Creatine kinase 
may be beneficial to exclude rhabdomyolysis in suspected crush injuries, compart-
ment syndromes, severe burns, or cases of delayed extrication. Providers should 
consider a screening EKG when there is concern for a cardiac contusion and cardiac 
biomarkers in the setting of EKG abnormalities suggestive of ischemia.

Chest radiographs should be obtained in all children that are significantly injured, 
with any pulmonary symptoms, with any physical exam findings consistent with 
thoracic trauma, or where pulmonary contusion is otherwise suspected. While the 
radiographs may initially appear normal in children with clinical findings consistent 
with pulmonary contusions, repeat studies are not needed if the child remains sta-
ble. As pulmonary contusions can evolve over hours, observation and repeat studies 
may be warranted for patients with a significant mechanism. Progression of the 
findings later in the clinical course may indicate complications of blast lung such as 
pneumonia or ARDS. The consolidations seen are generally in the areas of impact 
and are nonanatomic. Computed tomography (CT) of the chest solely for this pur-
pose is generally not needed as, despite the increased sensitivity, it is unlikely to 
change management in the stable patient with normal oxygen saturation [44, 45]. 
CT scans may be helpful in the evaluation of other associated thoracic injuries. 
Intubation may be required but is rarely necessary for isolated pulmonary contu-
sion. For those that require mechanical ventilation, they will benefit from positive 
end expiratory pressure (PEEP) [46]. Care is primarily supportive, and placement of 
the child with the injured portion of the lung in a dependent position may improve 
perfusion to the uninjured lung [47]. Pain relief can potentially be augmented by the 
utilization of intercostal nerve blocks. Other imaging studies to consider include 
radiographs of the cervical spine, pelvis, or extremities based on the significance of 
the mechanism or the physical examination. CT of the head, chest, and/or abdomen/
pelvis may be indicated to identify other associated injuries. Providers should con-
sider admitting any pediatric blast victim with continued abdominal pain even with-
out an obvious source as injuries such as intestinal hematomas may be difficult to 
detect and can take 12–36 hours to present. MRI should be obtained when available 
in cases of SCIWORA in children with neurologic deficits (present or resolved) and 
no abnormalities noted on plain spine radiographs or CT to identify other injuries.

Fluid administration should be judicious in patients with pulmonary contu-
sions or blast lung without the presence of shock to avoid causing edema in the 
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contused lung tissue. Patients presenting with hypotension and bradycardia 
thought to be due to cardiovascular PBI may benefit from atropine or a vasopres-
sor [33]. Providers need to initiate antibiotics in children with worsening respira-
tory status and fever as they may be developing pneumonia as a complication of 
their pulmonary contusions. These findings may be difficult to distinguish on 
radiographic studies. Providers may also consider prophylactic antibiotics for 
open wounds and consider systemic antifungals if there is potential for biological 
material in the wounds. Providers should consider delayed closure for contami-
nated wounds. Postexposure prophylaxis may be advised especially in the case of 
a suicide bomber. Crush or burn injuries should be treated per standard protocols, 
and shrapnel wounds are treated as low-velocity gunshot wounds. Ensuring appro-
priate pain treatment if a child has sustained serious injuries is necessary. Tetanus 
immunization should be updated in all patients with penetrating trauma if greater 
than 5 years from their last update. The last dose in the five-dose series is typically 
given at 4–6 years of age and another update given at 11–12 years of age. Tetanus 
immune globulin should also be given for those that are unimmunized or incom-
pletely immunized. Pediatric patients should be transferred to a specialty center 
that is properly prepared to care of severely injured pediatric trauma patients as 
soon as feasible.

 Impact of Blast Injuries in the Pediatric Population

The recent conflicts in Iraq and Afghanistan have allowed us to better understand 
the impact of blast injuries on pediatric patients. Blast injuries, particularly those 
caused by improvised explosive devices, have been the predominant mechanism 
of injury for pediatric patients admitted to US and coalition medical facilities 
[2–4, 48]. Evidence suggests that pediatric patients suffering blast injuries have 
increased injury severity and mortality when compared with either local adults or 
service members [2, 48, 49]. These effects are more pronounced in younger 
patients, and patterns of injury vary with age. One study concluded that pediatric 
patients less than 8 years of age who were predominantly injured by a blast mech-
anism had increased injury severity scores and higher in-patient mortality (18% 
vs. 4%) when compared with older children and adults [49]. Another study showed 
increased in- patient mortality in those less than 6 years of age when compared 
with older children and adults [50]. Additionally, children less than 8 years of age 
have more severe head and neck injuries and less severe extremity injuries when 
compared with those older than 8  years or adults. Amputation rates tend to 
increase with age [2, 51, 52].

Pediatric blast injury patients are more resource intensive than adult patients. 
The majority of pediatric blast patients are admitted to intensive care units, and 
hospitalization durations are almost twice that of adult patients at the same facilities 
[3, 48–50]. The rate of transfusion for children injured by explosives was higher 
than for those injured by any other mechanism. Estimates of blood transfusion rates 
have ranged from 15% to 42% [2, 3]. Reported overall mortality rates have ranged 
from 7% to 18.5% with head injury being the most common fatal injury [2, 52].
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 Conclusion

Children are at increased risk of sustaining life-threatening blast injuries. Compared 
to adults, pediatric patients are more likely to have head and neck injuries, burns, 
and more severe physiologic derangement. Additionally, children are more resource 
intensive than adult blast victims and carry higher mortality rates. Hypotension is a 
late finding for children in shock; providers should not wait until blood pressure 
drops to intervene. It is important to pay attention to other signs such as tachycardia, 
tachypnea, and mental status as potential indicators of shock. Most critical is that 
prehospital- and hospital-based emergency care providers possess and maintain 
proficiency with pediatric-specific equipment, supplies, and treatment guidelines. 
Institutions and healthcare administrators play a crucial role in ensuring a high level 
of day-to day pediatric readiness, so children with severe traumatic injuries receive 
optimal care [53]. Despite significant gaps, pediatric-specific needs should be incor-
porated into each hospital’s mass casualty plan and drills [54].
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 Introduction

Mass casualty incidents (MCI) are defined differently among hospitals; a hospital 
may simply define an MCI when normal hospital operations and resources are 
exceeded. The parameters that will matter most in responding are the number of 
patients involved, their injury acuity, and current hospital capacity. Changes in any 
of these can overwhelm a hospital’s ability to care for these patients during regular 
operations. In blast injuries, patients usually present with little or no notice and can 
rapidly deplete multiple critical resources, become a logistical challenge due to 
surge, and impede the ability to provide adequate care. The best approach in orga-
nization and operations management is to employ the Hospital Incident Command 
System (HICS) to utilize and leverage the whole hospital system to optimize care 
and resource utilization. In this chapter, special attention will be placed on emer-
gency department (ED) operations.
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 Assumptions

The following are assumed based on an analysis of real-world events and after- 
action reporting:

• Patients will self-present to the emergency department (ED) without prior emer-
gency medical service (EMS) triage or other lifesaving interventions [1].

• The sickest will arrive later than the less acute via EMS [2].
• Less acute patients may present to hospitals far away from the blast site and out 

of harm’s way [3].
• Family and victims may be separated.
• Some victims from a blast will require specialty care—pediatric, burn, trauma, 

surgical subspecialties, and obstetrics [4].
• Patients may have significant internal injuries that may be delayed or over-

looked [5].
• The majority of patients will not be critically injured [2].
• Criminal intent should be considered unless otherwise notified.

 Challenges of Blast Incidents and MCI

The major challenge all hospitals face when dealing with a disaster of any nature is 
an outstripping of critical resources, the lack of which could prove to be a major 
threat to patient care or to the institution itself. When addressing resource utiliza-
tion, and the need for surge capacity in the planning and response, these are often 
broken down into categories of space, staff, and supplies [6]. In the case of blast- 
related MCIs, there is strong historical data from prior events on what these limited 
resources tend to be [7, 8] (Table 24.1).

While the vast majority of blast-related MCIs occur outside of hospitals, the new 
trend in asymmetric terrorist attacks can lead to concerns that hospitals and health- 
care providers will be secondary targets [9]. This brings up the primary consider-
ation of the need for increased security services around these types of intentional 
events. These services are necessary to minimize access points to the facility, man-
age patient and staff needs inside the hospital, redirect spontaneous volunteers, and 
perform screenings of arriving emergency medical services (EMS) vehicles, 
patients, staff, and visitors for secondary devices [10].

With the arrival of patients comes the added uncertainty as to whether there 
will be additional attacks or if a perpetrator is among the wounded. Responder 
safety is paramount, and adding security at the ED is necessary, at least initially. 
In addition, there is a possible hazardous materials threat when an explosion 
occurs. Depending on the size and scale of a hazmat event, there may need to be 
a decontamination operation that protects hospital workers from exposure. A hos-
pital-based hazmat team can further deplete already scarce resources in the forms 
of staffing, operating space, and medical supplies such as stretchers and/or back-
boards, triage equipment, etc.
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Staffing needs to provide medical care in relation to blast injuries will include 
trauma surgeons, vascular surgeons, orthopedic surgeons, neurosurgeons, plastic 
surgeons, anesthesiologists, surgical and medical intensivists, emergency medicine 
physicians and experienced triage officers, nursing staff, psychiatrists, social work-
ers, perioperative staff, and a high-functioning incident management team [9]. The 
specific needs for these medical providers will be expanded on in later chapters.

Table 24.1 Critical resources for hospitals after blast events

Space ED observation unit (for minimum of 6 hours of monitoring noncritical 
patients)
Intensive care units
Step-down units
Monitored space for an operating room holding area
Operating rooms
Alternate space for low-acuity (green) patients
Monitored postoperative recovery areas
Burn bed capacity
Space for psychological counseling or intervention
Families seeking information on potential victims
Space to coordinate spontaneous volunteers and extra staff

Supplies Blood products
Ventilators
Sterile OR kits
Orthopedic surgical supplies
Intravenous fluids
Thoracostomy tubes
Prophylactic antibiotics
Tetanus vaccine
Radiation decontaminants and antidotes
Personal protective equipment

Staff (medical) Trauma surgeons
Vascular surgeons
Orthopedic surgeons
Neurosurgeons
Plastic surgeons
Anesthesiologists and experienced airway management providers
Surgical and medical intensivists
Emergency medicine physicians
Experienced triage officers
Psychiatrists
Nurses—ED, OR, PACU, critical care
Operating room technicians
Social workers

Staff 
(nonmedical)

Security
Lab technicians
Radiology technicians
Pharmacists
Facilities staff
Transporters
Environmental service
Registration staff
Emergency managers
Public information officers

24 Organization, Operations, Management, and Their Role in Surge Capacity…
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Clinical support staff needed in all times of crisis such as lab technicians, radiol-
ogy technicians, pharmacists, facilities staff, registration staff, transport, environ-
mental services, safety officers, and emergency managers will be a must in these 
scenarios as well [9].

During blast events, critical spaces that will be limited in almost all hospitals are 
ED spaces to allow for minimum monitoring of many noncritical-presenting 
patients, intensive care units for critical airway monitoring for patients with or at 
high risk of developing acute respiratory distress syndrome (ARDS), operating 
rooms and monitored postoperative recovery areas, and burn bed capacity [9, 11–
14]. Additionally, space will need to be found for families seeking information on 
potential victims and patients and staff requiring psychological counseling or inter-
vention and space to coordinate spontaneous volunteers and extra staff. As in most 
disaster scenarios involving a surge of patients, alternate care site identification for 
special patient populations will be key to provide decompression of the ED.

When planning for supplies that may become limited, critical items include 
blood products, ventilators, orthopedic surgical supplies, sterile OR kits, intrave-
nous (IV) fluids, thoracostomy tubes, prophylactic antibiotics, tetanus vaccines, 
and, in the event of a radiation dispersal device (RDD), appropriate decontaminants 
and personal protective equipment (PPE) [7–9].

 Focus on System Approach and HICS

Emergent events often do not fit “business as usual” management for hospital opera-
tions. Due to patient care demands that may arise from the incident, multiple inter-
nal operations and business processes may also be affected by a greater-than-normal 
demand on specific critical services such as surging patient beds, increased staffing 
needs, and supply allocation, and due to the critical nature of blast wounds, day-to- 
day processes may not work fast enough to save lives such as electronic charting. 
Since disasters can impact several areas simultaneously and different activities are 
necessary to manage each affected area, routine business management processes 
may be inadequate.

Most hospitals across the nation have developed Emergency Operations Plans 
(EOPs) that address the coordinated response to extraordinary emergencies such as 
mass casualty incidents, fires, hazardous spills, loss of utilities, explosions, security 
threats, and civil disorder, all of which can occur during a blast event. The objective 
of the plan is to use resources in an effective manner should interruption or greater- 
than- normal demand of a critical service occur. The use of a hospital EOP and 
Hospital Incident Command System (HICS) brings order and coordination to the 
additional demands created by these complex situations.

The purpose of the all-hazard EOP is to set the parameters for implementation of 
the plan and outline functional areas that are always the same regardless of the 
emergency such as communication, alert and notification, and resource manage-
ment, as well as outline the duties and responsibilities of critical departments, HICS 
roles, and the Emergency Operations Center. The EOP has an all-hazards approach, 
and event-specific plans are layered in as annexes to the main plan [15].
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An EOP is not a substitute for thinking; instead, it provides organizational struc-
ture for dealing with emergencies. An EOP is not a “cookbook” for dealing with 
specific situations that may certainly arise in the course of an emergency. It does not 
and is not intended to substitute for analyzing what needs to be done and undertak-
ing appropriate actions in situations that will arise and which must be acted upon 
quickly by those responding.

Incident Command System (ICS) was introduced by the National Forest Service 
in the 1980s but not widely adapted for US hospitals until post September 11. In 
2003, the Homeland Security Presidential Directive-5 (HSPD-5) became law, intro-
ducing the National Incident Management System (NIMS) [15]. NIMS provides a 
template for government, private sector, and nongovernment organizations to work 
together during incidents and emergencies. HICS provides a flexible framework, 
organizational structure, and chain of command for response activities in the hospi-
tal. It is utilized for planned and unplanned facility or patient-driven events and can 
be used across the emergency management cycle regardless of hospital size, loca-
tion, patient acuity, patient volume, or hazard type. The HICS toolbox is compre-
hensive and has outlined roles and responsibilities, incident response guides, 
building in accountability, and resource management [15].

Blast events are considered to be a low-frequency, high-impact event in most areas of 
the United States. Outside of war zones, they produce military-style injuries in civilian 
populations, and patients are treated at civilian hospitals [14]. Low- frequency, high-
impact events are extraordinarily complex to manage due to lack of planning, lack of 
critical or sufficient resources, lack of surge capacity across the nation, and lack of clini-
cal treatment expertise. That said, well-practiced incident management and clinical 
teams can quickly make critical adjustments to operational strategies to respond as 
effectively as possible. The hospital incident management team and EOP should be 
activated immediately upon notification of an event-generating blast-type injuries. It 
should be assumed that the response to such an event will be widespread across the 
hospital, and community integration will be significant. It is imperative to quickly get a 
situational awareness picture, including where the event was (open vs. closed space) [4], 
how many patients were affected, how significant of injuries are on scene, and proximity 
of event to your hospital, so you can begin to establish a common operating picture.

The hospital should prepare for a mass casualty with surgical trauma due to the 
mechanism of injury. Many strategies should be implemented simultaneously as 
detailed below.

 Hospital Operations

 Activation of the EOP, HICS, and the Command Center

Once the ED has been alerted of a mass casualty incident involving a blast, the noti-
fication should be escalated immediately to activate the hospital incident manage-
ment systems and processes. There should be a command center, or post-activation 
and functional roles should be delegated. This activation may recall critical staff and 
will get the incident management team in place for a hospital-wide response. 
Examples of HICS positions to be activated are shown in Fig. 24.1.

24 Organization, Operations, Management, and Their Role in Surge Capacity…



350

H
os

pi
ta

l I
nc

id
en

t C
om

m
an

d 
S

ys
te

m
fo

r 
a 

M
as

s 
C

as
ua

lty
 In

ci
de

nt

O
pe

ra
tio

ns
 S

ec
tio

n
C

hi
ef

In
ci

de
nt

 C
om

m
an

de
r S
af

et
y 

O
ffi

ce
r

P
ub

lic
 In

fo
rm

at
io

n
O

ffi
ce

r

Li
ai

so
n 

O
ffi

ce
r

M
ed

ic
al

/
Te

ch
ni

ca
l S

pe
ci

al
is

t
C

hi
ef

 M
ed

ic
al

O
ffi

ce
r

P
la

nn
in

g 
S

ec
tio

n
C

hi
ef

R
es

ou
rc

es
U

ni
t L

ea
de

r
S

itu
at

io
n 

U
ni

t L
ea

de
r

P
at

ie
nt

 T
ra

ck
in

g
M

an
ag

er

B
ed

 T
ra

ck
in

g
M

an
ag

er

M
at

er
ia

l
Tr

ac
ki

ng
M

an
ag

er

P
at

ie
nt

 a
nd

 F
am

ily
A

ss
is

ta
nc

e 
B

ra
nc

h
D

ire
ct

or

S
ec

ur
ity

 B
ra

nc
h

D
ire

ct
or

H
az

M
at

 B
ra

nc
h

D
ire

ct
or

In
fr

as
tr

uc
tu

re
B

ra
nc

h 
D

ire
ct

or

M
ed

ic
al

 G
as

es
U

ni
t L

ea
de

r

M
ed

ic
al

 D
ev

ic
es

U
ni

t L
ea

de
r

M
in

or
 C

ar
e

U
ni

t L
ea

de
r

D
el

ay
ed

 C
ar

e
U

ni
t L

ea
de

r

Im
m

ed
ia

te
 C

ar
e

U
ni

t L
ea

de
r

Tr
au

m
a 

ca
re

U
ni

t L
ea

de
r

Tr
ia

ge
U

ni
t L

ea
de

r
M

ed
ic

al
 C

ar
e

B
ra

nc
h 

D
ire

ct
or

C
as

ua
lty

 C
ar

e
U

ni
t L

ea
de

r

In
pa

tie
nt

U
ni

t L
ea

de
r

O
ut

pa
tie

nt
U

ni
t L

ea
de

r

B
eh

av
io

ra
l H

ea
lth

U
ni

t L
ea

de
r

C
lin

ic
al

 S
up

po
rt

S
er

vi
ce

s
U

ni
t L

ea
de

r

P
at

ie
nt

 R
eg

is
tr

at
io

n
U

ni
t L

ea
de

r

D
et

ec
tio

n 
an

d
M

on
ito

rin
g 

U
ni

t L
ea

de
r

S
pi

ll 
R

es
po

ns
e

 U
ni

t L
ea

de
r

V
ic

tim
D

ec
on

ta
m

in
at

io
n

U
ni

t L
ea

de
r

Fa
ci

lit
y/

E
qu

ip
m

en
t

D
ec

on
ta

m
in

at
io

n 
U

ni
t L

ea
de

r

A
cc

es
s 

C
on

tr
ol

U
ni

t L
ea

de
r

S
oc

ia
l S

er
vi

ce
s

U
ni

t L
ea

de
r

Fa
m

ily
R

eu
ni

fic
at

io
n

U
ni

t L
ea

de
r

C
ro

w
d 

C
on

tr
ol

U
ni

t L
ea

de
r

Tr
af

fic
 C

on
tr

ol
U

ni
t L

ea
de

r

S
ea

rc
h

U
ni

t L
ea

de
r

La
w

 E
nf

or
ce

m
en

t
In

te
rf

ac
e 

U
L

P
er

so
nn

el
Tr

ac
ki

ng
M

an
ag

er

D
oc

um
en

ta
tio

n
U

ni
t L

ea
de

r
D

em
ob

ili
za

tio
n

U
ni

t L
ea

de
r

S
er

vi
ce

 
B

ra
nc

h 
D

ire
ct

or

Lo
gi

st
ic

s 
S

ec
tio

n 
C

hi
ef

F
in

an
ce

 S
ec

tio
n

C
hi

ef

T
im

e 
U

ni
t

Le
ad

er

C
os

t/
P

ro
cu

re
m

en
t

U
ni

t L
ea

de
r

C
la

im
s 

U
ni

t
Le

ad
er

Fa
ci

lit
ie

s 
U

ni
t

Le
ad

er

S
up

po
rt

 B
ra

nc
h

D
ire

ct
or La

bo
r 

P
oo

l &
C

re
de

nt
ia

lin
g

U
ni

t L
ea

de
r

Tr
an

sp
or

ta
tio

n
U

ni
t L

ea
de

r

E
nv

iro
nm

en
ta

l
S

er
vi

ce
s

U
ni

t L
ea

de
r

P
at

ie
nt

 &
 S

ta
ff

F
oo

d 
&

 W
at

er
U

ni
t L

ea
de

r

IT
/IS

U
ni

t L
ea

de
r

S
up

pl
y

U
ni

t L
ea

de
r

E
m

pl
oy

ee
 H

ea
lth

&
 W

el
l-B

ei
ng

U
ni

t L
ea

de
r

C
om

m
un

ic
at

io
ns

U
ni

t L
ea

de
r

K
ey

:

A
ct

iv
at

e 
if 

ne
ce

ss
ar

y

Fi
g.

 2
4.

1 
E

xa
m

pl
es

 o
f 

H
IC

S 
po

si
tio

ns
 to

 b
e 

ac
tiv

at
ed

M. S. Femino et al.



351

 The Purge-to-Surge

Regardless of an ED’s protocol for MCI triage, some acutely injured patients will 
need to be fast-tracked to certain service areas such as the operating room or inten-
sive care unit (ICU). It is necessary to implement MCI patient management at the 
time of notification. After receiving word that an explosion with casualties has 
occurred, a receiving hospital must act fast, because at any given moment, it is 
expected that a hospital is operating at a 64%+ occupancy with either a full operat-
ing room schedule or limited OR staff due to a holiday or weekend [16]. Many 
hospitals often operate at a much higher capacity with admitted patients boarding in 
the emergency department a common occurrence. Clearing critical space in antici-
pation of a significant rise in patient volume is known as “purge-to-surge.” A large 
portion of inpatients can indeed be “purged” (discharged) or otherwise placed in the 
hospital within a 24- to 72-hour time period in the event of an MCI [17]. It is 
believed that 50+% of bed space can be made available within the first 24–48 hours 
[17, 18]. Specific, critical areas that need to be purged of less acute patients include 
the emergency department, the operating rooms, the intensive care units, and the 
radiology suite (if portable radiology equipment is unavailable), as these are the 
units most likely to be backed up during an MCI [19].

Patient surge has the potential to happen quickly. The emergency department 
must have a well-thought-out and practiced plan to rapidly decant the ED.  This 
involves immediately sending all admissions with bed assignments to the floors. 
Staff from accepting floors should deploy to the ED to pick up the patient and 
receive a handoff to avoid delays in waiting for transport or clinicians to receive 
report. It also allows the ED to determine and identify acuity zones for incoming 
patients based on available information. The ED acuity zoning should be identified 
and staffed with the most appropriate ED and triage personnel. The most experi-
enced ED providers should staff the high-acuity zone and triage zones. Lower- 
acuity patients can wait in the ED lobby after being triaged. They may be moved 
once the ED has transferred the higher-acuity patients to appropriate treatment 
areas. Typically, less injured patients will present to the ED from the scene before 
the more critically injured who require EMS transport. ED staff must be aware of 
this “second wave phenomena” and take care not to fill up all ED beds with lower- 
acuity patients at the expense of incoming more critically injured victims [2].

 Nontraditional Alternate Care Sites

During a patient surge, it may be necessary to treat patients in nontraditional areas. 
Plans often assign low-acuity patients to lobbies or ambulatory clinics. Other space- 
utilization strategies include moving patient triage outside the hospital and using the 
OR patient waiting area or postanesthesia care unit (PACU) as a critical care unit or 
preoperative holding unit. Additional space considerations include a family waiting 
and reunification area, location for media staging, labor pool, and, if the event was 
intentional, an area for law enforcement to interview hospital staff.
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 Security Considerations

A primary goal is to keep the hospital staff and facilities safe from security threats 
and/or hazardous exposures. The hospital may need to consider restricting access, 
limiting or restricting visitors, and searching and screening patients, staff, ambu-
lances, and private vehicles before they approach the building if there is a potential 
of criminal intent. There will need to be a law enforcement liaison for law enforce-
ment partners arriving to assist or investigate [10].

 Communication

In the event of a large-scale mass casualty blast incident, coverage of the event will 
most likely be broadcasted on TV and in the media. It is imperative that a public infor-
mation officer be activated to manage the media messaging, briefings, and requests. 
Hospitals should also be communicating with their employees on the situation, if they 
need to come in, what they need to bring (badges, clothes), and what they should 
prepare for. External partners, patients, and visitors will also need to be notified and 
updated on current hospital situation and changes to any hospital operations.

 Staffing

In a highly visible event, hospitals should prepare to set up a labor pool as staff will 
see this unfolding on TV and self-present to the hospital. While many are well- 
meaning and want to help, they may not have the skill sets needed. A labor pool will 
divert staff from frontline areas and organize staff by critical skill sets and can be 
ready to deploy the appropriate employee to the appropriate area of need. A buddy 
system should be considered for those employees working in an unfamiliar unit, 
providing them with just-in-time training and an evaluation of performance. If 
external staff is being utilized, there should also be an emergency credentialing and 
a badging process in place within the labor pool.

 Emergency Department Operations

 The Three-Minute Huddle

At the time of event notification, the resource nurse and ED attending should gather 
the entire unit team and lay out the plan for response, delegate tasks and positions 
(Table  24.2), and identify any alternate care plans such as treating low-acuity 
patients in the lobby, moving triage outside, having more than one triage area, and 
sending ED patients awaiting surgery to ICU or alternate spaces. Identify immedi-
ate assistance you may need from the hospital’s resources, types of medical staff, 
staff from the inpatient units, extra housekeeping to turn over rooms, transport to 
bring patients upstairs and move stretchers and wheelchairs, security to control 
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Table 24.2 Emergency department incident management roles for a mass casualty incident

Role Filled by Critical tasks
Medical care 
branch director

ED 
attending 
and/or 
trauma 
attending

With CCUL, brief staff, delegate roles, and establish treatment 
protocols
Determine medical care needs and physician staffing needs in all 
areas of the ED
In tandem with trauma attending, prioritize care and resources 
for patients—OR, vents, etc.
Establish two-way radio communication with the casualty care 
unit leader
Communicate regularly with the casualty care unit leader to align 
expectations and situational status
Communicate to command center medical staff support and 
resource needs known
Brief command center periodically of current ED situation and 
project future patient care conditions and resource needs
Alert command center of any changes in standards of care

Casualty care 
unit leader

ED charge 
nurse

Develop an incident action plan with the medical care director
Delegate ED roles with the current staffing
Regularly brief treatment area leaders with medical care director 
and establish two-way radio communication
Determine safety and security needs in all treatment areas and 
communicate to the safety/security officer
Assess problems and treatment needs and customize the staffing 
and supplies in each area
Work with command center in communicating alternate care 
sites needed
Receive, coordinate, and forward requests for personnel and 
supplies to the labor pool unit leader, medical care director, and 
material supply unit leader
Communicate regularly situation, projected resource, and staffing 
needs to command center

Triage unit 
leader

Senior ED 
nurse

Establish triage area or areas
Establish based on projected numbers and acuity number of 
triage staff needed
Assess problem and triage-treatment needs relative to specific 
incident
Identify staging areas for patients—red, yellow, green, and black
Request stretchers, wheelchairs, and transport personnel to triage 
areas
Request resource needs from the casualty care unit leader (CCUL)
Communicate regularly situation, projected resource, and staffing 
needs to CCUL

Trauma care 
unit leader

Senior ED 
nurse

Establish patient treatment priorities with the ED attending
Identify a senior surgeon to stay out of the OR to be a liaison 
with the senior ED attending
Continually monitor and reassess all MCI patients for changes in 
status and new evolving needs
Communicate surgical service lines needed to the chief medical 
officer
Monitor OR availability and communicate projected needs to the 
command center and OR leads
Communicate regularly situation, projected resource, and staffing 
needs to CCUL

(continued)
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access, and social work to reconcile families and patients. Discuss how and who is 
prioritizing patients for surgery, as this may be a rate limiter to getting care and 
therefore impact survival.

 Set Up a Call Center

The nature of blast injuries may make it hard to identify victims, and the ED may 
become overrun with calls from families and friends looking for loved ones. It is 
crucial to set up a call center rapidly to divert these calls from the main ED desk. 
Social work staff is a good choice to manage the call center because they can coor-
dinate with other hospitals and emergency operations centers to assist in finding 
loved ones and reunite families.

 Patient Tracking

Due to the mechanism of injury, many critical patients may present immediately 
and will need immediate care to manage lifesaving interventions. These patients 

Table 24.2 (continued)

Role Filled by Critical tasks
Immediate care 
unit leader

ED nurse Assess situation/area for supply and staffing needs. Request staff 
and supplies from the labor pool and supply unit leaders. Request 
medical staff support through CCUL
Obtain an adequate number of patient transportation resources 
from the transportation unit leader to ensure the movement of 
patients in and out of the area
Communicate regularly situation, projected resource, and staffing 
needs to CCUL

Delayed care 
unit leader

ED nurse Assess situation/area for supply and staffing needs. Request staff 
and supplies from the labor pool and supply unit leaders. Request 
medical staff support through CCUL
Ensure the rapid disposition and flow of treated patients from the 
delayed treatment area
Communicate regularly situation, projected resource, and staffing 
needs to CCUL

Minor care unit 
leader

ED nurse Establish minor care treatment area. This may be best in an 
alternate area to create more ED room for the more acute.
Assess situation/area for supply and staffing need. Request staff 
and supplies from the labor pool and materials supply unit 
leaders. Request medical staff support through CCUL
Obtain an adequate number of patient transportation resources 
from the transportation unit leader to ensure the movement of 
patients in and out of the area
Ensure a rapid, appropriate disposition of patients treated within 
minor treatment area
Communicate regularly situation, projected resource, and staffing 
needs to CCUL
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cannot wait to be registered and may present with no identification. Patient tracking 
may take an extended time, and it will be necessary to track patients across a region/
state as patients will present or be sent to multiple hospitals from the scene [20]. 
Hospitals should have a process in place to begin patient care immediately without 
a name or identification. Hospitals will often employ “dummy” charts with a live 
medical record attached to be able to order labs, diagnostic radiology, pharmaceuti-
cals, and blood products and avoid delays that can cost lives.

 Logistics

Depending on acuity and volume of patients received, it may be necessary to iden-
tify a person to manage all the logistics. This person can be the point person for 
equipment, OR, blood bank, and other resource needs of these patients. They should 
track and close all requests and physically be within hearing distance in the areas set 
up for critical patients. This process funnels all requests through one person, and 
this person communicate the needs to the command center and tracks if the request 
has been filled or still pending. Ideally, this person has a clinical background, and he 
or she may be able to determine alternate equipment and supplies if the hospital is 
running out of a product (e.g., alternative OR kits, ventilator options, etc.).

 Triage

Considerations on altering the triage process may be crucial in these types of events 
in order to manage the surge of critical patients. Not only should triage be staffed 
up, in primary triage, it may be sorted by only triage color, mental status, and the 
presence of a pulse. The best person conducting triage is not extra staff who are 
being utilized in the ED but instead the person most seasoned at conducting triage 
and performing rapid patient assessment. In some hospital systems in the US, this 
may be primarily nursing or a combined team of nurses and physicians, while in 
other countries, this may be a physician only. At the time of specific MCI events, it 
may be a combined team that includes surgeons [21–23]. Triage interventions 
should be damage control only. Triage should work like a pit stop, just to stratify 
critical, emergent, and low-acuity patients (red, yellow, green). Staff should clearly 
understand that triage is a dynamic process; in a blast scenario, patient conditions 
can change rapidly, and this must be managed through continual triage.

 Lower-Acuity Patients (Green)
These patients can be triaged and wait in a lobby area or diverted to an ambulatory 
area of the hospital to wait or receive treatment. As injuries may not be readily 
apparent, these patients should be monitored closely and periodically re-triaged for 
any changes in acuity [24].

 Critical Patients (Red)
High-acuity patients should be stabilized, be prioritized for OR, and/or utilize the 
postanesthesia care unit (PACU) to hold OR patients as they wait for OR time. 
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The PACU can be used pre and post OR as a critical care holding area, as the staff 
has the critical care skill set and equipment to safely care for this level of patient.

 Family Reunification Waiting Area
In a mass casualty, families will be concerned and/or searching for loved ones 
almost immediately, and it may take a prolonged period of time to locate all the 
victims. These families pose unique challenges to the hospital and should be pro-
vided an area to gather as they wait for word on their loved ones. Staffing this area 
with social workers, pastoral care staff, and clergy to reunify family, provide psy-
chological first aid, help with identifying victims without identification, and locate 
separated family members at other locations is key [25].

 Staffing

In the immediacy, critical care and PACU nurses all have good skill sets to come 
help in the ED until extra ED staff are able to arrive. Floor nurses can manage the 
routine patient care in the ED and can assist the ED nurse in the non-acute areas. 
The hospital should have a plan on how they deploy non-ED nurses to the ED dur-
ing a mass casualty. Policies often have the floor nurses come down to the ED to 
pick up admissions and get a quick report to help clear the ED. Rely on ED leader-
ship to call in extra ED medical and nursing staff. In-house anesthesia, critical care 
intensivists, and hospitalists can assist the ED and trauma teams for a period of time. 
As the command center opens, the Chief Medical Officer should be getting the 
medical staff needed to assist with these patients.

 Documentation

Documentation practices during blast events are often limited and inconsistent. It is 
essential to track any care that has been performed so that the next care providers 
are aware and to help with the later financial and medical needs of these patients in 
the months and years following the event. Often, patients have minimal information 
that may be written on their bodies with markers as they are rapidly sent from the 
ER to the OR.  Planning should include streamlined documentation processes, 
including downtime paper charting and predesignated charts for unidentified criti-
cals. This has proved to be faster than trying to continue with the EMR.

 What Is Currently Best Practice?

Current best practices in hospital operations and management after blast events run 
the spectrum from executing coordinated command and control at the hospital level 
to continuous drilling to executing dynamic triage.
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 HICS

Utilization of the HICS approach is fairly standard in hospitals in the US and allows 
for the most organized approach to managing the chaos inherent in these types of 
events [15].

 Drilling

A hospital plan is only useful if staff are familiar with how to execute it. Continuous 
drilling of various sections of the plan, patient surge, utilizing a call-out list, and 
heightened security measures allow for improvements and comfort with the plan at 
the time of a true crisis. Staff will often develop a “muscle memory” for what they 
need to do when the plan is enacted. This is critical in these low-frequency, high- 
impact events. This was cited as one of the reasons for such a successful medical 
response after the Boston Marathon bombings in 2013 [26].

As with any low-frequency, high-impact event, training and maintaining compe-
tency of staff is arduous. Most staff members are already overburdened with train-
ing on procedures they utilize daily, never mind an event that rarely occurs. That 
said, these high-impact events are on the rise nationally, and hospitals must be pre-
pared to handle MCIs across the spectrum [27]. Staff may experience a “fog of war,” 
or uncertainty in situational awareness, immediately following notification of an 
event. In order for staff to minimize confusion and empower action once an event 
occurs, they must have a plan to refer to and have developed muscle memory so they 
know the strategies that need to be immediately implemented to respond effectively 
[22]. This can be accomplished by drilling and exercises. Large, full-scale scoping 
exercises take significant resources, time, and funding to accomplish. Hospitals 
need to hold these types of exercises to walk staff through the entire plan and to also 
practice practical coordination with internal and external partners. Exercises help to 
identify and fix noted gaps in plans.

Large-scale exercises are not always necessary and may even be impractical for 
what is being drilled. If drilling an entire plan is too cumbersome, it may be prudent 
to divide your plan into pieces and drill each piece individually. An example of this 
technique is to routinely activate specific parts of the plan, such as expediting identi-
fied patients to floors during an ED high census due to a need for ED decompres-
sion. While this does not test the patient surge plan, per se, it does practice one of its 
integral processes. Another example is to ask floors to send staff members to the ED 
during a small-scale MCI to practice the buddy system, which helps non-ED staff 
members get used to deploying to the ED for a short period of time.

It is also effective to bring your incident management team together to manage 
smaller events, as this builds their capacity in working with each other in Hospital 
Incident Command System roles [28]. The more practiced all staff are, the more 
critical thinking skills they will have developed, which will allow for greater 
flexibility in management of the event based on its specific nuances [28, 29]. 
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The more muscle-memory staff has, the faster the response will come together. If 
the plan is rarely practiced, undeveloped, and/or not properly vetted through the 
organization, it will be reflected in the outcome [22].

 Comprehensive MCI ED Plan
A critical aspect of a successful response is to have a well-developed, well-thought- 
out, and well-exercised plan that is available to staff [27]. The plan should not only 
address all the ED strategies but should cast the net over the entire hospital for a 
coordinated response. A major gap is that many hospitals only rely on the ED for an 
MCI response, when in reality the response requires the whole hospital community. 
The more automated the hospital response is, the quicker that effective strategies 
affecting patient outcomes will be implemented. Having a plan in place that outlines 
the responding department’s immediate roles and responsibilities, knowing what 
resources will come to the ED initially, and having other departments prepare for a 
surge is key to a good outcome.

 Resource Management
The types of injuries associated with explosions typically tend to be resource- 
intensive and require specialized needs [5]. This poses a problem to hospitals that 
only have a finite number of resources. It is also problematic in that the type of blast 
can change what resources a hospital might utilize. More severe blasts tend to pro-
duce patients that require more surgeries, have a higher-frequency of ICU visits, and 
remain in the hospital longer [4]. Once capacity and capabilities are known, the 
team should begin immediate prioritization for the resources that will become 
scarce. This process should be coordinated between ED senior attending, trauma or 
surgical senior attending, and nursing leadership. The group should agree on goals. 
Once Incident Command is up and running, they need to be looped into the priori-
tization scheme and work on further capacity if needed.

 Small Zones

While treating an MCI, the combination of patient volume and acuity can quickly 
overwhelm providers. By creating small zones of one to three beds where a smaller 
team of physicians and nurses provides care while the patients are moved in as 
space becomes available helps allow the medical team to focus on the care of the 
patients at hand while overall patient flow and management are being overseen by 
more senior staff. Many accounts after recent MCIs indicate similar techniques have 
been used with positive effects [30, 31].

 Dynamic Triage

Medical staff need to understand that MCI and blast victims can often appear well 
in the initial stages of an event and decompensate within the first 6  hours. 
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Dynamic and continuous triage that adjusts for changes in resources and potential 
acute changes in patients’ needs is critical in these types of events [9, 31].

 Expanding Ventilator Capacity

After these types of events, there will likely be increased numbers of patients who 
require ventilator support. While there is federal capacity to send resources to states 
with increased need [32], there is a high likelihood of a critical ventilator shortage 
in the first 6 hours after an event. As a temporizing measure until more resources are 
acquired, it is possible to pair patients of similar size while increasing the tidal vol-
ume and using Y-tubing [33, 34].

 Zero Preventable Deaths

The work of the National Academies and the Hartford consensus has shifted the 
focus of providing care in the civilian world based on lessons learned in the battle-
field. One of the easier techniques to implement is the early use of tourniquets for 
major hemorrhage control [35, 36]. While these will be applied prehospital, main-
taining them in the ED will allow for more unstable patients to have OR access 
sooner while still allowing for these patients with critical extremity injuries to still 
receive care in a timely fashion.

 Conclusion

While hospitals and EDs cannot be prepared for every potential disaster or threat, 
the use of HICS and a strong EOP with an all-hazards approach gives systems the 
best chance for a successful response in the case of a blast-related event. Frequent 
drilling of various sections of the plan in all hospital spaces allows for the most 
comfort in transition of care at the time of an event and will likely help optimize 
patient outcomes.

Pitfalls
• The hospital incident management team is not familiar with their roles, 

responsibilities, and their interconnectedness.
• Lack of hospital wide practice for mass casualty situations and processes
• Lack of clinical discipline affecting resource utilization: reverting to day-

to-day decisions, inability to tolerate practicing “greatest good for the 
greatest number,” and practicing general trauma care as opposed to care 
optimized for blast victims
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 Introduction

The Boston Marathon, the world’s oldest annual marathon, brings over 20,000 run-
ners and 500,000 spectators to this highly competitive race. On April 15, 2013, a 
few hours after the start of the race, two improvised explosive devices (IEDs) deto-
nated near the finish line killing 3 people and injuring 279 [1]. The first explosion 
occurred at 2:49 pm on Boylston Street approximately 100 ft before the finish line. 
Seconds later, a second IED exploded along the same street. The IEDs were fabri-
cated with pressure cookers and low-grade explosives and were placed where spec-
tators watch runners cross the finish line. The bombs contained nails and metal 
shards which led to secondary blast injuries from the projectiles. The medical 
response primarily involved Boston’s five level 1 adult trauma centers, but 26 hos-
pitals in the surrounding area received patients, with a total of 118 ambulance trans-
ports from the scene.

 Main Challenges

The emergency response to this incident presented challenges from the initial 
assessment at the scene to the area-wide coordination and hospital care. Given the 
spectator volume of the marathon, Boston had prepared for a mass casualty incident 
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(MCI) with a citywide incident management system. Hospitals added additional 
staffing and planned for the anticipated patient volume surge. On scene, a large 
medical tent was staged a short distance after the finish line to treat ill runners. 
Emergency medical services (EMS) were also stationed nearby to provide hospital 
transport [2] (Fig. 25.1). The initial challenge, as in any mass casualty incident, was 
the need for rapid triage. A significant advantage in this case was the number of 
medical staff already available at the finish line. Wheelchairs and volunteers waiting 
to help runners completing the marathon were instead used to transport victims to 
the medical tent. At the tent, patients were quickly evaluated by a triage team and 
directed to care areas for minor, moderate, and severe injuries. Maintaining standard 
field triage categories helped simplify this complex task. Victims with minor inju-
ries were given first aid. Those with more significant injuries were stabilized and 
severe trauma patients moved for immediate transport by EMS to the surrounding 
trauma facilities. The first patient was transported from the scene 8 minutes after the 
explosion, and 100% of patients were transported within 1 hour [3]. The construc-
tion of the IEDs led to mostly lower body injuries from the explosions. Rapid hem-
orrhage control with tourniquets during triage was important, and Boston police 
officers are now equipped with purpose-designed tourniquets [4].

Another common challenge in MCIs is appropriate area-wide communication. 
The preestablished emergency operations center (EOC) helped distribute informa-
tion and guide incident response decisions. Boston utilized WebEOC, a computer 
server, to help manage the flow of information during an incident [5]. WebEOC 
users can post information and communicate with all other users and provide real- 
time updates. The Internet connectivity of the system allows the EOC to operate 
outside one single physical location. Because of the high volume of calls, cellular 
phones were not reliable and communication was limited to the police radio system 
[4]. Integration with citywide partners was crucial to the well-developed response. 
While the possibilities for harm are endless, preparing for likely situations will 

Explosion Explosion

Finish Line

EMs

Medical
Tent

Boylston St

Fig. 25.1 Boston Marathon bombing scene diagram
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provide a structure to respond in time of need. Predefined roles and responsibilities 
between the various state, local, and private agencies allowed for the successful 
effort in an event that could have otherwise overwhelmed the city [2].

One of the main challenges at the hospital level is the acute surge in patients. 
This difficulty was ameliorated by the excellent EMS response and balanced trans-
fer of patients to the various hospitals. Also, the medical tent at the finish line pro-
vided surge capacity by holding a significant number of low-acuity victims. This 
action minimized the traditional initial emergency department surge of low-acuity 
patients post MCI and allowed facilities to focus resources on the more critical 
patients. Though the transport of patients from the scene was very rapid, hospitals 
were notified via the disaster radio within 5 minutes of the blasts. This early radio 
and EOC communication allowed hospitals to prepare for the MCI.

The following example highlights the response timeline for one of Boston’s level 
1 trauma centers, Beth Israel Deaconess Medical Center, where 24 patients from the 
bombings were treated. The disaster radio alert prompted the activation of the hos-
pital’s emergency operations plan. The patients in the emergency department (ED) 
were quickly assessed and either discharged or admitted to open beds for the incom-
ing patients from the site. This occurred promptly as the hospital already had a 
system in place to facilitate movement out of the ED. Also based on prior planning, 
a HAZMAT tent was prepared for decontamination and incoming patients were 
scanned with a Geiger counter as it was unknown whether the explosions had chem-
ical or radiological components. Security was established in cooperation with local 
police force within 30 minutes. Entrances were manned and everyone cleared prior 
to entering the hospital. A lobby was set up as a family center to provide a gathering 
space for people searching for loved ones.

Proper patient identification and tracking was a challenge. Part of the ED’s stan-
dard operating procedures is a chart system which allows patient registration with-
out full patient information. Preformatted “EU critical” charts allow the use of 
regular ordering and tracking system at times of large patient influx. This process 
streamlined registration and allowed order placement without delay. However, this 
system is not fail-proof, as multiple patients have the same “last name” increasing 
the chances of medication and charting errors. The triage at the hospital was coor-
dinated by an ED attending who designated patient flow to different rooms. The 
bombings occurred at change of shift which provided immediate doubling of 
 physician coverage in the ED. Physician teams were assigned to specific rooms, and 
patients were brought to them to allow the team to focus on one patient at a time 
rather than dealing with the whole event. This separated direct patient care from the 
management of resources, allowing caregivers to concentrate on individual patients 
in a way as close to their daily routine as possible. In a similar fashion, a surgery 
attending determined whether patients were going directly to the operating room or 
the ICU for later intervention. As an indicator of injury severity, 16 of the 24 patients 
required amputations (Fig. 25.2).

The pattern of injuries from the bombings led to the impromptu development of 
the Mass Casualty Service (MCS). This interdepartmental service was organized to 
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allow the central coordination of staged procedures across different services such as 
trauma, orthopedics, and plastics. For outpatient care, the MCS clinic provided one 
location for the multidisciplinary care of patients, including wound care and social 
work. While the rapid medical response was crucial to the positive outcomes, the 
long-term impact of a tragic event such as this should be considered to provide care 
beyond the critical first few hours. Providing psychological support, such as debrief-
ing and providing a structure for discussion or counseling, is also important to help 
prevent negative psychological effects in both patients and staff.

 Lessons Learned

• Have a plan. Preestablished MCI plans enabled the successful emergency 
response.

• Train on a recurrent basis to develop interagency coordination and provide the 
structure for real-word events.

• Anticipate the need for crowd control. Coordination with law enforcement and 
staff is crucial to control what can easily become a very chaotic space.

• Recognize long-term impact of event and need for multidisciplinary interaction.
• MCI response is like a marathon. It requires significant preparation, practice, and 

dedication.

Fig. 25.2 Upper extremity 
x-ray with lodged nails and 
BBs
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 Case Report

The Sbarro Pizzeria suicide bombing took place on August 9, 2001 in a two-story 
building located on a busy crossing in downtown Jerusalem, Israel. The terror attack 
occurred at 2pm, when the restaurant was filled with customers and pedestrian traf-
fic was at its peak. Fifteen civilians (and the bomber) were immediately killed 
including seven children and a pregnant woman. The blast injured 130 civilians. The 
bomber was wearing an improvised explosive device (IED) containing 8–10 kg of 
military-grade explosive material accompanied by a large amount of shrapnel such 
as nails, nuts, bolts, ball bearings, and rat poison; the shrapnel intensified the effects 
of penetrating trauma (Fig. 26.1). Following the attack, victims suffering from a 
combination of blast, penetrating injuries, and burns were brought to local hospitals.

There are four emergency departments (ED) in Jerusalem, and severely 
injured victims are preferentially evacuated to the only level 1 trauma center in 
the city, Hadassah University Hospital (HUH). In the event of a mass casualty 
incident (MCI), emergency medical services (EMS) crews are instructed to send 
severely injured casualties particularly to HUH over the nearest hospital despite 
in this instance it being located furthest of the four hospitals from the Sbarro 
Pizzeria (9.5 km, 6 mi). Due to HUHs broad range of experience with MCIs, 
blast injury, and triage, we have much experience in recognizing and treating 
complex injuries. Among the injured in this attack, a 14-year-old girl sustained 
multiple penetrating shrapnel wounds to her chest and lower limbs resulting in 
diffuse and severe soft tissue and bone damage (see Fig. 26.1). Massive blood 
loss required a total amount of 120 units of blood, FFP, and platelets to be 
transfused before an order was given to administer an injection of NovoSeven, 
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a recombinant-activated factor VIIa. Activated VIIa was typically used to treat 
bleeding patients with hemophilia, and although it was not approved for a trauma 
situation, we have encouraged its use in exsanguinating trauma patients as an 
adjunct to medical and surgical hemostasis.

The availability of professional personnel, operating rooms, and ICU beds dic-
tates the capacity of a medical center to handle an MCI. Approximately one-third of 
admissions to the ED within an hour of an MCI will be hospitalized as ED casual-
ties usually correlate to the number of critically wounded [1]. This allows a general 
timeline for the management of hospital resources, and in-hospital teams can pre-
pare accordingly for expected injuries. We have incorporated a multidisciplinary 
centrally coordinated and graded approach to handle our need to realign resources. 
As soon as the initial EMS report of an MCI is received, all available personnel are 
recruited in order of seniority and irrespective of call schedules by telephone land-
lines via a structured list, not via pagers or cellular phones which have been reported 
to crash due to overload at these times.

The ED is evacuated to provide physical space for incoming casualties by trans-
ferring existing patients to different floors, and incoming patients are admitted to 
the children’s hospital located on the ground floor adjacent to the ED, which has 
oxygen and air that can be brought down from the ceiling (Fig. 26.2). The wide cor-
ridor opposite the ED leading to the outpatient clinics is additionally used to accom-
modate patients, essentially utilizing any available space outside the ED. Recovery 
rooms are evacuated to make room for temporary ICU beds while the ICU itself is 
alerted to relocate any patients they are able to other departments. All non-emergent 
studies, outpatient clinics, and scheduled operating room procedures are halted or 
rescheduled so all available personnel and resources can be redirected to the treat-
ment of casualties. Elective computed tomography (CT) scans and, if necessary, 
magnetic resonance imaging (MRI) scans are also cancelled, thereby freeing up the 
radiography suites until the situation is stable.

a

b

c

ed

Fig. 26.1 A 14-year-old girl who was standing in proximity to the suicide bomber. She sustained 
multiple penetrating wounds to her chest and lower limbs (a, b, d). Comminuted femoral fracture 
and extensive soft tissue damage (c). Thigh showing multiple shrapnel entrance wounds (d). Some 
of the shrapnel removed from the patient (e)
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 The ED Setup

The ED at HUH is divided into a designated trauma room with the capacity to 
simultaneously treat ten severely injured patients and a general admitting area that 
admits moderate to lightly injured victims. During a MCI, the latter are directed to 
an observation area after initial evaluation and examined once chaos subsides [2]. 
On arrival at the ED, surgical personnel are organized into predetermined teams 
of general surgeons, or subspecialty teams such as orthopedics, plastic surgery, 
and neurosurgery, and allotted to prearranged areas. The general surgeons lead the 
teams, initially examining each patient and determining the need for further exami-
nation by the subspecialty teams. Each team is led by an attending physician and 
includes two surgical residents and one or two anesthesiologists.

 Surgeon-in-Charge: The Accordion Approach

We introduced a specialized, intensified approach to trauma care based on the guide-
lines for trauma management (Fig. 26.3). This includes hands-on close senior super-
vision beginning with prehospital triage and hospital preparedness and continuing 

a

b

c

d

Mother and Child Center

Before....

During....

Fig. 26.2 Incoming casualties are admitted to the Mother and Child Center, which is reconfigured 
into a temporary ED. External building pictured upper right (a). Oxygen and air can be brought 
down from the ceiling when needed (b, c). During a mass casualty incident (d)
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with transportation, arrival, all surgical procedures, and hospital treatment through 
the discharge of the patient and completion of rehabilitation [3]. To ensure such 
senior supervision, the most experienced trauma surgeon available is designated 
as the surgeon-in-charge (SIC). The SIC receives each patient at the ambulance-
unloading point and examines them outside the ED, triaging them into either the 
trauma room or the admitting area according to the presence of immediate life- 
or limb-threatening injuries and the degree of respiratory compromise. Attention 
is given to the moderately injured, whose injuries may be most immediately life-
threatening. Initially, care should be withheld only from victims with severe and 
obvious brain injuries [4].

The SIC does not participate in surgical procedures in the first phases of triage 
and evaluation but rather determines operating room priority and accompanies 
the most severely injured victims into the trauma room. He orally communicates 
his findings to the treating teams and returns to receive the next incoming EMS 
crew and continue triage. The SIC is responsible for determining preferences for 
utilization of limited resources such as OR availability, ICU admissions, and CT 
and angiographic studies. Bedside sonograms as well as plain radiographs are 
performed for each severely injured victim, and CT scans and angiography are 
also used extensively. The SIC, together with treating teams, conducts repeated 

Transfer from other hospitals Non-EMS evacuation EMS from the scene 

Triage Surgeon-in-charge 

Admitting area Trauma room OR 

Evacuation 

Surgeon-in-charge 

Imaging OR ICU Subspecialties 

Surgeon-in-charge 

Admitting floor 

Primary evaluation/ 
Initial treatment 

Re-assessment 

Re-assessment 

Continued evaluation/ 
Definitive treatment 

Admission 

Protocol: In-hospital “Accordion” Approach

Fig. 26.3 The “accordion” approach. A definite chain of command is established via a centrally 
coordinated effort centered on the surgeon-in-charge. EMS, emergency medical services; OR, 
operating room; ICU, intensive care unit
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cycles of bedside reassessments on each patient in the ED, ICU, and OR during 
the initial 6–8 hours consisting of physical examination and review of the labo-
ratory and imaging findings. Our protocol ensures that care is led by attendings 
experienced in major trauma who can provide quicker and better decision-making 
and thus save lives.

 Identification and Communication

A special system has been developed for identifying, registering, and tracking 
patients that is activated in the event of an MCI where scores of casualties may 
be evacuated to different EDs. The system is connected to other hospitals as well 
as to the Ministry of Health, and all information is centrally shared and imme-
diately accessible. Identification of victims is facilitated by using digital photos 
and Polaroid™ and obvious external signs such as birthmarks and tattoos. A crisis 
information center is set up for families staffed by a doctor, psychologists, nurses, 
social workers, a hospital spokesperson and police. The center can be reached by 
telephone, and the numbers are broadcast over the media and on the Internet. A 
nurse coordinator role is established; the nurse has direct access to the ED, trauma 
room, OR, ICU, and crisis center and is updated by the surgeons with all relevant 
patient information. The nurse in turn locates and informs the families of the condi-
tion and progress of their loved ones until the situation stabilizes.

A national system is also in place in Israel to prepare for extreme major disaster, 
such as earthquakes, when patients would be redirected to hospitals on the outskirts 
of Jerusalem for treatment; however, to date, our resources at HUH although heavily 
burdened have not been outstripped. This is in no small part due to the presence of 
a predetermined, well-defined, and rehearsed protocol with a definite chain of com-
mand whose effectiveness is achieved by a centrally coordinated effort centered on 
the SIC.

 Challenges 

• The surge in the inflow of injured victims presents a logistical challenge in terms 
of rapidly processing the casualties through the system and a medical challenge 
in providing the best possible trauma care to all victims [5]. This may be ampli-
fied by back-to-back attacks.

• First responders in the field are not all trained in advanced life support, and as 
a result, some severely injured victims are not brought to a level 1 trauma 
center [6].

• Following a terrorist attack, EMS crews are faced with the risk of second-hit 
explosions caused by additional attackers or devices, building collapse, and igni-
tion of fuel aboard buses.

• Terrorist bombers have been infected by hepatitis B and HIV, so there is a risk of 
transmission to victims. All MCI victims should be immunized for hepatitis B.
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• High index of suspicion in treating victims. With blast lung injury (Figs. 26.4 and 
26.5), victims may walk into the emergency department without obvious exter-
nal chest injury but bearing severe internal injuries including tearing, hemor-
rhage, contusions, and edema. There should be repeated examination and 
assessment of patients exposed to a blast for delayed presentation.

 Lessons Learned

• Swift recognition of life-threatening injuries. External signs of injury, such as 
penetrating head and torso injury, and the number of body areas injured should 
guide prehospital and in-hospital triage for mass blast casualties of terror attacks. 

a b c

d

Fig. 26.4 Chest X-rays of a 21-year-old border policeman show development of blast lung injury (a–c). 
The man identified a terrorist at the entrance to a hospital and hugged him in order to prevent him enter-
ing. The border policeman blew up together with the terrorist. Note typical bilateral patchy lung infil-
trates in a classic “butterfly appearance” consistent with blast lung injury (b). He also suffered from 
facial burns. Note blood inside the endotracheal tube, an indicator of severe primary blast lung (d)
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Burns, open fractures, and amputations are significantly associated with death at 
the scene [7].

• Trauma education for doctors, nurses, as well as the new generation of medical 
school students and nurses significantly improves their management of trauma 
patients [8]. Students should be taught the pathophysiology of injury in patients 
suffering from primary, secondary, tertiary, and quaternary blast injury and be 
aware that bombing victims may sustain a combination of “the worst of both 
worlds” – multisite injuries from blast trauma caused by heavy particles as well 
as injury to isolated parts of the body from each particle at their site of entry, 
much like penetrating trauma. Students should also be aware of the implications 
for the physical setting of the incident on incidence and type of injury [4]. Mock 
disaster drills are integral to ingraining trauma preparedness, and HUH itself 
runs an annual drill to assure preparedness is at an optimum.

• Extensive use of CT scanners and angiography suites should be applied follow-
ing an attack.

• Liberal use of chest drains to treat pneumothorax and to allow proper ventilation 
and oxygenation (see Fig. 26.5). Surgeons do not hesitate to use multiple chest 
drains.

• Liberal use of Foley catheters – can control bleeding/air leak (Fig. 26.6).
• Different modes of ventilation for blast lung injury – use independent lung ven-

tilation, nitrous oxide, etc. [9].
• Creation of the roles of SIC and nurse coordinator.
• Do not chase after shrapnel – the majority retained in soft tissues becomes inert, 

and postponing exploration for and removal to a later stage after the initial chaos 
has subsided can still achieve excellent long-term results. The exception is in the 
case of infection, pain, and discomfort or where shrapnel is lodged in joints and 
bursae in order to prevent the development of destructive arthritis [10]. 
Computerized navigation-directed removal of foreign objects on MCI victims of 
terror attacks [11] has shown excellent results and within minimal operating time.

• Debriefings – held 12–18 hours after every MCI with the SIC, treating teams, 
department chairmen, nurses, administrative staff, hospital spokesperson, and 
EMS representatives.

a b

Fig. 26.5 Severe primary blast lung injury. Chest X-rays showing presence of multiple chest 
tubes inserted to treat severe primary blast lung (a, b)
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Fig. 26.6 Chest X-ray of a 19-year-old woman injured from multiple shrapnel in a suicide bomb-
ing attack (a). She suffered from profuse bleeding from her left upper chest and shoulder area due 
to shrapnel penetrating wounds reaching from the shoulder area to the lung. Note foreign bodies 
(arrows) and presence of four inflated Foley catheters  (b)  
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27Scope of the Problem and Operational 
Considerations: Logistics, Surge 
Capacity, Organizing a Response, 
Sustainment Issues, Resource Utilization

Brian J. Eastridge

 Introduction

Mass casualty incident (MCI) events have the potential to overwhelm the capabili-
ties of a regional trauma system. The challenge of explosive-associated MCI events 
is their inherent potential to inflict numerous casualties, each with the potential for 
multiple significant injuries. The threat of this scenario is further compounded by 
the fact that few providers or medical facilities have experience with events in which 
human and material resources can be rapidly overwhelmed. Several operational 
challenges impact the surgical response to MCI, including lack of information (or 
even disinformation), limited human resources, blood and blood product resuscita-
tion resources, operating room availability, and materiel resources.

The most fundamental and important clinical element in the early phase of 
patient care after an explosive injury event is triage, which often needs to be per-
formed at multiple tiers, including outside the emergency department, in relation to 
radiologic imaging, and for the use of an operating room. Triage must be performed 
by a provider with sufficient clinical expertise and administrative authority to make 
decisions. Injuries produced by an explosive agent are often multifactorial owing to 
device and environmental characteristics. Subcategories of explosive injury yield 
distinctly different spectra of injuries that must be surgically managed. The primary 
energy wave (blast wave) produces an incremental supersonic high-amplitude spike 
in pressure, which affects primarily air-filled viscera. These injuries often manifest 
as sequelae of pulmonary dysfunction. Secondary explosive injury caused by device 
fragmentation or secondary debris and tertiary explosive injury caused by physical 
displacement of the casualty inflict the majority of wounds that require surgical 
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management. Due to the nature of secondary explosive injury, casualties presenting 
for care after these events often have multiple penetrating injuries. In addition, it is 
important to note that injuries are often caused by more than one explosive mecha-
nism, including quaternary crush, inhalation, and burns, further compounding the 
complexity of their management [1–3]. Although clinical care of explosive-related 
injury is founded upon the same basic principles as standard trauma management 
paradigms, it is incumbent upon the surgeon to also understand the principles of 
triage and potential limitations imposed by the casualty volume or complexity of 
injuries. Likewise, it is important to note that damage control strategies to control 
hemorrhage may serve a more prominent role so as to manage multiple casualties 
and optimize resource utilization. Supporting this assertion is evidence from recent 
contingency operations in which the most significant mechanism of injury was 
explosion. Analyses from these operations validate hemorrhage as the most substan-
tial etiology of potentially preventable deaths, both prehospital and in the military 
medical treatment facility [4–6]. In fact, 24% of all casualties who died prior to 
reaching a medical treatment facility had potentially survivable wounds, of which 
90% were associated with hemorrhage [5]. Of those who died after they reached a 
treatment facility, 51% had potentially survivable injury of which 80% were associ-
ated with a hemorrhagic cause [4].

The surgeon must be able to manage complex wounds and their sequelae that are 
well beyond the bounds of day-to-day practice. An editorial by Hirshberg published 
in 2004 summarizes and highlights:

Terrorist bombings bring with them a host of new and vexing clinical problems…. What do 
you do with a hemodynamically stable, awake, and alert patient harboring dozens of small 
metal fragments in multiple body cavities, including the brain? How do you manage a 
“human remains shrapnel,” a fragment of the suicide bomber’s bone embedded in the chest 
of an asymptomatic patient? What if the suicide bomber was carrying a transmissible dis-
ease? Unexpected encounters with difficult clinical problems are a hallmark of MCIs. The 
answers must be learned from experience and rapidly disseminated to other surgeons facing 
the same challenges [7].

 Trauma Systems

Effective functioning of the modern trauma system requires timely and structured 
cooperation, process, and communication across the continuum of care from the 
emergency medical services response through hospitalization. Optimizing perfor-
mance of the trauma system requires a vision taken from the military mantra to 
“train like we fight.” Utilizing resources, processes, and systems that would be inte-
gral to a disaster response on a daily basis produces the “muscle memory” to be 
proficient on “game day” basis. In addition, a critical requirement for successful 
performance during a mass casualty incident is carrying out realistic and relevant 
exercises and assessment of the mass casualty response plan before a real event. 
Regions with highly developed trauma systems are better prepared to respond to 
mass casualty events and wide-scale disasters—both natural and intentional [8–10]. 
Several studies have educed the association between the maturity of regionalized 
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trauma systems and disaster readiness. Trauma system structures integrating EMS, 
evacuation assets, and tiered trauma centers through a robust and effective commu-
nication system have demonstrated the highest efficacy in MCI events [11]. The 
urban response plan in Israel manifests similar capabilities but is structured in three 
distinct tiers of graded requirement based upon incident magnitude, hospital capa-
bility, and surge capacity [12].

 Triage

The effective triage of explosive MCI casualties must be performed by an experi-
enced emergency physician/surgeon who is familiar with the capabilities of staff 
and resources available. Leadership capability is paramount for the triage officer, 
who must have a broad situational awareness as well as focused responsibility to 
make a decision on every patient. The classic triage categories of immediate, 
delayed, and expectant are a relative determination made by the triage officer based 
upon casualty volume and acuity balanced against resources in order to optimize 
outcomes for the greatest number of casualties.

Explosive injuries are characterized by a significant degree of tissue injury/
loss, wound contamination, and a tendency to produce significant bleeding. The 
highest acuity casualties designated as emergent should be those with hemody-
namic instability, particularly those with fragmentation injuries to the torso, due 
to the likelihood of a noncompressible hemorrhagic source being the source for 
their clinical deterioration. Therefore, minimizing unnecessary delays, specifi-
cally delays to operation in severely injured casualties, is a major goal of the tri-
age process. In many systems, a “direct to the operating room” triage decision that 
bypasses the typical emergency department evaluation and resuscitation processes 
may best serve casualties at risk of further decompensation from obvious bleeding 
source(s).

Prioritization of surgical procedures, “the OR board,” is a secondary triage capa-
bility for which the surgeon must take responsibility. This prioritization must be 
made relative to the casualty acuity within the context of the clinical operational 
scenario. A pragmatic approach has been proposed by Israeli trauma surgeons man-
aging blast MCI casualties whereby procedures are performed based upon clinical 
urgency as follows:

• Surgical airway (cricothyroidotomy)
• Control of life-threatening hemorrhage in the torso or junctional regions
• Craniotomy for neurologically deteriorating brain injuries amenable to surgery

Notably, resource constraints suggest there is no indication for resuscitative tho-
racotomy in these circumstances. Secondary priority is subsequently assigned to 
casualties with non-exsanguinating hemorrhage, suspected visceral injury, and vas-
cular injuries with limb-threatening ischemia. Tertiary priority is given to musculo-
skeletal injuries, soft tissue wound debridements, and burn care [12].
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 Logistics

Management of hospital resources is a critical element of the MCI response. Several 
recent civilian- and conflict-associated MCI events have provided a valuable per-
spective on the surgical resource allocations necessary for response. As a result of 
the Madrid train bombings in 2004, 198 casualties died and 2312 were injured. Of 
those injured, only 37 lifesaving procedures were performed on 34 patients. The 
majority of the operative resources (41%) were dedicated to the management of 
orthopedic injuries [13]. Lynn and colleagues evaluated logistic requirements in the 
context of current global terrorism events, largely blast-related. From this compos-
ite analysis, the authors concluded that 50% of MCI casualties will ultimately 
require surgery. However, only 2–4% of the most severely injured casualties require 
lifesaving resuscitative surgery for hemorrhage control or other emergent procedure 
[14, 15]. Another contemporary study utilized data from the Israeli Trauma Registry 
in order to develop clinical practice guidelines to support MCI preparedness. Results 
of the analysis of 325 explosive casualties from 32 events demonstrated that severely 
injured patients (ISS ≥ 16) constituted approximately one-third of the admissions 
and tended to arrive early in the event. Due to the propensity for life-threatening 
injuries in these casualties, operative services, particularly anesthesiology and sur-
gical specialties (general/trauma, thoracic, cardiovascular), were noted to be in 
immediate demand during the earlier phase of the MCI response. The majority of 
procedures following a blast MCI were orthopedic and soft tissue procedures, which 
were expected to be continuous for extended periods depending upon the event 
magnitude [16]. Consequently, civilian evidence suggests that hospital contingency 
plans for MCI events should accommodate both surgical phases of the response.

Numerous case series from recent conflict in Iraq and Afghanistan have high-
lighted the propensity for wounding by explosive mechanisms. Likewise, the 
majority of operative procedures performed for explosive injuries were musculo-
skeletal (21.5%) and integumentary (22.6%). One-third of the musculoskeletal 
cases were associated with procedures for the management of long bone fractures. 
The majority of integumentary procedures (74%) were soft tissue debridements 
[17]. A study by Propper et al. evaluated three multiple casualty events managed at 
the US Air Force Theater Hospital in Balad, Iraq. Of the casualties treated, 48% 
required blood transfusion, including 8% who required massive transfusion 
(~18 units/casualty).

Of those casualties receiving blood, each received an average of 3.5 units pRBC 
and 3.8 units plasma. In contrast to civilian events, the battlefield experience dem-
onstrated that 76% of patients required operation. Many casualties had simultane-
ous procedures and each casualty had ~3.8 procedures [18]. Another military study 
produced similar results. Evaluating casualties over a 1-year period, 415/539 (77%) 
MCI casualties required operative therapy for injuries. The number of casualties 
requiring blood was 135 (22%), although the mean RBCs transfused for any injured 
patient requiring blood was 6.3 units. Similar to previous studies, the number of 
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massive transfusion casualties was 26 (4.6%). As blood and blood products are a 
particularly precious resources during MCI events, the authors sought to develop a 
reliable predictive index of blood product requirements for a multiple or mass casu-
alty events. From their analyses, the average number of RBC units, inclusive of 
whole blood per patient (per patient index/PPI) for MCI events, was 1.4 [19].

Within the context of the blast mass casualty event, each casualty with a surgical 
requirement projects a cumulative resource requirement on the system. Depending 
upon available resources, surgeons managing explosive mass casualties must have a 
low threshold to exercise damage control surgery techniques, initially providing 
only temporizing lifesaving interventions in order to accommodate the casualty 
load within the system. As a consequence, the most severely injured surgical casual-
ties may require interval damage control procedures.

 Contemporary/Best Practice

A recent project conducted by the University Center for Disaster Preparedness and 
Emergency Response at Robert Wood Johnson University Hospital sought to 
develop best practice consensus on the management of explosive incidents. This 
work was funded under a grant supported by the US Army Telemedicine and 
Advanced Technology Research Center of the US Army Medical Research and 
Materiel Command. Findings of the panel associated with the surgical response to 
explosive MCI include the following [20]:

• Blast events are a special subset of mass casualty incidents that are characterized 
by the abrupt nature of an explosion, its physical results, and the complexity of 
the injuries sustained by casualties.

• All blast incidents should be considered terrorist events until proven otherwise. 
This has far-reaching implications for security at both the scene and the hospital, 
requiring a specific mindset and perspective that must be acquired and refined in 
responders and hospital staff.

• On-scene medical treatment should be limited to basic life support for the most 
seriously injured casualties. Only casualties requiring advanced life support and 
immediate treatment at trauma centers should be transported to hospitals as 
quickly as possible where they can receive appropriate treatment for their 
wounds.

• Emergency medicine physicians, surgeons, and other physicians, for the most 
part, know what to do to treat and save casualties; however, they need to under-
stand the complexity of the multisystem and multidimensional injuries received 
in an explosion and the order in which to deal with them.

• Responders and hospitals need to incorporate as many processes and procedures 
required to deal with explosive incidents as possible into daily routine practices 
so that they are familiar with them should a mass casualty event occur.
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Although not specifically delineated within this best practice consensus, a few 
additional noteworthy best practice tenets have emerged relative to recent study of 
the topic.

• Surgeons must approach the evaluation and management of explosive mass casu-
alty injuries with a damage control philosophy, both in the context of resuscita-
tion and operation.

• All MCI incidents start locally. Functionally effective trauma systems are the 
framework for MCI preparedness and response.

 Conclusion

Inherent in their nature, explosion events have the potential to generate masses of sig-
nificantly injured casualties through a number of different mechanisms. The most sub-
stantial causes of explosive injury mortality in the prehospital environment are severe 
tissue disruption, traumatic brain injury, and hemorrhage. As hemorrhage is the most 
significant etiology of potentially injury-preventable mortality, it is vital that the sur-
geon and trauma team be integrated into the hospital regional trauma system prepared-
ness and response system plans. The trauma management capabilities of the local 
environment must be developed and consistently rehearsed through day-to-day clinical 
practice and through periodic disaster drills that are both realistic and relevant in order 
to develop the “muscle memory” to optimally support the contingency of a response to 
an explosion event. The surgeon must take a substantial leadership role, working along-
side peers, to establish roles, triage process, and patient flow dynamics for response 
planning in the context of the local environment. Likewise, the MCI response team 
must understand the human resources, material assets, and hospital surge capacity 
available for response, both at the hospital and greater systemic levels.
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28Combat Lessons Learned

Jacob R. Peschman and Donald H. Jenkins

 Introduction

Lessons learned in the surgical management of combat-injured patients have been a 
staple of military medicine for centuries. These hard-fought and hard-learned les-
sons in the care of injury victims during military conflicts infallibly return home 
with the surgeons and their patients to change, almost invariably for the better, civil-
ian surgical practice globally. To quote Evan Renz, a retired colonel who served in 
the US Army, “the only winner in war is medicine.” While some of the advances are 
quite specific to combat mechanisms of injuries and wounding patterns such as 
complex dismounted blast injuries, many are not or are based on principles that can 
be applied for novel treatment of more conventional surgical problems. At the outset 
of the deployment to the combat theater of operations in September of 2001, coali-
tion forces employed a previously non-battlefield-tested and rather unconventional 
concept, forward or mobile surgical teams sent to care for the injured rather than 
having the injured sent to them. These teams were small surgical teams, typically 
composed of surgeons, orthopedists, anesthesia providers, nurses, and medics, 
meant to be forward deployed closer to the location of the wounding with the intent 
to decrease the time from injury to initial surgical management [1]. This, for the first 
time, gave a role 2 military treatment facility (MTF) surgical capability (Fig. 28.1).

These forward surgical teams, employed by the medical branches of each ser-
vice, were composed and outfitted differently, but their missions were the same: to 
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save lives and limbs using damage control and other nontraditional techniques. 
Therefore, badly injured casualties received abbreviated surgical care before being 
transported to the next level (echelon or role) of care by a different team capable of 
providing critical care in the back of a helicopter or ambulance. This was yet another 
untested concept but ultimately allowed delivery of a living, salvageable patient for 
definitive surgical management at the next-level MTF where more robust resources 
(e.g., CT scans, fluoroscopy, surgical subspecialists, etc.) awaited them [2]. The 
groups providing care quickly gained valuable experience, and it became apparent 
that those responsible for the design and implementation of these teams had fielded 
a highly capable and successful new system of combat casualty care.

Many lessons about the surgical care of blast injuries were learned by these for-
ward teams and at the larger role 3 facilities that provided definitive care. Those 
lessons have been captured and informed by data. The outcomes are tracked in the 
Department of Defense (DoD) Trauma Registry (TR), allowing management strate-
gies to be revised over time. This process and these lessons have become the back-
bone of the DoD Trauma System (DoDTS) Clinical Practice Guidelines (CPGs) [3]. 
It is with this background that the lessons learned over the past 17 years of combat 
surgery are outlined in the remainder of this chapter.

Fig. 28.1 Role 2 MTF 
operating room. 
(Photographer 
J. Peschman)
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 Lesson 1: Listen to the Civilian Surgeons, Use Your Tools, 
and Don’t Do It All at Once

Damage control surgery (DCS) was designed in civilian trauma centers of the 1980s 
and 1990s. The DCS principles were meant to be employed in critical, unstable, 
injured patients and were guiding tenets in the development, composition, and 
equipping of the small surgical teams [4]. As a treatment paradigm, DCS had never 
been tested in combat. But the surgical teams sent to provide this care had this train-
ing and knowledge from their clinical work in military and/or civilian treatment and 
training facilities. The basic principles employed in DCS are to stop bleeding and 
contamination, debride dead tissue, and utilize techniques of temporary closure of 
body cavities (e.g., open abdomen). This results in an expeditious completion of an 
operation addressing what is life or limb threatening before bringing the patient for 
further resuscitation in a critical care (intensive care unit) environment to reverse the 
physiology of shock, hypothermia, and coagulopathy, the so-called lethal triad of 
injury. Civilian studies showed that definitive surgery in injured patient with this 
lethal triad had a 90% mortality whereas DCS had a 50% mortality [5]. This DCS 
technique was successfully employed without modification from civilian experi-
ence. A main part of the lesson here is that employing surgical techniques proven in 
civilian settings have the potential to be adopted, and adapted, for use in the military 
wounding scenarios. While many of the specific techniques for DCS will be covered 
in more detail in subsequent chapters of this text, several warrant immediate atten-
tion as their implementation in combat operations provided invaluable information 
for current strategies of surgical care of the blast-injured patient.

Part of the armamentarium in DCS is vascular shunting of blood vessels 
(Fig. 28.2). This has been shown in civilian settings to allow for maintenance of per-
fusion to injured limbs in patients at high risk of dying of the lethal triad at index 
operation followed by definitive surgical management at a later time when the patient 
is more stable, offering potentially a better outcome than primary amputation for 

Fig. 28.2 Vascular shunt. 
(Photographer D. Jenkins)
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many patients. For the first time, small surgical teams in forward facilities placed 
stabilizing shunts, and the casualty was evacuated to a higher role of care for defini-
tive surgical vascular injury management. In some extreme cases, casualties with 
shunts did not have definitive surgical management until arrival in the continental 
United States. This aggressive shunting, never previously used in the combat-injured, 
was adopted quickly, and teams equipped to treat blast-injured patients with most 
complex injury patterns and long-segment vascular loss now had an additional option 
beyond amputation. Initial experience demonstrated that early viability in shunted 
extremities was 92% [6]. This supported shunting as a viable component of a core 
goal of vascular injury management and limb preservation. The Balad Vascular 
Registry was initiated early in the war and, in conjunction with the DoDTR, used to 
evaluate functional limb salvage [7]. It was apparent that arterial shunts were affili-
ated with limb salvage, including in injured combatants who also received tourni-
quets in the prehospital setting. The combination of vascular injury, tourniquet use, 
and vascular repair had not been practiced nor described prior to this current conflict. 
The basic tenets of vascular injury management were adopted and further adapted in 
the care of injured combatants and are a centerpiece of DoDTS CPGs [8].

Another key part of operative management of limb salvage following blast injury 
involves the use of other DCS concepts including use of external fixation for frac-
tures and fasciotomies to prevent extremity compartment syndrome and its sequela. 
All of the techniques mentioned thus far have been incorporated into just-in-time, 
go-to-war training courses for surgeons. The combination of tourniquet use, exter-
nal fixation, and fasciotomies is another unique combat injury management para-
digm not seen before but has been quite successful in terms of limb salvage in this 
new pattern of complex blast injury. While a low number of external fixation frac-
ture management patients have undergone definitive surgical management (internal 
fixation) in theater, there is robust, positive outcome data for this treatment regimen 
where definitive surgical management eventually occurs in role 4 or 5 (continental 
United States) (Fig. 28.3) [9–11].

Fig. 28.3 Limb salvage 
outcomes. (Photographer 
D. Jenkins)
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Another surgical management technique not previously employed for combat- 
injured patients was negative pressure wound therapy (NPWT) management. The 
long-standing military dogma that wounds suffered in combat should not be closed 
due to the exceptionally high infection/failure rate was taught to all surgeons going 
into combat until 2006. The use of NPWT was devised and employed in civilian 
settings for surgical management of wounds for trauma and non-trauma patients in 
order to promote earlier healing, decrease postsurgical wound complications, and 
decrease pain. When hostilities began in 2002, there was no thought about employ-
ing this wound management paradigm. The NPWT technique was novel, with little 
experience or data supporting its use, especially in military trauma. However, as the 
technique gained momentum and outcomes improved in civilian settings, NPWT 
made its way into the combat zone in 2004. Initially, NPWT utilization was con-
fined to the host nation patients as there were no devices, supplies, plans, nor train-
ing to provide this care to the US combatants during transport along the continuum 
of care. Once simple, portable equipment became more widely available, the tech-
nique was transformative (Fig. 28.4). Lengths of stay, pain, the need for healing by 
secondary intent (natural ingrowth of tissue and skin), and skin grafting diminished 
in large blast wounds with significant defects that otherwise would have had limited 
treatment options. The rate of infection and failure to heal was shown to be dimin-
ishingly small if not nonexistent [12]. In addition, appreciation of the role of antibi-
otic therapy and special consideration for potential transmission of blood borne 
illnesses due to blast wounds from suicide bomber attacks have also improved 
infectious complication outcomes [13].

 Lesson 2: Work Both Sides of the Drapes

Another major component of surgical management of blast injures is actually not 
the surgery itself but the resuscitation. Blast injuries represent a unique injury pat-
tern, with components of penetrating and blunt trauma as well as thermal injury, 
making the resuscitation all the more important given the high risk of lethal 

Fig. 28.4 Portable NWPT 
system. (Photographer 
D. Jenkins)
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coagulopathy. While damage control resuscitation (DCR) is covered extensively in 
another chapter in this text, it cannot be stressed enough how intrinsically inter-
twined the concept is with surgical care [14]. This includes the use of a hemostatic 
resuscitation, including the earlier use of plasma and platelets in a 1:1:1 ratio and/or 
the use of whole blood. Damage control improves survival in trauma, and these 
techniques have now been adopted in civilian trauma care. While not new in combat 
casualty care in terms of whole blood use, the deliberate use of whole blood to 
resuscitate combat casualties had not been employed since Vietnam. The first use of 
emergency release cold-stored whole blood for the resuscitation of combat-injured 
patients in the modern era was in October of 2001 (personal reflections), nearly 
30 years after the previous use in combat by the US forces. Hand in hand with DCR 
is the use of thromboelastography (TEG), a laboratory technique to measure clot-
ting capability of the patient in real time. The technique measures different aspects 
of the human clotting mechanics, including hyperfibrinolysis, and helps to guide 
targeted blood product resuscitation [15]. While early civilian use was mostly in 
transplant and cardiac surgery in the 1980s and 1990s, military adoption of TEG 
during recent conflicts has led to broad resurgence and interest in many civilian 
trauma systems.

Similar to early resuscitation, postsurgical management is immensely important 
and must always be on the mind of the surgeon caring for blast injuries. A unique 
problem is that the casualties cannot stay in the theater of operations. Casualties 
must be evacuated but often require ongoing resuscitation throughout this time. 
Thus, the US Air Force developed an advanced capability and employed teams of 
critical care experts including physicians, nurses, and respiratory therapists in 
Critical Care Air Transport Teams (CCATT). The first CCATT mission in the war 
took place in September 2001. Since, CCATT has transported with great success 
more than 30,000 [16].

 Lesson 3: You Must Keep Learning from Your Successes 
and Failures

Lastly, as civilian trauma treatment has matured over the last 40  years with the 
development of emergency medical services (EMS), trauma centers, and systems, 
based upon lessons learned in Vietnam, the US DoD began the development of in- 
theater and global trauma system development in 2004. This included dedicated 
trauma surgeon leadership, development of a trauma registry (DoDTR), perfor-
mance improvement in near-real time based upon outcomes, use of trauma nurse 
managers to monitor compliance with guidelines and gathering of data, conduct of 
trauma morbidity and mortality conferences, and inclusion of interfacility transfer 
care for review. None of this had ever been done in combat care and resulted in a 
dramatic change in combat casualty care management. CPGs, several previously 
cited in this chapter, were developed based upon these experiences, refined on a 
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regular basis, and spread to the civilian community where applicable. Perhaps the 
most effective and unique aspect of this system development was the development 
of the weekly “Thursday teleconference” instituted in 2006. This teleconference 
includes care providers in the theater of combat providing initial care, the transport-
ing teams, and the subsequent roles of care on several other continents. Patient care 
management decisions, subsequent developments and complications, and eventual 
outcomes are discussed by clinical care teams that in any prior conflict never had 
such opportunity. It allowed for near-real-time feedback to the initial care teams, 
modification and/or development of CPGs and correction of mistakes, and improved 
compliance with CPGs. Perhaps most importantly, subject matter experts and disci-
pline leaders not currently deployed could capture and address issues to modify 
policy, training, and equipment for their respective services [17]. The DoDTS, 
informed by DoDTR, has authored, refined, published, and observed compliance 
with approximately 40 CPGs. The adoption of CPGs has undoubtedly improved 
outcomes, with publications showing decreased mortality by nearly 50% in mas-
sively transfused casualties following implementation of the DCR CPG [18]. The 
annual review and refreshment of these CPGs is regimented and unique; most civil-
ian centers and systems do not frequently update such guidance nor determine com-
pliance or success of such guidance. These include diagnosis and management of 
topics such as extremity compartment syndrome, amputation evaluation, burns, dis-
mounted complex blast injury, pelvic fracture, urologic injury, vascular injury, and 
care of complex soft tissue wounds. Many of these have applicability in the civilian 
setting today. Unfortunately, based upon recent experiences, blast injury manage-
ment especially must be understood in civilian trauma centers. The latest develop-
ments, still to be further elucidated, include retrograde endovascular balloon 
occlusion of the aorta (REBOA), ultrasmall surgical teams assigned to role 1 MTFs, 
use of whole blood in the prehospital setting, deployment of physicians in helicop-
ter evacuation teams, and use of point of care testing in the prehospital setting. The 
National Defense Authorization Act 2017 calls for the formalization of the DoDTS 
and DoDTR, transfer of trauma injury management bilaterally between the DoD 
and civilian systems, research into improvements in injury management, and the 
worldwide development of a true DoDTS [19].

 Conclusion

Implementing civilian damage control surgery and damage control resuscitation 
techniques in military conflicts has allowed us to learn from and refine techniques 
that are now returning to the civilian sector while improving outcomes of our 
patients. We are getting better. The DoDTS and DoDTR are models for creating 
evidence-based, data-informed, and experience-molded practices for improving the 
care of the complex poly-trauma associated with explosive incidents. We have many 
more combat blast victims surviving to live with the scars of war, and we have much 
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more work to do. Douglas MacArthur is quoted as saying “The soldier above all 
others prays for peace, for it is the soldier who must suffer the deepest wounds and 
scars of war.”
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 Introduction

In 1945, the Bureau of Naval Personnel published the Damage Control Handbook 
in which they described “the capacity of a ship to absorb damage and maintain 
mission integrity…If the ship does not sink within a very few minutes after 
damage, she probably will survive for several hours” [1]. Naval damage control 
has four main foci: extinguish the fire, stop the flooding, repair machinery, and 
provide care to wounded personnel. Similarly, surgical damage control has four 
main foci that directly correlate: control hemorrhage, stop contamination, stabi-
lize the patient’s metabolic disturbances, and perform definitive repairs. These 
principles are critical in the management of the complex polytrauma often asso-
ciated with blast injuries.
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 History of Operative Trauma

From Napoleon’s surgeon Dominique Jean Larrey establishing the first field hospi-
tals and battlefield triage [2] to Nicholas Senn and his innovative techniques for 
intestinal suturing after penetrating trauma, the military has always been closely 
tied to the advancement in care of the traumatically injured patient. The modern 
idea of emergency surgical stabilization became prominent in the early 1900s. 
J.  Hogarth Pringle, of the aptly named “Pringle maneuver,” described principles 
similar to damage control surgery in 1908 when discussing operative liver trauma 
[3, 4]. After the rapid exsanguination of his patients with significant hepatic lacera-
tions, Dr. Pringle came to the conclusion that laparotomy, immediate control of the 
portal inflow, mass ligation of injured hepatic vessels, and well-placed packing were 
sufficient to salvage a patient. Additionally, he noted that the entire process needed 
to be completed swiftly in order to avoid the comorbid conditions associated with 
massive hemorrhage.

Despite Pringle’s experiences, emphasis shifted in the 1940s toward definitive 
repair at the time of the initial exploration [5]. Postsurgical units at that time bore 
little resemblance to modern intensive care units, and perioperative care was lim-
ited. Patients underwent long, protracted operations with the thought that the best 
chance of surviving an injury was to correct all issues in a single surgery. As battle-
field scenarios in the Vietnam War changed, a transition back to “abbreviated lapa-
rotomy” was observed. This approach was expanded upon in 1969 by Simmons 
et al., who examined the effects of major trauma on coagulopathy [6], and in 1983 
by Stone et al. [7], who published a report in the Annals of Surgery regarding the 
management of patients that became coagulopathic in the operating room. Stone 
noted a substantial mortality advantage among patients packing with temporary clo-
sure over those who had definitive operations primarily.

In 1993, the phrase “damage control surgery” (DCS) was coined by Rotondo and 
Schwab [8] to describe the emerging comprehensive approach to the unstable 
trauma patient. In addition to correction of coagulopathy, Rotondo and colleagues 
also described the influence of hypothermia and acidosis on mortality. Now known 
as the trauma lethal triad, or “triad of death,” attention was focused on rapid correc-
tion of these metabolic derangements in order to prevent the patients’ rapid decline. 
This approach was refined over the years, and hundreds of other studies have been 
performed suggesting a mortality benefit using damage control principles. With 
greater emphasis on care of the traumatically injured, this was further extended into 
the control of neurologic, orthopedic, pelvic, and vascular injuries as well [9]. How 
best to apply the civilian damage control surgery principles into the military arena 
became a subject of great discussion in the late 1990s [10–12].

Damage control as a concept has expanded to all levels of care (Fig. 29.1). For 
example, at the point of injury, the main emphasis is now on hemorrhage control 
with compression and/or tourniquets. Rapid transport to surgical capability is para-
mount and should be standard of care [13]. Time-intensive therapies are avoided at 
the scene in order to facilitate reaching a higher level of care. Congruous to the 
adoption of DCS, our resuscitation strategies have transformed as well. Crystalloid 
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resuscitation has been replaced by blood component therapy in balanced measures 
[14, 15]. Permissive hypotension has become widely accepted during resuscitation. 
Even now, the principles of damage control resuscitation (DCR) are evolving as 
whole blood transfusion, mobile blood banks, and tranexamic acid (TXA) return to 
favor. DCR and DCS have truly become one united field known simply as damage 
control (DC).

 Physiology of Significant Trauma

Major trauma leads to significant metabolic effects (Fig. 29.2). Hemorrhage acti-
vates the coagulation cascade, and as bleeding continues, the body’s native clotting 
factors are consumed. Non-blood product resuscitation further dilutes the pool of 
coagulation factors, worsening coagulopathy. As core temperature drops and hypo-
thermia ensues, temperature-dependent enzyme reactions in the clotting cascade are 
also altered. This leads to decreased activation of platelets and increased fibrinoly-
sis, thereby inhibiting the ability to form and maintain clot [8, 16].

The generation of thrombin is greatly affected during the acute phase of traumatic 
injury. In 2015, Rahbar et al. [17] described the effects of plasma colloid osmotic 
pressure (COP) on vascular permeability and coagulation. Plasma levels of four 
endothelial glycocalyx proteins were measured after significant traumatic injury and 
compared to healthy, non-injured subjects. While levels of all four proteins suggested 
increased shedding after traumatic injury, significant increases in syndecan-1 and 
hyaluronic acid were associated with decreased COP corresponding to increased cell 
permeability. Additionally, patients with decreased COP were found to have reduced 
peak thrombin generation time directly affecting coagulation.

Decreased circulatory volume leads to systemic hypoperfusion and diminished 
oxygen delivery. Cells are shunted to an anaerobic state promoting the creation of 
lactic acid. Progressive acidosis leads to further breakdown of plasma proteins and 
fibrinogen and additional loss of function of the coagulation factors; their activity 
can be reduced by as much as 50% at a pH of only 7.2 [18–21]. With the switch to 
anaerobic processes, there is a decrease in overall heat production in skeletal muscle 
due to a decreased metabolic rate leading to hypothermia. If not kept in check, the 

Fig. 29.1 Damage control 
laparotomy onboard USS 
Dwight D. Eisenhower 
(CVN-69)
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“triad of death” will continue to fuel itself to a point where recovery is a near impos-
sibility. The decision to follow a DC approach must be made early, after assessing 
the intraoperative trajectory of the patient’s evolving physiology and the severity of 
their injuries [16, 22]. Waiting for metabolic failure is too late.

 Indications for Damage Control

Absolute indications for DCS have diminished greatly with modern DCR 
(Table  29.1). Lower-volume blood-based resuscitation, greater attention paid to 
patient physiology, less significant bowel edema, and aggressive ICU care have all 
decreased the need for abbreviated procedures [23]. Harvin et al. instituted a quality 
improvement project analyzing their use of DCS at a high-volume level 1 trauma 
center [24]. The project consisted of a blinded method for staff to reflect on their 
departmental rates of damage control procedures and follow the outcome data of the 
patients involved. Analysis of their data demonstrated lower rates of damage control 
laparotomy in their facility (from 39% to 23%) with no difference in mortality or 
morbidity rate. Continued work in this area has led to even lower rates of DCS with-
out an increase in complications.

Glycocalyx Shedding

Traumatic injury

Exsanguinating
hemorrhage

Coagulopathy

Hypothermia Acidosis

Vascular permeability
Colloid osmotic pressure
Thrombin generation time

Fibrinolysis
Platelet activation
Enzyme efficiency

Component
consumption

Pre-hospital interventions
• Rapid transport
• Control bleeding (tourniquet, compression)
• Permissive hypotension
• Resuscitation (whole blood, TXA, etc.)
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• DCR
• REBOA
• Operative control of hemorrhage (DCS)
• Interventional radiology

Perfusion
Oxygen delivery
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Fig. 29.2 If left uncorrected, acidosis, hypothermia, and coagulopathy form a “lethal triad” that 
will almost certainly result in mortality. Areas to intervene and correct the metabolic insults are 
shown in red (double arrows) above
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 Balanced Resuscitation

Damage control resuscitation is discussed in detail in another part of this text. Mention 
of recent shifts in practice to balanced blood component therapy and permissive hypo-
tension, however, cannot be emphasized enough. Starting in World War I, there was 
significant utilization of whole blood. Between WWI and WWII, resuscitation in the 
US shifted slightly toward readily available agents such as dried plasma. By the 1960s, 
there was another shift from blood products or colloids to large-volume crystalloid 
agents [26]. Throughout the rest of the century, crystalloid reigned prevalent until the 
early 2000s when a resurgence of blood product resuscitation began. With experience 
on the battlefield and numerous studies to support its use, the term “balanced resuscita-
tion” took hold, and the use of red cells, fresh frozen plasma, and platelets in an equal 
ratio (as close to 1:1:1 as possible) set the stage for DCR [14, 15, 27].

DCR continues to evolve as we learn (and return to) mechanisms for early hem-
orrhage control. Recently, there has been resurgence in the use of whole blood as an 
initial resuscitation choice not just on the battlefield but also in civilian centers. 
Preliminary data suggests that whole blood resuscitation is not only comparable to 
component therapy; it may in fact prove to be superior [28]. In addition, the avail-
ability of cold-stored, low-titer type O whole blood makes it a safe option even in 
the face of RhD-negative recipients with low chance of isoimmunization [29].

 Complications of the Damage Control Approach

While retrospective studies have shown there is a mortality benefit associated with 
damage control surgery, no randomized, controlled trials have been performed. One 
recently planned trial, Based on Harvin’s PI study discussed above, hopes to pro-
vide clarity to the situation and assess the necessity/utilization of DCS in the mod-
ern era of DCR [30].

With every day open, the patient’s fascia retracts, musculature becomes less 
mobile, and adhesion forms. Reviewing complication rates among casualties at a sin-
gle military institution over an 8-year period, Glaser et al. demonstrated a clear asso-
ciation between adherence to balanced resuscitation, reduced abdominal operations, 
and early fascial closure [31]. A percentage of patients will never be able to undergo 

Table 29.1 Modern 
situations in which to 
consider a DCS approach 
[24, 25]

Need for therapeutic packing to control 
hemorrhage
Continuous vasopressor and/or transfusion 
requirements
Prophylaxis of anticipated abdominal 
compartment syndrome
Need for a second-look operation
Persistent acidosis without continuing 
vasopressor support or transfusion requirement
Gross contamination at the time of exploration

29 Damage Control Surgery



402

primary closure of the fascia and will be left with a planned ventral hernia. A few 
options in this setting include skin grafting directly onto granulated bowel, grafting 
onto absorbable mesh, and skin closure over a biologic or synthetic mesh. Ultimately, 
the abdominal wall may be reconstructed at a much later date. For those patients that 
do remain open, there is an increased risk of enterocutaneous or enteroatmospheric 
fistula formation [32, 33]; this risk may be lessened or prevented by early bowel cov-
erage. Attempts should be made to close the abdomen as soon as feasible; this may 
include the use of sequential closures with an absorbable mesh [34–37]. Additionally, 
a large number of DC patients have gross contamination of their peritoneal cavities 
which increases the risk of intra-abdominal abscess or wound infection.

In patients who remain open for greater than 8 days, the rate of morbidity increases 
[38]. Brenner et al. described the postoperative follow-up of 88 patients who under-
went damage control surgery out to 7 years post injury and observed not only mor-
bidities associated with the approach but also changes in quality of life. Overall 
infection rate of these patients (both intra-abdominal and superficial) and enteroat-
mospheric fistula rate were fairly high. The authors attributed this level of morbidity 
to the overall increase in survival among the severely injured patients [39].

A historic problem associated with DCS was abdominal compartment syndrome. 
In the era of massive transfusion with crystalloid solutions, bowel edema was a 
notable problem. This has been significantly decreased with the use of blood prod-
ucts in balanced ratios [40].

 Clinical Approach to Damage Control for Blast Injuries

In blast injuries specifically, the emphasis is on rapid control of hemorrhage and con-
tamination. Injuries commonly seen include extremity amputations, fragmentation 
injuries, “blast lung,” pneumothorax, fractures, dermal burns, urogenital injuries, tem-
poral bone fractures, internal hemorrhage or hollow viscus injury, traumatic brain 
injuries, and gross contamination with environmental debris [41, 42]. The utilization 
of improvised explosive devices (IEDs) in the modern war led to the identification of 
a special injury pattern known as the dismounted complex blast injury (DCBI). DCBI 
characteristically includes multiple extremity amputations (almost always both lower 
extremities and at least one upper extremity), complex pelvic orthopedic and vascular 
injuries, and urogenital/rectal injuries [43]. Patients should be expected to return to the 
operating room for frequent debridement and long, tedious operations.

Basic tenants of blast control parallel other trauma protocols. If the patient sur-
vives the incident, hemorrhage must be stopped or slowed through tourniquets, 
direct pressure, etc. Next, DCR with blood or blood products must be rapidly initi-
ated simultaneous with establishing a secure airway. In the setting of extremity 
amputations and multiple tourniquets, intravenous (IV) access can prove difficult. 
Use of intraosseous (IO) devices or central venous catheters is often beneficial.

Adjuncts to care such as plain films, CT scan, or other supplemental data should 
not delay rapid control of hemorrhage. Once the patient has been stabilized, 
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comprehensive imaging can be performed to evaluate for unseen injuries. 
Traumatically injured patients, specifically those with extremity amputations, are at 
high risk of deep venous thrombosis (DVT) and should be started on prophylactic 
dose anticoagulation as soon as possible. Additionally, although there is gross con-
tamination of most wounds, empiric administration of broad-spectrum antibiotics is 
debated. Patients should be adequately debrided at their primary procedure to 
healthy- appearing tissue and treated with agents against skin flora (cephalexin, 
cefazolin, etc.) or topical antibiotics.

 Extremity Trauma

As an explosive medium/casing breaks apart, pieces are thrown outward at high 
velocity with the blast wave. These pieces of shrapnel often lead to extensive soft 
tissue damage or extremity amputation and massive hemorrhage as they lacerate 
vasculature. A large portion of these injuries may be controlled with either direct 
pressure or application of a well-placed tourniquet. In the event of major vascular 
transection without amputation, shunting may temporarily restore blood flow to the 
limb until further repair can be performed [44]. Vasculature control should be 
obtained as distal as possible to minimize tissue loss and local ischemia. If a limb is 
deemed non-salvageable, amputation should be completed with debridement of all 
nonviable tissue at the primary operation [45].

 Pelvic/Perineal Trauma

Pelvic and perineal blast injuries are complex and require careful attention during 
evaluation. Injuries to the pelvic ring and acetabular fractures can lead to signifi-
cant hemorrhage. Rapid assessment of pelvic stability with anterior to posterior 
compression of the pelvis aids in determining the necessity of pelvic reduction. 
Commercially available binders are easily deployed and fairly effective in reducing 
pelvic volume/stabilizing the pelvis. However, a tightly wrapped blanket or sheet 
held with clamps will suffice. The most common mistake in using a pelvic binder 
or sheet is to center it too high; the device should be centered over the greater tro-
chanter of the femur. Despite reduction in pelvic volume, exsanguinating hemor-
rhage is still possible.

After initiation of DCR and stabilization of pelvic structures, an extensive pelvic 
and perineal exam must be performed. Ongoing hemorrhage may require additional 
tourniquet placement. In cases of significant, uncontrolled hemorrhage from the 
pelvis or proximal femur, temporary ligation of the internal iliac arteries or femoral 
vessels may be performed. Avoid ligation of both internal iliac vessels as this may 
lead to significant perineal/gluteal soft tissue ischemia. Once the patient’s hemor-
rhage is controlled and distal vasculature has been debrided/ligated, attempts should 
be made to revascularize or reperfuse the proximal trunks.
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Perineal or pelvic penetrating wounds should raise concern for rectal injury. A 
digital rectal exam may reveal blood but is not a reliable test for injuries to the upper 
rectum. Rigid proctoscopy can be easily performed in the emergency room or oper-
ating room and is much more sensitive in detecting injuries. Evidence of blood in 
the rectum during proctoscopic exam in the presence of penetrating perineal or peri-
anal wounds should be considered confirmation of penetrating rectal injury. In such 
cases, fecal diversion must be performed by stapling off the distal sigmoid colon at 
the peritoneal reflection and either creating a colostomy or leaving the patient in 
discontinuity until later procedures.

Injuries to the genitalia and bladder are also common in the setting of pelvic blast 
injuries (specifically DCBI). Primary procedures should preserve as much tissue as 
possible while focusing on hemorrhage control and urinary diversion. High-riding 
prostate on rectal exam, blood at the urethral meatus, or presence of a scrotal hema-
toma in the setting of perineal penetrating wounds should raise suspicion for a ure-
thral injury [46]. A retrograde urethrogram should be performed to evaluate for an 
injury prior to Foley catheter placement. A retrograde cystogram may also be per-
formed to evaluate the bladder. Extravasation of contrast intraperitoneally mandates 
exploration and repair. Extraperitoneal contrast extravasation may be managed with 
Foley catheter or suprapubic catheter decompression [47].

 Thoracoabdominal Trauma

Laparotomy, if performed, relies upon proper DCR to optimize patient outcomes 
[48]. After rapid evacuation of hemoperitoneum, quickly pack the abdomen in all 
four quadrants. Properly inserted packs (tightly folded laparotomy pads) above and 
below the liver, in the splenic flexure, and the bilateral lower quadrants may slow 
any ongoing hemorrhage long enough to allow for exploration and control. In the 
presence of a great vessel injury, priority must be given to inflow and outflow con-
trol in order to prevent rapid exsanguination. Specific techniques for vascular con-
trol are discussed elsewhere in this text.

After rapid control of exsanguinating hemorrhage, the focus is shifted toward 
controlling contamination (Fig. 29.3). The small bowel is examined from the liga-
ment of Treitz to the cecum looking for significant mesenteric hematomas, partial- 
or full-thickness injuries to the bowel wall, or areas of devascularization. The colon 
is then examined for similar findings along the ascending, transverse, descending, 
and sigmoid portions. If a significant injury is noted, it is addressed rapidly. Partial- 
thickness injuries or small full-thickness injuries in areas that otherwise appear 
viable should be debrided to clean edges and oversewn at the time of discovery. 
Full-thickness injuries encompassing more than 50% of the diameter of the bowel, 
when discovered during a true damage control procedure, are rapidly resected using 
a stapling device leaving the ends in discontinuity.

Once the patient’s metabolic abnormalities have been addressed, they are no 
longer hemorrhaging, and they have no ongoing requirements for vasopressor 
support, they should be brought back to the operating room for repeat exploration. 
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Patients are typically ready after 6–12 hours of dedicated critical care and resus-
citation but should not be delayed more than 24  hours before returning to the 
operating room.

Patients with significant thoracic injuries commonly present in extremis. Should 
a patient continue to worsen to a point where a pulse is no longer palpable or there 
is lack of a perfusing cardiac rhythm, then a left lateral thoracotomy should be per-
formed [49]. If a perfusing cardiac rhythm returns, then aggressive balanced blood 
product resuscitation is continued, and the patient is transported to the operating 
room for exploration. If a rhythm does not return, then manual cardiac compression 
may be required.

Pulmonary injuries are also readily managed via the left anterior thoracotomy or 
clamshell incision. Bleeding emanating from the lung parenchyma can be addressed 
in multiple ways, but pulmonary tractotomy is highly efficient and easy to perform. 
After gently inserting a GIA stapler into the tract of the injury, it can be clamped and 
fired; while sealing the majority of the parenchyma, this also divides the tissue 
allowing it to be spread apart. Any ongoing bleeding can be ligated with suture. 
Eventual nonanatomic resection of the area may be required.

Figure 29.4 shows a combined thoracic and abdominal approach to a penetrating 
suprahepatic IVC injury.

Fig. 29.3 Blunt 
mesenteric injury after 
high-speed MVC resulting 
in significant 
intraperitoneal hemorrhage 
and a 60-cm segment of 
devitalized bowel
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 Special Considerations

After achieving rapid hemorrhage control and stopping contamination, it is impor-
tant for the surgical team to reassess the situation. The extent of resuscitation, sever-
ity of injuries, time required to definitively repair the damage, availability of 
necessary resources, and overall trajectory of the patient must be integrated into the 
decision to forge on with the operation or commit to true DCS. In the event of a 
mass casualty incident (MCI), resources and personnel are limited. While patients 
may physiologically tolerate an extensive procedure, temporizing measures offer a 
team the ability to treat the most patients possible with the least amount of resources.

Multifaceted operating teams consisting of general or trauma surgeons and 
orthopedic surgeons are ideal when faced with these situations. One team is able to 
address vascular control of hemorrhage and abdominal/perineal injuries while the 
other team can simultaneously address the extremities. By working in concert, these 
teams facilitate quicker transition from operating room to intensive care or 
evacuation.

As mentioned previously, shunting of vasculature should be considered where 
definitive reconstruction is needed. Partial-thickness or small full-thickness injuries 
to bowel should be rapidly oversewn. Stapling of significant full-thickness bowel 
injuries or areas of devascularization will control contamination, but definitive 
reconstruction or ostomy formation should be delayed to secondary and tertiary 
operations. Soft tissue damage should be debrided to healthy, viable tissue and near 
amputations completed if the tissue appears nonviable. Plan to return to the operat-
ing room for at least three washouts of the soft tissue prior to closing any wounds. 
Pelvic orthopedic injuries should be stabilized with a sheet or binder temporarily 
until an external fixation device can be placed.

a b

Fig. 29.4 (a, b) Combined thoracic and abdominal approach to a penetrating suprahepatic IVC 
injury
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 Conclusion

Damage control principles have drastically changed the face of trauma surgery. With 
a better understanding of the physiology of trauma, we have embraced concepts such 
as balanced blood product resuscitation containing minimal to no crystalloid solu-
tions, whole blood use, permissive hypotension, and rapid metabolic correction in a 
critical care unit. Previously high mortality rates associated with significant trauma 
have decreased as we have embraced the concept of damage control as a whole. The 
initial approach involves two main goals: stop hemorrhage and control contamina-
tion. Hemorrhage must be rapidly and effectively controlled to avoid worsening the 
metabolic insults of hypothermia, acidosis, and coagulopathy; these will progress 
leading to near certain mortality. If the patient is rapidly corrected and improving in 
the operating room, then a definitive procedure may be considered at the time of the 
initial operation. However, if the patient continues to decline, ongoing resuscitation 
in an intensive care unit setting should be undertaken. This resuscitation of the unsta-
ble patient is best achieved using active warming, ongoing balanced blood product 
administration avoiding crystalloid solutions, and correction of metabolic abnormal-
ities. Finally, if an abbreviated procedure is performed, the patient must return to the 
operating room in short-interval timing in order to definitively address their injuries. 
As evidenced by the sage wisdom of Lord Berkeley Moynihan (1865–1936) over a 
century ago, patient stabilization has always played a key role in treating trauma: 
“The modern operation is safe for the patient. The modern surgeon must make the 
patient safe for the modern operation.”

Pitfalls
• Failure to rapidly achieve hemorrhage control and recognize a damage 

control situation
 – After initial control of hemorrhage and contamination, the surgeon 

must quickly decide whether to proceed with a definitive or abbreviated 
operation. Abbreviated operation using vascular shunts, external fixa-
tion, and stapling off bowel injuries is a safe approach primarily.

• Insufficient resuscitation
 – DCS and DCR go hand in hand—one relies upon the other to be suc-

cessful. This includes avoiding failure in correcting the metabolic insult 
while in the ICU. If left uncorrected, acidosis, hypothermia, and coagu-
lopathy form a lethal triad that will almost certainly result in mortality.

• Debride soft tissue to healthy, viable-appearing areas at the primary proce-
dure with a plan to return for at least two additional washouts prior to 
closure or formalization.
 – Blast injuries tend to evolve with time, and viable-appearing tissue may 

be ischemic on takeback procedures.
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 Introduction

Providing anesthetic care for victims of blast injuries represents one of the poten-
tially most complex and daunting clinical scenarios confronting the practitioner of 
anesthesiology. Clinical challenges arising from blast injuries requiring expert anes-
thetic care may include, but not necessarily be limited to, the management of hypo-
volemic shock and its resultant metabolic and coagulopathic derangements, organ 
injury due to blast effect, difficult airway management, blast-related lung injury, 
and burn injuries. Anesthesiologists’ knowledge of physiology and pharmacology 
combined with their ability to resuscitate critically wounded patients puts them in 
a unique position among a team of caregivers to provide lifesaving treatment in a 
major explosion incident, be it in military or civilian settings [1].

Blast injury may be divided into four different phases, each producing a char-
acteristic injury pattern. Primary blast injury results from direct effect on tissue to 
the blast overpressure wave, producing injury to air-filled structures, such as the 
lungs, hollow viscera of the GI tract, and the tympanic membranes [2]. Secondary 
blast injury, the most common cause of fatality in a blast event, is produced by 
impact of the patient with fragmentation and other projectiles set in motion by the 
blast, producing shrapnel wounds, penetrating and vascular trauma, and penetrating 
infectious biological fragmentation injuries [1, 2]. Tertiary blast injury is caused by 
impact of the victim’s body being thrown against stationary objects or by structural 
collapse, producing blunt and penetrating trauma injuries, crush injuries and trau-
matic amputations, compartment syndrome, and closed head injury [2]. Lastly, qua-
ternary injuries consist of all other explosion-related injuries such as thermal injury, 
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exposure to toxins or radiation, asphyxiation, or exacerbation of chronic medical 
conditions [1, 2]. The immediate physiologic response to a blast wave can include 
a triad of bradycardia, apnea, and hypotension, mediated in part by the vagus nerve 
and specifically by pulmonary C fibers [3]. Hypotension may be the result of nitric 
oxide release by the injured lung and a decrease in systemic vascular resistance 
lasting several hours [3].

Injuries from blast mechanism may occur in a variety of settings, although the 
overwhelmingly predominant body of recent knowledge derives from the military 
medical experience treating combat casualties in the Iraq and Afghanistan conflicts. 
Blast injury events in the civilian world remain relatively rare, but some potential 
sources in the United States and elsewhere include industrial explosions (e.g., Texas 
City Refinery Explosion 2005, West Fertilizer Plant Explosion 2013), domestic mis-
haps (fireworks accidents), or acts of terrorism (e.g., Oklahoma City 1995, Atlanta 
Olympics 1996, Boston Marathon 2013, Madrid 2004, London 2005). There exist 
significant differences between blast injuries sustained in military theaters of war 
and civilian settings. Injured military personnel tend to be younger, healthy, and 
male, often wearing body armor, whereas civilian incidents cause more casualties 
of diverse age and gender groups and with greater prevalence of preexisting health 
conditions. For military personnel, improved body armor and enemy tactics have 
influenced the pattern of blast injuries encountered in theater, with relative protec-
tion of the torso while leaving extremities, facial, and neck regions exposed [4, 
5]. This chapter will emphasize the military experience due to the larger body of 
available data and elaborate on anesthetic challenges relevant to the treatment of the 
most severe, complex blast injury mechanisms, as these treatment principles and 
lessons learned may also be applicable to potentially less complex injuries encoun-
tered in civilian settings.

 Epidemiology

Injuries from blast mechanism have constituted the predominant proportion of 
combat casualties of twentieth century armed conflicts [6]. This trend has particu-
lar recent relevance relating to the treatment of combat casualties in the Iraq and 
Afghanistan conflicts where retrospective reviews suggest blast mechanisms are 
responsible for between 75% and 81% of injuries [6, 7]. Given the enemy’s ten-
dency to adopt asymmetric means of warfare against the US and coalition forces, 
such as the employment of improvised explosive devices (IEDs) and suicide/homi-
cide bombers, findings from the study of military casualties from this era may be 
translatable to disaster preparedness and mass-casualty terror events in the civilian 
sector [7]. The dismounted complex blast injury (DCBI) is the most extreme and 
devastating pattern of such injury and is the focus of this section.

The DCBI is defined as “an explosion-induced battle injury sustained by a warf-
ighter on foot patrol that produces a specific pattern of wounds” [8]. These injuries 
are characterized by high-energy wounds to the bilateral lower extremities (usu-
ally proximal transfemoral amputations) and/or upper extremity (usually involving 
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the nondominant side), combined with open pelvic injuries and genitourinary and 
abdominal trauma [9]. In one retrospective review of the Combat Trauma Registry 
(JTTR) from September 2007 to December 2010, examining injury patterns and 
resource utilization in DCBI patients, it was observed that of 685 patients, 16% sus-
tained at least one traumatic amputation, and of those patients suffering traumatic 
amputation, 57% sustained more than one amputation [10]. Of the patients with 
multiple extremity amputations, the most common pattern was bilateral transfemo-
ral followed by bilateral transtibial amputations [10]. Another retrospective review 
of the JTTR between 1 January 2009 and 29 February 2012 of patients seen at the 
Camp Bastion Role 3 Hospital in Afghanistan demonstrated 457 patients injured 
by dismounted IED blast, with a median ISS of 10% and 30% of patients requiring 
massive transfusion [8]. The extremities and pelvis constituted the most frequently 
injured body region. Severe head and neck injuries were relatively uncommon in 
this cohort as were chest and abdominal injuries. Thirty-eight percent (172) of 
patients sustained limb amputations, and of these, 116 had two limbs affected. The 
lower limbs accounted for 96% of all amputated extremities. The overall incidence 
of pelvic fractures was 7.4%, with the overall incidence of open pelvic fracture 
being 5.3% [8]. Despite observed increases in severity of injuries caused by IEDs 
over the course of the Afghanistan and Iraq conflicts, the mitigation of mortality and 
paradoxical stability of survival rates may be credited to improved tactical combat 
casualty care, the far forward and individual use of tourniquets and rapid and aggres-
sive resuscitation and hemorrhage control strategies involving a multidisciplinary 
approach [8–10], integral to which is the anesthesiologist or CRNA whose respon-
sibilities in this setting include airway management; the appropriate administration 
of blood products; management and correction of acid–base derangements, coagu-
lopathy, and hypothermia; and monitoring of physiologic and metabolic parameters 
as markers of resuscitative efficacy.

 Anesthesia Considerations in Resuscitation and Stabilization

 Massive Hemorrhage and Hypovolemic Shock

Massive hemorrhage and hypovolemic shock are frequently encountered compli-
cations of dismounted complex blast injury, and the treating surgeons, anesthesi-
ologists, and resuscitative support staff must be prepared for implementation of 
massive transfusion and knowledgeable of trauma resuscitation protocols and 
the management of hypovolemic shock as well as its concomitant metabolic and 
coagulopathic derangements. Blast-injured patients often have significant injury 
burden and require large-volume transfusions (Fig. 30.1). Fleming et al. reported 
that DCBI casualties with a single extremity amputee patients were transfused a 
mean of 6.1  units of packed red blood cells, while multiple extremity amputees 
received a mean of 19.5 units of PRBCs during their resuscitative course [10]. Oh 
et al. review of 457 JTTR patients seen at Camp Bastion, Afghanistan, demonstrated 
similar requirements with 30% of DCBI casualties requiring a massive transfusion 
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(defined as 10 or more units of PRBCs within a 24-h period) [8]. During the Iraq 
and Afghanistan conflicts between 2003 and 2012, 14% of patients admitted to Role 
3 military treatment facilities received a transfusion of at least one blood product, 
and of these, 35% received a massive transfusion (10 units of PRBCs and/or whole 
blood within 24 h). By 2011, this proportion had reached 50% [11].

The incidence of complex blast trauma expedited the development of the prin-
ciples of damage control resuscitation (DCR) as an extension of the strategy of 
damage control surgery in the treatment of trauma patients. The DCR principles 
emphasize temporizing early nonsurgical interventions that may reduce morbidity 
and mortality from trauma and hemorrhage. The major principles of DCR include 
hemorrhage control; repletion of blood volume with balanced blood product admin-
istration; the correction of coagulopathy, tissue hypoxia, acidosis, and hypother-
mia; and the restoration of normal physiology [11, 12]. Retrospective evidence 
from civilian and military trauma populations supports the administration of higher 
ratio plasma and platelets to red cells in patients requiring massive transfusion [11]. 
Massive transfusion at a 1:1:1 ratio has been associated with improved survival [13].

Among some of the central recommendations by the US DoD Joint Trauma 
System DCR Clinical Practice Guidelines are blood product with a focus on whole 
blood (e.g., stored whole blood or fresh warm whole blood), balanced ration blood 
product administration (i.e., PRBC, plasma and platelets in a 1:1:1 ratio), and use of 
hemostatic adjuncts such as cryoprecipitate and tranexamic acid. While less of an 
issue in civilian trauma centers with robust blood bank capability, the use of plate-
lets in military forward deployed medical facilities is limited by the logistical con-
straints of their short storage life (5–7 days at 20–24 °C, with need for mechanical 
agitation). Cold-stored platelets can be stored under refrigeration for 3 days with-
out agitation, are approved by the FDA for treatment of hemorrhage, and carry a 
reduced risk of bacterial growth as compared to room temperature-stored platelets. 
Cold- stored platelets in platelet additive solution retain function for 15 days. Low 
Titer Group O Whole Blood (LTOWB), collected either on site or through Armed 
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Forces Blood Program, can be stored refrigerated for 21–35 days [11]. In forward 
deployed environments, “walking blood banks,” on-site collection from prescreened 
donors, have served to mitigate the logistical constraints associated with supplying 
blood components, particularly platelets for hemostatic resuscitation [11].

Additional adjunctive therapies include hypotensive resuscitation (excluding 
casualties with evidence of central nervous system injury) prior to surgical hemo-
stasis whereby the casualty is maintained at a lower-target systolic blood pressure 
(90 mmHg) to minimize intravascular hydrostatic pressure, empiric administration 
of tranexamic acid (antifibrinolytic) within 3  h of injury in patients at high risk 
of hemorrhagic shock, and aggressive treatment of hypothermia through use of 
increased ambient resuscitative/operating suite temperature, warming blankets, and 
warmed fluid administration [11]. Rapid establishment of adequate intravascular 
access is paramount, as casualties may arrive from the field without adequate IV 
access. Intraosseous access can represent a useful adjunct to begin initial resuscita-
tion but is not a substitute for large-bore venous access, which should be established 
either peripherally or preferentially by a large central vein as rapidly as possible by 
an experienced practitioner [14]. In a DCBI setting, femoral veins and surrounding 
anatomy may have been disrupted by the blast mechanism. In the absence of this 
or suspicion of a pelvic fracture, a femoral venous line is acceptable. Most patients 
will arrive from the field in cervical spine precautions, rendering placement of an 
internal jugular venous line difficult to impracticable. In most battlefield Role 2 or 
Role 3 settings, the subclavian approach to large bore central access has proven the 
preferred technique (Fig. 30.2).

The anesthesiologist assumes a critical role in the DCR continuum, serving as an 
expert in vascular access, shock physiology including hemorrhagic and reperfusion 
states, and the execution of DCR principles. This role is particularly important dur-
ing the operative phase, and strict attention should be paid to hypothermia preven-
tion, maintaining physiologic homeostasis, and anticipating pitfalls associated with 
complex blast pathophysiology.

Fig. 30.2 Dismounted 
complex blast injury 
traumatic extremity 
amputation
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 Airway Management

Airway compromise has been estimated to represent the third leading major cause 
of potentially survivable death on the battlefield emphasizing the need for anesthe-
siologists and other practitioners of airway management to establish and maintain 
effective emergency airway stabilization practices [15–17]. Trauma airway manage-
ment complicated by blast injury may pose formidable challenges to the anesthesi-
ologist due to the potential for tissue destruction, anatomic distortion, and thermal 
injury produced by blast energy and secondary fragmentation from exposure to 
IEDs, mines, rocket-propelled grenades, or other types of explosives. Penetrating 
neck trauma and tissue disruption caused by blast injury can cause immediate life-
threatening airway issues and devastating maxillofacial injuries which can further 
compound difficulty in management of these emergent airways [15]. A characteris-
tic of blast trauma is that of high-velocity penetrating and blunt injury that produces 
massive tissue avulsion [15].

Modern combat body armor reinforced with ceramic plates has proven extremely 
effective at limiting penetrating injury to the torso, but current design leaves the 
extremities, face, and neck vulnerable to injury, resulting in a relatively high propor-
tion of neck and facial injuries among combat casualties [4, 18]. The head, neck, 
and face, despite a relatively small percentage of total body surface area, have 
comprised a disproportionately high percentage of combat injuries in the Iraq and 
Afghanistan conflicts [5, 19]. A study by Brennan et al. on traumatic airway injury 
in Operation Iraqi Freedom (OIF) documents penetrating face and neck injuries 
rates at 46% and 31%, respectively, with blast mechanisms accounting for a com-
bined 62% of those [19].

High-velocity blunt force and fragmentation injuries by blast mechanisms may 
present formidable challenges in airway management due to some of the follow-
ing factors: potential for penetrating vascular injury to produce rapidly progressive 
edema, the degree to which even a relatively small degree of anatomic distortion 
may render normal anatomic landmarks significantly less recognizable, disruption 
of anatomically supportive bone and cartilage, and the presence of blood, secretions, 
or loose tissue in the upper airway potentially confounding traditional approaches 
to securing the airway [19]. The team confronted with such injuries must approach 
airway management, taking into consideration multiple factors, and formulate an 
effective management strategy in a very condensed period of time. The nature of 
blast injury is to create a high potential for associated upper airway injury with the 
expectation that tracheal intubation may prove difficult in a patient with oral-maxil-
lofacial and/or neck injuries due to potential for obscured view of the vocal cords on 
direct laryngoscopy; the obscuring effect of blood, secretions, or tissue and/or bone 
fragments in the oral, pharyngeal, or laryngeal cavities; diminished neck mobility 
due to the possibility of cervical spine injury; potential for patient combativeness; 
and aspiration risk [20].

The airway must be evaluated as much as possible under the circumstances and 
time constraints. At a minimum, the LEMON assessment should be employed to 
the degree possible, whereby the practitioner evaluates external anatomic anomalies 
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either preexisting or produced by injury and evaluates for thyromental distance, 
mouth opening, Mallampati score, and neck mobility [20]. Other valuable infor-
mation obtained on exam consists of evaluating injury relative to anatomic zone. 
Zone 1 comprises the region from the clavicles to the cricoid cartilage, zone 2 from 
the cricoid to the angle of the mandible, and zone 3 from the angle of the man-
dible to the skull base. Zone analysis may help to predict potential injuries and 
help shape choice of approach with respect to airway management solutions [21]. 
Barak offers several scenarios associated with OMFS trauma that may adversely 
affect the airway: (1) posterior displacement of a fractured maxilla (nasopharyngeal 
obstruction); (2) bilateral fracture of the anterior mandible (posterior displacement 
of the tongue); (3) fractured or exfoliated teeth, bone fragments, vomitus, blood, 
secretions, or foreign bodies; (4) hemorrhage from distinct vessels or severe nasal 
bleeding; (5) soft tissue swelling and edema (delayed airway compromise); and (6) 
trauma to larynx and trachea, producing swelling and displacement of structures 
such as arytenoids, epiglottis, and vocal cords [20]. Assessment of the airway in the 
presence of these injuries and under conditions frequently encountered in battlefield 
hospitals may prove extremely challenging to even the experienced practitioner. A 
frequently offered, effective initial approach is the simple confirmation of phona-
tion and verbalization during the primary trauma survey, with an intelligible and 
appropriate response indicating sufficient respiratory effort to generate voice and 
adequate cerebral perfusion consistent with a Glasgow Coma Scale score greater 
than 8 [19]. If the patient is conscious, then the administration of sedatives should 
be administered judiciously, if not altogether avoided, given the possibility of 
adverse effects upon spontaneous ventilation and airway patency [20]. If the patient 
is spontaneously breathing, then supplemental oxygen should be administered in 
order to optimize oxygenation and maximize “safe” apneic time [22]. In the absence 
of spontaneous ventilation, then all opportunities to deliver supplemental oxygen 
and prevent hypoxia should be pursued. These modalities may include supplemen-
tal oxygen through high-flow nasal cannula (apneic hyperoxygenation) [23], face 
mask, laryngeal mask airway, or jet insufflation [22]. If the patient is hypoxic, and 
preoxygenation is not possible, then ventilation should be pursued by the manage-
ment team using what capabilities and equipment are at their disposal [20].

The choice of technique for definitive control of the airway will depend on a 
host of factors, taking into consideration the above elements together with the expe-
rience of the practitioner(s) and supporting personnel, conditions, and available 
equipment. While endotracheal intubation is a routine undertaking for anesthesiolo-
gists, this procedure should be approached with caution in the case of airway injury 
in the blast victim. Airway management in patients with maxillofacial trauma is 
complicated by injuries to routes of conventional intubation. Airway obstruction 
from hemorrhage, tissue prolapse, or edema may require emergent intervention to 
secure the airway [15]. Projectiles from secondary blast effect can transfix tissue 
and restrict mouth opening. Patients may also present with neck lacerations and 
open wounds to the airway [21]. Additionally, blast injuries carry a significant risk 
of burn injury to the airway. Recent combat experience has demonstrated a dis-
proportionate distribution of burn injury toward anatomic regions unprotected by 
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body armor, with burns accounting for 10% of combat-related injuries to the head 
and neck region and facial involvement present in 77% of all combat-related burn 
admissions [24].

One potentially devastating pitfall is the failure to recognize that an intact 
laryngeal inlet does not necessarily equate to an intact airway below the level of 
the vocal cords. Placement of an endotracheal tube by direct laryngoscopy could, 
in this instance, lead to advancement of the tip through the defect and creation of 
a false passage, producing obstruction, worsening of the tear, or pneumomedias-
tinum [21]. The approach carrying possibly the least risk in these cases is that of 
instrumenting the trachea under direct visualization (i.e., bronchoscope confir-
mation) either with an awake patient or with spontaneous ventilation preserved 
after the induction of anesthesia [25]. However, while this approach carries with 
it many advantages, its practicability in the field hospital setting may be limited 
by its requirements for a cooperative patient, sufficient skill level of the opera-
tor, and availability of proper equipment. The confounding presence of blood, 
foreign bodies, or tissue fragments in the airway may also limit the utility of this 
method [21]. If conditions do not allow preservation of spontaneous ventilation 
and awake fiber-optic bronchoscopy, or if it becomes necessary to induce anesthe-
sia and administer neuromuscular blockade prior to securing of the airway, then 
a suggested approach may consist of a rapid sequence induction together with 
a bronchoscope-assisted direct or video laryngoscopy approach [21]. With this 
technique, a tracheal tube is placed above the vocal cords under direct visualiza-
tion followed by passage of a bronchoscope through the tube and into the trachea 
[25]. This allows for visual confirmation of the absence of a subglottic tear prior 
to delivery of the endotracheal tube into the airway. The video laryngoscope may 
also offer advantages in situations where neck mobility is limited due to concern 
for cervical spine injury or in patients with soft tissue swelling at the base of the 
tongue or where disruption of normal anatomy precludes identification of the epi-
glottis [20]. In the case of an actively bleeding upper airway, where visualization 
of the airway becomes difficult to impossible, time spent readying equipment, 
medications, and communication of the airway plan must simultaneously be used 
to apply supplemental oxygen and/or suction to the patient and optimizing condi-
tions for instrumentation of the airway. If conscious, the patient may be placed in 
a position of comfort (use of gravity to divert blood and/or secretions away from 
the airway) with application of continuous suction (potentially self-administered 
in an awake and lucid patient) prior to the induction of anesthesia and ablation of 
respiratory drive.

The surgical airway is considered the option of last resort in airway manage-
ment. However, in the patient with severe facial trauma, it may sometimes represent 
the best solution. If available, a qualified surgeon should be at the bedside during 
conventional airway management in blast victims. Performing a cricothyroidotomy 
or tracheotomy under local anesthesia can be a lifesaving procedure in patients 
falling under the “cannot intubate, cannot ventilate” branch of the difficult airway 
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algorithm [20]. In general, airway injury from blast mechanisms can increase the 
complexity of management exponentially by the multitude of factors that have been 
addressed above. Multiple modalities and techniques exist with which to approach 
such management dilemmas.

Consideration of the following pitfalls in patients with penetrating airway inju-
ries from a blast mechanism may assist the practitioner in the formulation of man-
agement strategies:

 1. Ventilation: Use of positive pressure ventilation may risk exacerbating tissue 
plane disruption and produce tissue emphysema. Spontaneous ventilation should 
be preserved if possible, and supraglottic airways should be avoided in injuries 
distal to the vocal cords [20].

 2. Intubation: Blind placement of an endotracheal tube runs the risk of the tube 
tip passing into a traumatic defect with placement outside the lumen of the 
airway. This is avoided by a fiber-optic, direct visual confirmation technique 
or a surgical airway [21]. Endotracheal intubation should be approached cau-
tiously with avoidance of conventional oral intubation when the injury is dis-
tal to the vocal cords. Likewise, blind nasal intubation should also be avoided. 
Conventional fiber-optic intubation will likely prove difficult if not impossi-
ble when there is bleeding into the airway. Surgical airways are potentially 
very difficult in the presence of subcutaneous emphysema or an expanding 
hematoma [21].

 3. Muscle relaxants in near or complete airway transection may ablate intrinsic 
muscle tone necessary to maintain airway integrity [20].

 4. Burn injury to the airway may necessitate definitive airway management in 
the setting of blast injury. In combat blast injuries, thermal tissue damage may 
be disproportionately distributed to anatomic areas not protected by body 
armor. Johnson et al. reported in 2015 on analysis of the US Army Institute of 
Surgical Research Burn database. Inhalation injury was frequently seen 
(61%), and of all the military burn injuries contained in the database, 67.1% 
involved the face [24].

 Blast-Related Lung Injury/ARDS

Blast-related lung injury may be the result of all phases of a blast mechanism from 
primary to quaternary [26]. Primary blast lung injury (PBLI) is defined as “radio-
logical and clinical evidence of acute lung injury occurring within 12 h of blast 
wave exposure and not due to secondary or tertiary injury.” The pathophysiology 
of PBLI is generally understood as follows: an initial autonomic response, fol-
lowed by hemorrhage and parenchymal injury, then followed by an inflammatory 
phase [27]. The initial blast wave produces immediate tissue injury, character-
ized by rupture of alveolar capillaries and subsequent intrapulmonary hemorrhage 
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and edema, analogous to pulmonary contusion from blunt chest trauma [28]. 
Furthermore, the presence of blood and free hemoglobin in the alveolar spaces is 
thought to lead to the formation of free radicals, edema, and an early inflamma-
tory response with leukocyte accumulation and subsequent epithelial cell damage 
at 12–24 h, endothelial cell damage at 24–56 h, and edema formation typical of 
adult respiratory distress syndrome [28]. Other blast-related pulmonary sequelae 
may include pneumothorax and/or hemothorax, which may occur due to shearing 
forces of the detonation wave damaging peripheral alveoli (pneumothorax) and/or 
pulmonary vessels (hemothorax) [28]. Blast lung injury may also occur through 
secondary, tertiary, or quaternary mechanisms from injuries such as thoracic frac-
tures (ribs, clavicles, scapulae, vertebrae), pulmonary contusions, pulmonary lac-
erations, crush injuries, and asphyxiation. Additionally, blast-related lung injury 
may be associated with factors less related to the mechanism of injury but rather 
with iatrogenic factors such as over-resuscitation and injurious mechanical ven-
tilation [26].

Primary blast lung injury has been encountered globally as a result of mili-
tary conflict, terrorist attacks, and industrial accidents, and identifying patients 
with PBLI can be challenging as they present with a mixed pattern of injury 
[27, 28]. Estimates of battlefield incidence of PBLI have been placed by one 
study between 6% and 11% of military casualties from the Afghanistan conflict 
who survived to reach a field hospital [27]. As is the case with primary blast 
injury, the incidence and severity of PBLI increase significantly with increasing 
proximity to the detonation. When injuries are sustained in an enclosed space, 
an enhancement and additive effect of blast waves is seen to occur when deto-
nation overpressure reflects off surfaces such as walls or within vehicles, thus 
producing a significantly greater positive pressure phase (up to 20×) and thus 
increasing injury [27]. Upon receiving casualties from a blast event, elicitation 
of a history of distance from detonation epicenter or history of exposure within a 
confined space may be helpful in generating clinical suspicion. However, in prac-
tice, this information is often, in the immediate casualty receiving phase, difficult 
to obtain. Casualties with clinically significant PBLI will most likely manifest 
symptoms by the time of their arrival at a medical facility. Mild injury may not 
become apparent for several hours as the inflammatory response progresses [27]. 
Spontaneously breathing casualties will exhibit shortness of breath, possibly 
impaired gas exchange, and perhaps hemoptysis. Tachycardia, tachypnea, and 
cyanosis suggest increasing severity of injury. Hypoxia, if present, may not be 
evident initially but may develop over the first few hours in the post injury period 
[28]. Classic radiographic appearance of PBLI demonstrates interstitial and 
alveolar filling defects and air bronchograms in a perihilar “butterfly” infiltrate 
pattern, the result of pulmonary barotrauma [27, 29]. PBLI may not, however, 
always manifest radiographically in a “classical” appearance, with the picture 
complicated by lung contusion (tertiary blast injury) and penetrating fragments 
(secondary blast injury) [27].

Patients with multiple injuries are known to develop lung injury, and it is estimated 
that some degree of ARDS occurs in between 26% and 33% of combat casualties 
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[30]. Patients with severe blast injury will likely develop ARDS (Fig. 30.3) [27]. 
The management goals of patients with severe PBLI who manifest an ARDS picture 
should seek to balance the support of gas exchange without causing further injury 
to the patient’s lungs [30]. Once ARDS has been established, the patient should be 

NO ARDS

Possible ARDS
-Acute onset in at-risk patient?
-Diffuse infiltrates?
-PaO2:FiO2≤300 mmHg?

Exam, Bronchoscopy +/- TTE +/- CVP
-CHF/pulmonary edema?
-Multi-lobar pneumonia?
-Acute eosinophilic pneumonia?
-Acute interstitial pneumonitis?
-BOOP?
-Diffuse alveolar hemorrhage?

NO

YES

P:F 201-300
-Mild ARDS

P:F 101-200
-Moderate ARDS

P:F ≤ 100
-Severe ARDS

General Management
-Minimize IVF/diurese
-Convert IV meds to enteral
-Minimize unnecessary transfusion
-Ensuren optimal nutrition

Ventilator Management

- Measure patient height
- Calculate Predicated Body Weight (PBW)
- Adjust TV to 6-8 mL/kg PBW and dial down to 6 mL/kg
- Use the PEEP/FiO2 table targeting SpO2≥88%

- PPI/H2 blocker
- DVT prophylaxis
- Early mobilization

Ventilator dyssynchrony?

- Increase air flow rate (>100 mL/min)
- Consider chemical paralysis
(cisatricurium preferred)

Severe respiratory acidosis (pH<7.15)?

- Increase RR to 35 (watch for auto PEEP)
- THAM or Bicarb gtt
- Consider CRRT
- ACCET consult/activation

Progressive hypoxemia?

- Diurese aggressively
- Increase PEEP to 14 and FiO2 to 0.7
- ACCET consult/activation

PPLAT ≥ 30 cm H2O? 

- Lower TV to 4 mL/kg
- Prone positioning
- ACCET consult/activation

Fig. 30.3 ARDS diagnosis and treatment of acute respiratory failure CPG
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placed on lung-protective ventilation settings according to the ARDSnet ventila-
tor management protocol [30]. In patients with blast-related ARDS, by whatever 
mechanism, ventilation goals include:

 1. Maintaining peak plateau pressures (Pplat) at or below 30 cm H2O or peak inspi-
ratory pressures (PIP) at or below 35 cm H2O (where Pplat cannot be measured) 
in order to limit barotrauma [30].

 2. Tidal volumes (VT) between 6 and 8 mL/kg of predicted body to minimize volu-
trauma and to maintain moderate to high peak end expiratory pressure (PEEP) to 
the ventilatory circuit to minimize atelectrauma [30].

 3. Oxygenation and ventilation goals should include maintaining an SpO2 ≥88–
95% and a pH ≥7.3 (in traumatic brain injury, where ICP is of concern, this pH 
goal should be met with the PaCO2 maintained at 35–40 mm Hg) [30].

Blast-related lung injury may also be caused or exacerbated by overly aggressive 
resuscitative strategies or injurious mechanical ventilation [26]. In the case of multi- 
trauma victims, resuscitative goals may at times conflict with lung-protective goals. 
Blood product administration can carry a risk of producing or exacerbating respira-
tory failure [30]. In a review by Park et al. of the Joint Theater Trauma Registry, 
moderate numbers of red blood cell (RBC) transfusions (2–14 units) increased the 
risk of ARDS [31]. Furthermore, increased plasma transfusion and increased crystal-
loid volume administered were independently associated with the development of 
ARDS [31]. Therefore, it is necessary for anesthesia practitioners engaged in the 
treatment of multi-injury blast victims to balance the benefits of DCR against the 
risk of ARDS. If hemorrhage is ongoing and blood volume replacement is required, 
blood products should not be withheld [30]. Conversely, in a patient in whom hemo-
stasis has been achieved, and asymptomatic anemia or a mildly elevated International 
Normalized Ratio (INR) with normal viscoelastic studies (TEG/ROTEM), the risk of 
additional blood product may exceed any benefit. Ventilation strategies should reflect 
a balance for the need to maintain adequate oxygenation and CO2 elimination and 
the limiting of barotrauma- and ventilator-associated lung injury in patients whose 
exposure to blast injury may render them susceptible to the development of ARDS.

 Burn Injuries

During the recent conflicts in Iraq and Afghanistan, as referenced above, explosions 
have constituted the primary mechanism of injury, as high as 74% in one review [7]. 
Moreover, explosions were the leading cause of injury in burned combat casual-
ties admitted to Brooke Army Medical Center (US Army burn center) during these 
conflicts (Fig. 30.4) [3]. Anesthetic challenges in burn patients can include airway 
management, alteration of drug pharmacokinetics, hypermetabolism, pain manage-
ment issues, temperature control, and substantial blood loss [32]. Major burns cause 
large-scale tissue destruction and result in activation of a cytokine-mediated inflam-
matory response that produces dramatic pathophysiologic sequelae at sites local and 
distant from the burn. Systemic effects occur in two distinct phases, a burn shock 
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phase followed by a hypermetabolic phase [33]. Initial management recommenda-
tions of burn casualties at point of injury by Joint Trauma System Burn Care CPG 
include interrupting the burning process, addressing any life-threatening hemor-
rhage, airway compromise, or tension pneumothorax per tactical combat casualty 
care (TCCC) guidelines [34]. Primary and secondary surveys should be performed 
as for any trauma patient with identified injuries addressed as per standard trauma 
protocols. The tendency toward distraction by the appearance of burned tissues exists 
and should be avoided [34]. All burn patients should receive 100% supplemental 
oxygen (O2) through a non-rebreathing mask on presentation [32]. As per primary 
trauma survey, a determination must be made as to the viability of the airway. Initial 
compromise of the airway in the burn patient is usually due to a low Glasgow Coma 
Score (GCS) and not the burn [32]. However, direct heat injury to the upper air-
way can produce marked edema of the face, tongue, epiglottis, and glottic opening 
resulting in airway obstruction [33]. Early tracheal intubation should be considered 
where any of the following findings are present: stridor, hypoxemia or hypercapnia, 
a GCS of 8 or less, deep facial burns, full-thickness neck burns, and oropharyngeal 
edema or over 40% TBSA [32, 34]. Use of a large endotracheal tube (ETT), prefer-
ably size 8, is recommended if inhalation injury is suspected as the larger diameter 
will facilitate subsequent bronchoscopy and pulmonary toilet and reduce the risk 
of later airway occlusion by blood, mucus, or debris [34]. Succinylcholine may be 
safely used in the first 24 h after a burn. Following this, it is contraindicated due 
to the risk of hyperkalemia leading to cardiac arrest. The ETT should be secured 
with cotton umbilical ties that can be adjusted as edema develops over the course 
of resuscitation [34]. For a patient in whom a long-range transport is necessary, 
consideration should be given to securing the ETT to a premolar tooth, particularly 
in patients with extensive facial burns [34].

Fig. 30.4 Iraqi 
noncombatant burn injury 
victim
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Quantifying the magnitude of burn injury is established according to TBSA 
involved, depth of the burn, and the presence or absence of inhalational injury 
[33]. TBSA burned in adults can be estimated using the “rule of nines.” The Lund–
Browder chart more precisely accounts for the changing body surface area relation-
ships with age [33]. Superficial burns should not be factored into the overall TBSA 
calculation. Two large-bore IV catheters should be established through unburnt skin 
if possible and baseline laboratory studies sent. Establishing central access may 
be necessary [32]. Patients with greater than 20% TBSA will likely require fluid 
resuscitation for the next 24–48 h [34]. There are varying approaches to fluid resus-
citation, with the Parkland formula having common use in the United States. For 
patients greater than 40 kg, the JTS Burn Care CPG recommends use, if available, of 
a burn resuscitation decision support fluid calculator. In the absence of this system, 
the JTS CPG advocates use of the “Rule of 10’s” (Rule of Tens) for initial resuscita-
tion with hourly measurement of urine output as a measure of resuscitation:

• 10 ml/h of isotonic fluid (lactated Ringer’s or PlasmaLyte) × % TBSA if patient 
weight is 40–80 kg.

• Add 100 ml/h for every 10 kg >80 kg.

Though guidelines recommend reevaluation of resuscitation efforts at 8–12 h, 
the anesthesiologist should be conducting hourly assessments utilizing hemody-
namic parameters and urine output to monitor for potential over-resuscitation [34]. 
It is also crucial to recall that combat casualties with burns may often present with 
multisystem injury and that these associated injuries may increase fluid needs above 
and beyond standard burn resuscitation formulas [34]. Regardless which approach 
is employed, it should serve only as a guideline, and fluid resuscitation is titrated to 
physiologic endpoints [33].

Placement of an indwelling urinary catheter is mandatory, and resuscitation is 
titrated to maintain urinary output of 30–50 ml/h for patients >40 kg or 0.5–1.0 ml/
kg/h [34]. Ventilatory management should follow the ARDS Network trial findings 
in burn patients with acute lung injury, with the administration of tidal volumes 
of less than or equal to 6 ml/kg ideal body weight and plateau airway pressures 
less than 30 cm H2O in adults being recommended. The hypermetabolic state and 
increased carbon dioxide production of burn injury may dictate higher-than-normal 
ventilation rates [33].

Burns increase insensible heat loss. Burn casualties with injuries >20% TBSA 
are at high risk of hypothermia [34]. Additionally, patients with large burns reset 
their baseline temperature to 38.5 C. Thus, a patient with a core temperature of 37 
C is relatively hypothermic [32]. Iatrogenic factors such as fluid resuscitation and 
exposure for surgical procedures can worsen hypothermia. Hypothermia preven-
tion measures include active warming of the ambient temperature, warmed ventila-
tion circuits, warming blankets, and warmed fluids. Of additional importance is the 
need to minimize the increase in basal metabolic rate caused by heat and evapora-
tive water loss [32]. If possible, measure bladder pressures every 4 h in intubated 
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patients with >20% TBSA burns. Persistent bladder pressures >20 mmHg may indi-
cate abdominal compartment syndrome [34]. After approximately 24–72 h success-
ful resuscitation is characterized by stabilizing hemodynamics and reduction of IV 
fluid rate to a maintenance level. Acid–base abnormalities should have normalized, 
hematocrit should reveal a dilutional anemia, and pulses should be present in all 
extremities [34].

A summary of the goals of anesthetic care for the burn patient as a result of blast 
injury includes the concepts of identifying and addressing life-threatening injuries 
as may be present; early securing of the airway in selected patients; establishment of 
adequate intravascular access; volume resuscitation based on extent of burn injury; 
fluid resuscitation formulas as guidelines and titration to physiologic endpoints; 
appropriate ventilatory management in burn patients with acute lung injury, blast-
related, inhalational, or otherwise; and aggressive treatment of hypothermia.

 Conclusion

Anesthetic management of blast injury presents one of the most formidable chal-
lenges that may confront the practitioner of anesthesia. Among the major challenges 
to be addressed are management of hypovolemic shock, prevention of tissue hypox-
emia and acidemia, and mitigation of coagulopathy during resuscitation. In addition, 
the anesthesiologist will have significant roles in managing complex blast-induced 
airway injury and ventilator issues associated with blast-related lung injury and 
concomitant burns. Injury to the lower airway and lung parenchyma is part of the 
constellation of blast injury pattern and, combined with aggressive blood product 
administration, makes the development of ARDS in blast casualties highly likely.

Pitfalls
• Hemostatic resuscitation

 – Equation of a normal blood pressure with normovolemia
 – Failure to aggressively mitigate and reverse hypothermia
 – Failure to administer timely antifibrinolytic therapy
 – Failure to administer blood products in balanced proportion

• Airway management
 – Failure to adequately plan and train for potential anatomic disruption in 

blast injury emergent airway management
 – Failure to implement a focused airway management strategy emphasiz-

ing familiarity with and employment of a limited number of airway 
adjuncts versus reliance on a wider array of airway management imple-
ments with reduced familiarity

 – Failure to recognize need for surgical airway
 – Failure of early airway establishment in setting of blast thermal injury
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 Introduction

Significant progress has been made in the management of severe vascular injury 
since Ambroise Pare’s description of ligating the right carotid artery and jugular 
vein of a soldier who had suffered a bayonet injury [1, 2]. Despite advances in 
surgical techniques including experimentation with shunting, ligation remained the 
primary means for treating combat vascular injuries up until the mid-twentieth cen-
tury [3–5]. Ligation was often performed out of necessity due to prolonged isch-
emic times and limitations with the surgical technology and experience at the time. 
Sentinel work from prominent military surgeons and improved surgical equipment 
helped drastically change the management paradigm for complex vascular injury 
from ligation and amputation to primary repair and limb salvage [6–11].

Severe explosive injury with a blast component was once thought to be almost 
exclusive to the combat setting. Unfortunately, more recent events in the civilian 
environment have underscored the importance of nonmilitary providers also need-
ing to be familiar with the care of these types of casualties. For instance, inadequate 
training and lack of supplies prior to the Boston Marathon bombing led to the poor 
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experience with ineffective improvised tourniquets used during the event [12]. 
Moving forward, ongoing collaborative knowledge sharing between military and 
civilian trauma and trauma systems communities will be essential to improving the 
management of major vascular injury from explosive mechanisms. Given the inher-
ent life- and limb-threating nature of major vascular injury, it is vital that providers 
apply a rapid and systematic approach to these injuries. The following is a descrip-
tion of the epidemiology, diagnosis, and advanced management of vascular injury 
as a result of blast/mass casualty incidents. A brief review of point of injury and 
immediate emergency care is provided to create a common understanding across the 
spectrum of care for vascular injuries.

 Epidemiology

With the increase in global terrorism, there has been a commensurate rise in the 
number of blast incidents and complex blast injuries in both the military and civil-
ian populations. In the United States Department of State 2016 Country Report on 
Terrorism, there were 11,072 acts of terrorism worldwide with 33,814 casualties 
and 25,621 deaths. Fifty-four percent of these terrorist incidents were related to 
bombings or explosives [13]. The morbidity and mortality from blast-related inci-
dents vary significantly from year to year though vascular injury burden remains a 
significant challenge [14].

The Boston Marathon bombing and the Manchester Arena bombings can be used 
as examples of the type of injury patterns expected from civilian blast incidents. Of 
the 243 patients who were injured in the Boston Marathon bombing, 66 presented 
with at least one extremity injury. Of these patients, 29 had extremity exsanguina-
tion at the scene. There were 10 patients and 12 limbs with major vascular injuries 
identified [12]. In the 2017 Manchester Arena bombing, 7% of the children treated 
at a single pediatric hospital sustained a major vascular injury requiring operative 
intervention [15]. This is in stark contrast to the normal distribution seen at civilian 
trauma centers. In urban trauma centers, peripheral vascular injuries are present in 
less than 5% of admissions, and in rural trauma centers, they occur in 1% [16, 17]. 
This is likely even less in European centers, as ballistic injuries account for only 
0.53% of all recorded trauma injuries in the UK [18].

The most robust data on complex blast injury leading to vascular injury can 
be found from experiences with the wars in Iraq and Afghanistan. Vascular injury 
is significantly more prevalent in these wars than that reported from previous US 
armed conflicts. Upward of 20% of battle injuries during the wars in Afghanistan 
and Iraq, those injuries severe enough to preclude service members from returning 
to combat, are classified as “hemorrhage control not otherwise specified,” implying 
the presence of a major vascular injury [19]. A recent report of data abstracted from 
the US military’s Joint Trauma System from 2002 to 2016 reported that vascular 
surgery comprised 6.5% of surgeries performed for battle injuries [20]. Previous 
military data on the current conflicts stated that approximately 65% of major vas-
cular injury is secondary to an explosive mechanism with or without a penetrating 
component (i.e., secondary versus primary blast injury) [21].
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The distribution of vascular injuries has also differed from that of previously 
reported experiences from armed conflict. Based on data from Afghanistan and 
Iraq, 70–80% of vascular injuries occurred in extremities, 10–15% in the cervical 
region, and 5–10% in the torso [22]. In a large single institution series from Walter 
Reed, vascular injuries of the upper extremities constituted 39% of injuries, 51% 
were in the lower extremities, 7% were in the neck, and 3% were in the pelvis. 
Approximately 37% of service members with major vascular injury had associated 
fractures [21]. This may not be reflective of the distribution of injury that would be 
seen in civilian blast injury casualties as most of the military casualties were wear-
ing personal protective equipment.

 Blast Injury Classification and Kinematics of Vascular Injury

The Department of Defense separates blast injury into five categories: primary, sec-
ondary, tertiary, quaternary, and quinary (described in Chap. 4). Major vascular injury 
in the setting of blast is most often of a penetrating mechanism from secondary blast 
injury. This is because debris and added fragments travel over a much greater distance 
than does the shock wave from the primary blast [23]. Penetrating mechanisms are 
generally classified as low velocity (<2500 ft/s) or high velocity (>2500 ft/s). Fragment 
injury from blast is typically low velocity; however, it can be high velocity depending 
on the explosive, projectile, and proximity to the blast. Significant trauma to a blood 
vessel from these projectiles or from associated blunt injury does not always result in 
hemorrhage. Primary, secondary, and tertiary blast effects can also produce intimal 
damage from acute deformation/angulation, thrombosis, or spasm. Thrombus may 
enlarge or propagate, while dissected intima can occlude distal blood flow. Displaced 
bone from a fracture or dislocation can also interrupt distal blood flow by tearing the 
vessel or via external compression [1]. As one can ascertain from their description, 
not all of these injury patterns are as obvious as external exsanguination from a bleed-
ing vessel (i.e., hard signs of vascular injury), and many are subtler (i.e., soft signs of 
vascular injury) and require clinical diligence to detect.

 Prehospital Considerations

Appropriate prehospital care is one of the most important factors impacting patient 
survival in the setting of major vascular injury. This fact coupled with the unique 
challenges presented by blast incidents and mass casualty events requires a sys-
tematic approach by emergency medical services caring for blast casualties. The 
operational and prehospital management of explosive incidents is discussed in other 
sections of this book; however, as related to the management of vascular injuries, a 
focus on rapid hemorrhage control, expeditious patient transport, and appropriate 
prehospital resuscitation can lead to improved patient outcomes. Initiatives from 
both the Department of Defense (i.e., Tactical Combat Casualty Care [TCCC]) and 
civilian trauma consensus (i.e., Tactical Emergency Casualty Care [TECC]) stress 
the importance of establishing scene safety and early hemorrhage control [24, 25].
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Tourniquet use for exsanguinating hemorrhage has been debated as far back as 
the middle ages [26]. The dismissive opinion of tourniquets from World War II and 
Vietnam was the result of improper placement, which led to increased morbidity 
and mortality. This so-called “venous” tourniquet, causing ineffective arterial hemor-
rhage control and compartment syndrome, was largely due to the design of the stan-
dard issue World War II era tourniquet. However, purpose-designed tourniquet use 
during modern conflict has produced startlingly different results. The expanded use 
of tourniquets during the most recent military campaigns may, in part, be responsible 
for the increase in the incidence of major vascular injury presenting to a surgically 
capable combat treatment team as compared to previous US conflicts [27]. Relatedly, 
mortality from extremity hemorrhage has decreased from 9% in Vietnam to 2% dur-
ing the recent wars [28]. This is most likely due to the widespread use and proper 
training on the use of tourniquets. In a review of two retrospective studies from a sin-
gle military treatment facility in Iraq, 483 patients had indications for a tourniquet. 
Overall, survival was 87%, whereas mortality was 100% in the 10 patients without 
tourniquet application despite meeting the indications [28, 29].

Much has been made of the potential complications of tourniquet use, which 
include nerve palsy, limb ischemia, worsening hemorrhage, and compartment syn-
drome. In the previously mentioned review, one of the largest specifically reviewing 
the use of tourniquets in combat, morbidity from tourniquet use included nerve 
palsy and major limb shortening, which occurred in 1.5% and 0.4% of patients, 
respectively [28]. Data from the military trauma registry demonstrated that patients 
who had a tourniquet on for less than 2 hours had a fasciotomy rate of 28%, while 
those patients with a tourniquet in place for more than 2 hours had a fasciotomy 
rate of 36%. In the face of historical concern, there were no documented cases of 
amputation due to the implementation of a tourniquet [30].

Addressing major, non-extremity vascular injury in the field has proven extremely 
challenging. No published data documents a decrease in hemorrhage when a bleed-
ing extremity is elevated, and such manipulation may result in the conversion of a 
closed fracture to an open one [1]. Novel approaches for field hemostasis including 
topical hemostatic agents, like kaolin clay-impregnated Combat Gauze, should be 
considered for significant external hemorrhage from locations not amenable to the 
placement of a tourniquet (i.e., the neck, torso, axilla, or groin) and in large wounds 
that would benefit from packing [24]. Placement of pelvic binders may be helpful in 
patients with evidence of hemorrhagic shock and suspicion of pelvic fracture (though 
this is difficult to diagnose in the prehospital setting). Novel and investigational 
approaches to prehospital temporary hemostasis for junctional and torso hemorrhage 
control devices include devices such as the resuscitative endovascular balloon occlu-
sion of the aorta (REBOA) catheter, injection of intracavitary self- expanding foam, 
and application of the Abdominal Aortic Junctional Tourniquet (AAJT) [31].

 Initial Assessment and Diagnosis

Initial assessment of the trauma patient should follow the standard sequence as pre-
scribed by ATLS [32]. Increasingly, a patient with extremity trauma may present 
with a tourniquet placed in the prehospital setting. Adequacy of hemorrhage control 
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should be quickly verified in the trauma bay/emergency department. Circulation 
should be efficiently assessed by the palpation of central and distal pulses. ATLS 
teaches that particular pulses correspond with a minimum systolic blood pressure: 
carotid (60–70 mm Hg), femoral (70–80 mm Hg), radial (90–100 mm Hg), and 
pedal (>100  mm Hg) [32]. While the accuracy of this teaching has been called 
into question, the general principle that radial, femoral, and then carotid pulses are 
lost sequentially and are evidence of profound hypotension is accurate [33]. It is 
important to note that resuscitation and rewarming may improve the pulse exam in 
the limb without a vascular injury but will have no effect in the limb with a vascular 
injury [1].

Unstable patients with evidence of hemorrhagic shock should proceed to what-
ever setting will provide definitive hemorrhage control as quickly as possible, which 
is most often the operating room. One of the most important goals of the circulation 
portion of the primary survey is to determine into which body cavity the patient is 
bleeding. This will determine the appropriate surgical incision or alternative therapy 
(i.e., angioembolization in the setting of pelvic fracture). This is essential for vic-
tims of explosive incidents who may have life-threatening hemorrhage in multiple 
body cavities.

As soon as possible, a history should be obtained from prehospital providers with 
information including the time of injury, proximity to the blast, the state in which 
the patient was found (i.e., found under or adjacent to significant rubble indicative 
of blunt trauma), and the amount of blood loss at the scene and during transport. 
History of claudication in the lower extremities or other cardiovascular comorbidi-
ties should be sought as well [1].

Initial physical examination should focus on the “hard signs” of vascular injury. 
These include pulsatile bleeding, expanding hematoma, palpable thrill, audible 
bruit, and occlusion (pulseless, pallor, paresthesia, pain, paralysis, and poikilo-
thermy) [1]. Traditionally, hard signs of vascular injury are an indication to proceed 
with immediate operative exploration [34]. The US military Joint Trauma System 
(JTS) clinical practice guidelines also recommend expedited operative exploration 
for patients with hard signs of vascular injury [27].

The next step in the evaluation for vascular injury should be an exploration for 
“soft signs” of vascular injury. These “soft signs” of vascular injury include his-
tory of significant hemorrhage, injury proximity to major vessels (fracture pattern, 
dislocation, penetrating wound or blast injury), bruising or hematoma, or question 
regarding the presence or absence of a palpable pulse. The presence of any of these 
“soft signs” of vascular injury should prompt the performance of either an ankle- 
brachial index (ABI) or, more efficiently, an injured extremity index (IEI) [27]. 
The IEI is similar to the ABI and is calculated using a manual blood pressure cuff 
and a continuous wave Doppler. The first step is to determine the pressure at which 
the arterial Doppler signal returns in the injured extremity as the cuff is deflated; 
this is the numerator in the equation. Next, the cuff and Doppler are moved to the 
uninjured extremity, ideally an uninjured upper extremity, and again the pressure at 
which the arterial Doppler signal returns as the cuff is deflated is recorded as the 
denominator in the ratio [27]. It is important to note that the arterial pressure index/
injured extremity index may not be useful in patients with preexisting advanced 
diabetes.
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Beyond the index itself, the pressure should be within 20 mm Hg of the contra-
lateral extremity, and an absolute pressure below 50–60 indicates limb-threatening 
ischemia [1]. In a preliminary study by Johansen and colleagues, a Doppler arterial 
pressure index (API) (the systolic AP in the injured extremity divided by the AP in 
an uninvolved arm) of less than 0.90 was found to have sensitivity and specificity 
of 95% and 97%, respectively, for major arterial injury. The negative predictive 
value for an API greater than 0.90 was 99% [35]. This initial study suggested that 
noninvasive vascular tests could be a highly sensitive substitute for arteriography 
to exclude vascular injury. These same investigators conducted a follow-up trial in 
which arteriography was performed in extremity of trauma victims only when the 
arterial pressure index was less than 0.9. They found that 16 of 17 limbs with an 
API less than 0.9 had positive findings on arteriography and seven underwent arte-
rial reconstruction. Of the 83 limbs with an API greater than 0.9, follow-up duplex 
found five minor arterial lesions, but no major injuries [35]. A meta-analysis of the 
use of physical exam and arterial pressure index found that the post-test probability 
for major vascular injury with a normal physical exam and a normal arterial pres-
sure index in combination was 0% [36]. Thus, an injured extremity index/arterial 
pressure index greater than 0.9 can reliably exclude major vascular injury and obvi-
ates the need for follow-on vascular imaging in the absence of symptoms.

Patients not meeting criteria for immediate operative exploration, but with posi-
tive “soft signs” of vascular injury, should proceed with some form of vascular 
imaging. In the past, catheter-based arteriography has been the mainstay of vascu-
lar imaging in this scenario. This has largely been replaced by multi-detector CT 
angiography (MDCTA) in both the military and civilian settings. A series of 635 
patients was published from a level I urban trauma center. After appropriate selec-
tion with physical examination and in the absence of significant artifact, MDCTA 
achieved 100% sensitivity and specificity for clinically significant arterial injuries 
[37]. However, it is important to note that high-quality MDCTA is not available or 
nonexistent in certain settings, such as mass casualty incidents or austere combat 
environments. Perhaps more importantly, even if MDCTA is available, fragments 
from blast injury may cause significant artifact limiting the interpretation of such 
imaging. Angiography has its greatest utility in the setting of multiple penetrating 
wounds at various levels of the same extremity. When performed in a resource-
limited environment, arteriography can be done via a cutdown on the femoral artery 
using a 19- to 21-gauge butterfly needle to inject contrast and standard digital x-ray 
to obtain static images. When in doubt, it is always acceptable to proceed with 
operative exploration to rule out major vascular injury [27].

 Clinical Management

 Nonoperative Management

Minimal vascular injuries are asymptomatic and often identified on imaging; these 
include intimal irregularities, small arteriovenous fistulae, focal spasm with mini-
mal narrowing, and small pseudoaneurysms. Approximately 5–15% of these lesions 
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will eventually become symptomatic, and this usually occurs early following injury. 
There is evidence that these asymptomatic lesions can be managed expectantly with 
good outcomes [38]. Operative therapy is required for thrombosis, ischemia, or an 
expanding/unresolved small pseudoaneurysm. Identification of these lesions should 
prompt consultation with a vascular surgeon with a long-term surveillance plan.

 Operative Management

 Resuscitative Thoracotomy/REBOA
At times, patients arriving to the trauma bay with major vascular injury to the torso 
may have such severe physiologic derangement that immediate proximal control 
is necessary. Two such methods for patients in extremis are the resuscitative tho-
racotomy (RT) and the resuscitative endovascular balloon occlusion of the aorta 
(REBOA) catheter. Generally agreed-upon indications for an RT applicable to 
major vascular injury include penetrating thoracic trauma with less than 15 minutes 
of prehospital CPR, penetrating non-thoracic trauma with less than 5 minutes of 
prehospital CPR, blunt trauma with less than 10 minutes of prehospital CPR, and 
patients with persistent severe hypotension (SBP less than 60 mm Hg) due to car-
diac tamponade or hemorrhage from the thorax/abdomen/extremity/neck [39]. The 
military clinical practice guideline recommends the use of emergency thoracotomy 
for patients suffering penetrating trauma and CPR for less than 10  minutes and 
emphasizes the use of clinical judgment for blunt injury with the recognition of 
poor outcomes for this patient population. Perhaps most importantly, in a resource- 
limited environment (e.g., distance, capabilities, or MCI), an RT should only be 
performed if capabilities for follow-on damage control resuscitation and surgery 
exist [40].

REBOA was introduced as an alternative, or adjunct, to an RT for temporary 
aortic control of noncompressible intra-abdominal and retroperitoneal hemorrhage. 
Endovascular balloon occlusion of the aorta was first described by Hughes during 
the Korean War as an alternative method for proximal torso hemorrhage control 
[41]. Since then, several surgeons have used the technique with various devices and 
for different indications.

Building on Hughes’ experience, and taking advantage of a modern revolution 
in endovascular devices, military surgeons today have proposed five specific steps 
for successful deployment of a REBOA catheter: arterial access, balloon selection 
and positioning, balloon inflation, balloon deflation, and sheath removal. The mod-
ern REBOA effort also describes three different anatomic aortic zones for balloon 
placement and inflation: zone I covers the descending thoracic aorta between the 
origin of the left subclavian and the celiac axis, zone II is between the celiac axis 
and the lowest renal artery, and zone III is the infrarenal abdominal aorta between 
the lowest renal artery and the aortic bifurcation [42].

In one of the first published series of the use of the REBOA catheter in trauma 
patients, Brenner et  al. described four of six patients in hemorrhagic shock sur-
viving, two from penetrating mechanisms and two after motor vehicle collisions 
[43]. Subsequent studies have also demonstrated the potential benefit of REBOA. 
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A retrospective review from two level I trauma centers compared the outcomes of 
REBOA to emergency resuscitative thoracotomy for noncompressible truncal hem-
orrhage. The study found that the REBOA group had an improved overall survival 
at 37.5% compared to the thoracotomy group at 9.7% [44].

Factors important to optimal outcomes in the implementation of REBOA are 
rapid arterial access and minimizing the occlusion time [45, 46]. It is important 
to note, though, that REBOA is not intended to address hemorrhage from vessels 
proximal to the origin of the left subclavian artery, cardiac tamponade, or large air 
embolism, and reliably ruling out proximal injuries may be difficult in victims of 
explosive incidents with polytrauma.

The Joint Trauma System recently developed a clinical practice guideline for 
use of REBOA in the deployed military combat setting. The recommended indica-
tions for the REBOA catheter are for patients in extremis secondary to hemorrhagic 
shock or traumatic arrest from blunt mechanisms or from penetrating injuries to the 
abdomen, pelvis, or junctional sites [47]. REBOA is certainly an important tool in 
the armamentarium of trauma surgeons, but its precise role is currently undergoing 
clinical study.

 Damage Control Surgery/Temporary Vascular Shunting
The idea of damage control surgery was first published by Rotondo et al. in 1993, 
formally describing a surgical approach focusing on minimizing operative time with 
rapid surgical hemostasis and control of contamination, followed by aggressive 
resuscitation. This was with the goal to avoid the “lethal triad” of acidosis, hypo-
thermia, and coagulopathy prior to proceeding with definitive surgical procedures 
[48]. Whether or not to initiate damage control strategies is largely based on the 
clinical judgment of the surgeon; however, some published parameters that suggest 
the need for damage control include decompensated hemodynamic shock (systolic 
blood pressure <70 mmHg), hypothermia <34 °C, transfusion >10 units of packed 
red blood cells (RBC), acidosis with pH <7.2, and coagulopathy with an INR of 
>2 [49]. Damage control surgery and resuscitation are both extensively covered in 
Chap. 29 of this book.

Specific to major vascular injury, damage control measures include primary 
amputation, ligation, or placement of a temporary vascular shunt. Temporary shunt 
placement for the initial management of proximal extremity vascular injury is asso-
ciated with high rates of successful limb salvage, and shunt patency has been dem-
onstrated for periods up to 12 hours [50]. One study reported that 22 of 23 proximal 
vascular shunts placed in a forward surgical unit in Iraq remained patent on arrival 
to a role 3 facility. In this study, the patients were able to undergo autologous vein 
reconstruction, and 100% of the patients survived their injuries with early limb pres-
ervation [50]. However, experience with shunt utilization without systemic antico-
agulation for longer periods is limited, and the risk of distal embolization (i.e., blue 
toe or foot syndrome) and/or shunt thrombosis is increased when shunts are left in 
place beyond 12 hours [51]. The successful use of temporary vascular shunts in the 
civilian setting has also been demonstrated. In retrospective review of seven level I 
trauma centers from 2003 to 2015, the limb salvage rate with the use of temporary 
vascular shunts was 96.3% with a low rate of thrombosis (5.6%) [52].
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Specific indications for the use of temporary vascular shunting include severely 
ill polytrauma patients requiring a damage control approach, mutilating extremity 
wounds, lack of surgical expertise, or the overwhelming arrival of trauma victims 
in a mass casualty incident (i.e., need for abbreviated operating techniques) [53]. 
Temporary vascular shunting has been shown to decrease the time to revasculariza-
tion in the mangled extremity, decrease the incidence of compartment syndrome, 
and shorten hospital stay [54]. Intervals from 2 to 52  hours of shunt placement 
with successful revascularization have been reported, but every effort should be 
made to remove the shunt and revascularize by 12 hours [53]. In combined vascular 
and orthopedic injuries, common after blast injuries, shunts are often inserted to 
quickly restore flow, followed by lengthening of the bony fragments, subsequent 
shunt removal, and definitive vascular repair. Addressing the injuries in this fashion 
improves the vascular operative field and prevents disruption of a vascular repair 
from bony manipulation.

Regarding the technique of shunt placement, after proximal and distal con-
trol of the injured vessel is obtained and prior to shunt insertion, Fogarty catheter 
thrombectomy should be performed to ensure inflow and back bleeding followed 
by lavage with heparinized saline. The shunt can then be inserted distally first and 
then proximally. Silk ties can be used to secure the ends of the shunt to the vessel. 
The diameter of the shunt should be closely approximated to that of the artery, err-
ing on the smaller side. Oversized shunts are to be avoided as they may result in 
intimal tears. Routine performance of decompressive fasciotomy is recommended 
to prevent compartment syndrome. In the immediate postoperative period, the need 
for systematic use of anticoagulant or antiplatelet medications has not been demon-
strated. The patient should proceed to definitive vascular repair as soon as possible.

Many types of shunts are available: Javid® (Bard Peripheral Vascular Inc., Tempe, 
AZ, USA), Argyle® (Kendall Healthcare Products, Mansfield, MA, USA), Sundt® 
(Integra, Plainsboro, NJ, USA), and Pruitt-Inihara® (Horizon Medical, Santa Ana, 
CA, USA). While these prostheses have different shapes and designs, in practice, 
their performance is the same in terms of restoration of arterial flow and secondary 
arterial thrombosis [52, 53]. However, the Pruitt-Inihara is the only shunt to offer 
a side port for medication administration or angiography if indicated. Providers 
should be mindful of shunts getting snared and dislodged particularly with looped 
shunts. In the austere environment, intravenous tubing, red rubber catheters, naso-
enteric tubes, or even chest tubes can all be fashioned as a shunt provided appropri-
ate size matching.

 Basic Tenants of Vascular Repair/Reconstruction
Basic principles of vascular trauma management include adequate exposure; proxi-
mal and distal control; vessel debridement to viable tissue; the creation of a tension- 
free anastomosis, repair, or shunt; and adequate coverage with viable tissue [27]. 
These principles need to be kept in mind through all aspects of operative care from 
preparation to closure. While vascular expertise should be sought when available, 
this is often not the case in resource-limited settings like forward military treat-
ment facilities and during mass casualty incidents, both settings very likely need-
ing to manage blast-injured patients. In fact, trauma surgeons with general surgery 
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training perform the majority of complex vascular repairs of injured vessels with 
limb salvage rates being similar between general surgeons and vascular/cardiovas-
cular surgeons (94% and 95%, respectively) [55]. For maximal success, the surgi-
cal team needs to prepare appropriately to address each one of the aforementioned 
vascular principles.

In the setting of vascular occlusion, if there is no evidence of bleeding in the 
limb and no intracranial or intracavitary hemorrhage, systemic unfractionated hepa-
rin should be administered [1]. When preparing and draping a patient with sterile 
technique, one needs to keep several factors in mind. The patient should be draped 
in a manner where proximal control can always be obtained. For isolated extremity 
injuries, this may involve the ipsilateral chest and shoulder for upper extremities 
and the lower torso up to the umbilicus for lower extremities [1]. Another important 
consideration is the potential need for access to autologous conduits (i.e., the greater 
saphenous vein in the lower extremities). While avoiding hypothermia is also an 
important consideration, limited preparation is often the exception rather than the 
rule for patients in hemorrhagic shock from major vascular injury, especially to the 
torso.

One should consider early consultation with a plastic surgeon, if available, for 
significant soft tissue defects for appropriate coverage of any definitive vascular 
repair. Desiccation or superficial infection in the inadequately covered repair leads 
to suture disruption and hemorrhage. With complex blast injury, this may require 
the rotation of regional muscle or local advancement of skin flaps. Complex myocu-
taneous flaps or free tissue transfer is inappropriate at the initial operation because 
they are time-consuming and can put the patient at risk for hypothermia. Vascular 
repairs can be temporarily covered by either cadaver skin graft, porcine xenograft, 
or even negative pressure wound therapy using a two-sponge (polyvinyl alcohol and 
polyurethane) system [56, 57].

Other factors are important to the optimal surgical management of major vas-
cular injury in blast-injured patients. If bleeding continues as the patient is being 
brought to the operating room, a properly placed tourniquet, direct digital pressure, 
or Foley catheter balloon tamponade into the bleeding cavity can be applied for 
temporary control. Emergent settings are not the time to gather appropriate equip-
ment necessary for vascular exposure and reconstruction. Premade kits should be 
assembled for use in the event of a major vascular injury [1].

If limb salvage is to be attempted, initiation of basic maneuvers including 
removal of tourniquet, exploration and control of the vascular injury, thrombec-
tomy, and administration of heparinized saline through the inflow and outflow ves-
sels are recommended. If an interposition graft is necessary, an autologous conduit 
is preferential to synthetic graft due to improved long-term patency and a reduction 
in the risk of secondary infection as compared to synthetic vascular conduits [58, 
59]. However, in complex blast, multi-extremity-injured patients, there may not be 
autologous conduits available for reconstruction. Alternatives include prosthetic 
graft materials such as PTFE and Dacron or human umbilical vein. The military 
largely uses PTFE based on animal studies suggesting increased resistance to infec-
tion [60]. However, more recent data in vascular surgery literature suggests relative 
equivalency between these graft materials [61].
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In a review of the US military trauma system trauma registry from March 2003 
to April 2006, 15% of extremity bypass was performed with synthetic conduit, all of 
which were PTFE. Approximately half of these patients had vascular injury second-
ary to blast injury. Seventy-nine percent of the grafts stayed patent in the short term 
allowing for stabilization, transfer to a stateside facility, and elective revasculariza-
tion with remaining autologous conduit. No patients required amputation because 
of prosthetic graft failure [62].

 Management of Specific Vessels
• Thoracic Aorta: In a controlled setting, the proximal aorta and aortic arch are 

best approached through a median sternotomy. In the rare instance these highly 
lethal injuries arrive to a trauma facility, an anterolateral thoracotomy is neces-
sary as these patients are hemodynamically labile. Extending the incision across 
the sternum (“clamshell” thoracotomy) is typically necessary for optimal expo-
sure. The descending thoracic aorta is also approached through the left chest. If 
necessary, exposure can be improved by extension into the right chest or by sur-
gically removing a rib. Single lung ventilation can also be helpful to optimize 
exposure. However, this can take valuable time away from addressing the injury 
and thus should be entertained after obtaining hemostatic control. Instead, inter-
mittently pausing ventilation can be employed as an alternative. Aortic control 
proximal and distal to the injury must be obtained including isolation or control 
of any intercostal arteries in this segment. An adequate length of aorta must be 
debrided to allow placement of large caliber (20–26 mm) Dacron graft sewn end 
to end to the proximal and distal segments. In dire circumstances, a chest tube 
could be used as a shunt. Management of blunt injury to the thoracic aorta will 
be discussed later in this chapter.

• Abdominal Aorta and Mesenteric Branches: Blunt and penetrating injuries to the 
abdominal aorta present as a central, or zone I, hematoma usually with intraperi-
toneal hemorrhage especially in the case of penetrating injury. Generally, all 
zone I hematomas will warrant exploration, especially those that are rapidly 
expanding. An exception may be a small, non-expanding mesenteric hematoma 
at the base of the SMA. Zone I can be subdivided into two locations, supra- and 
infra-mesocolic. The hematoma should not be entered until proximal and distal 
control is obtained, blood products are available, and adequate intravenous or 
intraosseous access is established. A left medial visceral rotation provides excel-
lent exposure for the length of the abdominal aorta. This approach involves 
medially mobilizing the colon, spleen, pancreas, and kidney. An option is to 
leave the kidney in situ to speed up the exposure; however, this maneuver still 
takes some time to perform. The supra-celiac aortic control through a window or 
division of the gastrohepatic ligament is a more rapid technique and can be espe-
cially beneficial in situations with active supra-mesocolic hemorrhage. Retracting 
the esophagus to the left and the liver to the right (sometimes assisted by dividing 
the left triangular ligament of the liver) as well as dividing the diaphragmatic 
crus improves exposure. Once a clamp is placed, a medial visceral rotation can 
be performed, and the clamp can be marched down to isolate the injury. Distal 
control can be obtained at the level of the distal aorta or iliac vessels. In a damage 
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control setting, a chest tube can be fashioned as a shunt for the aorta. This may 
also be a better option in the presence of gross fecal contamination instead of 
inserting a prosthetic graft or performing an extra-anatomic bypass. Upon enter-
ing a zone I hematoma, one may find injury to the celiac axis, its branches, or 
mesenteric vessels. Unless primary repair is possible, the celiac axis or any of its 
branches can be ligated if necessary due to the rich collateral blood flow in this 
region. One exception is that prior to ligation of the hepatic artery, a patent and 
uninjured portal vein should be ensured. Alternatively, all efforts should be 
employed to avoid ligation of the proximal superior mesenteric artery. This 
would likely result in ischemia to much of the small bowel. If ligation of the 
SMA at or close to its origin is required, it should be followed with a plan for 
immediate bypass. In cases where injury to the artery or vein is distal (i.e., 
beyond the middle colic artery or jejunal vein branches) or in which the patient’s 
physiology is severely compromised, the vessels can be ligated.

• Inferior Vena Cava: The approach to the vena cava in the abdomen is through a 
right medial visceral rotation. Performing a full right-sided rotation will expose 
the cava, renal veins, common iliac veins, distal aorta, and iliac arteries. 
Mobilization of the liver is required to expose the retrohepatic vena cava; how-
ever, retrohepatic hematomas should not be disturbed if not expanding. Sponge 
sticks directly proximal and distal to the injury are helpful in obtaining tempo-
rary hemostasis. Once identified, the edges of the laceration can be grasped with 
intestinal Allis clamps or a Satinsky clamp. A running 4-0 Prolene can then be 
passed under the instruments. Attempts should be made to identify large lumbar 
veins feeding into the injured segment that may bleed as much as the main chan-
nel of the vena cava if not controlled. Repair of tangential injuries to the cava can 
be accomplished using lateral suture repair (i.e., running venorrhaphy). In 
instances where lateral repair will result in more than 50% narrowing, patch 
angioplasty or interposition graft should be employed. Options for grafting 
include prosthetic or autologous internal jugular, external iliac, or spiral saphe-
nous vein graft. When an anterior and posterior IVC injury is present, the poste-
rior injury can be repaired through the anterior laceration. Ligation of the 
infrarenal cava is acceptable as a damage control maneuver, although this carries 
a significant mortality risk and major morbidity in the form of decreased cardiac 
preload and significant lower extremity edema [63]. If unable to closely monitor 
the patient in the setting of an austere environment or mass casualty incident, 
then it is recommended to perform bilateral lower leg fasciotomies to reduce the 
risk for compartment syndrome. Suprarenal occlusion of the IVC is generally not 
compatible with survival and should be considered a measure of last resort.

• Portal Vein: Portal vein and hepatic artery injuries typically present as hemato-
mas of the porta hepatis and should be explored after isolation of the hepatoduo-
denal ligament and application of a Pringle maneuver. Next, careful dissection of 
the porta is performed to determine which structures have been injured. Repair 
of the portal vein should be attempted using the technique of lateral venorrhaphy 
if possible. If a large segment of the portal vein is damaged, vein patch angio-
plasty or, in rare instances, interposition vein graft may be performed. Ligation 
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of the portal vein is an option of last resort and will result in hepatic ischemia, 
splanchnic congestion, and hypervolemia for several days.

• Renal Vessels: Injury to the renal pedicle (blunt or penetrating) is closely associ-
ated with injury to the parenchyma; isolated arterial injury is rare. Essential con-
siderations in the management of renal artery injury are the warm ischemic time 
of 30–60 minutes and complexity of renal artery repair. These factors signifi-
cantly limit the surgeon’s options in resource-limited deployed settings or mass 
casualty incidents, other than ligation and nephrectomy. If arterial injury mani-
fests as occlusion with renal ischemia, then it has been too late to restore flow 
and function to the kidney. Considering the warm ischemic time of the kidney, 
complex operations to maintain or reestablish perfusion in the renal artery are 
not recommended and should be abandoned in favor of nephrectomy in most 
cases. If presented with an isolated renal vein injury, ligation of the proximal left 
renal vein is well tolerated due to collateral drainage from the gonadal vein. 
Ligation of the right renal vein is not recommended.

The method by which to approach an expanding or penetrating lateral retro-
peritoneal hematoma is controversial and case-specific. Isolation of the renal 
pedicle before exploring the hematoma is doctrine in many institutions and has 
the advantage of aortic isolation and definitive proximal control. However, from 
a practical standpoint, mobilization of the damaged kidney from a lateral to 
medial direction without hilar control may be faster.

• Iliac Vessels: Iliac artery injuries generally present as a lower retroperitoneal or 
pelvic hematoma with or without extremity ischemia. Exploration of the hema-
toma should be performed after proximal control is obtained at the infrarenal 
aorta and the contralateral iliac artery if possible. The infrarenal aorta can be 
approached directly through an incision in the peritoneum or via a right medial 
visceral rotation. The distal external iliac artery should be found as it exits the 
pelvis at the inguinal ligament at a point where it is free from the hematoma. 
When isolating the injury, the surgeon should be mindful of the intimate relation-
ship of the iliac veins to their respective arteries to prevent an iatrogenic injury. 
One may need to open the hematoma to gain access to the internal iliac vessels. 
In an unstable patient or a patient where there is contamination of the field, shunt 
placement with definitive repair or reconstruction done at a later point is a good 
option. If the primary injury is to the internal iliac artery (hypogastric), it may be 
ligated. Bleeding from associated iliac veins may be severe and difficult to 
expose. Due to the anatomic relationship of the artery and vein on the right, the 
iliac artery may be divided if necessary to facilitate exposure and repair of the 
vein. This should be followed by immediate repair of the artery. Selective embo-
lization of bleeding hypogastric artery or branches is an option, particularly in 
blunt trauma.

• Carotid Artery: Exposure of the carotid artery is through a generous incision 
coursing anterior to the sternocleidomastoid and facilitated by a roll under the 
shoulders, extension of the neck, and turning of the head away from the injury. 
The carotid is exposed proximal to the hematoma and controlled with an umbili-
cal tape into a Rummel device (i.e., red rubber catheter). In the absence of 
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uncontrolled bleeding, there is no need to tighten the Rummel, but having it in 
place gives one this option and allows for securing the proximal end of a tempo-
rary shunt. If bleeding is encountered, the Rummel may be cinched or a clamp 
(angled DeBakey) slid proximal to the umbilical tape using it to pull the carotid 
up into the clamp, thereby avoiding injury to the vagus nerve. Back bleeding 
from the internal carotid artery is a favorable sign and can be controlled with a 
small clamp or a (3-Fr) Fogarty inserted into the lumen and inflated using a 1-cc 
syringe and three-way stopcock to maintain inflation. The external carotid artery 
is controlled with vessel loops or ligated. If the internal and common carotid 
arteries are controlled above and below the injury, a temporary shunt can be 
placed to maintain perfusion while the injury is identified and options consid-
ered. Regardless of whether a shunt is used, the mean arterial pressure should be 
kept above 90 mmHg during the repair to optimize cerebral perfusion. If no other 
life-threatening injuries are present, a small amount (50 u/kg) of systemic hepa-
rin is recommended along with generous flushing of the repair with heparinized 
saline to prevent platelet aggregation and clot formation. Ligation of the internal 
carotid artery is an acceptable damage control maneuver to stop hemorrhage but 
has an incidence of stroke up to approximately 50% [64, 65].

• Jugular Vein: The jugular vein can often be ligated with no consequence, though 
repair may be undertaken in a stable patient with limited concomitant injuries. 
Operative exposure of the jugular vein is the same as that described for the 
carotid artery.

• Subclavian Artery: Both proximal subclavian arteries and the innominate can be 
exposed through a full or mini sternotomy with supraclavicular extension. 
Alternatively, given the relatively posterior position of the left subclavian, a high 
(third intercostal space) anterolateral thoracotomy may be more frequently used. 
The innominate vein can be ligated and divided to facilitate exposure to the 
innominate artery. The mid and distal subclavian arteries on both sides can be 
exposed through a supraclavicular incision or combined supraclavicular/infra-
clavicular incisions. Resection of the clavicular head improves exposure. In an 
unstable patient, it is recommended that initial proximal control be obtained via 
thoracotomy as this will allow for more rapid control than use of the supracla-
vicular approach. Because of the technical challenges with exposure, the utility 
of temporary vascular shunts in this injury pattern is limited.

• Axillary Artery: Exposure of the axillary artery is via an infraclavicular incision 
along the deltopectoral groove. Splitting the pectoralis major and dividing the 
pectoralis minor will reveal the axillary vessels. Repair of the axillary artery 
most commonly involves an interposition graft using reversed saphenous vein. 
Shunt utilization can be very useful for injury to the axillary artery.

• Brachial Artery: The brachial artery is exposed through a medial incision in the 
upper arm in the groove between the bicep and triceps. The surgeon needs to be 
mindful of the median nerve as it is the most superficial, and therefore first, struc-
ture encountered upon entering the brachial sheath. The ulnar nerve runs poste-
rior to the artery which is surrounded by paired deep brachial veins. Although it 
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may be possible to ligate the brachial artery below the origin of the deep (pro-
funda) brachial artery and maintain a viable arm and hand, this proposition is 
based on intact collateral circulation. Unfortunately, collaterals from the shoul-
der and deep brachial artery are often damaged in the setting of penetrating blast 
wounds, and therefore, maintenance of flow through the brachial artery with a 
temporary shunt or vascular repair is advised. Ligation or primary amputation is 
an acceptable damage control maneuver if there is not time for shunting or the 
patient is in extremis.

• Radial/Ulnar Arteries: Most often, the hand has a dual arterial supply and there-
fore can tolerate ligation of either the radial or ulnar artery. As such, repair or 
reconstruction of an injury at this level is rare. Perfusion to the hand should be 
assessed with Doppler before and after occlusion or ligation, and if the absence 
of a signal persists, repair/reconstruction should be performed. Given the rela-
tively small muscle mass of the hand and the degree of collateral circulation, 
ligation is most often tolerated understanding that if ischemia persists, evaluation 
and revascularization can be performed later.

• Common Femoral, Profunda Femoris, and Superficial Femoral Artery: Exposure 
of the common femoral and profunda femoris is obtained through a single longi-
tudinal incision above the artery (2–3 cm lateral to the pubic tubercle), exposing 
the artery at the inguinal ligament. A key point in exposing the femoral artery is 
placing the incision proximal enough so that the abdominal wall and inguinal 
ligament can be identified first in a consistent and familiar location. Alternatively, 
proximal control can be obtained in the retroperitoneum (i.e., external iliac) 
through the proximal extension of this groin incision or by using a separate 
Gibson incision in the lower abdomen. Exposure of the superficial femoral is 
performed through a medial thigh incision and the adductors of the leg (i.e., 
adductor magnus). Exposure is facilitated by placing a lift or “bump” below the 
knee which allows the femoral artery, sartorius, and adductors to be suspended 
improving separation. When exposing the superficial femoral artery, it is impor-
tant to recognize the femoral vein is intimately associated with, and possibly 
adherent to, the artery. Every attempt should be made to maintain flow into the 
profunda femoris artery, although the feasibility of this will depend upon the pat-
tern of injury and the comfort level of the surgeon to perform a more complicated 
reconstruction. If patency of the superficial femoral artery can be confirmed, 
ligation of mid and distal profunda femoris injuries is acceptable as they lie deep 
in the thigh musculature and are not required for leg viability.

• Popliteal Artery: Vascular injuries in the popliteal space are exposed through a 
medial incision. The dissection is extended from above to below the knee and is 
facilitated by a lift or “bump” under the calf of the leg with the knee flexed. When 
exposing below the knee, this bump is placed under the thigh. Natural dissection 
planes exist in exposing the above-knee popliteal artery (i.e., popliteal space) 
apart from the need to divide the fibers of the adductor magnus that envelop the 
distal superficial femoral artery (Hunter’s canal). Similarly, a natural dissection 
plane exists into the popliteal space from below the knee, but added exposure 
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should be accomplished by division of the gastrocnemius and soleus muscle 
fibers from the medial tibia. To completely expose the popliteal space, the medial 
attachments of the sartorius, semitendinosus, semimembranosus, and gracilis to 
the medial condyle of the tibia can be divided. When feasible, the pes anserinus 
should be reconstructed given its significant role in medial knee stabilization. If 
a damage control approach is necessary, a temporary vascular shunt is extremely 
helpful in this setting especially with a combined orthopedic injury.

• Tibial Arteries: Because of their distal location and redundant nature, isolated 
and sometimes multiple tibial artery injuries can be ligated without adverse out-
comes. If one tibial artery is uninjured and patent to the ankle (i.e., an arterial 
signal at the ankle or foot), no additional tests or repair is required. Continuous 
wave Doppler exam of the foot is critical in the setting of tibial artery injuries and 
concern for viability of the foot. Temporary vascular shunts may be placed, rec-
ognizing a much lower success rate as compared to larger more proximal vessels. 
Reconstruction of a peroneal artery injury is rarely necessary, and ligation is 
adequate. Importantly, tibial reconstruction is technically more challenging and 
may therefore take longer to complete. Like other vascular repairs, tibial recon-
struction should not be undertaken if the patient has other life-threatening inju-
ries or is in extremis.

• Extremity Venous Injury: Many extremity venous injuries, especially small distal 
veins, can be ligated with no adverse effects because of collateral venous drain-
age. However, ligation of more proximal or watershed veins, or even axial veins 
when collaterals have been destroyed by soft tissue wounds, will result in venous 
hypertension and congestion. In such instances, an attempt should be made to 
repair the vein and restore venous outflow. Temporary shunts have been shown to 
be effective in restoring venous outflow in the femoral veins until formal repair 
can be accomplished.

 Compartment Syndrome/Fasciotomy
The most common cause of preventable limb loss in extremity trauma is unrecog-
nized compartment syndrome. It can be an extremely difficult problem to manage 
in the patient with major vascular injury as it may be a consequence of reperfusion 
injury and only clinically apparent in a delayed fashion [1]. One must be hyper-
vigilant in preventing/treating compartment syndrome as even a technically per-
fect vascular reconstruction can end in catastrophe if compartment syndrome goes 
unrecognized.

Based on animal models, ideal reperfusion time is within 3 hours of vascular 
occlusion, and reperfusion greater than 6 hours from occlusion results in myonecro-
sis and Wallerian degeneration of the peripheral nerves [66]. Preemptive fasciotomy 
should be performed in patients with prolonged ischemia (ranging from >3–6 hours 
depending on overall patient status and clinical judgment), closed fractures, crush 
injury, or combined arterial and venous injury. If fasciotomy is not performed, com-
partment pressures should be measured in the operating room before termination of 
anesthetic. There is no consensus regarding the exact pressure indicative of com-
partment syndrome, but any pressure above 25 should heighten concern [1].
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 Endovascular Treatment, Blunt Thoracic Aortic Injury, and Blunt 
Cerebrovascular Injury
Endovascular management of nontraumatic vascular disease is being utilized with 
increasing frequency. However, for traumatic injury, endovascular therapy is used 
much more selectively. There will likely always be a place for the open surgical 
management of major vascular injury, especially in the setting of blast injury and 
mass casualty events. Endovascular techniques provide promise, though especially 
in areas that are difficult to access via open techniques.

The most common setting in endovascular therapy is employed in the thorax for 
blunt thoracic aortic injury. It is unclear how often this clinical entity would present 
itself in the setting of the blast-injured patient, but the overall incidence of blunt 
thoracic aortic injury is approximately 1–2% in patients that have been subjected 
to blunt thoracic trauma [67]. In the setting of blast injury, this would most likely 
be the result of tertiary injury (i.e., a crush injury forms local debris). The Society 
for Vascular Surgery has published guidelines for traumatic thoracic aortic injury 
in which they classify the degree of injury: Type I, intimal tear; Type II, intramural 
hematoma; Type III, pseudoaneurysm; and Type IV, rupture [68]. Features of blunt 
thoracic aortic injury on plain film radiograph include wide mediastinum (AP chest 
radiograph >8 cm and PA CXR >6 cm), abnormal aortic contour, left “apical cap,” 
large left hemothorax, displacement of the left mainstem bronchus, deviation of 
nasogastric tube to the right, deviation of the trachea to the right/mainstem bron-
chus downward, or a wide paravertebral stripe [69]. The mainstay of imaging for 
patients suspected of having blunt thoracic aortic injury are CT angiography and 
transesophageal echocardiography [70]. Initial treatment involves medical manage-
ment to control the change in pressure over time (dP/dt), thereby limiting the shear 
stress on the vessel wall. Patients either treated nonoperatively or those awaiting 
repair should be managed with beta-blockade with a goal heart rate less than 100 
and a goal  systolic blood pressure at around 100 mm Hg [71]. Type I injuries can be 
treated nonoperatively. Patients with Type II, III, or IV injuries and without hemo-
dynamic compromise should undergo endovascular stent-graft placement, provided 
anatomic suitability. The endovascular approach has replaced the open technique as 
the primary method of repair due to the lower rates of mortality, spinal cord isch-
emia, and end-stage renal disease associated with endovascular repair [72].

Endovascular therapies have also been  employed in the setting of cerebrovas-
cular trauma, particularly in the setting of blunt cerebrovascular injury (BCVI). 
Blunt cerebrovascular injury is graded based on the scale established by Biffl et al. 
in 1999: grade I, luminal irregularity or dissection with less than 25% narrowing; 
grade II, dissection or intraluminal hematoma with > or equal to 25% luminal nar-
rowing, intraluminal thrombus, or raised intimal flap; grade III, pseudoaneurysm; 
grade IV, occlusion; and grade V, transection with free extravasation [73]. While 
blunt cerebrovascular injury can present with traditional signs of vascular injury, it 
can also present with devastating neurologic consequences. Given the severe impact 
these injuries can have, screening criteria for a CT angiogram of the neck to evalu-
ate for BCVI have been established: LeFort II or III facial fractures, mandibular 
fractures, basilar skull fractures, occipital condyle fractures, severe traumatic brain 
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injury with a GCS <6, cervical spine fracture, subluxation or ligamentous injury, 
near hanging with anoxic brain injury, clothesline-type injury or seat belt abrasion 
with significant welling, pain, or altered mental status, scalp degloving, or major 
thoracic injuries [74]. Guidelines from the Western Trauma Association (WTA) rec-
ommend anticoagulation for injury grade I–IV for 7–10 days with CT angiography, 
while patients with grade V injuries should proceed immediately to endovascular 
treatment, most commonly stenting for the carotid artery and embolization for the 
vertebral artery. Patients with grade I–IV injuries that do not resolve on repeat imag-
ing should either be placed on antiplatelet therapy for 3 months with repeat imaging 
or proceed to endovascular treatment [74]. Heparin was chosen for the guideline in 
the acute setting due to its rapid reversibility; however, there is data suggesting that 
there is no difference in injury healing, progression of injury grade, or incidence 
of stroke between antiplatelet and anticoagulation therapy [75]. Several hospitals 
have institutional-specific treatment algorithms that may vary from the WTA with 
regard to treatment with antiplatelet or anticoagulation and duration or frequency of 
interval follow-up imaging.

While endovascular treatment of injuries to the thoracic aorta is well accepted, 
endovascular treatment of abdominal major vascular injuries is not as well estab-
lished [1]. No high-level data exists for the endovascular treatment of  injuries to the 
abdominal aorta or the inferior vena cava; however, several case reports and series 
of the treatment of thrombotic injuries and contained hematomas exist [76, 77]. The 
benefits of angioembolization to branch vessels of the aorta and in the pelvis in the 
setting of severe fracture are well established including embolization to the renal 
artery, splenic artery, and internal iliac artery [1].

Endovascular treatment of extremity vascular injuries includes coil emboliza-
tion, vasodilator infusion, and the use of covered and uncovered stents. Most com-
mon injuries treated acutely are subclavian and axillary artery injuries, largely due 
to the difficulty in open surgical exposure for these vessels. There is no consensus 
on the indications for endovascular treatment, no agreed-upon definitions of com-
plications, and no established long-term follow-up plan for patients that have been 
treated. However, preliminary data suggests  similar outcomes and perhaps shorter 
operative time for endovascular intervention for injuries to the thoracic outlet [78].

 Conclusion

Major vascular injuries are challenging problems to manage even at level I trauma 
centers with nearly unlimited resources. Add on the challenges presented by the 
complex injury patterns seen in blast-injured patients and the resource strain pre-
sented by mass casualty incidents, and these problems can seem insurmountable. 
Focusing on data-supported interventions like prehospital hemorrhage control with 
tourniquets; damage control resuscitation and surgical techniques; rapid transport; 
efficient patient assessment with physical exam, Doppler, and imaging techniques; 
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the use of temporary venous shunts; prevention of compartment syndrome with the 
liberal use of fasciotomy; and the appropriate use of endovascular techniques can 
lead to excellent patient outcomes. With a thoughtful, systematic, and efficient 
approach from prehospital care to the operating room, medical care teams can maxi-
mize the number of lives and limbs saved.

Pitfalls
• Blast-injured patients can present with complex injury patterns including 

blunt and penetrating mechanisms in multiple body cavities; however, pen-
etrating injury is most common and of the most relevance to major vascu-
lar injury.

• Tourniquet use saves lives, but only if commercially designed tourniquets 
are applied appropriately. Improperly placed improvised tourniquets can 
increase morbidity and mortality.

• In the setting of major vascular injuries, prehospital providers should focus 
on rapid external hemorrhage control and rapid transport to surgical capa-
bilities. Prolonged attempts at intravenous access have been associated 
with poor outcomes.

• REBOA is a promising technique for proximal hemorrhage control in 
patients presenting in extremis; however, its precise indications are still 
being investigated, and there is still a place for resuscitative thoracotomy 
in appropriately selected patients.

• Appropriate preparation prior to embarking on surgical exploration is 
invaluable for avoiding disaster keeping in mind adequate exposure, proxi-
mal vascular control, and the potential need for autologous venous 
conduit.

• Do not perform definitive vascular reconstruction on patients more appro-
priate for damage control techniques. Live to fight another day.

• Temporary vascular shunting is an excellent alternative to primary amputa-
tion or ligation that can be used for limb preservation in damage control 
scenarios.

• Autologous venous conduit should be used preferentially for vascular 
reconstruction and bypass; however, in the blast-injured patient, these may 
not be available. PTFE conduits have been used with good rates of limb 
preservation.

• In the setting of major vascular injury, fasciotomy should be used liberally 
to avoid compartment syndrome, especially in the setting of prolonged 
ischemia, closed fractures, crush injury, and combined arterial and venous 
injury or the use of a temporary vascular shunt.

• For stable vascular injuries in difficult regions to reach anatomically, endo-
vascular techniques should be considered where resources and expertise 
are available.
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 Introduction

The chest and abdominal regions are sensitive to the spectrum of blast injury mech-
anisms due to the close proximity of large air-containing organs susceptible to pri-
mary blast effects, multiple vital structures susceptible to secondary fragment 
wounds, and solid organs and bones susceptible to tertiary crush injuries.

Blast-related injury to thoracoabdominal structures occurs with variable fre-
quency depending on the specific blast mechanism and presence or absence of pro-
tective gear worn. Data from the Department of Defense Trauma Registry for US 
military operations 2001–2016 demonstrates that explosions caused 44% of all inju-
ries (including both battle and non-battle injuries). Among those injured by explo-
sion, 14% sustained injury to the thorax and 19% injury to the abdominal region, of 
which the vast majority (73%) were polytrauma patients who sustained injuries to 
more than one body region. Of polytrauma injuries, 19% included wounds to the 
thorax, and 25% included wounds to the abdomen (Fig. 32.1). In general, the effect 
of body armor reduces the frequency and severity of injury to the torso, such that 
civilian or unarmored personnel subjected to blast injury may sustain a higher rate 
of thoracoabdominal injury.

Injury to multiple body regions occurs in 86% of civilian blast-injured patients 
[1]. In an analysis of civilians injured by explosions in Israel, the incidence of tho-
racoabdominal injury following blast was reported as 52%, with 15% suffering 
severe injury [2]. The study noted an even higher percentage reported for children 
injured by blasts [3]. Within the UK Joint Theater Trauma Registry, 21% of combat- 
related deaths after hospital arrival were associated with abdominal and pelvic 
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injuries combined with severe lower limb trauma [4]. Additionally, the presence of 
non-compressible torso hemorrhage is associated with increased mortality [5]. In 
particular, mediastinal injury predicts death with rare survivors from blast-related 
injury to the heart, thoracic aorta, pulmonary artery, pulmonary vein, or superior 
vena cava [6].

*Anatomical Distribution Of Blast Injuries 2001–2016
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Fig. 32.1 Anatomic distribution of injury of blast-injured patients (a) and distribution of injuries 
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 Blast Taxonomy and Thoracoabdominal Trauma

Primary blast injury affects air-filled organs in the chest and abdomen (Fig. 32.2). In 
the lungs this is manifested by pneumothorax, alveolar damage termed “blast lung,” 
or potentially fatal air embolus. In the military, 7–11% of patients admitted to the 
hospital after explosion injury exhibit some degree of blast lung injury [7, 8]. Such 
injuries are managed by respiratory support with attention to lung-protective venti-
lator strategies when needed and chest tube placement when indicated for 
pneumothorax.

Air embolus is a dire emergency that may manifest with sudden hemodynamic 
collapse or in less severe cases with sudden respiratory distress or neurologic event. 
Air embolus associated with pulmonary trauma is caused by air drawn into the pul-
monary venous circulation through a disruption of the vein that opens it to air 
through the bronchial system. In cases of hemodynamic collapse associated with 
chest injury, surgical treatment is immediate thoracotomy to the suspected side of 
injury with contralateral chest tube. Air embolus from the lung can be suspected 
based on the presence of lung laceration and possibly air bubbles visible within the 
coronary circulation. In such case, the hilum of the injured lung should be clamped, 
followed by open cardiac compressions, blood product transfusion, and ACLS 
resuscitation. If a spontaneous heartbeat and blood pressure are regained, the site of 
the broncho-venous fistula must be identified and ligated or resected prior to releas-
ing the hilar clamp.

Blast wave effects on abdominal organs include rupture of the gastrointestinal 
tract, which can occur at any point along its length. Contusion or partial thickness 
injury to the bowel can also occur. And, as is typical of the blast effect on other soft 
tissues, necrosis can progress for several hours to days after injury, leading to 
delayed bowel perforation. The most common area of gastrointestinal perforation is 
the colon. Fortunately, primary blast injury of the intestine is quite rare, with the 

Fig. 32.2 Primary blast 
injury. Severe pulmonary 
contusion caused by blast 
injury with associated 
extensive extremity 
injuries
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vast majority of blast-related bowel injuries caused by penetrating fragments [3]. 
High-order explosives, however, are characterized by a strong supersonic pressure 
wave and may inflict a greater amount of primary blast injuries. Additionally, blast 
exposure in a confined space may also result in a greater extent of primary blast 
injury [1].

Secondary blast effects result from fragments projected from the explosion and 
are the most frequent cause of injuries that require surgical intervention to the chest 
and abdomen. Explosive fragments are irregular in shape and size and lose energy 
rapidly with increasing distance from the detonation. Penetrating fragments may 
include metallic portions of the explosive device, metallic contents from improvised 
explosive devices (IED), dirt and debris from the terrain, or bone fragments from 
other victims or suicide bombers. Such fragments are frequently of relatively low 
velocity when striking the body; since the fragments vary in energy and composition, 
they will penetrate varying depths into body cavities. It is common to see numerous 
peppering wounds on the skin of the chest and abdomen caused by multiple frag-
ments. Many such wounds may barely penetrate the skin; however, it is also common 
for a few such fragments to penetrate deeply into the body cavities threatening vital 
organs. In such cases, it is challenging to identify specific organ injuries.

Tertiary blast injuries result from blunt trauma from blast-related mechanisms 
such as being thrown through the air, vehicle rollover, or structural collapse. 
Combatants wearing protective gear may also present with blunt abdominal trauma 
where protected from fragmentation wounds, with energy transmitted to the body 
cavities from fragments striking the armor. Tertiary blast injury patterns to the torso 
are typical of injuries sustained by blunt trauma mechanisms such as fall or crush 
injuries and may include rib fractures, spine fractures, pulmonary contusion, solid 
organ abdominal injury, and pelvic fracture. In general, these injuries should be 
managed according to standard clinical practice guidelines. Open pelvic fractures 
are common in explosive incidents and are associated with lower extremity amputa-
tions and mortality [9].

 Clinical Management

The complexity of clinical and surgical management increases when blunt trauma 
injuries are combined with the effects of penetrating trauma, multiple open wounds 
with massive contamination, and injury to multiple body regions (Fig. 32.3). For 
such severely injured patients who survive the initial resuscitation, devastating 
infectious complications are common. Early treatment with appropriate, broad- 
spectrum prophylactic antibiotics, meticulous and repeated wound debridement, 
early identification of infections, and transition to targeted therapeutic antibiotics 
and antifungals as indicated are critical to survival.

In hemodynamically stable patients, the initial treatment depends on the environ-
ment, overall casualty situation, and available diagnostic capabilities. In general, 
penetrating chest and abdominal fragment wounds in stable patients should not be 
aggressively explored, and initial treatments should proceed according to the results 
of chest X-ray, focused abdominal ultrasound for trauma (FAST), and abdominal 
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exam for peritonitis. A CT pan-scan of the head, neck, chest, abdomen, and pelvis 
should be considered for all hemodynamically stable blast-injured patients, even 
when the injury seems to be limited to a single body cavity. Commonly, fragments 
will be seen within the body cavities distant from the point of entry. Small frag-
ments that are seen on CT scan to be located adjacent to vital structures without 
definite injury rarely require exploration. Although there is a theoretical risk of 
eroding into blood vessels over time, fragments should not be removed unless 
symptomatic, particularly if an invasive procedure is required to address. When 
diagnostic capabilities are limited, such as in austere environments or mass casualty 
events, a liberal approach to abdominal exploration may be the most expedient diag-
nostic and therapeutic maneuver when penetrating abdominal injury is suspected.

Bowel necrosis and perforation may occur even when no violation of the peri-
toneum is present [10]. Sections of perforated and necrotic bowel should be 
resected. In most cases, bowel continuity should be restored at the initial laparot-
omy. However, management of colorectal injuries in this setting remains contro-
versial. Primary colon anastomosis or repair can be performed in select patients 
without associated injury, though the widespread acceptance of primary anastomo-
sis for colorectal injuries, as adopted in the vast majority of civilian penetrating 
injuries, should be implemented with caution in blast injury. Factors associated 
with failure of colon repair or anastomosis in war-related injuries include concomi-
tant pancreatic, splenic, renal, and diaphragm injuries, high ISS, and large transfu-
sion requirements [11]. Damage control surgery with delayed anastomosis may 
improve the success rate for colon anastomosis [11]. Casualties with serious asso-
ciated injuries may have a higher mortality rate with no fecal diversion compared 
to those treated with fecal diversion; however, there are no specific selection crite-
ria for fecal diversion [11–14].

Chest and abdominal wall defects related to blast injury may be substantial. 
Large chest wall defects are frequently fatal at the point of injury. Prehospital 
treatment includes temporary closure of the chest wall defect with a chest seal and 
early initiation of positive pressure ventilation to overcome respiratory insuffi-
ciency. In these cases, chest tube placement at the earliest opportunity is 

Fig. 32.3 Victim of 
improvised explosive 
device attack with 
multisystem trauma to 
extremities, chest, and 
abdomen
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important to prevent cardiopulmonary decompensation. In surgical settings, vac-
uum-assisted closure has been extensively utilized as a means to achieve temporary 
closure of both chest and abdominal wounds, to include complex and contaminated 
wounds and wounds with extensive loss of chest or abdominal wall. Eventual closure 
may be achieved using reconstructive techniques with a combination of component 
separation of the abdominal wall, prosthetic and biologic mesh closures, rotational 
flaps, and skin grafting [13].

When multiple fragment wounds are associated with hemodynamic instability, 
external hemorrhage must first be controlled, and subsequent evaluation should 
focus on rapid identification of potential bleeding sources. The clinician should 
rapidly obtain chest X-ray, FAST or extended-FAST exam, and pelvic X-ray to 
identify sources of massive hemorrhage, keeping in mind that injuries may result 
from any combination of blast wave and penetrating and blunt mechanisms. Chest 
tube placement is indicated for suspected or confirmed hemo- or pneumothorax. 
The indications to proceed to thoracotomy are no different than other types of pen-
etrating trauma (massive hemorrhage with initial chest tube output greater than 
1000–1500 ml or ongoing bleeding greater than about 250 ml/h). A high index of 
suspicion for pelvic fracture and intra-abdominal injury should be maintained 
whenever lower extremity amputation or near-amputation is present. 
Hemoperitoneum by FAST exam mandates laparotomy in all hemodynamically 
unstable victims of explosion. In such cases, resuscitative balloon occlusion of the 
aorta may also be considered once massive chest hemorrhage has been ruled out. 
Figure 32.4 shows a grenade blast victim who sustained multiple fragment wounds 
to the left side of his body and presented with hypotension, hemoperitoneum, and 
massive hematuria.

Explosive incidents can result in devastating multisystem trauma, and often, 
extensive extremity wounds are combined with injuries to the chest, abdomen, 
pelvis, eyes, and brain. Such an injury pattern is exemplified by the military 
dismounted complex blast injury [15] (Fig. 32.5) and may also occur in civilian 
settings such as land mine explosions or terrorist IED attacks. When destruc-
tive injuries or amputations to the lower extremities are present, immediate 
survival depends on external hemorrhage control with tourniquets, pelvic 
binder placement, and early resuscitation with blood products. Associated pel-
vic fractures occur in up to 40% of bilateral lower extremity amputations [16]. 
Particularly devastating are associated injuries to the external genitalia, anus, 
rectum, and sigmoid colon, and in such cases, early diverting colostomy is 
indicated. When proximal lower extremity amputations are present, particu-
larly when combined with significant injuries to the perineum, a low threshold 
for abdominal exploration is an approach implemented by military surgeons to 
address simultaneously the need to assess intra-abdominal hemorrhage, obtain 
proximal control of external iliac vessels, perform preperitoneal pelvic pack-
ing, and create a diverting colostomy. Since such patients are typically treated 
initially in a damage control approach, the colon may simply be divided at the 
first operation with deferred stoma creation. In a study of combat blast victims, 
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patients who underwent exploratory laparotomy for proximal vascular control 
alone, when no other incidental findings or occult injuries were identified, had 
a 98% incidence of massive transfusion, required a mean of 38  units of red 
blood cells, and had a 23% incidence of intra-abdominal complications [17]. 
This highlights not only the critical multisystem nature of such injuries but also 

a bi

bii

c

biii

Fig. 32.4 (a) Multiple fragment wounds to left flank and thigh that presented with hemodynamic 
instability and hematuria. A laparotomy, splenectomy, and left nephrectomy were performed. 
During resuscitation, the patient developed cardiac arrest and received a resuscitative thoracotomy. 
Image shown is 1 day after injury illustrating multiple fragment wounds, laparotomy, and thora-
cotomy incisions. (b) Initial CT scan was obtained after initial laparotomy and demonstrated mul-
tiple lung lacerations and fragments throughout the abdomen. (c) Progressive necrosis and infection 
of skin and subcutaneous tissues required multiple debridements and eventual skin grafting
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the need for judicious use of laparotomy for proximal vascular control and 
consideration of alternatives to include the extraperitoneal approach to external 
iliac artery control as well as implementation of endovascular approaches to 
vascular control, when feasible.

Cautious and thorough physical examination is critical in victims of explo-
sive incidents. At times, a single small fragment wound may seem innocuous. 
However, these wounds can be deadly. As an example, Fig.  32.6 illustrates a 
man who was struck by a fragment in a suicide bomb attack and sustained a 
small laceration to the lateral shoulder. Further evaluation showed that the frag-
ment trajectory entered the mediastinum, and although avoiding serious injury 
to vital structures, it well demonstrates the need for vigilance and thorough 
evaluation. Often, multiple peppering wounds may cover large areas of the 
body. Figure 32.7 illustrates a child with multiple small peppering wounds to 
the chest and abdomen. Initial FAST exam was equivocal and subsequent CT 
scan demonstrated hemopericardium.

Not infrequently, a small fragment may be found within the abdominal cavity 
and seemingly within the bowel itself on CT scan (Fig. 32.8). If the patient is other-
wise stable with benign abdominal exam, they should be observed in a location 
where serial abdominal exam can be performed. In such cases, exploratory lapa-
rotomy is indicated for peritonitis; however, the majority can be successfully man-
aged nonoperatively.

a b

Fig. 32.5 Military dismounted complex blast injury from inprovised explosive device. (a) Day of 
injury with open abdomen and bilateral thigh tourniquets in place. (b) One week post injury, pelvic 
external fixation in place, abdomen remains open, and patient required a right above knee amputa-
tion due to large tissue loss posterior to the knee and progressive necrosis
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Fig. 32.6 (a) Fragment wound to right lateral shoulder from suicide bomb attack. (b) Chest X-ray 
demonstrates a small fragment in the central chest. (c) CT scan shows the fragment trajectory 
through the right axilla and right upper lobe into the mediastinum and lodged immediately anterior 
to the trachea with small pseudoaneurysm of the right upper lobe pulmonary artery. He was evalu-
ated with bronchoscopy and clinical observation and did not require further intervention
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 Conclusion

The spectrum of blast injuries affecting the chest and abdomen, from minor frag-
ment wounds to massive multisystem trauma, will challenge decision-making. In 
stable patients, a thorough evaluation of all body cavities and watchful observa-
tion are appropriate. For the unstable patient with multiple injuries, early external 
hemorrhage control, balanced blood product resuscitation, and identification and 
control of torso hemorrhage are principles that are critical though not unique to 

a b

Fig. 32.7 (a) An 11-year-old male with multiple peppering wounds to the chest following a mine 
blast injury. He maintained hemodynamic stability, and FAST exam was initially equivocal. (b) 
Subsequent chest CT showed hemopericardium. He underwent sternotomy and repair of small 
right ventricular laceration

Fig. 32.8 Abdominal CT 
of blast injury victim with 
multiple peppering wounds 
from small fragments. One 
fragment appears to be 
located within the small 
intestine. The patient had 
no peritonitis and was 
observed for 24 h without 
further intervention
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blast injuries. However, the extent of multisystem blunt and penetrating trauma 
combined with the presence of severe contamination, progressive tissue necrosis, 
and devastating infections contributes to the multiple challenges of blast injury 
management.
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 Introduction

Genitourinary (GU) injuries, defined as injury to any structure or organ within the 
urinary, genital, or reproductive systems of men or women, are unique from injuries 
to all other body systems in that they are the only region or system which has the 
combination of the following attributes: low mortality when injured, innate sensi-
tive/intimate nature of anatomy and function, and profoundly limited options for 
functional rehabilitation when tissues are lost. Thus, unlike those who sustain inju-
ries to other body systems, the clinical care of men and women who sustain GU 
injuries begins at the time of injury and lasts for months, years, and beyond, depend-
ing on the severity of the initial injury and quantity of tissue lost. This long-term 
care is further challenged by the lack of standardized care pathways for complex 
genital trauma, the innate difficulty most clinicians have with discussing the effects 
of GU injuries on deeply private and intimate functions (i.e., urination, sexual activ-
ity, reproductive function), and the unfortunate lack of restorative care for those 
who sustain catastrophic loss of genital and/or reproductive organs.

Evolutions in modern warfare and combat casualty care have resulted in a rela-
tive increase in the proportion of casualties surviving with GU injuries after blast 
mechanisms. Thus, the objective of this chapter is to review contemporary military 
GU injury data; outline the early, intermediate, and long-term care of GU injuries; 
and offer pragmatic recommendations to improve the care of patients who sustain 
blast injuries to the GU system in peacetime and war.
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 Historical Perspective

Severe blast injury sustained during the Civil War was uniformly fatal; thus, no 
information about GU injuries sustained during that era are available. During the 
twentieth century, battlefield injury data collection was not standardized, and thus 
the few publications pertaining to GU trauma from World War I, World War II, the 
Korean War, and the Vietnam War were based on the case series of individual sur-
geons and/or hospitals [1]. As a result, little is known about the evolution in blast- 
related GU injury care during this dynamic period in which innovations in medical 
and surgical care would see the mortality rate from combat injuries fall precipi-
tously [2]. However, despite limitations in the data acquired across this large span 
of time, available data suggested that GU trauma was relatively rare overall (0.7–8% 
of all casualties) and that the frequency of injury to the external genitalia increased 
during World War II and the Vietnam War, where increased troop mobility elevated 
the risk of blast injury from explosive devices encountered while on foot [1, 3].

Another important shift in the distribution of GU injuries occurred by the end of 
the twentieth century. During the first Gulf War (1991), renal injuries had become 
even less common, and genital injuries were observed more frequently [4, 5]. While 
the true cause of this shift is not entirely clear, some authors hypothesized that 
Kevlar® body armor (the use of which had become widespread among US ground 
forces) afforded protection to internal urologic organs but not the more exposed 
external genitalia [4]. Detailed data on the initial and long-term management of 
blast-related GU injuries remained virtually nonexistent.

During the twenty-first-century US involvement in Iraq and Afghanistan, a num-
ber of factors converged which ultimately resulted in the frequency of blast-related 
GU injuries increasing to a level never before reported in the history of war. The 
high risk of mortality from dismounted complex blast injury (DCBI, defined as blast 
injury to a dismounted troop resulting in multiple extremity amputations, pelvic 
fractures, and extensive genital/perineal wounds [2]) was largely mitigated by 
advances in combat casualty care, thus improving the survival of complex blast 
injuries which in previous conflicts were uniformly fatal [2]. As a direct conse-
quence, an unprecedented number of US service members (SMs) survived complex 
explosive polytrauma only to face the challenges of recovery from catastrophic 
blast-related GU injuries which in prior conflicts were not survivable. Given the 
increased frequency and unique complexity of GU injuries observed by military 
physicians during OIF/OEF, several investigators have queried Department of 
Defense data sources to report the epidemiology and clinical picture of GU injuries 
observed during this era [6–11].

In 2007, Paquette identified 98 GU injuries among 76 patients from a group of 
2712 US SMs and coalition forces injured in Iraq (2.8%). Half of the patients were 
injured by explosions, and genital and/or urethral injuries comprised 55% of all GU 
injuries [10]. Later in the conflict, Serkin et al. published a report on 819 US SMs 
with 887 GU injuries, 90% of which were sustained in Iraq with the remainder sus-
tained in Afghanistan. Explosive mechanisms injured 65.3% of the patients and 
genital injuries comprised 53% overall [11].
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As strategic focus shifted toward Afghanistan, dismounted maneuvers were 
more common, placing SMs at risk for injury from ground-based explosive muni-
tions resulting in an increased frequency of DCBI. Banti et al. were the first to report 
Department of Defense Trauma Registry (DoDTR) data after this shift occurred. 
They reviewed military electronic health records to confirm combat-related genital 
and/or urethral injury(ies) in 501 men among 890 SMs with GU injuries identified 
in the DoDTR. Explosive mechanisms predominated, and 96% of patients sustained 
concomitant non-GU injuries, most commonly limb amputation (36%), soft tissue 
injury (18%), and fractures (17%), thus illustrating the high complexity of explosive 
battlefield GU polytrauma [6].

After the formal conclusion of Operation Iraqi Freedom and Operation Enduring 
Freedom, Janak et  al. published a comprehensive review of the DoDTR for GU 
injuries, representing the largest series of military GU injuries ever reported. During 
the 12 years analyzed, nearly 30,000 US SMs had injury codes available for review. 
Among them 1462 (5.3%) US SMs sustained 1 or more GU injuries. All but 20 were 
male and 75 of the SMs died of their wounds. Among the 1367 male survivors, 
88.6% of injuries were sustained in battle, 74.1% were caused by an explosive 
mechanism, and 1000 (73.2%) had at least 1 injury to the external genitalia. GU 
injuries were classified as severe in 502 men (36.7%) [8].

Severe polytraumatic injury was common among male survivors of GU injury 
with 62.1% having an injury severity score (ISS) of 16 or higher. Comorbid injuries 
of interest included colorectal injury in 21.7%, pelvic fracture in 25.0%, traumatic 
brain injury in 40.2%, and extremity amputation(s) in 31.7%. Amputations of the 
lower extremities only were the most common (19.4%), but 3.4% of men sustained 
upper extremity amputation(s) only, and 8.9% had both upper and lower extremity 
amputations [8, 9]. Amputation level was through or above the knee in the majority 
of men with the combination of GU injuries and lower extremity amputation (300 
of 387, 77.5%) [9]. Finally, men with severe GU injury had higher rates of ISS ≥ 16, 
colorectal injury, pelvic fracture, and lower extremity amputation [8], suggesting 
that the complexity of GU injury is a surrogate for overall injury severity.

The recently published reports on contemporary battlefield GU injury discussed 
above provide a robust account of the frequency and severity of GU injuries caused 
by blast mechanisms on the modern battlefield. While no previous studies have 
evaluated the long-term outcomes following GU injury in this setting, prospective 
evaluation of this large cohort of men is underway [8] and will hopefully provide 
much needed information on this topic.

 Clinical Management of Casualties

 Internal GU Injury: Kidney, Ureter, Bladder

As discussed above, injuries to the internal GU organs comprise the minority of 
combat GU injuries in contemporary conflicts. However, when blast mechanisms 
result in internal GU injury, management priorities are essentially no different than 
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when similar injuries result from other penetrating or blunt mechanisms: hemosta-
sis, urinary drainage/diversion, early reconstruction (if possible), and delayed 
reconstruction (when necessary). With the exception of high-grade renal injury, GU 
injuries are not immediately life-threatening; therefore, each of these principles 
must be followed in the context of overarching damage control and casualty evacu-
ation principles.

Renal injuries, regardless of mechanism, are most often successfully managed 
with close observation and serial imaging [12, 13]. Rationale behind a nonoperative 
approach is that most renal injuries heal without consequence or less commonly 
require only endoscopic or angiographic procedures for delayed urinary extravasa-
tion or ongoing hemorrhage. Thus, the most likely outcome of avoiding exploration 
is renal preservation. Conversely, renal exploration most commonly results in 
nephrectomy [13]. Unfortunately, no series have specifically evaluated management 
strategies or outcomes after renal injury from blast mechanisms. Therefore, it is 
most reasonable to cautiously apply non-blast injury data to such patients, namely, 
observing stable renal injury patients, applying minimally invasive techniques when 
needed for hemorrhage or ongoing urinary extravasation, and exploring unstable 
patients, those with ureteropelvic junction disruption, and any other patients with 
concerning findings during laparotomy (expanding retroperitoneal hematoma, large 
retroperitoneal soft tissue defects, etc.). However, the trauma surgeon should tailor 
this approach to each patient based on the availability of local resources (i.e., angi-
ography, urology) and the potential for prolonged infield care and/or distant aero-
medical evacuation, taking a more aggressive surgical approach when resources are 
limited and/or a long delay to tertiary care is anticipated.

Ureteral injuries account for fewer than 3% of GU injuries and less than 1% of 
all injuries sustained in either civilian [14] or military [8] settings. When encoun-
tered, ureteral injuries are invariably associated with complex polytrauma [15] and 
thus are often undiagnosed until complications from urinary extravasation and/or 
obstruction occur. When recognized at the time of laparotomy, simple ureteral lac-
erations and transections without tissue loss should be primarily repaired over a 
stenting ureteral catheter [16]. When blast injuries result in more extensive ureteral 
loss, temporary urinary diversion can be achieved by externalizing a ureteral cath-
eter or pediatric (5 to 8 Fr) feeding tube after advancing one end into the renal pelvis 
via the proximal ureteral defect, secured with a ligature at the level of the defect 
[16]. This straightforward, efficient maneuver prevents urinary extravasation and 
facilitates urinary collection until surgical resources and patient stability permit 
definitive ureteral reconstruction. Ureteral injuries diagnosed after abdominal clo-
sure are best treated percutaneously (drainage of the kidney and any associated 
urinoma) until the patient is fit for definitive reconstruction [16].

Bladder injuries account for approximately 5% of contemporary combat GU 
injuries [8]. Intraperitoneal bladder injuries should be closed in two layers (absorb-
able suture) and drained with a urethral catheter regardless of mechanism [16]. 
Extraperitoneal bladder injuries from explosive mechanisms are likely to be associ-
ated with complex pelvic polytrauma (open pelvic fracture, rectal and/or vaginal 
injury, bladder neck and/or urethral injury, extensive soft tissue loss, etc.) and thus 
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should be also be repaired, in contrast to extraperitoneal injuries from blunt trauma 
which typically heal after 1–2 weeks of simple catheter drainage [16]. All patients 
with pelvic blast injury should have long-term urology follow-up as complex pelvic 
trauma can result in poor bladder compliance and/or urinary incontinence, even if 
the bladder seemed uninjured at the time of initial injury staging. Unfortunately, 
there are no published data which detail long-term bladder function after pelvic 
blast injury.

 External GU Injury: Urethra and External Genitalia

In isolation, complex genital injury is not life-threatening. Therefore, genital injury 
management must adhere to damage control principles, while comorbid life- 
threatening injuries are initially staged and managed. Urinary drainage must be 
established as soon as possible [17]. If disfiguring genital injuries preclude success-
ful passage of a transurethral catheter, a suprapubic cystostomy should be placed 
either percutaneously or in an open manner at the time of trauma laparotomy. A 16 
French Foley or Malecot catheter placed through a small cystostomy in the anterior 
bladder wall, secured with an absorbable purse-string suture, and brought out 
through a separate stab incision in the lower abdomen provides prompt, safe bladder 
drainage. Concomitant bladder rupture is not uncommon and can be ruled out with 
plain film or CT cystography if not adequately evaluated intraoperatively.

Once urinary drainage is established, genital injuries should be irrigated with 
copious low-pressure saline solution, especially when blast mechanisms lead to 
extensive wound contamination. Any actively bleeding vessels can be ligated or 
fulgurated, although significant hemorrhage is rare given the small caliber of genital 
end arteries. Extensive debridement should be avoided at this time, given the diffi-
cult to replace nature of the genital structures (i.e., phallus, clitoris, testis). The geni-
tal wound can then be packed with moist gauze secured with a mesh undergarment 
while the patient is further resuscitated.

On secondary operative evaluation, comprehensive genital injury staging must 
be completed [18]. After dressing takedown, low-pressure irrigation is repeated, and 
each genital structure is examined. For males, this includes the paired corporal bod-
ies, the pendulous and bulbar urethra, each testicle/spermatic cord, and the genital 
skin and soft tissue. The lithotomy position is helpful, especially when the wound 
extends toward the anorectal complex and posterior perineum. Each injured struc-
ture is assessed for continuity and viability. Corporal lacerations are closed with 2-0 
polydioxanone suture. Urethral injuries are realigned over a Foley catheter and 
closed with 4-0 polydioxanone suture. Simple testicular lacerations are closed with 
4-0 polyglactin suture after debriding any necrotic or protuberant seminiferous 
tubules. Large defects in the capsule of the testis (tunica albuginea) can be restored 
with a small graft of parietal tunica vaginalis, secured with 4-0 polyglactin suture 
[16]. Orchiectomy is appropriate for unilateral testicular injuries deemed non- 
salvageable. However, even a small remnant of the body of one testicle can maintain 
androgen function and thus preclude the need for long-term testosterone 
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replacement. When orchiectomy is needed, the cord should be suture-ligated in two 
separate packets with 0 or 2-0 polyglactin suture. An attempt at sperm salvage can 
be considered if the abundant necessary resources are available [17, 19].

Once the deep genital structures are fully staged, the skin and soft tissue are 
assessed. Simple injuries can be closed in layers over one or several surgical drains. 
Blast injuries are usually contaminated with dirt and debris and may be associated 
with extensive tissue loss. Therefore, heroic attempts at full tissue coverage are not 
appropriate in the acute setting [18]. Rather, a vacuum-assisted wound dressing can 
be applied which simplifies wound care compared to traditional gauze dressings.

The interval of wound reevaluation will depend greatly upon the complexity of 
both the genital and comorbid injuries. Blast injuries with extensive contamination 
and questionable tissue viability may require daily or every-other-day reevaluation 
in the operating room [18]. With each examination under anesthesia, low-pressure 
wound irrigation is repeated and tissue viability is reassessed. Deep debridement of 
the glans penis, urethra, and corporal bodies should be avoided as the tissues are 
highly vascularized, resistant to infection, and difficult (if not impossible) to replace. 
However, clearly necrotic genital tissues should be debrided when necessary to pre-
vent secondary infection. The vacuum-assisted dressing is then replaced and the 
cycle is repeated until the wound has stabilized and granulation tissue has formed.

Once the wound has stabilized and adequate granulation tissue has formed, geni-
tal reconstruction can ensue. A comprehensive discussion of reconstructive surgery 
after complex genital injury is beyond the scope of this chapter but has been sum-
marized in a recent review [20]. There are, however, several broad principles which 
should be considered by trauma care teams. When the deep genital structures are 
preserved, split-thickness skin grafts (STSGs) are preferred for wound coverage and 
initial reconstruction. Thick (0.016″), non-meshed STSGs provide excellent cos-
metic and functional outcomes for penile skin replacement, while thinner (0.010″) 
STSGs meshed 1:1.5 are preferred for scrotal and perineal reconstruction. Urethral 
injuries not addressed acutely or delayed complications of urethral injuries (such as 
stenosis or fistula) are repaired in one or more stages, depending on injury severity 
and degree of urethral, paraurethral, and perineal tissue loss.

Partial penile amputations should be circumferentially grafted to maintain a 
phallic shape as even a foreshortened phallus can maintain a male habitus, permit 
voiding from a standing position, and even provide erogenous sensation once 
healed. Complete penile loss is rare [8] but can be restored with either a radial 
artery-based forearm free flap [21] or pedicled flap from the anterolateral thigh [22]. 
Unfortunately, men with genital blast injury frequently have concomitant upper 
and/or lower extremity injury(ies) and/or amputation(s) [9], thus limiting potential 
flap donor sites. Additionally, outcome data after flap-based penile reconstruction in 
the blast-injured population are essentially nonexistent [21]. Penile allotransplanta-
tion is an investigational option for complete phallic replacement [23–25]. However, 
to date, there have been only four successful penile transplantations performed 
worldwide, three of which were performed for penile loss after iatrogenic or onco-
logic etiologies [23, 26]. Men who sustain penile blast injuries are profoundly dif-
ferent, both locally (due to the direct effects of the blast injury on the recipient 
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urethral, corporal, and vascular beds) and systemically (due to the high prevalence 
of comorbid amputations, colorectal injury, traumatic brain injury, and prior blood 
transfusions) [8]. Thus, the future of penile transplantation for men with complex 
blast-related genital injury remains uncertain.

Beyond the obvious surgical needs created by GU blast injury, there are a multi-
tude of long-term functional problems that complicate GU blast injury which neces-
sitate long-term multidisciplinary care. These include erectile dysfunction (and other 
sexual problems for the patient and his/her sexual partner(s)), urinary obstruction 
and/or incontinence, infertility, hypogonadism, and mental health problems. Urology 
referral is mandatory even for patients in whom the acute injury was managed with-
out urologist assistance as urologists are best equipped to manage the above prob-
lems either independently (i.e., urethral stricture, low testosterone, male factor 
infertility) or in collaboration with other specialists (i.e., gynecology, reproductive 
endocrinology, clinical health psychology, sexual health and intimacy counseling). 
Comprehensive post-GU injury care can help ensure survivors of complex GU blast 
injury maximize their functional recovery and long-term overall quality of life.

 Conclusion

Improved survival after complex blast injury has led to unprecedented numbers of 
casualties surviving with complex GU injuries. A systematic approach to the evalu-
ation, early surgical management, delayed surgical reconstruction, and long-term 
functional rehabilitation is essential to ensure GU functions are restored and quality 
of life is maximized.
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 Introduction

With the prolonged combat operations in Iraq and Afghanistan spanning two decades, 
injury patterns and complexity have changed. Blast injuries account for up to 50–70% 
of all injuries incurred to both soldiers and civilians in the wartime setting [1–3]. With 
the advent of body armor, multiple extremity injuries and amputations are a predomi-
nate injury pattern. These severe extremity injuries are often accompanied by signifi-
cant head and facial, lower abdominal, and genitourinary injuries [4]. Complex blast 
injuries are also being encountered with increasing frequency in terror attacks around 
the globe. Currently in Afghanistan, 70–80% of these injuries are incurred due to 
improvised explosive devices (IEDs), rocket- propelled grenades (RPG), land mines, 
rockets, and mortars [5]. Treatment of these complex injuries, many of which include 
severe soft tissue and bony injury, requires a team approach. Treatment most often 
consists of immediate hypotensive resuscitation, external and endovascular hemor-
rhage control modalities, damage control surgery to include an extensive and thor-
ough irrigation and sharp debridement of open wounds, spanning external fixation for 
fractures, vacuum-assisted wound closure, and finally definitive repair or reconstruc-
tion [6]. Appropriate antibiotic and tetanus prophylaxis must also be administered [5]. 
Management of musculoskeletal injuries may include immediate amputation for non-
viable limbs, initial reduction and external fixation, and the liberal use of fasciotomies 
to treat and, in some instances, prevent compartment syndrome [7]. Long-term com-
plications such as infection, chronic pain, post-traumatic arthritis, heterotopic ossifi-
cation, and PTSD still present significant problems that require long-term management. 
Although ongoing studies continue to collect data to help guide proper management 
of these injuries, recent studies suggest that good outcomes are possible.
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 Pathophysiology of Blast Injury

There are four main mechanisms of blast injury that have been categorized as pri-
mary, secondary, tertiary, and quaternary. Primary blast injury to the body occurs as 
a result of the blast wave moving through an individual’s body and interfacing with 
the body’s air/fluid components. Traumatic amputations are rare but typically occur 
at the mid-shaft of long bones rather than through joint articulations [8]. Although 
not completely understood, this is thought to be due to the direct coupling of the 
blast wave into the tissues, resulting in axial stresses to the long bone. The blast 
wind to the flailing extremity completes the amputation [8, 9].

Secondary blast injury is related to lacerations, abrasions, and penetrating injury 
due to projectiles propagated from the primary blast. This can include shrapnel, 
nails, screws, nuts, bolts, or any other material intentionally embedded into the 
explosive device (primary fragmentation). Secondary fragmentation is related to 
local material that contacts the individual due to close proximity to airborne mate-
rial from the blast such as glass, brick, stone, wood, or dirt (Fig. 34.1). Although the 
penetrating holes from secondary blast particles may be small, the zone of injury 
may involve a large surface area underneath the skin to include deep tissue, bone, 

Fig. 34.1 Note small 
punctate wounds adjacent 
to larger wounds indicated 
entry points of dirt driven 
into the soft tissues from 
the blast
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and joints [8]. These small wounds can contain bits of foreign material that can 
present an ongoing source of contamination if not properly addressed.

Tertiary blast injury occurs from the individual being propelled into the air and 
then forcefully coming into contact with a stationary object. This mechanism typi-
cally results in blunt force trauma and fracture [8]. Quaternary injury is the result of 
structural collapse often resulting in severe crush injury. These injuries can also 
involve significant burns from detonation devices or local fires secondary to explo-
sions. A large combination of orthopedic-related injuries can result from tertiary 
and quaternary mechanisms, including crush injury, traumatic amputation, com-
partment syndrome, burns, rhabdomyolysis, and internal degloving (Morel- 
Lavallee) lesions [8].

 Initial Antibiotic Infection Prophylaxis

Severe complex musculoskeletal wounds are the most common sites of injury related 
to blast events. Up to 15% of extremity blast injuries go on to develop osteomyelitis. 
Commonly and especially in the case of combat extremity blast injuries, infectious 
complications often involve multidrug-resistant bacteria [10]. It is notable that bacte-
ria cultured from these contaminated wounds at the time of initial debridement do 
not correlate with those cultured at the time of infection [11]. The strongest recom-
mendation regarding antibiotic administration related to musculoskeletal blast inju-
ries calls for the antibiotic to be given as early as possible [11]. This involves the 
administration of a first-generation cephalosporin such as cefazolin within 1 hour. 
The currently recommended dose for a patient weighing between 81 and 160 kg is 2 
g. Repeat dosing should be performed in the initial OR setting if OR time exceeds 
from 2 to 4 hours or if blood loss exceeds from 1500 to 2000 ml [11].

The routine administration of an aminoglycoside for Gustilo-Anderson grade 3 
open fractures has recently become more controversial. A study by Patzakis et al. in 
1974 found no significant difference with the use of an aminoglycoside antibiotic 
and a placebo in preventing infection in open fractures, and the use of a cephalospo-
rin alone was significantly more efficacious than either [12]. Another study in 2007 
reported that a large percentage of academic orthopedic surgery programs routinely 
used aminoglycoside antibiotics for prophylaxis in grade 3 open fractures due to the 
frequent culture of gram-negative organisms at the time of initial debridement, even 
though these organisms have been shown to not correlate with cultured microbes at 
the time of infection [13] This practice of adding aminoglycoside antibiotic admin-
istration is based on Gustilo’s findings in his 1984 article demonstrating an increased 
incidence of gram-negative organisms in grade 3 open fractures. However, robust 
evidence for this recommendation is lacking [11].

The use of intravenous (IV) penicillin for antibiotic prophylaxis against clostridial 
species has also been commonly used for wounds grossly contaminated with dirt. 
This recommendation was based on a prominent 1989 study [14]. The serious conse-
quences of such infections, including the historically high incidence of gas gangrene 
and its associated high mortality rate, once justified the common use of this 
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antibiotic. However, due to recent advances in the expeditious and aggressive man-
agement of combat- and blast-related injuries, gas gangrene is very rarely seen. As 
such, the routine use of IV penicillin in the setting of musculoskeletal blast injuries 
has become controversial [11]. The use of locally administered antibiotics (topcially 
applied to the wound bed) has also recently gained popularity in the spine and joint 
reconstruction and, to a lesser extent, in the trauma literature. However, current evi-
dence is lacking in regard to definitive recommendations on local administration, and 
further studies are ongoing [11].

Combat- and blast-related invasive fungal infections are another infectious con-
sideration the surgeon must keep in mind. Invasive fungal infections have also been 
described in the civilian population related to blast injury involving agricultural 
accidents, natural disasters, and penetrating wounds with environmental debris. 
Risk factors for combat-related fungal infections include blast injuries occurring in 
the open, associated above-knee amputations, and large-volume blood transfusions. 
Diagnosis is confirmed by tissue-based histopathology or fungal cultures. Aggressive 
surgical debridement is the mainstay of treatment in combination with empiric anti-
fungal therapy consisting of amphotericin B, voriconazole, or fluconazole [15].

 Initial Surgical Management

A team approach should be utilized in the surgical management of the blast-injured 
patient [6]. Because the patient often has multiple organ system injuries, if possible, 
concurrent surgical procedures with general surgery, vascular surgery, plastic sur-
gery, etc. should be considered in order to avoid prolonged operating room times, 
prolonged anesthesia, and excessive blood loss. This also facilitates expeditious 
throughput of patients in a mass casualty situation.

Initial management of musculoskeletal blast injuries focuses on determining the 
viability of the limb [7]. The spectrum of extremity blast injury can encompass 
fractures, amputations, crush injuries, burns, abrasions, lacerations, neurovascular 
injury, and compartment syndrome. Typically, orthopedic surgeons have used the 
classic Gustilo-Anderson classification system for open fractures (Table 34.1) [16]. 
However, this system was not originally developed to classify war wounds and mas-
sive soft tissue injuries often encompassing multiple extremities. Coupland devel-
oped a Red Cross classification of war wounds based on injuries seen and treated 

Table 34.1 Gustilo and Anderson classification of open fractures

Grade 1 Puncture wound of less than 1 cm with minimal soft tissue injury
Grade 2 Wound is greater than 1 cm in length; moderate soft tissue injury; soft tissue 

coverage of bone is adequate with minimal bony comminution
Grade 3a Extensive soft tissue damage; soft tissue coverage of the bone is adequate; includes 

massively contaminated and severely comminuted fractures
Grade 3b Extensive soft tissue damage with periosteal stripping and bone exposure; severely 

contaminated with bony comminution; flap coverage is required to provide soft 
tissue coverage

Grade 3c Associated with an arterial injury requiring repair for limb salvage
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throughout the Soviet-Afghan War [17]. Wounds are scored by considering entry 
and exit sites, the presence of a cavity within the zone of injury, fracture, injury of a 
vital structure, and/or the presence of a metallic foreign body. The total number of 
wounds is recorded, although only the two worst wounds are scored (Table 34.2). 
Although this classification system is quite comprehensive, it has not reached wide-
spread use [6].

Whether amputation or limb salvage is chosen, aggressive soft tissue sharp 
debridement and irrigation should be performed [5, 18]. It is important to recognize 
that the zone of injury may extend far beyond what is immediately visible to the 
surgeon (Fig. 34.2a, b) [5]. This may necessitate extended incisions to fully visualize 
and assess soft tissue injuries and possible occult traumatic arthrotomies. It is also 
important to recognize that the injury incurred to the tissues is an evolving process. 

Table 34.2 Red Cross EXCFVM wound scores [17]

E (entry) Entry wound maximum dimension (cm)
X (exit) Exit wound maximum dimension (cm)
C (cavity) Wound cavity admits two fingers:

C0 = no
C1 = yes

F (fracture) F0 = no fracture
F1 = fracture without comminution
F2 = fracture with comminution

V (vital structure) Breach of dura, pleura, peritoneum, or major vessel injury:
V0 = no breach
V1 = breach

M (metallic body) M0 = no metallic body
M1 = one metallic body
M2 = more than one metallic body

a b

Fig. 34.2 (a) Appearance of blast injury with traumatic amputation showing general appearance 
at presentation. (b) The same wound showing significantly large zone of injury than initially appar-
ent. This ultimately required hip disarticulation
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As such, this may require multiple trips to the operating room for serial debridement 
due to the evolving nature of the soft tissue envelope [5, 18]. Grossly contaminated 
and necrotic tissue should be sharply debrided. Questionable tissue may be left if a 
return to the OR can be reliably planned to assess for the evolution of necrosis or 
viability. Copious irrigation with saline with high volume and low flow should be 
performed. Cystoscopy tubing is preferable to jet irrigation that may push contami-
nation deeper into the tissues. Various different irrigation solutions (castile soap, 
Betadine, chlorhexidine, Dakin’s, antibiotic solution) have been tried; however stud-
ies suggest standard saline is likely best. In situations where resources are limited, 
potable water can be used as a last resort [19, 20]. Bone fragments without soft tissue 
attachments should be removed from the wound. An exception to this would be large 
osteoarticular fragments that can be cleaned of gross contamination.

Fasciotomies should be performed to treat impending compartment syndrome. 
In case of delays due to an injury that occurs in a remote environment, prolonged 
aeromedical transport to a higher level of care, or with limb revascularization, pro-
phylactic fasciotomies should be strongly considered [7]. However, indiscrimi-
nately compartment releases should be avoided as there can be significant morbidity 
associated with fasciotomies.

If amputation has already occurred or is the decided path of definitive treatment 
of the injury, it is important to avoid immediate primary closure [6]. Negative pres-
sure vacuum-assisted wound closure devices should be used until the wound is 
ready for either definitive primary closure or soft tissue reconstruction [6, 21]. It is 
important to maintain as much viable skin and soft tissue as possible to allow for the 
greatest length amputation stump as possible. Guillotine amputation stumps should 
always be avoided [18]! Guillotine amputations result in a retraction of the soft tis-
sues often necessitating revision of the bone cut at a higher level to obtain stump 
closure (Fig.  34.3). It should also be recognized that traumatic amputations or 
extremity injuries that go on to require amputations often require atypical soft tissue 
flaps for closure, again necessitating the need to be judicious with skin and soft 

Fig. 34.3 Example of 
retraction of the soft 
tissues after open circular 
(guillotine-type) 
amputation
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tissue retention if viable. In cases where bone is fractured proximal to the level of 
the traumatic amputation, an attempt should be made to treat the fracture rather than 
amputating at the higher level to maintain length.

Splinting the amputated limb can help stabilize the injured limb for transport, aid 
in pain control, and help protect the injured soft tissues. If a limb salvage approach is 
to be used, fracture stabilization with either an external fixator device, skeletal trac-
tion, or splint application is performed [5, 6, 18]. External fixator devices are excellent 
in these scenarios as they provide excellent stability, can be used for extended periods 
or even definitive fixation if required, facilitate wound management, and simplify 
patient transport (as opposed to traction) [7]. There are commercially packaged sterile 
external fixator systems available which allow for application in austere environments 
without the aid of fluoroscopy, additional surgical instruments, or power drills.

Segmental bone loss can temporarily be filled with antibiotic cement spacers or 
beads [6, 18]. Vacuum-assisted wound closure devices are again used for initial 
management and coverage of soft tissue wounds. Loosely reapproximating tissue 
over deep vacuum-assisted dressings can help prevent retraction of the soft tissue 
envelope, while still facilitating drainage. Repeat debridement should be performed 
every 24–48 hours until the soft tissue envelope has been deemed stable and con-
tamination free. Tissue necrosis and onset of early infection can continue to evolve 
over several days post-injury (Fig. 34.4a, b). Antibiotic coverage should continue 
until definitive wound closure has occurred. The duration of antibiotic administra-
tion after wound closure is controversial with recommendations ranging from 24 up 
to 72 hours [10, 11].

 Definitive Limb Reconstruction

Once the patient’s soft tissue envelope has been thoroughly and completely debrided 
of all nonviable tissue and bony injuries have been preliminarily stabilized, a plan 
toward definitive limb reconstruction can be initiated. This often requires a multi-
disciplinary approach to include the orthopedic surgeon, plastic surgery, and 

a b

Fig. 34.4 (a) Example of evolution of tissue necrosis over the course of 48 hours between opera-
tive interventions. (b) Appearance of the same wound approximately 48 hours later
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possibly vascular surgery [18]. The reconstruction ladder begins with the simplest 
procedures being performed first, such as direct delayed primary closure, secondary 
closure, split-thickness skin grafting, or full-thickness skin grafting [5, 18]. If there 
is a significant soft tissue defect, depending on its characterization and severity, a 
number of local and soft tissue free flaps can be performed to obtain wound closure. 
Latissimus dorsi and rectus abdominis vascularized muscle flaps have greatly con-
tributed to improved outcomes in reconstruction of extremity blast injuries [5]. 
Early coverage of open fractures within 7–10 days post-injury greatly reduces infec-
tion risk [1]. There is a growing trend toward more upper extremity limb salvage 
than lower extremity limb salvage, an increase in the use of perforator flaps and 
fasciocutaneous free tissue transfers for limb reconstruction, earlier time to defini-
tive flap reconstruction, and > 95% flap success rate [2]. In some cases, acute short-
ening of a limb can facilitate wound closure without flaps [18].

Definitive management of fractures secondary to extremity blast injuries is often 
a complex process requiring multiple procedures. These fractures are often charac-
terized by severe comminution and/or segmental bone loss. The severe nature of the 
surrounding soft tissue injury which often includes regional soft tissue loss, reduced 
local vascularity, regional scarring, and high propensity for local infections creates a 
challenge for the orthopedic surgeon to get these injuries to heal [18]. After initial 
management with an antibiotic cement spacer or beads accompanied by provisional 
external fixation and/or splinting, these fractures often require some form of bone 
grafting in conjunction with definitive internal fixation. Placement of an initial 
cement spacer creates a highly vascularized pseudomembrane that is rich in osteoin-
ductive signaling factors [18, 22]. Bone grafting options include autograft harvested 
from the iliac crest or femoral intramedullary bone graft harvested via a reamer/irri-
gator/aspirator (RIA). Both of these options have their associated advantages and 
disadvantages [23]. Autologous bone graft is advantageous because it is osteocon-
ductive, is rich in osteoinductive signaling factors, and contains high concentrations 
of osteogenic cells [23]. These bone graft characteristics are critical with complex 
extremity blast injuries as the local bone and soft tissue associated with these injuries 
is often devoid of these properties [18]. Vascularized structural grafting has gained in 
popularity and is best suited for upper extremity defects [24]. Another option for 
bone defects that exceed 8 cm in length is distraction osteogenesis via the use of 
either an external fixator or an intramedullary device [21, 25]. Drawbacks of using an 
external fixator frame are the prolonged amount of time required to wear the frame 
during correction of the deformity. The external frame also limits access to the sur-
rounding soft tissues if associated wound coverage procedures are required [21, 26].

If the limb is found to be unsalvageable, treatment should proceed expeditiously 
to amputation. It is imperative to apply sound surgical principles of amputation such 
as maintenance of bone length, appropriate myodesis, preservation of soft tissue 
and skin flaps to allow for tension-free soft tissue closure, and proper management 
of neurovascular structures. This will maximize the functional potential for the 
patient during the rehabilitative phase [18]. There is recent evidence to suggest that 
targeted muscle reinnervation may reduce phantom limb pain and painful neuroma 
formation and aid in the use of bioprosthetics [27].
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 Conclusion

Extremity blast injuries are complex injuries that often require a multidisciplinary 
treatment approach. Involvement of more than one extremity is common. Often, 
multiple surgical procedures are required in both the initial phase and the definitive 
phase of management. Extensive research and data collection have occurred over 
the course of the Iraq and Afghanistan conflicts. This information has helped to 
guide updated treatment recommendations, improving outcomes. Whether limb sal-
vage or amputation is performed, good outcomes can be obtained for the patient. 
Surgeon experience should guide which treatment path to take for each individual-
ized patient. Extremity reconstruction is a long process that can span years. 
Additionally, psychiatric conditions such as PTSD, anxiety, and/or depression 
should be identified and treated appropriately. Continued research is still needed 
and ongoing in the treatment of heterotopic ossification, infection prevention and 
treatment, treatment of post-traumatic arthritis, and identification of risk factors for 
long-term complications in amputees and limb salvage patients.
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 Introduction

The principles of reconstruction in burn and blast injuries are rooted in the history 
of plastic surgery as a specialty. In the early twentieth century, Sir Harold Gillies, 
viewed as the father of modern plastic surgery, performed complex reconstructions 
for soldiers injured in World War 1 by burn and blast injuries [1]. Blast injuries are 
a unique type of trauma in the extent and multiplicity of injuries that can occur in 
each individual patient coupled with the increased risk for infectious complications 
secondary to wound contamination from fragmentation. The dynamic sequence for 
successful reconstruction depends on patient resuscitation from the acute insult, 
early and frequent wound debridement, fracture repair/stabilization, repair of any 
vascular compromise, and soft tissue coverage, hinging on a collaborative multidis-
ciplinary approach involving trauma, orthopedic, vascular, and plastic surgery 
teams. In the modern era, the most common causes of blast injuries globally are 
terrorist attacks, with 54,000 deaths and injuries from 11,800 incidents in 2008 
alone [2].

The training pathway for plastic and reconstructive surgeons results in surgeons 
who can operate from the “head to the toe.” Plastic surgeons develop a thorough 
knowledge of normal anatomy and anatomical relationships that enables them to 
approach complex injuries for which there is not a set template for repair. This full- 
body management additionally means that plastic surgeons’ work crosses, and is 
integrative of, multiple different specialties.
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This chapter discusses the role of the plastic surgeon in managing burn and blast 
injuries via the lens of the experience of the author’s institution, Brigham and 
Women’s Hospital, during the Boston Marathon bombing. This mass casualty inci-
dent resulted in 3 dead on the scene and 281 total injured patients from the explo-
sion of two pressure cooker improvised explosive devices (IEDs) near the finish line 
of the race [3]. There were 127 major limb injuries, and of these 31 were major 
exsanguinating extremity wounds frequently complicated with heavy contamina-
tion [4, 5]. The IED detonation resulted in a predominance of lower extremity inju-
ries from its ground-level location and high fragmentation burden from component 
projectiles. There was a localized thermal radius resulting in some burns. However, 
the heavy contamination of wounds from street-level dust, garbage, and biologic 
material, including human debris causing fragmentation injury, created more clini-
cal impact. The distribution of injuries for patients admitted to the hospital predomi-
nantly included injuries to the lower extremities, though as is the nature of blast 
injuries, many patients had multiple injuries to various parts of their body. Surgical 
response to this type of explosive mass casualty incident requires many of the same 
principles learned on the battlefield, while also exposing the differences between 
civilian and military burn and blast injuries.

 Brief Overview of Soft Tissue Blast Injury

The types and patterns of injuries to bone and soft tissue in blasts are dictated both 
by the type of explosive device and the proximity to the epicenter of the explosion 
[6]. The categories of injury that occur in blast injuries are classified as primary, 
secondary, tertiary, quaternary, and quinary (Table 35.1) [7]. In the Marathon bomb-
ing, there were a significant number of individuals injured via the shock wave (pri-
mary blast injury) and had ruptured tympanic membranes, often described as 
occurring in up to half of patients injured in explosions, and concussions [8, 9]. 
However, the degree of primary blast injury that occurred was less than that seen in 
the military and terrorist attacks in the Middle East due to the difference in muni-
tions used by the assailant [9]. During the Marathon bombing, the largest source of 
morbidity and mortality, requirement for hospitalization, and operative procedures 
arose from device and biologic fragmentation (secondary blast injury). The extent 
of contamination of wounds in the Marathon bombing was significant and included 
fragmentation of human bone and soft tissue causing injury to other victims. The 
wound contamination that occurred is the “rule rather than the exception” in blast 
injuries resulting from the blast advancing contamination beyond the margins of the 
visible wound [10]. The power of the explosive device used primarily dictates the 
extent of acceleration/deceleration injury that occurs (tertiary blast injury). Burning 
and toxic exposure (quaternary blast injury) was not significant in the bombing as 
the device used was not incendiary in nature. The degree of quinary blast injury 
from contamination radiation contamination or toxic metal exposure did not play a 
large role at the Marathon bombing.
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 Collaborative Team Approach to Management

When a patient survives past the initial blast and burn trauma, the view of those 
treating the patient should be that these patients will have to manage a lifetime with 
their injuries. The choices that the treatment team makes during the acute period 
affect the patients for the rest of their lives [11]. Studies of patients who suffer a 
burn injury has shown that even 10 years after the burn, patients have low heat sen-
sitivity, affect, body image, and often do not return to work, supporting the conclu-
sion that burns, and likely blast injuries which share many injury characteristics, are 
chronic conditions [11–13]. The patients may suffer various unique functional defi-
cits secondary to their injury. It is this chronicity that reinforces the importance of 
the early team approach to management of these patients. The patients treated at the 
author’s institution, as well as neighboring hospitals, after the Marathon bombing 
were all managed collaboratively by trauma, orthopedic, vascular, and plastic sur-
gery (Fig. 35.1) [14, 15]. At Brigham and Women’s Hospital, the plastic surgery 
service performed the most operations of any of these services and accounted for 
the most hospital days for the patients, reflecting the complexity of managing these 

Table 35.1 Department of Defense classification of blast injuries

Definition and causative agent Common injuries
Boston Marathon 
experience

Primary Blast wave/overpressure injury
Direct tissue damage from shock 
wave
Air-filled organs at highest risk

Tympanic 
membrane (TM) 
rupture
Blast lung
Hollow viscera 
perforation/
hemorrhage
Ocular globe 
injuries
Concussion

+++ TM rupture

Secondary Primary fragments → from exploding 
device
Secondary fragments → from the 
environment (rocks, glass, biologic 
material including human)

Lacerations
Penetrating injury
Soft tissue injury 
including 
amputations
Ocular injury

+++ lower extremity 
injuries
+++ human to 
human 
contamination

Tertiary Acceleration/deceleration of body 
onto nearby objects or objects onto 
individual

Blunt trauma
Traumatic 
amputation
Crush injury

Minimal

Quaternary Burning components and toxic 
exposure

Burns
Inhalational injury

Minimal

Quinary Clinical consequences of post 
detonation environmental 
contaminants (bacteria, metals, 
radiation)

Radiation
Sepsis

Minimal
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injuries. This interplay between teams allows for each specialty to play to their 
strengths in order to attain the best outcome for the patient.

Beyond the surgical teams, early involvement of social work and physical and 
occupational therapy specialists can help patients to adjust and adapt to their inju-
ries [16]. Just as these patients require complex surgical care for their wounds, they 
require equally high-level care in their rehabilitation to aid in management of pain, 
stress disorders, and other deficits following the injury [17].

 Initial Management of Blast Injuries

The principles of trauma, as described in earlier chapters, continue to play a key role 
in management of blast injury reconstruction. Adherence of these principles is key 
to the success of reconstructive procedures. This requires a multidisciplinary col-
laborative approach beginning early in the patient’s hospitalization to increase the 
likelihood of optimal outcomes (Fig.  35.2). The components of reconstruction 

Collaboration in acute management

Plastic
surgery

Trauma
surgery

Orthopedic
surgery

Vascular
surgery

Fig. 35.1 Early and 
frequent collaboration 
between services is key to 
achieving good outcomes 
in burn and blast injuries 
given the complexity of 
injuries that occur

Operative needs

Triage Debridement Fixation Coverage

Standard principles of operative management

Fig. 35.2 The standard principles of operative management for burn and blast injuries follow the 
sequence of initial triage and prioritization of life- and then limb-threatening injuries, debridement 
of devitalized and contaminated tissue, fixation, and adequate tissue coverage of the injury
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include fracture stabilization, evaluation and repair of injured vascular structures, an 
emphasis on aggressive early and serial debridement, and soft tissue coverage once 
the wound bed is clean of contamination [10].

It is accepted that all blast-injured patients should have early broad-spectrum 
antibiotic administration to reduce the risk of infection. But the most important 
component in infection prevention is adequate source control via early and 
serial debridement of devitalized and contaminated tissue [18]. The importance 
of adequate tissue debridement is paramount to the success of any reconstruc-
tion [19]. In the case of blast injuries, the secondary blast injury results in more 
extensive contamination of wounds than is typically seen in injuries from other 
forms of trauma as the blast pressure forces result in transfer of high kinetic 
energy, pushing fragments deep into tissues and disrupting fascial planes [20, 
21]. This level of kinetic injury transfer also results in occult tissue damage and 
requires the exploration and debridement of injuries with openings less than 
2  cm. Taken within the context of each individual case, other indications for 
operative debridement include all wounds associated with fractures or traumatic 
arthrotomy, those penetrating fascia, pleura, peritoneum, and vascular struc-
tures [19].

In ideal circumstances, initial debridement should occur early, with guidelines 
supporting that patients with open fractures should have operative debridement 
within 6 hours of injury. This ideal timing must be adjusted when other major inju-
ries have occurred which take precedence. Wounds further may require take-back to 
the operating room as frequently as every 24 hours. In the Boston Marathon bomb-
ing, many of the patients underwent multiple serial debridements before they under-
went their final reconstructive procedure.

The extent of debridement is guided by the patient’s physiologic status and the 
likelihood of wound salvage. Debridement should proceed in an organized fash-
ion, removing all foreign material and nonviable tissue, including all nonviable 
skin, subcutaneous tissue, fascia, and muscle via sharp excision. Determination of 
muscle viability during the procedure is best elucidated via its consistency and 
contractility. Bone fragments that lack their periosteum or soft tissue attachments 
should also be debrided. Wounds should then be irrigated with warm sterile fluid. 
Most often this can be normal saline, though in recent years 0.0125% Dakin’s 
solution has been increasingly used because of its antifungal and antibacterial 
properties [10, 19]. A benefit of early involvement of a plastic surgeon in the care 
of the patient at the stage of first debridement is their ability to recognize recon-
struction options stemming from “spare parts” surgery [22]. Spare parts recon-
struction involves recognizing injuries that are in themselves non-salvageable but 
could be used as a source for reconstruction to provide wound coverage to other 
injuries via immediate tissue transplantation. The example demonstrating this 
principle from the Marathon bombing comes from a patient who had a non-sal-
vageable foot from his injuries but was further at risk of needing an above-the-
knee amputation due to more proximal injuries (Fig.  35.3). Patients who use 
prosthetic with an above-the-knee amputation expend significantly more energy 
ambulating and are slower than patients who undergo below-the-knee 
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amputations [23]. In this case, surgeons used the foot as a composite graft to pro-
vide wound coverage for the exposed tibia and the patient, allowing the patient to 
eventually be fitted with a prosthetic for his below-knee amputation.

 Bridges and Adjuncts to Definitive Reconstruction

Negative-pressure wound therapy (NPWT) allows for temporary coverage of com-
plex wounds, and there is increasing experience in its use for blast injuries [24, 25]. 
NPWT reduces edema in the wound, increases granulation tissue and promotes 
angiogenesis, and contracts the wound surface area [10]. NPWT can be further aug-
mented with antibiotic delivery mechanisms and addition of silver to the porous 
sponges to decrease bacterial load and potentially infection rates [26]. However, 
there is limited evidence to definitively show the significant benefit of these adjuncts 
to NPWT on clinical outcomes such as infection rate, wound closure, and limb sal-
vage [27, 28]. NPWT reduces the risk of infection and can simplify the reconstruc-
tion needed it can increase the take rate of skin grafts, skin substitutes, and composite 
grafts and allow fast graft incorporation, but it does not preclude the need for pro-
viding definitive soft tissue coverage [28, 29].

There are multiple dermal substitutes available that can be used to provide 
coverage of de-epithelized wounds. Full review of all available dermal substitutes 
and their properties is beyond the scope of this chapter. However, examples 
include a bilayer acellular dermal matrix which acts as a scaffold for tissue 
ingrowth and a bilayered living tissue-engineered cellular matrix of bovine type 1 
collage with human neonatal foreskin fibroblasts [30]. Within the context of 
trauma, the materials are most prominently used in burn wounds after excision 

RLE anterior view RLE medial view

Fig. 35.3 This patient had traumatic amputation of his lower extremity and was at risk of needing 
an above-knee amputation. His foot which had been amputated in the explosion was used as “spare 
part” to provide tissue coverage to enable the patient to have a more functional below-knee 
amputation
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and grafting and are contraindicated in infected wounds. There is observational 
level III data to support their use in blast injury patients to provide dermal cover-
age early in the process [30, 31].

It is important to note that they should not be used as substitute for adequate 
debridement of devitalized or infected tissue. The example from the Marathon 
bombing involved a patient who had early Apligraf application but quickly devel-
oped a pseudomonal infection due to the wound bed not being debrided adequately 
prior to graft placement, thus, reinforcing the importance of adequate source control 
with sequential debridement prior to even the simplest of reconstructive attempts.

 Reconstruction

The approach to the reconstruction of blast and burn injuries should follow the same 
principles as those applied to other types of reconstruction in trauma. The caveat 
being that this must be tailored to each individual patient, and the timing of recon-
struction may vary from what is recommended in other types of trauma. The tradi-
tional teaching when initially approaching an individual case is to begin at the 
simplest level of reconstruction and work up from the reconstructive ladder. At the 
first rung is wound closure via secondary intention. Working up the ladder, the next 
steps are primary closure, split-thickness skin graft, local skin flaps, pedicle flaps, 
and finally free flaps. In blast injuries, it is often more appropriate to apply the 
reconstructive ladder, a term referring to the ability of the surgeon to decide to 
ascend directly to the appropriate level of treatment to meet the individual patient’s 
needs [32–34].

The timing of reconstruction is a complex decision in victims of blast trauma. 
Traditional orthopedic trauma teaching espouses that fractures with open wounds 
should have soft tissue coverage within 72 hours, a guideline rooted in the seminal 
work of Godina in 1973 [35]. These recommendations primarily were made with 
traditional trauma patients and do not always generalize to the blast and burn inju-
ries with their heavier contamination [36]. Depending on the individual case sce-
nario, it may be more important to delay reconstruction and soft tissue coverage 
until adequate debridement and wound stabilization have occurred.

For complex extremity wounds from blast injuries, the competing choices are 
amputation versus limb salvage [37]. Early involvement of the reconstructive plastic 
surgeon may increase the limb salvage rate [14]. It is important to properly select 
patients for limb salvage. However, there are no definitive criteria for amputation 
versus salvage that apply to all potential scenarios. Multiple scoring systems are 
available, including Mangled Extremity Severity Score (MESS); the Limb Salvage 
Index (LSI); the Predictive Salvage Index (PSI); the Nerve Injury, Ischemia, Soft- 
Tissue Injury, Skeletal Injury, Shock, and Age of Patient Score (NISSSA); and the 
Hannover Fracture Scale-97 (HFS-97) for ischemic and nonischemic limbs [38, 
39]. While these multiple scoring systems exist and can inform the surgeon’s 
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decisions, none are capable of providing definitive guidelines for the surgeon on 
which limbs should be salvaged and to what degree functional recovery to be 
expected.

Overall, risk factors for amputation put forth by the American College of 
Surgeons Committee on Trauma include [40]:

• Gustilo III-C injuries (comminuted, open tibial fractures with vascular 
disruption)

• Sciatic or tibial nerve or two of the three upper extremity nerves, anatomically 
transected

• Prolonged ischemia (greater than 4–6 hours)/muscle necrosis
• Crush or destructive soft tissue injury
• Significant wound contamination
• Multiple/severely comminuted fractures/segmental bone loss
• Old age/severe comorbidity
• Lower versus upper extremity
• Apparent futility of revascularization/failed revascularization

This complex choice in management is further complicated by evidence from the 
Lower Extremity Assessment Project (LEAP) study in 2010 which showed that 
functional outcomes between those undergoing salvage and those who underwent 
amputation were not significantly different [41]. It must be reinforced that the 
sequelae of the injury and reconstruction choices will become part of the chronic 
condition with which the patient will live.

In the case of primary amputation, there are reconstructive procedures that can 
improve the patient’s long-term outcomes. In addition to the use of spare parts surgery 
to minimize the extent of amputation required, as discussed previously, recently 
developed adjuncts to limb amputation are the Ewing amputation and targeted muscle 
reinnervation. The Ewing amputation enables patients to have significantly increased 
proprioception of their prosthetic leg as well as being able to better interface with 
robotic prosthetics and have a near-normal gait [42, 43]. Targeted reinnervation trans-
fers transected peripheral nerves in the amputated extremity to recipient motor nerves 
of residual muscle. This technique can help prevent the peripheral neuropathy and 
phantom limb pain that otherwise often accompanies extremity amputation as well as 
increases control of advanced myoelectric prosthetics [44]. Regardless of whether 
limb salvage or amputation is performed, adequate soft tissue coverage is essential in 
these cases [10]. The choice of soft tissue coverage is dictated by the location of the 
zone of injury and donor site availability [10]. Additionally, whether the optimum flap 
is free versus pedicled or muscle versus fasciocutaneous is controversial [45]. A col-
laborative team approach that thus takes in all available clinical and technical factors 
is important to make the proper choice in reconstruction. It is not just in limb salvage 
that soft tissue coverage is essential. Free flap reconstruction can also provide cover-
age of the amputation stump to facilitate prosthetic fitting (Fig. 35.4).
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The highest level on the reconstructive ladder is a vascularized composite 
allograft (VCA) transplant. In blast injuries this could mean an upper extremity 
transplant or, if there is significant damage to the craniofacial skeleton, a face trans-
plant [46, 47]. These procedures are performed only in select centers throughout the 
world typically when other reconstructive options are either exhausted or not fea-
sible for the given injury.

 Conclusion

Blast and burn injuries are complex and require a collaborative multidisciplinary 
approach to ensure the best long-term functional outcomes for patients. There are 
no set rules for reconstruction of blast injuries as no two cases are the same, but 
there are a set of underlying principles that guide the reconstructive surgeon. This 
chapter provides a brief overview of the reconstruction of blast injuries, while a full 
description of the nuances requires a dedicated text, and teams should involve expe-
rienced plastic surgeons early in the care of these patients.

Fig. 35.4 This patient lacked sufficient tissue to undergo a traditional below-knee amputation. 
The plastic surgery team performed a free flap procedure to provide tissue coverage for the ampu-
tation stump
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 Introduction

Over the past century, a number of blast events have involved children, starting with 
the massive explosion in Halifax Harbor in 1917 through the Boston Marathon 
bombing in 2013 [1–4]. In fact, because of Dr. Ladd’s involvement in caring for 
injured children in Halifax, that devastating event has become an important part of 
the lore surrounding the birth of pediatric surgery. Since then, fireworks injuries, 
civilian terror incidents, and modern warfare have all led to the further characteriza-
tion of the unique aspects of pediatric physiology, management, and outcomes fol-
lowing a blast event. Children, especially very young children, consistently have 
worse outcomes than their adult counterparts after exposure to a blast [5–8]. Thus, 
there appears to be an ongoing gap in knowledge and training regarding care for the 
youngest patients. Optimizing survival for these young victims requires a detailed 
understanding of the common injury patterns, appreciation of the physiologic 
response of children to blast injuries, and availability of the resources and supplies 
needed to manage critically injured children [9]. In this chapter, we advance the dis-
cussion from the emergency department section. We will discuss the epidemiology 
of pediatric blast injuries, review pediatric-specific anatomy and physiology relevant 
to blast injuries, and describe specific injury patterns and their management.
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https://doi.org/10.1007/978-3-030-40655-4_36#ESM
mailto:jeremy.cannon@uphs.upenn.edu


498

 Epidemiology

Pediatric blast injuries can be divided into those resulting from high- and low- 
energy ordinance. The most common injuries in the United States are overwhelm-
ingly secondary to low-energy blasts from civilian small ordinance, such as 
fireworks. High-energy blast mechanisms usually occur in the setting of either civil-
ian terror events or combat.

 Fireworks Injuries

Inappropriate use of any type of firework can lead to severe injury – indeed, every 
type of legally available firework has been implicated in either injury or death [10]. 
A study by Billrock et al. analyzing data available through the US Consumer Product 
Safety Commission estimated that greater than 130,000 patients under 20 years of 
age received treatment in emergency departments for nonfatal firework- related inju-
ries between 1990 and 2014 [11]. Nearly half of all firework-related injuries reported 
from June to July 2014 in their study occurred in patients under 20 years of age. A  
single-institution descriptive study from Children’s Mercy in Kansas city revealed 
that 95% of children injured by fireworks are injured during the 3 weeks surrounding 
Independence Day [12]. This problem is not unique to celebrations in the United 
States as reports of blast events during celebrations are present in the international 
literature as well [13, 14].

No matter the country of origin, injuries are more likely to occur in males and the 
primary handler of the firework [11, 13, 14]. In the United States, males are three 
times more likely than females to be injured [11]. Injuries are most likely to the 
hand (30%), head and neck (22%), and eye (21%) and include most commonly 
burns, abrasions/contusions, and lacerations. Lower extremity injuries are more 
prevalent in children aged 0–9 than older children [11]. Unsurprisingly, firecrackers 
are the most commonly implicated firework; however, injuries due to sparklers are 
the most common in younger children. Injures are usually secondary to firework 
explosion; however young children are more likely to be struck by the firework than 
to be involved in the blast itself [11]. The vast majority of injuries, however, is 
minor with >90% of patients able to be discharged directly from the emergency 
department (ED).

Legislation and advocacy have the potential to decrease these entirely prevent-
able events. During the 25 years of the Billrock study, the incidence of pediatric 
fireworks injuries decreased by 30% [11]. Although the overall incidence of fire-
works injuries is decreasing, the rate of inpatient admission is significantly increas-
ing, indicating that when injuries do occur, they are more severe than in times past 
[15]. Though fireworks laws have become less stringent over time, a strong recom-
mendation is given by the American Academy of Pediatrics to restrict use to dem-
onstration professionals [16] . They recommend families enjoy professional shows 
rather than participate in private festivities [16].
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 Civilian Terror Incidents

Children have been increasingly exposed to civilian terror events around the world 
including the Jerusalem bombings, Oklahoma City bombing, Madrid train bomb-
ings, and Boston Marathon bombing, among others [4, 17–19]. The majority of 
persons injured in these events are adults. Yet, the presence of multiple day care 
centers within proximity to the Alfred P. Murrah Federal Building in Oklahoma City 
lead to a large number of pediatric injuries. Unfortunately, this incident contributed 
a robust description of pediatric injury patterns as a result of high-energy blast.

Overall 66 children were victims of the incident in Oklahoma City with 40 treated 
and released. Among this population, the injury patterns resembled those of the 
adults injured on that day [20]. Tympanic membrane perforations were extremely 
common in children, with 25/30 patients from one of the nearby day care centers 
affected. Seven pediatric patients were hospitalized, and all required admission to the 
PICU and surgical management. Nineteen children died immediately after the blast. 
Among the mortalities and the severely injured, head injuries predominated, with 
severe skull fractures and partial or total cerebral evisceration common [20]. Also 
common were severe, multiple, orthopedic injures, including traumatic amputations 
[20]. A retrospective analysis of the Bath School bombing of 1927, an explosive 
attack with many similarities to the Oklahoma City bombing, reveals a similar injury 
pattern in children, where injuries to the face, head, and neck predominated [21].

Another detailed assessment of pediatric injuries after terrorist action was 
recently published from the Israel National Trauma Registry. Ahronson-Daniel 
et al. compared injury patterns among terror-injured versus non-terror-injured chil-
dren in the Israel National Trauma Registry from October 2000 to December 2001 
[22]. At that time, terror acts against civilian children became the second leading 
cause of death for children in Israel [23]. Terror-related injuries in children were 
mostly due to explosion (67%) and resulted in multiple injuries in 65% compared to 
65% rate of solitary injury in non-terror trauma victims. The rate of penetrating 
injury was 54% in terror-related incidents versus 9% in non-terror victims. In the 
Israeli experience, the majority of explosive devices was packed with projectile 
foreign bodies that inflicted devastating secondary blast injuries [22]. Burns as a 
result of terror-related incidents were usually accompanied by penetrating injuries 
and were more severe. These injury patterns translated into a doubling in OR utili-
zation in terror-injured children versus non-terror injured as well as higher ICU 
utilization and longer hospital stays [22].

Another series from the Israel National Trauma Registry by Jaffe et al. compared 
injury patterns among children, adolescents, and adults after terror explosions [24]. 
Though not statistically significant, there was a suggestion that infants and toddlers 
were more likely to sustain blunt injuries and less likely to sustain penetrating injury 
and that infants and toddlers were less likely to sustain injuries to multiple body regions 
[24]. Injuries among children were more likely to be severe compared to adults (27% 
vs 12% with ISS 16–24), and children were more likely to have traumatic brain injury 
(35% vs 20%, p = 0.012) and less likely to have open wounds compared to adults [24].
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 Combat Blast Injuries

Strategies utilizing explosive devices to cause death/injury from blast have become 
commonplace in the modern battlespace. The IED has become a weapon of choice 
of violent extremist organizations, and children are frequently collateral casualties. 
The experience of treating these casualties is now becoming well documented from 
US and European military treatment facilities from the conflicts in Iraq and 
Afghanistan. In an analysis of civilian blast injuries from the JTTR, 1822 patients 
under age 20 were treated between 2002 and 2010 [6]. IED was the most common 
blast mechanism across age groups [6]. Most patients were male and greater than 
70% had more than one affected body region. Burns and extremity/pelvic injuries 
were the most common (70% and 50%, respectively) overall, while burns and head 
and neck injuries were the most common for those less than 15 years old. Chest 
injuries were the least common, although when present, they tended to be severe 
(92% with a chest injury had a Chest AIS 3–6) [6]. This is similar to findings in one 
series of adult victims of civilian terror incidents in Madrid, where the presence of 
chest injury indicates a high burden of injury [18].

Overall, Edwards et al. found a mortality of 7.8% for children compared to a 
documented approximately 3% mortality rate for US military casualties [6]. In a 
subsequent analysis, younger children (less than 3 years) required more neurosurgi-
cal interventions, while older children required more interventions for extremity 
injuries including repeated debridement [25]. A review of neurosurgical cases from 
the Craig Joint Theater Hospital from 2007 to 2009 reveals that the most common 
neurosurgical procedure performed on children during that time was craniotomy/
craniectomy for penetrating cranial injury secondary to blast in the majority of 
cases [26]. Pediatric patients presenting with vascular injury to facilities recorded in 
the JTTR were most likely to be injured by blast (58%), and these patients had a 
higher incidence of chest trauma (23%) (although chest injuries are not broken 
down by mechanism) than in other series with a high risk ratio for mortality in those 
with torso injuries [27].

These patterns of injury are consistent among reports from coalition partners, 
who describe a similarly high mortality rate for blast-injured children. There seems 
to be a preponderance of lower extremity injury and more severe head injury in 
younger children compared to older children and adults [28–30]. The civil war in 
Syria has also produced a large number of pediatric casualties. Though the use of 
conventional weapons is more common in this conflict as compared to Iraq and 
Afghanistan, fragmentation injury is the most common mechanism (51%) seen at 
an Israeli Role 1 facility and extremity and head/cervical spine injuries the most 
common anatomic sites [31].

These children, injured as collateral casualties, consume a large portion of 
deployed resources. In a retrospective review of all patients admitted to combat sup-
port hospitals and forward surgical teams in Iraq and Afghanistan, Borgman et al. 
demonstrated that, while pediatric patients only represented 5.8% of admissions, 
they represent 11% of all bed days. Borgman et  al. suggest these numbers may 
underestimate the actual number of children treated due to a lag in capturing all 
patients admitted at the beginning of the conflict.
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 Physiology and Pediatric Vulnerabilities

Children present with unique vulnerabilities to blast injury secondary to multiple 
aspects of their developing/juvenile anatomy, physiology, and behavior [9]. Many 
of these qualities make children more vulnerable to injuries of any mechanism. 
Table 36.1 demonstrates pediatric-specific vulnerabilities by blast mechanism.

Table 36.1 Pediatric vulnerabilities following a blast event

Blast 
Mechanism Head/C-spine Face/Eyes Chest Abdomen Extremity
Primary – Blast 
wave (over−/
under pressure) 
effects

bTBI difficult 
to assess in 
preverbal 
children. 
Long-term 
effects 
unknown
Softer/
immature 
calvaria – 
Potential 
mechanism for 
increased 
“skull- capping” 
type injuries
Increased head 
size relative to 
body

Increased 
susceptibility to 
vagal response
Increased chest/
mediastinal 
compliance

Difficulty 
assessing 
abdomen in 
preverbal 
children – 
Possible 
delay in 
diagnosis of 
blast bowel 
injury

Secondary – 
Ballistic/
penetrating 
effects

Increased head 
size relative to 
body – Klimo 
et al. describe 
high incidence 
of penetrating 
skull injury 
after blast

Children 
usually 
attentive 
during 
displays 
such as 
fireworks
Common 
to have eye 
injury

Short stature
School-age 
children more 
likely to get an 
amputation – 
Curiosity/lack of 
situational 
awareness

Tertiary – Blunt 
trauma as a 
result of 
displacement of 
victim or 
surroundings

Lower overall 
mass

Increased chest/
sternal 
compliance. 
Theoretical 
increased risk of 
blunt injury to 
mediastinal 
structures

Short stature
School-age 
children more 
likely to get an 
amputation – 
Curiosity/lack of 
situational 
awareness

Quaternary – 
Burns/thermal 
injury/toxic 
inhalation

Increased minute 
ventilation

Quinary – 
Radiation/toxic 
biochemical 
exposure

Increased minute 
ventilation
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In the case of fireworks and unexploded ordinance and/or landmines (all prevent-
able blast injuries), a lack of awareness of potential danger may contribute to some 
of the observed injuries. This is demonstrated by the pattern of injuries associated 
with fireworks by age. School-age children and teens are more likely to be injured 
by firecrackers and illegal fireworks as the handler than younger children/infants. 
Younger children have limited mobility and are thus more likely to suffer primary 
blast injuries from fireworks [11]. This low situational awareness and poor mobility 
may explain some of the wartime observations as well, whereas school-age children 
are more likely to suffer primary, secondary, and tertiary blast injuries [25]. 
Furthermore, the high incidence of face/eye injuries in younger patients likely 
results from curiosity.

Children are clearly more susceptible to head injury than their adult counterparts 
secondary to relatively large head size compared to the rest of the body (Fig. 36.1) 
[17, 20, 32, 33]. A thorough review of anatomic and physiologic differences between 
adults and children with TBI was recently published by Figaji [33]. As with head- 
injured children from mechanisms other than blast, preverbal children can present a 
challenge regarding mental status assessment. It is unknown how primary blast TBI 
affects the developing brain and the effect that surgical decompression has on 

a b

c d

Fig. 36.1 Pediatric patient with a secondary blast injury resulting in a penetrating brain injury (a). 
The fragment was directly adjacent to the sagittal sinus (b), but upon careful exposure and removal 
of the fragment (c), the sinus was found to be uninjured. The patient’s cranial defect was repaired 
(d), and she had a full recovery
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outcomes compared to adults, though some posit that children may have a greater 
capacity for neurologic recovery after TBI than adult counterparts; however, data to 
support this hypothesis are lacking [33].

The pediatric chest presents specific vulnerabilities as well that can be assumed 
based on anatomy/physiology and epidemiologic observation. From a pulmonary 
standpoint, there is no indication that children are more susceptible to primary lung 
blast injury than adults. As above, when a child has injuries to the chest, they are 
more likely to be severely ill at presentation. Children are likely more susceptible to 
quaternary injury (toxic inhalation) secondary to increased minute ventilation [17]. 
Given the decreased musculature and increased compliance of the pediatric chest 
wall and sternum, children may be at increased risk for cardiac or pulmonary contu-
sion from either primary or tertiary blast effect. The mediastinal structure is less 
robust in children, and hemodynamically significant shift due to tension from hemo- 
or pneumothorax may occur at lower pressures [34]. In some cases, death from 
primary blast results from a robust vagal response leading to bradycardia, hypoten-
sion, and apnea. Infants and young children may be more especially vulnerable to 
this mode of death due to an immature sympathetic drive [17, 35]. Clinicians should 
be highly suspicious if an infant or young child presents with bradycardia as this 
represents an inappropriate response to injury. This lack of compensatory drive may 
precede rapid circulatory collapse.

Gastrointestinal injury can be caused by all blast mechanisms. While the need for 
laparotomy seems to be less than adult counterparts, blast-injured children, espe-
cially preverbal children, may be more difficult to examine and therefore present a 
unique clinical challenge.

Extremity injuries and burns seem to be especially prevalent in children. This 
may be secondary to short stature. Children aged 4–9 were more likely to get an 
amputation in the series published by Edwards et  al. [25]. This may be due to 
increased mobility and lack of situational awareness in this age group.

 Rapid Assessment of the Blast-Injured Child

Children who are injured as a result of blast may present across a broad spectrum of 
acuity. Preparation for assessing a blast-injured child would ideally begin as soon as 
possible. Information regarding the type of explosive, number of injured people at 
the scene and their ages, proximity of victims to the blast, blast setting (open or 
closed space), and prehospital vital signs and possible injuries can be helpful to 
prepare the trauma team for triaging and resuscitating casualties. This information 
that can help with assuring the appropriate resources, especially pediatric-specific 
resources, are immediately available. When appropriate, pediatric specialists, 
including pediatric-trained nursing staff, and subspecialists may be invaluable in the 
initial assessment and disposition of pediatric trauma patients [36]. This is espe-
cially true of infants and young children.

Given the differences in hemodynamic parameters by age, a simplified method 
for identifying hemodynamic instability has been developed in children. The shock 
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index (heart rate divided by blood pressure) pediatric age-adjusted (SIPA) has been 
shown to identify the sickest children presenting to a trauma center after trauma. A 
SIPA >1.22 in children 4–6 years old, >1 in 6–12 year olds, and > 0.9 in children 
greater than 13 years of age predicts higher injury severity [37, 38].

A Broselow™ tape can be another invaluable tool in the initial evaluation and 
resuscitation in children and will estimate, based upon height, needs from endotra-
cheal and chest tube sizing to weight-based (estimated ideal body weight) dosing 
recommendations for medications commonly utilized during resuscitations [39]. 
The ability to rapidly obtain recommendations for weight-based dosing and inter-
vention is a necessity. Thus, during the evaluation of a pediatric trauma patient, the 
Broselow™ tape provides readily available information and can greatly reduce cog-
nitive loading.

In general, clinicians should adhere to ATLS principles. It is important to 
approach multiple-injured children in a systematic fashion. It is important to remem-
ber that a patient may have been injured by any of the five mechanisms related to 
blast. Specifically, there may be both blunt and penetrating injuries present. Small 
external wounds may be the only sign of devastating internal injury in a hemody-
namically unstable child. The use of plain films and FAST in the resuscitation area 
can help to focus on specific injuries. In stable children, the use of CT imaging 
should be based on symptoms, exam, and laboratory evaluation.

For children without life-threatening injuries but who have a tympanic mem-
brane rupture, we extrapolate recommendations posited by DePalma et  al. [9]. 
Because traumatic tympanic membrane rupture may predict risk for late manifesta-
tions of primary blast injury to various body systems, an observation period with 
charted oxygen saturations for 6–8 hours is recommended. It should be noted that, 
while the majority of patients with severe primary blast injury will also have tym-
panic membrane rupture, it is possible to have severe primary blast injury without 
this finding [9].

 Characterization, Diagnosis, and Treatment of Specific Injuries

 Head Injury

Evaluation of children suspected of having head injury after blast should begin with 
a history of the blasting mechanism. Calculation of the child’s GCS during ATLS 
primary survey should be a priority, and patients with a GCS less than 8 should have 
their airway secured. Gross assessment of motor and sensory functions should be 
performed if time allows. For children without obvious clinical sign of head injury, 
recommendations from PECARN regarding subsequent evaluation by CT scan can 
be extrapolated to this population given the caveat that blast mechanism was not 
included in this study cohort [40].

As soon as clinically able, hemodynamically stable children with severe TBI or 
who meet criteria based on recommendations of PECARN should undergo head 
CT. Patients with severe TBI who are intubated should be kept normocapnic. There 
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are no data to support hyperventilation in children, especially in the setting of pos-
sible concomitant blast lung injury.

Early neurosurgical evaluation is recommended, if available, for children with 
depressed GCS or with intracranial bleeding seen on head CT. Pediatric neurosurgi-
cal support may not be available in austere locations, and adult neurosurgeons or 
general/trauma surgeons with appropriate training may be required to perform sta-
bilization and damage control [26].

The benefits of neuromonitoring and decompressive craniotomy/craniectomy in 
children with head injury are still unclear due to limited prospective data [33, 41–43]. 
Generally, however, the data supports ICP monitoring and decompression for medi-
cally refractory increased ICP in children with severe head injury [44]. This may be 
especially true in penetrating head injury [26, 45]. There are no data regarding the 
surgical management of pediatric patients with predominantly primary blast TBI.

Adult wartime experience with predominantly blast-injured soldiers suggests a 
high rate of neurological improvement over time for those patients who underwent 
early decompressive surgery [46, 47]. These data do not include early deaths (those 
that died prior to reaching the hospital). Early resuscitation on the battlefield and the 
use of body armor, including sophisticated armored helmets, limit the extrapolation 
of these data to children.

Operative battlefield experience in pediatric traumatic brain injury is mostly due 
to penetrating (secondary) blast injury [26]. These authors report that the operative 
principles include wound washout, debridement of devitalized tissue, removal of 
foreign bodies, removal of hematoma, and hemostasis [26]. Results of operative 
management of these patients are generally favorable; however, there is an intrinsic 
selection bias in that patients who made it to rear-echelon care with neurosurgical 
support may have been more likely to survive regardless of treatment. Quality of life 
for children after decompressive craniotomy/craniectomy for TBI is generally 
favorable, but rates of return to normal academic performance are low [44].

 Eye Injury

As above, eye injury as a result of blast is fairly common. No pediatric-specific lit-
erature exists regarding stabilization and treatment of these injuries. Some injuries 
may be isolated, while patients with other severe injuries may have eye injuries in 
conjunction. A careful history, especially from bystanders, should be obtained. In 
patients with high clinical suspicion of ocular injury, a convex shield (metal or plas-
tic) should be placed to protect the eye from further injury, and precaution should be 
taken to keep from putting pressure on that eye. Physical exam should focus on 
evaluation for surgical emergencies such as globe rupture, chemical burns, or orbital 
compartment syndrome [48]. Visual acuity should be assessed if possible. 
Practitioners experienced in the visual acuity assessment of preverbal children may 
be required. CT scan of the head, face, and orbit should be obtained if penetrating 
eye or orbital injury is suspected to guide surgical therapy. Early ophthalmologic 
evaluation is imperative.
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 Chest Injury

Though the chest is the least likely body region to be injured in children based on 
wartime data, chest injuries in these patients and in adult victims of civilian trauma 
indicate a high injury burden [18, 49, 50]. Rapid assessment of the chest should 
begin during the primary survey. In hemodynamically unstable children or those 
that are obtunded, visual inspection and palpation of the chest wall for injury should 
be accomplished and treatment of suspected hemo-/pneumothorax accomplished 
rapidly. Selection of an appropriately sized chest tube for smaller children can be 
guided by a Broselow™ tape. Plain film of the chest can be obtained as a supple-
ment to physical exam during the primary survey. Cardiac FAST to assess for peri-
cardial fluid should also be accomplished. Further imaging of the pediatric chest 
with cross-sectional imaging should be based upon hemodynamic stability, history 
(including suspected blasting mechanism), physical exam, and chest X-ray [51]. 
Stable patients with suspicion for secondary blast injury should undergo CT to char-
acterize position and trajectory of penetrating fragments to guide subsequent 
therapy.

Primary lung blast injury as a result of the blast wave traversing the multiple air- 
fluid interfaces present in the chest/lung may present as respiratory distress, dys-
pnea, or hemoptysis [17, 35]. CXR may demonstrate “batwing” central opacities [9, 
35]. While no characterization specific to pediatric patients exists, its presentation 
should be similar to that of adults. In patients with suspected primary pulmonary 
blast injury, crystalloids should be minimized. Treatment for this condition is largely 
supportive with lung protective ventilation in those patients requiring intubation. 
Extracorporeal lung support has been utilized with some success in small series of 
adults after chest trauma, including some civilian blast injuries [52]. This series 
included some patients with head injuries who underwent ECLS without heparin or 
after demonstration of stable intracranial bleeding [52]. Given the clinical success 
of this salvage modality in children, it would be theoretically beneficial.

Thoracotomy is rarely needed in pediatric patients with blast injuries to the chest 
[25]. The indications for thoracotomy for children with hemorrhage from a chest 
injury are based loosely on adult indications (15–20 mL/kg blood upon initial place-
ment or 2–3 mL/kg bloody output over 2–3 hours) [34]. Thoracotomy for aerodiges-
tive or mediastinal vascular injury as a result of penetrating injury would have 
similar indications to non-blast mechanisms.

 Abdominal Injury

The requirement for laparotomy as a result of blast is common [25]. It is unclear 
what proportion of patients undergoing laparotomy after blast is injured by primary 
blast injury versus secondary or tertiary effects. Regarding primary blast effects, the 
cecum and terminal ileum seem to be the most likely injured segments of bowel in 
animal models and in observational study [53]. Primary blast injury to the bowel 
can create scattered areas of mural hematoma that can progress to necrosis and 
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perforation. Rarely, blast injury to the bowel can perforate primarily. Solid organ 
injury secondary to primary blasting mechanism is also rare (likely owing to a lack 
of gas- fluid interface) [53]. It is unknown how the relatively smaller size of the 
pediatric torso affects these injury patterns.

Indications for abdominal exploration in blast-injured children mirror those of 
non-blast-injured patients. Hemodynamic instability with evidence of penetrating 
abdominal injury should warrant emergent exploration. For pediatric patients with 
hemodynamic instability and no evidence of abdominal penetration, but who have 
other concerning history or physical findings, FAST exam has been shown to be 
specific for intra-abdominal fluid and can be used to guide therapy when positive. 
Low sensitivity for intra-abdominal fluid, however, means a negative FAST exami-
nation in children in whom intra-abdominal injury is suspected should not be reas-
suring and should prompt further workup [54]. Abdominal plain film to assess for 
free air or pelvic fracture plus diagnostic peritoneal lavage can be helpful in this 
situation and can help prioritize abdominal exploration versus a continued search 
for the source of instability.

In hemodynamically stable children without evidence of penetrating abdominal 
injury, the need for further imaging should be guided by history, physical exam, and 
laboratory examination. While most pediatric literature calls for a decrease in the 
use of CT scan for children citing a small but real increase in risk of malignancy 
over time, we suggest a liberalization of its use in patients with a history of signifi-
cant blast mechanism and in whom abdominal exam may be unreliable or unavail-
able (e.g., patients who are ventilated). Otherwise, the use of CT should be restricted 
to those who have abdominal pain, an increase in liver enzyme levels, a urinalysis 
positive for microscopic blood, or elevated lipase [34]. Indication for operation 
based on CT findings would be similar to other mechanisms of injury.

The use of CT scan after urgent surgery for trauma is controversial [55–57]. 
There is emerging evidence, however, supporting the use of CT after damage con-
trol surgery to complete diagnostic workup for severely injured patients [56, 57]. 
Again, there is a lack of data to support the routine use of CT in children who have 
undergone urgent surgery in order to complete their workup; however, given the 
complexity of blast injury, we think the use of postoperative CT scan for blast- 
injured children is a prudent adjunct to surgical exploration.

 Extremities and Bony Pelvis

Injuries to the extremity due to blast mechanism again depend on the ordinance. 
Fireworks injuries to the hands are extremely common and can include burns/abra-
sions, fractures, and amputations [58]. There is a high association with ophthalmo-
logic injury, so patients with fireworks injuries to the hand should have an 
ophthalmologic evaluation [58].

High-energy blast mechanisms may lead to large amounts of tissue loss or ampu-
tation. Other than burns and superficial wounds, the extremities/pelvis is the most 
likely body region injured in children who are combat collateral casualties [6]. 
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Prehospital and inhospital use of tourniquets should be utilized to temporize hemor-
rhage as a result of extremity trauma. Tourniquet use in children injured as combat 
collateral casualties demonstrated similar efficacy as in adults when used appropri-
ately [59]. Sources of life-threatening junctional or truncal injuries can then be 
addressed.

To our knowledge, there are no studies looking at the use of pelvic binders in 
children. It seems reasonable to place a pelvic binder on an older child or teenager 
who is hypotensive with an unstable pelvis. If a commercially available product is 
too large, a bedsheet can be utilized similarly for smaller children.

Once life-threatening injury has been addressed, extremities must be evaluated 
for vascular injury or fracture. In the series by Villamaria et al., the majority of vas-
cular injuries (66%) seen in combat-injured children was to the extremity [27]. The 
remainder of observed vascular injuries was to the torso and neck. Compared to 
vascular injuries to the torso, vascular injuries to the extremity carry a lower risk of 
mortality and are able to be treated with a 95% rate of limb salvage [27].

Splints should be used to stabilize obvious fracture to decrease pain and bleed-
ing. Again, liberal use of plain film should be utilized if underlying fracture is sus-
pected based on history or physical exam. Open fractures should receive appropriate 
and timely antibiotics upon presentation. Damage control principles for severe open 
limb fractures should be utilized [60]. Limb salvage in young patients should be 
sought. Fracture stabilization utilizing wound spanning external fixation should be 
followed by debridement as necessary. Concomitant vascular injury can then be 
addressed and soft tissue coverage arranged as necessary. Wounds should be 
debrided and washed out serially until clean. Definitive reconstruction may require 
pediatric or trauma orthopedic specialty care.

Unstable pelvic fractures in blast-injured children with associated hemorrhage 
should be treated with pelvic stabilization, pre-peritoneal packing, and/or angioem-
bolization similar to the treatment for adults with similar injuries. There are some 
data to support this treatment in older children and teens [61]. Otherwise, in younger 
children, the use of angioembolization will depend on available resources and 
expertise in small vessel access [62]. In cases where these resources are unavailable, 
damage control principles including pelvic packing should be applied and operative 
therapy/vessel ligation utilized as necessary.

 Spine

Pediatric spine injury with low-energy civilian ordinance and fireworks is under-
standably exceedingly rare. Spine injury as a result of civilian terror events is also 
rare. Of the hospitalized victims of terror events in Israel from 2000 to 2005, spine 
injuries were only present in 2% of 0–10 year olds and 4–5% for children and adults 
greater than 10 years of age [24]. Of those victims of a civilian terror event who 
present with a deficit consistent with a cervical spine injury (including children), the 
vast majority of these injuries is due to secondary (penetrating) blast injury [63].
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However, spine injury among combatant victims of high-energy blast are very 
common with injuries usually occurring in the lumbar and thoracic spine secondary 
to compressive loading from below [64]. The high rate of adult spine injury from 
predominantly high-energy blast mechanism during recent conflicts is not observed 
in children [64]. In a small series of pediatric neurosurgical cases from the conflict 
in Afghanistan, no spine surgeries were performed for pediatric blast victims [26]. 
The lack of spine injuries is fairly consistent between series though this may be a 
failure of reporting [20].

Blunt cervical spine injury in civilian mass terror incidents, especially in chil-
dren, is rare. The majority of the injuries that result in neurologic deficit is due to 
secondary (penetrating) blast effect and is immediate and nonreversible [63]. One 
study reports that application of a collar in the field can take several minutes, pos-
sibly delaying other life-saving therapy, especially in the setting of penetrating 
c-spine injury [63, 65]. Therefore, in children, delay of transport for application of 
a cervical collar is not recommended, especially if the collar is inappropriately sized 
or delays other field care such as application of tourniquets or pelvic binders. For 
children who present with a cervical collar after high-energy blast, the neck needs 
to be inspected early for penetrating injury. Spinal precautions should be utilized 
until the child can be examined and cleared by neurological exam or is able to 
undergo skeletal series or CT scan of the spine. Otherwise, guidance provided for 
imaging and clearance of the pediatric c-spine should be utilized [66].

 External/Burns

Burns are the third leading injury related to fireworks in the United States and are 
more common in some series as a result of fireworks misuse in the developing world 
[11, 13]. While most burns related to fireworks are not life-threatening, they do have 
significant potential for morbidity (especially to the face, eyes, and hands).

Pediatric victims of high-energy blast mechanism with resultant burns have 
increased odds for mortality [6]. For pediatric blast victims in a warzone, 30% 
TBSA burns correlate with about a 30% chance of mortality [6]. The percent TBSA 
may correlate with proximity to the blast and may, thus, be a surrogate for other 
injury. The increased mortality for burned children in austere environments may 
represent a combination of a lack of resources, specialty training, or poor indige-
nous nutrition or a combination of factors and has been previously reported [6, 8].

In the case of pediatric victims of blast injury who present with burns, the initial 
evaluation and resuscitation should, again, take a protocolized approach to ruling 
out other sources of life-threatening injury. Burn injury can be very distracting and 
should be de-prioritized. We refer readers to the USAISR burn care clinical practice 
guideline that has a comprehensive treatment algorithm as well as a section on the 
care of burned children [67]. Children with signs of airway burns/edema must have 
their airway assessed and rapidly controlled as the small airway can occlude without 
much warning with ongoing resuscitation.
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 Conclusion

Pediatric patients present with a unique pattern of injury following exposure to a 
blast. Although most pediatric blast injuries are from low-energy devices (e.g., fire-
works), civilian terror events and combat operations often result in high-energy 
pediatric blast injuries. Such high-energy mechanisms present special challenges to 
care teams that may not routinely care for pediatric patients. Adhering to pediatric- 
specific ATLS principles and employing guides such as the Broselow™ tape for 
medication dosing simplify the approach to the severely injured child. Understanding 
common patterns of injury and their appropriate management will further optimize 
the outcome of blast-injured children.
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37Case Study: Boston Bombings, 
a Surgeon’s View

David R. King

 Introduction

The injuries resulting from the two improvised explosive devices detonated on 
Boylston Street during the running of the 117th Boston Marathon at 14:49 on April 
15, 2013, changed our lives forever. As a surgeon, soldier, Bostonian, 50+ time 
chronic marathoner, and participant in the 117th Boston Marathon (3:12 marathon, 
roughly an hour before the blasts), I will forever remember the events of that day 
and how they altered our city, and our country, in perpetuity. I remember those who 
died (29-year-old Krystle Campbell, 23-year-old Lu Lingzi, 8-year-old Martin 
Richard, and 27-year-old Sean Collier) and celebrate those who lived: the survivors. 
This chapter is dedicated to the survivors of the Boston Marathon bombing.

 The Bombing

Two ground-level improvised explosive devices were detonated on Boylston Street 
during the running of the 117th Boston Marathon, at 14:49:43 and 14:49:57 on 
April 15, 2013. A total of 243 injured patients presented with a myriad of injuries 
(Fig. 37.1). Of the total population of 243 injured casualties, 152 patients presented 
to the emergency department (ED) within 24 hours of the explosions. Among the 
152 patients presented within 24 hours, there were 66 patients who suffered from at 
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least one extremity injury. Figure 37.2 depicts the additional injury burden among 
all patients presenting with extremity injuries.

Of the 66 patients with extremity injury, 4 patients had upper extremities affected, 
56 patients had only lower extremities affected, and 6 patients had combined upper 
and lower extremity injuries. There were 17 lower extremity traumatic amputations 
(LETA) in 15 patients, of whom 10 suffered below-knee traumatic amputation 
(BKA), 3 suffered above-knee traumatic amputation (AKA), 1 patient suffered 
bilateral BKA, and 1 suffered a BKA and an AKA.

There were additionally 10 patients with severe soft tissue injury (without trau-
matic amputation) having 12 lower extremities with 14 major vascular injuries 
(MVI). Seven of the latter were arterial (one femoral, two popliteal, and four other 
named arteries), and seven were venous (one femoral, three popliteal, and three 
other-named veins). Two lower extremities had combined arterial-venous injuries 
(one combined femoral arteriovenous and one combined popliteal arteriovenous 
injury). The burden of extremity injury is presented in Fig. 37.3.

Of all 66 patients with extremity injuries, 29 (44%) were recognized and docu-
mented as having life-threatening extremity exsanguination at the point of injury, 
including all 15 (100%) LETA patients, 7 of 10 (70%) MVI patients, and 7 of 41 
(11%) non-LETA and non-MVI patients with other massive soft tissue and open 
long-bone fractures.
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Among the 29 patients with recognized exsanguination, 27 tourniquets were 
applied at the point of injury: 94% of the LETA extremities, 42% of the lower 
extremities with major vascular injuries, and 6 of the 7 additional extremities 
with major soft tissue injury. No patient had more than one tourniquet per extrem-
ity, and no junctional injuries with significant hemorrhage were identified 
(although two patients who died on the scene had severe junctional injuries). Of 
the 16 LETA patients with tourniquets, 4 had improvised tourniquets applied by 
EMS, 7 had improvised tourniquets applied by non-EMS responders (some of 
whom had known medical training but were not acting as part of the official EMS 
response, including physicians, off-duty soldiers, etc.), and 5 had improvised 
tourniquets of unknown origin. Of the five lower extremities with MVI, two had 
improvised tourniquets applied by EMS, two had improvised tourniquets applied 
by non-EMS responders, and one had an improvised tourniquet of unknown ori-
gin. Of the six additional extremities with major soft tissue injury and exsangui-
nation, four had improvised tourniquets applied by EMS, and two had improvised 
tourniquets of unknown origin. Figures 37.4 and 37.5 reflect the sources of the 
tourniquets recovered. In total, 37% of tourniquets were applied by EMS. Eight 
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limbs presented to the ED with life-threatening exsanguination and had no pre-
hospital tourniquet in place on arrival.

All tourniquets were improvised, including those applied by EMS, and no 
commercially available and purpose-designed tourniquets were identified. A 
review of photography and video from the scene response demonstrates a single 
extremity with soft tissue injury (but not a LETA) identified with a Combat 
Application Tourniquet (CAT) in place. We have no knowledge of this patient’s 
trauma burden or outcome. At the Massachusetts General Hospital, all six impro-
vised tourniquets encountered were venous tourniquets and required replacement 
with a commercial tourniquet to prevent ongoing extremity exsanguination. 
Similar reports exist from other Boston hospitals. Among the 66 patients with 
extremity injuries, mortality was 0%.

 Triage and Index Surgery

Patients were repeatedly triaged, first at the point of injury, then at the EMS staging 
area near the bombing, then on the ambulance ramps of our hospital, and finally 
again in each of our trauma resuscitation rooms. Triage decisions are imperfect, by 
their very nature, and frequent re-evaluation allows for an opportunity to identify 
developing changes in conditions that will alter triage decisions. The decision to 
move a patient to the operating room is binary and generally irreversible, which 
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commits those resources to that patient until the operation is done. Consequently, 
repeated preoperative triage is necessary to ensure that only the sickest patient (who 
have salvageable injuries) make it to the operating room. Importantly, patients with 
isolated limb injuries who have effective hemostasis with well-placed tourniquets 
do not need emergent surgery for their limb injuries. Caution is necessary, however, 
since these patients often have coexisting torso injuries that may be overlooked due 
to the visually stimulating (and distracting) extremity injuries. Attention should be 
directed to cavitary triage of the torso, not the striking limb injury with an effective 
tourniquet in place.

 Analysis of the Unthinkable

Although the Boston Marathon bombing was not the first terrorist event in the 
United States, it was the first modern event to create mass casualties with a pattern 
of severe lower extremity blast injury commonly seen on the battlefield from impro-
vised explosive devices [9]. The Boston experience demonstrated the nearly univer-
sal use of improvised tourniquets as a primary prehospital and presurgical attempt 
at hemostatic intervention for life-threatening extremity hemorrhage: an attempt at 
damage control that largely failed. A recent study conducted in Boston describes the 
city’s informal tourniquet protocol and use of the commonly seen improvised tour-
niquet after the bombing. This manuscript, however, conspicuously omits data 
regarding effectiveness of the improvised tourniquet or why this device was specifi-
cally selected over others [12]. Recent data derived from military experience does 
not support the use of improvised tourniquets as best practice, as multiple studies 
[3–8] have consistently reported superior hemostatic results with the use of com-
mercial, purpose-designed tourniquets. Our collective military experience has also 
established the hemostatic superiority of the commercially available devices by 
directly comparing them to improvised devices [13–15]. As a result, US combat 
personnel are now trained in self- and buddy application of these purpose-designed 
tourniquets [1, 3–8], and each US military service member carries at least one com-
mercial tourniquet (often two). The translation of this military posture (general 
availability of tourniquets and widespread training on how to apply them correctly) 
to the homeland has not been maximally realized, unlike other battlefield lessons 
such as early use of antifibrinolytics, high-ratio transfusion, and abbreviated sur-
gery, which have gained far more translational traction [16]. Had translation been 
more successful, one may have expected far more than a single commercial tourni-
quet identified after the bombing. Hemorrhage control is the first step of damage 
control, and damage control must start at the point of wounding.

Additional evidence from the civilian community [15, 17] demonstrates an obvi-
ous deficiency in the translation of the military’s extremity hemorrhage control pos-
ture. A retrospective study on trauma registries at two large level 1 trauma centers in 
Canada [15] revealed that of 190 patients who suffered isolated extremity injuries 
with arterial injury, only 4 patients had a tourniquet present upon arrival. Those 
were all improvised tourniquets (neck tie, belt, or handkerchief) applied by police 
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or bystanders. In the non-tourniquet group, six deaths were recorded as a direct 
result of exsanguination. While statistically significant differences were difficult to 
observe given the small number of patients who received a prehospital tourniquet, 
this study highlights the profound absence of systematic use of tourniquets in the 
prehospital environment. Following this, the 2012 Adult Traumatic Hemorrhage 
Control Protocol was introduced to all EMS providers in the province of Alberta, 
Canada – a protocol that advises the use of a commercial tourniquet for uncon-
trolled extremity bleeding and completes the translation of battlefield lessons to the 
homeland. Each state in the United States should consider adopting a similar 
protocol.

Although it is certainly possible to improvise an effective arterial tourniquet, the 
data suggests this is uncommonly done appropriately, especially under stress [4, 
10–17]. An improvised tourniquet should (1) be wide enough to compress arterial 
and venous vasculature without creating pressure necrosis of the skin or neuro-
praxia (as may occur with narrow tourniquets, such as rubber tubing) and (2) have 
a device attached to create a mechanical advantage to generate adequate circumfer-
ential pressure (such as a windlass). The improvised tourniquets used in Boston met 
only the second of these two fundamental criteria. It is important to note that as 
materials science and tourniquet technology advances, it may be possible to create 
an effective arterial tourniquet device without a windlass [18, 19].

While full translation of the military posture regarding extremity hemorrhage 
control and tourniquet use may be ideal, one must accept that, in the setting of sud-
den disaster, tourniquets will continue to be improvised despite all efforts at transla-
tion by policy-makers. It is clear that improvised tourniquets, and the temporary 
hemorrhage control they offer, will always be used in mass casualty scenarios, and 
their role should not be entirely discounted. An improvised venous tourniquet can 
provide temporary hemorrhage control [3, 5, 6]; however, a comprehensive review 
of emergency tourniquet use recently highlighted the significance of unintentional 
venous tourniquets as potentially deadly [2], particularly in the minutes following 
initial bleeding control. The experience in Boston, with apparent, initial, hemostasis 
with improvised tourniquets at point of injury, supports this notion and appears to 
echo that of known paradoxical bleeding after venous tourniquet application. 
Venous tourniquets can create initial adequate hemorrhage control that soon wors-
ens, as a time-dependent function, until hemorrhage control is lost and supplanted 
by paradoxical hemorrhage, the worsening of hemorrhage than if no tourniquet 
were used at all [3]. Perhaps an educational campaign to teach the correct way to 
apply a purpose-designed tourniquet, as well as how to improvise an effective arte-
rial tourniquet, may be appropriate since it is nearly certain that limbs will have 
improvised tourniquets applied after the next, unfortunate, bombing in the home-
land. Several studies suggest that adequate training can be minimal (less than a 
minute) and still result in trainees who can apply effective tourniquets [18, 19].

Despite some possible limitations with respect to prehospital extremity hemor-
rhage control, there were no inhospital deaths. The mean transport time from point 
of injury to ED was 24 min, substantially faster than the range of commonly reported 
evacuation times in the military and civilian literature, which could vary from well 
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under 1 hour to over 2 hours after time of wounding, depending on the setting and 
circumstances [10, 13, 20–23]. The high number of Boston area metropolitan 
trauma centers all co-located in a very small geographic area in close proximity to 
the Boston Marathon finish line likely contributed to this rapid evacuation time, as 
well as the robust medical infrastructure already in place at the finish line for the 
expected event-related illnesses.

The Boston bombing experience suggests that (1) instances of multiple 
exsanguinating extremity injuries, similar to battlefield wounds, can occur in 
the homeland and (2) improvised tourniquets likely provided initial hemorrhage 
control, but the absence of purpose-designed devices in the bombing response 
probably created some cases of paradoxical bleeding. When contrasted to the 
wealth of evidence gathered from the last decade of military experience, these 
findings call for a reconsideration of our practices. We recommend that all EMS 
services translate a military posture with an extremity hemorrhage control pro-
tocol that emphasizes appropriate training with liberal availability of commer-
cial, purpose-designed tourniquets. Proper tourniquet application techniques 
should be presented in the Advanced Trauma Life Support and Prehospital 
Trauma Life Support training manuals, among others. Several notable organiza-
tions, including the Hartford Consensus and the American College of Surgeons, 
are recommending translation and adoption of military posture toward prehos-
pital extremity hemorrhage control [24, 25]. Physician leaders and policy-mak-
ers should insist on translation of a prehospital extremity hemorrhage control 
posture similar to the ubiquitous adoption and presence of automated external 
defibrillators in nearly every ambulance, federal building, cafeteria, and other 
public gathering area in the United States.

 Lessons Learned

Although much attention has been given to the obvious absence of purpose-made 
tourniquets in the Boston bombing response, other lessons were also learned of 
significant importance. For the sake of completeness, the entire list of lessons 
learned is presented here.

• Tourniquets work, are safe, require training, and need to be ubiquitous. No 
purpose- designed tourniquets or advanced topical hemostatic agents were avail-
able. Although we must not discourage bystanders from responding to disaster to 
aid the injured, we must also be intellectually honest and recognize that (despite 
the lay press reporting) the improvised tourniquets applied on Boylston were 
likely not arterial tourniquets. Improvisation of an arterial tourniquet is a skill set 
that can be taught and should be widely incorporated into general first aid classes. 
If purpose-made tourniquets had been available, proper training to ensure correct 
application is necessary. The Committee for Tactical Emergency Casualty Care 
(C-TECC) and the Committee on Tactical Combat Casualty Care (CoTCCC) 
published guidelines regarding tourniquet use and formal training, and written 
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protocols are widely available. These should be adopted as permanent part of the 
curriculum for every first responder.

• There was too much “stay and play” in the medical tent at the finish line. While 
the finish line medical tent instantly became the de facto triage area after the 
bombing, the transport time recorded for many severely injured patients was over 
an hour. Either by design or by a matter of mass confusion, some patients 
remained in the medical tent for an extended period. In a city with five level 1 
trauma centers and hundreds of patients with surgical injuries, patients should be 
moved to hospitals in a swifter fashion.

• Triage is dynamic. Triage must be rapid and medical providers must accept that 
the triage process will be imperfect. Patients who are triaged as emergent may, in 
fact, not be dying. Other patients triaged as non-emergent may unexpectedly 
deteriorate. Frequent re-triage is required and may alter initial triage decisions. 
In the emergency department, patients should be re-triaged by a senior surgeon 
or senior emergency medicine physician. Utilization of the operating rooms is a 
finite resource, and only patients who truly need a life-saving operation should 
be triaged straight to the operating room. Care decisions should be made regard-
ing axial imaging studies as many of these studies are initially unnecessary. A 
plain chest X-ray and a focused abdominal ultrasound exam are often the only 
imaging required to make informed inhospital triage decisions.

• The most visually stimulating injury is often not the most life-threatening one. 
The Boston bombing patients arrived with extremely devastating, and visually 
stimulating, limb injuries. These injuries, despite their appearance, were easily 
controlled with tourniquets. Some patients also had coexisting intracavitary 
hemorrhage. This can often be overlooked when the clinician inappropriately 
focused on the limb injury and neglects a complete trauma evaluation, particu-
larly of the peritoneal and thoracic cavities. Once an effective tourniquet is in 
place, the limb injury becomes (temporarily) forgettable.

• Damage control starts at the point of injury. The damage control resuscitation 
(DCR) principles begin at point of injury, must be maintained during patient 
transportation, and should be aggressively implemented in the ED in order to 
prepare patients for best surgical survival. A low volume (or no volume) crystal-
loid fluid restrictive resuscitation strategy should be adopted. Patients waiting for 
less-than-emergent surgery should receive minimal crystalloid therapy. If resus-
citation is required, volume expansion with a transfusion strategy that approxi-
mates fresh whole blood should be utilized. For many hospitals, this means 
adopting a strategy of high-ratio transfusion of packed red blood 
cells:plasma:platelets. All fluids and blood products should be warmed to normal 
body temperature. Antifibrinolytics should be liberally administered. For patients 
with limb injuries that have a tourniquet in place and are waiting for surgery, 
tourniquet conversion should be considered if time and manpower permit.

• Damage control surgery is vital. In the operating room, only hemorrhage control 
and contamination control are desired. Abbreviated surgery, vascular shunts, 
bowel stapled and left in discontinuity, and temporary abdominal closures should 
dominate the landscape. Ideally, only warmed blood and blood products should 
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be administered during damage control surgery. The operating room should be 
made as warm as possible; the surgeon should become exceedingly uncomfort-
able with the temperature in the room. When in doubt, all body cavities should 
be surgically interrogated. Bilateral tube thoracostomy, pericardial window, and 
laparotomy are the imaging methods of choice during damage control in disas-
ters. Patients should be rapidly transferred to the intensive care unit and the oper-
ating room reset for the next patient. Once all index operations are complete, the 
entire team should reassemble to re-triage and regroup resources.

• Sequential medical record numbers are dangerous. Assigning patients sequential 
medical record numbers in simple escalating numerical fashion creates an unac-
ceptable margin of error since there will be many simultaneous patients with 
medical record numbers differing by only a single digit (1,234,567, 1,234,568, 
1,234,569…). This creates an unacceptable environment for a potential clerical 
error, single keystroke mistake, that would potentially result in a surgeon looking 
at the hemoglobin value of the wrong patient or (worse yet) ordering tests or 
procedures on the wrong patient. Medical record numbers during disasters 
should vary widely to prevent this error.

• Don’t go home just yet: the tertiary trauma survey is extremely important. In 
disasters, it is a common urge to “take a break” once each patient’s index opera-
tion is complete and all the bleeding and contamination are controlled. This, 
however, is a mistake. Once the initial surgery is done, the entire trauma team 
should reassemble to go over each patient again, in extreme detail. The purpose 
of this is twofold. First, the entire team needs to understand each patient’s condi-
tion and status, so appropriate planning for operative take-backs, additional 
imaging, and other interventions can be planned and prioritized. Second, small 
injuries are commonly missed and will only be identified by a careful tertiary 
survey. Although most of our patients had non-life-threatening ruptured tym-
panic membranes, for example, these were largely not identified until posttrauma 
day 2 on a careful tertiary exam. This is, of course, an appropriate injury to miss 
on initial evaluation in a mass casualty situation; however, failure to recognize 
and treat this injury (and others like it) could result in long-term disability.

• Human resource management is critical. If the disaster is expected to become 
protracted, rest and sleep cycles should be mandated so that human resources do 
not become all simultaneously exhausted. Responders will not go home or rest 
voluntarily; this becomes a leadership imperative.

 Conclusion

The Boston Marathon bombing solidified multiple lessons for our city. First, dam-
age control starts at the point of injury. No one should die from a preventable cause 
of death such as limb exsanguination. The prehospital response to extremity exsan-
guination after the Boston Marathon bombing demonstrates that our current prac-
tice is an approach, lost in translation, from the battlefield to the homeland. Proper 
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tourniquet application techniques should be presented in the Advanced Trauma Life 
Support and Prehospital Trauma Life Support training manuals, among others. 
Second, triage becomes the most important decision that is made on the scene of a 
disaster. That decision should be revisited often following initial triage of all casual-
ties. Third, re-triage at the hospital is important to prevent inappropriate utilization 
of human and physical plant infrastructure on patients who are not truly dying. 
Finally, abbreviated surgery with attention to high-ratio transfusion, use of antifibri-
nolytics, vascular shunts, contamination control, and temporary abdominal (or 
chest) closure is necessary.
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 Introduction

Both terrorist activity and industrial incidents can result in complex blast injuries 
which have demonstrated a high rate of mangled extremities with the potential for 
multiple limb amputations, pelvic trauma, and genitourinary injuries [1]. These 
types of injuries are also a combination of penetrating, blast, burn, and blunt mecha-
nisms which can lead to multisystem trauma and significant skin, soft tissue, mus-
cle, and boney involvement [2]. Blast incidents have become increasingly common 
in recent years [3, 4]. These patients present with injury severity scores (ISS) of 
higher value on average than other trauma victims and have a higher transfusion 
requirement [5–9]. The decrease in mortality observed in military casualties who 
suffer these types of injuries is likely a combination of improved logistical support, 
equipment availability, experience and expertise of the critical care team, avoidance 
of coagulopathy and acute respiratory distress syndrome (ARDS), and proximity of 
advanced care to the point of injury [10, 11]. There are challenges to providing 
exceptional critical care in explosion-related mass casualty incidents (MCI) despite 
evolving and improving methods to provide balanced resuscitation [12]. Elements 
contributing to these challenges include limited ability for supply and resupply of 
equipment, resuscitation products, triage necessity and accuracy, ancillary support, 
and wound care.
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 Challenges of Blast Incidents and MCI

When patients arrive to the intensive care unit, the roles of the critical care providers 
are to restore hemostasis in the patient and prevent loss of life, limb, or eyesight. 
Integrated teams of intensivists and critical care surgeons, executing evidence-based 
(or evidence-guided) and goal-directed therapies, improve mortality [13, 14].

Blast injuries often present as mass casualty incidents. Triage is a challenge in 
the explosion-related MCI setting, as resources are prone to depletion and the secu-
rity situation remains fluid long after the initial patients arrive in the ICU. In addi-
tion, the extent of injury is often difficult to ascertain initially as mechanisms of 
injury can result from direct contact with the blast, concussive blast, and severe 
burns [15, 16]. Multisystem injury is almost always present and thus makes accurate 
triage challenging. Recognition of complex injury patters and specific organ system 
disruption must be accomplished quickly. In patients who undergo damage control 
surgery (DCS) and subsequent transfer to a critical care team for ongoing damage 
control resuscitation (DCR), the use and allocation of resuscitation products during 
the dynamic process of DCR may affect triage, especially if there are extended 
times for transfer to tertiary centers or if available resources are severely limited. In 
the battlefield setting, DCR may be prolonged due to distant evacuation routes or 
lack of immediate transportation, and the dynamic resuscitation that occurs could 
be significantly altered by such factors. Uncommon intensive management of man-
power and resources, complex staffing arrangements, damage control techniques 
and practices to preserve supplies and resources, ongoing needs with multiple oper-
ations, and prolonged hospitalization all impact care of these types of patients. This 
coupled with the element of surprise that often exists with these types of incidents 
such that there is no warning of event and there must be rapid mobilization of per-
sonnel and resources both prehospital and in-hospital.

There are some differences between civilian and military evacuation thought 
processes in terms of resource limitations (i.e., personnel, supplies, and equipment), 
security of evacuation platforms (e.g., response risk tolerance), timing of patient 
movement, and injury evolution. The US military experience has developed ways to 
learn lessons from these challenges that can be useful to civilian systems. In gen-
eral, the evolution of the injury patterns is not observed or known by prehospital 
providers, but is seen once the patient arrives at tertiary centers and intensive care 
units. The US military’s Joint Trauma System developed a weekly teleconference to 
discuss combat casualty care through the continuum from point of injury to defini-
tive care and even rehab [17–19]. This provides the opportunity to share insight and 
feedback from every level to include the intensive care management and thus the 
development of prehospital and in-hospital practices that improve patient care.

Patients are frequently transported to the ICU after damage control procedures 
with persistent hypovolemic shock resulting in acidosis and hypothermia. These 
conditions along with coagulopathy are associated with the lethal triad or “bloody 
vicious cycle” of trauma [20]. Intensive care teams must use aggressive warming 
techniques and goal-directed correction of coagulopathy and acidosis during pro-
longed resuscitations. Restoration of physiologic parameters is the primary 
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outcome for any critical care team. Care should be taken when considering use of 
crystalloid infusions in the multisystem-injured patient as excess administration 
or over-resuscitation can be detrimental in patients with extensive burns, pulmo-
nary contusion, or head injury. Crystalloids in sufficient amounts can result in 
dilutional coagulopathy, acute respiratory distress syndrome (ARDS), and abdom-
inal compartment syndromes [3]. Damage control resuscitation principles to pre-
vent the lethal triad require consideration in terms of equipment and supplies such 
as rapid fluid and blood infusers, point of care blood testing, warming blankets, 
blood bank products, and massive transfusion protocols. Activation of a walking 
whole blood bank may be necessary, and protocols implementing such are already 
in place within the US military system. Though major legal, logistical, and finan-
cial challenges exist, some civilian trauma centers are testing the walking blood 
bank concept [21–23].

Often, the acuity of blast victims requires a nursing to patient ratio of 1:1, limit-
ing an intensive care unit’s functional capacity for active care without bringing in 
additional nursing and technician staff. From an operational standpoint, the dynamic 
security situation, extent of MCI, or hospital lockdown procedures may impede the 
healthcare system’s ability to rapidly surge staff from external sources. Intensive 
care teams should therefore consider internal options for cross-training staff, push-
ing advanced capabilities to wards outside of the ICU, and creating effective work- 
rest cycles.

Often, upon arrival to the ICU, the extent of blast injuries is difficult to ascertain. 
Injury patterns and evolution vary depending on a variety of factors (e.g., location 
and body position of the casualty relative to the blast, enclosed versus open air blast, 
comorbid conditions, etc.). Fragmentation of the materials (i.e., metal, wood, soil, 
human remains, etc.) may penetrate deep into the soft tissues, muscle, and bone. 
Routine serial debridement has become the mainstay of wound care in blast injuries 
to decrease bacterial load and to examine and debride nonviable tissue planes. 
Invasive bacterial and fungal infections have become very common in these injuries 
and are increasingly difficult to treat; additional soft tissue loss and amputation are 
often results of staving off sepsis from these infections. This reality requires suffi-
cient surgical staff skilled in aggressive debridement techniques, amputations, and 
fasciotomies. Integrated surgical teams involving orthopedic, general, vascular, 
burn, and plastic surgeons should be routine at most trauma centers. But if they do 
not exist, a plan for ad hoc team creation should be in place. The operating theater 
must be staffed to accommodate repeat trips to the operating room for these patients 
over the span of several days. Wound care, dressing, and irrigation supplies will 
need to be managed and monitored closely. Penetrating injuries from fragments that 
are from the weapon itself or fragments that are a result of the explosion are the 
leading cause of death and injury in both military and civilian terrorist attacks with 
the exception of building collapse [15].

Many acutely injured blast victims will remain hospitalized and in the intensive 
care unit for several days following the event. The resulting high census and low 
patient throughput will likely impact the facility’s ability to receive additional “rou-
tine” trauma or critical care patients. In order to mitigate impact on the regional 
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trauma system, it is imperative that health systems, not just trauma centers, have 
operational plans in place to manage this type of acute surge in resource-intense, 
polytrauma patients. In the clinician’s realm, prevention of abdominal compartment 
syndrome, acute kidney injury, acute respiratory distress syndrome, ventilator- 
associated pneumonia, and sepsis contribute to decreased rates of mortality and 
decreased length of stay in the injured patient. These outcomes can be accomplished 
by adhering to protocols and guidelines for ongoing resuscitation and critical care 
management in accordance with damage control resuscitation and clinical practice 
guidelines created by organizations such as the US military.

Facial trauma from a blast can quickly compromise an airway. These patients 
may require an invasive airway or a surgical airway. Additionally, blast injuries are 
notorious for pulmonary contusion, pulmonary edema, and “blast lung,” resulting in 
additional barotrauma. These scenarios can quickly progress to acute respiratory 
distress syndrome (ARDS) particularly in the setting of blood and fluid resuscita-
tion. Aggressive ventilator management with advanced modalities and settings is 
key for treating blast lung and ARDS [24]. This will require experienced and well- 
staffed respiratory therapy personnel, bronchoscopic capabilities, and possibly 
additional pulmonology colleagues to assist. In severe cases, extracorporeal mem-
brane oxygenation (ECMO) therapy may be required [25, 26].

Cerebral injuries will require adequate cerebral perfusion pressure and possi-
bly intracranial pressure monitoring to guide therapy and intervention. These 
types of injuries require neurosurgical specialists as well as staff familiar with 
monitoring equipment. Intracranial monitoring devices may be exhausted in a 
mass casualty incident and clinicians instead will rely on neurologic examination 
for clinical assessment of the severely head-injured patient. Hypertonic solutions, 
osmotic diuretics, and other medications used specifically for neurologic injury 
may be in limited supply or unavailable. While there is a paucity of evidence to 
suggest these therapies improve morbidity and mortality in blast TBI, they remain 
the mainstay of treatment of increased intracranial pressure [27]. Emergency 
decompressive procedures may be indicated without immediate available neuro-
surgical support. There are several instances in the literature where decompressive 
craniectomies and craniotomies have been performed by providers other than neu-
rosurgeons; these instances are rare but must be in the skill set of an experienced 
critical care team [28, 29].

A frequently encountered injury in blasts is the ruptured tympanic membrane 
[30]. This occurs from the primary blast injury and can occur up to one-third of 
blast-injured patients [15, 31]. Of significance to the intensivist, the presence of 
tympanic membrane rupture should heighten the suspicion of other blast-related 
injuries. Every blast-injured patient should undergo otoscopic examination to 
evaluate for tympanic membrane injury, which has a strong correlation with asso-
ciated multisystem injury, and should prompt a thorough tertiary survey [32, 33]. 
The concussive wave of a primary blast injury associated with ruptured tympanic 
membranes also has a stronger correlation with gas-filled anatomical structures, 
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such as the lung or gastrointestinal tract, both of which may suffer barotrauma or 
perforation [32].

Similarly, ocular injury is common in blasts. Proximity to the explosion can 
result in primary globe rupture; secondary injury patterns can occur from fragmen-
tation or debris deposited within the eye [15]. Most ocular injuries should be han-
dled strictly by an ophthalmologist. The current practice guidelines for ocular blast 
injuries in a military setting are “shield and ship,” i.e., placing a hard shield or secur-
ing existing protective eyewear if globe rupture or ocular injury is present. Immediate 
triage evaluation should include a slit lamp exam with fluorescein to evaluate for 
ruptured globe which would warrant an urgent ophthalmology consult. Urgent eval-
uation and surgical management are needed to prevent infection, vision loss, and 
possibly enucleation of the eye. Once triaged and in the ICU, these patients should 
be managed with the ophthalmologist to determine need for continued shielding of 
globe, types of intraocular medications, and frequency of medication administration 
and examinations. Despite improved eye protection, ocular blast injuries still com-
prise approximately 8–10% of all military blast injuries [34]. While maintaining 
vigilance and conducting serial examinations, clinicians can prevent vision loss 
which is the sequelae of undiagnosed increased intraocular pressure (IOP). A bed-
side ultrasound can be utilized to measure IOP and diagnose ocular compartment 
syndrome. If ocular compartment syndrome is suspected and imminent loss of the 
eye is a concern, an experienced physician may perform lateral canthotomy in an 
attempt to save the patient’s vision. Otherwise, all injuries are typically evaluated by 
an experienced ophthalmologist.

Rhabdomyolysis is a more frequently seen condition in blast injuries due to 
traumatic amputations, massive soft tissue loss, and severe burns. Despite appro-
priate wound care and surgical management and balanced resuscitation to main-
tain adequate urine output in an effort to restore physiologic parameters, muscle 
breakdown can unfortunately lead to acute kidney injury and renal failure. 
Standard treatment for rhabdomyolysis includes intravascular volume resuscita-
tion with crystalloid infusion and strict urine output monitoring with an endpoint 
resuscitation goal of 1–2 ml/kg of urine output per hour. Some institutions also 
attempt to alkalinize the urine with bicarbonate administration which is based on 
level 3 evidence as described in recent guidelines [35, 36]. Much like the stan-
dards of care with significant burns, the administration of large volumes of crys-
talloid for rhabdomyolysis can have paradoxical effects on the polytrauma patient, 
increasing the likelihood of abdominal compartment syndrome, pulmonary 
edema, and dilutional coagulopathy. Goal-directed resuscitation in these highly 
complex blast victims requires aggressive monitoring with conventional labs, 
thromboelastography, and physiologic parameters of resuscitation. Coupled with 
severe burns, patients with rhabdomyolysis may require continuous renal replace-
ment therapy, continuous veno-venous hemofiltration, or hemodialysis, another 
labor-intensive intervention that requires close nursing support and resources that 
may or may not be available.
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Significant total body surface area second- and third-degree burns have an asso-
ciation with blast injuries. These patients may require heroic resuscitative efforts, 
prolonged intubation, multiple surgical debridement, renal replacement therapy, 
prone positioning, and extensive skin grafting that may not be feasible in a combat 
intensive care unit due to limited resources and resupply.

 Focus on Systems Approach

Blast-injured victims almost always arrive to the intensive care unit in extremis. 
These patients have multisystem trauma and can have occult hollow viscus 
injury from concussive blasts, severe burns, pulmonary contusions, ocular and 
otic injuries, and massive soft tissue injury or limb loss. They usually arrive 
intubated with the potential for an open abdomen, a mangled extremity, brain 
injury, or a combination of the above. The first step in preserving life in these 
patients is establishing clear communication with the pre-ICU teams (i.e., pre-
hospital, emergency department, and surgical teams). Quantifying resuscitation, 
describing interventions, establishing venous access, and reevaluating ATLS 
measures are key lifesaving maneuvers. If a patient arrives with poor documen-
tation or unclear communication based on resuscitative efforts, the patient’s life 
could be at risk. Even in the absence of MCI, treatment of blast-injured patients 
can be chaotic due to the association of higher injury severity scores (ISS) and 
multifactorial hemodynamic instability. In the setting of MCI, this chaos can be 
logarithmically amplified; thus, clear communication, focus on assigned roles, 
appropriate triage, and adherence to care algorithms are paramount to maximize 
preservation of life.

System-based practices and goal-directed therapies developed over the last sev-
eral years can aid in decreasing morbidity, mortality, over- and underresuscitation, 
and restoration of hemostasis. The largest limitation in goal-directed therapies and 
best practice measures can be lack of available resources.

 What Is Currently Best Practice?

The US military Joint Trauma System has established clinical practice guidelines 
(CPG) that direct intensivists and surgeons in current best practice measures for treat-
ment, resuscitation, and surgical management of the blast-injured patient [37]. These 
guidelines are updated periodically and provide a streamlined method for patient care 
that is widely agreed upon, but is not a substitute for best clinical practice in a given 
scenario. These guidelines have proven invaluable when treating blast-injured patients 
and mass casualties. Through the experience of multiple combat surgeons and physi-
cians, coupled with comparative civilian data in blast injury and mass casualties, the 
advent of balanced resuscitation and administering whole blood products have proven 
to be effective in decreasing mortality and morbidity from over-resuscitation [12]. The 
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best practice measures for blast-injured patients with multisystem trauma are widely 
accepted; intensive care system-based practices to restore homeostasis, minimize 
morbidity, and prevent mortality are the primary goals.

Many civilian institutions have developed their own MCI protocols. Frequently, 
these protocols are a direct result of lessons learned from domestic terroristic acts 
and bombings. Prior mass casualty protocols have been in existence for instances 
such as natural disasters and are maintained by Federal Emergency Management 
Agency (FEMA), state governments, and healthcare systems [38]. Recent hurri-
canes, forest fires, and mass shootings have all activated emergency responses 
invoking MCI plans. These protocols emphasize the need for a unified response 
from first responders, emergency room personnel, surgeons, intensivists, and ancil-
lary staff to perform effective triage, resuscitative measures, and treatment plans to 
minimize mortality in scenarios that can quickly overwhelm available resources.

 Conclusion

Catastrophic injuries and multiple amputations that would have made patients 
expectant in earlier times are now being managed with aggressive, multitiered 
intensive care. The development of evidence-based guidelines by healthcare pro-
viders, surgeons, intensivists, and ancillary staff promotes improved mortality 
rates, which have never been observed in prior military conflicts. The role of an 
intensive care unit is to maintain life and limb that has been compromised and to 
restore homeostasis. These objectives continue to be achieved, through the efforts 
of armed forces in creating walking blood banks, constant resupply chains that 
remain uninterrupted due to air superiority, and innovative measures performed by 
physicians in the absence of resources and supplies, which will be described in the 
following chapter.

Pitfalls
Special patient populations: There are special populations of patients or casu-
alties that require certain considerations and are often the areas in which we 
see failures.

• Pediatric patients exposed to acts of terrorism “require more resources of 
intensive care units, have higher injury severity scores (scores for severity 
of injury in patients with multiple injuries), and have longer hospital stays 
than children who survived traumatic events unrelated to terrorism” [15].

• In pregnant patients, while the fetus is protected by amniotic fluid, the 
placental attachments can be disrupted from the blast wave and result in 
placental abruption. Women beyond the first trimester of pregnancy should 
be admitted for fetal monitoring [15].
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Failure of communication, coordination, and triage

• Robust communication is important to allow for dynamic planning during 
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 Introduction

Alveoli like air….

This simple statement heard on rounds in a trauma ICU is at the heart of all 
mechanisms of respiratory failure. When substances other than air enter the alve-
oli or when carbon dioxide is not expelled, gas exchange is impaired and hypoxic, 
hypercapnic, or mixed respiratory failure ensues. Substances that replace air in 
alveoli are, in increasing viscosity, fluid (pulmonary edema), blood (alveolar 
hemorrhage), pus (pneumonia), and protein (from alveolar hyaline membrane 
formation). The viscosity can predict the tenacity of the alveolar infiltrate and 
duration of respiratory support required to resolve the lung injury. Air entry can 
also be impaired by physical damage to (penetrating lung injury) or collapse of 
(atelectasis) alveoli.

Blast lung injury (BLI) shares much of the pathophysiology of acute respira-
tory distress syndrome (ARDS). However, explosions can also cause respiratory 
failure by every means by which alveoli cannot fill with air, often by multiple 
mechanisms. Before discussing ventilator strategies, it is important to understand 
that many causes of hypoxia and hypercapnia can occur in blast-injured patients, 
frequently simultaneously and often evolving over the course of a casualty’s ICU 
care (as in the case with pulmonary contusion and ARDS). Blast patients fre-
quently have other traumatic injuries that can impact the respiratory system, such 
as inhalation of particles or noxious substances, penetrating missiles, burns, or 
sequelae from massive blood transfusions. Other concomitant blast injuries may 
place constraints on ventilator management. Hemorrhagic shock may limit the 
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amount of intrathoracic pressure tolerated before global perfusion is impaired. 
Severe traumatic brain injury (TBI) may limit several ventilator stratigies used in 
severe lung injury. Peak end-expiratory pressure (PEEP) may need to be limited 
in severe TBI to reduce intrathoracic pressure and facilitate cerebral perfusion 
pressure. Permissive hypercapnea can cause cerebral vasodilation and increase 
intracranial pressure (ICP) and permissive hypoxia could result in increasing the 
ischemic penumbra around a focus of intracerebral injury.

Thus, while the primary problem in BLI is straightforward – not enough alveoli 
filling with air – the mechanisms and management are some of the most complex 
confronted in the intensive care unit. To optimally manage these casualties, ICU 
teams must understand which mechanisms of respiratory failure are at play in each 
casualty, tailor initial support to each casualty’s pattern of respiratory system and 
other traumatic injuries, and be vigilant for the evolution or development of new 
respiratory injuries during the patient’s ICU course.

 Overview of Respiratory Injuries in Explosions

Much of the literature regarding lung injury in explosions is focused on primary 
BLI, defined as injury to the lungs by the primary pressure wave. It should be 
emphasized that it is rare to encounter BLI in the absence of other mechanisms and 
locations of blast-related traumatic injury. Explosions are a subset of polytrauma, 
and it is the rule, not the exception, that blast exposure causes multiple diverse inju-
ries that sometimes affect or limit the choice of respiratory therapy. An understand-
ing of blast lung injuries is important for the critical care physician because in 
patients who survive their initial blast exposure, primary blast injuries, primarily to 
the lung, contribute to a significant proportion of injuries that must be addressed in 
the ICU and as high as 86% of injuries that result in delayed fatalities [1].

The incidence of BLI is higher in confined-space explosions due to the greater 
proximity of victims to the center of the blast and the concentration, magnification, 
and prolongation of blast wave exposure due to containment by and reflection off of 
interior surfaces. Overall injury severity and mortality is higher in confined-space 
explosions due both to an increased incidence of primary lung injury and secondary 
and tertiary injuries due to structure collapse and concentration of thermal and inha-
lation injuries.

In open-space explosion, blast waves follow a predictable, exponential deteriora-
tion, ceasing to be a significant cause of primary blast injury beyond ~ 10–20 meters, 
while injuries due to propelled fragments can occur at up to 100 times that distance 
[2]. In open-space explosions, casualties close enough to the blast to receive BLI are 
usually killed by the force of the blast or propelled fragments.

In US military data from 2003 to 2006, only 3.6% of blast casualties had PBLI, 
likely reflecting the high incidence of open-space explosions due to a high 
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prevalence of dismounted IEDs and indirect fire explosions [3]. In data from blast 
fatalities in Ireland from 1970 to 1984, 45% of victims had evidence of BLI and 
17% had only lung damage on autopsy, likely due to a higher incidence of confined-
space explosions in buildings and vehicles in this more urban conflict environment 
[4]. Israeli data published in 1996 found an 8% mortality in open-air blasts and a 
49% mortality in closed-space bus bombings [5].

Primary blast injuries in the lung are caused by the action of the blast wave 
on the lung tissue. Lungs are comprised of high-density (capillaries) and low-
density (alveoli) tissues. The blast wave has two components: a high-frequency, 
longitudinal stress wave and a low-frequency, transverse shear wave [6]. The 
initial stress wave causes damage when its force exceeds the tensile strength of 
lung tissues, typically the denser capillaries, resulting in alveolar hemorrhage. 
The subsequent shear wave affects lower-density tissues, causing tears in alve-
oli and the interstitium leading to enlarged air pockets that range in size from 
emphysema-like alveoli to pneumatoceles and pneumothoraces [7]. In an 
autopsy series of confined-space blast victims, the primary findings were alveo-
lar distension (“blast emphysema”) and diffuse alveolar, perivascular and sub-
pleural hemorrhages [8].

Air embolism is a less common but potentially catastrophic complication of blast 
lung injury, likely caused by the translocation of air across permeable or ruptured 
alveolar membranes into associated vessels. Tsokos and colleagues report findings 
of venous air, fat and bone marrow embolism on their histologic examination of 
lungs of blast fatalities. In that series, fat embolism is a significant risk factor for the 
development of ARDS and was seen on 62% of the casualties, while air embolism 
was found on 50% of the cases [8]. The incidence of emboli in blast survivors will 
likely be lower than in these casualties who died immediately due to proximity to 
the blast; however the findings are instructive of the possible complications clini-
cians can encounter in the most seriously injured blast patients. In an Israeli case 
series of bus bombing victims, air emboli occurred in nearly 50% of the casualties 
with the most serious lung injuries and may have contributed to the high mortality 
rate (75%) in this cohort [9].

Other less common but serious complications of blast exposure are injuries to the 
large airways and pleura. Bronchopleural fistula and bronchial and tracheal disrup-
tion can be caused by primary, secondary or tertiary blast effects. Regardless of 
cause, their effect can be to prolong hypoxemia until recognized and managed. Both 
diagnosis and management of these complications may require specialized 
techniques.

Table 39.1 demonstrates the mechanisms of injuries to respiratory anatomy. It 
is organized by the mechanisms of blast injury defined and discussed elsewhere 
in this manuscript. A section on complications has been added, since it is most 
likely that if complications are manifest, it will be while patients are being cared 
for in the ICU.
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 Assessment and Monitoring of Respiratory Status in Blast 
Casualties

In patients who can provide a subjective exam, symptoms of blast lung injury 
include severe chest pain and dyspnea. Cough may or may not be present. Although 
rare, BLI can occur in the absence of other traumatic and thoracic injuries, and these 
symptoms in a patient exposed to a blast, especially in a confined space, should be 
taken as signs of occult PBLI and prompt further workup with imaging, arterial 

Table 39.1 Mechanism and nature of blast lung injuries

Type Mechanism Injuries
Primary Blast wave 

pressure
Alveoli Barotrauma, 

shear trauma
Pulmonary edema, alveolar hemorrhage, blast 
emphysema

Small airways Pneumatocele
Vascular Capillary 

rupture
Contusion, alveolar hemorrhage, air embolism

Large-vessel 
disruption

Pulmonary hemorrhage, hemothorax

Large airways Shear, burst 
injury

Tracheal, bronchial disruption, massive air leak

Pleura Pneumothorax, pneumomediastinum, subcutaneous 
emphysema, bronchopleural fistula

Secondary Projectiles, blunt or penetrating injury
Alveoli Pulmonary hemorrhage, hematoma
Large airways Tracheal, bronchial disruption
Vascular Pulmonary hemorrhage, hemothorax
Pleura Pneumothorax
Tertiary Victims thrown by blast, usually blunt impact/deceleration injury
Alveoli Contusion, pulmonary edema
Large airways Tracheal, bronchial disruption
Vascular Pulmonary hemorrhage, hemothorax
Pleura Pneumothorax
Quartenary Other mechanisms than direct blast forcesa

Burns Thoracic eschar, thermal airway injury, inhalation
Chemicals Pneumonitis, secretions, chemical burns
Spinal cord Respiratory muscle paralysis/ventilatory failure
Exacerbations of 
underlying diseases

COPD, asthma exacerbations due to inhaled particles 
or inflammatory effects of lung trauma

Traumatic injuries affecting respiratory therapy
Hemorrhagic shock Lower tolerance for PEEP/intrathoracic pressure
TBI Lower tolerance for PEEP/intrathoracic pressure due to 

cerebral perfusion pressure requirements, lower 
tolerance for permissive hypercapnea

Complications

Air emboli, fat emboli, ARDS, pneumonia, pulmonary emboli, aspiration pneumonitis/pneumonis, 
abscess/pneumonia from contaminated fragments
aA “quinary” category of injuries due to weaponized chemical, biologic, and radiation agents is 
used by the US Department of Defense
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blood gas (ABG) measurement, and close observation as these patients have a sig-
nificant risk of deterioration to respiratory failure.

Hemoptysis in the blast patient should prompt concern for alveolar hemorrhage. 
Other signs of BLI that can be present are tachypnea, cyanosis, and confusion and 
agitation, due either to hypoxia or cerebral effects of the blast such as concussion or 
cerebral air embolism.

As mentioned previously, blast casualties commonly suffer from a multitude of 
traumatic injuries. Many of these will have been addressed prior to admission to the 
ICU; however, hypovolemic shock may require ongoing monitoring, resuscitation, 
and close observation for uncontrolled bleeding amenable to further procedural or 
surgical intervention. Severe TBI may require clinical monitoring for deterioration 
of mental status, pupillary exam, or intracranial pressure if admitted to the ICU with 
a pressure-monitoring device.

For respiratory monitoring, Table 39.2 presents minimum, better, and best rec-
ommendations, recognizing that many blast victims may be cared for in resource- 
limited environments for a variety of reasons such armed conflict, acts of terror, and 
natural disasters.

Critical care ultrasound (CCUS) has long been used to diagnose pneumothorax, pleu-
ral effusion, and hemothorax. Recently, CCUS has been shown to have good accuracy 
when compared to chest CT for diagnosing pulmonary contusion in blunt trauma to the 
chest. The presence of the alveolar-interstitial syndrome (B-lines), peripheral parenchy-
mal lesion (C-lines), confluent consolidations/hepatization, or parenchymal disruption 
with localized pleural effusion [10, 11] are sonographic indications of acute lung injury.

Initial measurement and monitoring of the partial pressure of oxygen to fraction of 
inspired oxygen (PaO2:FiO2) ratio is used to assess the initial severity of blast lung 
injury, prognosis, and need for more aggressive ventilator support. Initial PaO2:FiO2less 
than 60 has been correlated with severe PBLI and worse prognosis [9]. PaO2:FiO2 less 
than 60 for more than 4 hours of conventional ventilator support has responded to 
earlier initiation of high-frequency oscillatory ventilation (HFOV) in some centers 
[7]. It is also important to track to assess for the development of ARDS (Table 39.3).

In absence of other injuries, some reports warn that patients in close proximity to 
blast are at high risk of occult pulmonary injuries [7, 12]. Casualties exposed to 
blast in enclosed spaces are at especially high risk of primary or occult pulmonary 
injuries due to (1) magnification of blast forces in enclosed space; (2) reflection of 
blast forces off of walls, prolonging exposure to damaging shock waves; and (3) 
greater likelihood of inhalation injury due to heat, particles, or noxious gases. 
Pulmonary contusion and inhalation injuries can develop insidiously in a patient 
who initially has mild or even no respiratory signs or symptoms. Close monitoring 
is therefore required for survivors of enclosed-space explosions or those in close 
proximity to open-air blasts who somehow escape other injuries because of the pos-
sibility of developing latent pulmonary injury and respiratory decompensation.

Table 39.2 Monitoring 
recommendations for 
pulmonary blast injuries

Minimum: SpO2, EtCO2, clinical exam, 
pulmonary US
Better: Minimum + ABG, CXR
Best: Minimum + better + chest CT
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 Ventilator Strategies

There is no prospective literature comparing ventilator modes or settings in blast 
patients. What literature exists are institutional or organizational (e.g., military) 
reports of ventilator management in particular series of casualties. All ventilator 
strategies in the blast population are extrapolated from studies of other conditions, 
principally ARDS and thoracic trauma.

Respiratory failure in blast lung injuries is almost always hypoxic. There are 
some special cases where hypercapnic or mixed respiratory failure may occur that 
will be discussed in the section “Other ICU Management Considerations.” The 
basic strategy of ventilator management is lung-protective ventilation. This makes 
sense, because in blast patients the lungs are likely to be more seriously injured and 
have a wider variety of injuries than any other lung-injured or lung-diseased popula-
tion. Because lung injury in blast casualties can be so extensive, a balance must be 
made when selecting ventilator strategies and settings between oxygenating, venti-
lating and minimizing risk of further damage.

Another consideration in blast-injured patients is the high incidence of alveolar 
hemorrhage, which may preclude use of extracorporeal membrane oxygenation 
(ECMO) for refractory hypoxemia due to its anticoagulation requirement. Salvage 
should be attempted with conventional ventilator therapy with maximum PEEP as 
tolerated and salvage or experimental techniques such as neuromuscular blockade, 
inhaled nitric oxide (INOX), inhaled prostacyclines, prone positioning and inhaled 
activated recombinant factor VII (rFVIIa), or advanced ventilator therapy, with 
high-frequency oscillatory ventilation (HFOV) being the most reported.

 Lung-Protective Ventilation

The initial ventilator mode and settings for lung injuries in blast patients follow the 
recommendations of the landmark 2000 ARDSNet study [13], which found a mortal-
ity benefit from volume assist control ventilation using lower tidal volumes, PEEP 
titrated to FiO2, and tidal volume and PEEP titrated to maintain plateau pressures less 
than 30 cm of water. It is worth reviewing the methods of this study before applying 

Table 39.3 ARDS criteria

ARDS severity
PaO2:FiO2 
criteriaa

Mild 200–300
Moderate 100–200
Severe <100
Additional criteria:
  Acute onset: within 7 days of a defined clinical event
  Chest imaging: bilateral opacities not fully explained by effusions, collapse, nodules
  Origin of edema: respiratory failure not fully explained by cardiac failure or fluid overload

aWith PEEP >/= 5 cmH2O
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its recommendations to blast lung injury because the settings, especially of tidal vol-
ume and PEEP, are more nuanced and individualized than is commonly understood.

Specifically, tidal volumes in low tidal volume cohort started at volume of 6 cc/
kg/ideal body weight (IBW) but were titrated down to a minimum of 4 cc/kg/IBW as 
needed to maintain plateau pressure less than 30 cm of water. For patients with severe 
dyspnea (e.g., due to metabolic acidosis), tidal volumes could be titrated up to 7–8 cc/
kg/IBW as long as plateau pressures remained at 30 cm of water or less [13]. Thus, 
tidal volume for lung-protective ventilation in ARDS patients can range from 4 to 
8 cm of water depending on patient variables of plateau pressure and dyspnea.

PEEP in the ARDSNet study is titrated to FiO2 as shown in Table 39.4. PEEP in 
the low tidal volume cohort in the ARDSNet study was generally higher than con-
ventionally used at the time. It is thought that one of the mechanisms of reduced 
lung injury in the low tidal volume group was a reduction in the opening and closing 
stresses on the alveoli due to less of a pressure differential between plateau (open) 
and end-expiratory (closing) pressures, a benefit that could be especially useful in 
the setting of even more severe alveolar injury in PBLI than in ARDS.

Although the ARDSNet study is also associated with the concept of permissive 
hypercapnea (and, by extension, respiratory acidosis), the investigators attempted to 
strictly control pH by increasing minute ventilation or giving sodium bicarbonate. 
They discuss that less controlled pH may have contributed to the lack of benefit 
shown from low tidal volume strategies in previous studies.

 Basic Ventilator Principles in Managing Blast Lung Injury

 Tidal Volume

The tidal volume is based upon precise ideal body weight. Estimations generally over-
estimate weight and thus start at higher-than-ideal tidal volumes. Initial tidal volume 
has been shown to correlate with the risk of acute lung injury [14], so selecting a care-
fully calculated initial tidal volume is vital in this population with an already high risk 
of developing ARDS. Begin at the 6 cc/kg/IBW target. Measure plateau pressure ini-
tially, and then monitor every 4 hours. Titrate down in 1 cc/kg/IBW increments for 
plateau pressure greater than 30 cm of water to a minimum of 4 cm of water.

 FiO2

There is some evidence in animal studies that maintaining a high concentration for 
the first 24 hours of resuscitation can reduce air emboli [15], which are a high risk in 

Table 39.4 ARDSNet PEEP/FiO2

FiO2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
PEEP 5 5 or 8 8 or 10 10 10, 12, 14 14 14, 16, 18 18, 20, 22, 24
(mmHg)
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moderate and severe blast lung injury [8, 9]. If initial radiography shows extensive 
bilateral pulmonary infiltrates and a PaO2:FiO2ratio consistent with severe ARDS 
(<100), consider maintaining FiO2 at 80% for the first 8–24 hours. Titrate down at the 
early end of this range for rapidly improving PaO2:FiO2, and maintain to the latter 
end of this range for poorly improving PaO2:FiO2. Do not maintain high FiO2 if oxy-
genation goals are met beyond this period due to the risk of hyperoxic lung injury.

 PEEP

The risk of damaging friable alveoli in blast lung injury from higher mean airway 
pressures seen with increased PEEP is likely offset by the risk of damage from 
greater stress of opening and closing seen with larger differences between opening 
and closing pressures with low PEEP. Current practice in military hospitals familiar 
with blast casualties is to set PEEP according to FiO2 (see Table 39.4) to meet pla-
teau pressure and modest oxygenation (PaO2 > 60 mmHg) goals [7].

 Permissive Hypercapnea and Acidosis

Although some expert recommendations include toleration of pH in a range of 7.15 
to 7.25, this acidosis increases the risk of coagulopathy that can prolong or worsen 
both pulmonary bleeding and bleeding from other traumatic injuries. For the global 
optimization of the polytrauma patient, it is preferred to keep pH at 7.3 or greater 
using either increased minute ventilation or sodium bicarbonate.

 Strategies for Refractory Hypoxemia in Blast Lung Injury

Extensively damaged lungs in blast casualties often require advanced ventilator 
strategies (Table 39.5). In a cohort of survivors of two bus bombings in Israel, all 
four of the patients with the most severe blast lung injury required salvage ventilator 
modes (one dual lung, one ECMO, two HFOV) [9]. The British Military Hospital 
experience reports improved outcomes with early PaO2:FiO2 </ = 60  mmHg for 
more than 4 hours [7].

Several strategies have been shown to improve oxygenation using conventional ven-
tilator equipment in ARDS patient. Neuromuscular blockade with cisatracurium for 

Table 39.5 Stepwise approach to refractory hypoxemia in blast lung injury

1. Maximize PEEP as tolerated by plateau pressure
2. Consider prone positioning, neuromuscular blockade
3. Change to advanced ventilator mode: HFOV is the best supported in blast literature
4. Consider inhaled prostacyclines or nitric oxide if available
5. Consider ECMO if no evidence of bleeding
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48 hours improved outcomes in a cohort of patients with moderate-to-severe ARDS, 
possibly by reducing oxygen demand from respiratory muscles, improving recruitment 
and reducing barotrauma due to improved patient-ventilator synchrony [16].

Another strategy for improving oxygenation is prone positioning, which is easily 
accomplished even in resource-limited facilities. In a study where patients with 
severe ARDS were placed in the prone position for 16 hours or more per day and 
ventilator settings were applied according to the ARDSNet protocol, mortality and 
ventilator days were decreased with no increase in complications [17]. The physi-
ologic rationale is that prone positioning improves alveolar recruitment by remov-
ing the weight of the heart from the left lower lobe and placing more parenchymal 
area in West zone 1 of the lung, where it is less prone to atelectasis and alveolar 
collapse (note: in West zone 1, the pressure in the alveoli is greater than the arteries 
and veins, meaning there is the lowest atelectatic force).

HFOV is the most-reported advanced ventilator mode with some centers using 
cuff deflation to improve clearance of CO2 without recourse to higher amplitudes and 
frequencies that could increase risk of ventilator-induced lung injury (VILI) [12].

There are few reports of airway pressure release ventilation (APRV) in the treat-
ment of refractory hypoxemia in blast lung. This may be due to a perceived increased 
risk of VILI due to high mean airway pressures and the opening and closing stress 
of spontaneous breathing which is required in APRV to adequately clear CO2. 
However, if oxygenation is poor after other maneuvers such as neuromuscular 
blockade and prone positioning and a facility does not have HFOV capability, APRV 
can be attempted, starting on the lower end of P-high, e.g., 20 cm of water. As with 
all blast lung-injured patients, monitoring should be performed for signs of VILI 
such as subcutaneous emphysema or worsening air leak.

Evidence for inhaled prostacyclines and nitric oxide exists only as case reports 
with mixed success in improving oxygenation in severely hypoxic patients with 
blast lung injury.

ECMO must be used cautiously in blast lung injury due to a high incidence of 
small and large pulmonary vessel injury manifest as alveolar and pulmonary hemor-
rhage when compared with other causes of hypoxic respiratory failure such as 
ARDS or severe pneumonia. The requirement for anticoagulation of the ECMO 
circuit can trigger or worsen existing pulmonary bleeding. ECMO may be consid-
ered for refractory hypoxemia if there is no evidence of pulmonary or other trau-
matic bleeding.

 Other ICU Management Considerations

Pneumothoraces are common in blast casualties and can occur by a variety of mech-
anisms. Large pneumoratheces and pneumothoraces with tension physiology  
should be relieved with tube thoracostomy or emergent needle decompression fol-
lowed by tube thoracostomy. Recent evidence has shown that non-tension pneumo-
thoraces <35 mm (measured perpendicularly on axial CT scans) in trauma patients 
can be managed noninvasively [18]. Hemothoraces require tube drainage and can 
cause significant hemorrhage that requires blood product resuscitation.
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Air embolism is a significant risk (in some reports greater than 50%) [9] in 
patients with severe blast lung injury and a risk in patients with moderate injury. 
Symptoms are acute neurologic deterioration, focal neurologic deficits, or car-
diovascular collapse. Treatment is immediate left-lateral decubitus, head down 
positioning, followed by hyperbaric oxygen therapy. Animal studies have sug-
gested that an initial (8–24 hours) period of high FiO2 can attenuate the risk of 
air embolism [15].

Inhalation and upper airway thermal injuries are common. Early placement of 
definitive airway is important for casualties with burns to the face or mouth, stridor, 
or hoarse voice. Diagnosis is by bronchoscopy. If significant body surface area is 
involved with full- or partial-thickness burns, transfer to a specialized burn center 
should be considered.

Although rare, several complications of blast injury to the lung can require single 
or independent lung ventilation:

Tracheal, bronchial disruption and bronchopleural fistula can be caused by 
barotrauma or shear trauma. Signs, symptoms, evaluation, and management of all 
three conditions are similar. Large airway leak should be suspected if a collapsed 
lung is slow or resistant to reinflation after tube thoracostomy or if a significant, 
persistent air leak is present. The presence of subcutaneous emphysema or pneumo-
mediastinum can also suggest disruption of the large airways, but this can also occur 
on a more microscopic level due either to initial injury in the blast or exacerbation 
of small airway leaks under positive pressure ventilation. If sub-Q emphysema does 
not improve, evaluate for a large airway leak. Diagnosis is by bronchoscopy. 
Management is complex and may require surgical or interventional bronchoscopy 
repair and one-lung or independent lung ventilation [19].

Severe single lung injury in which providing the same ventilator volumes or pres-
sures to both lungs can result in overdistention and further damage to the injured 
lung and underventilation of the uninjured or less-injured lung. Dual-lung ventila-
tion is a strategy where a dual-lumen endotracheal tube is connected to two ventila-
tors, one providing minimal support to the injured lung, the other full support, 
adjusted to the reduced volume of a single lung, to the healthier lung. This strategy 
was used in a case of severe unilateral penetrating chest trauma with survival and 
successful ventilator liberation after 30  days of a complicated ICU course that 
included neuromuscular blockade, inhaled prostacyclines, proning and APRV [20].

In severe TBI with the presence or risk of increased intracranial pressure (ICP), 
permissive hypercapnea is not recommended due to cerebral vasodilation that can 
exacerbate ICP. “Permissive hypoxia” (60 mmHg) is also contraindicated due to 
recommendations that brain-injured patients receive normal levels of oxygenation. 
If increased ICP develops, blood pressure may need to be optimized to provide 
adequate cerebral perfusion pressure. This could contraindicate higher levels of 
PEEP due to the negative effect of increased intrathoracic pressure on systemic 
blood pressure.

Alveolar hemorrhage is a frequent finding in blast lung injury. Case studies have 
reported management of severe, persistent alveolar hemorrhage with activated 
recombinant factor VII (rFVIIa). A novel therapy for alveolar hemorrhage is 
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intrapulmonary administration of rFVIIa in a dose of 50 mcg/kg by nebulizer which 
in one case of diffuse alveolar hemorrhage resolved bleeding after intravenous 
rFVIIa had failed [21].

Hypercapnic respiratory failure. As discussed, this is relatively rare in blast 
casualties. Situations in which this can develop are:

• Third-degree burns that cause thoracic eschar, restricting tidal volume. Treatment 
is escharotomy.

• Spinal injury causing respiratory muscle paralysis. Treatment is mechanical ven-
tilation to ensure adequate ventilation that may be required in the absence or 
after resolution of lung injury causing hypoxic respiratory failure.

• Exacerbation of underlying pulmonary diseases such asthma or chronic obstruc-
tive pulmonary disease (COPD) due to inflammatory insult of blast lung injury 
or inhaled gases or particles. Treatment is with inhaled bronchodilators and IV 
corticosteroids if not contraindicated by wound healing considerations and respi-
ratory support.

 Conclusion

Lung injuries in blast result from a variety of mechanisms and usually present a 
heterogenous pattern of injuries that range from small airways and vessels to large 
airway and vessel disruption. BLI due to the pressure and shearing effects of the 
primary blast wave is the most reported pulmonary condition resulting from explo-
sions. BLI is characterized primarily by rupture of capillaries leading to pulmonary 
contusion and hemoptysis and tearing of alveoli leading to pulmonary edema due to 
inflammation and airspace abnormalities that range from smaller, emphysema-like 
blebs to larger disruptions such as pneumatoceles and pneumothoraces [7, 9]. 
Serious complications of BLI include venous air embolism, which can be rapidly 
fatal if not recognized and emergently managed, fat embolism which increases risk 
for ARDS later in the ICU course, and large airway disruptions such as broncho-
pleural fistula and tracheal disruption.

Evaluation of lung injuries in blast should include chest radiography, ideally 
computerized chest tomography, and arterial blood gas measurements to enable cal-
culation of the PaO2:FiO2 ratio. Much like ARDS, BLI is characterized from mild to 
severe based on a composite of more extensive lung injury on imaging and worsen-
ing PaO2:FiO2 ratio. BLI is severe when PaO2:FiO2 is less than 60 mmHg and bilat-
eral infiltrates or other injury is extensive on radiography. BLI is moderate when the 
P:F ratio is between 60 and 200 and bilateral or unilateral injury is moderate on 
imaging and mild when the P:F is greater than 200 and infiltrates are mild [9]. 
Casualties with moderate or severe BLI will almost always experience hypoxic 
respiratory failure, requiring intubation and mechanical ventilation.

Ventilator strategy for managing hypoxic respiratory failure in BLI must walk a 
fine line between optimizing oxygenation, ensuring adequate ventilation, and not 
causing further damage to what are already extremely damaged and fragile lungs. 
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The hallmark of ventilator management of BLI is low tidal volume ventilation as 
outlined in the ARDSNet protocol [13] with strict adherence to tidal volume selec-
tion based on a calculated ideal body weight (IBW) and adjustment of settings to 
maintain plateau pressures below 30 mm of mercury. Salvage strategies for refrac-
tory hypoxia (PaO2 less than 60 mmHg after optimization of ARDSNet settings) 
include neuromuscular blockade [16], prone positioning [17], inhaled prostacy-
clines or nitric oxide and high-frequency oscillatory ventilation (HFOV). ECMO is 
often not an option due to the high incidence of hemoptysis and pulmonary hemor-
rhage in BLI which would be exacerbated by the requirement for anticoagulation.

Care must be taken when managing ventilator settings to be mindful of other 
traumatic injuries that are likely in blast polytrauma victims. Hemorrhagic shock 
may limit the tolerance of PEEP. Severe TBI may also limit tolerance of PEEP and 
proscribe permissive hypercapnea and permissive hypoxia.

In conclusion, the management of blast casualties with moderate or severe lung 
injury presents one of the most complex respiratory conditions that can be encoun-
tered in an ICU. The pattern of injury is diverse, the underlying structure of the blast-
injured lung is fragile and easily prone to further iatrogenic injury, numerous 
pulmonary complications can be present initially or develop over the ICU course, and 
other traumatic injuries may limit the ventilator strategies available to the clinician.
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 Introduction

Blast-related injuries can be easily missed in the chaos of triage that can follow 
mass casualty explosive events [1]. Resuscitative efforts should be initiated as soon 
as possible and can occur during primary and secondary trauma surveys and other 
diagnostic procedures. As information is obtained about the nature of injuries, the 
resuscitation should be adjusted in real time using previously established targets of 
resuscitation such as systolic blood pressure, mean arterial blood pressure, urine 
output, lactate level, and venous oxygen saturation.

The hallmark weapon used by terrorists and insurgents in the wars in Afghanistan 
and Iraq has been the improvised explosive device (IED). These devices are respon-
sible for over 60% of military deaths in the conflict in Iraq [2]. Improvised explosive 
devices have also been extensively used against civilians in recent years in Israel, 
London, Madrid, Africa, and Mumbai [3]. This discussion is mainly geared to treat-
ment of those suffering from such injuries, but other blast injuries are similar.

 Extended Resuscitation

While much of the literature on managing blast injuries focuses on initial care, those 
who care for patients with blast injury should be familiar with managing those 
issues that arise after the initial injury. For example, a patient with shock early in the 
clinical course post injury should be extensively assessed for hemorrhage, and life-
saving measures should be taken to replace hemorrhaged blood through balanced 
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resuscitation in addition to finding the source of bleeding and stopping it. A patient 
who remains in shock despite hemorrhage control and an adequate resuscitation or 
who develops shock later in their clinical course should be reevaluated to verify that 
the resuscitation has been adequate and to rule out injuries such as pneumothorax, 
mediastinal trauma causing cardiac tamponade, pulmonary embolism, compart-
ment syndrome, and/or infectious complications [4].

Apart from the damage that blasts can do to specific organ systems, they induce 
a systemic inflammatory response that causes capillary leak and uncompensated 
shock-like physiology [1]. An appropriate resuscitation using a balanced transfu-
sion strategy is of the utmost importance so as to reverse the physiological derange-
ments caused by hemorrhagic shock. A review of preoperative and postoperative 
acidosis, coagulopathy, and hypothermia, in 51 combat troops operated on for 
severe blast injury, demonstrated this fact [5]. In the series, patients were transfused 
an average of 27 units of packed red blood cells, 27 units of fresh frozen plasma, 
2 units of cryoprecipitate, and 4 pheresis units of platelets. The pH, prothrombin 
time, and temperature average increased in all patients from 7.19 to 7.45 from 18 s 
to 14 s and from 36.1 °C to 37.4 °C, correspondingly. This relatively modern intra-
operative resuscitation strategy corrected the physiological derangements caused by 
hemorrhagic shock [5].

The initial neurologic exam is of the utmost importance. If a patient does not have 
evidence of penetrating brain trauma, but presents with altered mentation, blunt brain 
and cerebrovascular trauma should be considered. Additionally, if the patient was the 
victim of a blast injury in an enclosed space, or was in that space after a fire broke 
out, and presents with altered mental status, carbon monoxide poisoning should be 
ruled out. This can be done by obtaining a carboxyhemoglobin level, and consider-
ation should be made as to whether to empirically administer the antidote for cyanide 
toxicity. Cyanide toxicity occurs when patients inhale the by- products of burning 
plastics and other materials used in modern construction. If the patient initially pres-
ents with appropriate mentation and goes on to become agitated, lethargic, or con-
fused, providers should screen the casualty for delirium. In one study of 50 combat 
trauma patients admitted to the ICU, 68% of whom were exposed to blast injury and 
screened for delirium, 36% were found to be delirious at the first assessment (aver-
age time to assessment was 7  hours from admission and 26  hours from point of 
injury) [6]. Many of these patients received fentanyl and ketamine for pain control 
and propofol for sedation. There was no relationship between the mechanism of 
injury or the use of ketamine and the development of delirium [6]. However, ventila-
tor days and total length of stay increased delirium risk.

After experiencing a blast, concussive syndromes with accompanying memory 
impairment and cognitive disturbances are common and can be associated with the 
development of post-traumatic stress disorder [7, 8]. If significant traumatic brain 
injury (TBI) occurs after a blast, measures to prevent cerebral edema and optimize 
patient outcome should be taken. These can include maintenance of normal serum 
levels of sodium and glucose, avoidance of hyperthermia, the use of seizure and 
vasospasm prevention drugs, and measures to decrease intracranial pressure 
(osmotherapy, hyperventilation, elevating the head).
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Blasts can cause direct barotrauma, hemorrhage, contusion, and arterial air 
embolism in the lung [1]. The incidence of blast injury to the lung increases three-
fold when the blast occurs in an enclosed space. This highlights the importance of 
knowing the circumstances of a patient’s blast injury as blast lung injury may mani-
fest later in the patients ICU course [9]. Patients with a normal chest x-ray should 
be observed if they report pulmonary symptoms after a blast as the lung injury may 
not be apparent on chest X-ray, and clinicians should consider obtaining a computed 
tomography scan of the chest [1].

The implosion forces caused by a blast will traumatize the alveolar structure and 
cause blood and fluid to leak from the capillaries and into the alveolar space [1]. 
Resuscitation should be adequate to restore hemodynamic stability, but judicious 
enough to avoid worsening pulmonary edema. These injuries result in shortness of 
breath, hypoxia, cough, and hemoptysis. Injuries to the bronchial vasculature can 
result in air emboli, especially in patients who require positive pressure ventilation. 
These emboli can cause obstruction of blood flow to the heart, brain, intestines, or 
any soft tissue that the artery may supply, with devastating consequences for the 
patient. Experts suggest the placement of “prophylactic chest tubes” in patients with 
severe blast injury who require positive pressure ventilation [1]. Patients with blast 
lung injury can develop severe acute respiratory distress syndrome (ARDS), and 
this usually occurs after the initial resuscitation. Interventions that have been shown 
to benefit patients with ARDS include low tidal volume mechanical ventilation 
strategies that employ high levels of positive end expiratory pressure, use of neuro-
muscular blocking agents, and prone positioning. Prone positioning is beneficial in 
that lung inflation is more homogeneous from dorsal to ventral than in the supine 
position. This allows for more evenly distributed pressure and volume from a breath 
delivered by mechanical ventilation. In the last 20 years, large clinical trials have 
been conducted to compare the prone and supine positions in ARDS to see if there 
is an impact on mortality. The data from these trials demonstrate a survival benefit 
in patients with PaO2/FiO2 ratio less than 100 [10]. If the abovementioned measures 
fail, extracorporeal membrane oxygenation (ECMO) can be utilized to oxygenate 
and ventilate the patient until they recover from their blast injury-related severe 
ARDS. ECMO has been safely delivered in austere military environments and has 
been safely used on patients with traumatic injuries and thermal burns [11–13].

During resuscitation, the patient should undergo serial abdominal exams as 
abdominal organs are frequently injured during a blast, particularly in enclosed 
spaces. Implosion forces can cause rupture or separation of the layers of the bowel 
wall [1]. As with the lungs, arterial air emboli can occur and cause mesenteric isch-
emia. Hemorrhage from injured bowel can lead to shock. Resuscitative efforts 
should be balanced with the knowledge of other organ systems injured. In patients 
with injury isolated to the intestines, resuscitation to a target systolic blood pressure 
of 80–90 mm Hg has been suggested to improve outcome until hemorrhage control 
can be achieved [14]. A “balanced” or “controlled” resuscitation target may also be 
beneficial in concomitant intestinal and lung blast injury so as to prevent or mini-
mize pulmonary edema. Patients with TBI will need a higher mean arterial pressure 
to maintain an adequate cerebral perfusion pressure.
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Blast trauma to the extremities represented over 50% of combat injuries in recent 
conflicts [2]. In addition to an elevated injury severity score and massive transfusion 
requirements, the presence of an unstable pelvic fracture is known to independently 
raise mortality in patients with blast injury [15]. A key extended resuscitation con-
sideration in these patients is compartment syndrome. Compartment syndrome and 
rhabdomyolysis can occur as a direct consequence of the blast injury or can be 
delayed and develop as a consequence of over-resuscitation, particularly in patients 
with concomitant burn injury [16]. For this reason, providers should follow a for-
mula similar to existing burn fluid protocols such as the ISR rule of 10s, the modi-
fied Brooke, or the Parkland formula when resuscitating a patient with extremity 
trauma and burn injury from a blast so as to avoid fluid creep [17]. Palpation of a 
tense extremity compartment and loss of pulses are late physical exam findings in 
compartment syndrome. Practitioners can check pulses hourly, check compartment 
pressures with commercially available devices, and trend serum creatinine kinase 
levels to be vigilant for compartment syndromes. Early fasciotomy is recommended 
in high-risk patients as none of the diagnostic measures listed above are sensitive 
enough to prevent misdiagnosis [1].

Traumatic injuries, and particularly TBI, put the patient in a hypercoagulable 
state. The increased risk of forming deep vein thrombosis and suffering pulmo-
nary emboli should be mitigated by the use of venous thromboembolism pro-
phylaxis. Clinicians should balance the patient’s risk of venous thromboembolism 
with the risk of major bleeding and decide whether to use mechanical or phar-
macologic prophylaxis. Once hemostasis has been achieved, chemoprophylaxis 
should be initiated according to published guidelines [18]. Pharmacologic pro-
phylaxis is not always associated with increased rates of bleeding or hemor-
rhage in the injured tissue. In a review of 67 patients with penetrating brain 
injury, 32 patients received their first dose of venous thromboembolism chemo-
prophylaxis within 24 hours. They were compared to 35 patients who did not 
receive early chemoprophylaxis. The incidence of worsened intracranial hemor-
rhage was 16% after early chemoprophylaxis compared to a rate of 17% when 
it was not given early. The incidence of DVT or PE was 12% after early chemo-
prophylaxis and 17% when it was not given early. Though this difference was 
not statistically significant, it demonstrates that there was a trend toward 
increased risk of thrombosis without a concomitant increased risk of bleeding 
with the use of chemoprophylaxis [19].

Providers should be mindful of the types of infections that can complicate blast 
injuries and give rise to distributive shock and cause an extended resuscitation. 
Often times, soil bacteria and fungus can be blasted into the soft tissues causing an 
initial and prolonged systemic inflammatory response and infection. Blast injuries 
during dismounted operations in Afghanistan that caused limb amputations and 
perineal injuries and required large blood volume resuscitation were associated with 
invasive fungal infections. This knowledge informed practitioners’ aggressive use 
of antifungal therapies [20]. A Danish military review of 20 patients who had sus-
tained serious blast injuries as a result of explosion revealed that infections after 
combat injuries were a major problem because of the different microbiological 
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profiles in the region the soldiers were operating in. Knowledge of the microbiologi-
cal flora of the geographical location of the conflict is essential to properly manage 
these patients after their initial resuscitation [21].

 Conclusion

For those involved in the ICU management of patients with blast injury, knowledge 
of the circumstances of the blast injury and where the injury occurred will inform 
the immediate and extended care of the patient with respect to risk for different 
types of injury and/or infection. As the patients evolve clinically, so do the diagno-
ses that can account for persistent or recurrent shock. A balanced resuscitation is 
recommended for those with uncontrolled hemorrhage. Resuscitation pre-, post-, 
and intraoperatively with blood products should use ratios known to improve patient 
outcomes. Commonly injured organ systems such as the brain, lung, and intestines 
can be supported through evidence-based resuscitative efforts.
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41Case Study from Afghanistan: 
Dismounted Complex Blast Injury

Jennifer M. Gurney

 Scenario: Operational

In 2010 and 2011 in Afghanistan, foot patrols became more common as soldiers 
and Marines searched villages in northern Afghanistan, especially in places like the 
Korengal Valley. This area of Afghanistan has steep mountains, poorly maintained 
roads, and multiple villages nested in valleys. Soldiers and Marines would perform 
patrols through villages searching for insurgents and providing aid to the locals in 
the villages. Insurgents would bury improvised explosive devices (IEDs) on the 
roads and throughout villages. These IEDs injured scores of military personnel and 
Afghani civilians.

When IED/blast injuries occur while a service member (SM) is in a vehicle, it 
is referred to as a “mounted IED” injury. If the SM is on patrol, and is injured by 
an IED, it is referred to as a “dismounted IED” injury. Dismounted IED injuries 
became increasingly common after 2010. Because these injuries are so severe, with 
devastating soft tissue destruction and, frequently, high bilateral lower extremity 
amputations, they are referred to collectively as dismounted complex blast injury 
(DCBI) [1, 2]. Without immediate treatment including bilateral lower extremity 
tourniquets, these injuries are rapidly lethal secondary to rapid exsanguination.

In the scenario being presented, soldiers were on a foot patrol and an IED was 
detonated. After the IED blast, the troops encountered small arms fire. There were 
a total of seven casualties; five had minor fragment injuries to upper and lower 
extremities, one had a mangled left lower extremity, and the soldier closest to 
the blast had bilateral lower extremity amputations and a large arm laceration/
fragmentation injury.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-40655-4_41&domain=pdf
https://doi.org/10.1007/978-3-030-40655-4_41#ESM
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 Scenario: Medical

 Location: Role 3 (Combat Support Hospital) in Afghanistan

In the military continuum of care (Fig. 41.1), casualties are brought to the closest 
military treatment facility (MTF). The Role 2 MTF (forward surgical team) is the 
first place on the battlefield that has surgical capability [3, 4]. Ideally, casualties are 
within 1 hour of surgical care from point of injury [5, 6]. The Role 3 is the highest 
level of medical capability on the battlefield. There is a 10+ ICU bed capability, 
usually three to six operating rooms, surgical and medical subspecialty care, as 
well as a patient holding capacity. Additionally, there is a robust blood bank and 

CASEVAC
MEDEVAC

MEDEVAC

STRATEGIC AE

Role 1
(POI, BAS)

Role 2
(FSTs)

Role 3
(CSH, EMEDS, EMF)

Role 4 - OCONUS
(Definitive care)

Role 4 - CONUS
(Definitive care)

VA

1 hour

1–24 hours

24–72 hours

72 hours plus
Post acute care

Chain of survival and recovery

Fig. 41.1 The military trauma system’s continuum of care. The roles of care on the battlefield 
start at point of injury (POI). Casualties move through increasing levels of care on the battlefield 
and then back to CONUS (Continental United States) facilities. At each level of care, the capabili-
ties are increased. The DoD’s Trauma System is embodied by the system of care referred to as the 
Joint Trauma System (JTS). The JTS has clinical practice guidelines for each level of care. Role 
1 care (POI and BAS, Battalion Aid Station) is directed by the Tactical Combat Casualty Care 
(TCCC) guidelines. Role 2 care is the first level of surgical care on the battlefield. FST (forward 
surgical teams) are an example of a Role 2; they can range between 8 and 20 people and are 
placed strategically in the battlespace to provide damage control surgery in order to get the casu-
alty to the next level of care. Examples of Role 3 military treatment facilities are the CSH (combat 
support hospital), the EMEDS (expeditionary medical support system), and the EMF (expedition-
ary medical facility). The Role 3 is the highest level of care on the battlefield and has surgical 
specialty capabilities. These are usually comprised of 60 to 300 personnel. There is currently one 
Role 4 OCONUS (Outside the Continental United States) in the military that is located in 
Germany, close to a large air base in order to facilitate evacuation. Casualties move along this 
continuum of care through multiple modes of transportation. What would be an elevator ride at a 
level 1 trauma center in the United States can be greater than a 10,000-mile journey in the current 
battlefield system of care
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the capability to obtain warm fresh whole blood from a “walking blood bank,” i.e., 
other troops as donors. Casualties usually arrive at Role 3 MTF by helicopters; how-
ever, ground transport can occur as well by means of military vehicles and vehicles 
of opportunity.

Role 3 MTFs, during times of high operational tempo, can see over 100 trauma 
patients/week and perform upward of 200 surgical procedures weekly [5]. Casualties 
frequently present to the Role 3 MTF as part of a multiple casualty incident.

 Prehospital Care

The casualties from this incident were moved to a safe area. The patient with the iso-
lated left lower extremity injury had a tourniquet placed and was triaged as delayed. 
The casualty with the bilateral lower extremity amputations had “high and tight” 
tourniquets placed on both thighs as well as the right arm [7, 8]. There was noted to 
be a large amount of blood at the scene prior to him being moved out of the firefight. 
His GCS was 8 (E2M4V2), and he noted to be “barely breathing”; he responded 
to deep sternal rub. A cricothyroidotomy was performed to protect the casualty’s 
airway and to provide assisted ventilation if necessary. Point-of-injury vitals were 
HR 135, weak radial pulse, and respiratory rate 27. A MEDEVAC (Fig. 41.2) was 
called; there was a 20-minute ETA secondary to the troops remaining in a heavy 
firefight. A peripheral IV was attempted and not successful, sternal IO was then 
expeditiously placed, and the casualty received 500 of crystalloid. (Of note, this 
casualty was injured in 2011. Today, the casualty would have received prehospital 
low-titer Group O whole blood; this was not available in 2011 [8–10]).

A MEDEVAC arrived 30 minutes after injury. The patient was loaded onto the 
MEDEVAC. The flight to the Role 3 was 9 minutes. En route to the Role 3, the 

Fig. 41.2 MEDEVAC helicopter in Afghanistan. Casualty transport is most commonly by the 
Black Hawk helicopter. These helicopters can carry two litter patients and four non-litter patients 
depending on how they are configured. Certain configurations allow for four litter patients. The 
Black Hawk is the most common means for combat casualty transport from point of injury to the 
first role of care in the current battlefield system of care
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patient became completely unresponsive and pulses were unable to be palpated. 
CPR was initiated in the MEDEVAC (Black Hawk helicopter).

 Role 3

The patient arrived at the Role 3 (combat support hospital) with CPR in progress, 
beginning 5 minutes prior to arrival. The patient had a GCS of 3; HR was 50 bpm 
on the monitor and no pulse was palpated. CPR was continued and blood transfu-
sion was started through the sternal IO catheter. A resuscitation line was then placed 
into the right subclavian vein and the massive transfusion protocol was initiated. 
Simultaneously, a resuscitative thoracotomy was performed and the descending tho-
racic aorta was cross-clamped. After approximately 60 seconds of cardiac massage, 
a perfusing cardiac rhythm was appreciated. The patient received 5 units of RBC 
and 5 units of FFP; he also required multiple doses of epinephrine. A walking blood 
bank was initiated to obtain warm fresh whole blood (WFWB). Of note, WFWB is 
used at all roles of care in the combat zone. It is used either as a platelet source, if 
there are not enough components, or if the patient’s physiology is critical enough 
that WFWB is deemed necessary [11–14].

The patient proceeded to the operating room (Fig.  41.3). His aorta remained 
cross-clamped until there was evidence of cardiac filling and evidence of a MAP 
greater than 50 mmHg. An additional Cordis introducer catheter was placed in the 
right groin. He received TXA and antibiotics. In the operating room, the patient con-
tinued to demonstrate hemodynamically lability. Removal of the aortic cross-clamp 

Fig. 41.3 Example of 
dismounted complex blast 
injury (DCBI) on day of 
injury. This casualty is 
already in the operating 
room with pneumatic 
tourniquets in place, and 
surgical prep is being 
performed. The significant 
amount of lower extremity 
soft tissue destruction can 
be appreciated. The blast 
effect of these injuries 
travels ominously more 
proximal than what is 
appreciated during the 
initial debridement
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resulted in intraoperative cardiac arrest, and the patient required additional doses of 
epinephrine and cardiac massage. The patient developed coagulopathy of trauma 
and had large amounts of bleeding from the lower extremity wounds, making 
obtaining hemostasis of the large soft tissue wounds challenging. Hemostasis was 
obtained with packing, vascular control of visible vessels, and the liberal use of 
hemostatic agents.

The patient received 4 units of WFWB in the operating room and began to sta-
bilize. He left the operating room with bilateral above-the-knee amputations, tem-
porary closure of the left thoracotomy incision, and packing to the left arm wound. 
He continued to require vasopressors on initial arrival to the ICU. Over the next 
6–8 hours, the patient began to stabilize and tolerated slow weaning from vasopres-
sor support. He received a total of 9 units WBWB, 9 units of RBC, and 8 units of 
FFP within the first 10 hours after injury.

Early the next morning, approximately 14 hours after injury, the patient returned 
to the operating room. He had an additional 4  units of whole blood in reserve 
obtained from the walking blood bank the evening prior. In the operating room, 
he underwent washout and definitive closure of his left thoracotomy wound and 
simultaneous irrigation and debridement of his left arm wound and bilateral lower 
extremity amputation sites. The left arm wound required a moderate debridement 
secondary to contamination remaining in the muscle tissue. After debridement and 
washout, a negative pressure open pore sponge dressing was placed for temporary 
wound closure.

Both of the lower extremities had evidence of continued myonecrosis. The surgi-
cal team debrided dead muscle and salvaged as much viable skin and subcutaneous 
tissue as possible. The lower extremity wounds were irrigated with 0.25% Dakin’s 
solution in addition to 9 L of warm normal saline. These wounds were placed in 
negative pressure open pore sponge vacuum dressing in order to prepare the patient 
for the critical care air transport (CCAT) flight to Germany. The patient required 
a small amount of epinephrine as a pressor in the operating room to tolerate anes-
thetic. He received 3 units of whole blood intraoperatively. Of note, if the patient 
were going to remain at the Role 3 for an additional 24 hours, then the wounds 
would have been packed with Dakin’s solution and he would have returned to the 
operating room in 12–24 hours for repeat irrigation and debridement of the wounds 
prior to evacuation out of the combat zone [1, 15].

 Role 4: Landstuhl, Germany

A critical care air transport team (CCAT) flew the patient to Landstuhl Regional 
Medical Center (LRMC) in Germany. LRMC is the first site out of the combat zone 
for casualties from Iraq and Afghanistan. In addition to getting US service mem-
bers, LRMC gets international and NATO members; they are further stabilized prior 
to returning to their home country. The patient was at LRMC for just over 48 hours.

During the time at LRMC, the casualty underwent two additional lower extrem-
ity amputation site wound washouts and debridement. The team noted during each 
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operative intervention that the lower extremity myonecrosis continued to progress 
and muscle debridement was required. The patient was on IV antibiotics and anti-
fungals for his wounds, and there was a concern for aspiration pneumonia as well. 
He was getting continuous tube feeds for nutritional support.

During this time of very high operative tempo at LRMC, all intubated casualties 
would receive a post-pyloric nasoenteric feeding tube, usually placed within hours 
after arrival by the gastroenterology service. This practice was adopted early in the 
conflicts when it was observed that because of the frequent trips to the operating 
room and air transfer, casualties were not getting adequate nutrition. Because of 
the risk of aspiration in flight, casualties traveling by CCAT needed to have the 
enteric tube post-pyloric to continue enteral nutrition. Also, at LRMC, each casualty 
undergoes a screening ultrasound of upper and lower extremity venous systems to 
assess for DVT. Typically, patients that arrived at LRMC would get admitted to the 
ICU, have a screening DVT ultrasound, and return to the operating room for wound 
assessment within a few hours after arrival.

 CONUS (Continental United States)

The patient left LRMC by CCAT just prior to post injury day 4. He arrived to the 
SICU at Walter Reed Army Medical Center. He returned to the operating room 
shortly after arrival for assessment of the lower extremity amputation sites. Over 
the course of the following weeks, the patient underwent multiple surgeries, to 
include a left hip disarticulation secondary to a failed left AKA due to infection. 
Fig. 41.4 demonstrates the wound at 16 days post injury and 7 months after injury; 
note the heterotopic ossification. Heterotopic ossification is relatively common in 
the combat casualty population. This casualty suffered from significant pain from 

PID #16 Right proximal femoral diaphyseal ampution and left
hip disarticulation with antibiotic beads along the surgical sites

a b

Fig. 41.4 (a, b) Progression of wounds. Depending on the intensity of the blast injury, wound 
progression resulting in much higher amputation levels occurs. Serially operative debridement of 
all areas of myonecrosis is needed to prevent overwhelming infection, including fungal infections, 
which can be lethal
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the heterotopic ossification. His left arm healed without consequence, and he was 
able to move around in a wheelchair. He underwent years of rehabilitation. Most 
remarkably, on recovery, he was neurologically and cognitively intact. The casualty 
went back to school and pursued a graduate educational degree.

 Lessons Learned

• Modern care for the explosive-injured casualty is exceptionally complex and 
resource-intensive.

• The battlefield standards for care are guided by the Joint Trauma System Clinical 
Practice Guidelines.

• DCBI is devastating and requires multiple surgeries. The final amputation site 
usually ends up being at a higher level secondary to the zone of injury from the 
blast and evolving myonecrosis.

• In the operating room, multiple surgical teams are required for the first few oper-
ative interventions to appropriately manage the large wound burdens in these 
casualties.

• Whole blood is the preferred resuscitation therapy for hemorrhage. Over 
10,100  units of WFWB have been transfused in the current conflicts in the 
Middle East. LTOWB was introduced into the military trauma system in 
November 2016 and is the standard for resuscitation in hemorrhagic shock.

• The military’s trauma system is global. Casualties will move from point of injury 
through multiple roles of care. Each role of care has increasing capabilities. 
During the recent conflicts, most seriously injured casualties were evacuated 
from the area of operations within 48 hours.
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42Chemical, Biological, Radiological, 
or Nuclear Event (CBRNE): Prehospital 
and Hospital Management

Douglas A. Romney

 Introduction

The prehospital and hospital management of blast events involving hazardous mate-
rials requires attention as it deviates from standard practice. Hazardous materials 
(HAZMAT) are generally considered to include chemical, biological, radiological 
agents and nuclear waste (CBRN). A CBRN incident is one involving the threat of 
exposure to a chemical or biological agent or to a source of nuclear contamination 
or radiation. Release of the agent may be intentional or unintentional, requiring dif-
ferent response patterns, and the threat to the public from these agents will, in many 
cases, exceed the danger from the initial blast incident.

HAZMAT materials pose a potential threat to human life and health but are oth-
erwise unrelated. Each category of agents has its own characteristics, within each 
category are numerous subcategories often containing many individual agents. A 
comprehensive review of all hazardous materials is fortunately not required for the 
medical provider to render lifesaving aid. However, knowledge of the existence and 
nature of these threats as they pertain to a blast incident response is necessary to 
protect the responder and the public from potential harm or death.

Although CBRN incidents all carry inherent hazard to human life, the character-
istics of these agents and the mechanism of their toxic effects vary widely. It is 
important to understand some basic features of each. Chemical agents are the most 
varied and may be classified based on their effects on the human body. Onset of 
symptoms is rapid, generally within seconds to hours. These agents will persist on 
survivors and must be removed to prevent contamination of other areas. They can 
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have effects on any organ system of the body and often multiple systems simultane-
ously. Each family of agents will have a characteristic clinical course and identify-
ing features. Some agent families have specific antidotes or treatment strategies.

Biological warfare agents are unique in that they can introduce a disease out-
break into the larger population, leading to an epidemic and causing damage far 
beyond the initial attack. These agents require special training to handle and are 
often sensitive to environmental factors. The delivery of such an agent without com-
promising its survival poses logistical challenges, particularly in the setting of a 
blast incident. When possible, access to dangerous pathogens is highly controlled, 
although some exist in the human population globally or are periodically introduced 
into the human population through contact with an animal or insect carrying the 
pathogen. Onset of symptoms after exposure to a biological agent will be delayed 
for hours to weeks after an exposure. Often, there are no signs that an agent is pres-
ent at the scene of a blast. Terrorists have been reported to employ suicide bombers 
infected with HIV or other infectious diseases [1, 2].

Nuclear radiation and contamination are often poorly understood by providers 
and may present little imminent threat to life. Detection of radiation emission should 
prompt extreme caution and specialized resources. Source and waste control, 
including decontamination of patients, are the key to the initial management of 
nuclear events. Effects of radiation poisoning may be immediate in severe cases, but 
even lethal doses may be minimally symptomatic at onset [3].

All HAZMAT agents are potentially fatal to humans and may also result in pro-
longed and incomplete recovery after exposure. Initial actions must be taken to 
secure the best outcome for the greatest number of survivors while ensuring 
responder safety. Efforts should also focus on minimizing property and financial 
loss as well as damage to the environment. Each class of agents requires altering 
standard procedures to account for the hazard.

 Biological Agents

Biological warfare agents are pathogens or their toxins that may be used intentionally 
as weapons. Weaponized agents, including bacteria, viruses, fungi, parasites, and the 
toxins they produce, share certain characteristics that make them effective for wartime 
use (see Table 42.1) [4]. The Centers for Disease Control and Prevention categorizes 
potential biological weapons into categories based on transmissibility, virulence, and 
lethality, special actions required for preparedness, as well as the potential for public 
panic and social disruption [5]. Category A contains the highest priority weapons, 
including anthrax, botulism, plague, smallpox, tularemia, and the viral hemorrhagic 
fevers. Category B, of moderate concern, includes brucellosis, glanders, melioidosis, 
psittacosis, Q fever, typhus fever, viral encephalitis, ricin toxin, staphylococcal entero-
toxin B, Clostridium perfringens epsilon toxin, and food safety and water safety 
threats. Category C agents include emerging infectious diseases such as Nipah virus 
and hantavirus [5]. This and other classification systems, as well as information on 
specific agents, can be found on official websites and treated at length in other texts.
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Pathogens are unique in that they carry the risk of causing disease outbreak or 
pandemic in the larger population. Their incubation period complicates the recogni-
tion and control of these agents after an attack. Fortunately, most agents are heat 
sensitive and degrade in the environment, making their application in the setting of 
blast incidents more difficult. However, the threat of biological contamination 
remains real and discovery of a biological attack may be catastrophically delayed by 
the absence of evidence from the scene of the incident unless specifically disclosed 
by the perpetrators. The first responder and emergency medical provider must main-
tain situational awareness and be vigilant for these agents, alerting authorities to any 
suspicious substances encountered. Compliance with personal protective equip-
ment, including the use of CBRN respirators, and decontamination protocol is the 
most important measure the medical provider can take to reduce the likelihood of 
infection and the spread of disease. In many cases, it may be impossible to detect a 
biological attack on scene or in the immediate aftermath. Clinicians must report 
suspicious cases to public health authorities so that unusual disease patterns can be 
identified in the population and a common exposure among victims can be 
identified.

The response to a biological attack must begin as soon as the threat has been 
identified. Vaccination programs can augment the population’s acquired immunity 
and are available for many agents including anthrax, botulinum toxin, tularemia, 
plague, Q fever, and smallpox. However, vaccines require several weeks before they 
are effective, and mass vaccination campaigns must be carefully implemented to 
avoid increased human interaction and exposure to the disease. In some cases, quar-
antine and isolation protocols must be implemented to prevent further transmission. 
Treatment of many but not all these diseases is possible using modern antibiotic, 
antiviral, or antifungal medications. For some viral agents and toxins or in the case 
of antibiotic resistance, only supportive care may be available. In the United States, 
antivirals, antibiotics, and other essential medications are stockpiled by the federal 
government in preparation for such an event. Public health authorities would autho-
rize the release of such caches and disseminate treatment protocols after an 
incident.

Table 42.1 Characteristics of effective biological warfare agents [2]

Characteristics of 
biological warfare agent Weaponized qualities
Infectivity Effective bioagents can establish infection with only a few organisms
Virulence The ideal bioagent causes very severe or prolonged disease in its host
Toxicity Specific to toxins, a highly toxic agent produces very severe effects in 

its victims
Incubation A longer incubation period allows time for a biological agent to 

spread in a population and conceals the origin of the outbreak
Transmissibility An ideal bioagent is spread easily from person to person
Lethality Bioagents are typically chosen because they cause death in many of 

their victims
Stability Stable bioagents can be produced, stored, and released in a target 

population while remaining infectious; sensitivity to environmental 
factors at any stage may impact the effectiveness of the attack
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 Chemical Agents

The effects of hazardous chemical exposure are typically first identified on scene or, 
in some cases, in the hours after an incident occurs. Agents may be classified accord-
ing to the adverse effects they have on the human body (see Table  42.2). Toxic 
syndromes (toxidromes) overlap, and, in many cases, identification of the agent will 
not be immediately possible. Many treatment algorithms have been developed to 
assist providers in using the clinical signs and symptoms of each agent class to aid 
in rapid identification and treatment of patients [6]. While most chemical incidents 
are caused by inappropriate handling and storage of product or transportation mis-
haps, not all incidents involving toxic industrial chemicals (TICS) or toxic indus-
trial materials (TIMs) are accidental. TICs and TIMs are commonly used in terror 
attacks due to their prevalence and accessibility, including agents such as ammonia, 
chlorine, fluorine, phosgene, nitric acid, and hydrogen cyanide, among others [7]. 
Terrorists can obtain these materials and incorporate them into an explosive device 
or identify and target large storage or transport vessels. Certain features of a release 
should raise suspicion of an attack, including an incident occurring in a symbolic or 
strategic location, at a time of high population density, involving multiple sites, or 

Table 42.2 Classification of chemical weapon agents [4]

Agent class Toxidrome Immediate treatment
Nerve agents Confusion, diaphoresis, increased secretions 

and incontinence, miosis, fasciculation, 
paralysis, respiratory distress, seizure, coma

Atropine, 
pralidoxime, 
supportive care

Metabolic toxins 
(asphyxiants)

Shortness of breath, seizure, coma Cyanide antidote, 
supportive care

Opioids Confusion, miosis, sedation, respiratory 
depression, coma

Naloxone, supportive 
care

Anesthetic agents Confusion, respiratory depression, sedation, 
coma

Naloxone trial if 
unclear, supportive 
care

Anticholinergic/
antimuscarinic agents

Confusion, hallucination, mydriasis, fever, 
dry skin, coma

Consider 
physostigmine, 
supportive care

Blistering agents 
(vesicants)

Mucus and skin irritation, coughing, 
blistering, seizure, coma

Supportive care, eye 
irrigation

Caustic agents Mucus and skin irritation, eye irritation, 
coughing

Supportive care, eye 
irrigation

Riot control agents Mucus irritation, coughing, shortness of 
breath, vomiting

Supportive care, eye 
irrigation

Trichothecene 
mycotoxins (T2 
mycotoxins)

Mucus irritation, rash, delayed vomiting, 
bleeding

Supportive care, eye 
irrigation

Centrally active 
pulmonary agents

Mucus irritation, coughing, shortness of 
breath, collapse, lung injury

Supportive care, eye 
irrigation

Peripherally acting 
pulmonary agents

Delayed shortness of breath and lung injury Supportive care

Botulinum Double vision, difficulty swallowing, delayed 
paralysis, and respiratory depression

Supportive care
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causing more destruction than would typically be expected. More efficient and por-
table weaponized agents designed to kill human beings exist but are scarce and 
heavily regulated. These chemical weapons are designed to be highly lethal and 
difficult to detect and have specific properties related to volatility, solubility, and 
onset of symptoms so they can be employed to maximal effect.

The effects of exposure to any hazardous material may be immediate or delayed 
but, except for certain carcinogens and related agents ill-suited for intentional 
release, will always be identifiable within hours after the attack. Patients in the 
aftermath of a blast incident should always be evaluated for unusual symptoms that 
do not match typical patterns of injury and illness after a blast. For example, patients 
with significant respiratory symptoms after an outdoor explosion, those with altered 
mental status or neurologic effects unrelated to head injury or blast effects, and 
patients with significant unexplained gastrointestinal symptoms or other unusual 
behavior should prompt the responder to consider the presence of a chemical agent.

While chemical agents cannot cause disease outbreak, contamination of the envi-
ronment can cause injury or death to humans or animals and destruction of natural 
resources. Efforts must always be made to contain and/or remove hazardous product 
in the aftermath of an event.

Caution should also be taken when moving patients into the enclosed space of an 
ambulance, particularly when vaporization and off-gassing of residual product are a 
concern. All patients exposed to chemical product must be decontaminated on scene 
or prior to entering the hospital to avoid secondary contamination of treatment 
spaces. Providers receiving patients at the hospital should be aware that many 
patients will self-present for care after a mass casualty incident and will not have 
been evaluated or decontaminated on scene.

 Nuclear and Radiation Incidents

Terminology regarding radiation and nuclear incidents can be confusing, particu-
larly for the nonspecialist. Nuclear radiation refers to the emission of nuclear par-
ticles and energy caused by nuclear fission or nuclear decay. Ionizing radiation is 
the emission of particles or energy that can change or damage the atomic structure 
of its target. In human cells, this damage may result in the immediate death of the 
cell or may cause significant damage to DNA or other structures, resulting in the 
development of cancer or reduced function of the organ. Types of ionizing radiation 
may include alpha and beta particles, positrons, neutrons, and gamma radiation, 
each of which has certain properties (see Table 42.3) [7].

In the case of nuclear radiation exposure, the patient’s tissue has been exposed to 
ionizing radiation and is subject to damage, but like thermal injury from infrared 
radiation exposure, the patient carries no risk to the medical provider. Routine care 
and hygiene protocols are adequate to ensure patient and provider safety, and decon-
tamination of irradiated patients is not required. Contamination, on the other hand, 
involves the introduction of radioactive material into or onto the patient. Such mate-
rial could be inhaled, ingested, absorbed, or embedded and may contaminate the 
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external surface of the patient’s body. This material continues to undergo nuclear 
decay, emitting radiation and causing ongoing injury to the patient. Any individual 
contaminated by contact with the agent will be similarly affected. Thus, decontami-
nation of the patient is essential to prevent further injury as well as secondary con-
tamination of care providers and the environment.

Injury from nuclear incidents always occurs because of exposure to nuclear radi-
ation and accumulates in a dose-dependent fashion (see Table 42.4). Some tissues, 
particularly the reproductive organs, blood and bone marrow, lymphatic tissues, and 
intestines, are highly sensitive to radiation exposure and will rapidly accumulate 
lasting damage [9]. Patients suffering from altered mental status, seizure, or signifi-
cant gastrointestinal effects on scene due to radiation exposure have likely received 
a lethal dose of radiation. If the exposure is ongoing, all individuals in the area are 
in immediate danger and must evacuate. Access to the area must be denied until the 
source is contained.

There is a substantial risk of a dirty bomb, conventional explosives packed with 
radioactive material, being detonated in a civilian population. The sale and transpor-
tation of nuclear material is heavily regulated, but international compliance is 
uneven and the material cannot be detected without specialized equipment. 
Radiation sources are used heavily in science, healthcare, technology, and industry; 
material could be stockpiled without alerting authorities. Dirty bombs expose vic-
tims to radiation during the blast and contaminate the skin, lungs, and mucous mem-
branes’ nuclear material, leading to ongoing radiation exposure until removed by 
decontamination. The primary challenge with response to a “dirty bomb” is that 
regardless of the actual danger from the contaminants, the triggering of radiological 
response protocols will create a significant operational burden and may incite gen-
eral panic.

Because humans have no natural means of detecting nuclear radiation, first 
responders and emergency medical providers should always maintain awareness of 
the potential for radiation injury. Part of establishing scene safety in the aftermath 
of the blast incident, particularly an intentional incident or an incident occurring at 

Table 42.3 Types of ionizing nuclear radiation and properties [8]

Radiation 
type Description Shielding

Potential for 
ionization

Alpha Two large positively charged particles 
(protons), two large neutral particles 
(neutrons)

May be blocked by 
paper

High

Neutron One large neutral particle Meters of concrete or 
water

Low

Beta One small negatively charged particle 
(electron)

3 mm aluminum Medium

Positron One small positively charged particle Similar to beta 
radiation, released 
together

Medium

Gamma and 
X-ray

Electromagnetic energy wave (high 
energy)

Meters of concrete or 
lead

Low
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a site where nuclear material is present, includes using a radiation detector to check 
for potential hazards. If there is no radiation detected, this does not indicate that 
patients will not develop radiation injury or that a nuclear event has not occurred; 
only ongoing emission is detected. The purpose of radiation detection is to help 
establish that the scene is safe for responders to enter and that patients do not require 
decontamination from radioactive substances. First responders should also note that 
personal protective equipment does not shield the provider from radiation. Special 
equipment is required to safely evacuate survivors from the radioactive site. If 
equipment on scene indicates ongoing nuclear emission, patients and responders 
evacuated from the scene should be checked again to evaluate for any potential 
contamination.

Providers receiving patients at the hospital should be aware that many patients 
will self-present for care after a mass casualty incident and will not have been evalu-
ated or decontaminated on scene. It is also not safe to assume that all incidents will 
have been appropriately screened for radiation by first responders as not all emer-
gency response vehicles carry this equipment. Finally, not all hospitals routinely 
screen patients and visitors for radiation, particularly at sites where radiation ther-
apy is delivered or nuclear diagnostic procedures are performed, as the false- positive 
rate using standard equipment is unacceptable. On the other hand, many providers 
also fail to understand the difference between radiation exposure and contamina-
tion, leading to unnecessary decontamination and delay in care for critically injured 
irradiated patients.

Unlike a dirty bomb, a true nuclear detonation, one in which nuclear fission or 
fusion is the source of the blast, will also release a large pulse wave of electromag-
netic energy that will result in failure of the electrical grid and cellular networks as 
well as destroying electronic devices including modern vehicles. Able-bodied survi-
vors will have to escape on foot, limiting the ability of the population to evacuate 
from the area. First responders and healthcare facilities in the area will likely be 
incapacitated at least by equipment failure, and additional supplies will have to be 
mobilized for the response. Healthcare facilities spared from the worst of the dam-
age will be overwhelmed by the volume of patients with burn injuries and radiation 
toxicity. Radiation toxicity and burns require large treatment teams with ample sup-
plies to provide specialized intensive care. Unreliable communication and transpor-
tation will hamper relief efforts, and the response to such an event will necessarily 
be coordinated at the national or international level. The site of any nuclear attack 
would remain contaminated for a prolonged period, adding to the symbolism and 
psychological impact of the event.

 Prehospital Considerations

One of the greatest challenges in managing a CBRN incident is recognizing that a 
scene carries the potential for exposure to these agents. First responders should 
assume that all blast incidents, whether intentional or unintentional, carried the 
potential for exposure to hazardous materials. Whether intentional or unintentional, 
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whether primary or secondary effect of the blast, all potentially hazardous materials 
must be contained, and all exposed survivors must be assessed and treated for toxic 
effects.

First responders should be vigilant for unusual or atypical features of any blast 
incident scene, such as patients with unusual complaints or illness patterns that do 
not fit typical patterns for blast-injured patients. Examples might include coughing 
or suffocating patients outdoors, individuals with vomiting and diarrhea, altered 
mental status, seizures outside the blast zone, or skin blistering without burn inju-
ries. Unusual liquids, vapors, medical supplies, laboratory samples, containers, or 
other suspicious materials should also be identified as potential hazards. Any 
unusual odors or sounds should also be noted. The area should also be checked for 
nuclear radiation with a radiation detector.

If there are concerns for provider health and safety, including a potential CBRN 
event, access to the scene should be prevented and efforts made to secure the area. 
Commanding officers and other responding agencies should also be made aware of 
the threat, so a coordinated response can be arranged. Patients and responders 
should gather at a safe distance and uphill, upwind, and upstream from any potential 
source of release. It is important to remember that, in the case of intentional events, 
a secondary attack may be planned targeting first responders or the perpetrator may 
be planning a separate incident once local resources are committed.

Once the access to the scene is controlled, trained HAZMAT responders wearing 
appropriate protective equipment can access the scene. In most cases, access to the 
HAZMAT scene requires Level A personal protective equipment with a fully 
enclosed self-contained breathing apparatus (SCBA). For medical responders, on- 
scene priorities include discovery of survivors, performing lifesaving interventions 
as required and when circumstances permit, decontamination and extrication of 
affected survivors, and triage and evacuation of patients. It is crucial to thoroughly 
decontaminate patients prior to transfer when highly toxic agents are involved. The 
environment of the ambulance is enclosed and warm, ideal conditions for evapora-
tion and off-gassing of hazardous product that is contaminating a patient’s body or 
vaporized from the lungs. Responders must shield survivors from adverse environ-
mental conditions such as extreme temperature and precipitation, as well as accom-
modating special needs populations and animals and preserving the privacy and 
dignity of patients to the extent possible.

 Hospital Considerations

Medical management in the aftermath of a blast incident involving hazardous mate-
rials is complex and dangerous. Challenges include the surge in patient presenta-
tions, safety and security of the facility and those on-site, and management of severe 
and unusual illness and injury patterns. Immediately available staff, medication, and 
supplies used for critical care, surgical, and respiratory interventions will be rapidly 
depleted by the increased demand. Experienced staff members and additional 
resources must be requested as soon as possible to avoid interruption or delay in 
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care. Additional space can be created by utilizing alternate care sites, canceling 
elective procedures, facilitating rapid discharge of existing patients, and moving 
patients from areas of high demand to other suitable locations. Enhanced security 
must be coordinated with law enforcement. The distribution of patients among hos-
pitals should be coordinated regionally using existing relationships to avoid over-
whelming the resources of a single institution. Considering these challenges in 
advance facilitates appropriate planning and minimizes disruption of care.

The primary goal at any hospital site must be the safety and security of staff, 
patients, and visitors and protection of clinical resources. It is in the interest of all 
patients to maintain continuity of operations, which requires decontamination and 
isolation as appropriate to ensure safety. Hospital-based providers, particularly in 
the emergency department, should remain aware of protocols for their local response 
agencies and maintain clear channels of communication so that critical decisions 
can be informed by information on scene. Accessing news and social media reports 
may provide corroborating information.

While some victims may die due to exposure or the delay in care, decontami-
nation protocols must be considered an essential part of patient care. 
Decontamination to remove radioactive material, biological agents, or other haz-
ardous material should occur prior to entering patient care areas to avoid con-
tamination of the clinical space. Like the ambulance, the hospital environment is 
warm and enclosed, so thorough decontamination to prevent direct contamina-
tion and off-gassing of hazardous material is required and should be regularly 
drilled in advance. Patients requiring isolation to prevent the spread of infectious 
disease should also enter the clinical space with appropriate measures in place. 
In cases where the threat of bioagent exposure is undefined or significant concern 
exists for potential exposure, it may not be possible to isolate each patient due to 
the constraints of physical space. In these cases, isolating the cohort of poten-
tially exposed individuals may be an effective measure to protect staff and other 
patients. Transportation to radiology and inpatient settings, as well as handling 
of laboratory samples, should be given special consideration when planning iso-
lation protocols at the facility.

Care for blast incidents with HAZMAT contamination is in many ways similar to 
typical care. Patients with neurologic injury or derangement of vital signs will 
receive supportive care. Life- and limb-threatening injuries will receive operative 
intervention. Burns, inhalational injury, and traumatic injury will be managed 
according to protocol. Additionally, patients may require specific antidotes or treat-
ments for chemical exposure and may require prolonged sedation with respiratory 
and nutritional support. Patients exposed to biological agents will be managed with 
appropriate antibiotic prophylaxis, isolation, and monitoring and treatment for ill-
ness as it arises. Patient suffering from radiation poisoning may require specific 
treatment depending on the type of radiation, designed to bind or remove the radio-
active agent, prevent damage to vulnerable tissues, or stimulate recovery of marrow 
and other tissues. Survivors of radiation poisoning will also require prolonged sup-
portive care, requiring isolation precautions for neutropenia as well as transfusions 
and nutritional support [10].
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When receiving patients from the emergency department, it is always prudent to 
ensure that appropriate decontamination and isolation precautions have been imple-
mented prior to receiving a patient on the unit to avoid contamination of inpatient 
spaces and hallways. For patients with extensive injury or after exposure to a bio-
logical agent, nuclear radiation, or other hazardous material, prolonged treatment 
courses and high resource utilization should be expected. Normal stocks of medica-
tion and supplies will be rapidly exhausted and must be replaced. As alluded to 
previously in this section, disease outbreak in the aftermath of a biological attack 
would far exceed capacity in the system. Measures taken to prevent and control the 
spread of disease early will be critical in protecting the population. Certain antibiot-
ics, pain and sedation medications, antidotes, resuscitation fluids, blood products, 
wound dressings, antiarrhythmics and vasoactive medications, respiratory medica-
tions, and ventilators may be in high demand and adequate backup supplies secured 
in advance.

In the long term, like all blast victims, survivors’ functional limitations due to 
injury or illness will need to be met with the use of medical assist devices, prosthe-
sis, medication, or surgical revision. Sight and hearing may be affected; respiratory, 
digestive, nervous function, and orthopedic disabilities are possible. Psychological 
trauma is certain to occur among survivors, responders, and in the community at 
large. Measures should be taken early to identify those at risk of disability or lasting 
trauma so that steps can be taken to mitigate the damage.

 General Considerations

Certain assumptions are often made when planning for CBRN events to provide 
actionable guidance to clinical providers. While strategic assumptions are unavoid-
able, the prudent responder is aware of these assumptions and checks their applica-
tion to each incident. For example, biological agents are heat sensitive and are often 
presumed to be incompatible with a blast attack by an individual or nonstate actor. 
While this is not technically accurate, delivery of an active biological agent in the 
context of a blast incident is technically challenging, nearly impossible to detect, 
and highly unlikely to occur.

Another basic assumption is that the effects of a chemical agent will occur rap-
idly enough to be identified on scene by the observant provider. Since decontamina-
tion after every blast incident would result in the death of many critically ill patients, 
it is a reasonable screening strategy in most cases but might fail in cold or other 
extreme conditions. It is also reasonable to assume that any nuclear/radiation event 
in most developed countries is likely intentional because the oversight of nuclear 
material storage and transportation is very stringent. Despite this oversight, uninten-
tional releases have occurred even in highly developed and regulated countries even 
in recent years. Some biological weapons, such as smallpox, should not ever be 
present in a population in the absence of an intentional release. For other bioagents 
such as anthrax, hantavirus, Ebola, and others, periodic outbreaks of disease are the 
norm in some populations.
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It is also helpful to consider intentional and unintentional CBRN blast events 
separately. Both intentional and unintentional attacks carry the risk of contamina-
tion. However, an unintentional release is more likely to involve an agent that is less 
hazardous to human life and the environment, is less likely to occur in a densely 
populated area, may occur off-hours, and is often related to equipment failure, mis-
haps in handling or transportation, or as secondary effect of damage after a blast. 
Particularly in industrial or transportation settings, mitigation strategies and coun-
termeasures can be pre-staged in preparation for an accidental release. Similarly, 
identification of the agent in industrial settings is often provided visually on safety 
placards or documents and should be known to personnel on scene and site 
managers.

By contrast, intentional events are more likely to occur in a densely populated or 
sensitive area during peak hours and will involve an extremely hazardous material 
spread in a manner designed to cause maximum injury. While these classic patterns 
are helpful when planning for events, the effects of a secondary release may be so 
dramatic as to obscure their intentional origin, or an intentional attack may have 
entirely unexpected secondary effects. The quantity of material will vary widely 
from incident to incident and is not necessarily reflective of whether an incident was 
intentional. If any doubt exists, it is always better to assume an incident is inten-
tional until proven otherwise. This helps the responder maintain awareness for the 
possibility of a secondary attack or a second incident.

 Conclusion and Pitfalls

Lessons can be learned from recent experience with chemical attacks on civilian 
populations in Syria and other war zones. While it is always dangerous to generalize 
lessons from a specific conflict, healthcare workers serving these populations have 
identified many common experiences in the aftermath of chemical attack blast inci-
dents that can provide valuable insight to aid in preparation. The tactics used by 
terrorists in the Middle East and other conflict zones represent the current state of 
the art and are likely to be exported or emulated.

One surprising finding is that terrorists seem to be specifically targeting vulner-
able populations such as children and the elderly and that these populations are 
particularly vulnerable to the effects of hazardous agents. Schools, daycares, and 
other sites where these populations gather are common targets for attack and often 
lack hardened security measures [11]. After a blast, heavy gases and airborne mate-
rials will not immediately dissipate, increasing the exposure of shorter individuals 
such as children and those knocked to the ground. Explosives detonating at ground 
level which would cause lower extremity injuries to adults may be fatal to children. 
Burn and blast injuries are more severe at extremes of age, while metabolic differ-
ences make these populations particularly susceptible to the effects of hazardous 
materials.
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After a blast incident involving hazardous materials, the chaos and social 
upheaval in the affected community have predictable impacts on the healthcare sys-
tem. Access to healthcare facilities is often limited by infrastructure damage or the 
risk of attack. Often patients are not able to reach hospitals to receive care, while 
healthcare institutions are rapidly depleted of supplies and available staff. Personal 
protective equipment, antidotes, intravenous fluids, antibiotics, surgical supplies, 
and dressing materials are rapidly consumed, and their absence prevents the deliv-
ery of effective care [12].

In recent years, access to hospitals in conflict regions has been further compli-
cated as terrorists across the globe are specifically targeting healthcare facilities in 
primary or secondary attacks, hoping to disrupt essential medical services and deny 
access to care for the injured. This reinforces the fear of patients and providers, 
causing the population to view hospitals not as places of safety and healing but 
rather strategic assets and potential targets of attack. It is no surprise that, living and 
working under these conditions, providers across the region consistently identify 
deterioration of mental health and stressful, dangerous living and working condi-
tions to be a significant barrier in their systems [13].

The presence of hazardous materials at the scene of a blast event threatens the 
lives of survivors and responders alike. Knowledge of these agents and familiarity 
with their effects provide the responder with the ability to act efficiently and confi-
dently, minimizing the loss of life and improving outcomes for survivors. 
Recognizing the features of a CBRN incident and acting appropriately save lives on 
scene and in the hospital. Whether the release is intentional or unintentional and 
regardless of which agent is released, strategies do exist to mitigate the damage.
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 Introduction

Explosions or blasts may precipitate disasters and usually arise from either indus-
trial accidents or terrorist origins. Most explosive events, whether intentional vio-
lence or non-intentional and accidental, can cause burn injuries. It is notable that, 
terrorism aside, deaths from fires and burns are the third leading cause of fatal home 
injury. The mortality rate from burn injury ranks eighth among the 25 developed 
countries [1]. According to the American Burn Association National Burn 
Repository 2012 statistics, over 450,000 victims received medical treatment for 
burns in the United States in the last decade [1]. The majority of burns result from 
fire and/or flame injuries and contact with hot objects. Chemical burns account for 
approximately 3% of burns and 7% of burn admissions annually. Approximately 
3400 deaths occurred (most from smoke inhalation), including 2550 deaths from 
residential fires (most from cooking), 300 from vehicle crash fires, and 550 from 
other sources (approximately 150 deaths from flame burns or smoke inhalation in 
nonresidential fires, 400 from contact with electricity, scalding liquids, or hot 
objects). Although the number of fatalities and injuries from residential fires has 
declined gradually, many residential fire-related deaths remain preventable and pose 
a significant public health problem. Almost 60% of acute burn hospitalizations in 
the United States were admitted to 127 burn centers [1]. Burn centers average over 
200 annual admissions for burn injury and skin disorders requiring similar treat-
ment. The other 4500 US acute care hospitals average fewer than three burn admis-
sions each per year [1–4]. Fire and burn injuries represent 1% of the incidence of 
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injuries and 2% of the total costs of injuries, or $7.5 billion each year [5]. Risk 
factors for burn injuries in the United States include extremes of age (<4 years and 
>65 years), poverty, African and Native American descent, and rural area dwellers.

With regard to explosive events, burn injuries from terrorist bombings will con-
tinue to be a problem into the foreseeable future [6]. Terrorist bombs, typically 
improvised explosive devices (IEDs), are usually custom-made, may use any num-
ber of designs or explosives, and are of two types: (1) conventional, which are filled 
with chemical explosives, and (2) dispersive, which are filled with chemicals and/or 
other projectiles such as nails, steel pellets, screws, and nuts designed to disperse 
[6]. Temperatures from direct contact and the explosive gases can reach 3000 
degrees Centigrade (5432 degrees Fahrenheit) and result in burns in victims close to 
the detonation [6].

 Pathophysiology

Most adults have sustained burns during their lives. The skin is the largest organ in 
the body and serves as a barrier to outside insults and injuries. The skin protects 
against water loss, entrance of microorganisms, toxins, mechanical shock and 
forces, extreme environmental temperatures, and ultraviolet light damage to keratin 
and melanin. Furthermore, the skin is involved in sensory perception, temperature 
regulation, and biochemical activities (e.g., vitamin D synthesis).

The skin is made up of three basic layers. The outer layer, the epidermis, is the 
thin outer layer of the skin which consists of the stratum corneum containing fully 
mature keratinocytes which produce fibrous proteins (keratins) that are continu-
ously shed (prevents the entry of most foreign substances as well as the loss of fluid 
from the body), the keratinocyte layer containing living keratinocytes (squamous 
cells), and the basal layer, the deepest layer of the epidermis, containing basal cells 
(continually dividing and forming new keratinocytes). The middle layer of the skin, 
the dermis, contains blood vessels, lymph vessels, hair follicles, sweat glands, fibro-
blasts, and nerves. The dermis is held together by collagen, made by fibroblasts, and 
gives skin flexibility and strength. The dermis also contains pain and touch recep-
tors. The subcutis is the deepest layer of skin and consists of a network of collagen 
and fat cells that aid in conserving the body’s heat and protect the body from injury 
by acting as a “shock absorber.”

 Severity of Burn

Accurate assessment of the burn patient and appropriate institution of early care are 
critical to optimal outcomes. Although burn size and depth are obvious factors in deter-
mining burn severity, the location of the burn, age of the patient, preexisting disease, 
and presence of trauma, including inhalation injury, may complicate treatment. Specific 
anatomical locations of burns often result in significant morbidity and mortality dispro-
portionate to burn size (i.e., head, neck, hands, feet, perineum, and genitalia).
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Furthermore, patients <2 years or >50 years of age are at higher risk of complica-
tions and death [1]. Infants’ thin skin, limited reserve, and high surface area-to-mass 
ratio contribute to this risk, whereas thinning skin and coexisting medical problems 
commonly associated with aging are major factors in older individuals. Young chil-
dren are also at risk for burns caused by abuse. There are several ways to classify 
burns, involving depth, severity, and surface area.

 Depth

Burn depth is a product of temperature, duration of exposure, and skin thickness, 
with depth being described in its relationship to total skin thickness. Most burns 
have areas that are of mixed depth, with deeper burns often occurring in areas of 
thinner skin. The older classification of describing “degrees” of burn is not often 
used any more. Rather, the American Burn Association now uses the total body 
surface area and the severity (partial verses full thickness) of injury as a modern 
descriptor (Table 43.1). The old descriptive terms are paired with the newer classi-
fication system in order to understand the changes.

First-degree burns also known as superficial burn injuries involve only the epi-
dermis of the skin and are recognized by their erythematous appearance and lack of 
blisters or skin separation. The classic first-degree injury is the sunburn or superfi-
cial scald burn from spills. These burns usually have morbidity restricted only to 
pain and are therefore not classified by burn size.

Second-degree burns, now called superficial or deep partial thickness burn injuries, 
involve the epidermis and part way through the dermis. Epithelial elements remain in 
the undestroyed dermal appendages and spontaneous healing usually occurs in 
7–28 days. Second-degree burns are very painful and are usually blistered.

Third-degree burns, also known as full-thickness burn injuries, are those that 
extend through the dermis, destroying all epidermal and dermal elements. They may 
initially have blisters containing hemorrhagic fluid and/or dead tissue (eschar). The 
presence or absence of pain is an unreliable indicator of depth and severity.

Table 43.1 Burn description

Burn thickness

Deepest skin 
structure 
involved Appearance Pain

Prognosis (without 
surgical intervention)

Superficial 
(first-degree)

Epidermis Dry, blanching 
erythema

Painful Heals without 
scarring, 5–10 days

Superficial partial 
thickness 
(second-degree)

Upper dermis Blisters; wet, 
blanching 
erythema

Painful Heals without 
scarring, <3 weeks

Deep partial- 
thickness 
(second-degree)

Lower dermis Yellow or white, 
dry, nonblanching

Decreased 
sensation

Heals in 3–8 weeks; 
likely to scar if 
healing >3 weeks

Full-thickness 
(third-degree)

Subcutaneous 
structures

White or black/
brown, 
nonblanching

Decreased 
sensation

Heals by contracture 
>8 weeks; will scar
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 Burn Size

Accurate initial assessment of burn size is essential for optimal patient care. Burn 
size is expressed as total body surface area (TBSA) or body surface area (BSA), 
where approximately 1% of a patient’s surface area is equal to the palmar surface 
of the patient’s hand with the fingers closed. This measurement is most useful for 
small (<5% TBSA) or spotty burns. For larger areas, the rule of nines (Fig. 43.1) 
for adults provides a simple and rapid estimation of burn size in the adult.

When calculating burn size using any method, first-degree burns are not counted, 
and only the proportion of area with at least a partial-thickness burn is calculated. 
Thus, for an upper extremity to be considered 9% TBSA, the entire extremity from 
the shoulder to the finger tips must be burned at least to the blistering level. If only 
the posterior half of the upper extremity is burned, then burn size is considered to be 
4.5% TBSA.

Calculating pediatric burns is often challenging and can be inaccurate if the pro-
vider is not appropriately trained. The rule of nines (see Fig. 43.1) has also been 
used for pediatric patients. However, the Lund and Browder classification can also 
be used to more precisely calculate the percentage of BSA burned by mapping the 
injured areas of the body on charts detailing age-appropriate measurements. This 
method identifies the different body proportions according to the age of the patient 
(with children having larger heads and smaller lower extremities than adults) and 
through dividing the body into smaller units, such as dividing the upper extremity 

Child body   % of total

Part BSA

Arm 9%

Head and neck 18%

Leg 14%

Anterior trunk 18%

Posterior trunk 18%

Adult body   % of total

9%

1%

9%9%

Front
18%

Front
18% Back

18%Back
18%

18%18%14%14%

9% 9%

18%

Part BSA

Arm 9%

Head 9%

Neck 1%

Leg 18%

Anterior trunk 18%

Posterior trunk 18%

Fig. 43.1 Burn percentage
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into the upper arm, lower arm, and hand. Computer programs are now being used to 
estimate surface area calculations.

 Inhalation Injury

Inhalation injury is a complex set of pathophysiological reactions that occur from 
exposure to smoke and/or chemical products. Systemic and respiratory damage can 
result in significant morbidity and mortality as well as permanent dysfunction [7, 8]. 
When combined with thermal injury, inhalation injury increases pulmonary compli-
ance and fluid requirements and doubles mortality. Technically, injury is a misno-
mer, and inhalation injury is really the result of fluid shifts caused by external burns. 
These conditions do not necessarily imply pulmonary injury, because they also 
occur with scald and chemical burns. Edema formation in the posterior pharynx, 
glottic, and subglottic areas associated with deep burns of the upper chest, neck, and 
lower face has the potential to occlude the upper airway. Tachypnea and stridor are 
often late signs and when absent are unreliable in ruling out airway injury.

Airway injury is diagnosed by fiber-optic bronchoscopy [9]. Early grading of 
inhalation injury severity is often inaccurate. The injury is basically a chemical burn 
from which resulting edema of the small airways creates distal microatelectasis and 
a clinical picture identical to acute respiratory distress syndrome. Lower airway or 
“smoke inhalation” injury is caused by the patient inhaling the products of combus-
tion, often as a result of being in a confined space. Specific injuries resulting from 
specific toxins, cyanide and carbon monoxide, are discussed elsewhere in this text.

 Chemical Burn

A caustic or corrosive agent is a chemical capable of causing tissue and mucous 
membrane injury upon contact. These agents are generally made up of extreme pH 
values (<3 or >11). The American Burn Association National Burn Repository 
reported in 2012 that over a 10-year period, chemicals represented 3.3% of all burns 
in the United States [1]. The majority of these burns resulted from accidental expo-
sure at work. Chemical burns have higher complication rates in the very young and 
old populations with the most common complications being cellulitis, pneumonia, 
and respiratory failure. Common household and industrial products that result in 
burns include hydrochloric acid, potassium hydroxide, sodium hydroxide, sulfuric 
and phosphoric acids, and many others. Hydrofluoric acid (HF) is a weak acid that 
requires special consideration and treatment with specific antidotes. Although the 
most commonly affected body areas are the face, eyes, and extremities, almost all 
fatalities are as a result of ingestion [10].
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 Specific Training Requirements

The central concepts for prehospital providers and EMS physicians caring for burn 
patients include the following:

• Thorough training on a consistent, organized patient assessment algorithm that 
can be applied to all burn patients, regardless of injury severity, is foundational. 
It should provide hierarchical management that focuses on life threats, yet incor-
porates full, sequenced evaluation and integrated management options for actual 
and potential injuries. Frequent reassessments and ability to integrate informa-
tion and recognize trends that require urgent intervention are essential.

• Efficient and appropriate use of local resources (air evacuation, hazardous mate-
rials teams, specialized rescue units), knowledge of hospital capabilities, and 
specific destination policies (e.g., specialty burn care center) can improve patient 
outcomes in patients with significant injuries where time is of the essence. EMS 
systems should have policies and procedures to identify such patients and pro-
mote primary transport to the appropriate facility when available. This concept, 
pioneered by trauma systems, is now being extended effectively to non-trauma 
disease processes.

• Proper use of spinal motion restriction, splinting, fluid resuscitation, and pain 
management to limit additional morbidity. Knowing how and when to properly 
use infrequent invasive procedures such as cricothyrotomy, needle thoracostomy, 
and escharotomy is essential for patient safety and care.

• Recognition of a chemical exposure and proper use of protective equipment is 
essential in limiting exposure to bystander and healthcare personnel.

 Burn-Specific Patient Assessment and Care

The mechanism of injury, while not entirely predictive of actual injury sustained, 
often alerts the astute clinician to potential injuries that may be encountered during 
the assessment and management of burn patients. The importance of integration of 
local EMS and hospital resources with tailoring guidelines to optimize patient care 
within these parameters cannot be overemphasized. Newer telemedicine applica-
tions that allow concurrent assessment by EMS and receiving emergency physicians 
may facilitate triage, continuity of care, and expedited care at the receiving facility 
for a number of time-sensitive medical complaints, certainly including burn 
injuries.

Burn management differs significantly from routine trauma care. Traumatic inju-
ries occur in 5–15% of admitted burn patients [1]. Evaluation and treatment of trau-
matic injuries take precedence over treatment of the burn, with the caveat that 
maintenance of body temperature, airway protection, and appropriate burn fluid 
resuscitation must be achieved.

Distance to the destination burn or trauma center should influence the plan for 
airway management. If transport time is short (e.g., <10 minutes) and if able to 
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achieve adequate oxygenation and ventilation with basic measures such as a face 
mask or bag-valve-mask ventilation, time should generally not be taken at the scene 
for endotracheal intubation (ETI), including pharmacologically assisted intubation. 
However, in patients with suspected inhalation injury or impending obstruction, 
prehospital personnel should consider immediate ETI. ETI can be particularly chal-
lenging in the burn victim due to altered mental status and/or combativeness, airway 
secretions or debris, and potential swelling and distortion of anatomy.

The EMS provider must decide if the delay in transport due to placing an advanced 
airway in a specific patient and situation is clinically beneficial, specifically, if the 
delay outweighs the potential risk to the patient from either deterioration due to the 
injuries or due to secondary complications that could occur if the airway cannot be 
secured in a timely manner [11]. While orotracheal intubation is the preferred route, 
edema and debris in a burn patient’s airway may require a cricothyrotomy to be per-
formed as a last resort. Training EMS personnel in alternative airway techniques may 
be extremely useful for complicated airway management [12].

Secure the tube with cotton umbilical ribbon. Do not use adhesive tape on the 
endotracheal tube or any other important device or tube in the burn patient. The 
patient will become very edematous, the burned skin will slough off, and the endo-
tracheal tube will fall out if secured only with tape. If this happens, it is very diffi-
cult to reestablish the airway due to extensive airway edema. If the patient is not 
intubated, closely observe for early indicators of impending airway obstruction such 
as swelling of the face or tongue and hoarseness. Be prepared to intubate the patient 
if these signs appear.

Careful monitoring of respiratory parameters including pulse oximetry, end-tidal 
carbon dioxide, ventilatory compliance, and circulation will provide trending that 
can alert the provider to developing complications in a critical patient [11]. High- 
flow oxygen should be used in all patients who show signs of respiratory distress 
and/or hypoxia. Beta-agonists have been used in cases of inhalation injury resulting 
in increased oxygen delivery and decreased bronchospasm [8]. Outcome prediction 
metrics based on currently available high-level noninvasive monitoring may help 
refine destination choices and in-hospital trauma management. Burn eschar on the 
chest may interfere with ventilation, and if this is the case, chest escharotomy should 
be performed during this assessment.

Those with burn injuries have higher fluid requirements than other trauma 
patients [8, 9, 13]. However, prehospital personnel must avoid excessive fluid resus-
citation that could paradoxically lead to worsening hemorrhage and/or pulmonary 
function. Fluid resuscitation is the cornerstone of early burn care. The microvascu-
lar structures beneath a burn wound develop increased permeability immediately 
after injury, resulting in capillary leakage. Capillary leak is roughly proportional to 
burn size and becomes hemodynamically significant in burns larger than 20% TBSA 
(10% TBSA in young children or elderly patients). The objective of resuscitation is 
to replace lost intravascular fluid with the minimal amount of fluid required to main-
tain normal bodily function [13].

Guidelines in the current literature instruct providers to calculate predicted 
24-hour fluid requirements and initiate fluid resuscitation based on these formulas 
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[13]. Half of the fluid should be given in the first 8 hours and the other half over the 
next 16 hours. Although there are multiple formulas for predicting the first 24 hours 
of fluid required in burn patients, two of the most advocated formulas are as 
follows:

Modified Brooke: Initial 24 hours: no colloids. Ringer’s lactated (RL) solution 
2 mL/kg/% burn in adults and 3 mL/kg/% burn in children.

Parkland Formula: Initial 24 hours: RL solution 4 mL/kg/% burn for adults and 
3 mL/kg/% burn for children. RL solution is added for maintenance for children:

• 4 mL/kg/hour for children weighing 0–10 kg
• 40 mL/hour +2 mL/hour for children weighing 10–20 kg
• 60 mL/hour +1 mL/kg/hour for children weighing 20 kg or higher

A randomized study of adult military burn patients comparing these two for-
mulas demonstrated that the modified Brooke formula was successful in lower-
ing fluid requirements without increased mortality [13]. Another burn formula to 
simplify fluid delivery was also advocated in prehospital patients, labeled “the 
rule of 10” [14].

• Estimate burn size (using the rule of nines) to the nearest 10% TBSA.
• Multiply that by 10 to calculate the initial fluid rate for patients weighing 

40–80 kg.
• Increase fluid rate weight above 80 kg by 100 cc/hour for every 10 kg of body.

Under-resuscitation may result in renal failure, hypotension, and multiple organ 
dysfunction, whereas over-resuscitation results in pulmonary and cardiac overload 
and excessive edema formation [8, 10]. The extremes of age are especially sensitive 
to poor estimation of fluid needs. Resuscitation requires an accurate estimation of 
the time of burn, burn size, and measurement of patient weight. Factors that increase 
fluid requirements include inhalation injury, late initiation of resuscitation, deep 
burns, acute intoxication, and preexisting malnutrition [1].

Burn fluid formulas are merely starting points in resuscitation. Individual changes 
to fluid administration rates must be made hourly (or half-hourly in infants and 
small children) based on urine output, vital signs, and other markers of perfusion. 
Most utilize the formula recommended by the burn center to which the patient is 
being transferred [14].

Regardless of the type and volume of fluid used in resuscitation of burn patients, 
awareness and prevention of hypothermia are essential in maintaining circulation. 
Hypothermia increases burn mortality. Administration of significant volumes of IV 
fluids at or below room temperature can exacerbate the problem. Preventing heat 
loss and providing warm fluids to a patient in need of volume resuscitation or 
rewarming can diminish this potential effect [15–17]. Several commercially avail-
able fluid warmers have been studied [18].
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All wounds should be exposed for evaluation. In patients with extensive burns, 
overlying clothes and jewelry should be removed. These items may have melted 
onto the skin. If this is the case, the burn team may need to excise these items 
along with the burned skin. Jewelry may have to be cut off with wire cutters or 
similar devices. Decontamination from toxins and chemicals should also begin 
during this phase of assessment. Saturated clothing should be removed, powdered 
chemicals should be brushed off the skin, and the contaminated area(s) irrigated 
with copious amounts of water until the patient experiences a decrease in pain in 
the wound. The use of neutralizing solutions in treatment of chemical burns is not 
routinely recommended except for burns involving hydrogen fluoride. Chemical 
injuries to the eye are treated by forcing the eyelid open and flushing the eye with 
water or saline.

 Special Considerations

 Compartment Syndrome

Formation of edema beneath full-thickness (usually circumferential) burn eschar 
has the potential to occlude arterial inflow to the extremity or restrict chest motion 
and hence ventilation, resulting in respiratory failure [19]. If available, Doppler 
signals should be followed; if not, check pulses, skin temperature, and capillary 
refill at regular intervals. Diminution of the signal or a change in its character may 
suggest compartment syndrome. Patients receiving massive amounts of fluid may 
also develop compartment syndrome. This results from an increase in the tissue 
pressure in a restricted compartment of the body. If compartment syndrome is sus-
pected, decompression of the involved compartments with appropriate escharotomy 
and fasciotomy is indicated as soon as possible [19]. Treatment with escharotomy 
may be performed in the prehospital setting with either local anesthesia or con-
scious sedation. Incisions are placed on the medial and lateral portions of affected 
extremities or on the midaxillary lines of the trunk connected by an inverted “V” 
(chevron) incision along the costal margins (Fig. 43.2). Escharotomies of the fingers 
are seldom, if ever, required.

 Pain Management

The prehospital environment provides unique challenges in treatment of acute 
pain such as the lack of supplies and equipment, delayed or prolonged evacuation 
times and distances, devastating injuries, provider inexperience, and dangerous 
tactical situations [20, 21]. Studies have shown an increase in the incidence of 
chronic pain and posttraumatic stress disorder (PTSD) with failure to recognize 
and treat acute pain appropriately. In addition, studies have seen a reduction in 
PTSD incidence when pain is adequately managed, particularly with early use of 
ketamine [22, 23].
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 Hydrofluoric Acid

Hydrofluoric acid (HF) is an aqueous solution of the inorganic acid of elemental fluo-
rine and will dissolve anything that has glass or silica content. HF and related products 
may cause dermal, ocular, pulmonary, gastrointestinal, and systemic injury [1]. When 

Fig. 43.2 Location of 
escharotomy incisions. 
(Source: US Army Institute 
of Surgical Research)
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in contact with skin, HF dissociates into hydrogen ions and free fluoride ions. There 
may be a latent period before a clinically evident burn is apparent, dependent on the 
concentration of the acid and the length of time it is in contact with the skin. Fluoride 
ions penetrate tissues deeply, causing tissue damage and the potential for systemic 
toxicity depending on the HF concentration. In general, exposure to HF solutions of 
greater than 50% concentration results in immediate pain and tissue destruction. The 
skin appears blanched, and within 1–2  hours the dermal lines are obliterated by 
edema. Dermal contact with concentrations of 20–50% HF usually results in burns 
that develop within a few hours [9, 24].

Concentrations greater than 20% HF have a potential for serious toxicity regard-
less of the degree of surface area involved [24]. Contact with solutions of less than 
20% HF concentration results in dermal injury that usually develops within about 
24  hours [25]. The clinical presentation of exposure to strong HF solutions of 
greater than 20% begins with pain at the site that is characteristically intense [25] 
and often described by patients as “burning,” “deep,” “throbbing,” or “exquisite.” 
Local erythema and edema may or may not be present initially, but later a pale, 
blanched appearance of the skin is apparent in more severe burns from concentrated 
HF (e.g., >50%) [9, 24, 25]. Extensive bullae and maceration of tissue may be seen. 
Gray areas may develop and progress to frank necrosis and deep ulceration within 
6–24 hours. HF exposure results in hypocalcemia, hypomagnesia, and hyperkale-
mia. These electrolyte disturbances can be profound and lead to death. The main-
stay of treatment is calcium, both systemically and locally as a paste or solution.

 Guidelines for Prehospital Management

Guidelines for management of the burn patient should be focused on providing 
necessary interventions, together with rapid transport to the closest appropriate 
facility. Triage guidelines should also address burn/trauma patients who need differ-
ent types of specialty care by identifying regional facilities with special capabilities 
such as pediatric trauma, burn care, hyperbaric therapy, and extremity replantation. 
Scene time should not be delayed while the provider waits for direct medical over-
sight. Patient outcomes are significantly better at burn centers than non-burn centers 
[26]. Burn centers have teams of professionals dedicated to optimal burn care. The 
American Burn Association has established criteria for transfer of a patient to one 
of these centers.

 Requirements for Transfer

Patients with major burns (>20% TBSA) require IV access, preferably two large- 
bore peripheral lines. Catheters may be placed through the burned tissue. Central 
venous access should be avoided because of its high complication rate in the early 
postburn period when vasospasm, low flow, and a hypercoagulable state contribute 
to complications. A urinary catheter and a nasogastric tube are recommended for 
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long or delayed transport. Use of ice on a burn wound is absolutely contraindicated 
because of the risk of a cold injury superimposed on the burn. Continual efforts 
must be made to keep the patient warm. No burn debridement is required before 
transfer, and the burns should be wrapped in dry sterile, clean sheets, or burn-spe-
cific water- based gel dressings and further covered with warm blankets.

 Prevention

The prehospital environment offers a unique “teachable moment” for clinicians to 
educate patients and their families about preventing burns in the future. Prevention 
programs and safety legislation have made substantial contributions to decreasing 
the incidence and severity of burn injury, especially for parents and school-age 
children.

In addition, several initiatives are targeting vulnerable segments of the popula-
tion for prevention efforts. Mothers with less than high school education who are 
younger than 20 years old and have more than two children are at a much higher risk 
for fatal fire events [1]. Although prevention initiatives are reaching increasing num-
bers of people, there is still the need for further education of the public and in par-
ticular those subsegments of the population at high risk for burn injury.

Pitfalls
• Not taking control of the airway early. A focused physical exam needs to 

be completed to look for any signs suggestive of inhalation injury, such as 
neck burns, singed nasal hairs, carbonaceous sputum, voice changes, or 
soot in the upper airways. If the patient has any signs of airway compro-
mise, it clearly necessitates intubation, even ones who appear well initially 
can rapidly deteriorate.

• Missing systemic poisoning. Not only do patients suffer direct pulmonary 
injury, they are also at risk for hypoxemia from CO and cyanide, especially 
if the fire occurred in an enclosed space. It should be presumed the patient 
is suffering from systemic poisoning unless it can be ruled out with car-
boxyhemoglobin testing. Cyanide levels are rarely available in the acute 
setting; however, a lactate level greater than 10 mmol/L is highly predic-
tive of poisoning.

• Not managing the traumatic issues first. While the burn injuries can appear 
grotesque and can be the patients’ focus due to the pain, traumatic injuries 
must be managed first. Missed traumatic injuries are more likely to cause 
increased mortality and, therefore, ATLS protocols should be followed 
prior to burn-specific management.
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44Wound Management

Alexander Hart

 Introduction

The subacute and chronic management of wounds suffered through blast injuries is 
critical to decreasing morbidity and mortality. While basic wound care principles 
form the basis of management, blast injuries require caregivers to manage wounds 
differently than they might for other types of injuries.

 History of Wound Management

 Ancient Wound Care

Humanity has been attempting to manage wounds since prehistory. The 
Mesopotamians produced clay tablets ~2500 BCE detailing methods of wound care 
from the time [1, 2]. These describe the washing of wounds, making of plasters, and 
bandaging of wounds. Early wound care methods heavily featured the use of plants 
as astringents, honey, and alcohol for antimicrobial effects and for other properties. 
Interestingly, the effects of substances such as honey were likely discovered sepa-
rately by various cultures, suggesting empirical, observatory learning.

The Greeks were advanced in their stress on cleanliness, washing wounds with 
boiled water, followed by acetic acid (vinegar), and alcohol (wine). The Romans 
were noted for describing the importance of rubor, tumor, calor, and dolor (redness, 
swelling, heat, and pain) as cardinal signs of inflammation [1]. In ancient times, 
suturing was an uncommon occurrence, with most cultures leaving wounds open 
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during their treatment. Hippocrates (460–377  BCE) is noted for describing the 
debridement of necrotic material in wound healing. He recommended using wool 
which had been boiled in water or wine as a useful dressing. He also documents the 
knowledge of the Greeks that a bandage used too tightly could cause gangrene.

In the Middle Ages, the most advanced wound care was that which had been set 
down by Galen and Celsus and was mostly practiced in the Middle East. Celsus 
recommended the use of dry pledgets to stop hemorrhage, with progression to a 
moist sponge if that did not suffice. Cobwebs were a remedy of choice for small, 
oozing wounds. The use of ligature on a vessel was described, with cautery used as 
a last resort. Galen also wrote about the use of finger pressure on a blood vessel to 
stop arterial bleeding. He also used ligatures for arterial bleeding and styptic sub-
stances on venous bleeding. The knowledge of the Arabic-speaking world was writ-
ten down by Albucasis (also known as Abu al-Qasim al-Zahrawi [936–1013 CE]), 
which is the method in which it passed to the European medical community. The 
Arabic world is where distillation, crystallization, and the science of pharmacy were 
first performed, all important advances in the production of wound care materials.

Theodoric, a disciple of the Bologna school of medical thought, argued in his 
writings against the idea of probing, packing, and dressing wounds. Although 
Maitre Henri de Mondeville (1260–1320 CE) attempted to question these teachings 
and believed that contagion caused wound infection, his teachings were not adopted 
widely throughout the Middle Ages. Guy de Chauliac (1300–1368 CE) proposed 
five principles of wound treatment which are recognizable to today’s clinicians: the 
removal of foreign bodies, re-approximation of separated parts, maintenance of 
apposition, conservation of substance, and treatment of complications. As gunpow-
der was introduced to the West, cautery took on a larger role, being used even for 
smaller, non-bleeding wounds [2].

 Civil War Wound Care

Sterile technique was not recognized as important even through the Civil War, lead-
ing to high rates of wound infections. Antiseptic technique was a major break-
through of the late 1800s, improving surgical outcomes, which through the end of 
the American Civil War, were dismal [1]. This is because the germ theory of disease 
would not be established until 1870 [3]. The Civil War was when the first early- 
modern surgical techniques were developed for arterial ligation. During this con-
flict, Union Army surgeons performed ~30,000 amputations on ~175,000 extremity 
wounds. Those who underwent amputation had a greater than 25% mortality rate. 
Surgeons of the time noted that the amputations done under 24 hours from the time 
of injury had a significantly lower mortality than those performed over 48 hours 
later, an early indication of the later focus on early surgical management of severe 
traumatic injuries [3]. This time period saw the progression from cautery and tour-
niquets as a primary approach to hemorrhage control to the increased use of liga-
ture. However, fatality rates from abdominal (87%) and chest (62%) wounds 
remained high given the high infection rates and lack of antibiotics.
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Throughout this time period, postoperative infections killed many soldiers, given 
the lack of antibiotics. Surgeons also saw a type of necrotizing fasciitis called hospital 
gangrene, with a 45% mortality in postoperative wounds. Management of the time 
was to dissect away the dead tissue and inject wound margins with bromine, followed 
by packing with bromine-soaked dressings and isolation from other patients. The 
nurses caring for these patients dressed their wounds last and washed their hands in 
chlorinated soda in an effort to reduce the transmission of infection to those who were 
not yet suffering from it. Although the techniques have changed, these same principles 
of management pertain to today’s blast injury care [3].

 Korean War and Vietnam Conflict Wound Care

By the late 1900s, while the United States was embroiled in conflicts in Korea and 
Vietnam, combat medics were applying pressure dressings for hemorrhage control, 
with tourniquets as a backup option. The usefulness of early antibiotics had been 
elaborated, and field antibiotics were used in cases where transport was delayed.

Specialty surgery by vascular and orthopedic surgeons became more common 
during the Vietnam conflict, with highly sophisticated vascular repairs. Fractures 
were reduced and put either in traction or casts. Additionally, the prevalent use of 
antibiotics decreased mortality from abdominal wounds to 4.5%, down from 21% 
during World War II [4].

 Wound Care in Today’s Conflicts

The prevalence of improvised explosive devices (IEDs) and suicide bombers in 
Afghanistan and Iraq have transformed the approach to blast injuries in combat, 
which has been translated to the civilian arena. High-velocity weapons and IEDs 
account for more than 75% of all wounds in these conflicts. Limbs with massive 
tissue damage from these mechanisms frequently require amputation. Advanced 
hemostatic agents such as hemostatic dressings are used in conjunction with tourni-
quets, which have taken on a significantly more prevalent role in blast care. Vascular 
care has also advanced significantly, and autologous veins can be used for early 
temporizing repair of vascular injuries to prevent devitalization of injured tissue. 
External fixation is used more frequently in cases that will require multiple debride-
ments, decreasing the need for amputations.

 Biologic Basis of Wound Care

 Histology

Wound healing occurs in four overlapping phases: hemostasis, inflammation, prolif-
eration, and maturation/remodeling. Hemostasis begins within seconds of a wound 
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occurring. Platelets are exposed by the injury, causing them to start the process of 
clot formation and to begin releasing multiple cytokines, chemokines, and hor-
mones, which induce the other phases of healing. Fibrin polymerizes to form the 
mature clot and as a scaffold for cells which will start the next steps in healing. 
Catecholamines act on the endothelium to induce vasoconstriction, limiting the 
hemorrhage. Small vessels vasodilate to allow in leukocytes, red blood cells, and 
plasma proteins.

Inflammation is caused as neutrophils, macrophages, and lymphocytes flood the 
injured area. Neutrophils arrive within 24 hours, and the by-products of their apop-
tosis attract phagocytes, including lymphocytes and macrophages. These clear out 
the debris and bacteria in the wound. Inhibition of inflammation, using anti- 
inflammatory medications, can result in improper healing. However, a prolonged 
inflammatory phase can also impair healing, leading to chronic wounds and severe 
scarring. High bacterial load, repeated trauma, and foreign bodies have been shown 
to impair this phase.

Proliferation begins with reepithelialization, capillary budding, and the pro-
duction of an extracellular matrix to fill the defect in the tissue. Keratinocytes 
proliferate and produce a new basement membrane near the edge of the wound as 
the healing advances. The next row of keratinocytes then attaches, digesting the 
extracellular matrix which previously filled that space. An uninfected exudate will 
cover the wound during this phase to prevent loss of moisture and hold growth 
factors. One key factor in wound care is the maintenance of this layer, as its 
destruction can delay healing. Any wound that is healing by secondary intention 
will at this point fill in with granulation tissue. Angiogenesis continues throughout 
this phase.

Angiogenesis and maturation occur as vessels sprout to repopulate the new der-
mis. The cells from previous phases undergo apoptosis as this remodeling phase 
begins. Type I collagen is produced, which causes the tensile strength of the wound 
to improve significantly. This phase requires a significant nutrient load, and any 
issues with nutrition can negatively affect the process [5].

Wound healing from any event requires the coordination of a cascade of bio-
chemical processes involving multiple cell types to manage the degradation and 
regeneration of tissue. Growth factors are a type of cytokine, a class of proteins 
which allow cells to communicate with one another. Within this class, growth fac-
tors stimulate the migration (chemotaxis) and proliferation of cells, as well as sig-
naling them to create new tissue. Growth factors also induce epithelial cells to grow, 
blood vessels to form, and the formation of a cell matrix. They can act by endocrine 
transmission through the blood to a remote site, through direct paracrine action on 
adjacent cells, and by autocrine self-regulatory roles on the excreting cell. Growth 
factors only affect cells which have their particular receptor, which then activates 
intracellular processes to cause individual effects. These receptors can have direct 
catalytic activity or may act through G-protein coupling. The exact methods of 
growth factor-receptor binding and cell stimulation are still areas of intense study 
[6]. Several of the best elucidated growth factors that play major roles in wound 
healing are discussed in Table 44.1.
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Table 44.1 Major growth factors in wound healing

Growth factor Function Locations Method of action
Epidermal growth 
factor (EGF)

Granulation tissue 
development,  
maturation of 
epidermal cells

Most body fluids Paracrine

Transforming growth 
factor-α (TGF-α)

Granulation tissue 
development, 
epidermal regrowth

Most body fluids Paracrine

Platelet-derived 
growth factor (PDGF)

Chemotaxis of 
fibroblasts/monocytes, 
mitogenesis of 
fibroblasts/vascular 
smooth muscle

Released from 
platelets, 
macrophages, 
endothelium, vascular 
smooth muscle, 
fibroblasts

Paracrine, autocrine

Transforming growth 
factor-β (TGF-β)

Mitogenesis and 
regulation of cell 
matrix production, 
angiogenesis

Platelets, 
macrophages, bone, 
monocytes, 
lymphocytes

Paracrine

Fibroblast growth 
factors (FGFs)

Chemotaxis of 
endothelium/
leukocytes, 
mitogenesis of 
endothelium

Endothelium, 
macrophages, 
fibroblasts

Endocrine, paracrine, 
autocrine

Tumor necrosis 
factor-α (TNF-α)

Cell survival and cell 
death signaling

Macrophages Autocrine, paracrine

 Types of Repair

Wounds can close via several mechanisms. Closure by primary intention refers to a 
wound in which the provider closes the wound during initial intervention. This can 
be done with sutures, clips, skin closure strips, glue, or staples. The wound is typi-
cally closed within 48–72 hours without infection or other complicating factors. 
Primary intention is less common with blast wounds than many other types of inju-
ries owing to the frequency of debris and infection with these wounds. Delayed 
primary closure refers to the closure of wounds by the provider after this timeframe. 
In blast injuries, the most common reason for this delay is the need for further 
debridement prior to closure.

Wounds can also heal by secondary intention. This method is typically chosen 
when the amount of damaged tissue precludes realignment of the wound edges or 
when infection/debris makes the likelihood of infection too high for a primary clo-
sure. Thus, this is a very common method in blast injuries. The wound will heal 
from the base, as it fills in with granulation tissue, and epithelialization progresses 
from the edges.

Careful debridement is important due to the presence of devitalized tissue, 
debris, and bacteria. This can be done through several methods. Autolytic debride-
ment is a slow method that requires keeping the injury moist and allows the body to 
clear the devitalized tissue through its own biochemical processes. Mechanical 
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debridement is quicker and occurs through a physical process such as irrigation with 
pressure or debridement with pads or with bandages that can debride the wound 
during removal. Biosurgical debridement refers to the application of larvae to the 
wound to quickly debride an injury. Conservative sharp debridement is the use of 
scalpel or scissors to remove dead tissue outside the operating room. Surgical 
debridement occurs in the operating room and is a quicker method of debridement, 
which will frequently be required of blast injuries.

 Dressings

There are a number of types of dressings in use for varying wounds, each with their 
own benefits and drawbacks. Nonadherent fabrics (absorptive) include gauze, 
foams, and alginates. Hydrophobic fabrics have some occlusive properties, but do 
not allow for fluid drainage. These include Vaseline gauze (the Kendall Co., 
Mansfield, MA), Xeroform (the Kendall Co.), and Telfa (the Kendall Co.). 
Hydrophilic dressings (e.g., Adaptic [Johnson & Johnson Medical, Arlington, TX]) 
allow for excellent drainage of fluids and exudates into any dressings above them. 
Gauze is a very commonly used bandage and is frequently used to cover other non-
occlusive, nonadhering dressings, with its main benefit being its absorption of dis-
charge. However, gauze directly in contact to the wound frequently adheres to the 
surface, causing pain and unintentional debridement of the healing wound. For this 
reason, it is more typically used in wounds closed by primary intention or as a sec-
ondary dressing.

Occlusive or moisture-retentive dressings include the traditional non-biologics 
such as foams, films, hydrocolloids, hydrogels, and alginates, as well as the newer 
non-biologics, including hydrofiber, collagen, and hyaluronic acid dressings. This 
group also includes the biologic dressings, also known as grafts, and the biosyn-
thetic skin substitutes, such as cultured epidermal grafts, dermal replacements, and 
composite skin substitutes. Finally, antimicrobial dressings fall into this category. 
These are bactericidal and maintain the moisture of the wound. Many bactericidal 
dressings use silver impregnation to create bactericidal properties and are useful for 
3–7 days. There are not yet enough data to determine if silver-impregnated dress-
ings actually prevent or treat infection.

Non-biologic occlusive dressings vary widely in their uses. Foams are absorbent 
and easy to form to the wound, but they require a secondary covering dressing. Due 
to their absorbency, they should not be used on dry wounds. If they dry to the wound, 
saline should be used to dampen it prior to removal to prevent damage to the underly-
ing epithelium. They are excellent for partial-thickness, moderately exudative 
wounds, especially when pressure relief is desired. Films create an excellent bacte-
rial barrier and are adhesive without a secondary dressing, but can cause a collection 
of fluid and may adhere to the wound itself. They are excellent for donor sites, super-
ficial burns, or partial-thickness wounds without significant exudates. They are not 
frequently used in the care of blasts due to the tendency for bacteria to become 
trapped under them if the wound is not sterile. Hydrocolloids give some autolytic 
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debridement, enhance angiogenesis, and create a physical barrier for bacteria. They 
can be used on partial- or full-thickness wounds, especially those with a mild- 
moderate amount of exudate such as pressure ulcers, venous ulcers, or acute surgical 
wounds. However, in the contaminated wounds created by blasts, they have less of a 
place. They can make it harder to determine the presence of infection, as they cause 
the formation of a yellow gel with an unpleasant aroma, which can be confused with 
an infected wound. Hydrogels are soothing and hydrating and do not adhere to 
wounds. They require a secondary dressing and frequent dressing changes, but are 
useful in painful, partial-thickness wounds. In the arena of blast injuries, they would 
likely be used mostly for donor sites and other dry wounds [7]. They typically are not 
used for wounds undergoing primary closure [8]. Alginates are highly absorbent and 
hemostatic, do not adhere, and require comparatively few dressing changes. They 
should not be used in dry wounds, as they can overly dry the area. They do require a 
secondary dressing and also often come with an unpleasant aroma. They can be used 
in highly exudative wounds of partial or full thickness and after surgery.

Newer non-biologic occlusive dressings include hydrofibers, collagens, and 
hyaluronic acid dressings. Hydrofibers are useful for moderate-heavily exudative 
wounds and those prone to further bleeding. They can be used for packing cavities 
and are useful on a wide range of wounds. They require an overlying secondary 
dressing and, when being removed, often require saline to prevent stripping of gran-
ulation tissue. Collagens are useful in exudative wounds on slowly healing ulcers. 
They can cause some irritation and may initially increase the drainage from the 
wound. Hyaluronic acid dressings are absorbent and biodegradable. They accelerate 
granulation tissue and reepithelialization.

Grafts are frequently used in blast wounds. Autografts are taken from the patient; 
allografts come from a human donor, usually a cadaver; and xenografts come from 
another species, usually pigs. Xenografts are temporary dressings that will be 
rejected. Partial- or split-thickness grafts consist of epidermis and a portion of the 
dermis. Full-thickness skin grafts contain the entirety of the epidermis and dermis 
and often contain some subcutaneous tissue as well [7]. Grafts may be used exten-
sively in blast injuries, as the surrounding tissue is often so macerated as to be diffi-
cult to close or cover an injury appropriately. However, this benefit must be balanced 
with the fact that autografts cause new injuries to the patient and they can often not 
be taken from the ideal areas to the diffuse injuries suffered by many blast patients.

 Continuum of Care Considerations

Systemic changes to the physiology of the patient due to the severity of their wounds 
and the frequently associated multisystem trauma from blasts require changes in the 
methods of management [9]. The often unstable nature of these patients and the 
severity of their injuries commonly require patients to have multiple operations in 
the acute and subacute phases of their recovery, usually every 24–72 hours [10]. 
These may include fasciotomies due to the difficulty of the vascular exam and the 
dissection up fascial planes caused by blasts, which sends contamination deeper 
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than the initial visible wound [9]. These associated injuries and surgical wounds 
from which a patient suffers will dictate the timing for serial visits to the operating 
room. The physiologic changes to the patient may also affect the immune system 
and wound healing, so nutrition and infection risk must be carefully monitored.

Restoration of the soft tissue overlying fractures has been shown to improve 
bone healing as well as decrease complications [11]. However, the timing and type 
of coverage remains controversial among surgeons [9, 12]. There is often margin-
ally viable soft tissue, which requires staged operations and frequent examinations 
to determine overall viability [9, 13]. Clinicians managing wounds from blast inju-
ries should also be cognizant of the irritation from the serial, thorough debridements 
that are frequently required to achieve a clean wound capable of healing. The need 
for serial debridements has led to controversy over optimal timing of coverage for 
blast wounds. While wounds would ideally be closed early, the need for multiple 
surgical procedures means that most of this tissue will require delayed reconstruc-
tion. Optimizing the exact timing of closure versus further debridements remains a 
topic for further study [9].

Broad-spectrum antibiotics are a mainstay in the treatment of blast injuries [10]. 
Studies have shown again and again that the earlier the administration of antibiotics, 
the lower the complication rate of the wound. Current recommendations suggest 
introduction of intravenous antibiotics within 1 hour, as studies have shown that 
those who received them under 66 minutes from the time of injury have improved 
wound healing and overall outcomes [14]. All patients with blast injuries should 
receive tetanus prophylaxis, as the impregnation of blast wounds with soil causes 
them to be high risk for this complication.

The damaged tissue from a blast has also been shown to have a higher than oth-
erwise expected incidence of fungal infections. These invasive fungal infections are 
thought to be caused due to the aerosolized debris from the explosion, which 
impregnates in the devitalized tissue and causes fungal infections [15]. The clini-
cian’s index of suspicion for fungal infections must always be high in these cases, 
due to the high mortality associated with fungal infection of wounds. These infec-
tions are typically diagnosed late in the course of the patient’s care. Patients are at 
higher risk for invasive fungal infection from a blast if they are not walking; if they 
have extensive injuries to the perineum, genitourinary system, or rectum; if they 
require >25 units of either whole blood or packed red blood cells; if they have an 
above-knee amputation in the field; or if they undergo progressive, more proximal 
amputations. One sign that clinicians should be sensitive to is any progressive tissue 
necrosis noted over consecutive debridements, as it can be a sign of fungal infection 
[16, 17]. Patients with suspected or confirmed fungal infections should be started 
immediately on broad-spectrum antifungal coverage, with liposomal amphotericin 
B and triazoles (e.g., Voriconazole) being commonly recommended. However, the 
mainstay of treatment in invasive fungal infection is thorough debridement and topi-
cal antifungal application of Dakin’s solution. These should be supplemented with 
an infectious disease specialist consultation in any patient with suspected invasive 
fungal infection. Surgical debridement may also include the application of antibac-
terial and antifungal beads intraoperatively.
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 Clinical Treatment of Casualties

Surgical wounds and those from traumatic injuries can often benefit from being 
treated with negative pressure wound therapy. Early on, negative pressure gives 
temporary coverage over wounds that for any reason may not be appropriate for full 
closure. While applied, it has been shown to diminish edema as well as promote 
granulation and angiogenesis, and it decreases the wound surface area. This can 
improve the chances of having a delayed primary closure. It can also decrease the 
amount of tissue needed for flaps or other surgical closures [18].

Controversies remain within the realm of negative pressure wound therapy. Some 
studies have shown that use in blast injuries can cause sepsis if the granulation tissue 
overgrows an infected area and walls off dead space, causing an abscess. The use of 
deep drains under a negative pressure wound dressing has been advocated as a 
method for allowing closure of deep cavities without this causing abscess formation, 
but this still requires further study [19]. While silver-impregnated dressings are being 
used in many settings today, the use of silver impregnation in conjunction with nega-
tive pressure therapy remains a new field with significant controversy [20, 21].

While the literature on embedded foreign bodies is minimal, current recommen-
dations from the CDC state that small foreign bodies embedded only in soft tissue 
and associated with small, uninfected wounds do not likely require surgical removal 
[10]. More proximal, large foreign bodies that can be removed without disturbing 
large underlying structures should be removed, especially in dirty wounds, where 
they can be a nidus for infection.

 HEENT Injuries

Blast Injuries to the Head and Neck (HEENT) require special subacute management. 
Since such a small portion of these injuries that survive to hospital arrival are life- 
threatening, they can be easily overlooked and mismanaged by a clinician without 
experience. External ear or pinna injuries should have any exposed cartilage covered. 
This is most commonly done with primary closure, which prevents the exposed car-
tilage from becoming devitalized. Depending on the severity of the injury and the 
survival of vitalized tissue in the area, this may require a flap or other more advanced 
surgical procedure. If the pinna is devitalized from an avulsion injury, debridement 
and secondary reconstruction at a later date are likely necessary [13, 22].

Eye injuries are very common (28% of survivors) in blast injuries and typically 
will require ophthalmology evaluation of the globe. In the subacute setting, providers 
should remember that even if the eye is the only injury a patient suffers from a blast, 
the patient should still receive tetanus prophylaxis. Additionally, any injury to the eye 
requires broad-spectrum intravenous antibiotics in the acute phase; ceftazidime and 
vancomycin, with or without clindamycin, are recommended by the CDC [23].

Injuries to the face can also include the facial nerve, which is typically non- 
salvageable. Thus, facial nerve injuries are not repaired primarily. Vascular injuries 
to the face most commonly require no specific management, as the extensive 
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collateralization of the facial vasculature means the majority of tissues are difficult 
to devitalize. However, any necrotic tissues require significant debridement. Areas 
of questionable viability are managed conservatively and given 24–72  hours to 
declare themselves as viable or in need of debridement, as salvaging even small 
parts of the face can make significant differences in long-term cosmetic outcomes. 
Like many blast injuries, facial injuries require early antibiotics to prevent signifi-
cant facial infections [13].

 Long-Term Rehabilitation

Over the past 20 years, due to US military involvement in Afghanistan and Iraq, 
significant information has come out of the US military medical establishment 
regarding the importance of long-term rehabilitation. Blast injuries to the lower 
extremities frequently cause alterations in movement and mechanical loading pat-
terns. This has been associated with long-term issues with low back pain, osteoar-
thritis, and cardiovascular issues [24]. Management of these risks with prostheses 
and rehabilitation is critical to the long-term outcomes of blast patients.

 Nutrition

Rapid and appropriate wound healing and the prevention of chronic wounds require 
appropriate patient nutrition. Wound healing requires a heavy energy burden, which 
can quickly exhaust the energy and protein stores of a severely wounded or under-
nourished patient. Malnutrition and other nutritional deficiencies are among the 
many factors that can negatively affect wound healing, raising the likelihood of a 
chronic (>6 weeks) wound [25].

In addition to total energy requirements, protein stores are of massive importance 
given the requirement to form and deposit large amounts of protein in rebuilding the 
extracellular matrix and cells of a wound. Severe trauma and sepsis have been found 
to lead to loss of body protein up to 150–250 g (which correlates to 0.6–1.0 kg of 
muscle tissue) daily. A deficit in either of these intake needs can lead to delayed 
vascularization, decreased collagen deposition, prolonged inflammatory phase, and 
decreased tensile strength of the newly created skin. Some amino acids such as 
arginine and methionine are thought to be especially important for wound healing 
due to their high presence in many proteins involved in the process [25, 26]. 
Additionally, protein malnutrition can decrease the levels of complement and anti-
bodies, leading to increased rates of wound infection. Some studies have shown up 
to 42% of patients being malnourished, even in high-resource regions, suggesting 
that patients may require nutritional supplementation despite lacking an appearance 
of malnutrition clinically [26].

In addition to energy and protein, wound healing requires a steady supply of fatty 
acids, used to create cell membranes and for eicosanoid synthesis. Vitamin C (ascor-
bic acid) is used by the body to hydroxylate proline and lysine during collagen 
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production and cross-linking, making it vital to patients undergoing wound healing 
[25, 26]. Vitamin A is also vital to wound healing, as it stimulates epithelialization 
and collagen deposition. It is especially important in those with decreased wound 
healing due to long-term steroid use [26]. Zinc is a cofactor for a number of biosyn-
thetic enzymatic reactions and thus is necessary for proliferating cells. Lack of iron, 
which is a cofactor for proline and lysine hydroxylation enzymes in collagen syn-
thesis, as well as it’s roll in oxygen transport, can also decrease the quality of wound 
healing [25, 26].

 Scar Management

Scarring outcomes are vital to patient evaluations of their wound care and can be 
determinants of functional outcomes as well. Hypertrophic scarring is a common 
finding in large wounds, especially in burn injuries, where rates can reach 80% [27]. 
Common interventions to improve scarring outcomes include topical antibiotic 
ointments such as bacitracin, which provides moisture as well as antimicrobial 
effects. Petroleum jelly also provides moisture to decrease scarring. Scar massage 
can be initiated after 2–3 weeks of healing, once the wound has developed enough 
tensile strength. This degrades excess, nonpliable collagen, leading to softer, more 
supple scars. Pressure dressings use compressive forces to disrupt collagen bundles, 
which can flatten the scar and decrease hypertrophy in select patients. Dermabrasion 
has also been used to resurface and decrease the size of scars, though careful selec-
tion is required, as it can cause prolonged bleeding if used in some patients [28].

Topical scar management creams using silicone gel have been shown to decrease 
pathologic scarring, as well as paresthesias, erythema, and keloids, when compared 
to controls. High-tension wounds can benefit from mechanomodulatory therapy 
using the Embrace device on trunk and extremity incisions. Despite short-term side 
effects, there is some preliminary data to suggest that nonablative fractional laser 
therapy improves texture, pigmentation, and pliability of incisions and grafts in 
some selected patients. Sunscreen and sun avoidance also has shown improvement 
in scarring outcomes [29]. However, there are some data that burns do not respond 
as well to many of these therapies as non-burn wounds [27].

Newer therapies are currently being studied that show promise in the healing of 
burns. One such intervention is the injection of localized interferon (IFN), which 
has been shown to decrease the TH2 immune response, increasing the TH1 response 
and thus decreasing the likelihood of creating hypertrophic scars [27].

 Conclusion

Blast events can cause significant, multisystem injury. Failure to consider the physi-
ologic changes to a patient due to these injuries can negatively affect their ability to 
recover. Once the acute phase of care has occurred, many of these patients will 
require multiple returns to the operating room and will have multiple wounds of a 
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surgical nature as well as from the initial blast injury. Understanding the potential 
for infection of these wounds, as well as how to prevent complications and to man-
age their dressings and debridement, is critical to the long-term outcomes of every 
patient involved in a blast injury.
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 Introduction

Mental health disorders exist prior to disasters and are a major public health issue. 
Broadly speaking the adult population has a prevalence of 10–15% of depression 
and anxiety, 1% psychosis, and a variable prevalence of alcohol and drug misuse, 
while up to 10% of children experience mental health disorders at any one time [1]. 
Shortages of personnel in psychiatry in an area prior to a disaster can place an 
exceptional burden in the aftermath, especially in developing countries [1].

Explosions or blasts may precipitate disasters and usually arise from either 
industrial accidents or terrorist origins. There is evidence to suggest that explosive 
events, whether it is intentional violence or non-intentional and accidental, can 
influence the burden of adverse mental health outcomes in the community [2, 3]. 
Explosive incidents are violent encounters, which threaten harm or death to indi-
viduals, families, and communities with additional disruption to invaluable 
resources, services, and social networks [3–5]. Research in mental health incidence, 
recognition, mitigation, and treatment from explosive events has been evolving with 
much of the current science having military origin [6]. For an individual, the risk of 
posttraumatic psychopathology is elevated depending on the duration and degree of 
exposure to the trauma scene (i.e., dose-related). The response to any disaster must 
include not only the initial assessment of individual needs but also the psychologi-
cal, social, cultural, economic, and structural needs of the affected communities as 
a whole [3, 7].
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 Mental Health in Disaster Planning

It is essential that disaster planners are aware of the possible psychological impact on 
responders, citizens, and the community from explosive events. Responders of all 
types and members of the community require psychological support across a broad 
range of areas in the aftermath. The scale of an event such as a large explosion can have 
an immediate psychological impact and erode procedures and common protocols. This 
usually results in the review of actions and consequences such as the very obvious ade-
quacy of personal protective equipment (PPE) and practice protocols and how best they 
can  be improved [7]. However,  mental health needs may be somewhat ignored or 
neglected. While not all individuals are adversely affected by a particular disaster, the 
evidence shows we can expect a range of mental and physical health consequences 
both in the acute and longer-term aftermath. The World Health Organization (WHO) 
states clearly that “there is no health without mental health” and mental health is deter-
mined by a range of socioeconomic, biological, and environmental factors [8]. One can 
see from this premise that in order to manage individuals and communities experienc-
ing a disaster, it is necessary to address not only the more obvious physical aspects but 
also the mental health needs. Psychiatrists should now take a leadership role in pre-
planning and coordination of a multidisciplinary response to the crisis, to anticipate the 
immediate-, medium-, and long-term psychological needs [3].

Disasters due to terrorist events, impact directly on the individual responders, indi-
rectly on their families and their community as a result of the loss of loved ones. The 
risk of the loss of responder colleagues is very real. Both the individual grief and the 
grief experienced by the community may be quite complicated; as a result the recovery 
period is somewhat less predictable as people need to process complex perceptions 
regarding the attackers, such as politics, culture, and religion. Lemieux et al. report that 
disaster responders report satisfaction in being able to do something to help [9]. It is felt 
that responders tend to follow the emotional states and pathways that the victims and 
survivors experience close to the event. Individuals in the affected community tend to 
be more vulnerable to mental health disorders if they have prior mental health issues, 
chronic medical illness substance abuse or poor coping mechanisms. Responders 
equally may be overwhelmed with compassion fatigue and vicarious trauma [10].

Table 45.1 displays the practical timeline for potential psychological interven-
tion during specific phases. These phases of the  event and recovery are variable 
especially with regard to their duration. Within each phase, there is significant indi-
vidual variation in the reactions of workers and survivors. Math et al. have described 
the phases as the heroic, honeymoon, disillusionment, and restabilization phases 
[10]. Most of the acute and intermediate phase (heroic and honeymoon) reactions 
and disorders are usually self-limiting. The long-term phase (disillusionment and 
restabilzation) disorders may benefit the most from mental health professional inter-
vention. Although prophylactic use of psychotropic medication is very limited in 
actually preventing mental health morbidity, in established injury or illness medica-
tion most certainly plays an important role in recovery. The use of cognitive behav-
ior therapy (CBT) in mitigating mental health morbidity appears to be promising.

As the phases progress, posttraumatic stress disorder (PTSD) and compassion 
fatigue can develop when the so-called honeymoon period ends. Facing the reality 
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of rebuilding and recovery in the community requires endurance and an ability to 
deal with disparities with the lack of available appropriate resources in the disil-
lusionment period. Secondary traumatic stress can develop at any time for a 
responder if they are vulnerable to the graphic material they are exposed to by 
victims and survivors. Alternatively, responders may experience compassion satis-
faction as they effect change and produce positive outcomes in the face of adversity 
alongside the community [11].

Disaster planning is the blueprint for a multiagency response, and mental health 
needs may be addressed by a psychiatrist’s participation in the overall framework 
for the emergency response, as stated by Ng [12]. Risk reduction and timely sup-
portive measures in the context of mental health of both the affected community and 
emergency responders may be considered as part of the overall preparedness by 
planning a logistical approach in the above phases: pre-event, acute response, and 
post-event.

Pre- event During this phase preparation includes education around structures, 
agencies, and hierarchies in the community that may be anticipated to be required for 
emergency interventions. From a mental health point of view, first responders, fire 
department, emergency medical services (EMS), and police need coordinated infor-
mation to link appropriately with the key hospitals in the area.  Psychiatrists and 
allied professionals can tap into a network of agencies in the community to volunteer 
in times of a disaster. Along with doctors, this would also include nursing staff and 
allied professionals, e.g., social workers occupational therapists, pharmacists, and 
psychologists, in order to respond to the immediate needs following the event.

Acute phase It is important to recognize that there may be a range of emotional, 
cognitive, behavioral, and spiritual reactions in response to a blast or disaster. 
Individuals and even first responders may experience physical trauma personally 
and losses of significant family members, friends, and colleagues. People are usu-
ally displaced and may need evacuation. The vulnerable, like the elderly, children, 

Table 45.1 Practical timeline for disaster phases

Heroic phase 0–1 weeks Acute and immediate response work: characterized by 
individuals and the community directing inordinate levels of 
energy into the activities of rescuing, helping, sheltering, 
emergency repair, and cleaning up

Honeymoon 
phase

2–8 weeks Intermediate response work: characterized generally by 
community and survivor optimism because of the massive 
influx of help

Disillusionment 
phase

2–36 months Long-term response work: characterized by fatigue, 
irritating experiences, and the knowledge of diminishing 
resources

Restabilization 
phase

Variable > 
6–36 months

Continued recovery work: characterized by individual 
variance that occurs within this phase. Some individuals are 
able to regain equilibrium within 6 months. For some 
individuals, the first-year anniversary of the disaster 
precipitates or exacerbates posttraumatic stress symptoms
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or those with enduring mental health disorders in the area may be separated from 
their supports. Mental health triage is important in the post-disaster setting and can 
be led and provided by psychiatrists [12].

Interestingly, in the analysis of crowd behavior at the time of an incident or disas-
ter, the common assumption was that “panic” would ensue. However, evidence 
lately has shown that rather than mass panic, there can be a sense of cohesion and 
often altruistic behavior as a result of the shared experience. In the face of a com-
mon threat there may be unity among survivors. This is an important reference point 
for rescue services [11]. More recently, crowd behavior analysis technology has 
been developed, and many countries use computational methodologies which may 
prove useful in both disaster planning and assisting in the immediate aftermath in 
crowd management and facilitate flow of people and resources [13, 14].

Post-event Here the challenge is to meet the needs of those affected individuals in 
the disaster zone for their assessment, diagnosis, treatment, and their appropriate 
multidisciplinary management, using the bio-psycho-social approach, while ensur-
ing confidentiality and removing barriers to care.

 Psychological First Aid

Survivors of disasters face barriers to care. Most do not appear to access the services 
available, and those who do, 50% will default and drop out of the service [15]. The 
need to respond to distressed survivors and first responders following a critical inci-
dent is quite powerful. The aim is not to re-traumatize the affected individual, fam-
ily members, or first responder by requesting that they debrief and ventilate cathartic 
emotions, as contrary to initial reports, research has shown that in a small number 
of individuals this is potentially harmful [16–19].

Psychological first aid (PFA) has become a blueprint for the delivery of psycho-
social interventions in the aftermath of a critical event. PFA tools aim to be practical, 
empathic, and respectful of various cultures, settings, and needs [20]. PFA was first 
described over 60 years ago [21], and the principles have recently been updated by 
Young et al. [22]. In early intervention screen and treat programs, the aim is primar-
ily to screen and identify  all trauma-exposed individuals with properly validated 
measures to determine who develops persistent symptoms of psychopathology and 
then provide evidence-based treatment.

There are a number of PFA tools available, and despite widespread acceptance of 
their effectiveness, research in this area has proven difficult for obvious strategic 
and ethical reasons. Over the years, since the middle of the last century, there have 
been attempts to delineate the best response in major incidents [23]. However, it is 
fair to say that literature review processes have led to a peer consensus of “evidence 
informed but without proof of effectiveness” for the use of PFA [24]. It is clear that 
there is enough to suggest PFA’s overall usefulness in times of crisis, but the PFA is 
not a “one size fits all” and as such must be backed up with substantial mental health 
expertise close to the field [24]. The components of the available PFA packages 
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were reviewed by Hobfoll et al. and are described to have five essential elements, or 
core components, seen in Table 45.2 [25].

According to Sphere and IASC, the PFA is a human support for those suffering 
and includes needs described in Table 45.3 [26].

Additionally, PFA plans must be accessible and allow for swift training of 
humanitarian volunteers prior to their deployment to the explosive incident. The 
PFA is not only for trained professionals and is not a “psychological debriefing” to 
put time and events in chronological order. For example, the WHO publication, War 
Trauma Foundation and World Vision International Psychological First Aid (2011), 
uses the above principles in a very simple and easy-to-read format. This publication 
describes the when, where, and how to deliver psychological support even by pro-
viders with limited training [27].

In this, it is explicit that one should “help responsibly” involving four main 
principals:

• Respect safety, dignity, and rights
• Adapt to take account of people’s culture
• Be aware of other emergency response measures
• Look after oneself

Preparing in advance of deployment and using these principles can help triage 
and decrease chaotic situations due to explosive and disaster events.

 Evidence Supporting PFA

In London, July 2005, four bombers attacked the London transport system, resulting 
in 56 deaths and 775 casualties out of 4000 passengers [28]. Experience had shown 
the need to provide immediate support and counseling, which would then be fol-
lowed by a formal outreach program to identify trauma-exposed individuals believed 
to be at high risk for mental health disorders like PTSD and major depression. 
However, many individuals at risk may be unlikely to self-refer [29].

Table 45.2 Components of PFA A sense of safety
Calm
A sense of self-efficacy and collective efficacy
Connectedness
Hope

Table 45.3 PFA plan to address needs

Providing practical care (which does not intrude) including basic needs like food, shelter, and 
information
Assess any other needs and concerns
Listen to people, provide comfort and calm
Protect from further harm
And help people to connect with the appropriate services, social and health supports
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A screen-and-treat approach after the London bombings was also endorsed and 
reported by Brewin et al. [28]. After PFA was initiated, screening or intervention 
teams targeted all trauma-exposed individuals to identify  psychopathologies and 
then offer appropriate evidence-based treatment. The Trauma Screening 
Questionnaire (TSQ) was utilized and is an excellent 10-item, yes-or-no screening 
tool. Those individuals found to be positive with the TSQ tool went on for a more 
detailed assessment that included a structured clinical interview, the CAGE alcohol 
abuse screening instrument, the SF-12 Health Survey, and, where appropriate, the 
Short McGill Pain Questionnaire and the Inventory of Complicated Grief-Revised. 
Use of advanced screening and intervention resulted in significant reduction in 
long-term PTSD symptoms [30–33].

After the World Trade Center (WTC) attack, the general population around lower 
Manhattan had a 12% prevalence of PTSD up to 3 years following the event [34]. 
Project Liberty provided crisis counseling to almost 690,000 individuals. Stuber 
et al. found after 6 months that in relation to PTSD and depression, there was a 
surprisingly significant unmet need for individuals with no past history of mental 
health issues prior to the WTC event [35]. Donahue et al. also reported that the use 
of screening instruments and cognitive behavioral interventions resulted in reduc-
tion of grief and depression overall, but not PTSD [36].

 Emergency Responders and Mental Health

The definition of an emergency responder in any disaster but also after a blast or 
explosion can be considered to be part of an expanded response team. A large-scale 
man-made or industrial blast incident can precipitate the influx of personnel from 
firefighters, emergency medical services (EMS), police, construction and utility 
workers, and even local volunteers along with individuals from government agen-
cies. The process of putting one’s own life at risk for the sake of others is at the very 
heart of first-responder actions.

First responders do not appear to have a higher prevalence of mental health disorder 
compared to other occupations, but they are more often exposed to multiple traumatic 
events. Exposure to trauma increases the risk of experiencing a new-onset mental 
health disorder, particularly in the early stages of their careers. Teaching curricula 
which include targeted coping skills could potentially assist in timely interventions in 
early career first responders and may help reduce future psychiatric morbidity [37].

In 2001, at the World Trade Center terrorist attacks, 450 emergency responders 
died, which was one-sixth of the total number of victims at the scene [38]. Hundreds 
more suffered serious physical injuries. However, even more suffered longitudinal 
mental health difficulties.

Wild et al. found in fact that early screening during training of EMS personnel 
can help identify those individuals at high risk for mental health disorders like 

A. Payne and J. G. McManus



617

PTSD or depression and allow for targeted interventions and strategies around these 
risk factors to improve resilience to traumatic experiences [39].

To examine the consequences of trauma-like explosions, we can use the 
Diagnostic and Statistical Manual of Mental Disorders, 5th ed. or DSM-5 [40]. 
The range of criteria specialists use to formalize a diagnosis is quite intricate, but 
if we take the criteria for PTSD as a reference point, we can perhaps consider the 
other presentations as part of a spectrum of injury and illness. Put simply, acute 
stress disorder (ASD) is an earlier version of the PTSD, occurring shortly after the 
trauma and lasting at least 3 days to 1 month. Individuals with ASD present with 
intrusive symptoms, such as memories, nightmares, and flashbacks, and experi-
ence physiological or psychological responses to certain triggers. They also may 
use avoidance techniques to block thoughts and emotions and/or people. Arousal 
issues are common, like irritability and aggression, difficulties concentrating and 
sleeping, and also hypervigilance with increased startle response. Along with this, 
the person may report very negative cognitions and mood manifesting as guilt, 
blame (self or others), anger, loss of interests and connection with people, and 
overall an inability to experience positive emotions. Dissociative symptoms such 
as amnesia or altered sense of reality of self or surroundings can also occur.

The above criteria assume that there are no other confounding causes for the 
previously described behavior like traumatic brain injury (TBI), substance misuse, 
or other organic illness.

Although quite complex, these DSM-5 criteria for ASD may assist in prediction of 
individuals who will subsequently develop PTSD. It follows then that in acute trauma 
settings, triage and identifying at-risk individuals could promote early intervention or 
allow for suitable subsequent monitoring [41]. ASD may progress to PTSD after 
1 month, but it may also be a transient condition that resolves within 1 month of expo-
sure to traumatic event(s) and does not lead to PTSD. In about 50% of people who 
eventually develop PTSD, the initial presenting condition was ASD [40]. Symptoms 
of ASD may worsen over the initial month, often as a consequence of ongoing stress-
ors or additional traumatic events. The PTSD criteria are described in Table 45.4.

In the responder community of 9/11, firefighters experienced an elevated risk of 
PTSD over the general public up to 11% in one study by Berninger et  al. [38]. 
Nearly 12.9% of police responders to 9/11 also were shown to have PTSD, with up 
to 50% of these individuals experiencing comorbid depression and anxiety [42]. 
Furthermore, Stellman et al., in a 5-year follow-up study using self-screening ques-
tionnaire of over 10,000 WTC workers, found the prevalence of probable PTSD to 
be 11.1% (which is similar to the prevalence in soldiers returning from Afghanistan) 
[43]. Overall, 8.8% had depression, 5% panic disorder, while 45% fulfilled criteria 
for prolonged stress reaction [43]. Most of these workers reported psychological/
behavioral changes in their children at the time of working at the disaster site as 
well. This risk of mental health difficulties can be found to be associated with an 
exposure-response gradient, i.e., those who arrived earlier and were at the scene 
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longer experienced more difficulties, which suggests that screening may assist 
appropriate targeted responses in at-risk populations [37–43].

 Special Populations

Previous studies have shown that the psychological reactions of many women and 
children in disasters zones highlight certain gaps in awareness and preparedness. 
The most significant finding in studies from Bangladesh shows that children and 
women were more distressed psychologically than adult men either due to the prac-
tical limitations of their situation or due to a lack of awareness of disaster mental 
health [44]. Efforts to recognize particular mental health needs of women and chil-
dren should be considered during all phases of disasters: mitigation, preparedness 
planning, response, and recovery.

Table 45.4 PTSD criteria

PTSD Description Specific examples
Criterion A Exposure to 

trauma
Direct exposure
Repeated exposure, e.g., responders 
retrieving dead bodies

Criterion B Intrusion 
symptoms

Recurrent memories Nightmares Flashbacks 
Distress response to cues

Criterion C Avoidance of Trauma-related (internal) thoughts or 
feelings Trauma-related reminders 
(external) – people, places, or activities

Criterion D Negative 
cognition and 
mood

Dissociative amnesia
Negative beliefs
∗Negative emotions: fear, horror, guilt, 
shame, and anger
Inability to experience joy
∗Loss of interest
Blame of self or others for cause of trauma
Detachment or withdrawal from others

Criterion E Arousal Irritability or aggression Reckless/self- 
destructive behavior Hypervigilance 
Increased startle 
Concentration and Sleep disturbance

Criterion F Duration Must experience criteria B, C, D, and E for 
>1 month

Criterion G Impaired 
function

Social, occupational, or other

Criterion H Exclusion Not due to medication, substance use, or 
other illness

Dissociative subtype: used when depersonalization and derealization occur in tandem with 
other symptoms described above. Delayed subtype: occur post trauma after a period in which 
symptoms were not present or were present at a subthreshold level

Adapted from American Psychiatric Association [40]
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 Military Responders

Active Duty Service Members (ADSM) in the military are exposed to traumatic 
events in the course of deployments or combat. There are a number of programs 
within the armed forces that aim to prepare the individual for mental health conse-
quences secondary to trauma [45]. Combat and Operational Stress First Aid 
(COSFA) was adapted from PFA principals for use in theaters of operation, but with 
some significant differences. There is a different mind-set, though, compared to 
civilian PFA in a number of ways. Combat exposure contributes to ongoing predict-
able and cumulative stressors. Unlike civilians, the military prepare in advance and 
train for potentially overwhelming stressors. Combatants seldom experience the 
stress of combat and other operations passively; combatants are usually not consid-
ered victims. Dealing with psychological consequences due to trauma must be an 
inherent part of the leadership and military structures. Leaders at all levels must be 
engaged in COSFA at every level in an operation. Often military leadership and unit 
cohesion potentially provide more powerful healing and recovery resources than the 
clinical skills of counselors or therapists.

The stress continuum model (Fig. 45.1) is a very useful visual guide for individu-
als and leaders to help identify mental health issues and perhaps signpost appropri-
ate interventions. This has also been adapted for use in civilian organizations such 
as firefighters, paramedics, and other first-responder units [46, 47].
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Fig. 45.1 Stress continuum model (COSFA)
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 Conclusion

Disasters cannot be avoided completely, but we need to learn how to prepare, respond, 
recover, rehabilitate, and reintegrate. There is a need to understand the effects of disas-
ter on health so that precautionary measures can be adopted to mitigate the suffering. 
Research in mental health incidence, recognition, mitigation, and treatment from 
explosive events has been evolving, with much of the current science having military 
origin. Further investigations are required to document the effectiveness of the most 
common methods and to develop mental health as well as household disaster pre-
paredness. Community mental health disaster preparedness may play a vital and sup-
portive role and enable a suitable response when facing disasters. Disaster management 
is a continuous and integrated cyclical process of planning, organizing, coordinating, 
and implementing measures to prevent and to manage disaster effectively. Thus, now 
it is time to integrate disaster mental health into public health principles. 
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