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Originally coined by the US Navy in reference to techniques for salvaging a 
ship that had sustained serious damage, the term “damage control” has been 
adapted to truncating initial surgical procedures on severely injured patients 
in order to expedite re-establishing a survivable physiological status. After 
initial temporizing procedures, patients then undergo aggressive correction of 
their coagulopathy, hypothermia, and acidosis in the intensive care unit before 
returning to the operating room for the definitive repair of their injuries. This 
approach has been shown to lead to better-than-expected survival rates for 
patients with severe trauma. In order to maximize outcomes in this group of 
patients’ damage control encompass not only intra-abdominal interventions 
but rather all interventions from first contact on the scene by paramedics, dif-
ferent modalities of resuscitation on the field and throughout the hospital and 
breaking through surgical interventions by different modalities. The book 
Damage Control in Trauma Care describes in detail the history behind the 
origin of damage control surgery to the most up-to-date advances in research 
by experts in the field.

New Orleans, LA, USA Juan Duchesne 

Foreword
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Origin of the Bogota Bag  
and Its Application

David V. Feliciano and Oswaldo A. Borraez Gaona

Abstract

The open abdomen is used when the abdomi-
nal incision cannot be closed, when an early 
reoperation is necessary, to prevent an abdom-
inal compartment syndrome, for the treatment 
of secondary or tertiary peritonitis, for the 
treatment of omphaloceles in neonates, and 
for the treatment of missing portions of the 
abdominal wall. The unique contribution of 
Oswaldo A. Borraez Gaona, MD, of Bogota, 
Colombia, was the application of a plastic bag 
over the open abdomen in injured patients. 
The bag allows for rapid access for a relapa-
rotomy and covers and protects the viscera 
until edema and/or infection resolves.

1.1  Historical Development 
of the Open Abdomen

1.1.1  Slow Clinical Recognition 
of the Abdominal 
Compartment Syndrome

As open abdominal surgery for elective, emer-
gent, and trauma indications progressed in the 
latter half of the nineteenth century, there was no 
mention of leaving the abdomen open. This 
seems surprising as surely some patients in that 
era had distension of the midgut at completion of 
operation.

Numerous historical reviews of the abdominal 
compartment syndrome, however, have docu-
mented that the adverse consequences of 
increased intra-abdominal pressure were recog-
nized in the early twentieth century [1, 2]. In 
1911, Emerson’s experiments in small animals 
documented that an increase in intra-abdominal 
pressure from 27 to 46 cm H20 led to a respira-
tory and cardiovascular death [3]. Later studies 
by Thorington and Schmidt [4] in 1923 and by 
Overholt [5] in 1931 noted that renal failure was 
another adverse effect of experimentally induced 
increases in intra-abdominal pressure. There 
were subsequent similar laboratory studies [6–9] 
and an occasional clinical study [10] over the 
next 50 years. But, clinical relevance was first 
established at the University of Virginia in the 
early 1980s. After observations in four patients 
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later reported [11], the authors noted the benefi-
cial effect on renal function by relieving elevated 
intra-abdominal pressure in mongrel dogs [12]. A 
similar report on four patients at the University of 
Maryland occurred at the same time [13]. The 
analogous clinical situation would be to reopen a 
recent abdominal incision in a patient with oligu-
ria or anuria in the presence of elevated intra- 
abdominal pressure—the later named abdominal 
compartment syndrome.

1.1.2  Inability to Close 
the Distended Abdomen

The dangers of closing an abdominal incision 
under tension in military conflicts were first 
described by W.H. Ogilvie. Ogilvie was first a 
surgeon in civilian life at Guy’s Hospital in 
London but subsequently became a Major General 
in the Royal Army Medical Corps in World War 
II. In the first of several legendary papers in the 
1940s, he described the use of retention sutures to 
buttress a closure of the abdominal wall when the 
sides of the incision were “3 inches” apart [14]. 
Also, he commented that “when the gap exceeds 
three inches, closure by direct suture is usually 
impossible.” Because of his concern about necro-
sis if skin flaps only were used, he suggested a 
“dodge” that had been used in two patients. Using 
a “light canvas or stout cotton cloth sterilized in 
Vaseline … a double sheet of this is cut rather 
smaller than the defect in the muscles, and sutured 
into place with interrupted catgut sutures” [14]. 
Ogilvie recognized that some open abdomens 
could still not be closed even after edema of the 
midgut resolved. In such patients, he suggested a 
version of the visceral packing technique 
described at Detroit Receiving Hospital over 
50 years later [15, 16]. He took “gauze swabs ster-
ilized in and impregnated with Vaseline” and laid 
them over the bowel with the edges tucked under 
the edges of the incision [14]. The sides of the 
incision were then brought together with “strips 
of Elastoplast or even with stitches over the 
Vaseline” [14]. Ogilvie specifically noted that 
“Vaseline gauze makes an admirable peritoneum” 
[14]. He further described the use of “pinch 
grafts,” presumably partial- thickness skin grafts, 

applied to the granulating wound after removal of 
the Vaseline gauze and delayed repair of the inci-
sional hernia that was left [14].

1.1.3  Open Abdomen Treatment 
for Secondary or Tertiary 
Peritonitis

Over the past 110 years, a number of approaches 
to the patient with secondary or tertiary peritoni-
tis have been described. The first of these was 
debridement and lavage for acute appendicitis 
described by J. Price in 1905 [17]. Of historic 
interest, it was, once again, W. H. Ogilvie who 
was one of the first surgeons to describe leaving 
the abdomen open temporarily (1–4 days) when 
sepsis was present [18].

Postoperative peritoneal lavage for peritoneal 
sepsis became popular 60 years later and was 
much discussed in the surgical literature of the 
1960s and 1970s [19–22]. At the same time, 
Hovnanian and Saddawi documented that the dis-
semination of bacteria associated with debride-
ment and irrigation did not increase mortality [23]. 
A related operative treatment, radical peritoneal 
debridement (vigorous debridement of exudate on 
peritoneal surfaces), had a transient period of pop-
ularity in the late 1970s, until a later prospective 
randomized clinical trial did not confirm the ben-
efits suggested in the original paper [24, 25].

In 1979, Steinberg [26] described leaving the 
abdomen open postoperatively in patients with 
“acute generalized suppurative peritonitis.” 
Despite the adverse effects of this approach (fluid 
losses, persistent inflammation, enteroatmo-
spheric fistulas, etc.), results were encouraging 
enough so that numerous centers around the world 
adopted this approach [27–30]. A variation of the 
open abdomen approach was the use of multiple 
repeat laparotomies through temporary abdomi-
nal wall closures described by Wittmann et al. 
[31]. Kreis et al. [32] have reviewed comprehen-
sively the results of trials on the available tech-
niques—i.e., open abdomen, multiple planned 
laparotomies through a temporary abdominal wall 
closure, and relaparotomy on demand. While the 
on demand strategy has been associated with 
shorter stays in the intensive care unit and  hospital 
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and, therefore, a lower cost of hospitalization, 
Kreis et al. concluded that “planned relaparotomy 
has therefore not lost its indication for selected 
patients” [32].

1.1.4  Open Abdomen 
in the Treatment 
of Omphaloceles

In a landmark article in 1948, the legendary 
Robert E. Gross from Boston Children’s Hospital 
described a two-stage operative approach (skin 
closure, then delayed fascial closure) to large 
omphaloceles [33]. This approach was based on 
Gross’ recognition of the dangers of forced reduc-
tion of viscera and primary fascial closure. He 
stated the following: “In this way it is possible to 
avoid the devastating effects of a high intra- 
abdominal pressure which resulted from most of 
the types of surgical repair which have been pre-
viously employed and described in the literature” 
[33]. It is most interesting that Gross’ recognition 
of the abdominal compartment syndrome in 1948 
preceded that in trauma surgery by 35 years.

In the modern era, approximately 85% of 
infants with omphaloceles have bedside insertion 
of a preformed silo with a subfascial ring. The 
extra-abdominal bag is then rolled down each 
day. When the bag is flush with the skin, the 
infant is taken to the operating room for removal 
of the silo, closure of the midline aponeurosis, 
and, if possible, closure of the skin. The remain-
ing 15% of infants undergo an early operation for 
the following: [1] omphaloceles too large for a 
silo, [2] small defects amenable to primary clo-
sure, or [3] for ischemia of the midgut in the 
omphalocele [34].

1.2  Contribution of Oswaldo 
Borraez, MD, Bogota, 
Colombia

1.2.1  Oswaldo A. Borraez G. MD

While many surgeons have contributed to the 
historical development of silos over the open 
abdomen, Oswaldo A. Borraez G, MD of Bogota, 

Colombia, is regarded as the modern “father” of 
the silo or Bogota Bag (“Bolsa de Bogota”) for 
patients with trauma or abdominal sepsis [29, 
30, 35–37]. Oswaldo Borraez was born in 
Cachipay, Cundinamarca, Colombia, on August 
18, 1954. He studied medicine at the National 
University of Colombia from 1972 to 1978 and 
then completed his “internado” (internship) at 
the San Juan de Dios Hospital, Bogota (closed in 
2001). He completed his obligatory medical ser-
vice at a hospital near Bogota, studied “univer-

sity teaching” at the Military University in 
Bogota, and assisted in surgery at the Misericordia 
(Children’s) Hospital while a medical student and 
during the above activities from 1976 to 1982. He 
completed his residency in surgery from 1982 to 
1985 at the National University of Colombia, pri-
marily at the San Juan de Dios Hospital. Dr. 
Borraez’s mentors were M.M. Manchola, MD, 
and E. Bonilla, MD, at the Misericordia Hospital 
and J. Ospina, MD, at the San Juan de Dios 
Hospital.

In addition to volunteering at San Juan de Dios 
Hospital from 1986 to 2001, Dr. Borraez has long 
practiced general and trauma surgery at the San 
Blas Hospital (public) in Bogota, where he has 
served as Chief of Surgery, also. His private practice 
is based at the Clinica Nueva in the center of Bogota, 
and he is a Professor of Surgery at the National 
University of Colombia. He has served as President 
of both the Colombian Trauma Association and the 
Colombian Surgery Association and is a seminal 
figure in surgery in Latin America.

1.2.2  Story of the Bogota Bag

In March, 1984, at the San Juan de Dios Hospital 
in Bogota, Colombia, Doctor Oswaldo A. Borraez 
G. was a second year resident in General Surgery. 
He had to manage a young patient who was 
crushed by a vehicle when trying to change a tire. 
The patient was admitted in a state of hypovole-
mic shock due to hepatic rupture caused by the 
blunt abdominal trauma. Initially, the patient 
underwent a right hemi-hepatectomy, with large 
drains left in situ. The patient subsequently 
required a repeat laparotomy for rebleeding. 
A few days later, the patient bled again and 
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underwent another surgical procedure. A few 
days later, he presented with intra-abdominal 
sepsis, which led to a fourth operation for 
debridement and lavage of the abdominal cavity. 
Due to edema of the midgut, it was impossible to 
close the abdominal wall. Doctor Borraez decided 
to cover the exposed abdominal viscera with a 
plastic intravenous fluid bag. This was fixed to 
the musculoaponeurotic layers and was the first 
procedure of its kind in the world [28–32]. To the 
faculty at San Juan de Dios, this did not seem like 
a good idea initially (Fig. 1.1).

On the morning after the procedure, Dr. 
Borraez was called to a meeting with the Chief of 
Surgery at the University to explain why he had 
not been able to close the fascia in the abovemen-
tioned patient. After a review by the respective 
professor and the corresponding academic group, 
it was decided that further procedures were not to 
be undertaken on the patient. The patient subse-
quently had peritoneal lavage and reapplication 
of the plastic sheet. This plastic sheet was 
removed from the patient when there was satis-
factory granulation of the abdominal viscera, 
which took approximately 6 months.

Two weeks later Doctor Borraez was called to 
aid the gynecology service in the management of 
an obese patient with abdominal sepsis of gyne-
cological origin. Due to extensive edema of the 
midgut, the incision could not be closed. Once 
again, a plastic bag was used to cover the open 
abdomen. This patient survived, as well. The 

plastic silo technique has subsequently been 
widely accepted throughout the world.

It was Dr. David Feliciano who observed several 
patients managed with this technique at San Juan de 
Dios Hospital and then referred to it as the “Bolsa 
de Bogota.” The technique was subsequently 
renamed the “Borraez bag,” by which it is now 
known in Colombia and throughout the world [36].

In 1994, a decade after having introduced the tech-
nique, Dr. Borraez added the placement of a second 
bag, left free and loose, covering all intra- abdominal 
organs and below the abdominal wall, while the other 
bag is placed and fixed to the skin. The purpose of this 
inner bag was to prevent adhesions and facilitate later 
closure of the abdominal wall.

After the appearance of this technique, many 
variants have appeared in different parts of the 
world, and the basic element is the plastic bag.

1.3  Modern Indications 
for the Open Abdomen

Many of the indications to leave the midline linea 
alba open under a bag/silo or vacuum-assist 
device have been described in the aforemen-
tioned historical review.

In patients on the modern Trauma Service 
(Table 1.1), the inability to close the midline inci-
sion due to the risk of creating an abdominal com-
partment syndrome continues to be a prime 
indication. The historic reasons that have been felt 
to contribute to distension of the midgut after 
major laparotomies for trauma are as follows: [1] 
resuscitation with crystalloid solutions, [2] failure 
of the sodium pump in the cell membrane second-
ary to shock, [3] interstitial edema, [4] reperfu-
sion injury, and [5] postoperative ileus. In the 
modern era of “damage control resuscitation,” 
infusions of crystalloid solutions are eliminated or 

Fig. 1.1 First trauma patient with Bogota bag over open 
abdomen after laparotomy for blunt hepatic rupture, 
Hospital San Juan de Dios, Bogota, Colombia (Courtesy 
of Oswaldo A. Borraez G., MD)

Table 1.1 Indications for open abdomen in trauma 
patients

•  Unable to close midline incision secondary to edema 
and distension of midgut (and to avoid primary 
abdominal compartment syndrome)

•  Need for reoperation as part of “damage control” 
sequence

•  Loss of continuity or substance of abdominal wall

D.V. Feliciano and O.A. Borraez Gaona
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minimized, and blood component replacement is 
directed by thromboelastography. Therefore, 
edema and distension of the midgut as an indica-
tion for the open abdomen are much decreased.

The need for a planned reoperation as part of 
the “damage control” sequence remains a major 
indication to leave the midline incision open after 
a first operation [37]. Classical trauma patients in 
this category include those with the following: [1] 
perihepatic, extraperitoneal pelvic, or diffuse 
intra-abdominal packing, [2] disconnected seg-
ments of small bowel or stapled off segments of 
the colon, and [3] presence of an intravascular 
intraluminal shunt.

The third category of trauma patient in whom 
an open abdomen would be appropriate would be 
one with transection of the rectus muscle(s) and/
or subcutaneous tissue by a lap seatbelt or loss of 
the abdominal wall from a close-range shotgun 
wound. In both groups, extensive debridement of 
frayed muscle and necrotic subcutaneous tissue 
and skin may be necessary after a laparotomy. 
Open packing of the resultant defect over absorb-
able mesh or temporary rayon cloth is appropriate 
with definitive closure in 3–6 months [15, 16].

In patients on the Acute Care Surgery Service 
(Table 1.2), the indications are similar 
(Table 1.2). Reclosure of the midline incision 
after a dehiscence or evisceration is always pre-
ferred. It is often true, however, that necrosis of 
the midline linea alba, distention of the midgut, 
or a concurrent intra-abdominal abscess or fis-
tula prevents reclosure. Once again, such a 
patient will benefit from the application of a 
temporary bag/silo and early application of a 
vacuum-assist device.

As noted in the section on history, some cen-
ters continue to perform sequential operations in 
the open abdomens of patients with secondary or 
tertiary peritonitis. This practice allows for vigor-

ous cleansing of purulence, debridement of 
necrotic tissue, and localization of further sites of 
infection. When intraperitoneal sepsis has been 
controlled, the patient’s bag/silo is switched to a 
vacuum-assist device.

Some centers continue to utilize the “chronic 
open lesser sac drainage” (COLD) technique in 
preference to repeated percutaneous drains or 
video-assisted retroperitoneal debridements in a 
patient with a pancreatic abscess or infected pan-
creatic necrosis [38]. This open abdomen  technique 
allows for granulation and gradual filling in of the 
lesser sac as retroperitoneal sepsis resolves.

An occasional necrotizing soft tissue infec-
tion results in full-thickness loss of the abdomi-
nal wall. The time-honored management of 
repeated debridements of the abdominal wall 
should be accompanied by absorbable mesh cov-
erage and compression of the midgut below the 
musculoaponeurotic wall. The subsequent con-
version to a vacuum-assisted device makes little 
sense in such patients, as there is a fixed loss of 
tissue.

1.4  Options for Coverage 
of the Open Abdomen

A comprehensive list of all options for coverage 
of the open abdomen for one of the indications 
discussed is beyond the scope of this chapter. 
Table 1.3 includes historic and current choices.

Table 1.2 Indications for open abdomen in acute care 
surgery patients

•  Failed primary closure (delayed dehiscence or 
evisceration)

•  Secondary or tertiary peritonitis

•  Pancreatic abscess or infected necrotic pancreatitis

•  Loss of abdominal wall from necrotizing soft tissue 
infection

Table 1.3 Options for coverage of the open abdomen

Temporary silos

 Adherent plastic drape

 Fabric with zipper sewn in

 Genitourinary irrigation bag (Fig. 1.2)

 Human cadaveric acellular dermis

  “Permanent” prosthesis, especially 
polytetrafluoroethylene

  X-ray cassette bag

  Wittmann patch

Temporary soft cover

  Absorbable mesh

  Parachute silk

  Porcine xenograft

  Vacuum-assisted closure

Visceral packing

1 Origin of the Bogota Bag and Its Application
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Abstract

Modern trauma damage control (DC) inte-
grates the stages of DC surgery into the pro-
cess of DC resuscitation. Although widely 
believed to improve survival when appropri-
ately indicated, there is limited evidence sup-
porting a benefit of DC surgery (and its 
component DC interventions) in injured 
patients. Further, the procedure is associated 
with a number of potentially severe and often 
resource-intensive complications. Several 
studies have recently reported data suggesting 
that a variation exists in the use of DC lapa-
rotomy across trauma centers or that the pro-
cedure may be overused. These and other 
studies have also suggested that overutilization 
of the procedure may be associated with 
increased morbidity and mortality. Variation in 
the use of DC surgery between trauma centers 
may occur because surgeons are frequently 
uncertain which “operative profile” (i.e., DC 
or definitive surgery) is best in varying clinical 
situations. In this chapter, I review the struc-
ture, effectiveness, and safety of modern 
trauma DC; recent studies suggesting variation 
in and potential harm related to the overuse of 

DC surgery between trauma centers; and  
published consensus indications for the use of 
DC surgery and DC interventions that aim to 
reduce this variation and guide future research.

2.1  Background

In injured patients receiving traditional, 
crystalloid- based resuscitation, significant hem-
orrhage is frequently complicated by develop-
ment of a “bloody vicious cycle” (a.k.a., “lethal 
triad”) of hypothermia, acidosis, and coagulopa-
thy [1–3]. Resuscitation of hemorrhagic shock 
also produces ischemia-reperfusion injury of the 
bowel, which increases intestinal wall permeabil-
ity, leading to sequestration of fluid in the bowel 
wall and its supporting mesenteries (i.e., abdomi-
nal visceral edema) [1, 4, 5]. This process, when 
combined with large-volume crystalloid fluid 
administration, increases intra-abdominal pres-
sure (IAP) and may culminate in post-injury 
abdominal compartment syndrome (ACS; 
defined by the Abdominal Compartment Society 
as a sustained IAP >20 associated with new organ 
dysfunction/failure) [1, 6–8]. The vicious cycle 
and ACS have historically been associated with a 
high risk of death after major injury despite 
attempts at definitively controlling hemorrhage 
and preventing and/or treating intra-abdominal 
hypertension (IAH), respectively [1, 2].
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In an attempt to prevent the onset of and/or 
limit the effects of the vicious cycle and post- 
injury ACS, surgeons adopted damage control 
(DC) laparotomy to manage severely injured 
civilians in the 1980s/early 1990s [1]. In 1983, 
Stone et al. reported that “staged” laparotomy 
[i.e., abbreviated initial laparotomy with planned 
reoperation after a period of ongoing resuscita-
tion in the intensive care unit (ICU)] was associ-
ated with improved survival in injured patients 
who developed “major coagulopathy” during 
operation [9]. Rotondo, Schwab, and colleagues 
subsequently proposed in 1993 that abbreviated 
trauma laparotomy be termed “damage control” 
and reported data suggesting that it improved sur-
vival in a “maximum injury subset” of patients 
with abdominal vascular and multiple concomi-
tant abdominal visceral injuries [10]. In 1998 
(during the early dispersion and exploration stage 
of the innovation of trauma DC), during a time 
when high-volume crystalloid fluid resuscitation 
(and therefore severe abdominal visceral edema) 
was common, Ivatury and colleagues advocated 
for routine temporary abdominal closure (TAC) 
of the open abdomen (i.e., open abdominal man-
agement) after DC to prevent the adverse physi-
ologic consequences of IAH [1, 11]. Finally, 
beginning largely in the mid-1990s, the DC con-
cept was adapted to rapidly manage visceral and 
vascular injuries in the neck, chest, and extremi-
ties [1].

In contrast to definitive (i.e., single-stage) sur-
gery, DC allows the initial operation for control 
of exsanguinating hemorrhage and/or gross con-
tamination to be abbreviated using what Feliciano 
et al. termed “rapid conservative operative tech-
niques” (now also referred to, using the DC lexi-
con, as “DC interventions”) [1, 12, 13]. This 
approach has long been thought to benefit criti-
cally injured patients who are “more likely to die 
from an uncorrected shock state than from failure 
to complete organ repairs” [14]. In the abdomen, 
DC interventions include therapeutic perihepatic 
packing, closed suction drainage of pancreatico-
biliary injuries, rapid intestinal resection without 
re-anastomosis (leaving the intestinal tract in dis-
continuity until a later operation), and lateral 
arteriorrhaphy (e.g., superior mesenteric artery 

injuries), temporary intravascular shunting (e.g., 
common iliac artery injuries), and ligation (e.g., 
infrarenal inferior vena cava injuries) of major 
abdominal vascular injuries [15]. Abbreviating 
the index operation during DC theoretically lim-
its further declines in core body temperature and 
pH and therefore allows for rewarming and cor-
rection of metabolic and coagulation distur-
bances in the ICU [16]. Once physiology is 
deemed adequately restored, injured patients are 
returned to the operating room (OR) for addi-
tional surgery (e.g., removal of temporary intra-
vascular shunts and performance of vascular 
repairs or intestinal anastomoses for reestablish-
ment of bowel continuity) and/or primary fascial 
closure (i.e., fascia-to-fascia closure of the open 
abdomen within the index hospitalization), often 
within 6–48 h of initial operation [1, 16].

In this chapter, I review the structure, effective-
ness, and safety of modern trauma DC; recent stud-
ies suggesting variation in and potential harm related 
to the overuse of DC surgery between trauma cen-
ters; and published consensus indications for the use 
of DC surgery and DC interventions that aim to 
reduce this variation and guide future research.

2.2  The Structure of Modern 
Trauma DC (Integrating 
the Stages of DC Surgery 
with the Process of DC 
Resuscitation)

The stages of DC surgery were initially suggested 
by Rotondo, Schwab, and colleagues to include 
DC 1 [immediate operation for control of hemor-
rhage and contamination using one or more DC 
interventions followed by temporary closure of 
the abdomen (or thorax) and transfer to the ICU], 
DC 2 (resuscitation in the ICU with the goal of 
correcting hypothermia, acidosis, and coagulopa-
thy), and DC 3 [reoperation for definitive repair 
of injuries and closure of the abdomen (or tho-
rax)] [1, 16]. This group and others later expanded 
these stages to include DC 0 [or “damage control 
ground zero,” which includes those interventions 
performed in the prehospital and immediate in- 
hospital setting before operation (e.g.,  prehospital 
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transport/care, rewarming, and initiation of a pre-
designed massive transfusion protocol)] and DC 
4 (abdominal wall reconstruction, frequently 
using component separation methods and syn-
thetic or biological mesh reinforcement) [17, 18].

DC interventions are rapid, often technically 
simple procedures that may be used in either the 
pre- [e.g., balloon catheter tamponade of signifi-
cant, ongoing hemorrhage from a zone III neck 
wound in the emergency department (ED)] or 
intraoperative setting [15]. These interventions 
are designed to temporarily or sometimes defini-
tively manage exsanguinating hemorrhage, gross 
contamination, and/or a massive pulmonary air 
leak in situations where several uncommonly 
encountered thoracic (e.g., a penetrating, 
through-and-through pulmonary parenchymal 

injury that does not involve the hilar structures), 
abdominal (e.g., devascularization or massive 
destruction of the pancreas, duodenum, or pan-
creaticoduodenal complex), pelvic (e.g., severe 
blunt pelvic trauma with ongoing, massive extra-
peritoneal hemorrhage), and/or vascular (e.g., 
significant, ongoing bleeding from a zone I or III 
penetrating neck injury) injuries are encountered 
[15, 19–46]. These injuries are characteristic of 
those that few surgeons have experience treating 
and therefore are associated with massive hemor-
rhage, physiological exhaustion (hypothermia, 
acidosis, and coagulopathy), and a high mortality 
when attempts are made to manage them defini-
tively (see Table 2.1 for consensus definitions of 
a number of DC interventions reported in 2015) 
[15, 19–46].

Table 2.1 Reported descriptions of thoracic, abdominal/pelvic, and vascular damage control interventions reported 
in 2015

Intervention Description

Thoracic damage control interventions

Pneumonorrhaphy [19–21] After small injured vessels and bronchi within the parenchyma of a superficial 
pulmonary laceration are selectively ligated, the edges are approximated

Pulmonary tractotomy [19–23] The lung bridging a pulmonary parenchymal wound is divided using a GIA 
55/75 vascular stapler or between two long vascular clamps, and then small 
injured parenchymal vessels and bronchi lying underneath are selectively ligated

Pulmonary wedge resection 
[19–21]

A GIA 55/75 or TA 30/60/90 vascular stapler is used to resect a peripheral 
portion of a pulmonary lobe or segment of the lung

Rapid, simultaneously stapled 
pneumonectomy [21, 24]

A TA 90/55 vascular stapler is placed across the pulmonary hilar structures and 
fired, resulting in an en masse simultaneous division of the main stem bronchus 
and pulmonary vessels

Intraluminal drainage of the 
proximal esophagus and wide 
drainage of the pleural space [25, 
26]

The esophagus above or at the site of an esophageal injury is drained with a 
nasogastric tube connected to low suction, while the pleural space is widely 
drained with thoracostomy tubes

Therapeutic mediastinal and/or 
pleural space packing [27–29]

Compressive gauze packing is applied to the mediastinal and/or pleural surface 
to tamponade venous and/or coagulopathic hemorrhage at least until the first 
reoperation (which frequently occurs within <24–48 h)

Temporary thoracic closure 
[25–27, 30]

The thoracotomy incision is temporarily closed en masse using a heavy, 
nonabsorbable, running suture or with towel clips, a patch or silo/Bogotá bag, or 
a modified Barker’s vacuum pack or commercial negative pressure wound 
therapy device

Abdominal/pelvic damage control interventions

Therapeutic perihepatic packing Compressive gauze packing is placed around the liver to tamponade venous and/
or coagulopathic hemorrhage from the hepatic parenchyma or surrounding 
juxtahepatic veins at least until the first reoperation (which frequently occurs 
within <24–48 h)

(continued)
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In modern civilian trauma care, many surgeons 
have suggested that DC surgery (or, more specifi-
cally, DC 1) should most appropriately be consid-
ered one of the first, essential components of the 
process of DC resuscitation [47]. DC resuscita-
tion is characterized by rapid hemorrhage control 
(open or endovascular, including the use of DC 
interventions in the preoperative setting or in the 
OR during DC 1), permissive hypotension, 
administration of blood products in a ratio approx-
imating whole blood [i.e., 1:1:1 plasma/platelets/
packed red blood cells (PRBCs)], and minimal 

use of crystalloid fluids [48–50]. This now inter-
nationally adopted resuscitation strategy is initi-
ated in the prehospital setting (a.k.a., during DC 
0) and continued through DC stages 1–4. DC 
resuscitation was developed in order to preemp-
tively treat the lethal triad (including the acute 
coagulopathy of trauma, which occurs early after 
injury, is likely caused by the degree of tissue 
injury after trauma, and is independent of the 
amount of crystalloid fluids administered to the 
patient), preserve oxygen- carrying capacity, 
repair the endothelium, and prevent the adverse 

Table 2.1 (continued)

Intervention Description

Staged pancreaticoduodenectomy 
[31–34]

During the index laparotomy, major vascular hemorrhage is controlled; where 
necessary (sometimes this has already been done by the inciting trauma), the 
duodenum distal to the pylorus, common bile duct, pancreas distal to the injury, 
and distal duodenum or jejunum are transected; and the right upper quadrant and 
peripancreatic space are widely drained (some authors also report use of T- or 
biliary drainage tubes at this time). Reconstruction (pancreaticojejunostomy, 
hepaticojejunostomy, and duodenojejunostomy) is delayed until reoperation

Therapeutic renal fossa packing 
[35]

Compressive gauze packing is applied to the renal fossa to tamponade venous 
and/or coagulopathic hemorrhage from the kidney at least until the first 
reoperation (which frequently occurs within <24–48 h)

Bilateral externalized ureteral 
stenting and diversion [35]

When neither transurethral or suprapubic drainage effectively evacuates urine 
from the injured bladder, J-stents are passed up each ureteral orifice and then 
externalized to divert the urinary output of both kidneys until definitive repair of 
the bladder is possible

Temporary abdominal closure/
open abdominal management

The abdomen is temporarily closed using a Barker’s vacuum pack, commercial 
negative pressure peritoneal therapy device, silo/Bogotá bag, mesh or sheet, or 
another technique

Extraperitoneal pelvic packing 
[36–38]

After a 6- to 8-cm midline incision is made extending from the pubic symphysis 
cephalad (dividing the midline abdominal fascia) and the preperitoneal space is 
opened using digital dissection (where necessary), laparotomy pads are placed 
on either side of the bladder, the fascia is closed with a heavy suture, and the 
skin is closed with staples

Bilateral internal iliac artery 
ligation [39]

Both internal iliac arteries are ligated using heavy, permanent sutures during 
laparotomy

Vascular damage control interventions

Balloon catheter tamponade 
[40–44]

A Foley, Fogarty, Sengstaken-Blakemore, or improvised balloon catheter 
(created using a red rubber catheter and Penrose drain) is inserted into a 
bleeding wound tract. The balloon of the catheter is then inflated with sterile 
water and repositioned until adequate hemostasis is achieved

Temporary intravascular shunting 
[45, 46]

After an embolectomy and administration of local intravascular heparinized 
saline, the defect in the injured artery and/or vein is bridged with a Pruitt- 
Inahara, Argyle, Javid, or Sundt vascular shunt or with a piece of an intravenous 
line or nasogastric/chest tube (cut to length such that it overlaps within the 
vessel by approximately 2 cm and secured into place with a heavy silk tie on 
either end). The shunt is left in place until at least the first reoperation (which 
frequently occurs within <24–48 h)

Where GIA indicates gastrointestinal anastomosis and TA, thoracoabdominal
Table and table legend reproduced with permission from reference [15]. Copyright Wolters Kluwer Health (2015)
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physiological consequences of large-volume 
crystalloid fluid resuscitation [47–50]. In the 
recently reported PROPPR randomized controlled 
trial (RCT) comparing a 1:1:1 versus 1:1:2 ratio 
of plasma/platelets/PRBCs, although 24-h and 
30-day mortality was similar between the study 
groups, more patients in the 1:1:1 group achieved 
hemostasis, and fewer experienced death due to 
exsanguination at 24 h [50]. Thus, DC resuscita-
tion with a 1:1:1 ratio of blood products likely has 
a hemostatic benefit among exsanguinating civil-
ian trauma patients.

2.3  Effectiveness and Safety 
of DC Surgery in Civilian 
Trauma Patients

Although widely believed to improve survival 
when appropriately indicated, there is limited 
evidence supporting a benefit of DC surgery in 
injured patients [1, 16]. A Cochrane systematic 
review on DC laparotomy conducted in 2013 
identified few relevant observational studies and 
no RCTs [16, 51]. Importantly, as the “operative 
profile” (DC versus definitive surgery) chosen in 
these seven observational studies was not ran-
domly assigned, their conclusions are inherently 
limited by confounding by indication. This rela-
tively common limitation of observational treat-
ment studies occurs when other, unmeasured 
reasons associated with the choice to perform DC 
surgery and with patient outcome confound the 
association between DC surgery and outcomes 
(i.e., those selected for DC are inherently  different 
from those selected for definitive surgery because 
they were selected to undergo DC surgery for a 
reason) [52].

Considering the above limitation, Stone et al., 
Rotondo et al., and Chinnery et al. each reported 
a large improvement in unadjusted survival when 
DC or staged laparotomy was used instead of 
definitive surgery to manage: (1) patients who 
developed a “major coagulopathy” during lapa-
rotomy, (2) hemodynamically unstable patients 
with combined abdominal vascular and pancreas 
gunshot injuries, and (3) those who received 
>10 U PRBCs and had ≥1 major abdominal 

 vascular and ≥2 abdominal visceral injuries, 
respectively [9, 10, 53, 54]. Further, Rice and col-
leagues reported that, when compared to only 
minor deviations, moderate or major deviations 
from a protocol that suggested the use of DC sur-
gery in patients with a temperature <35 °C, lac-
tate >4 mmol/L (or more than twice the upper 
limit of normal), or corrected pH <7.3 were inde-
pendently associated with improved survival [54, 
55]. Finally, Asensio et al. reported that imple-
menting a guideline that suggested the use of DC 
surgery for patients with 1 of 12 different clinical 
findings/events (transfusion >4 L PRBCs or >5 L 
PRBCs/whole blood combined; total OR fluid 
replacement >12 L; OR patient temperature 
≤34°C, serum [HCO3-] ≤15 mEq/L, or arterial 
pH ≤7.2; a thoracic or abdominal vascular injury 
or complex hepatic injury requiring packing; 
those requiring ED or OR thoracotomy; or 
patients that develop intraoperative coagulopathy 
or dysrhythmias) was associated with a decreased 
unadjusted odds of infections, an increased unad-
justed odds of abdominal wall closure, and a 
reduced unadjusted length of ICU and hospital 
stay [54, 56].

As DC surgery became widely adopted world-
wide in the 1990s and 2000s, it was increasingly 
reported to be associated with a number of poten-
tially severe and often resource-intensive compli-
cations considered by some (at least initially) to 
be “diseases of survivorship” [1, 54, 57, 58]. DC 
surgery and open abdominal management have 
been reported to be associated with an ~10–25% 
risk of an intra-abdominal abscess or abscesses, a 
mean of approximately five reoperations, an 
~15% risk of readmission to hospital, and an 
~8% risk of subsequent surgical procedures, 
especially those relating to massive or complex 
ventral herniae [54, 59–61]. Development of an 
enteroatmospheric fistula, defined as an enteric 
fistula in the middle of an open abdomen, occurs 
in approximately 5% of patients with an open 
abdominal wound and is considered to be a “sur-
gical nightmare” by international surgical opin-
ion leaders [54, 61, 62]. Defining characteristics 
include the absence of a fistula tract, the lack of 
well-vascularized surrounding tissue, a low prob-
ability of spontaneous closure, and the spillage of 
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enteric content directly into the peritoneal cavity 
[8, 54, 62, 63]. These fistulae are difficult to con-
trol and may result in repeated episodes of intra- 
abdominal sepsis, long lengths of ICU and 
hospital stay, significant costs to the health-care 
system, and an elevated risk of mortality [54, 64]. 
Moreover, although many patients can ultimately 
have their abdomen closed after DC laparotomy, 
those who cannot are often managed with a 
“planned ventral hernia,” in which a split- 
thickness skin graft or mobilized native skin flap 
is used to cover the granulated viscera of the open 
abdomen, resulting in a massive and complex 
abdominal wall hernia that may be repaired using 
a components separation technique in 
6–12 months [54, 65]. Possibly because of the 
above complications, survivors of open abdomi-
nal management have been reported to suffer 
from decreased physical functioning, a reduced 
quality of life (at least in the short term), and an 
increased incidence of depression and post- 
traumatic stress disorder [54, 66–69].

2.4  Variation in and Potential 
Harm Related to Overuse 
of DC Surgery Between 
Trauma Centers

Several authors have recently reported data sug-
gesting that a variation in the use of DC laparot-
omy may exist across trauma centers or that the 
procedure may be overused [57, 70]. DC was used 
in 9% of patients undergoing emergent laparotomy 
at a level 1 trauma center in the United States in 
2008 as compared to a relatively consistent rate of 
29–37% in trauma patients at a different American 
level 1 center between 2004 and 2010 [54, 71, 72]. 
This variation in the use of DC across trauma cen-
ters could relate to increasing use of the procedure 
for indications other than those that have been pre-
viously studied or suggested to be appropriate in 
the literature [16, 54]. In support of this, one retro-
spective cohort study reported that one in five 
patients who received DC laparotomy at a level 1 
trauma center between 2004 and 2008 failed to 
meet at least one of the traditional indications [16, 
73]. In this study, only 33% were acidotic, 43% 

hypothermic, and 48% coagulopathic upon arrival 
to the ICU from the OR [16, 54, 73].

Variation in rates of use of DC surgery across 
trauma centers is concerning as accumulating 
evidence suggests that overutilization of the pro-
cedure for inappropriate indications may be asso-
ciated with increased morbidity and mortality 
[57, 58, 70, 73–75]. In one retrospective cohort 
study conducted at a level 1 trauma center 
between 2005 and 2009, the use of DC instead of 
definitive laparotomy in trauma patients without 
severe head injury, a systolic blood pressure (BP) 
>90 mmHg, and no combined abdominal injuries 
was independently associated with a three times 
increased odds of major postoperative complica-
tions and a 10-day longer length of hospital stay 
[16, 75]. Further, in a propensity-matched cohort 
study conducted at the same trauma center, the 
use of DC instead of definitive laparotomy (for 
packing, hemodynamic instability, or intra- 
abdominal contamination; to facilitate a second 
look laparotomy, expedite postoperative care/
interventions, or prophylax against ACS; or for 
other/unclear reasons) in injured patients was 
associated with a 13% increased probability of 
postoperative ileus, a 4% increased probability of 
postoperative gastrointestinal bleeding, an 11% 
increased probability of fascial dehiscence, a 
19% increased probability of superficial surgical 
site infection, and an 18% increased probability 
of perioperative death [58].

Several other authors and I have therefore sug-
gested that clinical outcomes and health system 
costs may improve with more selective use of DC 
surgery, especially given that DC resuscitation 
may effectively prevent or treat hypothermia, aci-
dosis, and coagulopathy in trauma patients [1, 
70]. In support of this, Higa et al. observed that 
the rate of use of DC decreased from 36 to 9% 
among trauma patients undergoing emergent lap-
arotomy between 2006 and 2008 despite similar 
patient demographics and Injury Severity Scale 
(ISS) scores among the patients managed between 
these time periods [71]. This decline in the rate of 
use of DC laparotomy was associated with a sig-
nificant improvement in primary fascial closure 
rates (50% in 2006 versus 86% in 2008), 
 perioperative mortality (22% in 2006 versus 13% 
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in 2008), and total hospital costs ($44,312 in 2006 
versus $32,992 in 2008) among patients undergo-
ing emergent trauma laparotomy [54, 71].

2.5  Published Consensus 
Indications for Use of DC 
Surgery and DC 
Interventions in Civilian 
Trauma Patients

Variation in the use of DC surgery between trauma 
centers may occur because surgeons are fre-
quently uncertain which operative profile is best 
in varying clinical situations [15, 70, 76]. This 
uncertainty is likely exacerbated by the fact that 
limited data exists on the effectiveness and safety 
of DC surgery and DC interventions [15, 70, 76]. 
These procedures are also difficult to study, espe-
cially considering the multitude of potential clini-
cal situations that may be encountered by surgeons 
who (routinely or uncommonly) perform emer-
gent thoracic, abdominal, and/or peripheral vas-
cular operations on injured patients across level 1, 
2, and/or 3 trauma centers [15, 70, 76]. Despite 
this, however, surgeons must decide when to use 
DC (or specific DC interventions) over definitive 
surgery (or specific definitive surgical interven-
tions) in their practice [15].

Therefore, the indications for trauma damage 
control international study group and I initiated a 
program of research in 2013 to determine the spe-
cific clinical situations in which the expected sur-
vival benefit of conducting DC surgery (or a 
specific DC intervention) is likely to exceed the 
expected risk of negative consequences [15, 16]. 
We first conducted a scoping review to synthesize 
the literature on DC surgery and DC interventions, 
identify a comprehensive list of their reported 
indications for use, and examine the content and 
evidence upon these indications were based [15, 
54, 77]. An indication was defined as “a clinical 
finding/scenario that advised use of DC surgery 
(or a DC intervention) over definitive surgery (or a 
definitive surgical intervention)” [57]. This study 
identified 270 published, peer-reviewed articles 
(58% of which represented original research) that 
reported 1107 indications for DC surgery and 424 

indications for the 16 different DC interventions 
previously listed in Table 2.1 [54, 77].

We used qualitative research methods to syn-
thesize the above indications into 123 codes rep-
resenting unique indications for DC surgery and 
101 codes representing unique indications for 
DC interventions [15, 57]. Within these codes, 
we included summarized or commonly used 
decision thresholds for reported indications with 
cutoffs (e.g., temperature or pH <X) [15, 57]. In 
an expert appropriateness rating study, an inter-
national panel of trauma surgery experts (n = 9 
surgeons) then rated 101 (82.1%) of the coded 
indications for DC surgery and 78 (77.2%) of the 
coded indications for DC interventions to be 
appropriate for use in surgical practice [15, 57].

In 2014, we subsequently surveyed 366 sur-
geons who treat injured patients in level 1–3 
trauma centers in the United States, Canada, 
Australia, and New Zealand to determine their 
opinions on the appropriateness of many of the 
indications rated in the expert appropriateness 
rating study [70]. In total, 201 (56.0%) of the sur-
veyed surgeons responded [70]. These respon-
dents rated 15 (78.9%) preoperative and 23 
(95.8%) intraoperative indications to be appro-
priate for use in their practices [70]. There was 
substantial agreement between the opinions of 
practicing surgeons with different training, expe-
rience, and practice settings on the appropriate-
ness of reported candidate indications for the use 
of DC surgery (Fig. 2.1) [70]. The reduced list of 
candidate indications for DC surgery that were 
rated to be appropriate by both experts and prac-
ticing surgeons (in both the expert appropriate-
ness rating study and the survey of practicing 
surgeons) is listed in Table 2.2 [57, 70].

Nearly all agreed that the expected benefits of 
DC surgery outweighed the expected risks when 
adults requiring emergent operation were found 
to have (1) persistent hemodynamic instability 
(systolic BP <90 mmHg) in the preoperative set-
ting or during operation (or if they were reported 
to have a successfully resuscitated cardiac arrest 
during transport to hospital), (2) persistent hypo-
thermia (core body temperature <34 °C) or aci-
dosis (arterial pH <7.2) during operation, or (3) 
hypothermia, acidosis, and clinical (absence of 

2 Applications of Damage Control Surgery in Modern Civilian Trauma Care
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visible blood clots during surgery) or laboratory 
[international normalized ratio (INR)/prothrom-
bin time (PT) or partial thromboplastin time 
(PTT) >1.5 times normal] coagulopathy in the 
preoperative setting or during operation [54, 57, 
70]. They also agreed that injured patients with 
physiologic derangements that improve or reverse 
during resuscitation and operation were candi-
dates for definitive closure of their injured cavity 
at the end of the index operation [70]. These find-
ings suggest that surgeons likely believe that 
unless patients present with or develop the entire 
lethal triad or have hypotension, hypothermia, 
and/or acidosis that persists during DC resuscita-
tion (including the emergent operation for rapid 
hemorrhage control), it is likely frequently safe to 
perform a definitive (instead of DC) operation 
(provided that the other scenarios listed in 
Table 2.2 have not been encountered) [70].

Published indications that were independent 
of patient physiology and assessed to be appro-
priate by experts and the broader surgical 

 community included an estimated blood loss 
>4 L, the administration of a massive transfusion 
(>10 U) of PRBCs, and the identification of one 
of the four different injury patterns during opera-
tion [57, 70]. The assessment of massive blood 
loss or requirement for massive transfusion as 
appropriate indications for DC surgery is not sur-
prising as DC surgery has long been used as a 
strategy to improve the increased morbidity and 
mortality associated with exsanguination in 
trauma patients [78–80]. Further, the above injury 
patterns assessed to appropriately indicate the 
use of DC are characteristic of those that (1) often 
result in exsanguination during exposure and 
attempts at definitive repair (juxtahepatic venous 
injuries), (2) require urgent transport to the angi-
ography suite for embolization soon after they 
are discovered intraoperatively (an expanding 
and difficult to access pelvic hematoma), (3) are 
complicated by competing management priori-
ties (hemorrhage and contamination) or multifo-
cal hemorrhage (an abdominal vascular injury 

Table 2.2 Published candidate indications for the use of damage control surgery in adult civilian trauma patients that 
were rated to be appropriate by a panel of experts and the majority of practicing surgeons

Indication

Degree of physiologic insult in the pre- or intraoperative settings

 •  Persistent systolic BP <90 mmHg or a successfully resuscitated cardiac arrest during transport to hospital

 •  Persistent systolic BP <90 mmHg in the preoperative setting or during operation

 •  Preoperative core body temperature <34 °C, arterial pH <7.2, or INR/PT >1.5 times normal (with or without a 
concomitant PTT >1.5 times normal)

 •  Core body temperature <34 °C and arterial pH <7.2 at the beginning of operation

 •  Persistent core body temperature < 34 °C or persistent arterial pH <7.2 during operation

 •  INR/PT and PTT >1.5 times normal or a clinically observed coagulopathy during operation

 •  Core body temperature <34°, arterial pH <7.2, and laboratory-confirmed (INR/PT and/or PTT >1.5 times 
normal) or clinically observed coagulopathy in the preoperative setting, at the beginning of operation or during 
the conduct of operation

Estimated blood loss and amount or type of resuscitation provided

 •  Estimated blood loss >4 L in the operating room

 •  >10 U of PRBCs were administered to the patient in the pre- or pre- and intraoperative settings

Injury pattern identified during operation

 •  An expanding and difficult to access pelvic hematoma

 •  A juxtahepatic venous injury

 •  An abdominal vascular injury and at least one major associated abdominal solid or hollow organ injury

 •  Devascularization or destruction of the pancreas, duodenum, or pancreaticoduodenal complex with 
involvement of the ampulla/proximal pancreatic duct and/or distal CBD

Where BP indicates blood pressure, CBD common bile duct, INR international normalized ratio, PT prothrombin time, 
and PTT partial thromboplastin time
Table and table legend reproduced with permission from reference [70]
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and at least one major associated abdominal solid 
or hollow organ injury), or (4) require a pancre-
aticoduodenectomy (devascularization or 
destruction of the pancreas, duodenum, or pan-
creaticoduodenal complex) [70, 81, 82].

Table 2.3 provides a list of the indications for 
the use of DC interventions that were assessed by 

the expert panel to be appropriate for use in the 
ED or OR setting [15]. Interestingly, several of 
the indications for the use of DC surgery and 
intraoperative DC interventions were identical or 
nearly identical [15, 54, 57]. Experts assessed 
these identical or nearly identical indications to 
have a similar appropriateness for use in practice 

Table 2.3 Indications for the use of thoracic, abdominal/pelvic, and vascular damage control interventions that were 
rated to be appropriate by a panel of expertsa

Indication(s) for

Thoracic DC interventions in patients undergoing thoracotomy
  Rapid lung-sparing surgery (pneumonorrhaphy, pulmonary tractotomy, and pulmonary wedge resection)

    Whenever possible when an emergent thoracotomy is required for thoracic trauma

  Pulmonary tractotomy

    Through-and-through pulmonary parenchymal injuries that do not involve the hilar structures

  Rapid, simultaneously stapled pneumonectomy

    An irreparable main bronchus injury and significant hemodynamic instability in the OR

   Therapeutic mediastinal and/or pleural space packing

    Inability to control bleeding with conventional methods (due to a coagulopathy or for other reasons)

  Temporary thoracic closure

    Signs of thoracic compartment syndrome develop during attempted thoracic wall closureb

    Hypothermia, acidosis, and coagulopathy in the OR

  Temporary thoracic closure with a silo/Bogotá bag

Signs of thoracic compartment syndrome develop during attempted thoracic wall closure en masse or with towel clips

Abdominal/pelvic DC interventions in patients undergoing laparotomy
  Therapeutic perihepatic packing

    An expanding or ruptured extensive subcapsular hematoma/hematomata

    An extensive bilobar hepatic parenchymal injury

    A juxtahepatic venous injury

    A AAST grade III–V liver injury and a concomitant severe traumatic brain injury or multiple other 
concomitant solid and/or hollow abdominal organ injuries

     Administration of a large volume of PRBCs preoperatively or across the pre- and intraoperative settings in a 
patient with a liver injuryc

    A liver injury with hemodynamic instability, hypothermia, acidosis, and/or coagulopathy in the OR

    Inability to control hepatic bleeding by conventional methods

     To facilitate transfer of a patient from a hospital with little experience with (or resources for) management 
of major liver injury to a level 1 trauma center

  Staged pancreaticoduodenectomy

     Devascularization or massive disruption of the pancreas, duodenum, or pancreaticoduodenal complex with 
involvement of the ampulla/proximal pancreatic duct and/or distal CBD (especially when there is an 
associated massive hemorrhage from the head of the pancreas/pancreaticoduodenal complex)

  Temporary abdominal closure/open abdominal management

    Coagulopathy (especially when combined with hypothermia and acidosis) in the OR

     Administration of a large volume of crystalloids or PRBCs preoperatively or across the pre- and 
intraoperative settings

    Inability to close the abdominal fascia without tension

    Signs of abdominal compartment syndrome develop during attempted abdominal wall closure

(continued)
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[15, 54, 57]. Thus, surgeons may believe that in 
certain intraoperative circumstances, one or more 
specific DC interventions should be preferen-
tially performed when patients are selected to 
undergo DC surgery [54]. These include extra-
peritoneal pelvic packing (severe pelvic trauma 
and an expanding and difficult to access pelvic 
hematoma or massive, ongoing hemorrhage in 
the OR), therapeutic perihepatic packing (a 
 juxtahepatic venous injury), and staged pancre-
aticoduodenectomy (devascularization of mas-
sive disruption of the pancreas, duodenum, or 
pancreaticoduodenal complex) [15, 54, 57, 70]. 
Finally, the expert panel suggested that DC 

 surgery and TAC/open abdominal management 
were appropriate when patients have been admin-
istered a large volume of crystalloid fluids and/or 
PRBCs, when the abdominal wall is unable to be 
closed without tension at the conclusion of lapa-
rotomy, or when signs of post-injury ACS 
develop during attempted abdominal wall closure 
[15, 54, 57].

The above indications may be used as a type of 
consensus opinion to guide surgical practice in 
the current era of DC resuscitation [70]. They 
may also be used to educate surgical trainees and 
surgeons on the appropriate use of DC surgery 
and DC interventions in practice, to guide trauma 

Table 2.3 (continued)

Indication(s) for

    Need for a planned relaparotomy to remove intra-abdominal packs or reassess the extent of bowel viability

 Extraperitoneal pelvic packing

     Significant hemodynamic instability in the ED in patients with a pelvic fracture where IR is not 
immediately available

    Severe pelvic trauma with massive, ongoing hemorrhage in the OR

     Evidence on ongoing massive hemorrhage in patients with a pelvic fracture despite pelvic 
angioembolization

Vascular DC interventions
  Balloon catheter tamponade

    Significant, ongoing bleeding from a neck or supraclavicular fossa wound in the ED

    Significant, ongoing bleeding from a difficult to access anatomical location or vessel in the ORd

    Significant, ongoing bleeding from a deep or transfixing hepatic parenchymal wound in the OR

  Temporary intravascular shunting

     An extremity vascular injury requiring operation and a life-threatening injury in another anatomical location 
that requires surgery

     An extremity or abdominal vascular injury requiring operation and an anticipated prolonged operative time 
with a suboptimal response to resuscitation

     An extremity or abdominal vascular injury requiring operation and hypothermia, acidosis, and coagulopathy 
in the OR

     Presentation of a patient with an extremity or abdominal vascular injury requiring operation during a mass 
casualty incident or to a hospital with little experience with surgical management of vascular trauma

Where CBD indicates common bile duct; DC, damage control; ED, emergency department; IR, interventional radiol-
ogy; OR, operating room; and PRBCs, packed red blood cells
Table and table legend reproduced with permission from reference [15]. Copyright Wolters Kluwer Health (2015)
aWhere hypothermia, acidosis, and coagulopathy have most commonly been defined in the peer-reviewed literature as 
a temperature <34, pH <7.2, and a PT or PTT >1.5 times normal and the absence of visible blood clots during operation/
diffuse oozing from all injured tissues [57]
bSuggested signs of thoracic compartment syndrome in this setting have been reported to include sudden cardiopulmo-
nary failure, hemodynamic instability, or increased airway pressures (with resultant difficulty with ventilation)
cWhere a large volume of PRBCs was most often defined in the literature as >10 or >12.5 units
dDifficult to access anatomical locations have been reported to include the head, zone III of the neck, the angle of the 
mandible, and the trunk while difficult to access vessels have been reported to include the carotid artery behind the 
pharynx; the carotid artery or internal jugular vein at the base of the skull; the internal maxillary artery; the second, 
third, and fourth portions of the vertebral artery; or the distal branches of the internal iliac artery in the pelvis
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center quality improvement practices regarding 
choice of operative profile (through morbidity and 
mortality rounds, audit and feedback, and other 
mechanisms), and to design future (adjusted/pro-
pensity-matched) prospective observational and 
experimental studies focused on examining out-
comes between patients treated with DC (or a spe-
cific DC intervention) versus definitive surgery 
(or a specific definitive surgical intervention) [54].

2.6  Summary

Modern trauma DC integrates the stages of DC 
surgery into the process of DC resuscitation. 
Although widely believed to improve survival 
when appropriately indicated, there is limited 
evidence supporting a benefit of DC surgery in 
injured patients [1, 16]. Further, the procedure is 
associated with a number of potentially severe 
and often resource-intensive complications [1, 
57, 58]. Several studies have recently reported 
data suggesting that a variation exists in the use 
of DC laparotomy across trauma centers or that 
the procedure may be overused [57, 70]. These 
and other studies have also suggested that over-
utilization of the procedure may be associated 
with increased morbidity and mortality [57, 58, 
70, 73–75]. The list of indications identified as 
being appropriate by both experts and practicing 
surgeons described in this chapter may be used 
to guide practice and reduce variation in the use 
of DC surgery until results of appropriately 
designed prospective studies become available 
in the future [54].

Disclosure I have no conflicts of interest to 
declare.
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Damage Control Surgery: Military

Carlos Rodriguez and Peter Rhee

Abstract

The term “damage control” is rooted in Navy 
history as the way to approach shipboard bat-
tle damage. Essentially, it applied to quick 
measures aimed at stopping flood waters from 
rushing in and sinking a ship. In surgery, the 
term has come to mean application of expedi-
ent approaches to stemming exsanguinating 
hemorrhage and controlling contamination, in 
the physiologically deranged patient, to the 
point where resuscitation can occur. Trauma 
surgery typically has four stages. First is hem-
orrhage control, second is contamination con-
trol, third is evaluation or diagnosis, and 
fourth is reconstruction. Damage control sur-
gery mandates the first two stages but defers 
the third and fourth stages till a more appro-
priate time and place. In civilian damage con-
trol, it was originally developed as a 
temporizing measure that provides time for 

restoration of normal physiology and, later, 
normal anatomy. In this chapter, we look to 
apply damage control surgery methods to the 
combat trauma environment. In this setting, 
the logistics are often completely different 
than in civilian trauma centers and are often 
done not for physiology restoration but due to 
the logistics and resources of the combat 
environment.

In the recent wars in Iraq and Afghanistan, most 
of combat injuries occurred from improvised 
explosive devices (IED). Closer examination of 
the combat-related deaths shows that approxi-
mately half are due to bullets and half were due to 
explosions [1]. The injuries from bullets were 
very different than civilian penetrating trauma as 
the clear majority are from high-velocity weap-
ons rather than low-velocity weapons such as 
handguns which are typical in civilian trauma. 
The injuries from explosions are also unique to 
combat. It presents with a combination of blast 
injury with penetrating injuries from the second-
ary blast trauma with fragmentation penetrating 
the body. Primary blast injury is typically defined 
as the injury due to the blast over pressure, sec-
ondary blast injury is injury from fragmentation 
injury, and tertiary blast injury is from the body 
being thrown into objects [2]. Quaternary are the 
other injuries from vectors such as chemical, 
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 biological, radiologic, radiation, toxic inhalation, 
asphyxiation (carbon monoxide, cyanide) dust, 
or exacerbation of chronic illness. With an injury 
mechanism being the combination of blunt and 
penetrating forces imparted to the victim, IEDs 
create the pan-ultimate poly-trauma injuries. 
However, injury patterns are fairly predictable 
and are dependent upon size of blast, distance 
from detonation point, composition of explosive 
(e.g., metal casing, ball bearings packed around 
explosive, etc.), and presence of properly worn 
body armor [3, 4].

In blast events, extremities are the most com-
mon site of injury, and uncontrolled hemorrhage 
is the most common cause of potentially surviv-
able death [1, 5]. This has been the experience 
with the US casualties as they are required to wear 
body armor. However opposing forces or inciden-
tal casualties often do not wear body armor. With 
uncontrolled hemorrhage being lethal, its control 
has replaced airway as being the first step in 
approaching the combat trauma patients [6]. In 
civilian trauma, the access to the trauma center is 
quick. There are urgent airway issues. However, 
in the combat setting, the priorities are different. 
Self, buddy, or first aid is quick but is often care 
under fire. In this setting, airway is very difficult 
to manage and is often unsalvageable due to cir-
cumstances and resources. For example, it takes 
more than one other personnel to adequately man-
age the airway if a casualty requires it, and when 
under fire, the priority is to sustain and remain 
engaged if possible [7]. Tactical combat casualty 
care is when imminent danger from being under 
fire has ceased. During this stage, airway control 
by buddy or medic aid is difficult and often futile. 
Thus, the attention has really focused on hemor-
rhage control as data continues to confirm that the 
primary possibly preventable cause of death 
remains uncontrolled hemorrhage [1, 7]. 
Understanding damage control principles aimed 
at stemming exsanguinating hemorrhage is a vital 
tool for any deploying surgeon.

The extent of damage control provided by 
medical providers is limited by available 
resources. In far forward combat trauma settings, 
all that may be available for damage control is 
what the unit’s medic is carrying or what is con-

tained in the Wounded Warrior’s Individual First 
Aid Kit (IFAK).

As the Wounded Warrior progresses through 
echelons of care from point of injury back to the 
States, medical resources become more robust 
and more sophisticated—where definitive surgi-
cal intervention may be undertaken. Here, we dis-
cuss surgical care of the combat casualty from 
point of injury through the various roles or levels 
of care in the combat setting. In contrast to civil-
ian trauma, the numbering system is different. For 
example, a level I trauma center refers to the care 
received at the highest level. In the US military 
system, Role 1 or level 1 refers typically to care at 
the level of the battalion aid station. Thus, it is not 
forward care meaning in the firefight or in the 
field. Aid stations typically are in garrison areas 
and are somewhat remote to the firefight. There 
the highest level or resource is typically a physi-
cian assistant or a general medical officer who has 
completed 1 year of postgraduate training. It can 
be experienced professional physicians such as 
family practice or medicine but rarely do they 
have a surgeon [8, 9]. In the Role 2 or level 2 situ-
ation, it typically refers to a site with very remote 
capabilities and a skeleton surgical crew. It has 
anesthesia capabilities and one or two general sur-
geons and typically no specialist surgeons. On 
occasion, it may have one orthopedic surgeon 
available. These facilities are known as forward 
resuscitative surgery (FRS) units by the Army or 
the forward resuscitative surgery suite (FRSS) by 
the Navy. The operating room is not state of the 
art but rather in a tent or makeshift area. Sterility 
is not possible in these areas and being clean is the 
most one can ask for [10]. Role 3 or level 3 in the 
military refers to a hospital with numerous sur-
geons and subspecialty surgical capabilities. 
These facilities are known as Combat Support 
Hospital (CSH) in the Army and Field Hospitals 
by the Navy [11, 12]. There are typically in large 
military bases. Role 4 or level 4 is a fixed hospital 
such as the hospital in Landstuhl Germany. 
Patients were typically transported from the point 
of injury to either a Role 1 or 2 and then to Role 3 
and then to Role 4 during the war in Iraq and 
Afghanistan. From the Role 4 facility, the casu-
alty is transferred to a Role 5 facility which is in 
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the Continental United States (CONUS) which 
has rehabilitation capability.

As Wounded Warriors pass through the eche-
lons of care, it is important to understand that 
during movement from hospital to hospital, 
patients will not always have access to surgical 
care. Evacuation times from Role 2 to Role 3 will 
vary depending on combat theater. In some cases, 
these times exceed an hour. It is imperative to 
ensure patients are hemostatic prior evacuation.

3.1  Role 1/Buddy Care: C, A, B, C

Essentially, Role 1 care is self-care, buddy care, 
or care rendered at the Battalion Aid Station. 
There are no surgeons at Role 1 facilities. Goals 
are simple and akin to ATLS—stop catastrophic 
hemorrhage as quickly as possible, stabilize 
airway and breathing, and begin resuscitation 
as necessary. There is no holding capacity or 
operative capability associated with echelon 1 
care. In fact, the overarching principle is to 
transport combat trauma patients to hospital-
level care (Role 2 or 3) within the “golden 
hour” of injury [13].

In any bleeding scenario, the goal is to 
quickly and expediently control hemorrhage. 
The first step to hemorrhage control is direct 
pressure. Self- and buddy care are conducted in 
the field with supplies found in the Individual 
First Aid Kit (IFAK). Over the years, IFAK con-
tents have changed to include field dressings 
(cotton cravat bandages), hemostatic dressings, 
and tourniquets. In situations where bleeding is 
minor, many times direct pressure is all that is 
needed. Wrapping of extremities with compres-
sion dressings are ideal. Ace wrap are typically 
available and will stop both soft tissue and some 
vascular bleeding. As wound complexity and 
size increase, other solutions exist. There are 
special dressings impregnated with hemostatic 
agents such as kaolin, in “combat gauze” which 
are in most IFAK. These dressings are consid-
ered temporary and are used to augment pres-
sure dressings [14].

One of the most significant policy shifts dur-
ing the wars in Iraq and Afghanistan has been the 

widespread adoption of controlling catastrophic 
hemorrhage by placing combat tourniquets in the 
field—at the time of injury. Adoption of this 
practice began in late 2002. In early 2008, 
Beekley et al. published their findings that tourni-
quets (perhaps, more specifically, catastrophic 
hemorrhage control) were simply saving lives 
[15]. Eastridge further cemented the practice in 
2012 when he showed [2] that death rate from 
uncontrolled extremity hemorrhage dropped 
from 23.3 deaths per year to 3.5 deaths per year 
before and after widespread tourniquet dissemi-
nation, respectively.

The Tactical Combat Casualty Care 
Committee (TCCC committee) was started in 
2001. The major principle of care that they 
formed was that there were various levels of care 
and capability during combat. The care under 
fire is different than tactical care which is when 
the firefight is over. Then the care during trans-
port called casualty care was also different as the 
environment and resources are different. During 
care under fire, it is taught that it is preferable to 
control bleeding with a tourniquet than direct 
pressure. Applying direct pressure requires 
either a second pair or hands or means that the 
soldier has to stop fighting to administer pres-
sure. Thus, to keep as many combatants in the 
firefight as possible, tourniquets are the first line 
of therapy. During tactical care, tourniquets are 
to be released to see if direct pressure will con-
trol bleeding. In scenarios when direct pressure 
does not control bleeding or is not tactically pos-
sible, then tourniquets are reapplied [16]. Many 
tourniquets have been developed and tested, but 
the favored device is called Combat Application 
Tourniquets (CAT). Should a single CAT not be 
sufficient to stop bleeding, a second tourniquet 
may be applied more proximal than the first [16]. 
The tourniquets fell out of favor after the 
Vietnam War due to real and potential problems 
from the tourniquets, but during the war in Iraq 
and Afghanistan, the benefit far outweighed the 
complications [15]. Training is the key to the use 
of tourniquets. In the civilian sector, the current 
trend is overuse and misuse, but during bombing 
scenarios or mass shooting, the use is currently 
advocated.
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While makeshift tourniquets may be used out 
of necessity, they typically are ineffective in ces-
sation of catastrophic hemorrhage [17]. Should a 
makeshift tourniquet be necessary, it should be 
constructed with a strap and windlass [18]. 
Improperly applied (or constructed) tourniquets 
may just impede venous return (aka venous tour-
niquets) and will increase bleeding [19]. Typically 
the effective tourniquet is extremely painful and 
over prolonged periods it is unbearable. Data 
from the Boston Marathon bombing in 2013 
showed that of the 46 tourniquets placed, only 1 
was effective in stopping arterial bleeding. Again 
availability of effective tourniquets as well as 
proper training is required. Again the application 
of an effective tourniquet on an already injured 
extremity that will stop arterial bleeding is 
extremely painful.

CAT tourniquets control extremity hemor-
rhage well. However, they are difficult, if not 
impossible, to apply in cases of junctional hem-
orrhage. In fact, junctional hemorrhage may 
occur in locations too proximal for even direct 
pressure. It is reported that 4.6% of all deaths in 
the recent wars in Iraq and Afghanistan were 
from junctional hemorrhage and that 20% of all 
combat casualties with “potentially survivable” 
injuries died because of junctional hemorrhage 
[1].

Specialty tourniquets have been developed to 
combat this problem. Currently, there are four [3] 
commercially available junctional tourniquets—
the Combat Ready Clamp (CRoC), the Junctional 
Emergency Treatment Tool (JETT), the SAM 
Junctional Tourniquet (SJT), and the Abdominal 
Aortic Tourniquet (AAT). Many of these tourni-
quets have been fielded and used successfully in 
the care of combat trauma patients [20, 21].

The JETT and SAM tourniquets also provide 
compression of the pelvis if necessary in cases 
where pelvic instability is a concern. These tour-
niquets can also be used where upper extremity 
junctional hemorrhage is occurring.

Once hemorrhage is controlled, resuscitation 
begins [16]. If patient is mentating and has a 
radial pulse, no fluids are indicated [16]. This is 
because the availability of blood in the field is not 
available. Although IV access should always be 

obtained as soon as possible fluids other than 
blood products will cause harm through increased 
bleeding and toxicity and thus is not needed. If 
unattainable, resuscitation is begun through 
placement of intraosseous catheters with the 
tibia, humeral head, sternum, and iliac crest as 
suitable sites [16]. IV access is always preferred, 
but due to lack of experience and capability, the 
use of interosseous devices is rapidly increasing. 
Per the Tactical Combat Casualty Care guide-
lines, low- volume, low-pressure resuscitation is 
preferred with fresh whole blood being the fluid 
of choice. Obviously fresh whole blood is always 
available depending on how far forward you are. 
During the Iraq War, fresh whole blood was rou-
tinely available in the Role 2 facilities. If compo-
nent therapy is used, a ratio of 1:1 plasma to red 
blood cells is preferred; otherwise, Hextend 
should be used. Hextend however has a maximal 
dose of 1 L as hemodilution with this fluid will 
undoubtedly create coagulopathy although it will 
increase blood pressure [16]. Goals of resuscita-
tion depend on physiologic condition of patient—
if no traumatic brain injury (TBI), resuscitate to 
palpable radial pulse or SBP of 80–90 mmHg. If 
TBI is suspected, resuscitate to SBP of at least 
90 mmHg. The adoption of this new parameter is 
called permissive hypotension [22]. This 
decreases the toxicities of non-blood product flu-
ids, and it has been shown that survival is not 
worsened by the lower blood pressure and in 
many studies been shown to improve survival. 
The damage control resuscitation has many 
points. The first is the adoption of permissive 
hypotension, and the second is the minimaliza-
tion of artificial crystalloids and colloids, the 
onetime use of hypertonic saline as it increases 
perfusion with less deleterious effects of crystal-
loids, the use of blood products aggressively and 
early in the resuscitation phase, and the use of 
drugs such as tranexamic acid (TXA), prothrom-
bin concentrates (PCC), or even factor VIIa. 
Ideally the use of fresh whole blood is the best 
resuscitation methodology found in theater 
[23–28].

In addition to low-volume, low-pressure 
resuscitation, pain control and prevention of 
hypothermia should be considered when trans-
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ferring from a casualty no matter what level. The 
transport from one role facility to another is 
almost always via air, and most air transport is 
not heated in the cargo area if it is a rotary wing 
aircraft. Prevention of hypothermia is critical 
[29, 30]. In addition to pain resulting from 
trauma, awake patients, with properly applied 
tourniquets, may develop significant amounts of 
pain secondary to compression and ischemia 
within 15 min of tourniquet application. In 
patients NOT in hemorrhagic shock or NOT at 
risk to develop hemorrhagic shock, 800 μg trans-
buccal fentanyl lozenges are used. For those 
patients in hemorrhagic shock or at risk of devel-
oping hemorrhagic shock, ketamine 50 mg intra-
muscular/intranasally or 20 mg slow intravenous/
interosseous infusion is recommended. One cau-
tion is that the use of ketamine while preserving 
or minimizing circulatory compromise or having 
minimal effect on respiratory drive will cause 
disassociation and hallucination in the casualty 
and this can sometimes be problematic during 
transport [16, 31].

For those patients presenting in hemorrhagic 
shock, one or more major extremity amputations 
(i.e., proximal to ankle or wrist), or other evi-
dence of severe bleeding, 1 g of IV TXA should 
be administered within 3 h of injury [24, 27].

For patients with thoracic trauma causing 
hemodynamic lability, decompression, via large 
bore IV catheters in the midclavicular line at the 
level of the second rib, is classically described as 
being a lifesaving intervention [16]. Again the 
stressing point is that if there is evidence of tho-
racic trauma and tension pneumothorax is sus-
pected AND is causing hypotension, then and 
only then should the thoracic decompression 
occur. It is not indicated for decreased breath 
sounds or low pulse oximeter readings if the 
patient does not have hypotension. The use of 
large needle decompression can relieve pressure 
if the patient has a tension pneumothorax but will 
create injury to the lung and create pneumotho-
rax which can be life-threatening if it is placed in 
a patient that does not have physiologic tension 
pneumothorax. The recent studies have shown 
these catheters can easily bend to the point where 
the lumen is no longer patent—rendering them 

ineffective—or do not enter the chest in the 
majority of the time [32, 33]. Again, training is 
the key [16].

So-called sucking chest wounds or open chest 
wall injuries where air preferentially enters into 
the pleural space through the injury vice into the 
lungs via the trachea are treated with three-sided, 
nonocclusive dressings that do not allow air to 
enter the pleural space via the chest wall defect 
but do allow air to escape when over pressuriza-
tion in the pleural space occurs. Sucking chest 
wounds are very rare in civilian trauma, but due 
to the high-velocity weapons used in combat, 
they are much more common than in civilian 
trauma. The incidence of sucking chest wounds 
from explosives is also rare [16, 34].

In either case, if tube thoracostomy is avail-
able, it should be placed and connected to suction 
prior to transportation. Once placed, all chest 
wall dressings should be made totally occlusive.

Patients are evacuated expeditiously to Role 2 
or 3 facilities with the goal of reaching surgical 
care within the “golden hour” of being injured 
[35]. While early rapid transport is always 
desired, it is important to realize that the physiol-
ogy of exsanguination or death due to airway or 
breathing is almost always in the first 15 min 
which is termed the platinum 15 min.

3.2  Role 2 or 3: Surgical 
Stabilization

In combat trauma, the goal is to arrive to surgical 
care as soon as feasible. Time costs lives. Definitive 
surgical care saves lives [13]. Once patients arrive 
at surgical hospitals, the patients are triaged. 
Battlefield tourniquets are rechecked and are 
replaced with more efficacious pneumatic tourni-
quets when necessary. In penetrating trauma at the 
Role 2 level, the priorities are different. It is often 
backward: E, D, C, B, A. Exposure of the patient 
to determine possible injuries, the Disability is 
done in 3 s with a quick look-see. If they are mov-
ing arms and legs, that is critical information. If 
the patient has a Breathing problem and has made 
it to the Role 2 alive, it can usually wait a few min-
utes more. The same applies for the Airway. If 
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they have made it to a Role 2 facility with an air-
way issue, the chances of that patient dying from 
an airway issue right in front of you are minimal. 
Ignoring obvious bleeding while halting exposure 
and control of the bleeding while assessing the air-
way and breathing is a civilian mistake done in the 
battlefield. Identification of bleeding sources and 
its control are paramount. If patients are not 
actively bleeding, primary survey adjuncts may be 
performed expeditiously by the combat trauma 
team [36]. IV access is ensured and is also critical. 
There is nothing that can replace a medic or nurse 
that can obtain large bore IV access in a hypoten-
sive patient. This cannot be stressed enough. 
Central venous access is very often required as 
extremities may not be an option in blast injuries. 
Training and experience in obtaining central 
venous access in urgent scenarios in hypotensive 
patient is a prerequisite before deployment and 
will otherwise cost lives. Operative plans are 
developed. Combat trauma patients injured by 
blasts are truly poly-trauma patients and frequently 
have injuries in multiple regions of the body. 
Whenever possible, operative teams should work 
in parallel to minimize time under general anes-
thesia (e.g., debridement of lower extremities 
simultaneously with abdominal exploration). Of 
note in Afghanistan, surgeons in the field routinely 
performed an exploratory celiotomy to obtain vas-
cular control at the iliac level as they found this to 
be the fastest approach while they were trying to 
get hemorrhage control of causalities that had high 
above-knee blast injuries [37]. In contrast to the 
Vietnam War and the war in Afghanistan with the 
Soviet Union, the blast injuries in the recent wars 
have been very different. The blast injuries with 
the former wars were that it was due to antiperson-
nel land mines which would create below-knee 
amputations and rarely caused exsanguination 
from the mines that injured the foot and lower leg. 
The blast injuries in dismounted patrols during the 
recent wars are different as they used improvised 
explosive devices which were buried and were of 
enormous more energy causing triple amputations 
and death from exsanguination. The legs were 
often already amputated above the knee, and the 
lower arm that was holding the firearm was also 
injured and amputated. The blast injuries of this 

most recent war were vastly different than previ-
ous wars. In addition the use of body armor pro-
tected vital organs so they survived the blast 
injuries but suffered triple amputations. These tri-
ple amputations were more common in the later 
phases in Afghanistan compared to the early expe-
rience in Iraq. This happened as the US military 
fortified their vehicles and thus the enemy would 
then in turn build more powerful explosive devices 
[38, 39].

The differences between a Role 2 and Role 3 
are large. It has different location and resources. 
Role 2s are typically mobile and austere. By 
design, they are made of tents and move from 
point to point in support of the main battle lines. 
Occasionally, they are set up in buildings of 
opportunity or may have developed a more per-
manent footprint secondary to longevity in same 
location (as was seen with many Role 2s in 
Afghanistan). Nevertheless, resources are such 
that they can operate for 24 h without resupply. 
Usually, surgical assets at Role 2s are filled by 
general and orthopedic surgeons. They do not 
have CT scans, interventional radiology, or surgi-
cal specialists. At the most, they have ultrasound 
and portable digital x-ray. They have limited 
blood supply. The operating theaters are not 
really sterile. Airflow is often uncontrolled and 
fine dirt and dust is ubiquitous. They do have the 
ability to obtain fresh whole blood via the walk-
ing blood bank as the medical facility is typically 
in a base. If extremely far forward during an 
invasion, most all of the soldiers are forward, and 
thus walking blood bank is not feasible. Most all 
Role 2 facilities that had fresh walking blood 
bank had thousands of soldiers, and those who 
did not have a combat role were able to donate.

Role 3s, however, are hardened structures—
brick and mortar. In addition to general and 
orthopedic surgeons, they may have neurosur-
geons, vascular surgeons, radiologists (some 
with interventional capabilities), and blood bank-
ing officers. CT scans are present. Occasionally, 
there may be an MRI. Some Role 3s can collect 
their own apheresis platelets and provide extra-
corporeal membrane oxygenation and renal 
replacement therapy. By doctrine, hold time at 
Role 3s is 24–72 h.
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Surgical damage control options are depen-
dent upon facility type—Role 2 or 3.

3.3  Role 2

Once a combat trauma patient arrives to a Role 
2 facility, patients are taken to the operating 
room to obtain surgical control of their bleed-
ing, to clean/decontaminate wounds, and to 
repair/stabilize injuries. If the number of casual-
ties is low, experience has shown that the casu-
alty should be directly taken into the operating 
room as almost all combat casualties will need 
some sort of surgery. They all have wounds. 
Occasionally there are blunt motor vehicle inju-
ries or falls but this is not the norm. For the 
patients with open bleeding wounds, the casu-
alty can bypass the resuscitation area and be 
taken directly to the OR for assessment and 
treatment. If surgical treatment is not needed 
and resuscitation has begun, the casualty can be 
then transferred out of the operating room. It is 
not mandated that all casualties go to the resus-
citation area first. In cases of multiple and 
numerous casualties, the obvious casualty that 
needs emergent surgical treatment is taken 
directly into the operating room, and all the rest 
can be triaged and resuscitated in the resuscita-
tion area first. It depends highly on the scenario. 
In the Role 2 setting, adjuncts to the primary 
survey include X-ray, FAST exam, and diagnos-
tic peritoneal lavage/aspiration. Wounds are 
rarely closed during the initial surgical evalua-
tion. Hemorrhage control is a must.

3.4  Extremity Trauma

Goals: control surgical bleeding, debride nonvia-
ble tissue, preserve length

Patients who arrive with tourniquets in place 
should be taken directly to the operating room for 
wound exploration and definitive surgical control of 
bleeding. In the operating room, an assessment of 
the extremity should be made to determine its via-
bility and if amputation should be performed. Prior 
to removing the combat tourniquet, either pneu-

matic or surgical control of vessels proximal to the 
injury must be obtained if possible. With injuries 
not involving junctional vessels, pneumatic tourni-
quets are preferred as they provide a completely 
hemostatic environment with which to work. If 
unable to place a pneumatic tourniquet, direct cut-
down to the common femoral artery should occur.

For circumstances where lower extremity 
injuries extend up into the groin (i.e., junctional 
hemorrhage) or proximity is such that femoral 
artery cutdown is not possible, surgical control of 
the iliac vessels should be considered. To ensure 
adequate cessation of lower extremity inflow, 
either the external iliac artery or the combination 
of common iliac and internal iliac arteries needs 
to be controlled. Again, some of the European 
surgical facilities chose to routinely get proximal 
control in the external iliac level. The US casual-
ties with body armor did not typically have intra- 
abdominal injuries, but civilian or combatant 
enemy soldiers did not have body armor and they 
did have torso injuries.

Proximal lower extremity injury is associated 
with large volume transfusion and is known to be 
directly associated with delayed wound healing 
and increased infectious complications [37, 40]. 
In 2014, Hathaway et al. described increased 
complications associated with exploratory lapa-
rotomy performed for the sole purpose of proxi-
mal control when compared to patients who 
underwent laparotomy for intra-abdominal inju-
ries. Therefore, a graduated approach is recom-
mended at controlling the iliac vessels [37, 41].

First line should be an extraperitoneal 
approach through a transplant or “hockey stick” 
incision. The incision is made lateral to the rec-
tus, 2 cm cephalad, and parallel to the inguinal 
ligament. The incision is brought laterally toward 
the ASIS and then curved cephalad. To enter the 
pre-peritoneal space, dissection is carried out 
down through the external oblique aproneurosis, 
and the internal oblique, transversus muscle, and 
transversalis fascia are opened. Once this is 
accomplished, pre-peritoneal fat will be visible. 
The fat is separated bluntly from the peritoneum. 
The external iliac artery (EIA) should be visible 
at the bottom of the dissection with the external 
iliac vein being posterior and medial. Should the 
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ureter be encountered first, dissection was carried 
out too cephalad. Follow the ureter’s anterior 
border in a caudal fashion. The common iliac 
artery bifurcates at the point where the ureter 
crosses over the artery. Control of just the exter-
nal iliac artery or the common iliac artery and the 
internal iliac artery (prevents pelvic collaterals 
from providing blood to the lower extremity) is 
needed to provide sufficient inflow control of 
blood to the lower extremity. Performing this for 
the first time in theater is not advisable, and at the 
minimum, a cadaver training should be done by 
the deploying surgeon, especially if they are not 
trauma trained and do this routinely [41, 42]. 
Advanced Surgical Exposures in Trauma 
(ASSET) is a course offered by the American 
College of Surgeons and teaches this exposure.

Deploying surgeons might not be familiar with 
the EIA retroperitoneal exposure. If that is the 
case, approaching the iliac vessels via laparotomy 
is recommended. Other less invasive approaches 
such as the use of resuscitative endovascular bal-
loon occlusion of the aorta (REBOA) may be 
appropriate [43–45]. While REBOA indications 
currently do not include proximal control for 
lower extremity injury, the newer, smaller 7 Fr 
catheters placed via Seldinger technique may 
prove faster and less morbid than surgical control. 
This technique is very useful but still needs to be 
further tested and documented for its efficacy.

For upper extremity injuries, inflow that is not 
conducive to tourniquet is managed by surgical 
control of the axillary artery. In this situation, the 
axillary artery is best approached with a supine 
patient via transverse incision cephalad and lat-
eral to the nipple approximately 2 cm below the 
clavicle. The incision is carried down to the pec-
toralis major where these muscle fibers are split 
exposing the pectoralis minor. The fibers of the 
pectoralis minor are cut thereby exposing the axil-
lary artery for surgical control [42, 46]. Again this 
can be easy for those who do this routinely, but if 
never done before, it can be time-consuming.

Once proper control over arterial inflow is 
obtained, surgeons may proceed with obtaining 
surgical control of bleeding vessels within the 
extremity. If the injury is to the subclavian ves-
sels, direct cutdown is an option, but the best and 

fastest way to get proximal control of the subcla-
vian vessels is through the lateral chest. If the lung 
is retracted downward, then on the left side the 
subclavian vessel is clearly visible, and one needs 
to only open the parietal pleura over the vessel to 
get control. On the right side, it is not always so 
obvious as it has more fat around the vessel [46, 
47]. Once proximal control has been obtained, 
shunting the artery is the first maneuver for best 
outcome. Once the shunt is placed, go distal to 
control hemorrhage of the now bleeding vessels.

Many of the extremity wounds seen in combat 
trauma are impregnated with dirt and other 
organic debris from the blast (picture). While 
extensive debridement is the gold standard when 
it comes to infection prevention, time in the OR 
at a Role 2 facility may be limited as resources 
are finite and open OR tables are necessary to 
allow the fighting to continue. If time and 
resources permit, debridement should be per-
formed sharply with the goal to remove only 
clearly obvious necrotic tissue and organic 
debris. Irrigation should be gravity delivered as 
opposed to pulse lavage. Pulse lavage may be 
good for bones, but for soft tissue, it will imbed 
the dirt and debris into the soft tissue and adven-
titia. Some literatures suggest that pulse lavage 
actually forces organic debris deeper into tissue 
and can cause bacterial loads to rebound causing 
antibiotic- resistant bacterial infections [48].

Decisions need to be made regarding amputa-
tion. While there is only one lead surgeon, it is 
suggested that lead surgeon discuss amputation 
levels with colleagues. Preserving length leads to 
improved functional outcomes. Reconstructive 
surgeons at Role 5 hospitals have moved free flaps 
to provide soft tissue coverage to keep amputation 
levels below knee. Extremity length preservation 
should be in the forefront of the frontline surgeons’ 
mind. At the Role 2 facility, only obviously clear 
completion amputations need to be done to gain 
hemorrhage control. Transporting the patient with 
extremities that may or may not need amputation 
later is not a problem. Staged damage control sur-
gery is the most beneficial for extremity injuries.

Fractures should be treated by splint or exter-
nal fixators. No intramedullary rods or ORIF 
plates and screws should be placed.
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Vascular injuries, whenever possible, should 
be primarily repaired or shunted. Interposition 
grafting is best done in a controlled Role 3 envi-
ronment with autologous vein unless it is a single 
casualty and the surgeon has vascular trauma 
experience.

The liberal use of fasciotomies is encouraged 
whenever extremity injuries are present—espe-
cially in the setting of large extremity venous 
injuries requiring ligation. Whenever possible, 
the popliteal vein should be repaired or shunted. 
Ligation of this vein is almost always associated 
with amputation. Should this vein be injured or 
ligated, lower leg fasciotomies should be per-
formed [49, 50].

When performing lower leg fasciotomies, it 
should be done through two incisions—medial 
and lateral. For those surgeons unfamiliar with this 
procedure, pre-deployment training should include 
the Advanced Surgical Skills for Exposure in 
Trauma (ASSET) course. ASSET covers fascioto-
mies in detail. Nevertheless, care must be taken to 
ensure all four compartments are thoroughly 
opened and decompressed—the deep posterior 
compartment is frequently missed [50].

All large open wounds should be covered with 
negative pressure therapy sponges or with gauze 
and lightly wrapped with Kerlix or elastic 
dressings.

3.5  Pelvis/Perineal Injuries

For those injured by blast who are near the 
explosion, pelvis and perineal injuries are com-
mon. It is useful if the history of the explosion 
can be obtained. Did it come from the ground or 
did it come from the side? If patients arrive to 
the Role 2 with a pelvic binder in place, after 
finishing the primary survey, plain films of the 
pelvis should be performed with and without 
binder in place to look for evidence of unstable 
pelvic fracture. If the patient has an unstable 
pelvic fracture and evidence of ongoing bleed-
ing, one option is for the patient to be taken to 
the OR for pre- peritoneal pelvic packing with or 
without internal iliac artery clipping with surgi-
cal clips along with simultaneous placement of 

a pelvic external fixator. The pelvic binder is 
typically easier and just as effective as placing a 
pelvic external fixator for the non-trauma-
trained general surgeon. The use of the binder 
should also be done being mindful of the trans-
port time. Most Role 2 facilities are within an 
hour transport. If long transport is required, the 
binder being on for several hours does have 
consequences that must be taken into 
consideration.

When performing pre-peritoneal packing a 
lower midline incision is made to the pubic sym-
phasis. Dissection is carried out down to the pos-
terior rectus fascia. The fascia is incised, 
vertically, in the midline enough to easily pass 
the operating surgeons’ hands. A large 
Richardson retractor is placed on the patient’s 
right side, hematoma is evacuated, and three 
folded laparotomy pads are placed. The process 
is repeated on the left. The midline fascia is 
closed with running suture while the orthopedic 
surgeons place the external fixator crossbar [51]. 
The pre-peritoneal packing is controverisal in 
civilan literature but recently the Denver experi-
ence is positive and describes the procedure in 
detail. When performing packing, the ligation of 
the internal iliac artery unilateral or bilateral can 
be considered if the pelvic fracture is the pre-
dominant cause of exsanguination. This is done 
by identifying the external iliac artery and fol-
lowing it cephalad until the branching downward 
internal iliac artery is identified. Complete con-
trol of this artery is not needed. Placing a large 
clip on this artery is akin to interventional radiol-
ogy embolizing the internal iliac arteries.

3.6  Perineal Injuries/
Genitourinary Injuries

Perineal injuries can be divided into those involv-
ing the genitourinary (GU) system and those that 
do not. For those that do not, hemostasis, debride-
ment, irrigation, and packing should govern —
therapy. Some patients may eventually require 
fecal stream diversion (from destructive rectal 
injuries). This is not always needed at the Role 2 
facility. Should an exploratory laparotomy not be 
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indicated at the Role 2, diversion should be per-
formed at the Role 3 as opening an uninjured 
anatomical compartment should be performed in 
as controlled environment as possible.

GU injuries should be addressed to a limited 
extent. In the absences of an expanding hema-
toma, scrotal injuries should be observed at the 
Role 2. Testicular injuries, if identified, should be 
initially managed with lightly wrapped, moist-
ened gauze. When there is concern for urethral 
injury, a suprapubic tube is always helpful and 
rarely harmful. Urethral injuries should be 
addressed with sterile dressing and placement of 
external bladder drainage system. If defect is in 
the bulbar urethra, an attempt at Foley catheter-
ization may take place. Alternatively, should the 
surgeon be unable to pass a catheter, suprapubic 
drainage is recommended—either by direct cut-
down or percutaneously under ultrasound guid-
ance [52].

3.7  Abdominal Injuries

With the development and ubiquitous use of body 
armor, abdominal injuries from battlefield blast 
wounds have declined [53]. However, there are 
other circumstances—such as mounted IED 
blasts, rocket-propelled grenades (RPG), mortar, 
and suicide IED blasts—where injuries can eas-
ily occur. For the civilian and enemy combatants, 
torso injury is still common. Nevertheless, 
abdominal examination is important. Peritoneal 
signs in either blunt or penetrating trauma, with 
or without hypotension are indications for prompt 
exploration.

As most Role 2 facilities do not have a CT 
scan, nonoperative management of penetrating 
abdominal trauma should be approached with 
extreme caution, and exploration should strongly 
be considered in all cases. The issue is one of 
space and evacuation. By doctrine, hold time at 
Role 2s is <24 h and bed space is at a premium. 
Depending on the battle space and rhythm, evac-
uation times from Role 2 to Role 3 may be hours; 
however, given the proximity of the Role 2 to the 
battlefront, it is important to keep beds available 

for those newly injured. Extended periods of 
observation may not be a luxury. Again, hemor-
rhage control and contamination control are min-
imum. However, depending on the scenario, it 
should also not be the default. If there is time and 
resources, completion with diagnosis and recon-
struction is preferred. Reconstructing bowel at 
the first operation is always preferred in contrast 
to stapling off bowel to be connected back at a 
later time. After prolonged periods of complete 
bowel obstruction and bowel edema, the recon-
struction of the gastrointestinal tract is more dif-
ficult later than earlier.

In the absence of hypotension, blunt abdomi-
nal trauma can be even more challenging. FAST 
exams and diagnostic peritoneal lavages (or aspi-
rations) are adjuncts to the primary survey that 
are important to master. If either is positive, even 
in a hemodynamically normal patient, for logistic 
reasons/evacuation times discussed above, strong 
consideration should be made to perform abdom-
inal exploration [54]. There are no surgical inter-
ventions available in the back of a medical 
evacuation helicopter or fixed wing aircraft. 
Missing or delaying injuries is relatively worse 
than nontherapeutic explorations.

Whatever the indications are for Role 2 lapa-
rotomy, goals are the same—to stop hemorrhage, 
control contamination, identify injuries, and 
reconstruct if possible [55]. Some objective indi-
cations would be:

 1. Acidosis (pH < 7.25)
 2. Hypothermia (T < 34 °C)
 3. Shock on presentation (SBP < 70 mmHg)
 4. Massive transfusion
 5. Multiple, extra-abdominal life-threatening 

injuries
 6. Mass casualties
 7. Limited resources

The abdomen should be entered via midline 
incision. Communication with anesthesia is par-
amount when opening peritoneum as any tam-
ponade effect will be lost. Four-quadrant packing 
of the abdomen is then performed not for the 
once thought purpose of controlling hemorrhage 
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but to better evacuate the abdomen from the 
bleeding so the source of bleeding can be identi-
fied. In civilian blunt trauma laparotomy, the 
four-quadrant packing was thought to help with 
the hemorrhage control. However, in blunt 
trauma, there are no bleeding organs in the left 
and right lower quadrants. In penetrating trauma, 
the bleeding sources causing death are more cen-
tral than peripheral. Fast and early hemorrhage 
control saves lives. The customary method of 
four-quadrant packing and letting anesthesia 
catch up is a myth when we used to perform 
exploratory laparotomy for solid organ bleeding 
that usually stops bleeding spontaneously. The 
packs are removed as quickly as possible because 
the first and foremost goal is to identify the 
bleeding and control it. It is difficult to do that 
under blood. Don’t waste time controlling 
bleeding.

Solid organs should be assessed. Injury to the 
spleen should prompt splenectomy. Liver inju-
ries should be addressed with liver stitches (with 
or without omental/falciform ligament flap) and 
hemostatic packing. It is preferred to keep the 
laparotomy pads folded in squares when per-
forming hemostatic packing of the liver—two 
lap pads anterior on left lobe, four pads anterior 
of right lobe, one pad in gallbladder fossa, and 
one pad between left lobe and stomach. This 
provides predictable tamponade across the entire 
liver. Care must be taken not to place too much 
pressure on the inferior vena cava when packing 
the liver as it can decrease preload causing the 
patient to become hypotensive. Good communi-
cation with anesthesia is essential. A good exam-
ple of this type of packing is found in the 
Advanced Trauma Operative Management 
(ATOM) course. Packing may control venous 
bleeding but will not control arterial bleeding 
adequately.

Injuries to hollow organs should be quickly 
controlled with clamps, primary repair, or resec-
tion with stapling devices. Bowel should be run 
from ligament of Treitz to ileocecal valve and 
from cecum to peritoneal reflection. Should 
resection of destructive injury be necessary, a 
nonanatomic resection (i.e., resection not gov-

erned by anatomic blood supply) is acceptable. 
Perform anastomosis if possible at the first opera-
tion, but if the scenario and resources do not 
allow it, then controlling contamination may 
have to suffice. The third and fourth stage of 
trauma laparotomy may have to be deferred to 
the colleagues at the Role 3 facility.

3.8  Retroperitoneal Injuries

The retroperitoneum is broken down into three 
zones—1, 2, and 3 (picture):

 1. Zone 1 (medial)—aorta, inferior vena cava, 
pancreas, duodenum, common iliac arteries, 
and common iliac veins

 2. Zone 2 (lateral)—right and left kidneys and 
ureters, gonadal vessels (left drains into renal 
vein, right drains into IVC)

 3. Zone 3 (pelvis)—internal and external iliac 
arteries and veins, distal ureters, and rectum

Exploration of these zones is based upon 
mechanism and presence of hematomas.

Blunt Penetrating

Zone 1 Explore Explore

Zone 2 Explore, if expanding 
hematoma

Explore

Zone 3 Explore, if expanding 
hematoma

Explore

Exposure of the retroperitoneum is performed 
by right or left medial visceral rotation. In some 
cases, both right and left sides need to be 
explored. The words of wisdom states that for 
zone I, it highly depends on the mechanism. For 
blunt trauma, it is very rare to have vascular 
injury in zone I causing the hematoma but is 
typically from blunt spinal fracture. If the patient 
has blunt injury and mild hematoma over the 
fracture site, exploring this will cause more 
bleeding than desired or controlled. For zone II, 
if renal vasculature is suspected in blunt trauma, 
then explore to perform nephrectomy. If pene-
trating trauma, explore to determine collection 
system injury. However, in the Role 2 scenario, 
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this can be delayed till later depending on the 
scenario. If the ureter is injured, then primary 
repair or cannulation and externalization may be 
warranted.

To expose the left retroperitoneum, incision 
is made at the white line of Toldt, and dissection 
is carried out medially. Dissection medially can 
be carried out either with electrocautery, blunt 
 dissection, or a combination of both. The spleen, 
pancreas, and left kidney are mobilized. This 
mobilization should give easy access to the 
renal hilum. Dissection is carried out medially 
until the aorta is reached. Aortic and common 
iliac artery injuries should be repaired primarily 
or shunted. Interposition grafting should gener-
ally not be attempted in a Role 2 setting.

To expose the right retroperitoneum, incision 
is made at the white line of Toldt and dissection 
is carried out medially—with either electrocau-
tery, blunt dissection, or a combination of both. 
The duodenum is kocherized and the right kidney 
is mobilized. Dissection is carried out to the vena 
cava. Vena cava injuries should be repaired. The 
infrarenal vena cava may be ligated, if necessary, 
in the damage control setting. However, ligation 
is associated with significant morbidity and mor-
tality rates upward of 70% [56].

Sullivan et al. reported outcomes on 51 
patients with infrarenal vena cava injuries. Long- 
term survival rates were 79.3% (23/29) for those 
undergoing repair and only 40.9% (9/22) who 
underwent ligation. Of the early survivors whose 
vena cava was ligated, 10 of 13 underwent imme-
diate, bilateral below-knee fasciotomies. None of 
the other three required fasciotomies leading the 
authors to argue for selective fasciotomies based 
on physical exam/physiologic course [56]. 
However, in the combat setting, fasciotomies are 
recommended due to lack of surgical access dur-
ing potential long evacuation times.

Iliac veins should undergo primary repair, if 
possible, else ligated. Ligating common iliac 
veins is associated with increased venous resis-
tance in the affected limb. Similarly to infrarenal 
IVC injuries, below-knee fasciotomies should be 
made. However, in the case of iliac vein ligation, 
fasciotomy only need be performed on the inju-
ry’s ipsilateral side [49].

3.9  Urinary Tract Injuries

In the setting of damage control, the goal of hem-
orrhage control is to allow the patient to be resus-
citated in order to restore normal physiology, not 
necessarily normal anatomy. When the kidneys 
are injured, decision must be made if resection 
(partial or total) or simple repair is necessary. 
Principles of renal repair are to ensure the col-
lecting system is approximated with absorbable 
suture and the renal parenchyma is approximated 
with hemostatic, bolstered, absorbable sutures. In 
the forward scenario, nephrectomy has great 
results, and in dire straights, if the bleeding is 
controlled, drainage and delayed diagnosis and 
reconstruction is an option.

Ureteral injuries are approached based on the 
severity AND location of injury. Contusions are 
generally treated with stenting. Since trans-cystic 
ureteral stenting is not likely to be available at the 
Role 2, ureteral contusion should be well docu-
mented in the patient’s operative note (and, per-
haps, area in question marked with a suture). 
Prophylactic drains can always be placed with 
minimal consequence. Ureteral pelvic junction 
injuries should undergo stenting and primary 
repair. If not available or unable to perform based 
on time constraints, a drain should be placed near 
the injury to allow for some control of urine pro-
duction. A reimplantation of the injured ureter to 
another site on the dome of the bladder by tunnel-
ing a short portion of the ureter before entering 
the bladder. A transected ureter should be repaired 
in a tension-free, spatulated manner over a stent. 
If inadequate length remains or if stenting is not 
possible, a pediatric feeding tube can be placed 
into the ureter and then externalized via a small 
flank incision. If externalizing the ureter with a 
tube is not possible, then again placing a drain 
nearby may have to suffice. Ureteral debridement 
should be kept to a minimum in order to preserve 
as much length as possible [52].

Penetrating bladder injuries are treated with 
exploration which often necessitates the opening 
of the dome of the bladder followed by a two- 
layer closure. Then an inner layer should always 
be performed with an absorbable suture. With 
penetrating injury to the bladder, it should always 
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be assumed that there are two injuries and not 
just one. Both suprapubic and transurethral cath-
eters should be placed to minimize effect blood 
clots may have on bladder drainage. Blunt injury 
to the bladder will occur typically in three areas 
almost always with a pelvic fracture. It is 
extremely rare to have a blunt bladder injury 
without a pelvic fracture. The site of injury is at 
the fracture site and is due to the bony penetra-
tion into the bladder on the side of the bladder 
and the dome of the bladder due to overpressure 
on a full bladder, and this may be intraperitoneal. 
The third place is at the neck of the bladder and 
fortunately this is rare [52].

3.10  Transpelvic Injuries 
(Combined GU/GI Injuries)

There is one very specific injury pattern that 
should be discussed—penetrating transpelvic 
wounds. There will be patients who sustain these 
wounds from blasts or from gunshots. Some 
patients will be in extremis secondary to vascular 
injuries. Those without vascular injuries may not 
present in extremis but may show signs of injury 
by either blood on digital rectal exam or by 
bloody urine without evidence of injury to the 
proximal or distal urinary tract. Sometimes, the 
transpelvic projectile will pass between the blad-
der and rectum—injuring both.

When exploring the bladder, especially when 
a posterior/inferior injury is suspected, it is 
acceptable to open the dome of the bladder in the 
midline (to avoid injuring the ureteral-pelvic 
junction). The midline incision may be carried 
posteriorly and inferiorly without much morbid-
ity and should be carried out to the extent neces-
sary to examine the entire bladder. Additionally, 
the bladder may be filled with saline to look for 
additional injuries prior to closure. The bladder 
injury should be debrided and closed in layers 
with both suprapubic and transurethral catheters 
present for decompression.

In the event of a combination rectal/bladder 
injury, the rectal injury should be oversewn with 
the fecal stream proximally diverted. If unable to 
oversew the rectum, proximal fecal stream diver-

sion should still be performed and pelvic drains 
should be left. This is not the time for low ante-
rior resection to occur.

3.11  Closing the Abdomen

Civilian laparotomy in the damage control set-
ting is intended to allow for restoration of nor-
mal physiology in the setting of devastating 
trauma. A second look is planned. In the setting 
of damage control at a Role 2, resources (i.e., 
access to blood products, advanced surgical 
equipment, surgical specialists, etc.) are lim-
ited. Therefore, temporary abdominal fascial 
closure should be employed if the surgery can-
not be completed. Often the Role 3 will want to 
perform another laparotomy if the communica-
tion between the sending and receiving site is 
not optimal. While there was a trend toward 
performing damage control laparotomy in civil-
ian sector, it has now being reserved for only 
absolutely necessary case as the consequences 
of the open abdomen can be severe [57]. In the 
combat setting, again the setting, number of 
casualties, and lack of resources may deem the 
need for abbreviated laparotomy. Closing the 
skin over packs or VAC sponges is desirable in 
that it helps maintain fluid losses and hypother-
mia to the intestines which does not like exteri-
orization and can lead to enterocutaneous 
fistulas. Closing the skin only also helps main-
tain some stretch to the abdominal wall, and 
some intra-abdominal pressure will aid minor 
venous bleeding to stop.

There are several techniques to use, but all 
have the same general principles—a nonadher-
ent, fenestrated barrier between the bowel and 
absorptive dressings coupled with an airtight 
fluid management system. One technique uses a 
large plastic barrier (e.g., sterile 3 L bag of 
saline), the surgeon fenestrates with scissors and 
places under the fascia to the lateral gutters, 
gauze dressings are placed over the plastic bar-
rier, and two large bore nasogastric tubes are then 
placed within the gauze dressings (connected to 
suction). The closure is completed by placing an 
adhesive, airtight covering. Vacuum-assisted 

3 Damage Control Surgery: Military



38

devices are now ubiquitous in theater and are 
advisable if available.

3.12  Damage Control in the Chest

As of 2012 in the most recent wars in Iraq and 
Afghanistan, 7570 combat trauma casualties sus-
tained thoracic trauma for an incident of just over 
10.0%. While pulmonary contusions (46.4%) 
and pneumothoraces (39.5%) accounted for a 
vast majority of thoracic injuries, their respective 
mortality rates of 7.0 and 9.89% were much less 
than the frequent injuries of lacerations (0.78%), 
thoracic vascular injuries (0.38%), flail chests 
(0.27%), and cardiac injuries (0.24%) who had 
associated mortality rates of 14.2, 19.9, 19.9, and 
13.3%, respectively [58]. Understanding damage 
control principles of these, relatively infrequent, 
yet highly lethal injuries, is vitally important.

Inspection, auscultation, x-ray, and ultrasound 
are the only noninvasive techniques available for 
thoracic evaluation in the Role 2 setting, and all 
play crucial roles in determining direction of sur-
gical therapy. In the Role 3 setting, there have 
been, as previously stated, numerous subspecial-
ists and CT scans. The cost and radiation have 
not been much of a problem in the combat casu-
alties, and CT has been used routinely and often. 
It has been of tremendous assistance in diagnosis 
and management.

Patients with chest trauma may arrive to the 
Role 2 with a chest that has undergone needle 
decompression, a chest wall defect that has been 
covered with a three-sided nonocclusive dress-
ing, or a pleural space that has received a thora-
costomy tube. If a thoracostomy tube is not 
present and chest trauma is confirmed, rapid 
assessment of the patient’s breathing with thora-
costomy tube placement is essential. As taught in 
advanced trauma life support (ATLS), most tho-
racic injuries can be temporized via insertion of a 
thoracostomy tube. The use of small bore chest 
tubes has been shown that they are just as effec-
tive as large bore chest tubes in terms of air, fluid, 
and blood drainage [59]. The simple advice is 
that if the air, fluid, or blood can be easily 
accessed with a needle with or without the use of 

ultrasound or CT, then using the Seldinger tech-
nique to place a small bore tube is acceptable. If 
empiric placement of chest tubes is required, it is 
always better and safer to do it after exploration 
with a finger. After the pleural space has been 
entered, again the size of the tube does not seem 
to matter, and thus the only recommendation is to 
avoid extremely large chest tubes.

If large volumes of blood are evacuated from 
the chest with thoracostomy tube placement (i.e., 
>1500 cc within 1 h of tube placement or if 
>200 cc/h over 3–4 h), patients should proceed to 
the OR for thoracic exploration. Once the patient 
is brought into the operating theater, it is not a 
mandate that the patient undergo a thoracotomy. 
It should be kept in mind that thoracotomy is 
only required in 2% of blunt trauma patients and 
5% of penetrating trauma patients. In the vast 
majority of the time, chest drainage with tube 
thoracostomy is all that is required for thoracic 
trauma. The lung is a low-pressure system that is 
high in tissue factor and most bleeding will stop 
spontaneously. If the patient has hilar injury tract 
or if the chest wall bleeding is severe enough, on 
occasion thoracotomy is needed. It should also be 
kept in mind that when assessing the volume of 
blood collected from a thoracostomy tube, it may 
be very helpful when the question of how much 
has bled and how much is continuing to bleed has 
been resolved. In a patient who is hemodynami-
cally stable or normal the blood that has been col-
lected and be reinfused and if the bleeding has 
slowed or stopped thoracotomy may not always 
be needed. However, if the patient is unstable or 
abnormal, it is not always necessary to wait if the 
bleeding seems to be from an arterial source. 
Keen judgment is always irreplaceable. The goals 
of thoracic damage control surgery are to control 
hemorrhage, since, in the absence of diaphrag-
matic laceration/herniation (transdiaphragmatic 
injury), contamination is highly unlikely. 
Autotransfusion of the shed blood is extremely 
valuable in theater as fresh whole blood or packed 
red blood cells may be limited. To perform auto-
transfusion, the blood collected from the chest 
tube is reinfused through a blood filter. In antici-
pation of autotransfusion in the field, the chest 
tube collection device should be spiked with 
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50–100 cc of citrate phosphorous dextrose (CPD) 
for every 500 cc of blood collected. Although the 
idea of autotransfusion of shed whole blood was 
thought to have coagulopathic properties, clinical 
studies have shown no clinically significant 
coagulopathy but significant safety and efficacy 
in the use of the casualties’ own blood [66].

For damage control thoracotomies, patients 
are placed in the supine position on the operating 
room table with a shoulder bump sufficient to 
facilitate an anterior lateral thoracotomy. In the 
trauma setting, exposure obtained from a poste-
rior lateral thoracotomy is usually too restrictive 
and does not allow access to the contra-lateral 
chest. In a Role 2 setting, patients are often oper-
ated on the stretcher that they came in on. 
Performing anterior lateral thoracotomy on a 
stretcher can be problematic as it is difficult to 
raise the left arm above the shoulder and keep it 
there when the casualty is still in the stretcher. In 
addition, the side rails of the stretcher are high in 
relation to the casualty as they sink down in the 
stretcher, and the rail is at approximate mid- 
axillary level. In order to get around this prob-
lem, a torso elevator can be easily made so that 
the torso is elevated when the stretcher with the 
casualty is placed on the device. This device is a 
rectangular box that is about 4 ft in length shorter 
than the width of the stretcher so that as the 
stretcher is placed on it, the side rails of the 
stretcher fall lower than the torso.

If thoracotomy is needed and the chest is 
entered, there is always a hematoma clot, and this 
is removed first and inspection is begun for the 
bleeding source. To facilitate exploration, the 
inferior pulmonary ligament should be mobi-
lized. Tractotomies and nonanatomic wedge 
resections with GIA staplers can be quickly 
accomplished to address bleeding/significant air 
leaks and are favored to more formal, time- 
consuming anatomic resections. It will be 
assumed for this discussion that the thoracotomy 
was urgently or emergently needed, and thus a 
double lumen endotracheal tube is not available.

Second-order bronchus injuries can be treated 
with lobe resection. This is accomplished by dis-
secting freely the lobar vessels and ligating artery 
and vein with suture ligatures. The bronchus may 

be stapled with a TA device and then oversewn or 
handsewn in multiple layers.

More proximal injuries are highly lethal [60, 
61]. Hilar clamping or twisting is associated with 
rapid increase in pulmonary vasculature resis-
tance and rapid onset of right heart failure. Often 
this also results in a venous tourniquet and thus is 
not advised. If the hilar structures require control, 
then a standard angled clamp is the most effec-
tive. If there is no clamp or any sort that is avail-
able, then ties with large structures such as 
umbilical tape can be used, but again it must be 
tied down extremely tightly to occlude the bron-
chus and arterial blood supply or it will again be 
a venous tourniquet which can increase bleeding. 
While there are reported survivors, this technique 
should only be used as a quick bridge to identifi-
cation of hemorrhage source and its control. 
Traumatic pneumonectomy is a procedure of last 
resort as its mortality approaches 42% even in the 
most robust US academic trauma centers [62]. 
Those undergoing traumatic pneumonectomy 
develop right heart failure and respiratory failure 
and may require extracorporeal lung support 
(ECLS). ECLS is available from the acute lung 
rescue team based at Landstuhl Regional Medical 
Center (LRMC) but is 8–10 h away in the best 
circumstances [63–65]. If pneumonectomy is 
required, fluid balance is of particular importance 
post-op as while resuscitation is required to 
recover from hypovolemia, hypervolemia can 
cause deadly right heart failure. Diuresis may be 
required in this particular scenario postopera-
tively starting on day two.

If great vessel injuries are noted on explora-
tion, they are best handled by primary repair, 
though survival is very low even in the best 
circumstances.

3.13  Cardiac Injuries

If cardiac injury is suspected (either by injury pat-
tern, ultrasound, or physiology), the heart is 
approached via a left anterior lateral thoracotomy 
or median sternotomy if a Lebsche knife is avail-
able as sternal saws are not available at the Role 2 
level. The pericardium is opened along a line par-
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allel to the floor and anterior to the left phrenic 
nerve if approached via anterolateral thoracot-
omy. The heart is delivered into the field and 
inspected for injuries. Most cardiac injuries are 
amenable to digital control until suture can be 
obtained. Cardiac lacerations should be closed 
with double armed 2–0 or 3–0 nonabsorbable “U” 
stitch suture sewing under the finger if  possible. 
Pericardial pledget is an option but is generally 
not required, and pledget of any kind can hinder 
the source of hemorrhage. Care must be taken not 
to oversew coronary vessels. In fact, for lacera-
tions adjacent to coronary vessels, the “U” stitch 
must traverse underneath the vessels (Fig. 3.1).

In patients with multiple life-threatening 
injuries, temporizing cardiac injuries may be 
necessary. This may be accomplished by plac-
ing a Foley balloon catheter into the laceration, 
inflating the balloon, and providing anterior 
traction—enough to prevent leakage around the 
balloon, but not too much traction that would 
tear the myocardium. In the left ventricle, the 
balloon often tears and enlarges the laceration 
while hinding preload. Digital control of hemor-
rhage is best preferred. Smaller injuries can be 
temporized with a sterile skin stapler until 
sutures are available.

Inspection of posterior cardiac injuries must 
be conducted slowly and in coordination with 

anesthesia as lifting the heart will “kink” the vena 
cava rendering the right side of the heart tempo-
rarily empty, potentially inciting cardiac arrest. 
Repairs are made as described above, but sutures 
are placed one throw at a time—allowing for time 
to place the heart back into normal anatomic 
position between suture throws. Grasping the 
posterior pericardium with two Allis clamps and 
pulling downward will often lift the heart and 
expose the laceration for repair.

3.14  Esophageal/Tracheal Injuries

Esophageal injuries should be approached with 
caution. Small lacerations may be repaired with 
primary closure, covered with intercostal muscle 
flap, and widely drained both internally and 
externally. Destructive injuries should be 
excluded with a stapling device and widely 
drained. To handle oral secretions, a sumping 
nasal tube should be sutured to the nose with the 
tip just proximal to the cephalad staple line. A 
gastric tube should be placed as well to allow for 
interval decompression and feeding. Cervical 
esophagostomy is an option to divert flow from 
the injury. Cervical or pharyngeal esophagus is 
different than thoracic or mediastinal esophagus, 
and they can easily be repaired simply and if a 

Fig. 3.1 Digital pressure providing hemostasis while pledgeted “U” stitch is being placed for formal hemorrhage 
control
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spit fistula later forms, it will most often close 
spontaneously if properly drained.

Similar to esophageal injuries, small tracheal 
injuries should undergo primary repair. If this is 
not feasible or if the injury is destructive, the 
endotracheal tube should be advanced beyond 
the injury to allow for continued lung ventila-
tion. Alternatively, if this is not possible, an 
endotracheal tube can be placed through the 
wound to either be occlusive or to allow for 
ventilation.

3.14.1  Summary

Damage control surgery in the military takes 
much of the principles from civilian trauma but 
differs mainly due to the austere setting and lim-
ited resources. In the forward surgical capabili-
ties, there are minimal hospital beds, physicians, 
supplies, and equipment. In the larger Role 3 hos-
pitals, they have tremendous capability including 
a CT scan, surgical subspecialists, and ability to 
transport severely injured long distances to mili-
tary bases out of theater. In this chapter we have 
focused on what might be needed in the Role 2 
facilities which often only has two general or 
trauma surgeons with or without orthopedic sur-
geons. In this setting where critical care is not 
available and blood bank supplies are limited, 
abbreviation of surgery is often required due to 
lack of supply rather than due to exhaustion of 
physiologic reserves. The combat scenario dic-
tates what should or could be done. In general, if 
the supply is adequate and the walking blood 
bank is available, providing fresh whole blood, 
and most importantly there are minimal limited 
number of casualties, then completion surgery is 
preferred. However, if needed due to high volume 
of patients and shortage of supply, then abbrevia-
tion of surgery after hemorrhage and contamina-
tion can be done. Shunts are very useful in the 
forward setting, but completion vascular repairs 
are possible if experience is available. 
Fasciotomies should be applied liberally and 
selective fasciotomies cannot be reliably applied. 
Future experience in military combat damage 

control surgery may find that the liberal use of 
REBOA may be quite useful.
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En Route Care

Joel Elterman, Daniel Cox, and Jay Johannigman

Abstract

The history of aeromedical evacuation paral-
lels that of manned flight. The first fixed wing 
aeromedical evacuations occurred on limited 
basis during the First World War with a signifi-
cantly increased experience occurring during 
the Second World War. The Korean War intro-
duced the role of rotary-wing transport in 
decreasing transport time from the forward 
area of battle to medical care units. Vietnam 
expanded on this rotary-wing evacuation expe-
rience and introduced a limited set of medical 
interventions for the casualty during the trans-
port process. The experience of aeromedical 
evacuation in the military during Vietnam was 
largely responsible for the subsequent prolif-
eration of civilian aeromedical evacuation ser-
vices in the trauma system of the United States 
during the latter part of the twentieth century.

The last 15 years of conflict as a result of 
the Global War on Terrorism has provided an 
extended experience in the art and medical 
science of aeromedical evacuation. The scope 
of this chapter will focus on current concepts 
of aeromedical evacuation as it evolves into a 
process of en route care. The evolution from 
safe transport via the air to a continuous pro-
cess of medical care and continuous resuscita-
tion marks the pivotal changes that have 
emerged over the last decades of care in the 
air. The evolution of terminology from aero-
medical evacuation to en route care highlights 
the focus on principles of care rather than 
mode of transportation.

This chapter will focus on the challenges of 
the aeromedical environment, the composition 
of the advanced care teams (Critical Care Air 
Transport Teams), and the processes of provi-
sion of care in this uniquely challenging space. 
The current team composition and equipment 
sets will be discussed along with opportunities 
for new technologies to positively impact on 
the provision of en route care.

4.1  Introduction

The concept of transporting combat casualties by 
air parallels the history of military aviation. Many 
texts cite the aeromedical evacuation of casual-
ties by balloon during the Franco-Prussian War 
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(1870) as the first successful instance of aero-
medical evacuation. More recent publications 
have challenged and refuted this claim [1]. The 
true initiation of aeromedical evacuation awaited 
the successful development of the fixed-wing air-
craft. During the First World War, British, French, 
German, and American forces all utilized fixed- 
wing evacuation on a very limited basis. These 
first aeromedical evacuations provided the oppor-
tunity for medics to overcome the “tyranny of 
distance” facing the medic and the casualty. The 
introduction of flight evacuation during the First 
World War offered the advantage of speed and 
time while avoiding the arduous task of ground 
evacuation via carriage or rudimentary gas- 
powered vehicles of the era.

During the Second World War, more than a 
million injured combatants would be evacuated 
by British, American, and German aircrafts. 
During this period, aeromedical evacuation was 
largely reserved for very stable or ambulatory 
casualties who had been managed at established 
rear hospital facilities (weeks to months follow-
ing wounding) and were sufficiently recovered to 
sustain (and survive) the relatively difficult trans-
port process in unpressurized aircraft.

The Korean conflict was the first to demon-
strate the advantages of rotary-wing evacuation 

and its ability to clear casualties from the forward 
area of battle. The introduction of helicopter 
evacuation during the Korean War demonstrated 
the extension of aeromedical care into the far- 
forward area of prehospital care. The venerable 
OH-13 Sioux helicopter was utilized to evacuate 
casualties over the inhospitable and mountainous 
terrain of Korea. Combat casualties were deliv-
ered to nearby MASH units within minutes rather 
than hours or days. The role of rotary-wing evac-
uation became even more preeminent during the 
United States’ combat role in Vietnam. The 
widely visible success of the US Army’s 
MEDEVAC units (DUSTOFF) in clearing casu-
alties and providing rapid delivery to definitive 
trauma care hospitals would be widely copied by 
the civilian trauma system then developing in the 
US (1970–1980). The Vietnam Dustoff era is 
also recognized as the first time when rudimen-
tary medical care (hemorrhage control and IV 
fluids) was delivered by medical personnel while 
en route from the point of wounding to the first 
level of surgical care (Fig. 4.1).

The model of aeromedical evacuation (AE) 
developed since Korea through the First Gulf War 
comprised a dichotomous, two-step process. The 
first step consisted of forward (tactical) evacuation 
of casualties from the point of wounding and was 

Fig. 4.1 The OH-13 
“MASH” helicopter 
(authors picture)
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accomplished via rotary-wing transport to an 
established surgical unit. The primary focus of 
this phase was the provision of rapid transport out 
of a hostile/combat environment. The opportunity 
to provide medical care during these transports 
was not a primary objective, and care en route was 
rudimentary at best. Once at a more established 
facility (mobile or theater surgical facility), the 
casualty would recover until sufficiently stable to 
tolerate the second phase of the process. This sec-
ond phase (strategic aeromedical evacuation) con-
sisted of transport of the casualty over much 
greater distances using fixed-wing aircraft.

The scope of this chapter will be to examine 
the continued evolution of the AE process during 
the last 15 years including the Global War on 
Terror and Operation Iraqi Freedom and 
Operation Enduring Freedom. This evolution has 

changed the scope of AE from a process which 
hoped to deliver casualties from the forward area 
of battle safely and without further harm to 
today’s system which emphasizes the provision 
of sophisticated en route critical care ensuring 
rapid transport while providing for, and improv-
ing upon, the medical conditions of the patient. 
The ideal system state sought is a continuum of 
care which begins at the forward area and contin-
ues to provide movement capability in a timely 
and integrated process to deliver the casualty to 
progressively more sophisticated and capable 
facilities across the echelons of care. The chal-
lenge to be met is to ensure that the provision of 
medical care to the injured soldier remains 
 continuous, capable, and as sophisticated/intense 
as the ground-based combat medical treatment 
facilities.

4.2  Development of Critical Care 
Air Transport Teams

Review of medical care delivery during the First 
Gulf War (1991) resulted in critical introspection 
of the capabilities (or lack thereof) of the military 
health service and its ability to provide medical 
support for combat operations. Medical doctrine 
was realigned to emphasize mobility and proxim-
ity of surgical support to an increasingly agile 
and mobile fighting force. Small, mobile surgical 

teams moved forward to provide surgical stabili-
zation capability in far-forward and austere set-
tings. The proximity and capabilities of these 
robust surgical support teams (US Army FST, US 
Navy FRSS, US Air Force MFST) proved them-
selves capable of salvaging critically injured sol-
diers with practices such as whole blood 
transfusion, permissive hypotension, and damage 
control surgery. The demonstrated lifesaving 
capabilities of these far-forward teams created a 
new class of patient, namely, the patient who had 
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been surgically stabilized but was far from medi-
cally stable. This new class of patients were those 
who would have previously died at the point of 
injury (KIA) or succumbed while en route or at a 
far-forward battalion aid station. Supporting 
these critically ill, surgically stabilized patients 
necessitated either moving ICU resources and 
capabilities to every far-flung resuscitation team 
(not logistically or practically possible) or formu-
lating a process capable of moving critically ill 
patients through time and space in a combat the-
ater of operation. En route care and the US Air 
Force’s Critical Care Air Transport Teams were 
that answer to this dilemma.

The need for realignment of the abilities of 
aeromedical evacuation into a more sophisticated 
and continuous process of en route care was fur-
ther emphasized during the peacekeeping mission 
in Mogadishu (“Black Hawk Down”—October 
1993). The patient care requirements for a 
requested long-range aeromedical evacuation of a 
critically injured soldier from the US Army medi-
cal facility in Mogadishu exceeded the capabili-
ties of the assigned Air Force AE crew team. This 
capability shortfall was recognized on the tarmac 
of the airfield in Mogadishu and required the sur-
geon from the Army facility to accompany the 
patient during the evacuation to Germany. Shortly 
after this mission departed Mogadishu, the 75th 
Ranger Regiment became engaged in a firefight 
that resulted in 18 deaths and 73 wounded while 
one of the three surgeons assigned to the Army’s 
Mogadishu FST team was en route to Germany. 
The review of this action drove two key elements 
of the foundation of modern en route care. The 
first was to ensure that medical capability of the 
en route care team could provide critical care sup-
port to a stabilized but not necessarily stable 
patient. The second requirement was that the en 
route care team had to be self-sustaining with 
respect to personnel and equipment in order not to 
strip critical elements of manpower or equipment 
from the far-forward surgical resuscitation teams.

The US Air Force set about the process of for-
mulating a solution that would address the needs 
of the dynamically changing AE requirements. 
The US Air Force is doctrinally responsible for 
the strategic movement of wounded combatants 

of all branches. The Critical Care Air Transport 
(CCAT) Team would be developed as a solution 
to the perceived capability gaps developed by the 
changing nature of conflict in the twenty-first cen-
tury. In past conflicts, AE movement was a pro-
cess of providing transport with concomitant 
basic medical support for casualties. The new 
paradigm challenge facing the CCAT process was 
to prepare, and assume responsibility for, the pro-
vision of uninterrupted intensive care for criti-
cally ill soldiers from the furthest forward and 
austere location to the rearward area(s). The chal-
lenge was to ensure that the medical intensity of 
care never degraded or suffered because of the 
transport process or environment. It was no longer 
acceptable to simply ensure the safe transport of 
the casualty to the next point of care. The chal-
lenge was to match the intensity and capability of 
the far-forward resuscitation surgical teams and 
continue the process of stabilization and intensive 
medical care while simultaneously moving the 
patient across a distance small or great. ICU care 
was no longer the sole domain of ground- based 
theater facilities. Now CCAT teams were charged 
with ensuring the uninterrupted provision of criti-
cal care and patient optimization throughout the 
continuum from point of wounding to return to 
the Continental United States (CONUS).

The original concept and first CCAT teams 
were developed in the early 1990s at Wilford 
Hall Medical Center, San Antonio Texas. The 
original intent of the teams was to provide effec-
tive and capable means of transporting care- 
eligible active duty, dependent, and retirees 
from outside civilian ICUs throughout the 
United States back to Wilford Hall Medical 
Center. The opportunity to evolve these teams 
as a key element of the concomitant reengineer-
ing of combat medical care capability was rec-
ognized by Lt Gen PK Carlton Jr., (USAF/SG 
retired). Over the next decade, the CCAT pro-
cess would grow from concept to accepted doc-
trine under the vigilant leadership of Lt Gen 
Carlton along with a handful of young AF 
Medical Service officers.

By November 9, 2001, the CCAT team was a 
recognized component of the larger AE movement 
process yet largely an untested concept. Combat 
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operations following 9/11 would be the first large-
scale test of the CCAT team(s) and their concept of 
operations. The initial years of combat casualty 
care (2001–2004) provided challenges to meet the 
extremely fluid, dispersed, and varied context of 
combat medical operations. Medical facilities in 
the combat zone were varied in size and shape as 
well as frequently relocating to remain relevant 
and near the soldiers they were supporting. Initially 
deployed CCAT teams were positioned at major 
air hubs such as Landstuhl Regional Medical 
Center or Al Udeid Air Base (Qatar). CCAT teams 
would fly “downrange” into theater onboard stra-
tegic cargo aircraft and assume responsibility for 
the stabilization and subsequent return transfer of 
patients from the forward-deployed facilities. New 
operational paradigms were developed as combat 
operations and casualties expanded and as theater 
medical facilities matured. CCAT teams were for-
ward embedded at the location of major medical 
facilities in the theater of operations (Balad Air 
Base Iraq and Bagram Air Base Afghanistan) and 
subsequently other facilities such as the Navy’s 
hospital in Kandahar Afghanistan. By 2005 a sig-
nificant number of CCAT teams were deployed to 
these various facilities within the theater of opera-
tions. The forward positioning of CCAT teams 
provided the advantage of additional critical care 
personnel at the theater medical facilities as well 
as a knowledge base of how to prepare and posi-
tion a critically ill patient in anticipation of a long-
range CCAT.

The challenge for the CCAT teams was to 
ensure and sustain the intensity of medical care 
(that was being delivered in the forward facili-
ties) throughout the transport process. In some 
cases, this meant the provision of critical care for 
a shorter (1–2 h) period during an intra-theater 
transport onboard a C-130 Hercules cargo plane. 
In most cases, it meant preparing for, and sustain-
ing care throughout, strategic intercontinental 
flights from theater (Iraq or Afghanistan) to 
Landstuhl Regional Medical Center in Germany. 
The mission profile was flown onboard various 
cargo aircrafts such as the C-141 (now retired 
from inventory), the C-130, the C-17, or the 
KC-135 tanker. The missions were usually 
accomplished at night, and the duration of each 

mission often extended into the range of 8–12 h. 
Over the course of combat operations, the time 
window to CCAT movement would be increas-
ingly shortened as trauma medical care and capa-
bilities became increasingly practiced. By 2006 it 
was common for a wounded casualty to undergo 
one to two surgical stabilization procedures in 
theater and subsequently be transported to 
Germany within a 30–36 h period. A ten year 
review of CCATT team activity during OIF/OEF 
revealed that ninety three percent of all seriously 
wounded casualties arrived at the Role IV mili-
tary treatment center in Landstuhl Germany 
within 72 hours. This is an even more remarkable 
statistic when one considers that this chain of 
care usually included one to three surgical proce-
dures in theater (at Role II and Role III facilities) 
prior to a ten to twelve hour strategic, Critical 
Care evacuation flight to Germany. [2]

4.3  The CCAT Team

4.3.1  CCAT Team Composition

The current composition of a CCAT team includes 
a physician, a nurse, and a respiratory therapist. 
This three-person team may be tasked with caring 
for up to six critically ill patients including three 
critically ill patients requiring mechanical ventila-
tion. Although members of the team come from a 
varied background, emphasis is placed on a col-
lective understanding of all individual roles. This 
includes mastery of all equipment and a baseline 
fund of knowledge to ensure redundancy within 
the group. Each member of the team must have 
the ability and training to function independently 
if the physician is not immediately available or if 
immediate lifesaving interventions are required. 
This is due to operational realities that the team 
may have to split for periods of the transport when 
moving multiple patients. A well-constructed 
team includes a mix of skill, strong team dynam-
ics, and a high level of situational awareness.

4.3.1.1  Physician
The physician functions as team leader and 
accepts responsibility for each patient being trans-
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ported. The CCAT physician role requires critical 
care capability and is drawn from the specialties 
of emergency medicine, anesthesia,  pulmonary 
critical care, cardiology, and general surgeons. 
Regardless of background training, clinical cur-
rency in the care of critically ill patients remains 
essential to provide the degree of support neces-
sary to establish stabilization prior to transport 
and to perform critical interventions while en 
route (see training requirements below). In addi-
tion to the baseline medical knowledge required, 
the physician must also maintain operational and 
situational awareness to anticipate and reduce the 
occurrence of clinical incidents.

4.3.1.2  Critical Care Nurse
The CCAT nurse fills a vital role in the transport 
of the critically ill patients and is essential to the 
team. Most CCAT nurses have experience caring 
for critically ill patients on a daily basis in some 
form of ICU setting. This role has also been filled 
by advanced care nurse practitioners and certified 
registered nurse anesthetists. The RN must be cur-
rent in advanced cardiac life support (ACLS); 
have worked in critical care or special care unit, 
emergency department, or postanesthesia care 
unit within 2 years of selection; and have a mini-
mum of 1 year experience. Trauma Nursing Core 
Course (TNCC) is highly encouraged, but not 
required.

4.3.1.3  Cardiopulmonary/Respiratory 
Therapist

The CCAT respiratory therapist (RT) fills the 
final essential role on the team. This member 
must have 1 year of critical care experience, 
receive annual training in an intensive care unit, 
and must have worked with ventilated patients 
within the past year to be eligible for participa-
tion. The CCAT RT is held to the standard of 
being an expert with the transport ventilator, 
understanding all aspects of its functions and 
operations. In addition to the other roles, the 
respiratory therapist functions as the “medical 
mechanic” for the team. This role includes a thor-
ough understanding of all the equipment in the 
allowance standard to be able to troubleshoot 
malfunctions smoothly during transport.

CCAT Training Requirements
CCAT training begins with the assumption: that 
the provider entering the training pipeline is clin-
ically current and competent in the environment 
and delivery of critical care. The goal of the 
course is not to develop the existing critical care 
skill set of the individual but rather to teach the 
provider how to adapt the clinical skills that they 
already possess into the context of the en route 
care environment. The familiarization process 
begins with recognition that the en route environ-
ment is an austere environment where additional 
capabilities and resources are limited. The en 
route environment imposes limits upon many 
normally utilized clinical capabilities, and the 
impact of these limitations must be recognized, 
understood, and compensated for by the provider 
to ensure seamless care for the casualty (see envi-
ronmental considerations below).

Members who have deployed as CCAT med-
ics utilize the term “situational awareness” to 
describe the unique challenges posed by the pro-
vision of critical care in a remote and often aus-
tere environment that traverses many different 
platforms of care. The term situational awareness 
originates in the aviation community and refers 
to the ability of a pilot to maintain a comprehen-
sive appreciation of where the aircraft is with 
respect to space, time, and energy. The term situ-
ational awareness in a medical sense implies the 
ability of the clinician to constantly assess the 
patient and their current status regardless of the 
environmental or situational distractors. A pri-
mary focus of the CCAT curricula is to teach the 
provider to recognize that traditional medical 
cues and signs utilized in daily bedside care (the 
tone of an oximeter, auscultation of breath or 
heart sounds, sufficient light to observe the 
patient, etc.) are compromised in the environ-
ment of care that occurs in the dark, with loud 
ambient noise and multiple situational distrac-
tors. Emphasis is placed on the provider main-
taining patient “situational awareness” despite 
the challenges of a combat environment in the 
back of an aircraft executing a combat takeoff in 
a turbulent airspace.

One focus of the CCAT curricula is to develop 
an ingrained familiarity with the allowance 
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 standard (soft goods and medications) as well as 
patient movement items (equipment). Emphasis 
is placed upon patient preparation and the ability 
to anticipate and intervene in physiologic events 
that may occur because of the patient’s preexist-
ing condition or secondary to the rigors of the en 
route movement. The initial course is standard-
ized across team members and regardless of 
background medical training. This helps to 
ensure that CCAT team members can move 
between teams as operational circumstances dic-
tate. While maintaining the integrity of any sin-
gle CCATT team is desirable, replacing a member 
of the team at any time when needed (illness, 
emergency) assures operational flexibility.

The initial stage of CCAT training consists of 
the selection process of team members from the 
various clinical specialties. Members selected are 
commissioned officers and enlisted personnel from 
Active Duty (AD), Air National Guard (ANG), or 
Air Force Reserve Command (AFRC) components 
of the US Air Force. All members must demon-
strate regular participation in the care of critically 
ill patients. Once chosen, the member must suc-
cessfully complete two separate courses before 
being qualified to fly operational CCAT missions.

The CCAT Initial Course is a 10-day curri-
cula designed to introduce and prepare provid-
ers performing CCAT duties to meet the 
wartime and peacetime missions of caring for 
critically ill and injured patients in the aero-
medical evacuation environment. The course 
takes place at the US Air Force School of 
Aerospace Medicine (USAFSAM) located at 
Wright-Patterson Air Force Base in Ohio. The 
focus of the initial course is to acquire an 
understanding of the aeromedical evacuation 
environment, as well as gain familiarization 
with aeromedical evacuation aircraft and the 
CCAT equipment set. The course also provides 
and extensive introduction to altitude physiol-
ogy. Along with a detailed review of the CCAT 
mission, equipment, and organization, mem-
bers receive hands-on training in altitude physi-
ology including flights in a hypobaric chamber. 
Members also receive an introduction to the 
Joint Trauma System Clinical Practice 
Guidelines (CPGs) and receive training on how 

to adapt their baseline clinical skills to both the 
deployed and en route environment.

The second course is the CCAT Advanced 
Course which is held at the University of Cincinnati 
Medical Center in Cincinnati Ohio. The University 
of Cincinnati Medical Center is home to USAF 
Cincinnati CSTARS (Center for Sustainment of 
Trauma and Readiness Skills) and is one of five 
designated civilian strategic military collaborating 
hospitals that serve as military trauma training 
facilities within the United States. The advanced 
course builds on the concepts introduced at the 
CCAT Initial Course and further emphasizes core 
critical care principles routinely encountered in 
the deployed environment. Didactic portions of 
the course focus on delivering care in the deployed 
environment and understanding the treatment 
goals within the context of the CPGs. Effort is 
devoted to training to lessons learned from current 
real-world missions. Students and instructors join 
in on the weekly video teleconference call from 
the theater to maintain situational awareness of 
current operational challenges.

To ensure timely and relevant mission scenar-
ios, the instructor cadre stationed at the University 
program routinely deploy into theater as part of a 
continuous deployment model. The CCAT 
Advanced Course is unique among military 
courses in terms of its flexibility and ability to 
rapidly adjust course content to real-world opera-
tions. As a clinically focused course, cadre have 
the discretion to adjust course material to ensure 
it is reflective of current operations with the aim 
of optimally preparing students for the deployed 
environment they are about to enter.

The hallmark of the CCAT Advanced Course is 
the employment of high-fidelity simulation to 
immerse teams in training in real-world patient 
care scenarios. High-fidelity mannequins reside in 
a training center designed to replicate the cabin of 
a C-130—complete with low light and aircraft 
noise. The simulator center and scenarios are 
intended to provide a realistic and life-like training 
environment where the provider team must effec-
tively manage challenging clinical scenarios. Over 
the two-week period of the advanced course, CCAT 
student teams will spend over 10 h in simulated 
flights and medical scenarios that emphasize not 
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only medical management but also team building 
and crew resource management. During the second 
week, students and their instructors will participate 
in a full-day scenario that includes transportation of 
simulated patients by ambulance bus to a nearby 
airport. Once at the airport, the teams continue to 
monitor and prepare their patients for fixed-wing 
evacuation. A C-130 from the Kentucky Air Guard 
meets the teams at the airport and enplanes the 
teams and their instructors for a flight modeling a 
realistic mission profile (3 h) (Fig. 4.2).

The CCAT Advanced Course is categorized 
by USAFSAM as a validation course. The teams 
are evaluated in their ability to provide safe and 
efficient care during these high-fidelity simulated 
clinical scenarios. Providers who are unable to 
demonstrate the ability to effectively deliver care 
in the austere en route environment do not vali-
date the course and are not eligible for deploy-
ment as a CCAT provider. The student is given 
recommendations on opportunities to further 
develop their skill set and offered the opportunity 
to participate in a future advanced course. 
Recurrent training is required to remain qualified 

for CCAT deployment, and each member is 
required to attend and validate the CCAT 
Advanced Course every 36 months.

4.4  CCAT Environmental 
Considerations

The environmental milieu of combat casualty 
aeromedical evacuation presents challenges to 
matching the intensity and precision of critical 
care in a more fixed facility. As previously 
asserted, the challenge of the CCAT mission is 
to ensure that the intensity and quality of critical 
care delivery remains sustained despite the 
movement of the patient through space and time 
onboard an aeromedical evacuation platform. 
The unique environmental stressors of the en 
route movement include hypobaria, tempera-
ture, noise, vibration, decreased humidity, 
acceleration forces, and fatigue. Each of these 
elements may have a significant impact on the 
mission as well as patient physiology and is 
described below.

Fig. 4.2 CCAT students and their instructor discuss a patient scenario while in flight onboard a C-130
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4.4.1  Hypobaria and Hypoxia

One of the most prominent environmental factors 
influencing aeromedical evacuation remains 
changes in barometric pressure with increases in 
altitude and the resultant effect on oxygen deliv-
ery and gas expansion. The gas laws most appli-
cable to changes in altitude include Boyle’s Law, 
Henry’s Law, and Dalton’s Law.

4.4.1.1  Boyle’s Law: P1/P2 = V2/V1
This equation relates how a volume of air within 
a closed space expands with decreases in atmo-
spheric pressure. As an aircraft (or person) 
ascends in altitude, the experienced surrounding 
pressure decreases in an exponential fashion. At 
18,000 feet, a volume of gas will be approxi-
mately doubled the volume as that at sea level. 
Trapped gasses can affect medical crew, patients, 
and equipment. The most common sites of 
trapped gas in healthy individuals are the sinuses, 
the middle ear, the gastrointestinal tract, and 
occasionally the teeth. Additional consideration 
is required for aeromedical evacuation of patients 
that are critically ill. Patients must be screened 
for evidence of a pneumothorax which may 
impact a physiologic response secondary to the 
expansion of gas at altitude. Air in the GI tract 
may be more problematic if the patient has an 
ileus or has had a recent abdominal surgery. 
Gastric decompression may be required for 
patients on mechanical ventilation or with evi-
dence of intestinal ileus. Patients with a traumatic 
brain injury or an ocular injury must be screened 
for trapped air, as small increases in volume in 
these fixed compartments can have devastating 
effects. Gas expansion at altitude also affects 
medical equipment. For example, ventilators 
must have altitude compensation to provide 
accurate tidal volumes and maintain adequate 
minute ventilation. Additional equipments which 
require consideration include endotracheal tubes, 
Foley catheters, and IV solution bags.

4.4.1.2  Henry’s Law: P1/P2 = A1/A2
This principle describes how gas dissolved in a 
solution varies with changes in pressure. For 
example, the amount of nitrogen dissolved in tis-

sue will decrease and return to a gaseous form 
with decreases in atmospheric pressure. This 
most frequently manifests as altitude-induced 
decompression sickness. Symptoms can vary 
from mild joint pain and headaches to acute 
respiratory failure or neurologic dysfunction.

4.4.1.3  Dalton’s Law: P = P1 + P2 + P3
This law relates that the total pressure of a gas is 
equal to the partial pressure of each gas within a 
mixture. This law explains how decreased atmo-
spheric pressures at altitude contribute to a 
decrease in the availability of oxygen. For exam-
ple, oxygen represents 21% of gas at sea level 
with an atmospheric pressure of 760 mmHg 
which makes the partial pressure of oxygen 
159.6 mmHg. At 10,000 feet, the atmospheric 
pressure drops to 523 mmHg while the percent-
age of oxygen remains at 21%, and therefore the 
partial pressure of oxygen decreases proportion-
ally to 109.8 mmHg. As the partial pressure of 
oxygen is reduced, diffusion across the alveolar- 
pulmonary capillary membrane is also reduced 
and contributes to hypoxia.

Cabin pressurization mitigates the effects of 
these gas laws to some extent. Most aircrafts 
pressurize the cabin by drawing in air from the 
outside, compressing it, and then delivering the 
compressed air to the cabin. The desired pressure 
is maintained in the cabin by controlling the flow 
of compressed air out of the cabin and into the 
environment. The pressure achieved represents a 
pressure equivalent to a certain altitude and thus 
is referred to as the cabin altitude pressure. Cabin 
altitude pressures fluctuate during the flight but 
averages range from 6000 to 8000 feet for most 
of the flight. The ability to further reduce the 
cabin altitude pressure exists; however, the air-
craft must fly at lower altitudes with increased 
travel times and marked increases in fuel 
consumption.

The impact of hypobaria on human physiol-
ogy is reasonably well qualified for certain organ 
systems such as the gastrointestinal tract, the 
inner ear, and alveolar oxygen exchange to name 
a few. Over the course of the last decade, the mil-
itary has begun to focus medical and basic scien-
tific research to discern if there are potential 
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additional effects of hypobaria on the injured 
casualty. One of the most notable of these efforts 
has been studies examining the potential impact 
of aeromedical flight on the patient with trau-
matic brain injury. To date the conclusion of 
these efforts remains unclear but is sure to be a 
continued area of interest for the CCAT and aero-
medical community [3].

4.4.2  Temperature and Humidity

Ambient temperature decreases by approximately 
2 °C with each 1000 ft. increase in altitude. 
Because of this relationship, the temperature in the 
aircraft can vary widely between the ground and at 
altitude. Further, depending on the airframe, there 
may be a significant difference in the cabin tem-
perature from the front (fore) of the aircraft to the 
back (aft). This can be particularly problematic for 
critically ill patients with depressed thermoregula-
tory function. Additionally, critical pieces of 
equipment (such as blood analysis equipment) 
often function at an optimal temperature. Extremes 
of temperature impose an additional environmen-
tal stressor that may lead to degradation of human 
as well as equipment performance or even equip-
ment failure. CCAT teams must monitor tempera-
ture closely and protect both the patient and 
equipment as needed.

As altitude increases, the level of moisture 
(humidity) in the air decreases significantly. As 
described above, air for pressurization of the 
interior of the aircraft is drawn from the sur-
rounding air space. As the aircraft ascends, the 
humidity of the entrained air for pressurization 
falls and creates a very low humidity cabin envi-
ronment. Patients and providers may experience 
an increase in insensible fluid losses, and dehy-
dration is exacerbated. Consideration should be 
given to utilization of humidified air for patients 
who require supplemental oxygen.

4.4.3  Noise, Light, and Vibration

Noise represents a substantial barrier to care of 
the critically ill patient. Current CCAT platforms 

are primarily cargo or refueling platforms, and 
these aircraft do not typically have engine or 
cabin noise abatement. The engine noise within 
the cabin of these aircraft often exceeds 
80 dB. Hearing protection (earplugs or headsets) 
are mandatory for all crew members and patients. 
This level of ambient noise degrades communi-
cations both within the team and potentially 
between the patient and providers. Routine tasks 
such as auscultation of the lungs for breath 
sounds become impossible. Team members are 
taught that frequent visualization of the patient 
and a reliance on visual alarms are essential since 
auditory alarms will not be heard or recognized 
in most cases.

An equally important consideration are the 
lighting conditions encountered in many mis-
sions. During combat support operations, most 
CCAT movements will occur at night to mini-
mize the potential targeting of the teams or 
patients. Limited light sources such as red or 
green head lamps may be used to support visual-
ization of key components or the patient. Takeoff 
and landings in theater are invariably conducted 
under light discipline conditions which require a 
darkened (or dark) environment. The CCAT pro-
vider must once again recognize the limitations 
imposed by these environmental and operational 
constraints and how they may impact on recogni-
tion of standard events routinely noted in a nor-
mal ICU environment.

Vibration represents yet another unavoidable 
environmental condition that may impede patient 
care during aeromedical evacuation. Vibration 
may range from barely perceptible (transmitted 
engine vibration) to life-threatening (evasive 
maneuvering, turbulence, downdrafts, etc.). The 
presence of vibration in the cabin applies yet 
another additive stressor for both the providers 
and the patient. Vibration can have deleterious 
effects on the performance of some equipment 
such as noninvasive blood pressure cuffs and 
some monitors. Additionally, care must be taken 
to ensure all equipment is properly secured to 
avoid damage and potential safety hazards which 
occur as unsecured medical equipment is trans-
formed into projectiles in the setting of severe 
maneuvering or turbulence.
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4.4.4  Acceleration and Deceleration 
Forces

Gravitational forces acting on the aircraft during 
takeoff and landing have implications on criti-
cally ill patients that may be negligible for 
healthy individuals. Transiently, these forces lead 
to pooling of blood and can influence central 
hemodynamics. Fluctuations in intracranial pres-
sure have been demonstrated during both takeoff 
and landing and must be recognized and man-
aged in patients with severe TBI. Attention to 
these concerns can guide patient positioning and 
location on the aircraft (Fig. 4.3).

4.5  CCAT Equipment

The safe aeromedical evacuation of critically ill 
patients requires modern biological monitoring 
equipment which has been rigorously tested. 
Prior to being certified as “safe to fly,” all CCAT 
equipment undergoes a rigorous set of testing to 
ensure that they meet the military standards 

established for the aeromedical environment. 
Testing of equipment includes altitude testing 
(10,000 feet), rapid decompressions, extremes of 
temperature, as well as exposure to humidity 
changes and vibration. In addition to the stressors 
of flight, equipment must be able to function 
safely in conjunction with radiofrequency trans-
mitting equipment and must not produce electro-
magnetic interference which can hinder 
communication and navigation systems. Also, 
most airframes operate on 110 V of alternating 
current at 400 Hz in contrast to commercial 
power which provides 110 V at 60 Hz. Equipment 
must therefore have long battery life for transport 
or be capable of converting to the aircraft power 
source at 400 Hz. Providers must be educated on 
the power requirements of every device and 
monitor battery status and reserve during flight.

4.5.1  The Allowance Standard

The equipment utilized by CCAT teams is 
referred to as the allowance standard. 
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Fig. 4.3 G force (thick line) and ICP (thin line) encountered by traumatic brain injury patient during combat takeoff. 
The circle highlights a relative increase in intracranial pressure during takeoff
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Standardization of equipment and bag sets is crit-
ical for CCAT teams to train and deploy effec-
tively. It allows for bag sets to be exchanged 
between teams or between mission while main-
taining confidence in knowing what the team has 
available and where it is located.

This allowance standard has been modified 
over time and is currently being deployed in its 
third version. The approximate weight is 650 lbs. 
The goal of the allowance standard is to have the 
capability to care for up to three high-acuity venti-
lated patients or six lower-acuity stabilized patients 
for up to 72 h. This includes several commonly 
used medications, supplies for common proce-
dures (central lines, chest tubes), personal protec-
tive equipment, and communication equipment.

4.5.1.1  Patient Movement Items (PMI)
The patient movement items are stored in the gear 
bag. There are three identical gear bags that con-
tain all the necessary equipment for the transport 
of a single ventilated patient. While a detailed 
description of the inventory in each bag is beyond 
the scope of this chapter, the main pieces of equip-
ment located in the gear bag are described below.

4.6  Propaq MD

 

The Zoll Propaq MD combines the Propaq moni-
tor with the Zoll defibrillator and noninvasive 
pacing technologies. This includes temperature, 
noninvasive blood pressure monitoring, heart 
rate, oxygen saturation, and ECG tracing. There 
are three ports for invasive monitors such as arte-
rial pressure, central venous pressure, and intra-
cranial pressure.

The operating time on battery power is 6 h and 
the battery requires 4 h to charge to full 
capacity.

4.7  Impact 731 Ventilator

 

The Impact 731 ventilator by Zoll is the current ven-
tilator utilized for most patient transports. It weighs 
9.7 lbs and is capable of multiple modes of ventila-
tion including AC modes (volume control or pres-
sure control), SIMV, and pressure support. It is 
reported to have a 10 h battery run-time and 
recharges in 2 h. The 731 ventilator has been utilized 
in the development of a novel autonomous control of 
inspired oxygen study that has been funded by the 
DoD [4]. The FDA has recently (2016) approved an 
investigative new device exemption study to further 
evaluate the potential of closed loop control of this 
device in a deployed setting.

4.7.1  IVAC MedSystem III
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The infusion device currently employed in the 
allowance standard is the IVAC MedSystem 
III. It has the capacity for three independent infu-
sion channels. It operates for 6 h on battery power 
with all three channels running.

4.7.2  Zoll Model 326: Suction 
Device

 

The multifunction aspirator can be used for oro-
pharyngeal and tracheal suctioning as well as 
provide necessary suction for chest tubes and 
temporary abdominal closures.

4.8  CCAT Mission Profile

In an effort to understand the primary mission 
profile of CCAT teams in patient movement dur-
ing recent conflicts in Iraq (OIF) and Afghanistan 
(OEF), we must first describe how patients tran-
sitioned through five defined “roles” of care at 
the military treatment facility (MTF). They are 
listed as:

• Role I—Self-aid and buddy care
• Role II—Battalion aid station or forward sur-

gical team
• Role III—Combat support hospital
• Role IV—Established MTF outside of the the-

ater of operations
• Role V—Military treatment facility in the 

United States

As described, CCAT teams were designed to 
care for the “stabilized” (but not necessarily 
stable) patient. Patients were “stabilized” at the 
Role II and Role III facilities as defined by four 
specific criteria. First, the casualty must have a 
stable or definitively established airway. The 
term “stabilized” also assumes that all fractures 
have been immobilized, active hemorrhage 
controlled, and resuscitation initiated. CCAT 
teams were deployed to the Role III hospitals 
within the theater of operations so that they 
could be quickly activated if patients required 
movement through the aeromedical evacuation 
system. With the robust trauma system present 
in OEF/OIF, CCAT teams could utilize the 
resources of the Role III hospital before pro-
longed inter-theater transport to include obtain-
ing further medications from the pharmacy as 
well as blood products to further increase the 
capabilities of the base allowance standard. 
Standard missions of CCAT teams included 
(Figs. 4.4 and 4.5):

• Intra-theater Role II to Role III missions, pri-
marily on C-130s by teams based at the 
deployed Role III

• Inter-theater Role III to Role IV missions, 
primarily on C-17s by teams either based at 
the deployed Role III or teams located at the 
Role IV

• Inter-theater Role IV to Role V missions, pri-
marily on C-17s by teams based at the Role IV 
hospital

4.9  Tactical Critical Care 
Evacuation Team

With the success of safe patient movement by 
CCAT teams during OEF and OIF, efforts were 
made to utilize the skills of critical care providers 
in a further forward environment of patient 
movement. The concept of joint en route care 
was designed by the Army and Air Force to have 
a greater ability to provide critical care to the 
patient in this far-forward environment. The Air 
Force developed the Tactical Critical Care 
Evacuation Team (TCCET) in response to this 
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Fig. 4.4 Onloading of CCAT patient to C-17 Globemaster during night operations

Fig. 4.5 CCAT patient in patient care stanchion prior to takeoff
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need. The TCCET consist of an ER or critical 
care physician, a certified registered nurse anes-
thetists (CRNA), and an ER or critical care nurse. 
The allowance standard is reduced to three bags, 
and the aircraft used are usually rotary-wing air-
frames or C-130s. The focus of their mission is to 
treat immediately life-threatening conditions, 
control compressible hemorrhage, and initiate 
the resuscitation during transportation at or very 
near the point of injury. These teams increased 
critical care capability in the POI to Role II and 
Role II to Role III phases of patient movement 
(Fig. 4.6).

4.10  Future Considerations

The CCATT community faces two major chal-
lenges when considering future operational envi-
ronments. The first is supporting small, remote 
surgical/medical teams outside of a robust trauma 
system when no combat support hospital exists to 
prepare the patient for long-distance evacuation. 
The joint trauma system present during OEF/OIF 
and the relatively large medical footprint in those 
theaters of operation allowed for practice pat-
terns to develop within CCAT that may not be 
possible in future operations. The advanced capa-

Fig. 4.6 Typical configuration in rotary-wing cabin for TCCET transport (authors picture)
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bilities and holding capacity of Role III hospitals 
in Iraq and Afghanistan permitted for greater dis-
cretion in determining if a patient was ideally sta-
bilized for inter-theater transport. The expected 
attention to pre-mission stabilization and optimi-
zation of the patient physiology for en route care 
that the Role III hospitals provided may not be 
present in future conflicts. Due to limits in capa-
bility (i.e., dialysis, neurosurgical capability, etc.) 
or resources (size of holding capacity), CCAT 
teams must prepare for managing less “stabi-
lized” patients as the medical footprint decreases 
in size and more austere surgical teams are posi-
tioned throughout the globe. While CCAT teams 
have certainly moved less stabilized patients 
from Role II to Role III facilities, these have typi-
cally been short-duration intra-theater missions. 
As more austere surgical teams without a sup-
porting Role III facility become the norm, these 
less stabilized patients will occur more frequently 
and require longer mission times to a higher level 
of medical capability. This environment will fur-
ther test the resuscitative capabilities of CCAT 
teams.

An emerging consideration is for CCAT 
teams to be prepared to respond to situations 
where there is no medical capability at the 
destination site. CCAT teams are doctrinally 
beginning to prepare for the potential of caring 
for critically wounded casualties that have had 
limited pre- transport surgical stabilization. The 
potential for prolonged evacuation distances 
with limited on- ground surgical capability 
has led to the development of en route surgi-
cal teams which are embedded with, or blended 
into, an extended CCAT mission team. As this 
surgical capability continues to evolve, the 
support of critical care to the en route surgical 
team by CCAT is critical to ensuring ICU-level 
capability.

The transition from the height of operations 
during OEF/OIF to decreased medical ground 
resources is already taking place and the 
CCATT community is actively adapting to this 
new state. Ultrasound has recently been added 
to the diagnostic tools available to CCAT teams 

to help enhance the ability to care for the less 
stabilized patient. The CCAT Advanced Course 
continuously adjusts clinical tabletop discus-
sions to real- world mission-based clinical sce-
narios, thus giving students exposure to the 
“new-normal” mission. These prolonged Role 
II transports have also been added to high-fidel-
ity simulation scenarios. The CCAT allowance 
standard is also regularly reviewed and updated, 
ensuring the bag-set meets the needs of 
deployed teams as the CCAT mission continues 
to evolve.

 Conclusion

Throughout the first 10 years of conflict from 
September 11, 2001 through 2010, 2899 
patients were transported by CCAT teams as 
part of Operation Iraqi Freedom and Operation 
Enduring Freedom. This experience was 
recently reviewed and demonstrated the 
following:

One of the most noteworthy findings of 
this inquiry is that 93% of all CCAT patients 
(representing the most grievously injured 
combat casualties of this conflict) arrived at 
LRMC within 72 hours of wounding. Equally 
remarkable is the finding that 98.5% of all 
critically wounded soldiers were at LRMC 
by the 96-hour mark. The documented suc-
cess and attendant minimal mortality of 
movement of CCAT patients within hours of 
surgery represent a paradigm shift for 
trauma surgeons and trauma surgery doc-
trine. The overall 30-day mortality for all 
patients transported by CCATs is 2.1%, and 
the transport mortality en route is well less 
than 1% despite the transport of significantly 
injured combat casualties (mean ISS, 23.7). 
This historically low mortality rate is a trib-
ute to and reflection of the dedication of the 
entire chain of survival established by the 
military and its medical corps. The chain of 
survival begins with the medic providing 
care under fire and continues until the casu-
alty is returned to home station, family, and 
community.
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This low mortality rate speaks to the suc-
cess of the AE “system” that enters a patient 
into the movement system, determines when a 
patient is safe to fly, and links an available 
 aircraft/mission to an AE crew and CCAT 
team. This system involves multiple checks 
involving the current medical providers, local 
and theater flight surgeons, receiving provid-
ers, and transporting teams all aimed at ensur-
ing patient safety. As successful as this 
aeromedical evacuation system has been, new 
expectations and standards now exist. Through 
constant evolution in training and equipment, 
the CCAT community remains ready to meet 
the challenge of moving our most critically 
injured warriors anywhere in the world, 
anytime.

Disclaimer We are pleased to participate in the publica-
tion of this important work by contributing this chapter 
regarding Enroute Care. The authors have been asked to 
contribute similar contributions to many other publica-

tions over the past twelve months. In preparation for this 
chapter the authors began from their text of a similar con-
tribution to Eastridge et al (citation). This chapter has 
been edited in its entirety, and, as appropriate, updated.

References

 1. Lam DM. To pop a balloon: aeromedical evacuation 
in the 1870 siege of Paris. Aviat Space Environ Med. 
1988;59:988–91.

 2. Ingalls N, Zonies D, Bailey J, Martin K, Iddins B, 
Carlton PK, Hanseman D, Branson R, Dorlac W, 
Johannigman J. A review of the first 10 years of 
critical care aeromedical transport during Operation 
Iraqi Freedom and Operation Enduring Freedom: 
the importance of evacuation timing. JAMA Surg. 
2014;149(8):807–13.

 3. Goodman MD, Makley AT, Lentsch AB, Barnes 
SL, Dorlac GR, Dorlac WC, Johannigman JA, Pritts 
TA. Traumatic brain injury and aeromedical evacuation: 
when is the brain fit to fly? J Surg Res. 2010;164:286–93.

 4. Johannigman JA, Branson R, Lecroy D, Beck 
G. Autonomous control of inspired oxygen concen-
tration during mechanical ventilation of the critically 
injured trauma patient. J Trauma. 2009;66(2):386–92.

4 En Route Care



63© Springer International Publishing AG, part of Springer Nature 2018 
J. Duchesne et al. (eds.), Damage Control in Trauma Care,  
https://doi.org/10.1007/978-3-319-72607-6_5

Adaptation of Military Damage 
Control in Civilian Settings

Kelly A. Fair and Martin A. Schreiber

Abstract

Damage control techniques originated during 
battlefield experience millennia ago. In the 
early twentieth century, damage control was 
utilized to limit hemorrhage from liver inju-
ries. Since then damage control has evolved to 
include damage control surgery and damage 
control resuscitation in the military setting, 
which has been translated and integrated into 
civilian trauma and emergency general sur-
gery practice. Application of damage control 
techniques in the military and civilian settings 
has been studied extensively. Damage control 
resuscitation in particular has made rapid and 
marked progress in the past 20 years. 
Hemostatic resuscitation became common 
practice in the military during modern Iraq 
and Afghanistan conflict. This led to applica-
tion and study in the civilian setting. 
Differences between military and civilian set-
tings include austere military environments, 
limited resources, and complex evacuation 
requirements. Future application of damage 

control in the civilian setting requires integra-
tion and collaboration between the military 
and civilian sectors.

Abbreviations

DC Damage control
DCR Damage control resuscitation
DCS Damage control surgery
OEF/OIF Operation Iraqi Freedom/Operation 

Enduring Freedom
PROMMTT Prospective, Observational, 

Multicenter, Major Trauma 
Transfusion

PROPPR Pragmatic Randomized Optimal 
Platelet and Plasma Ratios

5.1  Introduction

5.1.1  Defining Damage Control 
Techniques

The principle of damage control originated from 
a navy term used to describe the “capacity of a 
ship to absorb damage and maintain mission 
integrity” [1]. The term “damage control” as it 
applies to surgical and trauma patients was 
coined by Rotondo in 1993 in a population of 
patients with penetrating abdominal trauma. This 
series described initial control of hemorrhage and 
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contamination and application of damage control 
resuscitation, with a markedly improved survival 
of 77% compared to 11% in patients undergoing 
definitive laparotomy [2]. Since then, damage 
control neurosurgery, orthopedic surgery, tho-
racic, and vascular techniques have been 
described [3–5].

In practice, damage control is a strategy for 
management of patients with critical injuries and 
physiologic derangements which aims to:

• Rapidly address life threatening hemorrhage 
and gastrointestinal soilage following injury.

• Prevent and treat the lethal triad of hypother-
mia, acidosis, and coagulopathy via resuscita-
tion, blood product transfusion, and 
rewarming.

• Return to the operating room for definitive 
treatment when the patient is stable [6–9].

Damage control resuscitation (DCR) is a mul-
tifaceted approach which includes limiting hem-
orrhage in the field with the use of tourniquets 
and hemostatic dressings [10, 11]. Avoidance of 
high volume crystalloid resuscitation aims to 
limit dilutional coagulopathy, exacerbation of 
acidosis by avoiding solutions containing high 
chloride concentrations, and secondary abdomi-
nal compartment syndrome [12, 13]. Hemostatic 
resuscitation is a DCR strategy which provides 
1:1:1 transfusion ratios of red blood cells (RBC) 
to plasma to platelets that is associated with 
reduced mortality in trauma patients [14–16].

5.2  History of Damage Control

Damage control techniques in their current state 
have evolved through decades of military experi-
ence and application to civilian circumstances. 
The first damage control techniques originated 
on the battlefield. As early as 400 B.C., 
Hippocrates described soldiers exsanguinating 
from extremity wounds who underwent lifesav-
ing amputation [17, 18]. In 1908, Pringle 
described measures to treat traumatic liver inju-
ries, including use of packs to control hemor-
rhage [19]. In the 1980s, Stone et al. described 

the success of initial laparotomy, packing for 
hemorrhage control and arrest of the planned 
procedure, correction of coagulopathy, and return 
to the operating room for completion of the 
planned surgical procedure [20–22].

Historically, innovations in the care of 
trauma patients have been born from wartime 
experiences. Limited resources, unpredictable 
conditions, and prolonged evacuation times 
characteristic of the battlefield have promoted 
ingenuity in the development of new tech-
niques, and many of these techniques are then 
applied to the civilian setting. Advancements in 
trauma care borne from military experience 
have been well recognized in the trauma litera-
ture [11, 23–25]. The past decade has seen the 
longest period of military conflict in American 
history, and this period in particular has led to 
important battlefield innovations including 
modern damage control techniques [11]. 
Advances in care of military patients have been 
promoted by military investment of trauma 
research through the development of the 
Department of Defense Joint Trauma System 
and trauma registry [11, 24].

As treatment of war-related injuries has 
evolved, mortality rates have improved. Though 
modern combat is associated with more destruc-
tive and complex injuries, the lethality associated 
with injuries sustained in the war in Iraq is the 
lowest in history at just 9.1% [26, 27]. In con-
trast, the rate of mortality in the Revolutionary 
War exceeded 40%. Death rates decreased to 
24% by the Vietnam era, though most deaths 
occurred before the injured were able to be 
treated in a field hospital [28].

A study of deaths in patients treated in military 
forward combat hospitals in Iraq and Afghanistan 
using the Joint Theater Trauma Registry (JTTR) 
compared outcomes prior to implementation of 
damage control resuscitation (DCR) and after 
implementation of DCR in 2006. Patients treated 
with DCR were found to receive significantly less 
crystalloid, as well as more fresh frozen plasma. 
The ratio of PRBC to FFP shifted from 2.6:1 pre-
DCR to 1.4:1 post- DCR. This was associated with 
a decrease in deaths among potentially salvage-
able patients [29].
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5.3  Translation to Civilian 
Settings

5.3.1  Unique Challenges in Military 
and Combat Damage Control

The evolution of military damage control has led 
to advancements in the care of civilians, and 
damage control is currently considered the stan-
dard of civilian trauma care. While both military 
and civilian damage control measures are aimed 
at rapid assessment and control of injury to facili-
tate stabilization prior to definitive surgical inter-
vention, there are critical differences. Combat 
damage control poses several unique challenges 
related to austere conditions, lack of resources, 
and unique injury patterns. Injured patients may 
require transport across thousands of miles to 
reach definitive care.

5.3.2  Character of Injuries

Most injuries during modern military conflict, 
including Operation Iraqi Freedom/Operation 
Enduring Freedom (OEF/OIF), are related to 
high-powered explosive devices, rockets, and 
mortars (55%) or automatic rifles [27, 30]. 
Injuries may be characterized by blunt, penetrat-
ing, and burn mechanisms simultaneously [28]. 
The majority of combat-related deaths are not 
survivable. Deaths in this setting result primarily 
from truncal hemorrhage (67%) and junctional 
hemorrhage (19%) [26]. Conversely, civilians are 
more likely to sustain blunt mechanisms of injury 
or penetrating injuries from handguns or knife 
wounds [30]. Improvised explosive devices have 
led to extensive shrapnel injuries and an unprec-
edented burden of mangled limbs with severe 
soft tissue, neurovascular, and bony injuries 
requiring extensive and complex soft tissue 
debridement, amputation, and wound care [28].

Schreiber et al. compared patients treated at a 
combat support hospital in Iraq from 2004 to 
2005 with those treated at a level I trauma center 
in the United States. Patients treated at the CSH 
were more likely to be injured by high-powered 
penetrating mechanisms (62% explosions), while 

civilians were more likely to be injured by blunt 
mechanisms (33% motor vehicle collision, 24% 
falls, and 19% motorcycle/bicycle collision). 
Patients treated at the CSH were also more likely 
to require soft tissue procedures compared to 
those in the civilian setting. Despite these differ-
ences, mortality was similar among both civilian 
(6.1%) and combat (6.9%) patients [31].

Sambasivan et al. investigated outcomes of 
damage control procedures in a combat setting 
and at a US level I trauma center. In their series, 
military patients experienced mostly high- 
powered explosion-related penetrating trauma 
(96%), similar to other literature [27, 30–32]. 
Patients in the civilian setting experienced blunt 
trauma more frequently (83%). Patients treated in 
the military setting required more thoracic opera-
tions, skin and soft tissue operations, and more 
serial wound debridements. While patients in 
both settings had similar transfusion require-
ments, patients in the combat setting received 
whole blood, while those in the civilian setting 
did not. Regarding outcomes, there was no differ-
ence in the rate of abdominal closure after dam-
age control 7 days after injury in both groups nor 
any difference in mortality [32].

5.3.3  Resources and Transport

Perhaps one of the most notable differences 
between military and civilian damage control is 
the austere environment in which military dam-
age control is performed. Civilian environments 
are replete with skilled personnel, ancillary staff, 
radiology, and laboratory services. Modern civil-
ian trauma systems such as the United States are 
composed of a network of hospitals and transfer 
systems. Much care of complex traumatic inju-
ries occurs at well-equipped level I trauma cen-
ters, with most or all care occurring within a 
single facility. Required resources and transfer 
criteria are defined by the American College of 
Surgeons [32, 33].

Conversely, initial damage control in the mod-
ern military setting is accomplished by forward 
surgical teams (FST) equipped to follow troops 
as a mobile functioning hospital. Forward surgi-
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cal teams were first utilized by the military in the 
1990 Panama conflict with the goal of providing 
damage control to a small number of patients 
closer to the point of initial injury [23]. While an 
FST is able to provide rapid care and damage 
control of patients on the battlefield, resources 
are limited, as an FST does not include radiogra-
phy, angiography, or means for long-term patient 
support [28]. Forward surgical teams serve to 
accomplish the same initial goals of damage con-
trol: limiting hemorrhage and contamination, 
rapid closure, and avoidance of the lethal triad of 
hypothermia, acidosis, and coagulopathy while 
in a remote environment [2, 6, 7, 34].

Combat damage control is a more prolonged 
and complex endeavor, requiring multiple stages. 
Patients sustaining injuries on the battlefield are 
initially cared for by the FST. Damage control 
begins with initial resuscitation and abbreviated 
operation to control bleeding and gastrointestinal 
soilage. FSTs (military level II) have limited 
resources for ongoing resuscitation. Most units 
have 20–50 units of packed red blood cells, and 
some carry fresh frozen plasma. Minimal accept-
able resuscitation goals aim to divide the limited 
number of units available among the maximum 
number of patients. Combat damage control 
patients require evacuation to combat support 
hospitals (CSH), which are considered military 
level III. CSHs have additional resources such as 
X-ray, fluoroscopy, and computed tomography. 
Damage control patients undergo additional 
resuscitation and second look operations at the 
CSH. When stable, patients are then evacuated to 
a level IV center such as Landstuhl Regional 
Medical Center in Germany (American College 
of Surgeons level II trauma center). Those requir-
ing long-term care and rehabilitation are trans-
ported to a military level V center in the United 
States [28, 33].

5.3.4  The Development of Damage 
Control Resuscitation  
and Its Application to Civilians

Recent military conflict in Iraq and Afghanistan 
has led to a profound paradigm shift in the resus-

citation of injured patients. As transfusion prac-
tice shifted away from whole blood transfusion 
and toward component therapy, recognition of 
the risks of transfusion and excessive use of crys-
talloid led to development of hemostatic resusci-
tation [6, 35, 36]. Hemostatic resuscitation was 
studied extensively in combat settings during the 
Iraq and Afghanistan wars.

Borgman demonstrated improved survival and 
decreased death from hemorrhage in 246 patients 
receiving a massive transfusion with a high ratio 
of plasma to RBCs treated at a US Army combat 
support hospital [14]. Similarly, Spinella studied 
patients with combat-related injuries receiving at 
least one unit of product transfusion. Each unit of 
FFP was independently associated with improved 
survival, while each unit of RBC was associated 
with decreased survival [16].

Military surgeons soon adopted DCR practice 
in the civilian setting. Demonstration of improved 
survival in military patients receiving hemostatic 
resuscitation led to study in civilians. Campion 
et al. implemented a military DCR strategy in 
2007 at a civilian trauma center. The authors 
found that patients received more plasma and 
platelets and less crystalloid after implementa-
tion of the DCR strategy. Furthermore, this was 
associated with less acute hypoxia in trauma 
patients undergo operative intervention and 
receiving a massive transfusion (greater than 
10 units PRBC) [37].

The Prospective, Observational, Multicenter, 
Major Trauma Transfusion (PROMMTT) study 
examined outcomes and transfusion practices in 
ten level I trauma centers. Patients in this study 
did not receive constant ratios of plasma:RBC 
nor platelet:RBC in the first 24 h of their resusci-
tation. However, increased ratios of plasma:RBC 
were independently associated with decreased 
6-h mortality, when death was more likely due to 
hemorrhage [38, 39].

The Pragmatic, Randomized Optimal Platelet 
and Plasma Ratios (PROPPR) trial sought to 
examine the outcomes associated with 1:1:1 vs. 
1:1:2 ratios of plasma, platelets, and red blood 
cells. No significant differences in 24-h or 30-day 
mortality were observed. However, patients 
receiving a hemostatic 1:1:1 achieved earlier 
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hemostasis and fewer experienced death due to 
exsanguination at 24 h [40].

To determine the extent to which civilian 
trauma systems have adopted damage control 
techniques, Haider et al. surveyed trauma medi-
cal directors at level I–III trauma centers in the 
United States. A large majority (82%) of trauma 
medical directors stated that military data sup-
porting damage control resuscitation (DCR) has 
led to changes in civilian practice at their institu-
tions. Of those surveyed, 68% stated they were 
most likely to use a 1:1:1 ratio of packed red 
blood cells to fresh frozen plasma to platelet 
transfusion and had a written massive transfusion 
protocol in place.

Extensive combat experience has led to dam-
age control resuscitation practices highlighting 
hemostatic 1:1:1 transfusion goals. Hemostatic 
resuscitation has been extensively studied after 
its implementation in OEF/OIF, and its favor-
able outcomes led to application and study in 
the civilian setting. PROPPR was a prospective, 
randomized phase 3 trial of hemostatic resusci-
tation in civilians, which confirmed both safety 
of increased use of plasma and platelets and 
also increased hemostasis and decreased death 
from hemorrhage in patients receiving 1:1:1 
resuscitation.

5.3.5  Damage Control Surgery 
in the Civilian Setting

Much of damage control surgery, like damage 
control resuscitation, has originated from wartime 
experience. Indications for damage control sur-
gery in civilians are similar to those for military 
patients. Indications for damage control surgery 
in civilians include inability to control bleeding 
by conventional methods; use of large volume 
resuscitation or inability to close the abdomen due 
to visceral edema or signs of abdominal compart-
ment syndrome, ongoing hypothermia, acidosis, 
or coagulopathy; and complex injury patterns 
such as hepatobiliary or pancreatic injuries [20, 
41, 42]. Use of damage control resuscitation prac-
tices in civilians results in improved survival in 
patients undergoing DCR [43].

5.3.6  Special Circumstances 
in Civilian Populations

5.3.6.1  Remote Damage Control 
Resuscitation

Application of military damage control to urban 
civilian settings has been widespread. However, 
several civilian circumstances may approximate 
military environments more accurately due to 
remote environments. Austere civilian environ-
ments are situations in which the use of damage 
control may be particularly useful. Examples of 
austere civilian environments include both rural 
and maritime settings.

The demonstrated survival benefit and greater 
likelihood of achieving hemostasis in PROPPR 
highlight the need to address prehospital product 
transfusion, as well as alternative options such as 
whole blood and lyophilized plasma [44]. In 
civilian maritime environments, severe hemor-
rhage can be a major event. Ships may be greater 
than 24 h from a port, and operative intervention 
is usually not an option. This has led to the devel-
opment of a whole blood transfusion program. 
Though this is not accepted by the FDA, many 
ships proceed with this practice in international 
waters when treating patient in extremis [45].

5.3.6.2  Damage Control in Emergency 
General Surgery

As the acute care surgery model has developed, 
the use of damage control surgery and resuscita-
tion in civilian patients has expanded. The acute 
care surgery model often includes care of trauma 
and non-trauma general surgeries and surgical 
critical care patients by a trauma/critical care sur-
geon [46]. This has led to application of trauma 
damage control techniques to non-trauma 
 emergency general surgery patients. A series of 
emergency general surgery patients with gastro-
intestinal sepsis, intra-abdominal hemorrhage, 
and necrotizing pancreatitis demonstrated benefit 
from application of damage control measures to 
this population, including a trend toward a lower 
mortality rate. Similar to other literature, there 
was a high rate of abdominal infectious compli-
cations including fistula (44%) and abscess 
(33%) [47, 48].
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5.4  Future Directions

A major barrier to implementation of damage 
control practices in civilian settings includes lack 
of research regarding its outcomes. Haider 
stressed that civilian surgeons were more likely 
to adopt damage control resuscitation owing to 
its extensive study in both military and civilian 
populations but were less likely to adopt other 
interventions such as tourniquet use or use of 
hemostatic agents [11].

This highlights the need for collaboration 
between military and civilian surgeons. Cancio 
emphasized the important link between civil-
ian and military combat research and spread of 
information regarding damage control resusci-
tation via attendance at scientific meetings 
[49]. Multiple authors have advocated for inte-
gration of military and civilian training pro-
grams to facilitate maintenance of military 
surgeon skills and education during peacetime 
[50–53].

Finally, the Health and Medicine Division of 
the National Academy of Sciences described the 
great advancements in military and civilian 
trauma care during the wars in Iraq and 
Afghanistan, as well as the need for future col-
laboration and research:

Trauma care advances were driven by an urgency 
to save lives that precluded reliance on slow and 
costly clinical trials to inform improvements in 
trauma care practices and drove the Military 
Health System and its emerging Joint Trauma 
System to embrace a more agile approach to 
advancing both combat casualty care and a culture 
of continuous performance improvement. This 
learning approach aligns remarkably with the 
attributes of a learning health system, in which 
data from each care experience are captured and 
care practices evolve incrementally and pragmati-
cally based on the best available evidence.
However, sustaining needed expertise and capacity 
in the military trauma care system is simply impos-
sible absent integration with civilian trauma care 
systems, given the essential role of the civilian sec-
tor in facilitating combat-relevant research and 
providing training opportunities for the military 
trauma care workforce. [54]
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The fate of the wounded rests in the hands of the one who applies the first dressing.
—Col. Nicholas Senn (1844–1908)

Founder, Association of Military Surgeons of the United States

Prehospital Damage Control 
Resuscitation

Timothy E. Scott and Lance Stuke

Abstract

Prehospital trauma medicine is both one of the 
most demanding and rewarding fields of med-
icine available to health-care providers. The 
challenge of delivering fast and effective med-
ical interventions in a chaotic, potentially dan-
gerous, or environmentally uncomfortable 
circumstances will suit only a small propor-
tion of the medical fraternity. To succeed, 
information must be gathered quickly and 
shared with the medical team and a plan gen-
erated. Quick and decisive decision-making is 
of paramount importance as is the communi-
cation of information within the team and with 
relevant outside agencies. Effective team 
working is essential. The predominate aims of 
the team are to limit further blood loss, to pro-
tect the airway and to provide adequate anal-
gesia. In a mass casualty event, triage and 
medical organization assume priority as effec-
tive command and control becomes vital.

Well-trained and resourced clinicians can 
deliver high-quality medical care in any envi-
ronment that results in reduction in mortality, 
effective pain control, and a well-organized 

transfer to hospital that will result in a myriad 
of unmeasurable but nonetheless important 
effects for the victims of trauma, their fami-
lies, and other first responders alike.

6.1  Introduction

Severely injured patients must receive the high-
est quality of prehospital care in the earliest 
moments following injury to ensure the best 
chance of survival. Systems of prehospital care 
vary among different countries and between 
civilian and military emergency medical services 
(EMS); however many of the principles remain 
the same. The prehospital provider must work 
in an environment completely different from the 
safety and security of a hospital. Poor lighting, 
severe weather conditions, dangerous scene situ-
ations, and lack of support staff all contribute 
to the challenges encountered in the prehospital 
world. EMS members often work alone in the 
tight confines of an ambulance or helicopter with 
limited equipment and none of the conveniences 
found in the trauma bay.

As in the civilian sector, military prehospi-
tal medicine is one of the most challenging and 
rewarding areas of medicine in which to prac-
tice. It is a unique environment that offers EMS 
personnel a significant risk of personal injury or 
loss of life in environmentally difficult circum-
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stances with limited resources. In return, this 
environment, more than any other, allows medics 
to utilize their skill sets in a manner that dem-
onstrates immediate benefits in young fit adults 
who are exceptionally grateful for their help. Not 
only does military prehospital medicine deliver 
significant clinical improvements, it also deliv-
ers an important nonclinical effect that is diffi-
cult to measure. For deployed troops in combat, 
the knowledge that there is a skilled medical 
team in close support is a powerful message that 
improves confidence and moral.

6.2  History of the Emergency 
Medical Services

Advancements in civilian EMS often follow 
times of military conflict and arise from lessons 
learned in the combat setting. Jean Larrey, one 
of Napoleons chief surgeons, was one of the first 
physicians to recognize the benefits of bringing 
care to the wounded on the battlefield. He formed 
the ambulance volante (“flying ambulance”) with 
the goal of providing initial trauma care as close 
to the battlefield as possible. Larrey is credited 
with developing the first triage and prehospital 
transport system.

In the United States, the Rucker ambulance, 
designed by Brigadier General Daniel Rucker, 
was inspired by the poorly executed evacuation 
of injured troops following the Battle of Bull Run 
in Manassas, Virginia. Soldiers could either sit or 
be placed on stretchers. It also had the capacity to 
carry supplies and water.

Following the American Civil War, the earli-
est civilian EMS services were initially hospital 
based and staffed by intern physicians in training. 
Charity Hospital in New Orleans, Grady Hospital 
in Atlanta, Bellevue Hospital in New York City, 
and Cincinnati General Hospital all developed 
the initial horse-drawn ambulances.

Progress in civilian prehospital care during the 
first half of the twentieth century remained rela-
tively stagnant, despite advances made in trauma 
resuscitation during the two World Wars and the 
Korean War. Many ambulances were actually 
based out of funeral homes as the stretchers could 

fit in the back of a hearse. There was no formal 
training; communication between police, fire, 
and EMS was nonexistent; and rescue techniques 
were rudimentary. In the early 1960s, J.D. “Deke” 
Farrington began promoting the idea of translat-
ing lessons learned on the battlefield into civilian 
practice. He, along with Sam Banks, developed 
the first course for ambulance personnel in 1962 
with the Chicago Fire Academy. Farrington is 
now recognized as the father of modern EMS [1].

In the United States, the landmark white paper 
Accidental Death and Disability: The Neglected 
Disease of Modern Society was published in 
1966 by the National Academy of Sciences/
National Research Council. It specified weak-
ness in prehospital care and suggested guidelines 
for the training of EMS personnel, development 
of an EMS system, and advances in ambulances 
and equipment [2]. Congress passed the National 
Highway Safety Act that same year, which estab-
lished the Department of Transportation (DOT). 
States were required to develop EMS systems 
under the threat of losing federal highway funds. 
The DOT funded development of the Emergency 
Medical Technician-Ambulance (EMT-A) cur-
riculum, first published in 1969. The Emergency 
Medical Services System Act, passed by Congress 
in 1973, funded development of region- wide 
EMS systems during the period of 1974–1981. 
The legislation outlined 15 components which 
were needed in order to have an integrated EMS 
system. One of those components was education, 
which led to the development of the EMT- basic, 
EMT-intermediate, and EMT-paramedic levels of 
certifications.

Subsequently, the National Registry of 
Emergency Medical Technicians (NREMT, or 
“Registry”) was established as a national stan-
dard for testing and credentialing for all levels of 
EMTs.

Prehospital emergency medicine (PHEM) is 
now recognized in many parts of the world as a 
discrete medically specialty for which board cer-
tification (or equivalent) is available and which 
is increasingly required by the physicians that 
lead these services. Physician-lead EMS is the 
model adopted by civilian agencies in Europe 
and Australia as well as by the UK military. Such 
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services reduce mortality in the severely injured 
casualty when injury occurs at a location remote 
from a major trauma center.

6.3  EMS Systems

EMS care can be provided by any number of 
agencies, including the fire department, police 
department, hospital, private agency, or a “third 
service.” A third service is an independently 
funded government agency with the sole respon-
sibility of providing prehospital care, separate 
from police and fire. Regardless of the type of 
agency which provides EMS coverage, pre-
hospital care is divided into basic life support 
(BLS), advanced life support (ALS), and a tiered 
response.

A BLS service is able to provide noninvasive 
care delivered at the EMR and EMT level. BLS 
provides advanced first aid, basic airway manage-
ment, CPR, oxygen administration, spine immo-
bilization, and childbirth. Some BLS systems are 
able to utilize automatic external defibrillators 
(AED) for patients in cardiac arrest. While a BLS 
service is easier to establish and less expensive to 
maintain than an ALS service, it is also limited 
in capability.

An ALS system provides care at a higher 
level than BLS. ALS providers are certified 
at the AEMT or paramedic level and possess a 
higher skill set. ALS systems are able to provide 
advanced airway management, including endo-
tracheal intubation. They are able to establish 
intravenous (IV) access, administer a multitude 
of cardiac medications, interpret 12-lead EKGs, 
and undertake chest needle decompression. ALS 
systems are able to provide advanced care on the 
scene, prior to arrival at an emergency depart-
ment. ALS care has shown excellent results for 
prehospital cardiac arrest but is more controver-
sial for care of the trauma patient, in which expe-
ditious transport is more important than on-scene 
interventions.

A tiered-response system combines elements 
of both the BLS and ALS systems. The basic goal 
of a tiered-response system is to match the level 
of EMS response with the needs of the patient. 

Non-emergent calls can be handled by a BLS 
ambulance, leaving the ALS response for criti-
cally ill patients. In many tiered-response sys-
tems, the initial response is often BLS, with an 
ALS ambulance being dispatched only if deemed 
necessary. This allows ALS ambulances to be uti-
lized only for those patients who are seriously ill 
or severely injured.

6.4  Principles of Civilian 
Prehospital Damage Control 
Resuscitation

Damage control for civilian EMS follows many 
of the same principles taught in the military. 
Discussion will focus on scene time, control of 
catastrophic hemorrhage (including resuscitative 
thoracotomy), fluid and blood product resuscita-
tion, airway management, chest decompression, 
tourniquet use, tranexamic acid administration, 
and spine immobilization.

6.5  Scene Time

There is controversy as to whether total prehos-
pital time is a risk factor for mortality. While 
common sense dictates that scene time should be 
as short as possible, several studies do not sup-
port the theory [3, 4]. Analyses of subgroups of 
trauma patients, such as those with traumatic 
brain injury or shock, had variable conclusions 
[5]. One subgroup which seemed to benefit from 
a shorter prehospital time was shock patients who 
required early critical resources [6]. Additional 
data from Philadelphia support short prehospi-
tal scene times for the trauma patient with pen-
etrating trauma who arrives to the trauma center 
in extremis [11]. They compared patients who 
were transported by police (with no interven-
tions) to those who arrived via EMS having had 
 procedures en route such as endotracheal intuba-
tion, IV access, and medication administration. 
Patients brought directly from the scene by the 
police had a higher survival than those brought 
by EMS. Their data suggests that in an urban 
environment time to the trauma center is more 
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important than any prehospital intervention. 
The PHTLS course teaches the non-physician 
prehospital provider to have a goal of main-
taining a scene time of less than 10 min, unless 
hampered by external factors such as prolonged 
vehicle extrication, multiple patients, or a delay 
in accessing the patient due to a violent scene, 
geography, or building design [ 7]. EMS team 
composition and transfer times are also important 
considerations when determining how much time 
should be spent on scene. Where possible, any 
prehospital interventions should be undertaken 
in a sheltered area (i.e., an ambulance) and every 
effort made to maintain normothermia.

6.6  Control of Catastrophic 
Hemorrhage

Most avoidable trauma deaths in civilian practice 
occur due to hemorrhage, and it is here that EMS 
personnel have most to gain through rapid and 
effective intervention [8]. The tools available to 
EMS providers to achieve this include hemostatic 
dressings, pressure bandages, tourniquets, pelvic 
binders, and in extremis resuscitative thoracot-
omy (personnel and training dependent).

Tourniquet use in the civilian setting is 
becoming standard of care, largely due to the 
experience of the military in the recent Iraq and 
Afghanistan wars. While civilian studies are 
underway to assess the role of tourniquets in the 
civilian setting, common sense suggests they 
are beneficial and should be utilized by civil-
ian EMS. Tourniquets are inexpensive, simple 
to apply, and easy to manage and, other than 
pain, have no significant side effects if applied 
correctly. Tourniquets are most effective when 
applied early (prior to the onset of shock). If 
tourniquet application is held until the patient is 
already in shock, then survival is only 10% [9]. A 
summary of key points regarding tourniquet use 
is listed in Table 6.1.

Similarly, application of pelvic binders is 
increasingly commonplace. Pelvic binders 
are safe and effective when applied correctly 
to patients at risk of significant pelvic injury 
(Table 6.2). There is no longer a role for “spring-

ing” the pelvis in the prehospital setting, and the 
decision to apply a binder is based entirely on 
the mechanism of injury or obvious deformity. 
They should be applied directly to skin across the 
greater trochanters. Tying the feet together can 
augment pelvic stability in these circumstances. 
Lower limb traction devices that apply pressure 
to the ischial tuberosity can still be used in com-
bination with a pelvic binder.

When hemorrhage occurs at an anatomic 
junctional area (groin or axilla), then conven-
tional tourniquets cannot be used. In this circum-
stance a hemostatic dressing should be applied in 
accordance with the manufacturer’s instructions. 
These dressings consist of a ribbon, gauze, or 
pellets coated with a hemostatic agent (chitosan 

Table 6.1 Use of tourniquets

–  Prehospital tourniquets are indicated if direct 
pressure fails to control hemorrhage

–  The tourniquet is tightened until hemorrhage ceases 
(medullary ooze may persist). A second tourniquet 
should be used if required

–  Tourniquets should be placed prior to extrication and 
transport. There is a clear survival advantage if 
placement occurs prior to the onset of shock

–  The time of tourniquet application should be 
documented and relayed to the trauma team upon 
arrival at the hospital

–  Care must be taken adequately; tighten the tourniquet 
on application to prevent occlusion of venous outflow 
but not arterial inflow to a limb

–  As blood pressure increases following resuscitation, 
ongoing adequacy of the tourniquet needs 
reassessing

–  An in-hospital “staged release” of tourniquets that 
have been in place for several hours should be 
undertaken to mitigate against the risk of myocardial 
reperfusion injury and hyperkalemia

Table 6.2 Mechanisms of injury that may cause signifi-
cant pelvic injury. Such an injury requires a blunt 
high-energy transfer injury

– Fall from height greater than 15 ft (5 m)

– Motor vehicle collision (MVC)

– Motorcycle accident

– Struck pedestrian

–  Less likely in children than adults due to more 
flexible pelvis
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or kaolin) which is packed into the wound with 
direct pressure applied. Such dressings are not 
used in inter-cavity bleeding. Novel devices for 
use in junctional trauma are discussed below.

6.7  Blood Product and Fluid 
Resuscitation

Prehospital resuscitation follows the tenants 
of the low volume, hypotensive resuscitation 
commonly practiced in trauma centers around 
the world. A goal systolic blood pressure of 
80–90 mmHg (or a MAP of 50 mmHg) is ade-
quate, unless a head injury is suspected, in which 
case the goal systolic pressure should be 100–
110 mmHg. Alternative targets are to resuscitate 
to achieve a radial pulse or, in the event of pen-
etrating thoracic injury, a femoral pulse. Ideally, 
warmed blood products and crystalloid fluid in 
250 mL boluses are used to achieve this. Patients 
allowed to remain hypotensive prior to surgical 
control of hemorrhage have a survival advan-
tage [10]. Increasingly, both civilian and military 
EMS providers are equipped with group O nega-
tive blood, group AB plasma, lyophilized plasma 
substitute (e.g., LyoPlas), or in some cases even 
fresh whole blood. Optimal management would 
be to obtain a blood sample from the casualty 
prior to administration of blood products though 
the scene situation may not facilitate this.

Prehospital IV access should be considered a 
luxury and not a necessity, particularly in an urban 
setting with short transport times. Intraosseous 
access is faster and may be the route of choice in 
children, intravenous drug users, etc. A review of 
over 700,000 patients from the National Trauma 
Data Bank (NTDB) noted patients receiving pre-
hospital IV fluid had a higher mortality than those 
who had no IV placed [11]. Reasons cited for the 
higher mortality associated with prehospital IV 
placement include the increased scene time often 
associated with the placement of the IV and “pop-
ping the clot” due to the raised systolic blood pres-
sure and dilution from the IV fluid. Casualties in 
receipt of blood products prehospitally should also 
receive tranexamic acid (TXA, 15 mg kg−1) and 
10% calcium chloride solution (0.2 mL s kg−1).

Tranexamic acid (TXA) is an antifibrinolytic 
that inhibits the activation of plasminogen to 
plasmin. It has been used for decades during tooth 
extractions in hemophilia patients as well as for 
intraoperative bleeding in gynecologic, orthope-
dic, and cardiac procedures. The CRASH-2 trial, 
while controversial, showed a mortality improve-
ment when administered to trauma patients [12]. 
The MATTERs trial reviewed TXA administration 
in severely injured soldiers and noted a survival 
benefit in those requiring transfusion, although 
a slight increase in thromboembolic events was 
seen [13]. A subgroup analysis of CRASH-2 data 
examined the timing of administration and noted 
a significant reduction in mortality if TXA was 
administered within 1 h of injury [14]. The ben-
efit was still significant, although less, if given 
between 1–3 h of injury. TXA was shown to be 
harmful if given after 3 h of injury. The drug is 
an excellent option for the prehospital setting, as 
it is easy to administer and inexpensive and has 
few side effects. A recent position statement by 
the American College of Surgeons Committee on 
Trauma (ACS-COT), the American College of 
Emergency Physicians (ACEP), and the National 
Association of EMS Physicians (NAEMSP) note 
TXA has an adjunct to the hemorrhaging trauma 
patient [15]. In their statement, they recognize 
the significance of trauma system integration of 
TXA use, the importance of trauma center trans-
port, and development of a quality improvement 
initiative to monitor TXA use. Civilian studies 
are currently underway to assess the benefit of 
TXA in the prehospital setting.

6.8  Resuscitative Thoracotomy

In the event of significant deterioration or trau-
matic cardiac arrest, an appropriately trained 
EMS team, distant from a major trauma center, 
may consider undertaking a resuscitative tho-
racotomy. The indication for this procedure is 
outlined in Table 6.3. Survival rates following 
prehospital thoracotomy vary between 40 and 
60% for penetrating trauma and 2 and 10% for 
blunt injury [16]. The injury most amenable to 
reversal following this intervention is pericardial 
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tamponade resulting from knife injury, but it has 
also a good track record for non-compressible 
hemorrhage below the diaphragm. The proce-
dure is briefly described in Table 6.4. In the event 
that such a patient is pregnant with a gestation 
greater than 24 weeks, perimortem cesarian sec-
tion undertaken within 5 min of the onset of CPR 
has a small but growing evidence base in favor of 
both maternal and fetal survival [17]. Delivering 
a viable fetus from a dying mother clearly gives 
that fetus a chance of survival, but mothers real-
ize an increase in venous return following the 
procedure that increases their chance of a return 
of spontaneous circulation.

Restoration of the circulating volume remains 
the priority should traumatic cardiac arrest 
becomes established, and there is no role for CPR 
or adrenaline unless a medical event precipitated 

the traumatic incident or ultrasound examination 
demonstrates an adequately filled but poorly con-
tractile left ventricle.

6.9  Airway Management

Airway management in the prehospital setting 
can be divided into BLS and ALS interven-
tions. In many cases, BLS management with an 
oral airway and bag-valve mask may be all that 
is necessary. If a fully conscious casualty has 
bleeding into a traumatized airway, attempts 
can be made to manage them in a sitting-up and 
forward position. Taking time to orally intubate 
a hemorrhaging trauma patient is counterpro-
ductive and likely not beneficial. The preferred 
BLS airway maneuver is the jaw thrust, espe-
cially in patients with a possible cervical spine 
injury [18]. The jaw thrust had significantly 
less cervical displacement when compared to 
the head tilt-chin lift. In patients requiring an 
advanced airway, consideration should be given 
to placing an extraglottic airway device (EGD), 
such as a laryngeal mask airway (LMA), esoph-
ageal-tracheal combitube, or a King laryngeal 
tube. Placement of an EGD can be done faster 
than endotracheal intubation, with less risk of 
dislodgement or esophageal intubation. No 
difference in survival has been noted in blunt 
trauma patients managed with an EGD com-
pared to traditional endotracheal intubation 
[19]. A subset of trauma patients will require 
rapid sequence intubation (RSI), such as those 
about to be transported for a prolonged distance 
or via helicopter. Prehospital success rates with 
RSI are comparable to in-hospital RSI [20]. 
Older data suggest no benefit to prehospital 
RSI. However, a recent multicenter study from 
Australia does note a survival benefit to those 
patients with a traumatic brain injury who 
receive prehospital RSI [21].

Apneic oxygenation prior to and during 
RSI (in addition to BVM preoxygenation) with 
high- flow oxygen through nasal cannula will 
mitigate against hypoxia, and the procedure 
may require ongoing airway suctioning through-
out. The choice of drugs and the implementa-

Table 6.3 Indications for resuscitative thoracotomy

 –  Traumatic cardiac arrest with organized electrical 
activity on the EKG

–  In an agonal state within 15 min of respiratory effort 
following penetrating trauma

–  Persisting critical hypotension despite adequate 
resuscitation

Table 6.4 Resuscitative thoracostomy

–  Undertake finger thoracostomies in the fourth 
intercostal space at the mid-axillary line bilaterally

–  Identify and mark out the fourth intercostal across 
the midline

–  Use a scalpel to incise through the skin and fat layer

–  Use trauma scissors to cut through the muscle layer 
and sternum (this may require a Gigli saw in larger 
males)

–  Retract chest wall up and manually compress 
descending aorta. Extend incision to posterior 
axillary line if access restricted

–  Apply suction and then identify bleeding point and/
or exclude tamponade

–  If coarse ventricular fibrillation is present, close 
chest and defibrillate as usual

–  If fine ventricular fibrillation is present, commence 
internal cardiac massage and blood product 
resuscitation. Administer calcium chloride

–  Cover chest with cling film prior to transfer. Remain 
alert for rebleeding in the event of return of 
spontaneous circulation (i.e., the internal mammary 
arteries)
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tion of cricoid pressure are determined at the 
discretion and experience of the intubator. For 
hemodynamically shocked casualties, induction 
with ketamine (0.5–1 mg kg−1) and rocuronium 
(1 mg kg−1) is optimal [22]. In more stable 
patients, propofol and fentanyl can be used. 
Anesthesia can be maintained in a variety of 
ways. Profoundly shocked individuals will only 
require occasional bolus top-ups of the induc-
tion agent. As physiology improves, a combined 
infusion of ketamine and midazolam is effective 
(200 mg ketamine mixed with 5 mg midazolam 
in a 50 mL syringe and run at 0.5mL kg−1 h−1), 
and in hemodynamically stable patients, the 
standard propofol and fentanyl infusions can 
be used (other than in very small children). 
Anesthetizing severely injured casualties for 
“humanitarian” reasons, that is, to ease suffer-
ing, to facilitate aggressive medical interven-
tion, and to manage tourniquet pain, is now a 
normal practice. This also enables rapid transfer 
to both CT and the operating room on arrival at 
the MTF. In this environment, provision of anes-
thesia is always suboptimal, and small doses 
of midazolam may mitigate against inadvertent 
awareness. All members of the prehospital team 
should be trained in sighting emergency surgical 
airway devices. Establishing a “kit dump” on-
scene in a predetermined fashion combined with 
the use of challenge-response pre and post RSI 
checklists can make a difficult procedure more 
manageable and safer. End-tidal carbon dioxide 
monitoring (ETCO2) in ventilated patients is 
essential. The airway of the traumatized military 
casualty can be managed in the same manner as 
in the civilian sector. Anatomically difficult air-
ways are unusual because of the age and health 
of the population at risk, and we can expect to 
reach casualties before trauma- or burn-induced 
edema occurs.

6.10  Breathing and Chest 
Decompression

All casualties with compromised physiology 
should receive supplemental oxygen when pos-
sible. Other causes of respiratory compromise 

such as primary blast lung injury or inhalation 
of toxic substances may need to be considered, 
especially if multiple casualties start to present 
with similar symptoms. Spontaneously breathing 
patients should have open chest wounds covered 
with an occlusive dressing or a one-way chest 
seal. Ventilated patients will need a chest seal 
to manage such wounds. Chest decompression, 
either via a needle thoracostomy or finger tho-
racostomy, is becoming a commonly used pre-
hospital procedure for patients with suspected 
tension pneumothorax. Additionally, many pre-
hospital protocols for traumatic cardiac arrest 
or peri-arrest include mandatory bilateral chest 
decompression to rule out tamponade as a cause 
of the arrest. Success rates are low for needle 
decompression, most commonly due to using a 
needle too short for the chest wall thickness. One 
study noted a significant increase in success rates 
after switching from a 5 cm catheter to an 8 cm 
catheter [23]. In UK practice, finger thoracos-
tomies have now replaced needle thoracostomy 
(other than in children) due to greater initial suc-
cess and a reduced incidence of occlusion and 
subsequent re-accumulation of air.

There is no definitive answer regarding the 
management of a massive hemothorax with 
ongoing blood loss in these circumstances; the 
treating clinician will need to manage the casu-
alty according to the particular circumstances 
and their personal experience. Some EMS pro-
viders consider this to be an indication for a 
thoracostomy.

6.11  Spine Immobilization

Spine immobilization is becoming a controver-
sial topic in prehospital trauma care. For decades, 
the dogma of spine immobilization was preva-
lent in EMT and paramedic courses around the 
world. Little data actually supports the use of 
routine spine immobilization. However, cervical 
collar placement and spine immobilization are 
not benign procedures. While treating a hemor-
rhaging trauma patient, in which seconds count, 
taking the time to immobilize a patient can be 
catastrophic. In one study, the time required for 
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experienced emergency medical technicians 
to properly immobilize a cervical spine was 
5.64 min (±1.49 min) [24]. Cervical collars make 
examination of the neck difficult. This can be par-
ticularly important in the patient with penetrat-
ing trauma, where examination for an expanding 
hematoma, tracheal deviation, or airway compro-
mise is critical. Endotracheal intubation is more 
difficult in those patients with a cervical collar 
in place, and more attempts are required for a 
successful intubation [25, 26]. The theoretical 
benefit of spine immobilization, to prevent propa-
gation of a spinal injury, is simply not proven, has 
a very high number needed to treat, and is dif-
ficult to fit in this context and not required [27]. 
Immobilization with blocks and tape is adequate. 
This is particularly in penetrating trauma, where 
the damage is instantaneous and permanent. The 
PHTLS recommendations for spinal immobi-
lization in patients with penetrating trauma are 
detailed in Table 6.5 [28].

6.12  Principles of Military 
Prehospital Damage Control 
Resuscitation

The population at risk in the military context 
falls into four broad categories. Coalition mili-
tary personnel, entitled personnel (civilian con-
tractors, civilian law enforcement agencies, and 
aid agency staff), enemy combatants (or captured 

personnel—CPERS), and injured local nationals 
(LNs). Combatant military personnel are nor-
mally extremely fit with significant physiologi-
cal reserve whom can survive a significant injury 
burden of injury. Entitled civilian personnel are 
not normally medically screened to any extent 
and may share the same physiology and disease 
burden as our domestic populations. Enemy com-
batants are also not medically screened but are 
normally “fighting aged males.” Local national 
casualties can take any form from newborns to 
elderly and include heavily pregnant females.

Independent of the type of casualty, it is imper-
ative that they are “sanitized” before transfer. All 
casualties (including women and children) must 
be thoroughly searched for weapons or explo-
sive materials which are left with the “ground 
call sign” to manage. Personal weapons of allied 
personnel can be carried at the discretion of your 
team once they have been made safe. Where pos-
sible, noncritically ill enemy combatants should 
be accompanied by a military escort. Children 
and, in some cultures in particular, females of 
childbearing age should be accompanied by an 
adult family member when circumstances allow.

The environment at the point of injury will 
be either permissive (no enemy or other threat) 
or nonpermissive (viable enemy threat or threat 
from fire, flood, or poisonous substances). 
Doctrine will vary between services and nation-
alities, but it serves no purpose for medical 
staff to expose themselves to unnecessary risk. 
This may serve only to increase the number of 
 casualties and deny your population at risk of 
your services. Generally, we should let our com-
batant colleagues “win the firefight” first and 
hand their casualties over in a secured area. In 
a nonpermissive environment, a casualty’s per-
sonal protective equipment (helmet, body armor, 
etc.) should be left in situ unless it is interfering 
with immediate lifesaving interventions. When 
evacuating a casualty by helicopter, eye and ear 
protection should be offered when appropriate. It 
is likely that the ground call sign delivering the 
casualty to you will have used a significant pro-
portion of their medical supplies (including their 
stretcher) in caring for them prior to your arrival. 
Consideration should be given to replacing core 

Table 6.5 PHTLS guidelines for spinal immobilization 
in penetrating trauma (2011)

–  There are no data to support routine spine 
immobilization in patients with penetrating trauma 
to the neck or torso

–  Spinal immobilization may be performed after 
penetrating injury when a focal neurological deficit 
is noted on physical examination although there is 
little evidence of benefit even in these cases

–  There are no data to support routine spine 
immobilization in patients with isolated penetrating 
trauma to the cranium

–  Spine immobilization should never be done at the 
expense of accurate physical examination or 
identification and correction of life-threatening 
conditions in patients with penetrating trauma
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components of this equipment at handover with a 
prepacked supply as well as providing bottles of 
water in hotter climates.

6.13  Personnel, Equipment, 
and Training

Team composition will depend on the size of 
the vehicle being used for casualty transfer and 
the degree of enemy threat at the casualty loca-
tion. In general, the most senior medical team 
available should be offered to the casualty, and 
ideally this will include the decision-making 
capability and skill set of an anesthetic or emer-
gency medicine physician [29]. Prehospital 
medicine should be part of the teams’ normal 
practice in their civilian or domestic medical 
occupation. The degree of enemy threat will 

determine whether “medics with some mili-
tary skills” or “combatants with some medi-
cal skills” retrieve the casualty. When military 
medics are used, they should have sufficient 
military training to facilitate determined self-
defense, escape, and evasion if required. When 
larger aircraft such as the CH-47 Chinook 
and the V22 Osprey or larger combat support 
boats (CSBs) are utilized, there may be space 
for extra personnel such as a force protection 
element or firefighters to assist with vehicle 
extraction (Fig. 6.1.). Such personnel can pro-
vide enthusiastic and effective help when a per-
missive environment is reached. In the MERT 
(medical emergency response team) model 
adopted by the UK during the Afghan conflict, 
such extra personnel helped with log-rolling 
patients, syringing blood through intraosseous 
devices, and obviously escorting CPERS.

Fig. 6.1 A CH-47 Chinook helicopter being used for pre-
hospital casualty retrieval. The floor space allows all- 
round access to litter patients, and the aircraft is large 

enough to accommodate a four-person medical team as 
well as a military escort consisting of four to six soldiers
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The MERT model of military prehospital care 
consisted of a consultant anesthetic or emer-
gency physician, an emergency medicine nurse, 
and two paramedics. Additionally, four to six 
soldiers provide force protection, and the MERT 
Chinook aircraft was escorted to the scene by an 
Apache attack helicopter. Aircraft such as the 
Osprey or Chinook are ideal for this role as they 
offer enough floor space for all-round access to 
a single casualty, thus facilitating “horizontal” 
resuscitation, and can accommodate multiple 
litter- borne casualties or a large number of walk-
ing wounded. They also allow easier access for 
litter cases and are powerful enough to facilitate 
armoring and have a good range in the absence 
of refueling.

6.14  Communication

As with all prehospital activity, communication 
is the weakest link in the care pathway. This is 
particularly so in the military context when com-
munications need to be secure, are being inter-
rupted by enemy activity, or are not possible at 
all. It is highly likely that the circumstances at the 
point of injury will have changed in the time it 
has taken to call for medical aid and your arrival. 
Flexibility is key, and when lines of communi-
cation are fragile, this should be clear and brief, 
bearing in mind that nonmedical intermediaries 
often staff military lines of communication so 
that medical language should be simplified in 
order to avoid error.

Within the North Atlantic Treaty Organization 
(NATO), the “9-Liner” signal is the standard 
signal format for requesting medical help and 
will be the basis on which medical facilities are 
alerted and dispatched. In addition to location 
and medical information, this signal will inform 
prehospital medical teams as to the nature of any 
enemy threat present (including chemical, bio-
logical, radiological, or nuclear threats), the need 
for specialist equipment, and how the landing site 
will be identified (e.g., colored smoke, cylumes, 
or infrared devices).

The use of “operation” brevity codes is a use-
ful mechanism for simplifying medical commu-

nication in the military prehospital environment. 
Printed cards displaying the codes can be easily 
shown to radio operators in low-light, noisy, or 
otherwise challenging situations to convey per-
tinent information to receiving medical treat-
ment facilities. Examples of brevity codes used 
by coalition forces in the recent conflict in 
Afghanistan are given in Table 6.6.

6.15  Catastrophic Hemorrhage

Most military deaths result from non-survivable 
head injuries [30]. Most avoidable military deaths 
result from catastrophic hemorrhage [31, 32], 
and it is here that the military prehospital medi-
cal team must concentrate their efforts and where 
damage control resuscitation starts. Catastrophic 
hemorrhage must be controlled rapidly, and this 
is the immediate priority for first responders 
who have available to them tourniquets, hemo-
static dressings, and pelvic binders to help them 
achieve this. Without such intervention, deploy-
ing advanced medical teams forward would be 
futile.

Once in the care of the prehospital team, the 
aim is to confirm that bleeding is controlled as 
well as possible and aggressively restore near 
normal physiology with the rapid hemostatic 
resuscitation with warmed blood products and 
hypothermia mitigation [33]. The position and 
effectiveness of tourniquets and pelvic binders 

Table 6.6 Operational brevity codes

Brevity 
code Meaning Actions required

Op 
Vampire

Blood products 
administered

MTF to instigate 
massive hemorrhage 
protocol and organize 
replacing prehospital 
shock packs

Op Tube Patient is 
intubated and 
ventilated

MTF to provide 
anesthetic care 
practitioner to receive 
casualty

Op Hero Casualty is 
deceased

Receiving trauma 
team to stand down, 
blood products and 
drugs returned
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should be checked and reapplied if necessary. 
Traumatic lower limb amputations should be 
managed with two tourniquets per limb and a pel-
vic binder. In penetrating injury, the patient needs 
to be log rolled to confirm control of hemorrhage 
only; there is no role for vertebral or rectal exam-
ination in this environment in a patient who will 
shortly be having a CT traumagram.

While large-bore intravenous access remains 
optimal, this is often unrealistic in severely 
injured casualties, particularly when being cared 
for in a tactically flying helicopter, in a CSB, or 
in the dark. Under these circumstances the ini-
tial choice for achieving vascular access should 
be either humeral head or sternal intraosseous 
access. Sternal devices can be inserted quickly 
and reliably and have the added benefit of not 
being knocked out accidentally during move-
ment around the casualty or on rolling. Anterior 
humeral head devices facilitate faster transfusion 
of blood products which will require pressure 
support to flow.

Bleeding soft tissue wounds should be packed 
with hemostatic dressings and occlusive pres-
sure bandages applied. Occasionally, unneces-
sary tourniquets are applied by first responders, 
and it is reasonable to reassess their need. When 
journey times to the nearest MTF are prolonged, 
this will involve the careful loosening and subse-
quent removal of tourniquets deemed not to be 
required.

Traumatic cardiac arrest due to hypovolemia 
is treated in the same manner as in civilian prac-
tice with the immediate focus being control of 
hemorrhage and restoration of circulating blood 
volume and not on chest compressions which 
will be futile. When appropriate, a resuscitative 
thoracotomy via a clamshell incision (described 
above) should be undertaken to achieve proximal 
control of bleeding and allow internal cardiac 
massage.

6.16  Novel Interventions

Managing non-compressible hemorrhage, either 
within a cavity or from an anatomic junctional 
zone, is a significant challenge prehospitally. 

Emerging and less invasive alternatives to tho-
racotomy are becoming available which aim to 
occlude or partially occlude the aorta through 
either extra-luminal pressure or intraluminal 
interruption of blood flow. Such approaches 
include the possible use of an Abdominal 
Aortic Junctional Tourniquet (AAJT) [34] 
(example shown in Fig. 6.2.) or the Resuscitative 
Endovascular Balloon Occlusion of the Aorta 
(REBOA) device [35, 36]. The REBOA device is 
an intraluminal catheter and balloon inserted via 
the femoral artery for the management of bleed-
ing within the abdomen or pelvis in casualties 
with intact vasculature above the diaphragm. Its 
use either within the hospital or prehospital is in 
its infancy, but the concept is good. The AAJT 
can be applied to axillary and femoral bleeding 
as well as to the mid-abdomen to manage pelvic 
bleeding (assuming the subject is not pregnant or 
known to have a pre-existing abdominal aortic 
aneurysm). It is noninvasive and requires mini-
mal training to apply and can be left in situ for up 
to 4 hours. Again, it is a technology in its infancy 
but may represent a significant tool for the pre-
hospital management of hemorrhage.

6.17  Futility

Futility is important to recognize for several rea-
sons. Most importantly, it allows EMS personnel 
to concentrate on the comfort and dignity of the 
patient rather than unpleasant and painful inter-
ventions as well as attending to the psychological 

Fig. 6.2 The Abdominal Aortic and Junctional 
Tourniquet™ in use
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well-being of other first responders or witnesses 
via some form of “hot debriefing” process. It also 
prevents unnecessary utilization of prehospital 
and in-hospital resources. Definitions of non- 
survivability will change with time, and each 
case must be considered individually, but the 
absence of electrical and mechanical myocardial 
activity after a period of effective resuscitation 
should prompt a discussion around futility [37].

6.18  Summary

Many of the principles taught in civilian EMS 
course can trace their roots to lessons learned 
by the military. Damage control in civilian EMS 
should follow the tenants of providing good BLS 
care, minimizing scene time and maintenance of 
normothermia while performing as many pro-
cedures as possible en route to the trauma cen-
ter. Use of crystalloid should be minimized and 
shocked casualties resuscitated with blood when 
available. Tourniquet use is becoming standard 
of care in the civilian sector, and every agency 
should have tourniquets available to their med-
ics. The use of TXA may prove to be beneficial 
in the prehospital setting. Spine immobilization 
should only be done when absolutely necessary 
and is not likely to be beneficial in the cases of 
penetrating trauma.

Prehospital damage control resuscitation 
in any arena will be the most challenging and 
rewarding practice medicine health-care provid-
ers will encounter. With appropriate training and 
excellent team working skills, a good outcome 
can be achieved for everyone involved but in par-
ticular for the casualty who fights on our behalf 
in the knowledge that they have the close support 
of their medical services.
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Abstract

Damage control is a combination of surgical 
techniques and damage control resuscitation. 
It can be performed in injuries involving the 
abdomen, chest, neck, vessels, bones, and soft 
tissues. It should be considered in patients 
with persistent bleeding and limited physio-
logical reserve, in austere environments with 
limited resources, and in bleeding from ana-
tomically difficult areas. It is a three-stage 
approach and involves temporary control of 
bleeding by packing, vascular shunting, or 
ligation and control of intestinal spillage in the 
operating room (first stage), physiological sta-
bilization in the intensive care unit (second 
stage), and semi-elective definitive repair of 
all injuries in the operating room (third stage).

Damage control should be considered early, 
before major physiological decompensation. 
The timing of damage control should be deter-
mined by several factors including the type, 
anatomical site, and severity of injuries; the 
physiological condition, age and co- morbidities 
of the patient; the experience of the surgeon; 
and the available resources. Angio-embolization 
in the appropriate cases may be a useful adjunct 

to damage control procedures. This chapter 
reviews the indications, techniques, controver-
sies, complications, and outcomes for damage 
control procedures in trauma.

7.1  Background

Damage control surgery for trauma utilizes tech-
niques that rapidly temporize injuries, stop bleeding, 
and stabilize patients in extremis. This philosophy 
focuses on streamlining early interventions with 
definitive management delayed until the patient 
is physiologically stable. The rapid and targeted 
operative phase allows early transfer of the patient 
to the intensive care unit (ICU), where resuscitation, 
rewarming, and reversal of coagulopathy can occur. 
The patient may then return to the operating room 
in a semi- elective fashion for definitive manage-
ment. Temporizing techniques have been described 
in various forms throughout the past century, and 
in more recent decades, damage control surgery 
and the philosophy of delayed definitive manage-
ment have gained popularity in the military setting, 
and lessons learned from the battlefield have been 
applied and adapted to civilian trauma.

Historically, operative trauma has been man-
aged with hemorrhage control and definitive 
management of the traumatic injuries at the 
index operation. These techniques can be highly 
effective in the setting of physiologic stability 
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and specific injury patterns. In cases of com-
plex, destructive, or major arterial injury with 
instability, hypothermia, or coagulopathy, how-
ever, definitive management may contribute to 
ongoing physiologic demise. Reports of dam-
age control techniques in the early 1900s pro-
gressed to small series publications in the latter 
half of the century that began to describe posi-
tive results using temporizing measures with a 
planned “second- look” operation [1, 2]. In the 
early 1980s, Stone et al. [3] published a series 
of 31 patients undergoing laparotomy for trauma 
in which the final 17 patients were managed 
with a staged method, rapid temporizing of the 
injuries, intra-abdominal packing, and delayed 
return to the operating room for definitive man-

agement. Patients treated with these damage 
control techniques had significantly lower trans-
fusion requirements and improved mortality 
when compared to patients with standard man-
agement. By 1993, the stages of damage control 
were clearly defined [4] as first, hemorrhage and 
contamination control with temporary abdominal 
closure; second, ICU resuscitation; and third, re- 
exploration with definitive surgical management. 
The modern concept of damage control surgery 
includes not only the temporizing operative tech-
niques but also the concepts of damage control 
resuscitation with clear transfusion, physiologic, 
and hemodynamic goals.

Although clear indication criteria for damage 
control surgery continue to evolve, as many as 

a b

c

Fig. 7.1 Damage control operation in a young male who 
developed hypotension after being admitted with a grade 
5 liver injury after blunt abdominal trauma. CT scan imag-
ing obtained on arrival shows a grade 5 liver injury with 
active contrast extravasation (a). The patient underwent 
damage control laparotomy during which the liver hemor-

rhage was contained with multiple packs, and the patient 
was taken to the hybrid operating room for angio- 
embolization (b). The patient was then resuscitated and 
stabilized in the ICU and returned to the operating room 
24 h later for a liver resection and pack removal (c)
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10% of trauma patients undergoing operation 
may benefit from these techniques, and a clear 
mortality advantage has been shown with this 
staged approach, especially when coupled with 
the principles of damage control resuscitation 
(Fig. 7.1) [4–7].

7.2  Indications for Damage 
Control

Damage control techniques are most commonly 
applied during massive exsanguination or in 
patients in poor physiological condition; how-
ever, they may also be applied in austere envi-
ronments or in the treatment of complex injuries 
where further exploration or definitive manage-
ment is outside the clinical expertise of the oper-
ating surgeon.

Damage control should be considered in 
patients in extremis, with severe metabolic or 
physiologic derangements. These physiologic 
abnormalities contribute to an overall shock state 
in which patients remain coagulopathic with 
ongoing hemorrhage despite maximal opera-
tive intervention. Ongoing hypotension, shock, 
tissue hypoperfusion, and acute coagulopathy 
after trauma have all been shown to significantly 
worsen outcomes [8–10]. It is in these patients 
that damage control procedures are most com-
monly recommended [6].

The classic premorbid parameters described 
after severe trauma include the “lethal triad” 
of hypothermia, coagulopathy, and acidosis. 
Hemodilution and consumptive coagulopathy 
combined with metabolic acidosis and increased 
fibrinolysis in the setting of hypothermia have 
all been clearly shown to contribute to ongoing 
bleeding and a patients’ inability to tolerate pro-
longed operative interventions [11–14].

Hypothermia is a common problem in the 
trauma population that can exacerbate the 
effects of acidosis and worsen ongoing coagu-
lopathy. Prehospital environmental causes are 
propagated by difficulties in rewarming during 
operative intervention, cool resuscitative fluids, 
and ongoing heat loss due to open cavities and 
wounds. Hypothermia alone is not an indica-

tion for damage control; however, hypothermia 
can exacerbate coagulopathy causing altered 
platelet function and abnormalities in the coagu-
lation cascade [12, 15, 16], and it is associated 
with increased mortality after trauma [17]. In the 
hypothermic trauma patient, cold and wet cloth-
ing should be removed and skin covered with 
warm blankets. Intravenous fluid warmers and 
warm air convection devices are commonly used 
[18, 19]. Despite early reports supporting the 
correlation between ambient operating room and 
patient core temperature [20], modern analyses 
have failed to reproduce these benefits [21]. In 
the setting of persistent hypothermia during oper-
ative intervention, the most effective maneuver to 
rewarm the patient is with copious warm saline 
cavity irrigation. Establishing normothermia is a 
key component of coagulopathy reversal during 
damage control resuscitation.

Complex injuries such as severe liver inju-
ries, bleeding from pelvic fractures, pancreati-
coduodenal injuries, and many vascular injuries 
may benefit from damage control procedures. In 
an acute setting, these complex injuries can be 
difficult to expose, coagulopathy can exacerbate 
blood loss, and definitive management can be 
futile, increasing the risk of intraoperative mor-
tality. Even the most experienced surgeon may 
choose to proceed with temporary control of the 
injury using packing or shunts with the definitive 
treatment delayed until the patient may physi-
ologically tolerate the procedure. Additionally, 
suboptimal environments such as those with 
limited resources, inadequate blood product 
resources, austere environments, or lack avail-
ability of surgeons experienced in the needed 
procedure can all be indications for damage con-
trol interventions.

7.3  Stages of Damage Control

7.3.1  Stage 1

The first stage of damage control involves tem-
porary control of bleeding and contamination. 
An initial surveillance assessment of the injuries 
should be performed with temporizing measures 
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such as packing to allow a rapid cataloging of 
injuries. This is immediately followed by bleed-
ing control with ligation, simple repairs, and 
solid organ removal, using tight packing as an 
adjunct when standard surgical techniques are 
insufficient. After these initial steps, the sur-
geon, in consultation with the anesthesia team, 
has sufficient information and control to deter-
mine if a damage control operation is necessary 
or if definitive management can safely progress. 
Consideration to temperature, acidosis, coagu-
lopathy, injury burden, underlying medical con-
ditions, and surgeon experience as described 
above will factor into this decision. A common 
mistake is to delay the decision to proceed with 
damage control until the patient has further dete-
riorated. This can be a fatal mistake. Damage 
control should be considered early and not be 
reserved as a procedure of last resort. If the sur-
geon decides to proceed with damage control, a 
rapid but thorough exploration of the abdomen 
should be performed prior to temporary abdomi-
nal closure. Injuries are commonly missed in the 
setting of significant trauma, and delayed man-
agement of ongoing bleeding or contamination 
can increase morbidity and mortality.

Hollow viscus injuries should be addressed 
with contamination control. Small or minimally 
destructive injuries can be primarily repaired, 
while extensive or devascularizing injuries 
should be resected. Although bowel ligation and 
discontinuity are described in the damage con-
trol setting, there is concern that this practice will 
increase bowel ischemia and ultimately worsen 
outcome [22]. In a multicenter study including 
167 patients with damage control operations for 
hollow viscus injury, those managed with dis-
continuity were significantly more likely to have 
ischemia on repeat operation. For hollow vis-
cus injury in damage control operations, injury 
identification, contamination containment, and 
restoration of continuity are the key elements to 
minimize morbidity and mortality [22, 23].

Vascular injuries need to be addressed at the 
index operation with definitive hemorrhage con-
trol. In the setting of complex injuries or physi-
ologic derangements, a variety of temporary 
techniques have been described that can safely 

be used to delay definitive injury management. 
In the right setting, primary vessel repair is the 
first- line management option; however, in dam-
age control settings, ligation, balloon occlusion, 
packing, and temporary shunts are all acceptable 
means to address vascular injuries. Nearly all 
complex venous injuries including the infrarenal 
IVC and iliac veins can be ligated with minimal 
long-term effect, and ligation should be consid-
ered as a damage control strategy if the vessel 
cannot be repaired without a complex recon-
struction or significant stenosis. The exception to 
this rule is the superior vena cava, which should 
never be ligated. Ligation of the suprarenal vena 
cava carries significant morbidity with renal fail-
ure, and although not universally fatal, ligation 
of the portal vein and superior mesenteric vein 
should be avoided whenever possible due to the 
 significant risk of bowel edema and necrosis that 
results. Intravascular shunts are most commonly 
used in extremity arterial trauma either during 
damage control operations or as part of a staged 
repair with orthopedics in treating a mangled 
extremity (Fig. 7.2); however, they may also be 
used in damage control operations on the carotid 
artery and/or abdominal arterial injury [24]. The 

Fig. 7.2 Intravascular shunt placement in the right bra-
chial artery of a mangled extremity during a damage con-
trol procedure. The patient returned to the operating room 
24 h later and underwent graft placement and tissue 
coverage

E. Benjamin et al.



89

use of intravascular shunts is well tolerated and 
has likely improved outcomes and limb sal-
vage after damage control operation [24–27]. 
Definitive repair of arterial injuries treated with 
intravascular shunts should be prioritized, as the 
ideal dwell time remains uncertain.

In the stable patient with pelvic fracture- 
associated hemorrhage, angio-embolization is an 
ideal management algorithm. Pelvic hemorrhage 
in the setting of hemodynamic instability, how-
ever, can provide a more complex challenge. In 
this scenario, pre-peritoneal packing and, more 
recently, inflation of a REBOA catheter are dam-
age control treatment options that can transiently 
stabilize a patient and potentially facilitate trans-
fer to an angiography or hybrid suite [28–32]. 
Angiography may be used to address the pelvic 
bleeding; however, over 15% of all patients with 
pelvic fracture and almost one third of patients 
with severe pelvic fractures have associated 
intra- abdominal injuries [33]. For this reason, in 
patients with severe pelvic fractures, especially 
those with associated hemodynamic instability, 
open exploration should be strongly considered. 
During exploration, bilateral internal iliac artery 
ligation is a well-described damage control tech-
nique to address retroperitoneal pelvic bleed-
ing [34]. This maneuver addresses distal pelvic 
fracture- associated arterial bleeding, decreases 
the arterial pressure head in the pelvis for venous 
bleeding, can be performed concurrently with 
an open abdominal exploration, and is generally 
well tolerated.

Topical hemostatic agents have gained in 
popularity and are useful adjuncts during this 
first stage of damage control. Hemostatic agents 
currently available include scaffold materials 
with impregnated matrices and topical clotting 
factors and materials that stimulate the coagu-
lation cascade. These are available as powders, 
gels, foams, granules, impregnated sponges, or 
combined with expandable foams. In the civilian 
setting, these agents are not a substitute for surgi-
cal control of bleeding, but they have been used 
effectively as adjuncts, especially in the setting of 
trauma-induced coagulopathy.

Once the intra-abdominal bleeding has been 
controlled and injuries temporized, temporary 

abdominal closure is performed using either a 
sterilized plastic sheet or one of the many com-
mercially available temporary closure devices. 
The skin should never be closed after a damage 
control operation due to the high risk of abdomi-
nal compartment syndrome during the resuscita-
tive phase. The patient is then transitioned to the 
intensive care unit, a hybrid operating room, or 
to the angiography suite depending on the injury 
profile. Despite efforts to minimize the time 
spent in the operating room during this first stage 
of damage control, the patient must not leave the 
operating room with ongoing exsanguination. If 
the patient has transitioned to the ICU and per-
sistent bleeding is identified, the patient must be 
returned immediately to the operating room for 
hemorrhage control.

7.3.2  Stage 2

The second stage of damage control is the resus-
citative phase and most frequently occurs in the 
ICU. The overall goal of this phase is to physi-
ologically normalize the patient through rewarm-
ing, product administration, fluid resuscitation, 
and reversal of metabolic derangements. This 
stage typically lasts 24–48 h and is designed 
to reverse the progression of coagulopathy by 
addressing the “lethal triad” through patient 
rewarming, correction of acidosis, clearance 
of lactate, correction of base deficit, and blood 
product administration. Although “damage con-
trol resuscitation” begins in the operating room, 
stabilization of the patient in the ICU requires a 
keen understanding of both the patient’s resusci-
tative needs and the physiologic response to dam-
age control interventions.

Contemporary resuscitation strategies focus 
on early blood product transfusion including 
component therapy in lieu of the traditional large 
volume crystalloid resuscitation that was previ-
ously recommended. The dilutional effects of 
crystalloid resuscitation with the resultant coagu-
lopathy and acidosis have been largely replaced 
with aggressive and early implementation of 
balanced blood product administration [35–38]. 
Early administration of plasma in addition to 
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PRBC transfusion in a ratio approximating 
1:1 has been shown to improve outcomes after 
trauma [39–43].

In the setting of severe liver injury or complex 
pelvic fractures, this second stage may require 
continued resuscitation in the radiology suite 
with postoperative angio-embolization for addi-
tional hemorrhage control. During this resus-
citative phase, patients often remain critically 
unstable, and any interventions undertaken out-
side of the ICU setting require close monitoring 
and observation. In these cases, the ICU team and 
equipment including physicians and nurses must 
be transferred with the patient to the radiology 
suite to facilitate ongoing monitoring and resus-
citation despite the need for off-site intervention.

7.3.3  Stage 3

The third stage of damage control involves the 
semi-elective return to the operating room for 
pack removal and definitive management of the 
identified injuries. Although adequate resuscita-
tion is paramount prior to reoperation, packing 
material should be removed expeditiously to 
minimize infection risk. Once intra-abdominal 
injuries have been definitively addressed and 
packing material removed, abdominal fascia clo-
sure is a top priority. Delayed fascial closure can 
incur significant morbidity and mortality with 
increased risk of infection, fistula formation, 
anastomotic dehiscence, and hernia formation 
[44, 45].

 Conclusions

Damage control surgery is a three-stage inter-
vention strategy that focuses on rapid treat-
ment of surgical injuries and high prioritization 
of patient resuscitation, followed by semi-
elective definitive operative interventions. 
During the initial operation, hemorrhage and 
contamination control are achieved followed 
by transition to the ICU or angiography suite. 
Once resuscitated, the patient can return to the 
operating room for definitive injury manage-
ment including pack removal or vascular 
reconstruction. These techniques are designed 

to perform only necessary operative interven-
tions when the patient is most physiologically 
vulnerable and integrate damage control 
resuscitation strategies into the operative plan-
ning. The decision to proceed with damage 
control surgery should be made expeditiously 
and not be delayed until the patient has dete-
riorated significantly. Appropriate application 
of this staged approach has demonstrated 
improved outcome and survival.
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Role of a Hybrid Room in Damage 
Control Surgery

Dushyant Iyer, Chad G. Ball, 
and Scott K. D’Amours

Abstract

Time to hemorrhage control is the key perfor-
mance indicator of a trauma system. Open and 
percutaneous techniques represent comple-
mentary therapeutic modalities that may both 
be necessary in achieving expedient hemor-
rhage control. In most trauma facilities, the 
operating theater and angiography suite are 
separate rooms, not infrequently located on 
different floors or buildings. Transfer between 
these locations increases time to hemorrhage 
control and the chances of a patient succumb-
ing to physiological exhaustion. By unifying 
an operating theater and angiography suite, 
hybrid rooms offer the potential to minimize 
time to hemorrhage control through nullifying 
the dilemma of deciding the optimal location 
to best manage a patient’s ongoing bleeding.

8.1  Time to Hemorrhage Control

Exsanguination is the primary cause of death on 
the battlefield and the second leading cause of 
death in civilian trauma [1, 2]. On autopsy, it has 
been found that many of these patients have tech-
nically repairable injuries and may have survived 
if hemorrhage control was obtained before the 
onset of irreversible shock [3, 4]. Thus, the 
emphasis on actively resuscitating and arresting 
bleeding in the “golden hour” has formed the 
basis for modern trauma care. Indeed, in recent 
decades, trauma systems around the world have 
streamlined prehospital care services to expedite 
transport to specialized trauma centers by bypass-
ing other hospitals and improved the layout of 
their units to allow easy access to CT scanners, 
operating theaters, interventional radiology 
suites, and intensive care units from their emer-
gency departments.

Recent literature has indicated the importance 
of time to hemorrhage control as a key perfor-
mance indicator in the management of trauma 
patients. One retrospective analysis of hemody-
namically unstable patients with severe abdomi-
nal injuries found that every 3-minute delay in 
laparotomy commencement was associated with 
an approximately 1% increase in mortality. 
Furthermore, a retrospective study investigating 
hemodynamically unstable trauma patients that 
required early therapeutic interventional radio-
logical (IR) procedures found that a delay to 
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radiographic vascular occlusion was indepen-
dently associated with more than a twofold risk 
of mortality and that for every hour delay, the risk 
of mortality increased by 47% [5].

Concurrent damage control resuscitation is 
imperative in extending the window for definitive 
hemorrhage control. Indeed, the acute coagulop-
athy of traumatic shock is a well-documented 
phenomenon that is independently associated 
with up to a fourfold increase in mortality [6, 7]. 
Successful damage control resuscitation involv-
ing the early administration of tranexamic acid 
and warmed blood products and the sparing use 
of crystalloids, potentially guided by viscoelastic 
tests (thromboelastography (TEG) and rotational 
thromboelastometry (ROTEM)), may prevent 
and reverse the lethal triad of hypothermia, aci-
dosis, and coagulopathy.

8.2  Hemorrhage Control

Hemorrhage control may be achieved in an oper-
ating theater with open surgical techniques, such 
as the ligation of bleeding vessels or the applica-
tion of direct pressure through packing. However, 
certain anatomical locations of bleeding such as 
the pelvis, retroperitoneum, and solid organs 
(e.g., the spleen) may be more expediently con-
trolled through the application of endoluminal 
techniques in an angiography suite. Indeed, inter-
ventional radiology (IR) and the use of catheter-
directed angiography, intravascular balloon 
occlusion, embolization of bleeding vessels, and 
the deployment of stents to repair damaged 
 vessels have become an imperative component of 
modern trauma care [8–10].

This is highlighted by the evolution in the 
management of hemodynamically unstable 
patients with pelvic fractures. Historically, this 
cohort of patients has a significant reported mor-
tality that ranges from 10% to 42% [11–13]. 
Indeed, the surgical exploration and ligation of 
bleeding pelvic arteries are technically challeng-
ing, time consuming, and potentially comorbid. 
The invasion of the retroperitoneal space and dis-
ruption of formed clots have the propensity to 
exacerbate bleeding. While elegant surgical 

 techniques such as preperitoneal pelvic packing 
have been developed and used successfully in 
some centers [14, 15], pelvic angiography and 
transcatheter arterial embolization (TAE) have 
been shown to be effective, acute interventions 
for arterial hemorrhage control [16]. A systematic 
review of the literature found that the efficacy of 
rate of emergency TAE in controlling retroperito-
neal arterial hemorrhage associated with unstable 
pelvic fractures found an efficacy rate of 
81–100% with a very low rate of associated com-
plications [8].

Given the complementary nature of open and 
percutaneous techniques, it is often difficult to 
choose where to transport a bleeding patient for 
hemorrhage control. Consider, for instance, a 
prehospital retrieval team en route to your emer-
gency department with a young male involved in 
a motorcycle collision. The retrieval team informs 
you that the patient is hemodynamically unsta-
ble, has an unstable pelvis on clinical examina-
tion, and has a positive FAST scan indicating 
intraperitoneal free fluid. Such a patient will 
demand time-critical decisions in regard to diag-
noses, resuscitative strategies, and use of tech-
niques to arrest bleeding. Indeed, it is difficult to 
establish what the most active site of extravasa-
tion is and whether the operating theater or the 
angiography suite is the most optimal location to 
transport the patient. In most trauma facilities, 
these destinations are separate geographic rooms, 
not infrequently located on different floors or 
buildings. Unfortunately, if the hypothesis defin-
ing the most compelling site of extravasation is 
incorrect and patients require further transporta-
tion to an alternate location, the time to hemor-
rhage control and the chances of a patient dying 
because of physiologic exhaustion secondary to 
the lethal triad increase.

This scenario is not uncommon; a retrospec-
tive review of persistently hypotensive patients 
arriving to a Canadian level I trauma center in a 
17-year period found that 35 (7%) of these 
patients required both angiography and an opera-
tive interventions for ongoing hemodynamic 
instability [17]. Interestingly, there was a 90% 
rate of mortality (<24 h) in patients transferred to 
the angiography suite after the operating theater. 
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The authors stated that death in these patients 
was almost entirely due to ongoing hemorrhage 
and physiological exhaustion and that transport 
from one site to another was clearly a significant 
factor contributing to this poor end result.

8.3  Hybrid Suites

A trauma hybrid operating theater represents a 
dedicated location where open operative and per-
cutaneous procedures can be performed concur-
rently with the added benefit of offering rotational 
computerized imaging and ample space to resus-
citate the patient. The term hybrid room is syn-
onymous with a RAPTOR unit (resuscitation 
with angiography, percutaneous techniques, and 
operative repair). By uniting an operating theater 
and an angiography suite, hybrid rooms offer the 
potential to minimize time to hemorrhage control 
through nullifying the dilemma of deciding the 
optimal location to best manage a patient’s ongo-
ing bleeding. Additionally, time lost in transit 
between two locations can be saved when one 
technique cannot completely control bleeding.

Like many other hospitals with hybrid rooms, 
the construction of a RAPTOR suite at Liverpool 
Hospital has been the centerpiece of a broader 
initiative to improve the delivery of quality 
trauma care. In preparation for the suite’s con-

struction, the center developed a “hot floor” that 
was connected to the helipad and emergency 
department by a high-speed elevator system. This 
floor was designed with broad corridors and con-
figured to contain operating theaters, diagnostic 
and interventional radiology suites, and the inten-
sive care unit in close proximity to each other. 
The RAPTOR suite was constructed close to the 
entrance of the operating theater complex, mini-
mizing its distance to the elevator and intensive 
care unit.

The RAPTOR suite is essentially a large oper-
ating theater configured around a floating radio-
lucent table that allows for a mobile C-arm to 
preform rotational angiography. All components 
apart from the table, including a high-resolution 
flat screen monitor, are mounted on frames 
attached to the ceiling. These frames are built for 
flexible positioning, including the important abil-
ity to be stowed away (Fig. 8.1). The components 
are controlled from a large glass-paneled room 
adjacent to the suite. Three sets of doors around 
the suite allow for large numbers of personnel to 
enter and exit and bring additional equipment 
such as ultrasound and near-infrared spectros-
copy machines without interfering with ongoing 
procedures.

Recent updates to the suite include an auto-
mated positioning program that minimizes 
human error when moving the robotic C-arm. 

Floating radiolucent table

High-resolution flat
screen monitor 

Mobile C-arm, stowed away

Fig. 8.1 RAPTOR suite 
at Liverpool Hospital
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Wireless ultrasound transducers that connect to 
monitors via Bluetooth are useful in reducing 
congestion of valuable floor space and in reduc-
ing the potential for personnel to trip. Finally, 
while the rotational computerized imaging 
offered by the C-arm is not the same quality as 
that provided by a formal CT scanner, newer soft-
ware enables the 3-D fusion of the static images 
obtained from a CT scanner with the real-time 
images obtained from rotational computerized 
imaging.

8.4  Overcoming Challenges 
Associated with Hybrid 
Suites

Traditionally, the early management of severely 
injured trauma patient has been compartmental-
ized into separate domains: the prehospital phase, 
the emergency department, the CT scanner, the 
operating theater, the angiography suite, and the 
intensive care unit. Each of these domains repre-
sents a distinct environment with unique objec-
tives, equipment, and personnel with specific 
skills sets and team structures. Hybrid suites inte-
grate these compartments and the personnel 
involved. Needless to say, it is a logistical chal-
lenge for the large numbers of clinicians required 
to effectively operate these suites to balance pri-
orities, make collaborative decisions, and work in 
close proximity to each other. Furthermore, the 
team must respond effectively to dynamic infor-
mation that may arise from real-time radiological 
and operative findings in the suite.

When conceptualizing their hybrid suite, the 
Calgary group recognized that with the increased 
propensity for complex decision-making and 
technical interventions, there was a greater 
potential for conflict and miscommunication 
[18]. Thus, before embarking on construction, 
the group assembled a multidisciplinary group 
consisting of architects, builders, clinicians, and 
allied health staff from emergency medicine, 
surgery, and anesthesia to optimize the final 
design of the suite. A plywood mockup of the 
preliminary model was constructed, and a com-
mittee of over 30 persons participated in a series 

of complex simulation scenarios under direct 
observation by several video cameras setup 
around the suite. The video footage, and specifi-
cally the movement of personnel, was analyzed 
to demonstrate high-traffic areas and “bump” 
points. This analysis led to a number of recom-
mendations that translated in to changes in the 
suite’s design [18].

One difficult issue experienced at Liverpool 
that is not unique to our hospital remains the 
high turnover of staff. With trainees regularly 
rotating through the emergency, surgical, radi-
ology, anesthetic, and intensive care units, it is 
challenging to maintain a high level of compe-
tency with clinicians who may need to utilize 
the suite. Indeed, there have been instances 
when patients with injuries that were suitable 
for treatment in the RAPTOR suite were taken 
to the operating theater. Retrospective discus-
sions regarding the decision-making process 
often reveal that the clinicians on site felt more 
confident in the familiar environment of the 
operating theater. This issue is being addressed 
through an increased emphasis on education 
and training for new clinicians beginning work 
at our center. We are also in the process of con-
ducting a retrospective review of the use of our 
hybrid suite with the goal of developing formal 
criteria that will assist clinicians in identifying 
when to activate the RAPTOR suite.

Finally, there will always be clinicians who 
are more comfortable treating traumatically 
injured patients in the traditional compartmental 
model of trauma care. Thus, it is imperative to 
develop a core group of clinicians with a passion 
for utilizing the hybrid suite to improve the deliv-
ery of trauma care. One strategy to reduce the 
reliance on personnel to operate the suite is to 
increase the skill set of clinicians that are pas-
sionate about traumatology. In the United States, 
there are surgeons who are completing a second-
ary vascular fellowship after their trauma fellow-
ship to develop competency in catheter-based 
hemorrhage control [19]. While, at present, no 
common standard or credentialing exists for 
trauma surgeons interested in adding interven-
tional techniques to their skill set, this may be the 
natural evolution of trauma fellowships [19].
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8.5  Future Directions

If these challenges can be successfully addressed, 
it is exciting to consider the impact that hybrid 
suites could potentially have on the delivery of 
quality trauma care. Decades before the construc-
tion of the first hybrid suite, Griswold and Drye 
introduced the concept of saving critical time by 
bypassing the emergency department and mov-
ing patients with suspected cardiac injuries 
straight to the operating theater for an explor-
atory thoracotomy [20]. More recently, Martin 
et al. described a model of care that involves rec-
ognizing patients requiring immediate surgery 
(defined by their own criteria) and transporting 
them from the prehospital scene directly to a ded-
icated trauma operating room that is prepared for 
both resuscitation and surgical intervention [21]. 
A 10-year retrospective review of their experi-
ence demonstrated a remarkable door to inter-
vention time of 13 min in patients requiring 
emergency surgery with a survival rate that was 
significantly better than that predicted by TRISS 
methodology. With access to radiological modal-
ities in the RAPTOR suite, many have suggested 
that the future role of the omnicapable hybrid 
theater will be to serve as a “one stop shop” for 
the unstable trauma patient.

The fundamental barrier preventing this is the 
resource intensive nature of the RAPTOR suite. 
As alluded to, the successful operation of this 
suite requires the rapid mobilization of senior 
medical, nursing, and allied health staff from sev-
eral disciplines. Despite the successful experience 
of Martin et al., only 33% of the patients that met 
the criteria to bypass the emergency department 
actually required immediate emergency surgery 
[21]. Given the relative infancy of hybrid suites in 
trauma care, as well as the economic and political 
potential costs of overtriage, more work must be 
done to define evidence- based criteria to guide the 
triage of patients to these suites.

 Conclusion

Time to hemorrhage control is the crucial fac-
tor in the care of the critically ill, hemorrhag-
ing patient. The hybrid suite represents a 
dedicated location where open and percutane-

ous procedures can be performed concurrently 
and thus offers great potential to expedite 
hemorrhage control. Harnessing the potential 
of hybrid suites requires a change from the 
traditionally compartmentalized model of 
trauma care to one that is more integrated. 
This transition will require passionate clini-
cians to broaden their skill set and champion 
further education and training among their 
colleagues. Finally, given the resource- 
intensive nature of hybrid suites, further work 
must be done to develop formal criteria that 
will assist clinicians in identifying which 
patients will benefit from management in this 
domain.
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Damage Control Neurosurgery

Mark H. Wilson

Abstract

The principals of damage control surgery are as 
applicable to neurosurgery as they are to torso 
and limb injury—prevent secondary injury and 
stop the bleeding/relieve the pressure. This 
chapter will describe an up to date approach to 
intracranial injury and damage control neuro-
surgery techniques.

9.1  Introduction

The principals of damage control surgery are as 
applicable to neurosurgery as they are to torso 
and limb injury—prevent secondary injury and 
stop the bleeding/relieve the pressure. Definitive 
surgery (e.g. replacing cranial bone) can take 
place at the time if the patient’s physiology and 
the surgeon’s skill set allow; however, in damage 
control neurosurgery (DCNS), it may well be 
best to leave aspects for someone more experi-
enced to complete the case when the patient’s 
physiology is improved and consistent.

Neurotrauma is often considered “easy” sur-
gery, and often, it is. However, time is usually of 
the essence and ensuring rapid resuscitation and 

progress to surgery is a skill set. The technical 
aspects of burr holes and turning a flap are also 
usually straightforward; hence, this is a skill set 
that should be in the possession of the general or 
trauma surgeon who, possibly because of remote 
location, may well face the need to urgently con-
trol intracranial haemorrhage and/or decompress. 
This chapter will outline these basic skills; how-
ever, practical experience from spending time in 
a neurosurgical centre or attending a specific 
trauma skills course should also be sort. This 
chapter will describe specific techniques and 
nuances that can help control bleeding and be of 
use to the neurosurgeon who is often operating in 
non-trauma situations.

9.2  Basic Principles

The final aim of all aspects of physiology in every 
living creature is to maintain brain oxygenation. 
Indeed, everything we do as clinicians drives 
towards maintaining aerobic respiration in this 
most fragile of tissues. Once central neurons have 
died, they do not come back. Hence time-critical 
meaningful interventions must be undertaken 
when neuronal tissue is threatened.

Primary brain injury is the injury that occurs 
at the moment of impact. There is no treatment. 
It is the domain of public health physicians and 
policy makers to pass laws regarding protective 
measures such as seatbelt and helmet regula-
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tions that reduce primary brain injury. 
Secondary brain injury refers to all injuries that 
occur after primary, for example, the loss of air-
way and resulting hypoxia, the hypotension and 
the expanding haematoma. All of these occur 
over a period of time, which therefore provides 
a window of opportunity in which interventions 
may reduce/stop progression. Many people 
class extradural haematoma as a primary brain 
injury, but it isn’t. The skull fracture that 
occurred at the time of the impact is the pri-
mary injury. The clot  subsequently develops, 
and it is only when it causes pressure resulting 
in parenchymal damage (ischemia) that a brain 
injury actually occurs.

Our job as physicians and surgeons is to mini-
mise/stop secondary brain injury, through systemic 
resuscitation and direct surgical intervention.

9.3  Resuscitation

The basics of resuscitation are covered elsewhere 
in this book; however, two key principals are the 
maintenance of oxygenation and blood pressure.

Hypoxia following traumatic brain injury 
(TBI) is common. The phenomenon of Impact 
Brain Apnoea (IBA) is often forgotten but is well 
recognised in the animal literature [1]. The loss 
of airway through obstruction is also common 
secondary to loss of consciousness. Both of these 
phenomenon need rapid reversal by bystander 
intervention (jaw thrust +/− ventilation). 
Subsequent airway patency can be maintained by 
oro- or nasopharyngeal airways. If appropriate a 
more definitive endotracheal tube can be placed 
with the assistance of drugs. Ventilation to main-
tain a normal end tidal CO2 (~4.5 kPa) can then 
be optimised.

Hypotension occurs from a number of 
causes. In multi-trauma, concomitant injuries 
such as pelvic/long bone fractures and vascular 
injury can cause hypovolemic shock. The prior-
ity is to stop the bleeding and to replace the loss. 
Spinal injuries (neurogenic shock) and cardiac 
injuries (cardiogenic shock) are less common 
causes. The hypoxia that commonly occurs in 

brain injury can cause a catecholamine surge 
and subsequent cardiovascular collapse, and 
hence, despite it being an old ATLS adage that 
brain injury can’t, isolated head injuries them-
selves can cause shock. Approximately 13% of 
“Code Red”/hypotensive presentations may 
relate to this [2]. An episode of hypotension in 
the prehospital phase is definitely associated 
with a worse outcome [3, 4]. This does NOT 
however mean that it causes injury. It may do if 
there is high ICP, but equally hypertension could 
make bleeding worse. The ideal cerebral perfu-
sion pressure is probably disease specific (extra-
dural vs. subdural vs. diffuse axonal, etc.); 
however, profound hypotension is likely to do 
harm, and hence bleeding should be stopped and 
normal physiology restored.

9.4  Basic Types of Brain Injury

Figure 9.1 shows the main types of brain injury 
that can occur in isolation. An individual patient 
can have multiple types.

9.4.1  Blunt Injuries

An extradural or epidural haematoma usually 
occurs secondary to a skull fracture rupturing a 
middle meningeal artery branch. It is bound by 
suture margins but is outside the brain. The pressure 
can be relieved by a simple burr hole, but a craniot-
omy is required as a definitive procedure to remove 
residual clot and ensure no ongoing bleeding.

A subdural haematoma usually occurs from 
a shearing injury disrupting veins between the 
cortical surface and sagittal sinus. It is under the 
dura across the surface of the brain and hence is 
not bound by suture margins and can have more 
mass effect. When acute, the blood is usually 
thick clot, and hence a craniotomy and dura 
opening are required to remove any significant 
amount of clot.

Subarachnoid haemorrhage can occur when 
the pial vessels beneath the arachnoid release 
blood. This is a marker of a shearing injury (and 
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there may be underlying diffuse axonal injury), 
but it does not normally require surgical interven-
tion specifically.

A contusion is a bruise within the brain which 
can often evolve in the same way that any bruise 
can. They can coalesce to form a haematoma. 
Both of these are parenchymal brain injuries 
unlike the extra-axial bleeds described above.

Diffuse axonal injury is a neuronal injury 
caused by shearing, classically between the 
grey and white matters. It is associated with 
microhaemorrhages (better seen on MRI) and 
diffuses swelling. There is rarely neurosurgi-
cal  intervention other than ICP monitoring and 
decompression if intracranial hypertension is 
refractory.

Hypoxia/diffuse brain swelling. This is seen 
when there has been a period of apnoea/airway 
obstruction. Neurosurgical intervention is not 
normally of benefit.

9.4.2  Penetrating Injuries

Penetrating injuries can be low velocity (e.g. 
knives) and high velocity (e.g. bullets/shrapnel). 
Clearly if something is protruding from the skull, 
it needs to be removed; however, deep small for-
eign bodies may well be best managed conserva-
tively. See below.

9.4.3  Futility

It is important for a neurosurgeon or trauma sur-
geon, especially in a resource poor environment 
where overuse of resources results in others not 
receiving adequate treatment, to recognise when 
an injury is so severe it makes further treatment 
futile. Devastating neurology and a devastating 
scan usually mean the outcome is highly likely to 
be devastating.

Extradural Subarachnoid blood Subdural

Contusions Hypoxic Brain injuryDiffuse Axonal Injury

Fig. 9.1 A collection of CT images demonstrating the main types of TBI

9 Damage Control Neurosurgery



102

9.5  Basics of Neurosurgery

9.5.1  Wound Debridement

The prevention of infection is paramount in neuro-
surgery, but not normally immediately life threaten-
ing. Hence wound debridement is not normally an 
immediate “damage control”  procedure. However, 
it is important to do this early. Basic principles 
include removing foreign matter and large debris, 
washing copiously with saline, not exploring deep 
into brain and trying to create barriers (e.g. pericra-
nial flap to replace lost dura; good skin closure).

9.5.2  Burr Hole Placement

Probably the more basic potential damage control 
procedure is burr hole placement to decompress an 
expanding extradural hematoma. This is a simple 
procedure and almost always will require a defini-
tive craniotomy to follow. The procedure is 
straightforward if a CT scan has confirmed the 
location of the extradural hematoma. See “Targeted 
Burr Holes” below if no CT is available.

Procedure:

 1. Position the patient with a sandbag behind 
the shoulder on the same side as the EDH.

 2. Place the patients head on a horse shoe or 
donut ring and turn the head so the side with 
the EDH is parallel with the floor.

 3. Confirm the location of the EDH—approxi-
mately 2/3 are temporal with the remainder 
usually being frontal or parietal. Confirm the 
side again. If temporal, the burr hole should 
be approximately 1 cm in front of the ear at 
a level of the top of the ear. If frontal it 
should be in the mid pupillary line approxi-
mately 10 cm back from the eye. If parietal 
it should be over the parietal eminence 
(Fig. 9.2).

 4. Rapidly shave, mark and prep the skin.
 5. Prepare as if you are going to do a trauma 

craniotomy (as you or someone else will 
have to)—see below.

 6. Place some local anaesthetic with adrenaline 
to minimise skin bleeding.

 7. Mark your burr hole incision 3.5 cm long to 
bone (the direction of which should be such 
that if extended it would be in the line of the 
trauma craniotomy).

 8. Use a periosteal elevator or the other end of 
the knife to strip the periosteum off the skull.

 9. Use a drill to create a burr hole. There are two 
types of drill: (1) the Hudson brace and (2) the 
perforator drill bit (Fig. 9.3). For both you 
should stand with one foot in front of the other 
so that you can apply pressure on the front 
foot immediately to withdraw the drill in the 
event of “plunging”. The Hudson brace com-
prises a sharp drill bit for getting through the 
outer table and part of the inner table and a 
round burr to drill the remaining bit of inner 
table relatively safely. There is a large risk of 
plunging with this old system. Perforator drill 
bits can be attached to manual-, electric- and 
air-powered tools, and, because they contain a 
clutch mechanism which cuts out when the tip 
pierces the inner table, they are much safer.

 10. Once the hole is drilled, remove any residual 
inner table with a blunt hook or toothed for-
ceps, and extradural blood should come out. 
If it is thick clot, it could be removed with 
forceps/suction, but a trauma craniotomy is 
almost certainly needed. If the patient has a 
subdural, the dura should be diathermied and 
then opened in a cruciate manner elevating 
the dura with a sharp hook. This enables liq-
uid chronic subdural to be evacuated but is 
unlikely to expel acute subdural blood.

9.5.3  Targeted Burr Holes

The term “exploratory burr holes” used to apply 
when a surgeon was unsure of where a hematoma 
was because of lack of CT. The procedure was to 
first do temporal burr holes (as that is where most 
clots are), then frontal/parietal. However, it is 
better to use the term “targeted burr holes”. In 
most western environments, it is very rare to con-
sider this procedure without imaging evidence; 
however, in a remote location with a patient with 
low Glasgow Coma Score (GCS) and a dilating 
pupil, it may be the only life-saving possibility. 
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Fig. 9.2 Location of burr holes and a subsequent trauma cranial flap. 1 = temporal, 2 = frontal and 3 = parietal 
eminence
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In such a case, utilise the following to “target” 
where to perform the first burr hole:

 1. The side of the injury—especially if there is a 
palpable skull fracture, this is likely to be the 
side of any extra-axial bleed.

 2. The side of the dilating pupil—contralateral 
pupil dilatation is rare.

 3. Temporal most likely (but look to see if there 
is another injury location).

9.5.4  Trauma Craniotomy

A trauma craniotomy is required to evacuate any 
significant amount of clot, extra or subdural. If 
the skull wound is large and the bone left out, it 
can also act to decompress swollen brain (a crani-
ectomy). Described below is how to do a stan-
dard trauma flap (Fig. 9.1). This can be modified 
to be located over the main component of the 
hematoma when not temporal.

 1. Positioning is key and follows the same prin-
cipals as for burr holes above. Have the patient 
supine, sandbag under the ipsilateral shoulder 
with their head on a horseshoe or donut ring 
so that the operation site is parallel with the 
floor. Try not to kink neck veins (which 
increases venous bleeding).

 2. Shave the head, mark out the burr holes and 
skin flap and prepare the skin with povo- 
iodine/chlorhexidine. Drape the patient.

 3. Make an incision through the skin. Use clips 
to prevent bleeding from skin edges.

 4. Reflect the galea and temporalis muscle for-
ward en masse.

 5. Clear the bone and mark out the craniotomy.
 6. Usually burr holes are placed in the temporal 

region, at the frontal (10 cm from the pupil, 
2–3 cm from the midline) and the parietal 
eminence (the widest part of the skull). If 
using a Gigli saw, you will need to perform 
more intermediary holes to enable easier 
cutting.

Hudson End Slot
Engages with Drive Pin to actuate the drill
mechanism

Drive Pin
Engages with inner drill through round hole
and outer drill through triangle

a b

c

Fig. 9.3 The perforator drill bit—(a) a technical drawing and (b) a photograph with (c) a burr hole being performed. 
From [5]
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 7. Once burr holes are placed, if using a Gigli, 
pass the guidewire and dural protector 
between two holes and connect the Gigli han-
dles to cut. Repeat to free the bone segment.

 8. If using a craniotome, ensure the gap between 
the dura and skull is cleared and then use a 
craniotome to open the skull.

 9. If there is extradural, it should now be present. 
If there is not, then the dura should be opened.

9.5.5  Specific Techniques to Stop 
Haemorrhage

Be aware of where bleeding can come from.

9.5.5.1  Venous Bleeding
A common mistake is to turn the head too far 
over resulting in kinking of neck veins. This 
increases venous pressures and hence venous 
bleeding. This is especially common in children. 
When faced with excessive bleeding, ensure that 
the neck is in a more neutral position.

9.5.5.2  Bleeding from Skull Base
Skull base bleeding is common in extradurals. 
Use a bone nibbler to get down to the skull base 
and retract the inferior aspect of the temporal 
lobe to see if the bleeding source can be visual-
ised. If it can be, use bone wax. If it can’t then it 

may need temporary packing with haemostatic 
agents and mastoid/tonsil swabs.

9.5.5.3  Beware of the Fracture Over 
the Sinus

Be hyperaware of bilateral extra/subdurals when 
the patient has a fracture extending over the ver-
tex (Fig. 9.4). Bleeding in such cases is often 
from the sagittal sinus. A craniotomy can be done 
in the normal way, but the rapid creation of hitch 
sutures may be required to tamponade bleeding 
coming down from the sinus.

Bone wax: Bone wax is a useful aid in bone 
bleeding. When performing a craniotomy, the 
bone edges can have a continuous ooze that can-
not be controlled with diathermy. Soft bone wax 
applied directly and then pressed with a mastoid 
swab or pattie arrests bone bleeding.

Cellulose-based haemostatic agents: Sections 
of cellulose-based haemostatic agents can be cut 
to act as a matrix for clot to form on. These can 
be applied to non-bone oozing areas and with the 
addition of a mastoid swab/pattie and a couple of 
minutes, often bring haemostasis.

Tacking sutures: Hitch or tacking sutures are 
used to oppose dura to the inner table of the skull. 
Cellulose-based haemostatic material can be 
placed under the bone edge and the dura lifted 
onto it (Fig. 9.5). Hitch sutures can be anchored 
to overlying soft tissue or through obliquely 

Fig. 9.4 Beware 
bilateral subdurals/
extradurals. It can be 
caused by a fracture 
through the sagittal 
sinus. Check the top 
slice of the CT scan
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drilled holes in the bone edge. These holes can 
also be created quickly using a sharp towel clip 
biting the skull edge.

Haemostatic agents: A number of haemo-
static agents are licenced for intracranial use (e.g. 
Flo Seal™). These should be applied to the 
bleeding region when dry (use suction to keep it 
dry), and then gentle pressure should be applied 
through a mastoid swab.

Packing: Packing is not normally required 
in neurosurgery; however, it may be used when 
confronted with uncontrollable bleeding. 
Packing of mastoid swabs using the remaining 
bone to tamponade bleeding can be used when 
all else fails. This is most likely to be needed 
when bleeding comes from an area that is not 
easily accessible, e.g. the skull base. If the 
patient survives, the packing can be removed at 
a second-stage operation.

9.5.6  Decompressive Craniectomy

Decompressive craniectomy is done when the 
brain is swollen or there is sufficient fear that the 
brain will swell. It is simply the same as a crani-
otomy with dural opening; however, the bone is 
not replaced. It is always best to ensure meticu-
lous haemostasis and leave a drain in such cases.

The technique of bifrontal craniotomy for 
refractory intracranial pressure is beyond the 
scope of this book, however more information 
can be found out in the Rescue ICP protocol [6].

9.5.7  ICP Monitoring/External 
Ventricular Drain (EVD) 
Insertion

It is unlikely that a parenchymal ICP monitor will 
be available in an austere environment; however, 
the placement of both a parenchymal ICP moni-
tor (purely enables ICP monitoring) and EVD 
placement (which also allows CSF withdrawal) 
is similar.

Both are usually placed on the side with the 
most injury or the right (non-dominant) at 
Kocher’s point, approximately a centimetre 
anterior to the coronal suture and 3 cm from the 
midline (= approximately 10 cm from the pupil 
in the mid pupillary line). A simple ICP monitor 
is inserted with a 5 mm stab incision, twist drill 
through the skull, bolt insertion and then cathe-
ter threading. An EVD is placed by making a 
2.5 cm incision, creating a burr hole, opening 
the dura and then inserting an external ventricu-
lar drain approximately 5 cm in the direction of 
the ipsilateral inner canthus and external audi-
tory meatus (= perpendicular to the skull) 
(Fig. 9.6).

9.5.8  Management of Penetrating 
Injury

Penetrating injuries can be deep and isolated (e.g. 
bullet or fragments) or relatively low velocity 
and more superficial (such as knife injury).

Skin

Bone

Dura

Hitch
suture

Place surgicell/
haemostatic
agent here

Fig. 9.5 Hitch or 
tacking sutures can pull 
dura next to the skull to 
tamponade bleeding 
from under the skull and 
minimise space for 
hematoma to accumulate
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9.5.8.1  Low-Velocity Injuries, e.g. Knife 
Injuries

Penetrating injuries that still have components 
protruding or are superficial should be removed. 
This should be done in an operating theatre where 
haemorrhage control can be more easily 
established.

The approach should be planned with the skin 
incision incorporating the penetrating object 
(otherwise skin has to be pulled over it). Be 
aware of moving the object during the craniot-
omy. A high-speed drill may enable the bone sur-
rounding the object to be removed to prevent 
movement of the penetrating component.

9.5.8.2  High-Velocity Injuries, e.g. 
Bullets

The energy transfer of high-velocity injuries 
results in many being fatal. If missile fragments 
remain deep in the brain substance, exploration 
to remove it is likely to cause more harm than 

benefit. Debriding the superficial wounds, con-
trolling haemorrhage and decompressing to allow 
brain swelling are the mainstays of treatment.

9.5.8.3  Blast/Shrapnel Injuries
Blast injuries will often result in large quantities 
of dirty foreign material being embedded in brain 
substance and superficial tissues. These wounds 
need meticulous debridement and haemostasis 
control. The use of hydrogen peroxide can help 
both cleaning and haemostasis. Beware to remove 
any material (e.g. bone) that is not viable.

9.6  Damage Control Spinal 
Surgery

Acute spinal surgery is rarely required outside the 
civilian setting. The role of acute decompression 
for neurological injury is increasingly recognised 
but is still contested, and the benefits will depend 

Kocher’s point

2-3 cm from midline
(~mid-pupillary line
with forward gaze) 

Caution: CSF should be obtained with in 5-7 cm depth

1 cm anterior to
coronal suture

Fig. 9.6 Insertion of an external ventricular drain. See text for details
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on injury type. Spinal fixation enables easier nurs-
ing and transfer of patients, but there is no role for 
this acutely by the non-specialist. In the rare case 
where neurology is evolving secondary to spinal 
compression (e.g. from an extradural), there is a 
place for acute decompression. This should be 
kept as simple as possible (e.g. laminectomy).

 Conclusion

The rapid management of neurological injuries 
can minimise secondary injury and neuron loss. 
This requires optimal physiological as well as 
surgical management. The role of surgery is 
principally to stop haemorrhage/remove hema-
toma that is causing pressure on the brain and 
debride wounds. Whilst this chapter outlines 
those principals, experience in a major trauma 
centre or on a specific neurotrauma course will 
enable those skills to be more rapidly and effec-
tively deployed when needed.
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Damage Control Orthopaedics

Daniel Benz and Zsolt J. Balogh

Abstract

Musculoskeletal injuries represent the most 
common lesions requiring surgical interven-
tion in polytrauma patients and in long-term 
survivors present challenging scenarios in 
terms of functional outcomes and quality of 
life (Balogh et al., Lancet 380(9847):1109–
191, 2012; Banerjee et al., Injury 44(8):1015–
212, 2013). More than 70% of all patients 
ith major trauma need at least one orthopae-
dic surgical procedure (Balogh, ANZ J Surg 
80(3):119–21, 2010) and extremity injuries 
are associated with higher rates of blood 
transfusions, longer hospital stays and over-
all worse outcomes (Banerjee et al., Injury 
44(8):1015–212, 2013; Pape et al., J Trauma 
69(5):1243–514, 2010; Ringburg et al., J 
Trauma 70(4):916–22, 2011; Gabbe et al., 
Ann Surg 255(6):1009–15, 2012).

The term ‘damage control orthopaedics’ 
(DCO) represents a staged surgical approach 
to the management of selected polytrauma 
patients with orthopaedic injuries (Scalea 
et al., J Trauma 48(4):613–21, 2000; 
Giannoudis et al., Injury 40(Suppl 4):S47–52, 
2009). The principle of DCO is to provide 

adequate skeletal stability of major fractures 
to prevent further bleeding/soft tissue damage, 
potential fat embolism and to permit better 
positioning of the multiple injured patient 
without the potential adverse effects of early 
definitive fixation (Pape et al., J Trauma 
53(3):452–61, 2002; Roberts et al., Instr 
Course Lect 54:447–62, 2005). This abbrevi-
ated procedure allows for resuscitation fol-
lowing the initial hit of severe trauma and 
optimises patient physiology for later defini-
tive fixation (Taeger et al., J Trauma 
59(2):409–16, 2005).

In the context of improved trauma resusci-
tation and understanding of trauma physiol-
ogy, the indications for DCO have developed 
since its initial description (Scalea et al., J 
Trauma 48(4):613–21, 2000). Today DCO 
may be implemented in the prevention of 
physiological deterioration in the critically 
injured patient (patient mode), in the manage-
ment of complex periarticular injuries with 
critical soft tissue damage (limb mode) and in 
settings of inadequate surgical expertise, 
equipment or manpower (resource mode).

10.1  Historical Perspective

Prior to the 1980s, polytrauma patients were 
often considered too unwell to withstand the 
physiological insult associated with internal fixa-
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tion of associated major fractures. These patients 
were typically managed in a staged manner 
involving immediate resuscitation and emer-
gency surgery for life-threatening injuries only 
[12]. Major fractures were often placed in trac-
tion for days to weeks [13] until patients were 
considered well enough to tolerate operative frac-
ture fixation. This involved prolonged immobili-
sation, typically in recumbence, often resulting in 
pneumonia, deep vein thrombosis, muscle wast-
ing and decubitus ulcers [14]. Additionally, lack 
of skeletal stability was thought to increase the 
incidence of thrombotic [15] and fat [16] pulmo-
nary embolism.

Evidence put forward in the 1980s supported a 
move away from traction and bed rest towards 
early stabilisation of long bones, citing a reduc-
tion in the rates of pulmonary and late septic 
complications, hospital/intensive care unit stays 
and associated health-care costs [13, 15, 17, 18].

Bone and colleagues in 1989 [19] published a 
seminal prospective randomised study examining 
early versus delayed fixation of acute femoral 
fractures in 178 patients. Subjects were ran-
domised to early (<24 h) or delayed (>48 h) frac-
ture fixation. In patients with isolated femoral 
fractures and an ISS < 18, the timing of fixation 
had no effect on outcomes; however in multiple 
injured patients with an ISS > 18, early fixation 
led to a decrease in postoperative pulmonary 
morbidity. Patients who underwent ‘early total 
care’ (ETC) had markedly decreased incidence of 
acute respiratory distress syndrome (ARDS), 
pulmonary dysfunction, fat embolism syndrome, 
pulmonary emboli and pneumonia. These 
patients also had a mean ICU and total hospital 
LOS that was 5–10 days less, respectively, and an 
average cost of hospitalisation that was 50% 
lower than polytrauma patients managed with 
delayed fixation. Despite criticism regarding 
study design in terms of unequal pulmonary inju-
ries between groups, limited details regarding 
resuscitation and limited statistical comparison, 
it clearly remains one of the most influential stud-
ies demonstrating the virtues of ETC.

Following Bone and colleagues’ publication, 
conflicting evidence became apparent both sup-
porting [20, 21] and demonstrating no benefit 

[22] with early fixation of major fractures in 
polytrauma. Additionally, some authors sug-
gested that although early fixation may be benefi-
cial, fixation within the first 24 h may actually be 
detrimental in certain patients, in particular those 
with associated pulmonary [23] or traumatic 
brain injuries [24, 25].

In the 1990s, the universal approach to ETC 
was challenged [23] as it was realised that pro-
viding definitive fixation of femoral shaft frac-
tures with intramedullary nailing had detrimental 
physiological effects on the already compro-
mised polytrauma patient [26]. The instrumenta-
tion of the medullary canal with reaming and nail 
insertion became known as a modifiable ‘second 
hit’ in the development of post-injury complica-
tions such as acute lung injury (ALI), ARDS and 
multiple organ failure (MOF) [1].

During the same period, Rotondo et al. in 
1993 reported the benefits of ‘damage control 
surgery’, a staged surgical approach to the man-
agement penetrating abdominal trauma [27]. In a 
retrospective analysis, a subset of 46 patients, 
with major vascular and visceral abdominal inju-
ries, showed increased survival with initial con-
trol of haemorrhage/contamination followed by 
intraperitoneal packing/rapid closure and subse-
quent delayed definitive re-exploration once 
patient physiology allowed.

During a period of conflicting evidence 
regarding the optimal timing of femoral fractures 
in polytrauma patients, Scalea et al. in 2000 
reported on the use of external fixation as a tem-
porising bridge to definitive intramedullary fixa-
tion, terming the approach ‘damage control 
orthopaedics’ [7]. The authors credited Rotondo 
and colleagues with applying the naval war term 
‘damage control’ to the limited initial treatment 
of penetrating abdominal trauma. This work 
prompted a new era of publications and surgical 
education regarding the concept of DCO.

Scalea and colleagues examined the clinical 
course and outcomes of 43 adult trauma patients 
managed with early temporising external fixa-
tion and staged nailing (median 4 days, IQR 
2.5–6) which were retrospectively compared to 
281 patients who underwent primary femoral 
nailing. External fixation was selected only 
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when the care of associated injuries or patient 
physiology at presentation precluded early 
intramedullary nailing (IMN). Despite signifi-
cantly higher ISS (26.8 vs. 16.8, P = 0.001), 
shock on presentation, resuscitation require-
ments, AIS head ≥3, rates of laparotomy and 
ICU stays in the DCO cohort, only four deaths 
occurred (9% vs. <1%; P = 0.001), and minimal 
orthopaedic complications were recorded. No 
deaths occurred as a result of the fracture man-
agement option selected. Although the authors 
advocated for the early stabilisation of femoral 
fractures when appropriate, they considered a 
DCO approach with external fixation to be a 
safe alternative in a trauma patients unsuitable 
for prolonged traction and staged fixation or 
immediate stabilisation with IMN.

Preceding the initial description of DCO, Pape 
and colleagues at the Department of Orthopedics 
and Trauma Surgery, Hannover Medical School, 
Germany, had been performing staged fixation of 
femoral fractures in polytrauma patients at risk of 
post-traumatic complications for almost 10 years 
[9]. In 2002, the group published a retrospective 
cohort study examining the clinical outcomes of 
these patients prior to and after the implementa-
tion of DCO. Although some criticism has been 
raised in regard to patient selection, statistical 
analysis and conclusions drawn [28, 29], the 
overall incidence of ARDS and MOF decreased 
significantly over a 20-year period in which ETC 
and then DCO treatment protocols were imple-
mented, regardless of the type of fixation selected. 
In addition, the relative incidence of ARDS 
decreased from 54.6% (ETC) to 26.4% (DCO) 
when primary IMN was performed and decreased 
from 97.4% (ETC) to 22.1% (DCO) when pri-
mary external fixation was implemented. The 
authors suggested these changes were due in part 
to a more appropriate treatment selection in 
respect to patient physiology and associated inju-
ries. They concluded the introduction of DCO is 
likely to have had a positive impact in the treat-
ment of polytrauma femoral shaft fractures and 
appeared to be an adequate alternative for patients 
at high risk of post-traumatic complications.

Prior to 2007, recommendations regarding the 
surgical approach to major fractures in poly-

trauma patients had been based on level II to III 
evidence. Although several prospective random-
ized studies considered fracture management in 
general [19, 30], no level I studies had investi-
gated whether temporary fracture fixation (DCO) 
should be recommended for certain patient 
populations.

Pape and colleagues, in 2007 [31], published 
the first prospective, randomised, controlled 
analysis examining the development of systemic 
complications in polytrauma patients with femo-
ral shaft fractures managed with initial temporary 
fracture stabilisation or immediate definitive sta-
bilisation. One hundred sixty-five consecutive 
patients from ten level 1 trauma centres across 
Europe were included. Patients were categorised 
as stable, borderline, unstable or in extremis 
based on prior defined criterion [32, 33]. Unstable 
or those ‘in extremis’ were excluded. Stable and 
borderline patients were randomised to receive 
either initial (<24 h) intramedullary femoral nail-
ing (n = 94) or external fixation (n = 71) and later 
conversion to an intramedullary nail (once 
deemed stable enough for surgery).

The study found that in stable patients, pri-
mary femoral nailing was associated with shorter 
ventilation times without an increase in postop-
erative complications, confirming the findings of 
previous studies that early fracture stabilisation is 
beneficial in stable patients [19]. In borderline 
patients, the odds of developing acute lung injury 
were 6.69 times greater (P < 0.05) when man-
aged with initial femoral nailing, compared to a 
staged DCO approach. Importantly, however, no 
increase in the incidence of clinically significant 
adverse outcomes, such as ARDS, systemic 
inflammatory response syndrome (SIRS), pneu-
monia, sepsis or MOF, was seen.

These findings were further reinforced by the 
experience of centres that routinely provided 
ETC to patients with ‘borderline’ physiology and 
whose patients had fewer days on a ventilator, 
earlier discharge from intensive care and less 
infectious complications than did those enrolled 
in the trial by Pape et al. (2007) [34]. The publi-
cation by Pape and colleagues encouraged a new 
era of reflected ETC rather than the rigid applica-
tion of DCO in physiologically uncompromised 
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patients or those who had readily reversible acute 
physiological compromise.

Due to the lack of conclusive evidence-based 
guidelines for the implementation of DCO, more 
recently, patient selection based particularly on 
the physiologic level of resuscitation in conjunc-
tion with presenting injury characteristics has 
been used to determine whether DCO or ETC is 
undertaken. This approach known as ‘risk- 
adapted DCO’ [35] has demonstrated encourag-
ing results in terms of perioperative morbidity 
and patient mortality [36–38].

Recently Nahm and colleagues [39] coined 
the term early appropriate care (EAC) to describe 
the preferential fixation of femoral fracture 
within 24 h as opposed to other extremity frac-
tures which could be splinted and addressed later. 
With attention to resuscitation and medical opti-
misation of patients before and during surgery, 
femoral fixation in polytrauma patients within 
24 h was associated with lower rates of pulmo-
nary complications, DVT, sepsis, MOF (18.9% 
vs. 42.9%, P < 0.037) and shorter hospital and 
ICU length of stay (P < 0.001) than femoral frac-
tures managed in a delayed fashion. The authors 
stated that provided aggressive resuscitation was 
implemented, EAC would provide a compromise 
between staged DCO and the fixation of all frac-
tures with ETC.

10.2  Physiology

The major transfer of mechanical energy to the 
body is known to stimulate the immune system 
[1]. Cell death, haemorrhage, resuscitation, bac-
terial invasion and pain [40] all release proin-
flammatory elements resulting in both local and 
systemic side effects. Even in the absence shock, 
substantial soft tissue injury leads to cellular 
release of danger-associated molecular patterns 
(DAMPs) into the circulation, which activate 
innate immunity and may result in SIRS. While 
SIRS is essential to cope with injury, exaggerated 
or prolonged SIRS is thought to result in second-
ary/remote organ damage manifesting as MOF 
[41–43]. Up to 20% of major trauma patients 
experience MOF [44, 45] with mortality rates 

being reported between 4% and 50%. Although 
recent advances in trauma care have reduced the 
incidence and severity of MOF, it remains a sig-
nificant cause of resource utilisation in the ICU 
population and leading cause of death in poly-
trauma. Additionally, patients with subclinical 
MOF may linger and progress to persistent 
inflammation, immunosuppression and catabo-
lism syndrome (PICS) [46].

Fractures themselves contribute to the release 
of DAMPs and subsequent inflammatory cyto-
kines into the circulation as well as the release of 
highly acidic lipid emboli that can lodge in vital 
organs causing fat embolism syndrome [26, 47]. 
The marrow of fractured long bones is known to 
be a potent source of proinflammatory cytokines, 
with concentrations of interleukin-6 in the mar-
row of fracture femora reported to be 1000 times 
higher than in those femora of patients undergo-
ing major elective surgery. Interleukin-6 levels 
are known to increase further during intramedul-
lary nailing [48]. Prolonged fracture manipula-
tion and/or surgical intervention is therefore 
considered to further increase systemic delivery 
of inflammatory mediators which can be consid-
ered a preventable ‘second hit’ in the develop-
ment of post-injury complications like ARDS 
and MOF.

In regard to orthopaedic trauma care, two 
main concepts of post-traumatic physiological 
response have emerged.

The one-hit theory postulates that a traumatic 
insult triggers an initial inflammatory response 
that, if exaggerated or dysfunctional, may prog-
ress from SIRS to ARDS and MOF directly [49–
51]. The development of these complications is 
dependent on the extent of the initial injury and 
subsequent resuscitation [52]. In contrast, the 
two-hit theory postulates that the initial injury 
results in priming of the immune system, in par-
ticular neutrophils, which are then vulnerable to 
activation in the event of further inflammatory 
stimuli (‘second hits’) [49, 53]. Thus subsequent 
events such as surgical interventions, infection, 
periods of hypoxia, hypovolaemia and blood 
transfusions can trigger and worsen the hyperin-
flammation that leads to MOF [54–56]. Surgical 
interventions and their timing have generated 

D. Benz and Z.J. Balogh



113

particular interest as they represent a major modi-
fiable risk factor for complications. This is the 
basis of ‘damage control’ surgery after trauma in 
which an initial more minor procedure (e.g. sta-
bilisation of fractures with external fixation, hae-
mostasis and decontamination at laparotomy) is 
performed allowing for optimisation of patient 
physiology [7, 27, 57, 58] and the abatement of 
the systemic inflammatory response [1] prior to 
major definitive surgical intervention.

Much literature has examined the periopera-
tive changes in serum immune markers after 
trauma. Early evidence reported during the 1990s 
supported the shift from ETC to DCO in poly-
trauma patients with major orthopaedic injuries 
[59, 60].

A recent systematic review [53] aimed to eval-
uate whether trauma patients demonstrated a 
measurable ‘second hit’ phenomenon in immune 
markers with surgical intervention. Fifteen stud-
ies from 1996 to 2010 were included in the analy-
sis. Limitations in the overall quality of studies 
were noted with only one randomised trial 
including 19 patients being identified [61]. All 15 
studies totalled 563 subjects, and heterogeneity 
precluded combined statistical analysis. All 
available studies demonstrated a measurable rise 
in at least one serum marker after surgical inter-
vention, generally 24–48 h post-op. IL-6 and 
IL-10 consistently showed an increase following 
major surgical procedures. The review also noted 
the magnitude and timing of surgery may modu-
late the immune response—in particular, delayed 
operations following ‘damage control’ did not 
produce the same increase in serum cytokines as 
primary fixation. Importantly however, the 
majority of studies did not provide clinical cor-
relation to changes in immune markers. Those 
which did [62, 63] showed few associations with 
questionable clinical relevance. The review con-
cluded that the ‘second hit’ phenomenon in 
serum cytokines can be demonstrated after sur-
gery in trauma patients, but there is a paucity of 
research describing the clinical associations mir-
roring these changes.

In 2011, Xiao and colleagues [64] challenged 
several current clinical dogma regarding human 
response to severe injury, including the second 

hit phenomenon. By examining gene expression 
patterns of blood leucocytes, severe injury pro-
duced an unexpected ‘genomic storm’ manifest-
ing as changes in innate and adaptive immunity 
that occur rapidly after injury. The absence of late 
episodes of new organ injury in the patient popu-
lation argued strongly against evidence of any 
clinically relevant second inflammatory hit. 
Instead the initial magnitude and duration of 
these genomic changes were thought to discrimi-
nate patients who experienced complicated and 
uncomplicated recoveries.

It now seems clear that the dogma of a second 
hit effect by intramedullary nailing of femoral 
fractures has been overemphasised. It is likely 
that much of the ‘second hit’ phenomenon 
observed in the 1990s and 2000s was related to 
resuscitation techniques including the use of 
large volumes of crystalloid as opposed to the 
mode of fracture stabilisation [65]. This aligns 
with evidence emerging from general and trauma 
surgery, regarding strategies to deal with exsan-
guinating abdominal injury encapsulated in the 
philosophy of damage control resuscitation 
(DCR) [66, 67]. DCR has produced dramatic 
improvements in survival by combining strate-
gies of permissive hypotension and haemostatic 
resuscitation with damage control surgery. To 
date, no large-scale study reappraising the 
changes in inflammatory mediators or effector 
cells in the era of DCR has been published.

10.3  Practical Application of DCO

10.3.1  Patient Mode

Despite a wealth of literature focusing on the 
application of DCO principles to avoid physio-
logical exhaustion and early organ failure and to 
save critically injured patients lives, there are still 
no universally agreed criteria indicating its use in 
polytrauma.

Indeed, a retrospective comparative study of 
multiple injured patients with femoral fractures 
managed at two level 1 trauma centres in 
Australia and Germany reflects the difference in 
attitude between surgeons [68]. Despite no dif-
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ference in patient demographics or ISS, the utili-
sation of ETC and DCO was 70% vs. 30% in 
Australia and 30% vs. 70% in Germany. 
Additionally, the median ISS for ETC was 34 and 
25.5 for Australian and German hospitals, respec-
tively. Interestingly, no difference in incidence of 
ARDS, MODS or mortality was seen between 
the Australian and German trauma population.

Most literature examining ETC and DCO has 
focused on femoral shaft fractures, almost invari-
ably because these injuries occur typically via 
high-energy mechanisms and are frequently 
associated with multiple other injuries and mor-
tality [7]. Adult femora are not amendable to 
splinting and require recumbence/traction prior 
to fixation, typically via intramedullary instru-
mentation which may augment the inflammatory 
response to trauma [52]. The principles of DCO 
however may also be successfully applied to frac-
tures of other long bones [69], pelvic [70–73] and 
acetabular injuries [73, 74] and the thoracolum-
bar spine [75–81].

In contrast to ETC, DCO strategies should aim 
for rapid fracture stabilisation with minimal 
blood loss and soft tissue injury. DCO can fre-
quently be performed on supine patients on stan-
dard radiolucent tables in conjunction with major 
lifesaving procedures of the head, chest and 
abdomen. Temporary stabilisation may also be 
performed in intensive care units when required. 
Although DCO has traditionally paralleled exter-
nal fixation of femoral fractures [7], other modes 
of temporary stabilisation may be implemented. 
Percutaneous locked plating (‘internal fixateur’), 
unreamed unlocked intramedullary nailing and 
skeletal traction are appropriate adjuncts to DCO 
arsenal in selected circumstances.

DCO is frequently oversimplified to the 
dilemma of nailing or externally fixing the femur 
fracture. The initial phase of staged care of mul-
tiple musculoskeletal injuries in the polytrauma 
patient must be more comprehensive. Priorities 
in the initial management of the multiple injured 
patient should also include the completion of 
unsalvageable traumatic amputations, the decom-
pression of acute compartment syndrome via fas-
ciotomy, acute revascularisation with temporary 

shunts when definitive repair is not possible/fea-
sible, the reduction of dislocations and the irriga-
tion/debridement and antimicrobial management 
of open fractures.

The timing of definitive fixation following 
DCO is controversial. Specifically delaying 
secondary major fracture fixation until the 5th 
day after injury has been suggested to avoid 
exacerbation of the systemic inflammatory 
response to injury [59, 62, 82, 83]. The clinical 
ramification of this is still controversial. 
Additionally, multiple injured patients are a 
diverse group, and clinical judgement on an 
individual patient basis is more appropriate 
rather than abiding by strict timeframes. 
Concerns regarding the risk of secondary infec-
tion with staged definitive fixation have also 
been addressed in the literature. Low infection 
rates after staged intramedullary nailing of 
femoral fractures have been reported between 
1.7% and 3% after an average of 4.8–7 days of 
provisional external fixation [7, 84]. Infection 
risk in tibial fractures seems to be somewhat 
higher at 9% when staged fixation from exter-
nal fixation to intramedullary nailing is under-
taken [85]. However unlike femoral fractures, 
closed tibial fractures may be splinted as an 
alternative during immediate DCO.

To aid surgical decision regarding patient 
selection for DCO, Pape et al. have suggested 
multiple trauma patient with femoral shaft frac-
tures be stratified into stable, borderline, unstable 
and ‘in extremis’ groups at the time of presenta-
tion [23, 32, 33, 86]. The classification system is 
based on clinical parameters in four separate cat-
egories: shock, coagulopathy, hypothermia and 
the presence/severity of associated injury to the 
pelvis, abdomen, chest and extremities. Much lit-
erature has previously focused on an algorithmic 
management approach based on these categories. 
However, the stable/borderline/unstable/in extre-
mis concept is now somewhat dated and unhelp-
ful since trauma resuscitation methods have 
advanced significantly over the last two decades 
and resuscitation is a dynamic process over time 
rather than a static snapshot of physiology. 
Resuscitation and timing of definitive fracture 
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fixation cannot be addressed separately, and 
understanding patient physiology is key.

To this end, recent literature has focused on 
suitable physiological parameters to identify 
polytrauma patients adequately resuscitated and 
appropriate for early definitive fixation (EAC) of 
major fractures [36–38] from those requiring a 
staged DCO approach to definitive care. In addi-
tion, increasing evidence is reinforcing the under-
standing that early definitive fracture fixation of 
the femur, spine and pelvis in appropriately 
resuscitated patients leads to reduced rates of 
ARDS, MODS and ICU length of stay [38].

Parameters of acid-base balance in polytrauma 
provide prognosis regarding patient morbidity/
mortality and are proportional to the magnitude 
of resuscitation requirements, including blood 
and blood products [87]. An inability to nor-
malise acidosis during resuscitation is associated 
with ARDS [88–90], organ failure [89, 91, 92] 
and death [93–98]. Base excess (BE) has been 
shown to be superior to pH in the evaluation of 
trauma-induced acidosis [99] and when persis-
tently raised should be considered a sign of inad-
equate resuscitation [100]. Serum lactate in 
particular is a valid indirect measure of tissue 
hypoperfusion and a predictor of postoperative 
morbidity in multiple trauma with associated 
long bone and pelvic fractures [88, 101].

O’Toole and colleagues [36] demonstrated 
that emphasising resuscitation before stabilisa-
tion of femoral fractures limited ARDS and mor-
tality in polytrauma patients despite infrequent 
use of DCO. The group retrospectively reviewed 
227 trauma patients (ISS > 17) with femoral frac-
tures managed with intramedullary nailing after 
adequate resuscitation had been demonstrated 
by normalising lactate levels (approaching 
2.5 mmol/L at the commencement of surgery) 
plus optimised ventilatory and hemodynamic 
parameters. DCO with primary external fixa-
tion was reserved for those few patients who did 
not respond to resuscitation. Despite infrequent 
use of DCO (12%), low rates of ARDS (1.5%) 
and death (2%) with primary fixation were seen. 
Subgroup analysis showed similarly low rates in 
those patients most severely injured (ISS > 28, 

thoracic AIS >2; ARDS 3.3%; death 1.7%) 
and those with significant lung injury (thoracic 
AIS > 2; ARDS 2%; death 2%). In the context 
of aggressive resuscitation, ARDS rates were sig-
nificantly lower (P < 0.001) than similar studies 
in which DCO was utilised in up to 36% patients 
[32, 35]. The authors suggested the discrepancy 
in postoperative morbidity/mortality between 
centres to be due in part to differences in preop-
erative resuscitation or medical care provided to 
treat shock.

Consistent with this theme, Vallier et al. 
[38] found that in 1443 adult trauma patients 
with surgically managed femoral, acetabulum, 
pelvis and spine fractures, pH and base excess 
values were significantly lower at presentation 
(P < 0.0001) and rate of improvement with resus-
citation slower (P < 0.007) in those who devel-
oped pneumonia or ARDS. Similarly, lactate 
values were greater with pulmonary complica-
tions (P < 0.02). Subsequent logistic predictive 
models found lactate to be the most specific 
predictor of postoperative complications. Based 
on these findings, the group prospectively 
evaluated an EAC protocol in which definitive 
fixation of femur, acetabulum, pelvis and spine 
fractures was performed within 36 hours, pro-
vided patient acidosis showed improvement to 
resuscitation as demonstrated by at least one of 
the following: lactate <4.0 mmol/L, pH ≥ 7.25 
or base excess ≥ −5.5 mmol/L. In cases of per-
sistent acidosis, DCO was undertaken. Three 
hundred thirty-five polytrauma patients were 
prospectively compared to the historical cohort 
of 1443 patients managed prior to EAC protocol 
implementation. Complications including infec-
tion/sepsis, DVT/PE, pneumonia, ARDS and 
organ failure occurred less (19.7% vs. 22.1%, 
P = 0.17), and overall hospital LOS was signifi-
cantly shorter (P = 0.018) in patients managed 
with EAC [102].

Importantly, parameters of patient physiology, 
including serum lactate trend, should be moni-
tored intraoperatively to determine whether a 
change in surgical tact is required in circum-
stances where patients manifest early signs of 
deterioration. Conversely it may be possible to 
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extend the original surgical plan in patients who 
show physiological improvement.

Severe head injuries are common in the mul-
tiple injured patient. No firm guidelines exist 
regarding which of these injuries are safe to 
receive early definitive care of associated major 
fractures [52]. This typically remains a clinical 
decision between orthopaedic and neurosurgical 
teams. Early fracture stabilisation reduces persis-
tent pain and is advocated to have positive effects 
on patient metabolism, muscle tone, body temper-
ature and thereby cerebral function. Furthermore, 
unstabilised fractures can cause physiological 
deterioration as a result of unrestricted soft tis-
sue damage, fat embolism and respiratory insuf-
ficiency [15, 19, 20, 103]. However, concerns 
surrounding additional cerebral injury from blood 
and intracranial pressure fluctuations, hypoxia, 
blood loss and fluid requirements during exten-
sive fracture surgery often make neurosurgery 
hesitant to clear patients for theatre and may 
force the orthopaedic surgeon to implement DCO 
strategies in the short term [104, 105]. Although 
increased intraoperative fluid requirements and 
periods of hypotension can be expected [24, 25], 
current weight of evidence suggests no effect of 
definitive femoral fixation on neurological out-
comes in patients with concurrent severe head 
injuries [87, 105].

Emphasis must be made that the goals of frac-
ture stabilisation are to assist overall physiology 
of polytrauma patients and resuscitation should 
be tailored to maximise cerebral perfusion and 
oxygenation.

10.3.2  Limb Mode

DCO can be successfully implemented in the 
management of traumatic injuries involving com-
plex articular injuries and critical local soft tissue 
compromise [10]. These indications are indepen-
dent to those strategies outlined to prevent physi-
ological compromise and patient mortality 
(patient mode).

The concept of temporary spanning fixation 
for complex periarticular injuries, especially 

those of the proximal and distal tibia, has become 
widely accepted [106, 107]. The ability to achieve 
immediate axial realignment of the limb and liga-
mentotaxis reduction substantially decreases the 
amount of injury-related swelling and oedema 
and promotes soft tissue recovery.

Staged fixation allows for additional imaging 
and preoperative planning in a controlled setting. 
Conversely, delayed reduction can result in an 
inability to disimpact displaced metaphyseal 
fragments resulting in more difficult delayed 
definitive reconstruction.

Limb mode DCO can also be implemented in 
the management of the mangled extremity. The 
use of spanning external fixation, vascular shunts, 
prophylactic fasciotomy and vacuum assisted 
wound closure techniques can provide a bridge to 
staged osseous reconstruction and soft tissue cov-
erage procedures. When necessary, DCO tech-
niques also provide time for sequential assessment 
of limb viability and informed discussion with 
patients prior to definitive amputation.

10.4  Resource Mode

In the context of natural disaster or conflict and in 
certain hospital settings, early total care may not 
be possible or safe. DCO strategies can be applied 
to avoid complications from inadequate resources 
or expertise and definitive surgery performed at a 
later stage.

Damage control for orthopaedic care has 
been successfully implemented in numerous 
situations of disaster and conflict [108, 109]. 
Musculoskeletal injuries in these settings are typ-
ically high energy and often compound and rou-
tinely represent only part of the scope of injury 
in the polytrauma patient [110]. External fixation 
of extremity injuries in particular is resource and 
time efficient, requires basic surgical expertise 
and can be performed without intraoperative 
fluoroscopy. These injuries often require serial 
wound evaluation and debridement and frequent 
dressing changes. External fixation provides ease 
of wound management for both patient and sur-
geon [111].
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Fig. 10.1 A 64-year-old male was involved in a motor-
cycle accident sustaining multiple injuries including a 
right femoral shaft fracture and compound fractures of the 
left femur and left proximal tibia/fibula. A CT scan fol-
lowing damage control external fixation of both lower 
limb injuries, debridement and negative pressure dress-
ings of associated compound wounds and ‘on-table’ bilat-
eral diagnostic femoral angiograms excluding vascular 
injury. Postoperatively the patient developed rhabdomy-
olysis with acute kidney injury and bilateral pulmonary 

emboli. Following adequate resuscitation and therapeutic 
anticoagulation in the ICU, the patient returned to theatre 
after 9 days for definitive fixation. Postoperative radio-
graphs demonstrating a right antegrade reamed femoral 
nail with proximal/distal locking, percutaneous LISS 
plate fixation of the left femur and inter-fragmentary/per-
cutaneous LISS plate fixation of the left proximal tibia 
(note left distal tibia fixation also from a motorcycle acci-
dent 8 years prior)
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 Conclusion

Although the indications for the implementa-
tion of damage control orthopaedics have 
developed over the last two decades, the strat-
egies of provisional fracture stabilisation and 
delayed definitive care remain invaluable to 
the modern-day orthopaedic trauma surgeon. 
Today, DCO may be successfully imple-
mented in the management of unstable poly-
trauma patients ‘in extremis’ or those who do 
not respond to modern-day resuscitation tech-
niques. Delaying definitive care in the context 
of complex periarticular and soft tissue inju-
ries and in settings of resource or expertise 
scarcity remains a valid option.

Current indications for DCO:

 1. Patient mode
 (a) Polytrauma patients ‘in extremis’
 (b) Unstable polytrauma patients not 

responding to resuscitation
 2. Limb mode
 3. Resource mode
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Abstract

Damage control vascular surgery incorporates 
strategies to achieve rapid control of hemor-
rhage while mitigating ischemia by establishing 
adequate end-organ perfusion in an abbreviated 
initial intervention. Vascular damage control 
surgery functions in concert with damage con-
trol resuscitation focused on the correction of 
physiologic derangements and metabolic acido-
sis, the correction of coagulopathy, appropriate 
blood product transfusion, and active patient 
warming measures to ameliorate hypothermia. 
Ultimately, the patient’s physiology dictates the 
technical feasibility of vascular intervention and 
determines operative planning with respect to 
injury management. Surgeon experience and 
technical familiarity with vascular injury and 
location of the vascular injury are significant 
factors that alter patient outcomes.

11.1  Introduction

Damage control vascular surgery incorporates 
strategies to achieve rapid control of hemorrhage 
while mitigating ischemia by establishing ade-
quate end-organ perfusion in an abbreviated ini-
tial intervention. Vascular damage control 
surgery functions in concert with damage control 
resuscitation focused on the correction of physi-
ologic derangements and metabolic acidosis, the 
correction of coagulopathy, appropriate blood 
product transfusion, and active patient warming 
measures to ameliorate hypothermia. Ultimately, 
the patient’s physiology dictates the technical 
feasibility of vascular intervention and deter-
mines operative planning with respect to injury 
management. Surgeon experience and technical 
familiarity with vascular injury and location of 
the vascular injury are significant factors that 
alter patient outcomes.

The military has extensive experience with 
damage control vascular surgery strategies. 
Hemorrhage has been identified as a leading 
cause of preventable death on the modern battle-
field [1–4]. Analysis from the recent wars in Iraq 
and Afghanistan has demonstrated that hemor-
rhage was the underlying physiologic insult in 
90% of potentially survivable battlefield injuries 
[1]. The current incidence of wartime vascular 
injury on the modern battlefield has significantly 
increased compared to past conflicts [5–16]. 
Because of this increased incidence, the military 
offers a unique perspective with regard to damage 
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control techniques and strategies. Reports from 
DeBakey, Hughes, and Rich [5–11] laid the foun-
dation for the characterization of wartime vascu-
lar injury and demonstrated the feasibility 
regarding the management of complex, often 
devastating, injuries. Subsequent reports have 
continued to define and describe additional surgi-
cal adjuncts and implementation of strategies 
across the continuum of the modern battlefield. 
The Golden Hour Offset Surgical Treatment 
Team (GHOST-T) initiative positions forward 
surgical treatment and resuscitative teams within 
a 60-min medical evacuation radius from combat 
elements. These small units provide combat sup-
port and perform damage control surgery and 
resuscitation. Following the completion of dam-
age control maneuvers, patients are rapidly trans-
ported to the next echelon of military medical 
care.

Rapid hemorrhage control and alleviation of 
end-organ ischemia are the central tenets to dam-
age control vascular surgery. Hemorrhage con-
trol techniques include intracavitary packing for 
solid organ injury and pelvic packing following 
severe pelvic fractures. These techniques have 
an important role in initial trauma laparotomy. 
Peripheral vascular hemorrhage control includes 
the use of tourniquets, ligation of bleeding ves-
sels, and primary amputation of the mangled 
extremity. Mitigation of end-organ ischemia 
focuses on the use of temporary vascular shunts 
(TVS) and revascularization strategies. 
Endovascular capabilities have extended the 
therapeutic options for vascular trauma with 
adjuncts that include resuscitative balloon occlu-
sion of the aorta (REBOA), primary stenting for 
central vascular injuries, and coil embolization 
techniques. REBOA has demonstrated clinical 
feasibility and is an effective means of proactive 
aortic control for patients in end-stage hemor-
rhagic shock [17–23]. An extended discussion 
regarding endovascular principles and proce-
dures is beyond the scope of this chapter, and a 
more detailed description can be found in the 
endovascular damage control surgery section. 
This chapter on open damage control vascular 
surgery will focus on hemorrhage control tech-
niques, temporary revascularization strategies, 
revascularization operations, and specific 

technical considerations regarding vascular 
injury management.

11.2  Hemorrhage Control

11.2.1  Tourniquets

Death from compressible hemorrhage remains a 
significant cause of mortality during modern 
combat operations [2, 3, 24]. The tourniquet has 
become a ubiquitous lifesaving tool in the mili-
tary. Minimal training and familiarity are 
required for effective utilization of an extremity 
tourniquet making it an ideal prehospital inter-
vention. Combat medics operating in a forward, 
austere environment deploy tourniquets in the 
prehospital setting to reduce hemorrhage from 
compressible extremity injury. The tourniquet is 
associated with improved combat casualty sur-
vival and low complication rates [25–33]. Kragh 
et al. [25] reviewed 232 combat casualties with 
major limb trauma and reported on 428 tourni-
quets applied on 309 injured limbs. This report 
demonstrated a significant mortality reduction 
following early prehospital tourniquet applica-
tion compared to delayed use once the patient 
had reached a military treatment facility (MTF) 
(mortality of 11–24%, respectively). Early use 
of tourniquets prior to the onset of hemorrhagic 
shock was associated with improved survival 
and no limb loss demonstrating the safety and 
efficacy of tourniquet application. Additionally, 
tourniquet duration was not associated with 
increased morbidity. A subsequent report form 
Kragh et al. [30] reviewed the military’s experi-
ence from 2001 to 2010 with a retrospective 
review of tourniquet use during combat opera-
tions. In total, 4297 combat casualties were 
identified, and tourniquets were applied in 1272 
casualties. Interestingly, the additional experi-
ence with tourniquets, as well as an understand-
ing of the efficacy, resulted in an increase in the 
use of tourniquets from 4% in 2001 to 40% in 
2010. Survival rates with tourniquet use also 
increased from 2004 to 2010 despite the simul-
taneous increase in injury severity. Beekley 
et al. [31] reviewed data from 3444 injured 
casualties during Operation Iraqi Freedom in 
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2004. One hundred sixty-five patients were 
identified with a major vascular injury to an 
extremity, traumatic amputations, or annotation 
of a prehospital tourniquet placement. Of this 
cohort, 67 (40%) patients arrived to the Role 3 
combat support hospital with a tourniquet in 
place. Tourniquet use resulted in effective hem-
orrhage control on arrival to the MTF. In sum-
mary, tourniquets have demonstrated clear 
clinical utility in the prehospital phase of casu-
alty care preventing life- threatening extremity 
hemorrhage when applied early, and the use of 
tourniquets has revealed an overall low compli-
cation profile. Tourniquets remain a critical pre-
hospital adjunct for the mitigation of 
exsanguinating hemorrhage from compressible 
extremity hemorrhage.

The civilian literature reflects similar trends 
regarding the efficacy and safety of tourniquet 
use in vascular injury. Inaba et al. [34] retrospec-
tively reported on 87 civilian trauma patients at 
the Level 1 trauma center that had a tourniquet 
applied in the prehospital setting, emergency 
room, or operating room. Eighty-one percent of 
patients demonstrated a major vascular injury. 
One identified difference in military versus civil-
ian trauma management indicated that civilian 
patients exist in a system with more constant and 
rapid transport times [34]. Therefore, the overall 
incidence and implementation of tourniquets are 
reduced compared to military trauma which 
occurs in more austere environments. 
Interestingly, the civilian literature prehospital 
tourniquet rate varies from 5.6% to 50.6% 
depending on the study [34, 35]. In the face of 
explosive blast injuries as the primary mecha-
nism of injury and increased wartime experience, 
the military rate of prehospital tourniquet appli-
cation is 40% [30].

11.2.2  Ligation

Selective vessel ligation remains a viable and 
appropriate damage control option. In patients 
who present in extremis with severe physiology 
derangement, ligation offers rapid hemorrhage 
control and does not necessarily exclude future 
revascularization options. Patient physiology and 

surgeon experience contribute to the surgical 
plan significantly. At times, initial ligation, fol-
lowed by rapid casualty evacuation to a higher 
echelon of care, allows for reexploration and 
TVS placement for central vascular injuries. 
Conversely, selective peripheral vascular injury 
ligation remains an acceptable method of hemor-
rhage control.

In a review of vascular surgery procedures in 
recent combat, ligation and reconstruction were 
observed in nearly equal proportions for the treat-
ment of battlefield vascular trauma [16]. This fact 
represents the utility of vessel ligation as a dam-
age control maneuver. Burkhardt et al. [36] 
reported outcomes after a selective approach to 
revascularization for the distal lower extremity. 
This report reviewed 1332 patients with combat- 
related vascular injuries and characterized the 
management of 135 tibial-level disruptions or 
occlusions. Selective revascularization of iso-
lated tibial-level arterial injury was the predomi-
nant technical approach reported, and 83% of 
limb salvage patients were managed without 
arterial reconstruction. Arterial ligation remains 
an effective damage control option in the context 
of single tibial-vessel injury. However, patients 
with complete or persistent ischemia should be 
considered for revascularization.

11.2.3  Primary Amputation

Primary amputation should be considered for non-
salvageable extremity injury with complex, multi-
system trauma in a damage control setting. 
Additionally, for patients in extremis who are 
unable to tolerate an attempt at temporary revascu-
larization, primary amputation is an appropriate 
option. Stannard et al. [15] reviewed 1203 service 
personnel injured in combat and identified 110 vas-
cular injuries. The overall amputation rate among 
all patients with extremity vascular injury was 
47%.The patient cohort included in this analysis 
underwent damage control maneuver after sustain-
ing significant limb trauma with a high mangled 
extremity severity score (MESS). Blast ordinance 
is the most common mechanism of injury in mod-
ern combat. Due to the destructive nature of these 
weapons, extremity injury frequently presents as a 
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non-salvageable limb. The decision for a primary 
amputation is often straightforward in these cases. 
However, civilian reports have demonstrated that 
the incorporation of a multidisciplinary decision-
making process offers the patient significant insight 
following the injury [35, 37].

11.3  Temporary 
Revascularization

11.3.1  Temporary Vascular Shunt

Utilization of a temporary vascular shunt (TVS) 
during damage control maneuvers is a well- 
described method to accomplish restoration of 
flow and end-organ perfusion in vascular 
trauma [38–48]. Shunts for arterial injury allow 
for temporary preservation of distal end-organ 
perfusion (Fig. 11.1). If the TVS is placed in 
the peripheral arterial distribution, the end 
organ at risk is the extremity itself. Shunting of 
venous injury provides necessary drainage of 
blood and subsequent reduction of venous 
hypertension that compounds tissue ischemia 
and bleeding.

Rasmussen et al. [39] described a contempo-
rary wartime experience with TVS as a damage 
control adjunct during Operation Iraqi Freedom 
at Balad Air Base, Iraq. This report included 30 
TVS inserted for arterial (87%) and venous injury 
(13%). TVS patency was reported for proximal 
or central vascular injuries at 86% and distal or 
peripheral shunting at 12%. No systemic heparin 
was used following shunt insertion, and no shunt 
complications were reported. Limb salvage, 
determined by early preservation of a viable 
limb, occurred in 92% of the casualties. 
Utilization of a TVS represents a damage control 
adjunct that is safe and effective with respect to 
establishing distal perfusion and extending the 
window of opportunity for limb salvage. 
Chambers et al. [40] reviewed 582 traumatic 
injuries in 293 combat casualties treated by a 
Marine Corps forward resuscitative surgical sys-
tem team from 2004 to 2005. This reviewed iden-
tified 66 casualties that sustained a major vascular 
injury. Of these, 29 arterial and venous injuries 
were managed with a TVS representing 44% 
shunt utilization. Shunt patency was reported at 
78%, and limb salvage was achieved in 85% of 
injured patients.

Fig. 11.1 Utilization of 
a temporary vascular 
shunt (TVS) for damage 
control management of 
severe ulnar and radial 
artery injury. Following 
resuscitation and 
physiologic 
improvement, the patient 
underwent brachial 
artery to radial artery 
bypass with the reversed 
greater saphenous vein 
(rGSV) and an 
interposition bypass 
from the proximal ulnar 
artery to distal ulnar 
artery with rGSV
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Taller et al. [41] reported on 610 combat 
trauma patients treated over a 7-month period in 
Iraq. In total, 37 patients sustained 73 major 
traumatic vascular injuries with 26 TVS inserted 
for limb salvage. Regarding shunt placement, 
36% of the injuries were initially managed with 
TVS insertion in the prehospital setting. 
Reported TVS patency was 96%, and early limb 
salvage was achieved in all patients who under-
went temporary revascularization with 
TVS. Gifford et al. [42] published a retrospec-
tive database review incorporating the Balad 
Vascular Registry, Walter Reed Vascular 
Registry, and Joint Theater Trauma System (now 
consolidated into the Department of Defense 
Trauma Registry). Failure of limb salvage was 
the primary endpoint. Two groups were estab-
lished for analysis, the TVS group and a matched 
control group, in which no TVS was utilized. In 
the TVS group, 61 injured US troops sustained 
64 arterial injuries (64 arterial stents inserted) 
and 25 concomitant venous injuries (14 venous 
stents inserted). In the control group, 60 injured 
patients sustained 61 arterial injuries and 23 con-
comitant venous injuries. After propensity score 
adjustment, there was a trend suggesting a 
reduced risk of amputation with TVS; however 
the primary endpoint of limb salvage was 78% in 
the TVS group and 77% in the control group. 
Associated orthopedic injury, an elevated man-
gled extremity severity score, and venous liga-
tion were identified as independent risk factors 
for amputation. The military’s experience with 
TVS suggests that this damage control adjunct is 
an effect technique to temporarily provide distal 
perfusion. In a porcine model of limb ischemia, 
early TVS insertion protected the injured extrem-
ity from further ischemic insult and reduced cir-
culating markers of tissue injury [43]. 
Preservation of perfusion allows for an attempt 
at limb salvage.

The civilian experience with TVS demon-
strates similar technical success and efficacy. 
Subramanian et al. [44] reported on the 10-year 
experience of a Level I trauma center, in a large 
retrospective review of TVS. This report 
included 786 patients treated for vascular injury. 
Indications for shunt placement included sig-

nificant physiology derangement requiring the 
need for a damage control treatment strategy 
and utilization of the TVS at the initial opera-
tion in preparation for a staged, definite vascular 
repair. In total, 73 patients had 108 TVS inserted. 
This represents 9% TVS usage in the manage-
ment of vascular trauma compared to 44% in a 
wartime application. Shunt patency was reported 
at 91%, and the limb salvage rate was 74%. The 
multicenter shunt study group reported on the 
use of temporary vascular shunts performed at 
several high-volume Level I trauma centers 
[45]. This report detailed the largest multicenter 
aggregate of patients in the civilian literature 
who underwent damage control vascular sur-
gery with TVS. This retrospective study identi-
fied 213 vascular injuries (201 patients) 
requiring TVS in a cohort of 7385 patients 
(2.7% aggregate shunt insertion rate). Of the 
213 TVS, 95% of the shunts were used for arte-
rial injuries. Shunting of the extremity occurred 
in 75% of patients, and the superficial femoral 
artery was the most common location for shunt 
placement (24%), followed by the popliteal 
artery (19%) and brachial artery (13%). This 
civilian report demonstrated excellent TVS 
patency with shunt thrombosis recorded at only 
5.6% and minimal TVS complications with 
TVS dislodgement at 1.4%. TVS were imple-
mented in a damage control treatment strategy 
in 63% of patients and used in concomitant 
orthopedic and vascular injury in the remaining 
36% of patients. A 96% limb salvage rate was 
achieved. Systemic heparin was only used in 
22% on shunted patients. The use of heparin 
was not associated with a reduced incidence of 
shunt thrombosis. This report demonstrated no 
independent predictors for shunt thrombosis. 
Granchi et al. [46] described the long-term 
effectiveness of TVS without systemic heparin-
ization. In this report, 19 patients demonstrated 
TVS patency with no shunt thrombosis reported, 
and the average shunt dwell time was greater 
than 10 h. Overall limb salvage was reported at 
89%. In the severely injured patient, multiple 
simultaneous injury is common. Frequently, 
these additional injuries represent a contraindi-
cation to therapeutic anticoagulation or, at least, 
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limit the ability to anticoagulated. Review of 
available data suggests that anticoagulation is 
not required during shunting.

Insertion of a TVS requires technical familiar-
ity as well as experience with the relative arterial 
and venous system anatomy at risk. Generally, 
proximal or central vascular control and distal or 
peripheral vascular control must be achieved at the 
location of injury. Once vascular control has been 
established, the surgeon must assess distal perfu-
sion. Typically, the injured vessel can be forward-
bled and back-bled to confirm uninterrupted flow. 
If flow is not visualized, balloon thromboembolec-
tomy catheters are passed to remove thrombus. 
The shunt is subsequently inserted into the distal 
or peripheral vascular bed and allowed to back-
bleed. Next, the TVS is inserted into the proximal 
or central vessel. Flow is generally confirmed with 
continuous-wave Doppler. The shunt is secured 
into position with heavy silk suture to prevent dis-
lodgement. Table 11.1 describes several commer-
cially available vascular shunts.

11.3.2  Temporary Synthetic Conduit

Autologous vein remains the standard bypass 
conduit for traumatic vascular injuries. 
Devastating combat blast injuries can render 
an ischemic limb with no suitable autologous 
conduit. The use of prosthetic graft for recon-
struction of military and civilian vascular inju-
ries has demonstrated feasibility as a damage 
control adjunct allowing for reestablishing 
distal perfusion in some scenarios (Fig. 11.2). 
Feliciano et al. [47] reported on 206 patients 
with 236 polytetrafluoroethylene (PTFE) 
grafts inserted in traumatic vascular wounds. 
PTFE was found to be an acceptable conduit 
for interposition grafting of segmental arterial 
defects; however long- term follow-up and 
determination of long-term patency were lack-
ing. This early study demonstrated the feasi-
bility of using synthetic conduit in repair of 
vascular trauma. Vertrees et al. [48] described 
95 emergent bypasses performed for military 
vascular injuries. Fourteen bypasses were con-
structed with polytetrafluoroethylene (PTFE). 

Table 11.1 Commercially available Temporary Vascular Shunt (TVS): manufactured lengths, diameters and features

Temporary vascular shunt Available lengths Available diameter Features

Argyle (CR Bard, Murray 
Hill, NJ)

6″ in-line configuration
11″ looped configuration

8, 10, 12, 14 French   –  Smooth beveled ends 
facilitate easy insertion

  –  Radiopaque line permits 
location verification

Javid (IMPRA, Tempe, 
AZ)

27.5 cm looped 
configuration

17 French tapered to 
10 French

  –  Soft, kink-resistant, and 
tapered

  –  Extra length allows 
looping to facilitate visual 
inspection of the carotid 
artery

Sundt (Integra 
NeuroSciences, 
Plainsboro, NJ)

10 cm in-line 
configuration
30 cm looped 
configuration

3 mm tapered to 
4 mm
3 mm tapered to 
5 mm
4 mm tapered to 
5 mm

  –  Stainless steel spring 
reinforcement to minimize 
kinking and occlusion

  –  Ends have cone- shaped 
bulbs to facilitate fixation

  –  The 1 cm section of 
non-reinforced shunt is 
available

Pruitt-Inahara (LeMaitre 
Vascular, Burlington, MA)

15 cm (9F) in-line 
configuration
31 cm (9F) looped 
configuration
25 cm (8F) looped 
configuration

8, 9 French   –  Dual-lumen devices with 
balloons at both the distal 
and proximal ends

  –  T-Port stopcock allows for 
angiography, heparin, or 
vasodilator infusions
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Indications for the use of PTFE included major 
vessel segmental loss (79%), pseudoaneurysm 
(7%), and vein graft disruption (14%). This 
study reported 79% of prosthetic grafts main-
tained short-term patency allowing for patient 
stabilization, continued medical evacuation, 
and eventual definitive revascularization with 
autologous conduit. Four PTFE grafts (29%) 
required explantation for presumed infection. 
No prosthetic graft disruptions were reported, 
and no patients required amputation due to 
prosthetic graft failure. Secondary hemor-
rhage related to prosthetic vascular graft anas-
tomotic disruption was reviewed by Greer 
et al. [49]. Combat-related vascular injuries 
are frequently associated with heavy contami-
nation and soft tissue devastation resulting in a 
high risk of infection [50, 51]. This report 
included 181 US casualties sustaining arterial 
injury treated with bypass grafting for limb 
salvage identified. Autologous venous conduit 
was used in 97% of arterial repairs. Only six 

patients (3%) underwent reconstruction with 
prosthetic conduit. Anastomotic disruption 
was reported in 6% of repairs; all disruptions 
occurred at the arterial vein graft anastomosis. 
Infection was the cause of the disruption pro-
cess. Watson et al. [52] identified 3569 vascu-
lar injuries in US service personnel. Four 
hundred thirty-five (12%) were managed with 
interposition bypass graft reconstruction with 
410 autologous vein grafts and 25 expanded 
polytetrafluorethylene (PTFE) grafts. This ret-
rospective cohort comparison demonstrated 
that PTFE had similar effectiveness and dura-
bility when compared to autologous conduit. 
However, the use of prosthetic conduit resulted 
in higher rates of complications. The utiliza-
tion of synthetic conduit has demonstrated 
technical and clinical success regarding limb 
preservation following severe low extremity 
injury. When feasible, temporary synthetic 
conduit should be explanted and autologous 
bypass completed.

Fig. 11.2 This combat casualty sustained a devastating 
penetrating injury to the right lower extremity with inju-
ries to the femoral vessels and femur. The patient was ini-
tially managed with temporary bypass using 
polytetrafluorethylene (PTFE) and external fixation of the 

femur fracture. The black arrow identifies the PTFE con-
duits for the femoral artery and vein injuries. The angio-
gram depicts the definitive common femoral artery 
reconstruction and bypass (tunneled anterolateral) with 
the autologous greater saphenous vein

11 Open Damage Control Vascular Surgery



130

11.4  Revascularization

Definitive revascularization has a limited role in 
damage control vascular surgery, often because 
of the time, technical experience, and operative 
support required for such measures. Primary 
repair of minor vascular trauma can be performed 
rapidly without physiologic consequences. In 
1946, DeBakey [5] commented that “therapeutic 
measures designed to save the limb are applica-
ble, at best, in not more than 20% of cases” on the 
battlefield. Hughes and Rich [6–11] demon-
strated the feasibility of complex vascular repair 
as an option for combat-related vascular injuries. 
During modern combat, nearly 50% of vascular 
injuries sustained in battle are now managed with 
repair or bypass which confirms that the window 
of opportunity for limb salvage has been extended 
[16, 53, 54]. Advanced methods of flow preserva-
tion and elaborate revascularization have been 
successfully performed in a forward, austere 
environment in conjunction with damage control 
resuscitation [12, 13, 55]. Fox et al. [55] reported 
on 16 combat casualties that underwent 20 vascu-
lar reconstructions for upper and lower extremity 
major vascular injuries for limb salvage. Routine 
fasciotomy and stabilization of concomitant 
orthopedic injury were performed. Damage con-
trol resuscitation resulted in physiologic recovery 
and avoided the lethal triad of hypothermia, 
coagulopathy, and progressive acidosis. Reported 
median operative time was 4.5 h for revascular-
ization. This report documented the technical 
success of 19 saphenous vein bypass grafts and 1 
synthetic bypass graft performed for definitive 
revascularization. Fasciotomies remain a critical 
adjunct when considering revascularization [56].

11.5  Specific Damage Control 
Vascular Surgery 
Considerations

11.5.1  General Principles

The fundamental principles regarding the man-
agement of vascular injury include adequate 
exposure, proximal and distal control, debride-

ment to viable tissue, shunting, revascularization, 
or ligation. Damage control vascular decisions 
must account for patient physiology, concomitant 
injuries, anatomic location of the injured vessels, 
and available resources. Frequently, the most 
challenging aspect in the management of vascu-
lar injury relates to the anatomic exposure. 
Primary repair, construction of an anastomosis, 
and shunt placement are generally considered a 
straightforward technical exercise. However, in 
the context of devastating tissue destruction, con-
comitant injuries, hematoma formation, and sig-
nificantly distorted anatomic landmarks, the 
identification and subsequent exposure of these 
vascular injuries can be challenging for even an 
experienced surgeon. The following sections will 
discuss general diagnostic considerations and 
vessel-specific exposures. It is important to note 
that the patient’s physiology dictates the surgical 
plan and should be considered prior to imple-
menting temporary or definitive 
revascularization.

11.5.2  Carotid Artery

Penetrating cervical trauma involving the carotid 
artery remains a challenging vascular injury. The 
modern incidence of wartime cervical vascular 
injury is 8% [16]. Injury to the carotid injury can 
result in life-threatening exsanguinating hemor-
rhage, significant cervical hematoma formation 
with airway compromise, and devastating neuro-
logic complications. Hemorrhage and occlusion 
are indications for intervention. When feasible, 
contrast CTA should be performed. CTA facili-
tates the triage process, improves operative plan-
ning, and records baseline neurologic imaging. 
The patient’s physiologic status determines the 
surgical plan with respect to revascularization. 
TVS has a clear utility during damage control 
maneuvers and also during the definitive revascu-
larization allowing for continued cerebral perfu-
sion to potentially ischemic neurons.

Exposure of the carotid artery is through an 
incision at the anterior margin of the sternoclei-
domastoid muscle, ipsilateral to the injury. The 
platysma muscle is divided and the sternocleido-
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mastoid muscle reflected posterolaterally. The 
internal jugular vein is mobilized laterally fol-
lowing ligation of the common facial vein thereby 
exposing the carotid artery bifurcation. If feasi-
ble, the common carotid artery is exposed proxi-
mal to the hematoma or injured segment of the 
vessel and controlled with a vessel loop secured 
by a Rummel tourniquet. In the absence of 
uncontrolled hemorrhage, there is no need to 
tighten down the Rummel tourniquet. The dissec-
tion proceeds distal into the zone of injury. If 
bleeding is encountered, the Rummel tourniquet 
can be cinched down, or a vascular clamp can be 
placed. Back bleeding from the internal carotid 
artery is a favorable sign and can be controlled 
with a small clamp or a vessel loop. It is  important 
to recognize that distal thrombosis of the internal 
carotid artery results in poor or no back bleeding. 
If this is encountered, carefully passing a 2–3 
French embolectomy catheter can remove the 
thrombus and restore appropriate back bleeding. 
Aggressive catheter manipulation can result in a 
carotid-cavernous fistula; therefore, great care 
should be practiced.

Following vascular control of the proximal 
common carotid artery and distal internal carotid 
artery, the injury is explored. A TVS should be 
placed to maintain perfusion while the injury is 
explored and options considered. With respect to 
TVS placement, the shunt should be placed into 
the internal carotid artery and secured with a ves-
sel loop allowing back bleeding through the shunt. 
In order to secure the proximal shunt, in sequence, 
the shunt is placed in the common carotid artery 
through the Rummel tourniquet. As the shunt 
advances into the common carotid artery, the 
Rummel tourniquet is tightened down fully secur-
ing the shunt in place. Repair of carotid artery 
injuries typically requires placement of an inter-
position greater saphenous vein graft, although 
primary repair or vein patch angioplasty can be 
performed for less severe injuries. To perform the 
interposition graft over the TVS, the proximal end 
is removed using the DeBakey clamp to occlude 
the common carotid artery. The vein graft is 
placed over the shunt (i.e., shunt in the vein graft 
lumen). The proximal shunt is reinserted into the 
common carotid artery and secured with the 

Rummel device using the previously described 
sequence. After flow is restored in the shunt, the 
distal vein graft anastomosis is performed using 
6-0 Prolene suture to the edge of the normal inter-
nal carotid. Next, the proximal anastomosis to the 
common is started also with 6-0 Prolene suture. 
When the anastomosis is nearly completed, the 
shunt is removed through the remaining anasto-
motic opening, first removing the distal TVS from 
the internal carotid artery observing back bleed-
ing followed by the proximal extent of the TVS 
observing appropriate forward bleeding. The 
anastomosis is completed. Alternatively, the 
reconstruction can be performed without a shunt; 
however, this exposes the ipsilateral hemisphere 
to prolonged ischemia. Regardless of whether or 
not 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 of 
systemic heparin (50u/kg) is recommended along 
with generous flushing of the repair with heparin-
ized 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 acute stroke rate of 
30–50%.

11.5.3  Subclavian Artery

Management of injury to the subclavian artery 
requires technical familiarity with exposure of 
the involved portion of the vessel. The central 
right subclavian artery is approached through a 
median sternotomy, while the central left subcla-
vian artery is approached through a high left 
anterolateral thoracotomy. The mid-subclavian 
artery can be exposed through a supraclavicular 
approach following division of the clavicular 
head of sternocleidomastoid muscle and scalene 
fat pad, identification of the phrenic nerve, and 
subsequent division of the anterior scalene mus-
cle. The supraclavicular approach can be a metic-
ulous, time-consuming dissection given the 
critical associated structures in the surgical field. 
Alternatively, the mid- and distal subclavian 
arteries can be exposed and controlled through a 
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combined supraclavicular and infraclavicular 
incisions. There is no requirement to obtain prox-
imal vascular control within the surgical field of 
injury; using separate incisions through non- 
traumatized tissues can expedite rapid vascular 
control. In a hemodynamically unstable patient, 
initial proximal control obtained via sternotomy 
or thoracotomy will allow for more rapid vascu-
lar control than use of the more time-consuming 
supraclavicular approach. Because of the techni-
cal challenges with exposure, the utility of tem-
porary vascular shunts in this injury pattern is 
limited. Additionally, interposition graft using 
6–8 mm PTFE or Dacron is sometimes required 
for subclavian artery repair. Endovascular 
 intervention for this injury pattern allows for 
rapid definitive repair without the morbidity of 
the surgical approach.

11.5.4  Axillary Artery

Control of the proximal axillary artery is best 
accomplished through an ipsilateral supraclavic-
ular incision (proximal control via the subclavian 
artery), although the axillary artery itself is 
exposed through an infraclavicular approach. 
The infraclavicular exposure includes division of 
the clavipectoral fascia and the blunt separation 
of the fibers of the pectoralis major muscle. The 
axillary vein is the first structure encountered in 
the axillary sheath. The axillary artery lies deep 
to the vein; mobilization and caudal retraction of 
the axillary vein will expose the first segment of 
the axillary artery. The pectoralis minor muscle 
can be retracted laterally or divided. Repair of the 
axillary artery most commonly involves an inter-
position graft using reversed saphenous vein. 
TVS are of significant utility for delayed recon-
struction in the damage control setting.

11.5.5  Brachial Artery

The brachial artery and median nerve travel 
within the brachial sheath and are exposed 
through a medial incision in the upper arm in the 
bicipital groove. The median nerve is the most 

superficial structure encountered upon entering 
the brachial sheath. The ulnar nerve runs poste-
rior to the artery which is surrounded by paired 
deep brachial veins. Repair of the brachial artery 
is most commonly accomplished using primary 
repair, reversed saphenous vein interposition 
graft, or TVS allowing for delayed reconstruc-
tion. Although it may be possible to ligate the 
brachial artery distal to the origin of the profunda 
brachii artery and maintain a viable arm and 
hand, this proposition is based on intact collateral 
circulation. Unfortunately, collaterals from the 
shoulder and profunda brachii artery are often 
damaged in the setting of penetrating blast 
wounds, and therefore maintenance of flow 
through the brachial artery with a TVS or defini-
tive vascular repair is advised. Ligation or pri-
mary amputation is an acceptable damage control 
maneuver if there is not time for shunting or the 
patient is in extremis.

11.5.6  Thoracic and Abdominal 
Aorta

Management of penetrating injury to the thoracic 
and abdominal aorta is rare given the prehospital 
lethality of this injury. Wartime estimates 
reported a combined incidence of aortic injury at 
2.9% [16]. Initial management of thoracic hem-
orrhage in the setting of penetrating trauma is 
directed by chest tube location and output in con-
junction with the patient’s physiology. The 
descending thoracic aorta is approached through 
the left anterior-lateral thoracotomy. An initial 
left thoracotomy can be extended into the right 
chest extending across the sternum (i.e., “clam-
shell” thoracotomy). Aortic control proximal and 
distal to the injury or hematoma must be obtained 
including isolation or control of any intercostal 
arteries in this segment. Aortic clamps are used to 
arrest flow in this segment, and the hematoma is 
entered with debridement of the injured aorta. An 
adequate length of the aorta must be debrided to 
allow placement of a large-caliber synthetic con-
duit (20 mm–26 mm Dacron graft) positioned 
end to end to the proximal and distal segments of 
the uninjured aorta. Endovascular management 
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of blunt aortic injury to the thoracic aorta (i.e., 
partial aortic transection or pseudoaneurysm for-
mation) in a patient who has demonstrated tem-
porary physiologic stability allows for definitive 
repair without the morbidity of thoracotomy and 
improved outcomes [57].

Blunt and penetrating injuries to the abdomi-
nal aorta present as a central, zone I retroperito-
neal hematoma. The surgical management of 
zone I retroperitoneal hematomas should be 
based upon the distribution of the hematoma. 
Supra-mesocolic, zone I retroperitoneal hemato-
mas are best approached via a left medial-visceral 
rotation (Mattox maneuver) which exposes the 
supraceliac, paravisceral, and infrarenal  segments 
of the abdominal aorta. Infra-mesocolic, zone I 
retroperitoneal hematomas can be approached 
via a standard transabdominal, transperitoneal 
approach with transverse colon cranial retraction 
and small bowel evisceration or with a right 
medial-visceral rotation (Cattell-Braasch maneu-
ver) exposing the infrarenal aorta and inferior 
vena cava. Proximal and distal aortic control is 
paramount during surgical management. 
Proximal control is rapidly obtained in the supra-
celiac position and obtained through the gastro-
hepatic ligament by retracting the esophagus to 
the left and dividing the diaphragmatic crus. 
Alternatively, the Mattox maneuver exposes the 
supraceliac aorta from the lateral position, 
enabling proximal control as well. The iliac ves-
sels or distal aorta are subsequently controlled, 
providing isolation before entering the hema-
toma. Repair techniques for the aorta and its 
branch vessels range from primary pledgetted 
closure to replacement with a Dacron interposi-
tion graft and depend upon the degree of injury.

11.5.7  Inferior Vena Cava

Intracavitary injury to the inferior vena cava 
(IVC) can result in massive hemorrhage and 
hemodynamic instability. The inferior vena cava 
is approached in the abdomen by performing the 
Cattell-Braasch and extended Kocher maneuvers. 
Mobilization of the liver is required to visualize 
the retro-hepatic vena cava. The lumbar venous 

tributaries into the injured segment of the IVC 
should be controlled to allow for comprehensive 
isolation. Because repair of the IVC is likely to 
require intermittent occlusion (i.e., sponge sticks 
or vascular clamps) or ligation in extreme cases, 
central venous access should be established 
above the diaphragm to allow effective volume 
resuscitation. If temporary occlusion of the IVC 
results in significant hypotension, the adjacent 
abdominal aorta may be temporarily occluded to 
support central pressures while continued resus-
citation takes place. Repair of longitudinal inju-
ries to the IVC can be accomplished with a 
running venorrhaphy provided that the residual 
lumen is not narrowed more than 50%. In 
instances where longitudinal repair will result in 
greater than 50% stenosis of the IVC, patch 
angioplasty or resection and interposition graft 
using ePTFE or Dacron is preferable. Ligation of 
the infrarenal IVC is acceptable as a damage con-
trol maneuver, although this carries a significant 
risk of mortality and major morbidity in the form 
of decreased cardiac preload and significant lower 
extremity edema. If infrarenal IVC ligation is 
needed, bilateral lower extremity fasciotomies must 
be completed in order to reduce the risk for com-
partment syndrome. Suprarenal occlusion of the 
IVC is generally not compatible with survival and 
should be considered a measure of last resort [58].

11.5.8  Common, External, 
and Hypogastric Iliac Arteries

Iliac artery injuries generally present as a zone III 
or pelvic hematoma with or without extremity 
ischemia. Exploration of the zone III hematoma 
should be performed following proximal control 
of the infrarenal abdominal aorta and the contra-
lateral common iliac artery, if feasible. The distal 
external iliac artery should be identified as it exits 
the pelvis at the inguinal ligament at a position 
free from the hematoma formation. The hypogas-
tric (internal iliac) artery may not be initially con-
trolled or visualized before exploring the 
hematoma. The inability to initially control all 
bleeding from the hematoma necessitates prepa-
ration including multiple suction devices, Fogarty 
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occlusion balloons, direct tamponade strategies 
or devices, and alerting anesthesia regarding the 
need for continued resuscitation during explora-
tion. After proximal and distal control of the 
common and external iliac arteries is obtained, 
the hematoma is entered which facilitates expo-
sure and clamping of the hypogastric artery and 
the injured vessel(s). Common and external 
artery injuries can be controlled and managed 
with a TVS as needed or repaired with interposi-
tion grafting using saphenous vein or prosthetic 
conduit (6–8 mm ePTFE or Dacron). In an unsta-
ble patient or a patient where there is significant 
contamination of the surgical field, shunt 
 placement with delayed definitive repair or 
reconstruction is appropriate. If the primary 
injury is to the hypogastric artery, it can be 
ligated. Bleeding from associated iliac veins may 
be severe and difficult to expose. The common or 
external iliac artery may be divided if necessary 
to facilitate exposure of the iliac vein, followed 
by subsequent repair of the artery. Endovascular 
adjuncts, such as selective embolization of a 
bleeding hypogastric artery, are an option, par-
ticularly in blunt trauma with associated pelvic 
fracture.

11.5.9  Common and Superficial 
Femoral Artery

Injury to the common femoral artery is often fatal 
as hemorrhage control at this anatomic location 
is often difficult. Additionally, injury to the com-
mon femoral artery and superficial femoral artery 
represents the second most common anatomic 
location for wartime vascular trauma [16]. 
Surgeon experience and familiarity in damage 
control maneuvers for rapid vascular control of 
the femoral vessels are critical. Exposure of the 
common femoral artery is obtained through a 
longitudinal incision above the artery approxi-
mately 2 cm lateral to the pubic tubercle at the 
inguinal ligament. A technical point in exposing 
the common femoral artery is extending the inci-
sion cranial enough so that the inguinal ligament 
can be identified first in a consistent and familiar 
manner. Shunting with a TVS can be performed 

in conjunction with damage control maneuvers. 
However, distal common femoral artery injuries 
at the bifurcation of the superficial femoral artery 
and profunda artery represent a unique challenge 
with respect to maintaining forward perfusion to 
both structures. Every attempt should be made to 
maintain flow into the profunda femoris artery, 
although the feasibility of this will depend upon 
the pattern of injury and surgeon experience with 
more complicated vascular reconstruction. 
Alternatively, proximal control can be obtained 
in the retroperitoneum (i.e., external iliac artery) 
through the cranial extension of the groin inci-
sion or by using a limited transverse-oblique inci-
sion in the lower abdomen cranial to the inguinal 
ligament. After a transverse-oblique skin inci-
sion, the external and internal oblique aponeuro-
ses are divided. The transversus abdominus 
muscle and transversalis fascia are opened allow-
ing entrance into the retroperitoneum. The plane 
between peritoneum and retroperitoneum is 
developed, and the peritoneal contents are 
reflected cephalad, exposing the external iliac 
vessels along the medial border of the psoas mus-
cle. Proximal vascular control is obtained at the 
external iliac artery.

Exposure of the distal superficial femoral 
artery is performed through a medial thigh inci-
sion 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 
superficial femoral artery, sartorius muscle, and 
adductors to be suspended improving separation. 
Entry into the fascia of the lower thigh is per-
formed at the anterior margin of the sartorius 
muscle which is subsequently reflected posteri-
orly. Exposure is facilitated with the surgeon 
seated looking across the dissection field with 
lights positioned directly over the shoulder if 
they do not have a headlight available. When 
exposing the superficial femoral artery, it is 
important to recognize the femoral vein which is 
in close proximity to the artery. Repair of super-
ficial femoral artery injury is best performed by 
reversed saphenous vein interposition graft from 
the uninjured leg. Shunting of the superficial 
femoral artery is appropriate during damage con-
trol procedures.
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11.5.10  Profunda Femoris Artery

The profunda femoris artery provides perfusion 
to the musculature of the thigh. Exposure of the 
proximal profunda femoris artery is obtained 
through a longitudinal incision used to expose 
the common femoral artery. Mid- and distal seg-
ments of the profunda femoris artery are exposed 
through a vertical incision made parallel to the 
lateral border of the sartorius muscle. The sarto-
rius muscle is retracted medially and the rectus 
femoris is retracted laterally to expose the mid- 
and distal segments. Proximal profunda injuries 
should be repaired with reversed saphenous vein 
interposition graft. This is especially important 
if there is question about the integrity of the 
superficial femoral or popliteal vessels. In the 
setting of a compromised superficial femoral 
artery, flow through the profunda femoris is crit-
ical to allow healing of subsequent lower 
extremity wounds and amputations. In a patient 
who sustains a devastating blast injury with a 
non-salvageable lower extremity (i.e., above-
knee traumatic amputation), the superficial fem-
oral artery can be used as a conduit in order to 
maintain the integrity of the profunda femoris 
artery. If patency of the superficial femoral 
artery can be confirmed, ligation of mid- and 
distal profunda femoris arterial injuries is 
acceptable.

11.5.11  Popliteal Artery

Popliteal artery and vein injuries were identified 
in 9% of traumatic injuries during the wars in 
Iraq and Afghanistan [16]. Injuries in the popli-
teal space are exposed through a medial incision. 
The dissection is extended from cephalad to cau-
dad at the medial aspect of the knee and is facili-
tated by a lift or “bump” under the calf of the leg 
with the knee flexed. When exposing caudal por-
tion of the popliteal space, the bump is placed 
under the thigh. Natural dissection planes exist in 
exposing the above-knee popliteal artery with the 
exception of the need to divide the fibers of the 
adductor magnus which envelop the distal super-
ficial femoral artery (Hunter’s canal). Similarly, a 

natural dissection plane exists into the popliteal 
space for the below-knee popliteal artery; how-
ever, added exposure can be accomplished by 
division of the gastrocnemius and soleus muscle 
fibers from the medial tibial condyle thereby 
allowing a lengthy exposure of the below-knee 
popliteal artery and the origins of the anterior 
tibial artery and the tibial-peroneal trunk. To 
completely expose the popliteal space, the medial 
attachment of the pes anserinus (conjoined ten-
dons of the sartorius, semitendinosus, semimem-
branosus, and gracilis) to the medial condyle of 
the tibia can be divided. When feasible, the pes 
anserinus should be reconstructed given its sig-
nificant role in medial knee stabilization. 
Weitlaner retractors, cerebellar retractors, and 
flexible Adson-Beckman or Henly popliteal 
retractors with detachable side blades are neces-
sary to expose the popliteal space. Typically, the 
medial head of the gastrocnemius can be retracted 
down using one of these devices and does not 
need to be divided. TVS are of significant utility 
in damage control management of popliteal 
artery injuries. Reconstruction generally incorpo-
rates the use of autologous greater saphenous 
vein when feasible.

11.5.12  Tibial Arteries

Peripheral vascular injury to the lower extremity 
continues to represent the most common injury 
pattern encountered throughout military history 
[5–16]. During modern warfare, tibial-level vas-
cular injuries are present in 21% of wounded 
casualties. The recommended approach to tibial 
artery injury is one of selective repair. Because of 
their distal location and redundant nature, iso-
lated and multiple tibial artery injuries can be 
ligated without adverse outcomes. As long as one 
tibial artery remains uninjured and patent to the 
ankle, no additional tests or repairs are required. 
This selective approach to tibial repair has been 
shown to be effective, confirming that although 
tibial injuries can be ligated, there is a distinct 
injury pattern which requires repair [36]. 
TVS can be inserted into tibial vessels 
although shunt patency is lower than that in 
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more proximal vessels. The anterior tibial artery 
is exposed through an anterolateral longitudinal 
incision midway between the tibia and fibula. 
The fascia along the lateral border of the anterior 
tibialis muscle is divided, and the plane between 
the anterior tibialis and extensor digitorum lon-
gus muscles is developed. The anterior tibial 
artery lies deep along the interosseous mem-
brane. Exposure of the posterior tibial artery in 
the deep compartment of the leg is through a 
medial incision with a lift or “bump” under the 
knee or thigh. A longitudinal incision is made 
2 cm posterior to the posterior margin of the tibia. 
Division of the tibial attachments of the soleus 
muscle in the proximal and mid-leg and posterior 
retraction of the soleus exposes the artery. 
Reconstruction of a peroneal artery injury is 
rarely required, and ligation is adequate. 
Importantly, tibial reconstruction is technically 
more challenging and time-consuming because 
of the smaller size of the vessels. Like other vas-
cular repairs, tibial reconstruction should not be 
undertaken if the patient has other life-threaten-
ing injuries or is in extremis.

11.6  Summary

Vascular damage control surgery emphasizes 
immediate hemorrhage control and mitigation of 
ischemia (and subsequent complications related 
to end-organ ischemia) with restoration of 
perfusion.
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Endovascular Techniques 
in Hemorrhage Control 
and Resuscitation
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Abstract

Advances in endovascular technologies have 
demonstrated their promise as potential dam-
age control adjuncts. Resuscitative endovas-
cular balloon occlusion of the aorta (REBOA) 
and other novel devices may provide solutions 
to some of the significant challenges of hem-
orrhage from non-compressible sites. This 
chapter outlines available endovascular tools 
for utilization and discusses their potential and 
present limitations.

Early hemorrhage control is a basic tenet of 
damage control surgery and remains a common 
challenge of modern trauma care. Over the past 
decade, a number of significant innovations 
have contributed to an improved ability to both 
diagnose bleeding sources and promote early 

hemorrhage control. The adoption of improved 
strategies for resuscitation and the introduction 
of novel systemic hemostatic adjuncts have also 
contributed to enhanced capabilities in mitigat-
ing the risk of death due to hemorrhage.

There remains, however, a need to control the 
source of hemorrhage through manual means. At 
accessible locations, bleeding sources can initially 
be controlled with either direct pressure or periph-
eral tourniquet utilization. An enhanced under-
standing of the impact of hemorrhage at 
non-compressible sites, however, has raised aware-
ness of a need to develop and refine techniques that 
afford rapid control of hemorrhage at these 
locations.

Specific endovascular solutions have emerged 
as potentially important therapeutic adjuncts in 
this regard. The use of interventional procedures 
in trauma is not new to the realm of trauma care, 
and their use appears to have increased steadily 
over the past 10 years. A recent analysis of the 
National Trauma Data Bank (NTDB) reported 
that 8.1% of acute arterial injuries in 2003 were 
treated with endovascular therapy, compared to 
only 2.1% in 1994. This analysis demonstrated 
that this increased utilization is occurring after a 
variety of injury mechanisms, with nearly an 
equal number of blunt (55%) and penetrating 
(45%) injuries treated via endovascular means 
[1]. A more recent study, also using NTDB data, 
reported that 16% of traumatic vascular injuries 
were treated with endovascular therapy,  including 
20% who were hypotensive at the time of 
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 intervention. The investigators reporting these 
findings also noted a decreased mortality that was 
associated with the increased use of endovascular 
intervention following traumatic injury [2]. 
These data suggest that, with advancements in 
both imaging and device technology, the use of 
endovascular techniques has become an integral 
part of treatment algorithms for an expanding 
subset of traumatically injured patients.

This chapter is designed to outline the con-
temporary utilization of endovascular techniques 
in the setting of hemorrhage control during dam-
age control surgery, with an emphasis on early 
control of bleeding at non-compressible sites as a 
damage control adjunct. We will outline newly 
developed and refined approaches, highlighting 
the available data from both translational science 
and clinical utilization in the treatment of bleed-
ing patients.

12.1  Angiography for Diagnosis 
and Treatment 
of Hemorrhage

The utilization of angiography and embolization 
for the diagnosis and treatment of traumatic hem-
orrhage has increased significantly over the past 
several decades. Initial reports of the successful 
application of these approaches were published 
in the 1970s. These early reports demonstrated 
that catheter-based therapy could effectively be 
utilized to assist in the timely management of 
hemorrhage from pelvic and renal sources [3, 4]. 
Shortly thereafter, similar success was described 
at other locations, including a 1977 report of 
intercostal bleeding successfully controlled by 
endovascular embolization [5]. Later case reports 
suggested angioembolization alone or in combi-
nation with surgical therapy for highly lethal pel-
vic hemorrhage was both a feasible and effective 
damage control adjunct [6–8]. Interventionalists 
in Brooklyn proved pioneers in advancing endo-
vascular therapy for trauma, reporting good out-
comes in several series of splenic and pelvic 
hemorrhage [9–11]. These successes were followed 
by the increasing adoption of algorithms that effec-
tively incorporated endovascular adjuncts as rou-

tine elements of hemorrhage control for patient 
with both pelvic and solid organ bleeding sources. 
In one study documenting a continued evolution 
in this regard, Roudsari et al. reported the use of 
angioembolization for pelvic and liver injuries to 
have increased from 30% to 50% in 1996 to 
100% in 2010 at a busy American College of 
Surgeons Level 1 designated trauma center [12] 
(Fig. 12.1).

As endovascular control of splenic, hepatic, 
pelvic, carotid, and intercostal artery injuries has 
occurred for decades, so too has a continued evo-
lution in advancement in support of hemorrhage 
control with endovascular modalities. 
Advancements in technology have resulted in the 
present availability of a host of hemostatic 
adjuncts that can be delivered in a precise manner 
directly at the site of injury. Current capabilities 
vary from simple Gelfoam utilization to a variety 
of endovascular coil and plug devices that can be 
used to promote focal hemorrhage control in 
these locations. The use of angioembolization 
techniques is currently well established, with a 
proven track record in the treatment of pelvic and 
solid organ bleeding after injury [13–18].

Despite continued improvement in devices and 
techniques, however, it is important to recognize 
that controversy regarding optimal embolization 
utilization remains. Patient selection continues to 
be an active area of investigation regarding the 
ideal role of angioembolization after trauma. 
Patient physiology appears to play a significant 

Fig. 12.1 Hepatic injury computed tomographic injury 
image demonstrating active extravasation with contrast 
blush from the liver. This patient went on to receive 
hepatic embolization of this bleeding source and did not 
require operative intervention
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role in the current utilization of this adjunct at 
most centers, but the specific parameters that 
should be utilized have not been well studied in a 
prospective, randomized fashion. Associated 
radiographic findings—including significant 
hematoma and active contrast extravasation or 
“blush”—also likely guide the employment of 
embolization in most environments, but the impor-
tance of these imaging findings in guiding optimal 
patient selection for endovascular intervention 
remains controversial. For these and other reasons, 
and despite extensive experience on the topic, 
ideal selection criteria for endovascular emboliza-
tion remain a matter of active investigation. The 
available data has, however, afforded the develop-
ment of several reasonable algorithms for use by 
leading trauma organizations, including the 
Western Trauma Association (WTA), the Eastern 
Association for the Surgery of Trauma (EAST), 
and the American Association for the Surgery of 
Trauma (AAST).

While available treatment algorithms provide 
some reasonable guidance on the utilization of 
angioembolization for traumatic hemorrhage, it 
is also important to appreciate that the optimal 
technique for the conduct of this intervention is 
not well defined. A variety of hemostatic adjuncts 
can be employed to promote the arrest of hemor-
rhage using endovascular means—including 
coils, nitinol plugs, and Gelfoam. The relative 
permanency of occlusion achieved is related to 
the adjunct chosen, with coils and plugs provid-
ing lasting occlusion of a treated vessel and 
Gelfoam facilitating more temporary hemorrhage 
control to promote clot formation locally. The 
available options provide alternatives that can be 
individualized to the clinical situation, but the 
optimal agent or approach for specific scenarios 
remains an area of active study.

Another key area of controversy regarding the 
delivery of endovascular hemostatic adjuncts 
involves the level of angioembolization. The rela-
tive ease with which embolization can be 
achieved at the level of an origin artery must be 
weighed against the regional sparing of organ 
 tissue that can be achieved with more distal 
“selective” or “super-selective” embolization 
approaches. While all providers would likely 

agree that treatment focally at the specific site of 
hemorrhage is the most ideal, the complexity and 
time that may be associated with achieving this 
pinpoint hemostasis of a bleeding pelvic vessel or 
solid organ injury site requires consideration of 
other pressing needs in a multi-injured trauma 
patient. Defining the optimal approach is chal-
lenging, as the variety of variables that must be 
considered makes focused study of this issue 
problematic.

Perhaps the greatest limitation of angioembo-
lization utilization is that of expedient availabil-
ity. Even at major trauma centers with advanced 
capabilities, there appear to be discrepancies in 
availability of this adjunct during hours of peak 
trauma intake [19]. One novel solution being 
explored is to expand the skillset of trauma 
responders, who are most commonly present at 
the bedside when victims of significant injury 
arrive—even in the middle of the night and on 
weekends [20, 21]. Additional study is required, 
however, to determine the extent of training 
required to incorporate embolization into the 
skillset of the trauma/acute care surgeon.

12.2  Stent Grafting

When employed for the treatment of vascular 
injury, endovascular stenting is often considered 
a definitive repair modality. It is important to rec-
ognize, however, that endovascular endoluminal 
stent grafts can also be utilized effectively as a 
viable damage control adjunct that is a bridge to 
subsequent open repair. Stent grafts can be used 
temporarily to cover partial- or full-thickness 
injuries, particularly at sites of major vascular 
injury that cannot be easily or rapidly accessed 
with traditional open surgical exposure. Placing a 
stent across a full-thickness injury may save the 
physiologically devastated patient prolonged ill-
ness by decreasing blood loss and ensuing coagu-
lopathy. In this fashion, the utilization of an 
endoluminal stent graft can be considered an 
“internal shunt” that restores in-line flow, miti-
gates the danger of distal ischemia, and affords 
the marshaling of optimal resources for open 
 vascular repair or interposition vessel  replacement 
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should they be deemed optimal for long-term 
patient outcome.

As stent grafts have evolved, their use in the 
treatment of blunt thoracic aortic injury (BTAI) 
has emerged as a signature success story for the 
traumatic application of endovascular technolo-
gies. Significant BTAI remains a relatively infre-
quent but potentially rapidly lethal sequel of 
significant trauma. The advent of thoracic endo-
vascular aortic repair (TEVAR) utilizing endo-
vascular stent grafts has resulted in both improved 
morbidity and mortality among patients who sur-
vive to reach care after BTAI (Fig. 12.2a, b). 
Although appropriate patient selection remains 
paramount to success, the clear success of 
TEVAR has dramatically altered the standard of 
care for BTAI patients in the modern era.

In a landmark 2008 report, Demetriades and 
colleagues of the American Association for the 
Surgery of Trauma (AAST) BTAI study group [22] 
documented significant improvements in BTAI 
care associated with the transition from open to 
endovascular repair. In their examination of 193 
patients with BTAI, they found that TEVAR was 
associated with significantly decreased transfu-
sion requirements and lower mortality compared to 
open repair modalities. A more contemporary 

multi-institutional study on the topic demonstrated 
similar findings, noting a significantly lower PRBC 
requirement (mean 5.9 vs. 3.1 units, p < 0.002) in 
the first 24 h, lower overall mortality (8.6% vs. 
19.7%, p = 0.021), and lower aortic-related mortal-
ity (13.1% vs. 2.5%, p = 0.003) among TEVAR-
treated patients compared to counterparts repaired 
using open techniques [23].

Initial experience with TEVAR, however, high-
lighted significant concerns with newer endovascu-
lar approaches. One of the important findings of the 
2008 report of the AAST BTAI study group was the 
significant rate of TEVAR- related complications 
that were observed [22]. In this early study of the 
topic, Demetriades and his group found that 18.4% 
patients undergoing TEVAR had some form of stent 
graft-specific complication, most notably endoleak 
at 13.6%. Advances in endovascular technologies 
have, in recent years however, dramatically 
decreased complication rates related to TEVAR. The 
introduction of two Federal Drug Administration 
(FDA)-approved devices specifically for TEVAR 
after BTAI in 2005 heralded considerable engineer-
ing advances for trauma applications. There are now 
a number of major device manufacturers who have 
developed TEVAR devices optimal for BTAI use, 
and an improved ability to avoid traditional adverse 

a b

Fig. 12.2 (a, b) Pre (a)- and post (b)-repair angiographic images documenting treatment of a grade III (pseudoaneu-
rysm) blunt thoracic aortic injury (BTAI)
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events following TEVAR has been documented 
with their utilization [23]. Beyond limitations spe-
cific to device evolution, other traditional concerns 
following aortic repair after BTAI have included 
paralysis, stroke, and left upper extremity ischemia 
when coverage of the left subclavian artery (LSCA) 
is required for optimal TEVAR. Like the access and 
device- related issues of decades past, these compli-
cations appear to have significantly decreased over 
time [24–31].

In order to guide the optimal management of 
BTAI, the development of a functional grading 
system to guide the selection of therapy was 
required. Azizzadeh and colleagues were among 
the first to describe such a system for BTAI [31], 
designing the current system utilized by the 
Society of Vascular Surgery (SVS) for descrip-
tion of these injuries. This system has been uti-
lized to develop the SVS clinical practice 
guidelines presently employed for BTAI care at 
many centers. The SVS guidelines suggest that 
the majority of grade I BTAI patients can be man-
aged nonoperatively—as was documented in a 
large contemporary multicenter study (76.6%) 
[23]. According to the effort by DuBose et al. 
[23], the majority of grade II, III, and IV injuries 
are currently treated via either TEVAR or open 
repair (72.1%, 87.0%, 75%, respectively).

Growing awareness regarding the natural his-
tory of BTAI, however, has supported the exami-
nation of several alternate grading systems and 
algorithms for treatment. Both the Vancouver sim-
plified grading system [32] and the alternate clas-
sification scheme proposed by Starnes et al. [33] 
have suggested that additional elements of CTA 
discernable BTAI data may be of importance in 
guiding therapy. Specifically, these groups have 
examined the impact of specific aortic lesion 
dimensions in dictating the need for treatment ver-
sus medical management alone. A group of inves-
tigators at R Adams Cowley Shock Trauma Center 
[34] has also proposed that associated secondary 
signs of injury may also be important for consider-
ation—specifically the presence of extensive 
mediastinal hematoma and large left hemothorax. 
Despite these reports, there remains a substantial 
need for collaborative long-term study of these 
patients to compare the natural history of both 

untreated injuries and patients treated with TEVAR 
or open repair. The optimal type of treatment and 
timing of intervention remain matters of active 
investigation. Long- term outcomes following 
TEVAR must also be better elucidated. An ongo-
ing prospective registry sponsored by the Aortic 
Trauma Foundation and the American Association 
for the Surgery of Trauma is designed to provide 
some of these answers in the near future.

The emergent nature of high-grade BTAI treat-
ment requires the application of damage control 
thought processes to afford optimal outcomes. 
Immediate assessment of the patient with suspected 
blunt thoracic aortic injury (BTAI) includes imaging 
studies if hemodynamics allow. Once the diagnosis 
is confirmed, aggressive beta- blockade is highly rec-
ommended in the absence of contraindications. The 
decision regarding endovascular versus open repair 
is made largely on the position of the lesion relative 
to arch vessels. Traditionally, a proximal landing 
zone of 2 cm was considered acceptable, although 
newer devices have been used successfully with a 
proximal neck length, or “landing zone” of 1 cm or 
less. Aortic injuries are usually shorter than lesions 
due to aortic disease, negating the need for extensive 
coverage of the distal thoracic aorta and the need for 
a preoperative spinal drain to mitigate the risk of 
subsequent paralysis associated with extensive cov-
erage of the thoracic aorta with a stent graft.

Fortunately, the most commonly encountered 
variant of BTAI is located distal to the left subcla-
vian artery, with the lesion typically isolated to 
the proximal descending thoracic aorta. More 
extensive injuries to the thoracic aorta that are 
within proximity to major branch vessels, how-
ever, present a more significant clinical challenge. 
The most common branch vessel requiring cover-
age to achieve effective seal of the injury site with 
an endograft is the left subclavian artery (LSCA). 
Expanding experience has demonstrated, how-
ever, that coverage of this vessel by TEVAR can 
be performed routinely with minimal associated 
morbidity [23]. Close observation is usually suf-
ficient following LSCA coverage, in the event that 
symptoms of subclavian steal or arm ischemia 
develop—a rare occurrence in trauma settings. If, 
however, these symptoms do manifest, a carotid-
subclavian bypass may be required. Despite the 
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excellent toleration of LSCA coverage in trauma 
settings, it is important to emphasize, however, 
that there are specific situations where a bypass 
procedure may be required prior to TEVAR for 
BTAI. Chief among these is the patient with prior 
cardiac surgery and the use of the left internal 
mammary artery for coronary artery bypass. 
Coverage of the LSCA in these patients invites 
potential major coronary malperfusion and a high 
risk of cardiac complications and arrest. It is also 
useful to determine pre-procedure the patency of 
the vertebral artery on the left and the role of this 
vessel in cerebral perfusion. Left vertebral artery 
dominance compared to the right suggests that 
coverage of the LSCA may result in cerebral mal-
perfusion when left vertebral artery outflow is 
compromised. As an adjunct during emergent 
TEVAR for BTAI, intraoperative neuromonitor-
ing can provide immediate information regarding 
cerebral flow after coverage of the LSCA. Cerebral 
angiography may also be performed if needed to 
gather this information.

Despite the need for further study, the success 
of TEVAR for BTAI to date has paved the way 

for collaborative efforts between trauma surgeons 
and endovascular providers in exploring other 
anatomical sites where endovascular stent grafts 
may potentially be of benefit in emergent set-
tings. To determine the current use of endolumi-
nal stent grafts after trauma, a recent study by 
Branco and colleagues [35] reviewed the recorded 
rate of endovascular stent graft use among trauma 
patients from the American College of Surgeons 
National Trauma Databank. These researchers 
found that, compared to the 0.3% rate of utiliza-
tion in 2002, there was a significant increase in 
endovascular technology utilization for trauma 
by 2010 (to 9.0%, p < 0.001). Of important note, 
the most dramatic changes in utilization occurred 
among injured vessels located at sites associated 
with anatomically challenging open exposures—
including iliac and axillo-subclavian locations 
(Figs. 12.3a, b and 12.4a, b). When outcomes 
were compared between matched patients who 
underwent endovascular and open procedures, 
patients undergoing endovascular procedures had 
significantly lower in-hospital mortality (12.9% 
vs. 22.4%, p < 0.001) and decreased rates of sep-

a b

Fig. 12.3 (a, b) Pre (a)- and post (b)-repair angiographic images documenting stent graft repair of a left subclavian 
injury due to penetrating mechanism
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a b

Fig. 12.4 (a, b) Pre (a)- and post (b)-repair angiographic 
images documenting endovascular stent graft coverage of 
a distal external iliac artery injury from gunshot with asso-

ciated arteriovenous fistula (filling of iliac vein fistula 
apparent on image (a), absent after stent graft coverage of 
injury (b)

sis after intervention (7.5% vs. 5.4%, p = 0.025). 
Similar investigations have demonstrated find-
ings reflective of increased utilization of endo-
vascular approaches to hemorrhage control and 
blood vessel injury—associated with improved 
outcomes over historical controls [36].

Endovascular stent placement for intra- 
abdominal arteries may also be considered an 
important damage control adjunct in specific sce-
narios. Endograft repair of blunt abdominal aor-
tic injury, although a rare entity, represents a 
repair alternative that does not mandate the expo-
sure traditionally required for open repair. 
Particularly in the setting of associated bowel 
injury and contamination, the use of endoluminal 
endograft repair of the abdominal aorta and other 
visceral vessels may mitigate the risk of infection 
of traditional open repair conduit sites. The liter-
ature on this topic is not extensive at present, 
however, with most of the available reports limited 
to case reports and small case series where endo-
vascular stents, aortic extension cuffs, or aortic 

endograft limb extensions have been used in 
cases of blunt and penetrating trauma [37, 38]. 
Indications for the use of such modalities might 
include not only cases with associated gross con-
tamination from hollow viscus injury that can 
jeopardize aortic grafts due to risk of infection 
but also the initial management of injuries diffi-
cult to expose by open exploration due to prior 
operation or other operative challenges. In this 
fashion, endovascular interventions can be used 
as a stabilizing measure for these critically ill 
patients and a bridge to possible subsequent open 
definitive repair.

In the abdominal aorta, major injuries near the 
visceral and renal branch vessels have not tradi-
tionally been amenable to easy or rapid endograft 
placement (Fig. 12.5). Continued endovascular 
technologic advancements including fenestrated 
or branched grafts are presently only used in the 
United States in the context of trials for elective 
aortic surgery. These adjuncts have, however, 
been utilized with some success in other 
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 countries. In the near future, newer devices may 
be available for off-label use for the injured aorta 
or abdominal branch vessels. Additionally, the 
chimney technique, in which the branch vessels 
are stented along with the aorta, may be an option 
for select patients. This latter technique is time- 
consuming, however, and requires significant 
expertise [38].

12.3  Resuscitative Endovascular 
Balloon Occlusion 
of the Aorta (REBOA)

Resuscitative endovascular balloon occlusion of 
the aorta (REBOA) is a new and exciting adjunct 
to the management of patients in profound shock 
(Fig. 12.6). Technically the principle of REBOA 
is not novel, as the use of an intra-aortic occlusive 
balloon placed through an open approach was 
first described for controlling major hemorrhage 
in the Korean War [39]. Reports in the literature 
of use for control of bleeding during pelvic sur-
gery, hepatobiliary surgery, orthopedic surgery, 
postpartum hemorrhage, and repair of ruptured 
abdominal aortic aneurysm suggest that REBOA 
has the potential to be a life-saving measure after 
significant hemorrhage from a variety of causes. 

A growing body of translational literature also 
appears to support the potential of REBOA fol-
lowing hemorrhage, with physiologic parameters 
such as serum lactate, pH, pCO2, and central, 
cerebral, and coronary perfusion in animal mod-
els of hemorrhagic shock having been shown to 
improve with REBOA utilization [40].

The use of REBOA to obtain proximal aortic 
control at the level of the diaphragm prior to enter-
ing the abdomen may have a role in early control 
of intra-abdominal hemorrhage after trauma. 
Currently, indications for REBOA include persis-
tent, refractory hypotension due to hemorrhage 
below the diaphragm, including severe pelvic and/
or junctional hemorrhage. For patients arriving in 
arrest from blunt mechanisms without evidence of 
severe great vessel injury, thoracotomy with open 
cardiac massage has been largely replaced by 
REBOA with closed chest compression at several 
leading trauma centers [41]. The location of bal-
loon placement and inflation is determined by 
source of hemorrhage. Placement can be per-
formed in the resuscitation area using portable or 

Fig. 12.5 Computed tomographic reconstruction of a 
gunshot wound to the abdominal aorta. Proximal vascular 
occlusion balloon was utilized to control the injury prior 
to open repair

Fig. 12.6 An artist rendition of resuscitative endovascu-
lar occlusion of the aorta (REBOA) balloon placement in 
aortic zone 1 (descending thoracic aorta)
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digital x-ray. Transportation to definitive treatment 
can occur with the REBOA in place.

The duration of aortic occlusion varies consid-
erably due to patient physiology, availability of 
resources, and time to definitive hemostasis. 
Recent evidence suggests that patients may sur-
vive zone 1 occlusion (just above the level of the 
diaphragm, between the left subclavian and 
celiac arteries) for up to 150 min [42], while 
anecdotal experience suggests patients can toler-
ate zone 3 occlusion (Fig. 12.7) (between the 
lowest renal artery and aortic bifurcation) for sev-
eral hours without complication. While no con-
sensus on optimal occlusion times yet exists, 
most providers experienced with REBOA utiliza-
tion recommend minimizing occlusion times to 
the bare minimum required to reach expedient 
definitive hemorrhage control. The authors sug-
gest that zone 1 occlusion times of less than 
30 min and zone 3 of less than 60 min should be 
aggressively pursued until better evidence on 
the topic can be collected, with the overall being 
to deflate and remove the devices as rapidly as 
possible. To facilitate the shortest possible 

occlusion time, an emphasis on moving the 
patient after REBOA expediently to an environ-
ment where definitive hemorrhage control can be 
achieved—either the operating room or the inter-
ventional suite—is required.

For those patients who may experience delays 
to definitive hemorrhage control, regardless of the 
reason, two specific approaches for extending 
effective utilization of the of REBOA have been 
proposed. The first is intermittent occlusion, or 
temporarily deflating the REBOA balloon to pro-
vide intermittent momentary perfusion of distal 
tissue beds until definitive hemorrhage control 
can be achieved. This technique has been 
described as a potential means for extending the 
duration of aortic occlusion with REBOA in 
Japan [42, 43]. This practice may, however, create 
hemodynamic shifts resulting from rapid washout 
of ischemic metabolites during short periods of 
perfusion that undermine the body’s autoregula-
tory mechanisms and may be detrimental to 
patient survival. Vasodilated ischemic tissue beds 
create a low-resistance, high- capacitance system 
that results in a profound loss of aortic afterload 
and cardiac output when occlusion is lifted—only 
to be immediately reversed again when occlusion 
is reapplied. Animal studies have demonstrated 
that this approach does not reduce ischemic injury 
or improve survival compared to complete occlu-
sion of the same duration [43].

As an alternative approach to providing distal 
perfusion, early partial aortic occlusion has been 
studied in animal models and is starting to be 
described in human trauma patients [41, 43–46]. 
After control of major hemorrhage has been 
achieved (i.e., tourniquets applied, abdomen 
packed, chest opened), slow reintroduction of 
systemic circulation is begun as hemodynami-
cally tolerated [47]. Low volume distal blood 
flow is maintained until definitive hemorrhage 
control has been completed and the patient is 
hemodynamically stable enough to tolerate full 
reintroduction of distal blood flow. In the setting 
of REBOA use, partial occlusion requires a dedi-
cated provider to monitor the patient’s vital 
signs and titrate aortic occlusion accordingly. 
The transition from complete endovascular aor-
tic occlusion to partial REBOA requires addi-

Fig. 12.7 REBOA balloon inflated in aortic zone 3 
(infrarenal aorta)
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tional attention to maintain proper balloon 
positioning as the loss of frictional forces 
between the aortic wall and the deflating bal-
loon, combined with increased proximal blood 
pressure, can lead to catheter migration or pro-
lapse [41]. Partial REBOA has been demonstrated 
in animal models to reduce the effects of distal isch-
emia and proximal overpressure injury compared to 
complete REBOA [46, 48], but its application in 
human patients is only just beginning [41, 44].

Beyond concerted efforts to limit aortic occlu-
sion time, REBOA utilization also requires sig-
nificant vigilance for other complications specific 
to the conduct of the procedure. Chief among 
these may be access-related complications result-
ing in distal limb ischemia. A Japanese series 
published by Saito et al. reported on REBOA use 
in 24 blunt injury patients treated at a single cen-
ter [49]. This report demonstrated that AO could 
effectively increase mean systolic blood pressure 
in patients with hemoperitoneum and pelvic ring 
fracture, but the authors also highlighted that 
12.5% (3 of 14) of patients in their series required 
amputations due to ischemic limb complications 
after access. Among these three, two amputations 
were directly associated with severe extremity or 
pelvic injury, and one was the result of an iatro-
genic vascular injury complication occurring fol-
lowing multiple percutaneous access attempts in 
an obese patient. Importantly, the largest pro-
spective series recording REBOA utilization in 
the United States has not demonstrated any isch-
emic complications resulting in amputation in 
North America to date [50].

Over the past several years, REBOA has 
increasingly been discussed as a potential adjunct 
to damage control and trauma resuscitation. 
Brenner and colleagues [51] published the first 
clinical series of REBOA utilization in the United 
States following trauma in 2013, demonstrating 
successful utilization following both blunt and 
penetrating mechanisms of injury. More recent 
reports of the use of REBOA demonstrate its 
potential benefit. Two institutions at the forefront 
of clinical use demonstrated a survival benefit for 
patients undergoing REBOA (n = 24) compared 
to emergency department thoracotomy (EDT) 
(n = 72) (p = 0.003) [52]. Furthermore, death 

from hemorrhage occurred more frequently in 
the resuscitation area in EDT patients than 
REBOA patients (69.2% vs. 29.7%, p < 0.001), 
and there were no ICU deaths from hemorrhage 
in patients who received a REBOA. The timeline 
of the study also showed a paradigm shift away 
from EDT and toward REBOA in select patients. 
The most recent multi-institutional report from 
the AAST AORTA trial also shows some promis-
ing results [50]. The initial report from this ongo-
ing prospective registry documented 46 patients 
who underwent REBOA and compared their out-
comes to 68 patients who received EDT with aor-
tic cross-clamp. There was no difference in 
survival or in aortic occlusion time between the 
two groups. The initial AAST report did demon-
strate, however, that the establishment of appro-
priate arterial access continues to require open 
cutdown with common femoral artery exposure 
in 50%. Despite the need for this more invasive 
access approach, however, only minor access 
complications of REBOA occurred, and all three 
were treated at the time of operative intervention 
for sheath removal [50].

The potential use of REBOA as a prehospital 
damage control adjunct has also been discussed, 
and this practice is already occurring in the 
United Kingdom and Japan. Emergency medi-
cine physicians and medics are preforming the 
procedure at the roadside for patients in extremis 
from non-compressible torso hemorrhage. As a 
matter of fact, emergency medicine physicians 
have been performing REBOA in trauma patients 
for over a decade in Japanese emergency depart-
ments. Both Japan and the United Kingdom have 
access to smaller-diameter REBOA devices, 
which may improve the safety profile and expand 
the spectrum of users. In the United States, FDA- 
approved devices were traditionally not well 
suited for the trauma population. Over the last 
year, however, a lower-profile device has been 
approved by the FDA for trauma use 
(ER-REBOA™, Prytime Inc.). To date experi-
ence with this device has been encouraging but 
has only yielded anecdotal technical and/or clini-
cal success.

As REBOA continues to be utilized and evalu-
ated, clinical algorithms will mature and further 
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specify which patients are most likely to benefit 
from the procedure. Currently, patients suffering 
from both blunt and penetrating mechanisms are 
suitable candidates for REBOA, and this proce-
dure can be performed in the resuscitation area, 
operating room, in conjunction with thoracotomy 
and cardiac massage, and/or prior to further 
imaging and/or angioembolization.

A growing body of translational research 
regarding REBOA use suggests that the use of 
this adjunct may result in improved physiology 
compared to EDT. Clinical research is also grow-
ing but at present demonstrates that survival and 
outcomes may or may not be affected relative to 
emergency thoracotomy. This data has demon-
strated to date, however, that major complica-
tions documented abroad have not occurred with 
its use in select US and Canadian centers. In 
addition, ongoing standardization of training 
efforts for acute care surgeons suggests that this 
subset of providers can learn this procedure after 
a brief but formal training course and apply this 
skillset safely and effectively in the clinical set-
ting [53].

 Conclusion

Endovascular technologies offer exciting new 
options for inclusion in damage control 
approaches after trauma. There do, however, 
remain questions about optimal patient selec-
tion, ideal technique, and long-term outcomes 
regarding these modalities. Ongoing research 
promises to better elucidate the optimal utili-
zation of endovascular adjuncts for bleeding 
trauma patients in the context of damage con-
trol interventions.
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Damage Control Cardiothoracic 
Surgery

J. Shaw, Bradley J. Phillips, and Juan A. Asensio

13.1  Introduction

Although damage control as a surgical concept 
and/or technique has become part of the trauma 
surgeon’s armamentarium for the past 25 years, it 
is meritorious to review its origins and indica-
tions. The concept, as described, takes its origin 
from Stone’s [1] hallmark work describing the 
“bailout” approach in honor of World War II 
paratroopers. In his 1986 seminal paper [1], he 
recognized a physiological “cluster” of intraop-
erative signs, i.e., coagulopathy, prompting inter-
ruption of trauma surgical procedures after 
institution of hemorrhage containing measures 

and packing of the abdominal cavity. He then 
proposed returning patients to a critical care set-
ting and correcting the coagulopathy of trauma to 
return to the operating room later for definitive 
surgery.

This “bailout” approach ushered the area of 
staged surgical procedures for trauma. With this 
approach Stone [1] reported a 65% versus 7% 
survival rate in favor of patients packed versus 
those undergoing definitive surgical procedures.

Subsequently Burch [2] in 1992 described the 
abbreviated laparotomy with planned reopera-
tion for critically ill patients, later to be described 
as “damage control” by Rotondo [3] in 1993. In 
Rotondo’s [3] study consisting of 46 patients, 
the authors identified a maximum injury subset 
of 22 patients, of which 9 underwent definitive 
laparotomy (DL) and 13 damage control lapa-
rotomy (DL). In this group of patients, survival 
rate for the damage control group was 77% ver-
sus an 11% survival rate for the definitive lapa-
rotomy (DL) group. This paper [3], based on a 
small number of patients, provided no statistical 
analysis; however, it did outline a methodology 
for the management of critically injured trauma 
patients.

In reality, damage control as a methodology 
emerged to deal with exsanguination, an ill- 
defined, easily recognized, feared entity, but not 
foreign to trauma surgeons. Initial attempts by 
Anderson [4] to define this syndrome: “Patients 
losing their entire blood volume” and Trunkey 
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[5] who described it within the context of flow, 
defining outcomes for patients with severe hem-
orrhage and rates of blood loss exceeding 250 
mL per minute launched the initial attempts at 
rethinking and redefining this syndrome by 
Asensio and Ierardi [6–8] whom described it as: 
“Exsanguination is the most extreme form of 
hemorrhage. It is usually caused by injuries to 
major components of the cardiovascular system, 
injuries to parenchymatous organs or both. It is a 
hemorrhage in which there is an initial loss of 
40% of the patient’s blood volume with an ongo-
ing rate of blood loss, exceeding 150 mls per 
minute. If this hemorrhage is not controlled, the 
patient may lose over half of his or her entire 
blood volume within 10 minutes.” Subsequently, 
Moore [9] described the “bloody vicious cycle” 
of acidosis hypothermia and coagulopathy, while 
Cosgriff [10] postulated that the ability to predict 
the onset of coagulopathy, perhaps the most 
important of the components of the “bloody 
vicious cycle,” would impact significantly 
decision- making with regard to the institution of 
“damage control.”

Asensio and colleagues [11] based on 548 
patients classified as sustaining exsanguination 
described and statically validated by univariate 
and logistic regression reliable variables indi-
cating damage control and predicting outcomes 
in a patient population, with very low revised 
trauma scores (RTS) and very high injury sever-
ity scores (ISS) consisting of thoracic, abdomi-
nal, and multiple injuries admitted in profound 
shock with a mean pH of 7.15 and a mean esti-
mated blood loss of 7.3 L. Subsequently, dys-
thymias were added to the bloody vicious cycle 
and described as the “lethal tetrad” [11–14]. 
Although the variables and indications described 
by Asensio and colleagues [11] for the institu-
tion of “bailout/damage control” have been 
adopted and validated, yet no specific study has 
applied them solely for the management of car-
diothoracic injuries.

Application of “bailout [1]/damage control [3]” 
is now considered routine for severe abdominal 
trauma. It is recently that this strategy has begun to 

find its place in the management of cardiothoracic 
trauma. The general principles and goals of dam-
age control are similar to those employed for the 
management of abdominal trauma. Expeditious 
operative management of unstable patients 
remains the primary focus.

Severe thoracic injuries are frequently and 
rapidly lethal; however, there is considerably less 
room for the institution of staged procedures for 
the management of cardiac, pulmonary, or tho-
racic vascular injuries which demand definitive 
repair if the patient is to survive. Although there 
is limited data available on the use of damage 
control in cardiothoracic injuries, patients with 
severe thoracic trauma and subsequent physio-
logical derangement can benefit from its imple-
mentation [15].

Several factors have limited the use of damage 
control in cardiothoracic surgery. First, there are 
valid concerns that thoracic packing may com-
promise cardiac filling and, thus, right and left 
ventricular ejection fractions, as well as restrict-
ing pulmonary expansion. It should be noted that 
there is a paucity of literature on this topic and 
most of the available literature is limited to the 
opinions of individual trauma surgeons. Second, 
a clear definition of damage control as it applies 
to thoracic surgery is unfortunately lacking. 
Abbreviated thoracotomy as a damage control 
technique entails rapid hemorrhage control 
requiring a planned return to the operating room. 
Additionally, some authors [15–18] include 
emergency department thoracotomy (EDT) as a 
damage control procedure, while others excluded 
it. Finally, the available literature describes the 
treatment of anatomic injuries in sufficient detail 
but lacks crucial physiological data and outcomes 
[15–18].

There are both differences and similarities in 
the application of “damage control” to abdominal 
and cardiothoracic surgeries. However, the deci-
sion to perform damage control is the same 
regardless of anatomic location [11, 15]. In both 
instances, acidosis, hypothermia, and coagulopa-
thy are individual and valid predictors of mortal-
ity. Therefore, the severely injured patient 
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presenting with the “lethal tetrad” should prompt 
the trauma surgeon to rapidly institute damage 
control techniques. Exsanguinating hemorrhage 
and physiological derangements are considered 
the most important selection criteria. Finally, 
postoperative management of the abnormal 
patient’s physiology in the intensive care unit 
(ICU) is approached in a similar fashion [11, 12].

For the most part, divergence of their simi-
larities lies in the inherent anatomic differences 
between cardiothoracic and abdominal surger-
ies. One of the most important concerns during 
the institution in abdominal damage control is 
contamination from the gastrointestinal (GI) 
tract due to the original injury and/or the proce-
dures required to manage these injuries. This 
complication is of lesser concern in cardiotho-
racic damage control given that thoracic esoph-
ageal injuries are rare, thus decreasing the risk 
of cavitary contamination. Another important 
difference, meritorious to note, is that virtually 
all abdominal and retroperitoneal injuries are 
accessed via a single incision laparotomy, 
whereas there is a broader armamentarium of 
incisions required to manage cardiothoracic 
injuries; as the thoracic cavity is compartmen-
talized, thus damage control largely depends on 
the anatomic location of injury.

Left anterolateral thoracotomy allows rapid 
access to the left hemithoracic, pericardium, 
heart, and thoracic aorta, whereas median ster-
notomy provides optimal exposure to the heart 
and mediastinum. Extension of this incision as 
bilateral anterolateral thoracotomies or “clam-
shell thoracotomy” has also been used. Regardless 
of the approach, it cannot be overemphasized that 
the incision must provide adequate exposure of 
all injuries [19].

The patient most likely to require damage 
control for thoracic injury is the unstable patient 
with penetrating thoracic injuries [20]. The most 
common mechanisms of penetrating injury are 
gunshot wounds (GSWs), stab wounds (SWs), 
and uncommonly shotgun wounds (STWs), 
while motor vehicle collisions comprise the 
majority of blunt thoracic trauma, very rarely 

warranting damage control. Additional patient 
characteristics that predict the need to institute 
damage control are not unique to thoracic trauma.

13.2  Cardiothoracic Damage 
Control in the Trauma Center

All damage control for trauma patients begins in 
the trauma center. Addressing the “ABCs” of 
cardiothoracic trauma differs slightly from non- 
thoracic trauma in that both resuscitative and 
diagnostic techniques are performed simultane-
ously. Following Advanced Trauma Life 
Support (ATLS) principles, a definitive airway 
and large bore IV access for resuscitative fluids 
should be established. Emergency release blood 
should be readily available, and a blood sample 
should be sent promptly for typing. Activation 
of the massive transfusion protocol (MPT) is 
often required. Thoracostomy tubes can be 
placed for both therapeutic and diagnostic pur-
poses along the midaxillary line at the level of 
the fifth intercostal space. An initial assessment 
of the wound should be attempted by either 
physical examination or radiographic imaging. 
Thoracostomy tube output, FAST in both peri-
cardial and pleural views, as well as chest radio-
graphs (CXR) should be sufficient to establish 
the diagnosis of injuries requiring immediate 
surgical intervention.

Emergency department thoracotomy (EDT) is 
performed under strict indications to both resus-
citate and control hemorrhage as well as to repair 
cardiac injuries until they can be transported to 
the operating room. EDT also functions as a tri-
age instrument, by ensuring that patients with 
lethal injuries are not routinely transported to the 
OR. The indications for EDT have long been a 
subject of intense debate. In general, the decision 
to perform this procedure is dictated by the pres-
ence or absence of signs of life and mechanism of 
injury. Survival rates following EDT in thoracic 
trauma are highest for patients sustaining pene-
trating injuries and presence signs of life either in 
the field or upon arrival at the trauma center. 
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Patients requiring EDT for blunt thoracic trauma 
have extremely low survival rates. Therefore, 
EDT in these patients is generally not indicated 
unless very specific criteria are met [19, 21].

The primary goals of EDT are the same in 
damage control: release of pericardial tamponade, 
control of intrathoracic hemorrhage and sources 
of air embolism, as well as to perform open car-
diopulmonary resuscitation and cross- clamping 
of the descending aorta. This maneuver redistrib-
utes the remaining blood volume to perfuse both 
carotid and coronary arteries [19, 21, 22].

The procedure begins with a left anterolateral 
thoracotomy (see Figs. 13.1 and 13.2). An inci-
sion is made below the nipple in the fifth inter-
costal space starting at the left fifth costochondral 
junction in a slightly curved fashion and extends 
to the anterior border of the latissimus dorsi. In 
females, the left breast is displaced cephalad. The 
skin, subcutaneous tissues, and chest wall mus-
culature are rapidly transected with a scalpel. A 
small incision is made through the intercostal 
muscles, followed by complete transection of the 
three layers of the intercostal musculature with 
Metzenbaum thoracic scissors. If extension is 
required for better visualization, the sternum can 
be divided with Bethune shears or a Lebsche 
knife. A Finochietto rib retractor is then placed 
and positioned with the handle toward the table. 
Upon entrance into the thoracic cavity, the trauma 
surgeon should note whether the blood is arterial 
or venous. Clots must be rapidly removed, and 
the pericardium must be assessed for the pres-

ence of tamponade. The lung is retracted antero-
medially by placing the left hand posterior and 
lateral to the lung with the palm against the 
parenchyma. If the inflated lung significantly 
impairs visualization, the lung can be momen-
tarily deflated by temporarily holding ventilation. 
Using Metzenbaum scissors, the mediastinal 
pleura is then divided immediately anterior to the 
aorta, avoiding injury to the esophagus. Prior 
placement of a nasogastric tube provides a useful 
landmark. The trauma surgeon then digitally 
develops a space between the esophagus and 
aorta. Subsequently, a Crafoord-DeBakey aortic 
clamp is placed (see Figs. 13.3, 13.4, and 13.5). If 
present, pericardial tamponade is released by 
opening the pericardium anterior to the phrenic 
nerve initially with a scalpel followed by com-
plete incision with Metzenbaum scissors. 
Extension from the root of the aorta to the apex of 
the heart allows for complete delivery of the 
heart. Injury to the phrenic nerves, which course 
anterior to the pericardium, should be avoided 
[19–23]. The presence of an air embolus is an 
ominous finding and a negative predictor of out-
come (see Fig. 13.6).

Once these general techniques have been 
implemented, additional procedures can be used 
based on the injury and physiological status of 
the patient. Hemorrhage from cardiac injuries is 
controlled with digital occlusion prior to per-
forming either atrial or ventricular cardiorrhaphy 
with 2-0 polypropylene sutures on an MH needle 
[19, 23–25]. Initial management of pulmonary 

Fig. 13.1 Left anterolateral thoracotomy for gunshot 
wound in the left ventricle

Fig. 13.2 The same patient who begun to bleed. Complex 
left ventricular cardiorrhaphy requiring Teflon pledgets
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injuries begins with mobilization of the lung by 
sharply transecting and mobilizing the inferior 
pulmonary ligament, with the knowledge that 
proximity of the inferior pulmonary vein may 
place it at risk for iatrogenic injuries. Hemorrhage 
control and prevention of air embolism can be 
achieved by applying Duval clamps to the injured 
pulmonary parenchyma. Cross-clamping of the 
pulmonary hilum is indicated if there is an 
actively bleeding pulmonary hilum or if 
there is an expanding hilar or central 
 hematoma. A Crafoord-DeBakey aortic clamp 
is also utilized [19, 23–25].

EDT is an indispensable first step in the insti-
tution of cardiothoracic damage control. 
Although this complex procedure is lifesaving, 
EDT is not without its risks or pitfalls. Overall 
survival rates remain low despite years of debate 
about the procedure and its indications. Asensio 
[19, 23–29] and Wall and colleagues [30] 
described the practice management guidelines of 
the American College of Surgeons Committee on 
Trauma (ACS-COT). In their study, a large vol-
ume of literature was reviewed, scrutinized, and 
stratified according to the levels of evidence. The 
authors reported survival rate of 7.83%. Stratified to 
mechanism of injury, survival rates for penetrating 
and blunt trauma were 11.16% and 1.6%, 
respectively.

EDT can also pose serious risks to the health-
care team. Rapidity of the procedure, use of sharp 
instruments, and suboptimal visualization make 

Fig. 13.3 Resuscitative thoracotomy on a patient that 
succumbed. Notice the left hemithoracic cavity which can 
harbor the entire blood volume. Thoracic aorta is dis-
sected. Esophagus is above

Fig. 13.4 Resuscitative thoracotomy on a patient that 
succumbed. Descending thoracic aorta has been clamped

Fig. 13.5 Descending thoracic aorta cross-clamped on a 
live patient. Notice the decrease in size even in the largest 
blood vessel in the body in the presence of profound shock

Fig. 13.6 This is an ominous finding
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exposure to blood-borne pathogens an unequivo-
cal risk. This risk is substantiated by reported 
HIV seropositivities as high as 4% in some urban 
trauma centers.

13.3  Cardiothoracic Damage 
Control in the Operating 
Room

13.3.1  Overall Considerations

If the patient has an organized perfusing rhythm 
following EDT, they are promptly transported to 
the operating room (OR). Upon arrival, speed is 
paramount and sterility a secondary concern. The 
patient should be placed in the supine position 
with both upper extremities abducted. A splash 
prep and draping from neck to midthighs are 

advisable in the event that access to the saphe-
nous vein for an interposition reverse autogenous 
vein graft is required. Once the patient is properly 
positioned, the trauma surgeon should gown and 
glove immediately. Ongoing intravascular vol-
ume replacement with crystalloid, blood, and 
blood products should continue for the duration 
of the operation [23–29]. Appropriate thoracic 
instruments should be available (see Fig. 13.7).

Generally, the massive transfusion protocol 
(MPT) should be activated. Additional warming 
devices are used to minimize heat loss and facili-
tate rewarming in the hypothermic patient. 
Autotransfusers are viable options in thoracic 
injury given reduced risks of contamination. 
Continuous hemodynamic monitoring is achieved 
by placement of an arterial line. Switching to a 
dual-lumen endotracheal tube is usually not 
imperative, feasible, or recommended. If better 

Fig. 13.7 Thoracic surgical instruments
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visualization is required, the anesthesia staff may 
insert a bronchial blocker, or alternatively the 
endotracheal tube is advanced into one of the 
main stem bronchi to induce unilateral deflation.

13.3.2  Cardiac Injuries: Technical 
Aspects

For the majority of cardiac injuries, primary 
repair is the only option. Injuries addressed 
during the initial emergency department thora-
cotomy (EDT) should be inspected. Atrial inju-
ries can be controlled by a Satinsky clamp and 
primarily repaired with 2-0 polypropylene 
monofilament sutures on a MH needle with hor-
izontal mattress sutures of Halsted. Similarly, 
ventricular injuries are also primarily repaired 
in the same fashion. Occasionally, and mostly 
for gunshot wounds, the use of Teflon pledgets 
is warranted. The technical demands of sutur-
ing a functioning heart are obvious, and the dif-
ficulty of tying knots securely may be 
underestimated. Several techniques have been 
described that reduce the risk of lacerating the 
myocardium or exacerbating a concurrent 
injury [19, 23, 24, 25, 28].

Distal injuries comprise the majority of coro-
nary vessel lacerations in those patients surviving 
long enough to be transported to the operating 
room. These injuries are often amenable to liga-
tion with the knowledge that postoperative isch-
emia and intraoperative myocardial infarction are 
a very definite possibility. Proximal coronary 
artery injuries are usually fatal. Those that sur-
vive to reach the operating room will require aor-
tocoronary artery bypass with a reverse 
autogenous saphenous vein graft (RSVG). In this 
setting, cardiopulmonary bypass is required [19, 
23, 24, 25, 28]. However, one case has been 
described in which the LAD was repaired “off- 
pump” using a saphenous vein bypass graft [31]. 
Total inflow occlusion is indicated for injuries to 
the superior or inferior atriocaval junction and 
lateral most portion of the right atrium. This tech-
nique involves cross-clamping both the intraperi-
cardial superior vena cava and the inferior vena 

cava (IVCs), resulting in complete inflow occlu-
sion (Shumacker’s maneuver) (see Fig. 13.8) [19, 
23, 24, 25, 28]. Subsequent arrest ensues along 
with a brief window of time to perform repairs. 
However, as these authors have previously 
warned, the safety period of this maneuver likely 
ranges from 1 to 3 min. If this time frame is 
exceeded, reestablishment of a sinus rhythm is 
improbable [19, 24, 25, 28].

When the repair is complete, no attempt 
should be made to close the pericardium. Doing 
so can be harmful in the event of cardiac swelling 
following the “stunned myocardium syndrome” 
and reperfusion injury. In rare instances, this may 
carry an increased risk of damage to the anterior 
cardiac surface [32].

13.3.3  Pulmonary Injuries: Technical 
Aspects

Management of pulmonary injuries includes 
pneumorraphy, non-anatomic resections, tractot-
omy, lobectomy, and pneumonectomy. Small 
peripheral injuries can be successfully managed 
with stapled non-anatomic resections. Most 
through-and-through injuries without involve-
ment of the hilum are most amenable to pulmo-
nary tractotomy. Clamp tractotomy, described by 
Wall [33], utilized aortic clamps through the 
wound tract which were noted to crush the pul-
monary parenchyma. Asensio [34] described 

Fig. 13.8 Shumacker’s maneuver
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stapled pulmonary tractotomy utilizing a GIA 
stapler as a tissue-sparing technique to identify 
and selectively ligate bleeding sources for control 
of hemorrhage. Once entrance and exit wounds 
have been identified, the stapler is placed through 
the wound and fired. This opens the tract, result-
ing in the exposure of bleeding vessels and tran-
sected bronchi [34] (see Figs. 13.9 and 13.10). 
Multiple studies have since shown this technique 
to be safe and effective [35, 36]. Similarly, 
Asensio and colleagues also described the use of 
the argon beam coagulator to control diffuse pul-
monary parenchymal bleeding and as an adjunct 
to stapled pulmonary tractotomy [37] (see 
Fig. 13.11).

Pulmonary injuries that involve the hilum or 
hilar structures often require hilar cross-clamping 
and lobectomy or pneumonectomy (see Figs. 
13.12 and 13.13). If time is adequate and patient 
physiology favorable, pulmonary vessel and bron-
chus isolation should be attempted (see Figs. 13.14 
and 13.15). Thoracic damage control may not 
allow for either circumstance, in which case en 
bloc lobectomy or pneumonectomy using a large 
green load TA stapler may be required [34–36].

13.3.4  Intrathoracic Vascular Injuries: 
Technical Aspects

For the repair of thoracic vessels, diagnosis 
determines the type of incision required to gain 
proximal and distal control. The clear majority 

Fig. 13.9 Stapled pulmonary tractotomy

Fig. 13.10 Pulmonary parenchyma opens to identify 
injured blood vessels and bronchi for selective deep blood 
vessel ligation

Fig. 13.11 Argon beam coagulator being utilized as an 
adjunct to stapled pulmonary tractotomy to control diffuse 
pulmonary parenchymal bleeding

Fig. 13.12 Cross-clamping pulmonary hilum
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of patients requiring damage control would have 
most likely undergone previous left and possi-
bly bilateral anterolateral thoracotomies. 
Control of the descending thoracic aorta and 
proximal left subclavian artery is accessible via 
this incision. While an anterolateral thoracot-
omy provides proximal access to most other 
vessels, it lacks sufficient access for distal con-
trol and exposure for definitive repair [19, 38] 
(see Figs. 13.16 and 13.17). Injuries of the aor-
tic arch and proximal great vessels require 
median sternotomy, which can be extended into 
the neck via the standard incision anterior to the 
sternocleidomastoid or as a subclavicular inci-
sion (see Figs. 13.18 and 13.19).

Injuries to the subclavian vessels are most eas-
ily accessed via a subclavicular incision with 
clavicle removal with or without replacement of 
the clavicle post-repair (see Figs. 13.20 and 
13.21). If digital compression of a vessel was 
required at the time of EDT, the person providing 
digital control should be prepped in the field and 
digital control not removed until adequate intra-
operative control is achieved. Hemorrhage origi-
nating adjacent to the clavicles can be temporarily 
controlled via digital pressure [19, 38, 39].

Primary repair is the preferred option in cardio-
thoracic damage control after satisfactory exposure 
and control are obtained; however, this is usually 
not possible given the extent of vessel damage. 

Fig. 13.13 Pneumonectomy for central hilar gunshot 
wound

Fig. 13.14 Dissection of the extrapleural left pulmonary 
artery

Fig. 13.15 Left main pulmonary artery

Fig. 13.16 Temporary intraluminal shunt in the left 
carotid artery after shotgun wound
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Thus, synthetic grafts are most often used. 
Polytetrafluoroethylene (PTFE) or knitted Dacron 
grafts are the conduits of choice for vessels larger 
than 5 mm in diameter. Penetrating aortic injuries 
can usually be managed with primary repair but 
may require placement of a Dacron graft. In the 
past decade, intraluminal grafts have changed the 
entire spectrum of  vascular injury management; 
however, most endografts are used for blunt tho-
racic aortic injuries [19, 38, 39].

Placement of intraluminal shunts to maintain 
blood flow in medium-sized vessels with the inten-
tion of delayed definitive repair has been rarely 
reported and used with some success. Shunt mate-
rial and configuration are matters of personal pref-

Fig. 13.18 Gunshot wound origin left common carotid 
artery. Proxmial and distal cross-clamping

Fig. 13.19 After mobilization a primary end to and anas-
tomosis was completed. Note arch of the aorta and tran-
sected phrenic nerve

Fig. 13.20 Tangential gunshot wound. Left subclavian 
artery. Patient arrived in cardio pulmonary arrest. Required 
resuscitative thoracotomy. Transported to the OR for 
median sternotomy  and left subclavicular incision

Fig. 13.21 The same patient. Left subclavian artery 
clamped prior to resection and PTFE interposition graft

Fig. 13.17 The same patient after saphenous vein inter-
position graft between the proximal left carotid artery 
approximately 3 centimeters from its origin and the distal 
left common carotid artery
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erence, with Argyle shunts being the shunt’s of 
choice. In areas of conflict, these authors have 
secured the shunts in place with 2-0 silk ties to 
ensure flow. Inaccessible vascular injuries can be 
temporized with a Fogarty catheter. In patients 
with rapidly deteriorating physiology, ligation is 
also an option. This is feasible for subclavian 
venous injuries but not for subclavian arterial inju-
ries. Injuries to the subclavian, innominate, and 
jugular veins can be safely ligated [19, 38, 39].

13.3.5  Tracheobronchial Injuries: 
Technical Aspects

Penetrating injuries to the distal tracheobronchial 
tree are rare. In these cases, an airway should be 
secured prior to any specific interventions. 
Tracheal injuries, when suspected, can be initially 
managed via advancement of the endotracheal 
tube through the wound tract followed by wide 
surgical drainage. Penetrating tracheal wounds 
should be primarily repaired. Sutures should be 
applied either through or around the tracheal rings 
with external knot placement to reduce the risk of 
granuloma or stricture. These authors prefer to 
place sutures around the cartilaginous rings when 
possible and have found that to 2–3 cm defects 
can be approximated without tension. Bronchial 
injuries, although rare, should be primarily 
repaired if possible (see Figs. 13.22 and 13.23), or 
else a pneumonectomy is indicated. Postoperative 
suture line, dehiscence, leaks, and fistula forma-
tion are potential complications. Therefore, the 
intercostal muscle or other vascular pedicles can 
be used to buttress the repair [19, 34–36].

13.3.6  Esophageal Injuries: Technical 
Aspects

The primary goal in the management of esopha-
geal injuries is to achieve primary repair with an 
excellent and functional closure without stenosis. 
Meticulous surgical technique will prevent suture 
line, dehiscence, or anastomotic failures thus 
avoiding risks of mediastinitis, mediastinal 
abscess, or empyema. Accordingly, these injuries 

are managed by wide drainage with two thora-
costomy tubes in the setting of cardiothoracic 
damage control. Primary repair should be utilized 
and reinforced with a Grillo pleural flap or inter-
costal muscle [40, 41] (see Figs. 13.24 and 
13.25). Non-reconstructible injuries can be tem-
porarily managed by ligation and placement of a 
nasogastric tube above the level of injury with 
chest tubes draining the area. For complex 
 injuries, reconstruction over a T-tube (Kehr tube) 
has been successfully reported [40, 41].

Fig. 13.22 Self-inflicted gunshot wound left chest. 
Massive air leak requiring multiple chest tubes. 
Bronchoscopy detected a left main stem bronchial 
laceration

Fig. 13.23 Left mainstem bronchial laceration located 
after central stapled pulmonary tractotomy and primary 
repaired with simple interrupted 2-0 vicryl sutures
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Diversion via cervical esophagostomy is a 
second option but adds significant time to the 
damage control phase and has been used infre-
quently. These authors prefer to wait on diversion 
until the second look procedure. Gastrostomy 
tube placement is also recommended but should 
be delayed until definitive repair [40, 41].

13.3.7  Thoracic Packing

Packing has long been an accepted practice for 
controlling hemorrhage in trauma surgery. It con-
tinues to be a useful damage control adjunct. 
Thoracic packing has been described as a means 

of controlling bleeding after cardiac surgical pro-
cedures and occasionally pulmonary resections. 
However, the use of packing in thoracic trauma 
has been less often used and at times discour-
aged, mainly because of concerns regarding its 
effects on intrathoracic pressure.

The physical space occupied by packing 
material combined could theoretically restrict 
venous return, cardiac filling, and lung expan-
sion. This may increase the risk for the develop-
ment of cardiac tamponade or inadequate 
ventilation [22, 38]. Specific reports substantiat-
ing these concerns are generally lacking and lim-
ited to personal experiences of trauma surgeons. 
Reports by Caceres [42] and Lang [43] described 
the  application of this technique in thoracic dam-
age control with some success. The data from 
these experiences seem to indicate that afore-
mentioned concerns about possible sequelae 
may be unfounded. However, larger studies are 
needed to draw any meaningful conclusions.

Temporary packing of the chest, like the abdo-
men, carries an inherent risk of infection. In 
 thoracic damage control, packing of the chest 
cavity is primarily used as a means of controlling 
bleeding, especially in the case of a massively 
injured chest wall. These injuries, such as those 
seen following close-range gunshot or shotgun 
wounds, often exhibit bleeding that lacks a rapid, 
definitive surgical solution [22]. Wall suggested 
the employment of chest packing as a last resort 
in the hypothermic, coagulopathic patient with 
multiple chest wall injuries and diffuse bleeding 
[17]. The use of gauze rolls or laparotomy pads 
as packing material in conjunction with the use of 
topical hemostatic agents may be effective in 
these patients. The argon beam coagulator may 
also be useful in this setting. Tissue debridement 
should only be performed if it significantly facili-
tates hemostasis. Otherwise, it can be delayed 
until the definitive operation [17, 37].

13.3.8  Temporary Chest Wall Closure

Proper closure of a thoracotomy incision requires 
each layer to be anatomically re-approximated. 
Therefore, temporary closure is a more feasible 

Fig. 13.24 Gunshot wound thoracic esophagus 
approached via right posterolateral thoracotomy esopha-
gus mobilizes and isolated prior to double layer repair 
with 3-0 vicryl and 3-0 silk sutures

Fig. 13.25 Gunshot wound thoracic esophagus primary 
repaired and buttressed with grillo pleural flap
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option in thoracic damage control. It allows rapid 
closure of the chest cavity so that the patient can be 
transported to the ICU where resuscitation may 
continue under more optimal conditions. In the set-
ting of damage control, the thoracic cavity can be 
temporarily closed with towel clips, a running en 
masse suture, a Bogota bag, or a negative atmo-
spheric pressure device (Wound Vac™) [24–28, 
35]. For the patient in extremis, towel clips can be 
used as an expedient form of wound closure. 
However, this technique comes at the cost of 
reduced hemostasis and suboptimal visualization if 
angiography is later required. En masse closure 
with a single running locked suture is a second, 
more hemostatic option. If closure of the chest wall 
by either of these methods results in pulmonary or 
cardiac compromise, a Bogota bag can be used as a 
temporary closure. These authors have also used 
large adhesive dressings (Ioban™) to temporarily 
close one or both chest cavities in areas of conflict.

13.4  Cardiothoracic Damage 
Control in the Intensive  
Care Unit

The next step in the damage control sequence is 
continued resuscitation in the intensive care unit 
(ICU). Postoperative care can be just as challeng-
ing as the initial operation. Angiography, if 
required for vascular injuries, should be accom-
plished prior to arrival in the ICU [12, 16, 17, 22, 
27]. Diagnostic and therapeutic bronchoscopy 
should also be used in patients with pulmonary 
injuries.

The speed with which hypothermia, acidosis, 
and coagulopathy are corrected is directly pro-
portional to the likelihood of a good outcome. 
Hypoperfusion is the cause of acidosis in these 
patients. Therefore, its correction is focused on 
volume resuscitation and optimization of oxygen 
delivery. Care should be taken to address these 
issues while avoiding fluid overload. Many of 
these patients have decreased pulmonary reserve 
due to intraparenchymal hemorrhage, pulmonary 
contusions, and/or air leaks resulting from the 
initial injury. Excessive fluid administration can 
exacerbate these injuries and impair ventilation. 

Large intravascular volume requirements may 
put these patients at risk for edema. Subsequent 
increases in intraabdominal pressure can quickly 
progress to abdominal compartment syndrome, 
which may require decompressive laparotomy 
[12, 16, 17, 22, 27].

Trends in thoracostomy tube output should be 
monitored closely. Bleeding from thoracostomy 
tube drainage should decrease over the course of a 
few hours, as coagulopathy is addressed with 
blood products. Abrupt cessation of thoracostomy 
output should prompt suspicions of malfunction or 
clotting either within the drained hemithoracic 
cavity or the tube. If thoracostomy output remains 
high despite efforts to correct coagulopathy, this 
usually indicates that hemostasis has not been 
completely achieved. However, it may be difficult 
to know whether the cause of bleeding is surgical 
or because of uncorrected coagulopathy. This has 
long been acknowledged as one of the most diffi-
cult scenarios a trauma surgeon can encounter. 
The decision to return the patient to the operating 
room is based on clinical judgment. Unfortunately, 
judging incorrectly often leads to death or poor 
outcomes. Martin [20] advocates a threshold of six 
units of packed red cells transfused in 6 h without 
a change in hematocrit as an indication to return to 
the operating room. However, strict guidelines 
have yet to be published. These authors rely on the 
use of thromboelastography (TEG) and focused 
use of blood products to try to address the balance 
between a re-exploration versus continued critical 
care resuscitation [12, 16, 17, 22, 27].

13.5  Return to the Operating 
Room

Patients who have had temporizing procedures 
should be returned to the operating room once 
normal physiology and end points of resuscita-
tion have been restored and met. The goals of 
reoperation are definitive organ repair and com-
plete closure of the chest wall. At least two thora-
costomy tubes should be placed at that time. 
These authors routinely place a 32 FR right- 
angled tube in the costophrenic sulcus and a 36 
FR straight tube near the apex of the lung to 
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ensure full expansion [12, 16, 17, 22, 27]. 
Additional tubes may be used as needed and 
placed in accordance with existing injuries. The 
thoracic cavity and incision are vigorously irri-
gated and hemostasis obtained prior to closing 
the chest wall in layers.

13.6  Complications

Complications arising from cardiothoracic dam-
age control are common, severe, and often mul-
tiple. Those unique to this patient population are 
cardiac tamponade and air leak. The classical 
presentation of pericardial tamponade of dis-
tended neck veins, distant heart sounds, and 
hypotension—Beck’s triad—is infrequent, even 
in patients presenting with cardiac injuries. In 
these patients findings of pericardial tamponade 
are often subtle, if not absent. It often presents 
with inadequate cardiac output and cessation of 
mediastinal chest tube output. Therefore, the use 
of noninvasive hemodynamic monitoring with a 
pulse wave analyzer, echocardiography, and even 
TEE may aid in the diagnosis [19, 23–25].

Definitive management of pericardial tampon-
ade includes reopening of the chest and accessing 
the pericardium to release the tamponade. Air 
leaks are common following pulmonary proce-
dures [19, 23–25]. Conservative management via 
thoracostomy tube drainage can initially be 
attempted. This often requires full expansion of 
the lung with adequate ventilation to be success-
ful and avoidance if possible of high levels of 
positive pressure ventilation (PEEP). Persistent 
leaks may require reoperation to repair or resect 
the portion of lung parenchyma involved.

Given the condition of the patient requiring 
thoracic damage control, it is not surprising that 
mortality is very high. Mortality rates reported in 
the literature range from 23 to 69 %. The lowest 
mortality rate was reported by O’Connor [29] in 
the largest series to date. Variation has been 
attributed to differences in patient age, damage 
control techniques employed, and severity and 
mechanism of injury. In the same study, mortality 
rates were highest in patients requiring pneumo-
nectomy [22].

 Conclusions

Patients with severe chest trauma and marked 
physiological decline may benefit from cardio-
thoracic damage. Damage control in the chest, 
like in the abdomen, begins with initial man-
agement in the trauma center, followed by an 
abbreviated operation focused on hemorrhage 
and source control and temporary stabilization. 
This is followed by goal-directed critical care 
including appropriate intravascular volume 
replacement, normalization of end points of 
resuscitation, and a planned second look via re-
exploration once the physiological derange-
ments have been corrected. Cardiothoracic 
damage control has emphasized simple and 
rapid definitive procedures since there is little 
room for error in the management of patients 
“in extremis.” These authors have found that 
the use of TTE during the initial procedure is 
helpful/beneficial as well as the role of TTE in 
the critical care unit and final chest closure. 
Therefore, it is imperative that the trauma sur-
geon be familiar with these techniques and be 
willing to adopt an aggressive mind-set to 
ensure the best opportunities for a favorable 
outcome. If all else fails, stop the bleeding, 
place thoracostomy tubes, and temporarily 
close the chest. Needless to say, rapid and 
meticulous surgical technique will influence 
the outcomes of these critically injured patients.
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Damage Control in Pediatric 
Patients

R. Todd Maxson

14.1  Background

The concepts of damage control surgery and 
resuscitation have been known for many years, as 
have data affirming the advantages for adult 
patients. There has been no doubt that the appli-
cation of these damage control resuscitation prin-
ciples have led to improved success of 
non-operative management of solid organ injury, 
decreased multi-system organ failure, and 
improved mortality [1]. As of this writing, there 
has been no prospective randomized trial proving 
the benefit of damage control resuscitation in the 
pediatric patient. There are several challenges 
with such trials; primarily, the most common 
injuries are traumatic brain injury, and overall 
mortality is low. Death from hemorrhage is rare 
and precludes effective trials without broad mul-
ticenter participation over an extended time 
frame. It should be said, however, that when a 
therapy or intervention is proven to have benefit 
in adult patients, it should be considered appli-
cable to the pediatric population unless there is 
compelling reason to believe that there are dif-
ferences in the pediatric anatomy or physiology 

that would change the efficacy of the therapy or 
intervention. Such is the case with damage con-
trol surgery and resuscitation. The concept of 
limited crystalloid resuscitation; early, balanced 
blood component replacement; rapid correction 
of physiological derangements, including coagu-
lopathy and inflammation; and source control 
surgery for bleeding and contamination should 
all be applicable in the pediatric patient based on 
the developing biology of the child.

14.2  Differences of the Pediatric 
Patient

There obviously are differences in the mode of 
injury, the anatomical injuries sustained, and the 
physiological and psychological response to 
injury on an age-based spectrum. The infant has 
important differences in anatomy and physiol-
ogy, while the adolescent suffers injuries and 
responds to them very similarly to an adult.

14.3  Mode of Injury

The young child’s most common injury is fall 
until early adolescence where motor vehicle- 
related injuries dominate. Penetrating injuries 
are uncommon, typically unintentional and less 
likely to be firearm related, making the likeli-
hood of vascular injury substantially less. 
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Intentional injury is a leading cause of injury-
related death in the young child when child 
abuse dominates the mode of injury (Fig. 14.1) 
[2]. Injury patterns, therefore, are primarily head 
injury in the young child, transitioning to more 
adult patterns by early adolescence.

14.4  Anatomic Differences

The young child has a relatively large head-to- 
body ratio and a cartilaginous skeleton, making 
CNS injuries and multi-system injuries common. 
Death is most likely from the traumatic brain 
injury and less likely than adults to be from hem-
orrhage. Specifically, the cartilaginous skeleton 
and lax ligaments of the pelvis make it unlikely 
that a young child will suffer significant pelvic 
injury with retroperitoneal bleeding. The growth 
plates are closing by the early teen years in girls 
and the mid-teen years in boys. This anatomic 
change, combined with driving motor vehicles, 
makes the adult pattern pelvic injuries much 
more common in the late teen years. These are 
important distinctions to make because hypoten-
sion in the younger child is less likely to be from 

a pelvic and retroperitoneal source. When chil-
dren do suffer the rare posterior pelvic disruption 
from a crush mechanism, the finding is not subtle 
and typically easily demonstrable on physical 
exam in the trauma bay.

Another important difference is the mobility 
of the mediastinum in the young child. Small vol-
umes of hemothorax and pneumothorax can 
cause significant shift, decreasing venous return 
(Fig. 14.2).

Therefore, early decompression of the hemi-
thorax is prudent in the hypotensive child. 
Additionally, because the skeleton and specifically 
the ribs are cartilaginous, force may be transmitted 
more generally than in the adult patient, making 
multi-system injuries more common. The pres-
ence of a broken rib in the young child with carti-
laginous ribs connotes a significant force that has 
been applied and is independently predictive of 
solid organ injury and mortality [3, 4].

14.5  Physiological Differences

Christiaans’ review article in Shock outlines the 
age-dependent differences in coagulation factors. 
Mean values of coagulation proteins (II, V, VII, 
IX, X, XI, XII) are all significantly lower in the 
pediatric patient than the adult. There are decreased 
levels in the pediatric patient of tissue plasminogen, 

Fig. 14.1 Infant with an inflicted TBI

Fig. 14.2 Tension pneumothorax following blunt injury
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intracellular calcium, tissue  plasminogen activator 
(t-PA), and alpha antiplasmin activity and increases 
in fibrinolytic activity [5–8]. These give plausible 
expectation that the response to injury and the 
induction of trauma- induced coagulopathy (TIC) 
may differ in the young child. The next major dif-
ference comes from the fact that the primary tis-
sue injury is CNS. The biological differences in 
the mechanism of trauma-induced coagulopathy 
between CNS injury and hemorrhagic injury are 
not well delineated, but these differences may 
well account for much of the differences seen 
between pediatric and adult patients in how they 
manifest TIC. The third difference is in the mani-
festation of shock. In response to injury, the pedi-
atric patient increases sympathetic output and 
increases systemic vascular resistance by increas-
ing tone in the medium-sized arteries. This main-
tains mean arterial pressure and perfusion pressure 
to vital organs [9]. This response lessens with 
increasing age and is not as prevalent in the adult 
patient [10]. The practical point is that the child 
who is hypotensive from blood loss is far down 
the volume curve, potentially as much as 40% of 
total circulating blood volume has been lost.

14.6  Detection of Trauma- 
Induced Coagulopathy 
in Children

Conventional coagulation testing such as INR, 
aPTT, PT, and fibrinogen levels is commonly 
used for the evaluation of the injured pediatric 
patient. There are several limitations to the use of 
these conventional coagulation tests in the pedi-
atric patient, including the fact that these mea-
surements do not measure the overall coagulation 
system, specifically missing those components 
derived from injury to the endothelium and cel-
lular components. The conventional coagulation 
tests also do not describe the hypercoagulable 
state associated with trauma. Excellent data from 
both Pittsburg and Houston show that trauma- 
induced hypercoagulable states exist more com-
monly in the pediatric patient than the adults [11, 
12]. Tests measuring viscoelastic properties of 

whole blood and platelet function are available 
and have been used successfully in pediatric 
trauma patients to elucidate the hemostatic state 
following injury [13]. Multiple studies, both from 
combat and civilian practices, demonstrate a high 
incidence of TIC in the pediatric patient and a 
significant correlation to injury-related mortality 
[10]. Age-specific norms have been established 
for thromboelastography, and it has proven an 
extremely useful tool in characterizing the coag-
ulation state in children. First used in the hemato-
logic patients, its use now is common in spine, 
cardiac, and pediatric trauma surgery.

14.7  Treatment Options 
for Pediatric Patient 
with Trauma-Induced 
Coagulopathy

Little has been written to guide our approach to 
damage control resuscitation in the pediatric 
patient. A practical approach would dictate that 
the principles applied to the adult are a reason-
able place to start a pediatric resuscitation. The 
challenge is that almost 80% of pediatric patients 
receive their initial care at a non-pediatric center 
and frequently receive excessive crystalloid and 
packed red cells prior to arrival in definitive care. 
Few places employ a strategy of damage control 
resuscitation for pediatrics prior to transfer to a 
pediatric trauma center.

Once in the pediatric center, a goal-directed 
approach for reversal of TIC is a more practical 
approach than an empiric method of resuscitation 
and blood administration [14]. Evaluation of the 
TIC with biological testing and replacement of 
specific factors to replace the deficits is a logical 
way to approach these transferred patients. 
Results following replacement of many of the 
specific factors are only anecdotal in the pediatric 
population. A replacement ratio of 0.9 (g) of 
fibrinogen concentrate to 1(u) pRBCs has been 
proposed by Schochl [10] for fibrinogen levels 
less than 1.5 g/dL and bleeding. Recombinant 
factor VIIa (90 μg/kg as a bolus and 25 μg/kg/h 
as a continuous infusion until bleeding has 
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stopped) has been used successfully in children 
to stop bleeding but has been associated with sig-
nificant thrombosis [10]. Prothrombin complexes 
(PCC) derived from pooled plasma have a high 
concentration of the proteins but significant blood 
exposure. Only case reports exist for the use of 
PCCs in pediatric care [15].

The use of the lysine analog tranexamic acid 
(TXA) to inhibit plasminogen activation and 
decrease the activity of plasmin, deceasing fibri-
nolysis, has been shown in the 2010 CRASH-2 
trial to decrease all-cause mortality for injured 
patients. Anecdotal reports and Cochrane meta- 
analysis reviews demonstrate a benefit of the 
use of TXA for pediatric patients during elective 
cases such as craniofacial, cardiac, and scoliosis 
surgery. The 2014 paper from Eckert and col-
leagues in The Journal of Trauma was the first 
to show a decrease in injury-related mortality 
when TXA was used in the pediatric population 
in a conflict setting. Pre-teen patients with 
bleeding and acidosis had a reduced mortality 
(OR, 0.27) with the use of TXA. Further, there 
were no thrombotic or seizure episodes noted in 
the cohort in this retrospective analysis. The 
recommendation was, therefore, that the stan-
dard dosing protocol be utilized for pediatric 
patients [16].

In the United Kingdom, the Royal College of 
Paediatrics and Child Health and the Neonatal 
and Paediatric Pharmacists Group issued 
evidence- based statements recommending dos-
ing TXA for injured children at 15 mg/kg loading 
(max 1 g) over 10 min and 2 mg/kg/h until bleed-
ing stops [17]. Trauma care providers have three 
choices when considering TXA administration: 
(1) provide it for all patients with potential sig-
nificant bleeding, (2) provide it for patients 
known to have significant bleeding and confirmed 
acidosis, and (3) provide it for patients known to 
have hyperfibrinolysis based on biological test-
ing. While definitive data is lacking, at our insti-
tution, we begin TXA if there is significant 
bleeding prior to thromboelastography confirma-
tion of hyperfibrinolysis [18].

14.8  Massive Transfusion 
in Children

The use of a massive transfusion protocol (MTP) 
is rare in the young child because of the infrequent 
incidence of hemorrhagic shock. The use of MTP 
in pediatric trauma centers is variable and histori-
cally has been based on practitioner preference 
rather than evidence. Neff retrospectively looked 
at the threshold of blood products given in a com-
bat setting and determined that one-half of a pedi-
atric patient’s circulating blood volume or 40 cm3/
kg of all products given over 24 h defined a patient 
at risk for mortality from bleeding with TIC [19]. 
Others have used proven coagulopathy by conven-
tional coagulation testing methods along with 
bleeding and acidosis to define the need for a MTP 
[20]. There have been no studies that have defini-
tively defined those patients who need an MTP 
prospectively, and little evidence guides our deci-
sion to initiate the MTP in the trauma bay [21].

The physiological difference in children where 
they maintain mean arterial pressure would suggest 
that the child who is already hypotensive is signifi-
cantly volume depleted and may benefit from ear-
lier institution of an MTP. The American College 
of Surgeons Committee on Trauma’s Resources for 
the Optimal Care of the Injured Patient (2014) 
requires a weight-based MTP in pediatric trauma 
centers [22]. Most centers divide the MTP protocol 
into distinct weight groups. Table 14.1 is an exam-
ple of a weight- based transfusion threshold for ini-
tiation of MTP. Table 14.2 is an example of the 
weight- based transfusion protocol. 

Table 14.1 Example of a weight-based transfusion 
threshold for initiation of MTP

Patient 
weight 
(kg)

Patient meets MTP 
criteria when RBCs 
transfused within  
3 h equals

Patient meets MTP 
criteria when RBCs 
transfused within  
24 h equals

<20 g >1 unit or 40cc/kg >3 units or 75 cm3/kg

20–35 3 units 5 units

36–50 4 units 6 units

>50 6 units 10 units
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14.9  Summary of Damage Control 
Resuscitation

While little evidence exists that a damage con-
trol resuscitation (DCR) strategy decreases mor-
tality in the pediatric trauma population, there 
are enough circumstantial evidence and evidence 
of success of the various components to recom-
mend its use. An “expert opinion” recommenda-
tion would be:

 (1) Minimize crystalloid use to maintain mini-
mally acceptable, age-specific, systolic pres-
sures in the prehospital and ED setting.

 (2) Initiate TXA for confirmed hypotension 
from hemorrhage.

 (3) Initiate a weight-based MTP for confirmed 
hypotension from hemorrhage.

 (4) Initiate viscoelastic biological testing as soon 
as feasible in the resuscitation.

 (5) Transition to a goal-directed replacement 
strategy based on the results from testing.

14.10  Damage Control 
in the Neonatal Period

The neonatal patient suffers from few surgical 
catastrophes, but among them are those resulting 
from congenital anomalies such as malrotation 
with midgut volvulus. In these cases, the rapid 
laparotomy, reduction of the volvulus, and rapid 
resection, if required, of frankly dead intestine, 
followed by resuscitation and reoperation, are the 
preferred methods (Fig. 14.3). If a second look 
operation is planned, then temporary closure with 
a silo of material from Gore-Tex to Silastic is an 
option (Figs. 14.4 and 14.5).

Another catastrophe that benefits from a dam-
age control procedure is fulminant necrotizing 
enterocolitis in the premature infant under 1 kg. 
Such infants often benefit from a temporizing 
abdominal drainage with or without lavage, further 
resuscitation, and later definitive operation if nec-
essary (Fig. 14.6). Frequently, however, the tempo-
rizing drainage procedure is the only intervention 

Table 14.2 Example of a weight-based transfusion protocol

Blood/blood 
component

Initial pack # of 
adult units

Second pack # of 
adult units

Third pack # of 
adult units

Fourth pack # of 
adult units

Fifth pack # of 
adult units

For patients weighing ≤20 kg

RBC 1 1 1 1 1

FFP 1 1 1 1 1

PLT 0.5 0.5 0.5 0.5 0.5

Cryo Order as needed 2 units Order as needed 2 units Order as needed

Alternatively the small child would receive 20 cm3/kg of PRBCs and FFP and 10 cm3/kg platelets in each pack

For patients weighing 21–50 kg

RBC 2 2 2 2 2

FFP 2 2 2 2 2

PLT 1 1 1 1 1

Cryo Order as needed 4 units Order as needed 4 units Order as needed

For patients weighing >50 kg

RBC 4 4 4 4 4

FFP 4 4 4 4 4

PLT 1 1 1 1 1

Cryo Order as needed 10 units Order as needed 10 units Order as needed
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required as the perforation will, at times, seal 
spontaneously or the baby will progress to a more 
fulminant total intestinal involvement for which 
operation is not curative.

The use of umbilical catheters in the neonatal 
intensive care unit has become ubiquitous. The 
use of these catheters is not without risk, includ-
ing vascular and liver injuries. Rapid fluid bolus, 

particularly through an umbilical venous cathe-
ter, can have serious consequences, including 

Fig. 14.4 Silastic silo

Fig. 14.5 Penrose drainage of an extremely premature 
infant

Fig. 14.6 Bedside operation in the ICU for necrotizing 
enterocolitis

Fig. 14.3 Laparotomy
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opening of previously closed ductus arteriosus 
and rapid liver expansion with capsular rupture, 
the latter being a catastrophic consequence. 
Expanding liver capsular bleeding can occur 
intraoperatively with minimal contact with the 
neonatal liver and similarly can be catastrophic 
[23]. Packing the neonatal liver injury can be 
lifesaving and is often accomplished with hemo-
static gauze alone [24]. The same principles 
apply, as they do in the adult patient—rapid con-
trol of the hemorrhage, correction of the acidosis 
and coagulopathy, and then reassessment of the 
hemorrhage.

One benefit of resuscitation of the neonatal 
patient is the availability of whole blood, which 
is often used in neonatal cardiac surgery and in 
many neonatal ICUs. Units that do not have 
whole blood still likely benefit from packed cells 
that have had a much shorter shelf life than those 
sent to non-neonatal units.

14.11  Damage Control 
for Neurological Injury

The incidence of coagulopathy in children suf-
fering isolated traumatic brain injury is high 
and, in a paper from USC-LA County, was over 
40% in the pediatric population. The release of 
tissue factor associated with parenchymal brain 
injury is frequently the inciting factor for the 
coagulopathy. Researchers have shown that this 
coagulopathy occurs later than the coagulopathy 
induced from bleeding but is still significantly 
associated with mortality [25, 26]. The term 
“damage control neurosurgery” was coined by 
JV Rosenfeld (Injury 2004) and referred to 
abbreviated operation to control bleeding, 
debride devitalized tissue, and replace dura with 
a temporary closure (Figs. 14.7 and 14.8) [27]. 
The Brain Trauma Foundation guidelines 
endorse early decompressive craniectomy for 
pediatric patients with intracranial hypertension 
[28, 29]. While there is no compelling data 
proving a benefit from this approach, it remains 
the expert opinion of the foundation and the 
modern standard of care.

14.12  Damage Control Orthopedic 
Surgery

The concept of damage control orthopedics was 
described initially by Scalea et al. in 2000 [30]. The 
concept involved temporarily stabilizing a fracture 

Fig. 14.7 Subdural hematoma with midline shift

Fig. 14.8 Craniotomy
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with external fixation to provide time for resuscita-
tion and correction of coagulopathy and acidosis 
before proceeding to a definitive repair (Fig. 14.9). 
Since the early reports describing its use in adults, 
there has been very little written regarding chil-
dren. External fixation was originally felt to be the 
temporizing method of choice but carried a higher 
complication rate than internal fixation. 
Complications, in both adults and children include 
non-union, joint stiffness, and pin site infections. 
More recent case series and reports are of submus-
cular bridge plating and antibiotic spacers that have 
been described with fewer complications.

The triage of patients to a damage control pro-
cedure is often predicated on the resuscitation 
status and other injuries present [31]. Adult liter-
ature demonstrates that the use of serum lactate 
levels or other biological markers of adequacy of 
resuscitation is valuable in determining the need 
for a damage control procedure versus an early 
definitive operation. Adult patients with high 
injury severity scores and preoperative lactate 
levels >3.7 had need for longer ventilation post-
operatively than did those with lower lactate lev-
els [32]. Other publications have demonstrated 
that preoperative lactate levels above 2.5 mmol/L 
had increased complication rates [33]. There are 
no such studies in the pediatric population, but 
there is no reason to believe that if the child is 
under-resuscitated, as determined by any valid 
method, delaying definitive repair would not be 
prudent. In such cases, a temporizing damage 
control procedure may be warranted.

The optimal timing of long bone fractures in 
the pediatric patient is also unknown. Again, 
adult data demonstrates a clear benefit in fixation 
of femur fractures within 24 h of injury. The pri-
mary benefit seems to be a decrease in pulmonary 
complications, particularly ARDS. The physio-
logical differences in children make the overall 
incidence of ARDS much less; therefore, if stud-
ied, the outcomes may not be similar in children. 
The one injury pattern that is most bothersome in 
children is the concomitant long bone and trau-
matic brain injury because fixation should be 
accomplished as soon as possible before the cere-
bral edema precludes.

14.13  Vascular Injuries

Vascular injuries in civilian trauma are not com-
mon and even more infrequent in the pediatric 
population. It is estimated that less than 1% of all 
injuries are vascular in nature. As more trauma 
care is delivered in freestanding children’s hospi-
tals, the experience of surgeons in dealing with 
significant and complex vascular injuries is dimin-
ishing. Most pediatric vascular injuries are due to 
an accidental penetrating mechanism (Fig. 14.10), 
occur in males, and are in the extremities. Many 
are not isolated and are seen concurrently with 
other significant injuries. There are physiological 
differences in the child that must be considered 
when planning a reconstruction. Pediatric vessels 
are prone to vasospasm. This fact can be protective 

Fig. 14.9 Damage 
control in severe 
orthopedic injuries with 
early bleeding control 
followed by bony 
stabilization
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preoperatively but can be clinically confusing 
intraoperatively. The use of a vasodilator around 
the repair is often necessary. There is also the con-
sideration of growth in the pediatric limb and the 
need for growth in the vessel. Because of this con-
cern, interrupted sutures are often used instead of a 
“running” suture. The benefit of this, however, has 
never been proven.

The last consideration is that of the use of syn-
thetic graft material in the reconstruction [34]. 
The recommendation is that vascular reconstruc-
tions utilize native vessels as a conduit rather 
than synthetic graft material. The recommenda-
tion is based on the belief that autologous mate-
rial will have a longer patency rate than a 
synthetic material. This however, must be bal-
anced against the additional time that may be 
needed to obtain autologous conduit in a damage 
control situation.

Given the lack of pediatric-specific vascular 
expertise, the need for autologous conduit, and 
the likelihood of concomitant injuries, damage 
control for pediatric vascular injuries with tem-
porary vascular shunts is an attractive tool to have 
in the armamentarium, since definitive repair of 

the pediatric vascular injury may not be feasible 
[35]. The use of such shunts is well-documented 
in the military and urban civilian trauma litera-
ture but is limited to anecdotal reports in the pedi-
atric patient population.

Argyle™ carotid shunts are ideal conduits for 
temporary vascular shunts in children. They 
range in size from 8 to 14 French. The straight 
shunts are 6 in. long and the looped shunts are 
11 in. (Fig. 14.11). The ends are rounded and less 
likely to cause intimal injury for dissection with 
passage, and they are sufficiently stiff to tie in 
place with a suture to prevent dislodgement. The 
shunts can be used for both arterial and high flow 
venous injuries as a temporizing means to defini-
tive repair.

Systemic heparinization is often used when 
temporizing shunts are deployed, but there are 
case reports of long-term use in the arterial posi-
tion without heparinization with no untoward 
consequence.

14.14  Other Adjuncts

Blunt tracheobronchial injuries are rare in the 
pediatric population, but in the adolescent popu-
lation, when motorized vehicles are involved, the 
force and complexity increase significantly. 
Injuries seen are typically managed with gentle 
ventilation and chest drainage, but the occasional 
high force injury sheers the bronchus at or near 
the carina creating a bronchopleural fistula, 
where hypoxia precludes successful thoracotomy 

Fig. 14.10 Penetrating injury

Fig. 14.11 The use of temporary shunts to restore flow in 
a complex pediatric injury
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and repair. The mortality reported in the adult lit-
erature is between 8 and 16%. There are no case 
series large enough to define a reliable mortality 
rate in children. In these rare incidences, extra-
corporeal membrane oxygenation (ECMO) has 
been used successfully with differential lung ven-
tilation to manage these children through resusci-
tation and even into the OR for repair [36]. 
ECMO is a valuable tool for the stabilization of 
patients with respiratory or cardiac compromise; 
its use is limited to situations where systemic 
anticoagulation is feasible [37].

14.15  Summary

The changes in anatomy and physiology that occur 
as a child matures to adulthood influence the pat-
tern and response to injury. While the specific 
response to damage control resuscitation may vary 
in an age-dependent way, the principles appear to 
be applicable to the pediatric patient. The use of 
damage control surgery has broad applicability in 
both trauma and non-trauma settings. Rapidly 
controlling the source of bleeding or infection, 
relief of intracranial pressure, and stabilization of 
the bony skeleton followed by continued, targeted 
resuscitation are undoubtedly equally beneficial in 
the child as it is in the adult. The opportunities 
presently facing us in the care of injured children 
are to adapt technology to aid in the damage con-
trol procedures and to elucidate further the chang-
ing physiologic response to injury and resuscitation. 
Only through this understanding will we take full 
advantage of these concepts.
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15.1  Introduction

Damage control surgery was born out of the need 
to adapt surgical procedures to fit the physiologi-
cal state of the patient. Although today leaving an 
open abdomen and performing a trauma proce-
dure in stages are widely practiced, this was not 
the case decades ago [1]. Other procedures beyond 
laparotomy have also been employed, prioritizing 
trauma patient survival by using a damage control 
philosophy [2].

Damage control resuscitation (DCR) com-
bines multiple principles that support the surgi-
cal approach described above. These include 
early resuscitation of the multi-injured patient 
with blood products; avoiding hypothermia, 
acidosis, and coagulopathy; prioritizing the 
control of hemorrhage in (and outside of) the 

operating room; and avoiding massive crystal-
loid resuscitation. The DCR approach begins in 
the trauma bay, continues in the operating 
room, and extends to the intensive care unit as 
well as other areas of the hospital (e.g., inter-
ventional radiology) where the multi-injured 
patient may require care. In the rural setting 
where prehospital times may be prolonged, 
DCR combined with permissive hypotension 
may also be employed.

15.2  Blood Product Resuscitation

Early initiation of blood product resuscitation is 
the hallmark of DCR for the bleeding multi- 
injured patient. Crystalloid resuscitation is exten-
sively limited as red cell, plasma, and platelet 
transfusion are administered to resuscitate, while 
concomitant attempts at bleeding control are 
undertaken. Attempts to limit trauma-induced 
coagulopathy are of paramount importance as its 
development increases the mortality rate in a crit-
ically ill trauma patient.
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The pathogenesis of trauma-induced coagu-
lopathy is complex and however is important to 
understand. The prospective, observational, mul-
ticenter, major trauma transfusion (PROMMTT) 
study by Cohen et al., which enrolled 1245 bleed-
ing trauma patients from ten major trauma cen-
ters, analyzed blood samples from a subset of 
165 patients who had coagulation factor levels 
obtained [3]. The investigators found that the 
combination of increased injury severity and 
increased hypoperfusion was significantly asso-
ciated with increased activated protein C (APC) 
activity, prolonged PT and PTT, increased fibri-
nolysis, and depletion of factors I, II, V, VII, VIII, 
IX, and X. The decreases in factor levels and 
increased activated protein C levels correlate 
with hypoperfusion and injury severity [4–6].

APC cannot be held the single culprit for 
coagulopathy of trauma. In the setting of trauma, 
multiple factors are associated. Endothelial injury 
from trauma has been recognized to upregulate 
both procoagulant and anticoagulant mecha-
nisms. Endothelial injury can lead to micro-
thrombosis to maintain perfusion to end organs 
but can also cause an anticoagulant effect to 
counterbalance the procoagulant effects [7, 8].

Injury to the endothelial glycocalyx by trauma, 
hypoxemia, or hypoperfusion leads to extravasa-
tion of protein and fluid leading to edema. 
Components of endothelial glycocalyx such as 
chondroitin sulfate and heparin sulfate can lead 
to anticoagulation pathways. Transfused plasma 
is known to repair endothelial glycocalyx com-
pared to crystalloids. In the setting of an injured 
endothelial glycocalyx, crystalloid use can aggra-
vate peripheral and bowel edema [8].

Platelet dysfunction is known to contribute to 
coagulopathy of trauma; however, the exact 
mechanism is unknown. In hemorrhagic shock, 
the mass activation of platelets to achieve hemo-
stasis may exhaust platelet function and thereby 
cause coagulopathy. Platelet dysfunction in the 
setting of hemorrhagic shock, acidosis, and hypo-
thermia may cause inactivation of the platelet. 
Platelet transfusion along with other blood 
products may improve survival. The pragmatic, 

randomized optimal platelet and plasma ratios 
(PROPPR) study randomized 680 bleeding 
trauma patients to receive high or low ratios of 
plasma and platelets to packed red blood cells 
(1:1:1 vs. 1:1:2). The high plasma and platelet 
ratio (1:1:1) group had reduced risk of exsangui-
nation (9% vs. 15%) and improved achievement 
of clinical hemostasis (86% vs. 78%) compared 
with the 1:1:2 group [4].

The breakdown of fibrinogen to fibrin is an 
important part of the coagulation pathway in 
forming a stable clot to maintain hemostasis. 
Lower clot strength was found in trauma patients 
which can increase coagulopathy and mortality. 
Trauma patients with low levels of fibrinogen 
may benefit replacement with cryoprecipitate. 
Fibrinolysis which is the degradation of the 
fibrin matrix by plasmin is also an important 
part of the coagulation pathway. Plasmin is cre-
ated by cleavage of plasminogen by tissue plas-
minogen activators (TPA). TPAs are secreted in 
response to injury and catecholamines by the 
endothelium. Hyperfibrinolysis can also lead to 
hemorrhagic shock. The clinical randomization 
of an antifibrinolytic in significant hemorrhage 
2 (CRASH-2) trial was performed to analyze the 
effect of empiric antifibrinolytic treatment. The 
trial randomized over 20,000 trauma patients at 
risk for hemorrhage to receive placebo or 
tranexamic acid (TXA), which binds to plas-
minogen and inhibits its activation by TPA. TXA 
reduced death due to bleeding. The largest 
reduction of exsanguination was seen when 
TXA was given within 1 hour of injury (RR, 
0.68; 95% CI, 0.57–0.82), with a lesser benefit 
observed when given between 1 and 3 hours 
(RR, 0.79; 95% CI, 0.64–0.97), whereas exsan-
guination was increased when TXA was given 
after 3 hours (RR, 1.44; 95% CI, 1.12–1.84). 
For patients receiving TXA within 3 h of injury, 
the absolute risk reduction for exsanguination 
was 1.9% [9, 10].

Shock itself is a cause of coagulopathy of 
trauma. Shock can lead to acidemia and hypoper-
fusion of tissues which leads to inactivation of 
coagulation factors and proteins. A base deficit 
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greater than six was also shown to have an effect 
of acidemia and hypoperfusion which in turn will 
lead to coagulopathy. Hemodilution with crystal-
loid solution resuscitation has been studied to 
decrease clot function and stability. Acidemia 
can also result from excessive crystalloid use 
which can lead to an unstable clot formation  
[5, 11].

Although coagulopathy of trauma is multi-
factorial and can resemble disseminated intra-
vascular coagulopathy, the management may 
be different. Prolonged PT, PTT, and INR are 
commonly seen in cases of DIC and however 
may not be evident in coagulopathy of trauma. 
The use of thromboelastography (TEG) may 
provide more information regarding the phase 
of coagulation pathway that may be affected  
in the multi-injured trauma patient (see 
Fig. 15.1). TEG is a method to analyze the 
capacity to clot. The test determines four val-
ues that represent clot formation: reaction 
time R, K value, the angle, and the maximum 
amplitude (MA).

The R value is the time that takes to produce 
a clot. The K value represents the speed of clot 
formation. The angle is the tangent of the curve 
made as the K is reached and offers similar 
information to K. The MA is an indicator of 
clot strength.

The identification of the deficiency in the clot 
forming pathway is important in the patient with 
coagulopathy of trauma. This will guide blood 
product transfusion and resuscitation [5, 9, 10].

15.2.1  Summary

• Coagulopathy of trauma is multifactorial and 
can lead to hemorrhagic shock and increase 
mortality.

• Shock itself can cause coagulopathy of trauma 
with destruction of glycocalyx and platelet 
dysfunction.

15.3  Resuscitation to Euvolemia

Resuscitation to normovolemia is one of the most 
important aspects of DCR [12–14]. A multimodal-
ity approach to goals of resuscitation should be 
utilized. Goal-directed therapy and resuscitation 
to normovolemia are important to avoid over-
resuscitation with blood products and crystalloids. 
An analysis of the National Trauma Data Bank in 
2011 demonstrated that intravenous fluid (IVF) 
administration was associated with higher mortal-
ity in trauma patients, including a significant 
increase in mortality in patients with penetrating 

MA A30

a

r K

Thrombosis Fibrinolysis 

Thromboelastogram (TEG)

Fig. 15.1 Thromboelastography (TEG): R = the reaction; 
it represents the time until the first evidence of a clot is 
detected. K = value of time from the end of R until the clot 
reaches 20 mm, and this represents the speed of clot for-

mation. α: The angle is the tangent of the curve made as 
the K is reached and offers similar information to  
K. MA = maximum amplitude. It is a reflection of clot 
strength
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mechanism. While coagulopathy of trauma is a 
major concern, over-resuscitation with blood 
products also carries rates of increased hypocalce-
mia and coagulopathy of massive transfusion [7].

Volume status evaluation continues to be a 
complex issue to obtain. While in the intensive 
care unit, advanced hemodynamic monitoring 
can be utilized, and in austere circumstances, less 
advanced methods need to be considered to help 
the patient in need [15]. It is important to recog-
nize that we are trying to achieve perfusion and 
that all the tools we use for hemodynamic moni-
toring add to the picture to help us guide therapy. 
There are no perfect tools for hemodynamic 
monitoring, and none of them replaces clinical 
judgment.

Basic goals of resuscitation including urine 
output of >0.5 cm3/kg/h and MAP goals >65 are 
accepted but by no means perfect when address-
ing volume status. Other clinical indicators may 
include tachycardia, tachypnea, prolonged capil-
lary refill, and diaphoresis. These clinical param-
eters are subjective and require the clinical 
acumen of the provider to be recognized as a sign 
of lack of perfusion [7].

The primary resuscitation question is whether 
the patient will increase their cardiac output in 
response to intravascular volume infusion. This 
will depend on the physiological state of the 
patient as well as potential comorbidities. One 
way to address this is with the response to passive 
leg rising. Other noninvasive modalities include 
use of stroke volume variation and/or continuous 
cardiac output monitors. It is important to under-
stand the limitation of these devices in patients 
with arrhythmias and spontaneously breathing.

Central venous pressure can be used as trend; 
however the values in patients with high ventilator 
pressures this parameter is very limited. Pulmonary 
artery catheters may still be indicated in some clini-
cal scenarios. However, the operator must infer vol-
ume status secondary to a pressure reading. It places 
patients at risk for complications such as pulmonary 
emboli and other risks inherent to the placement. 
These and other methods to evaluate volume status 
are examined below.

15.4  Cardiac Ultrasound

Cardiac ultrasound has been demonstrated to 
be simple to undertake, reproducible, and 
accurate to guide therapy. It has limitations, 
most of them linked to operator expertise. 
Ultrasound-guided resuscitation is a dynamic 
and noninvasive method of goal-directed resus-
citation in a multi- injured patient. Basic under-
standing of ultrasound physics is necessary 
since ultrasonography is operator dependent. 
Use of ultrasonography can provide the critical 
care surgeon with accurate hemodynamic 
information rapidly. It is essential to under-
stand the components of the ultrasound sys-
tem. The transmitter controls electrical signals 
sent to the transducer. The receiver processes 
the electrical signal. The transducer or probe 
contains piezoelectric crystals to convert elec-
tric and acoustic energy. The monitor displays 
the image transmitted. A diagnostic ultrasound 
uses transducer frequencies ranging from 2.5 
to 10 MHz. High-frequency ultrasound shows 
excellent resolution in superficial structures 
such as soft tissue abscesses and is used in 
breast imaging. Lower-frequency transducers 
can emit waves deep into the tissues and can 
visualize organs. Increasing frequency of an 
image can also increase resolution. Speed at 
which sonography is propagated through is 
dependent on the medium. Ultrasound waves 
travel better through solids and liquids. They 
do not travel well through structures with air. A 
good ultrasound image is generated by the 
medium the waves travel through and the 
amount of waves reflected once it hits a target 
organ. Amplitude which is the height of the 
wave is reduced as waves travel through tissue. 
The higher the frequency, the less the transduc-
ers can visualize deep structures. Increasing 
gain can increase the amplitude of the return-
ing ultrasound waves [15–18].

Use of ultrasound to ensure resuscitation to 
normovolemia is a rapid and dynamic modality. 
Assessment of normovolemia can be facilitated 
by a few ultrasound views. A subcostal view or 

A. Ratnasekera et al.



185

a right midaxillary posterior view of the IVC in 
long axis approximately 2 cm from the atrioca-
val junction can be useful. The measurement of 
IVC and the variability in respirations can be 
used in a hypovolemic patient with positive 
pressure ventilation. IVC size variability with 
respirations >50% collapse or a flat IVC is 
indicative of a hypovolemic patient. However, a 
full IVC does not rule out hypovolemia. The 
IVC variability must be assessed in a full respi-
ratory cycle [4].

The parasternal long axis view can be obtained 
by placing the probe left of the sternum with the 
arrow of the probe pointing to the right shoulder 
between the second and third intercostal space. 
This will show the contractility of the left and 
right ventricles as well as the left ventricular out-
flow tract.

The apical view can be obtained by placing 
the probe at the point of maximal impulse or 
below the nipple with the probe in a horizontal 
manner. This view is excellent to view all the 
chambers and the pericardium.

These views can demonstrate the contractil-
ity of the heart, the collapsibility of the IVC, 
and the right ventricle demonstrating volume 
status. The use of ultrasound to guide resuscita-
tion is a quick method that can aid the clinician 
obtain information regarding the patient’s 
hemodynamic and volume status [12, 16, 19]. 
Figures 15.2 and 15.3 show an empty and full 
IVC. Videos 15.1 and 15.2 are the dynamic view 
of these parameters.

Advantages
• Gives dynamic images and information of the 

current volume status of the patient
• Able to obtain critical information in an effi-

cient manner
• Noninvasive modality of assessing normo-

volemia

Pitfalls
• User training is required to obtain clinically 

significant images.
• User dependency on obtaining accurate infor-

mation.

15.5  Stroke Volume Variation

There are several devices available that measure 
stroke volume variation (SVV). The FloTrac/
Vigileo monitor (Edwards Lifesciences, Irvine, 
CA) measures pulse pressure-derived cardiac 
output (CO) without external calibration. It is a 
noninvasive method of obtaining CO and SVV 
measurements. It also provides calculations in 
stroke volume (SV) and cardiac index (CI). The 
Vigileo monitor requires the presence of an arte-
rial catheter. The third-generation and fourth- 
generation software has provided the above 
information calculated every 20 s to 1 min. The 
software analyzes arterial waveform with a fre-
quency of a 100 Hz. The Vigileo system can 
provide dynamic information on the patient’s 

A B

C

Fig. 15.2 Full inferior vena cava. Picture of a full Inferior 
Vena Cava with minimal variation. A: Liver, B: hepatic 
veins. C: IVC

A

B

Fig. 15.3 Empty IVC. Picture of a flat inferior vena cava. 
A: Liver, B: IVC. Hepatic veins not visible
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hemodynamic status with ease. However, it carries 
its own disadvantages. Studies have shown that 
Vigileo information is not accurate in patients with 
arrhythmias and hyperdynamic cardiac output and 
patients with low SVRs. The patient should also 
ideally have no spontaneous breathing efforts [20].

Advantages
• The clinician can easily access information 

from the Vigileo monitor which can easily be 
set up.

• Provides access to information in a real-time 
setting.

• Mostly minimally invasive for the patient.

Pitfalls
• Requires an arterial catheter
• Information inaccurate in patients with arrhyth-

mias and spontaneously breathing

15.6  Swan-Ganz Catheter

The Swan-Ganz catheter or pulmonary arterial 
catheter (PAC) has long been used in the ICU set-
ting. It was first introduced in 1970 by HJ Swan 
and W Ganz. It has recently been trending out of 
favor in the ICU setting due to the advent of other 
noninvasive modalities for hemodynamic moni-
toring. The PAC is still used in the ICU setting in 
a variety of clinical situations. The PAC requires 
placement of a large-bore central line such as a 
Cordis® catheter through the internal jugular or 
subclavian vein. Then the PAC is passed through 
the right atrium and right ventricle and “floated” 
into the pulmonary artery. Waveform monitoring 
is used during the procedure to establish place-
ment of the PAC into the pulmonary artery.

Once the catheter is “floated,” a pulmonary 
artery wedge pressure can be obtained. The 
wedge pressure can provide an estimate of the 
left ventricular preload. With the PAC, pulmo-
nary artery pressure, central venous pressure 
(CVP), CO, pulmonary artery saturation, mixed 
venous oxygen saturation, and core temperatures 
can be measured. The SVR, SV, oxygen delivery, 
oxygen consumption, pulmonary vascular resis-

tance, and ventricular pressures are calculated. 
Real-time monitoring of these parameters is use-
ful in resuscitation to normovolemia in the criti-
cally ill patient.

User technical training is required to “float” 
the PAC. While the PAC assists in the manage-
ment of the critically ill patient, literature has 
proven no benefit or improvement in mortality 
with the use of PAC. The PAC is still used in 
many settings such as intraoperative and postop-
erative management of liver transplant patients, 
open cardiac bypass patients, and patients with 
severe pulmonary hypertension. There are sev-
eral complications that arise from the PAC. Those 
that are related to central venous access are air 
embolus, pneumothorax, and inadvertent arterial 
puncture. The complications related to the cath-
eterization itself are dysrhythmias and heart 
block. Finally, complications related to catheter 
presence are pulmonary artery rupture and pul-
monary vein thrombus [21].

Advantages
• Real-time monitoring of CO, SVR, CI, and 

intracardiac pressures which may guide resus-
citation to normovolemia

• Can be effectively used in certain surgical 
patient population such as open cardiac sur-
gery and liver transplant surgery patients

Pitfalls
• No proven benefit in mortality or length of 

stay in critically ill patients
• Requires central venous access and catheter 

“floating” and placement in the pulmonary 
artery for accurate information

• Has intrinsic complications related to central 
venous access, catheterization, and catheter 
presence

15.7  Esophageal Doppler

Transcutaneous Doppler ultrasound (Cardio Q™, 
Deltex, UK) has been in use to measure pulse 
velocity in peripheral and central vessels for a long 
time. The use of Doppler ultrasound via a probe in 
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the esophagus has been used to measure the blood 
velocity in the descending aorta. The blood veloc-
ity measurement in the descending aorta can be 
used to calculate cardiac output and stroke volume. 
A flexible probe is inserted through the mouth into 
the esophagus to 40 cm length. The probe has 
piezoelectric crystals that produces ultrasound 
images. The probe tip lies along the descending 
aorta. The velocity of the red blood cells is obtained 
and is converted to flow using an algorithm. Factors 
such as age, gender, weight, and height are consid-
ered. This relatively noninvasive method can pro-
vide real- time cardiac output and stroke volume 
measurements beat by beat. The distribution of car-
diac output in the setting of varying sympathetic 
tone in the critically ill patients may provide inac-
curate measurements. Also, the diameter of the 
descending aorta is calculated based on patient 
characteristics. If the patient is not thoroughly 
sedated, movement of the Doppler may occur and 
loss of signal may result [22].

Advantages
• Provides real-time information on CO and SV
• Relatively noninvasive

Pitfalls
• May represent inaccurate information based 

on patients requiring vasopressors.
• Diameter of the descending aorta is not mea-

sured but calculated using patient character-
istics.

• Requires patient sedation.

15.7.1  Summary

• Many noninvasive and invasive modalities are 
used in the ICU setting for hemodynamic 
monitoring.

• One modality may not be sufficient to obtain 
the whole picture on volume status.

• Resuscitation to normovolemia should be the 
goal for every surgical critical care patient 
using these modalities.

• Each modality carries its own advantages and 
pitfalls.

15.8  Fluid Overload

Avoiding massive crystalloid resuscitation is one 
of the mainstays of DCR. Resuscitation to fluid 
overload status can cause congestive heart fail-
ure, compartment syndromes, and coagulopathy. 
Therefore, resuscitation to normovolemia is 
important in the multi-injured trauma patient in 
the ICU.

Assessing fluid overload in the critically ill 
trauma patient is also a multimodality method. 
Signs of fluid overload can be visualized in phys-
ical exam by increasing daily weights, peripheral 
edema, and pulmonary vascular congestion seen 
on chest X-ray. Signs of cephalization and curly 
B lines are commonly seen on chest X-ray in 
patients with fluid overload [7, 8, 11, 13, 14, 
23–26].

Another method of assessing fluid overload 
is with ultrasound. The IVC may appear “full” 
and does not change with fluid challenges. 
During respiratory cycle, the IVC may not 
have any variation in size. Visualizing ultra-
sound lung comets can also indicate pulmo-
nary congestion due to fluid overload. 
Ultrasound comet tails originate from water-
thickened interlobular septa and fan out from 
the lung surface. The technique requires ultra-
sound scanning of the anterior right and left 
chest, from the second to the fifth intercostal 
space [16, 19, 27].

Compartment syndrome is a complication 
from over-resuscitation. Compartment syndrome 
can occur from severe injuries, burns, and sepsis. 
Literature describes the detrimental effect on the 
glycocalyx from over-resuscitation. The destruc-
tion of the glycocalyx can lead to capillary leak 
and extravasation of fluid from the intravascular 
space to the interstitial space. The fluid in the 
interstitial space can lead to bowel edema, 
increased intracranial pressures, and pulmonary 
edema. It may also manifest as extremity and 
abdominal compartment syndrome. Compart-
ment syndrome is defined as organ failure or 
 dysfunction due to decreased perfusion pressures 
or blood flow to the organ and may occur with 
over- resuscitation with fluid or blood products. A 
normal intra-abdominal pressure in a supine, 
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relaxed patient is below 10 mmHg. A pressure of 
greater than 12 mmHg is intra-abdominal hyper-
tension. In the surgical intensive care unit, a cath-
eter can be placed into the stomach or the bladder 
for measurement of abdominal pressures. The 
most commonly used method is a catheter placed 
into the bladder with the patient supine and 
relaxed. 25 cm3 of saline is injected into the 
empty bladder and is connected to a pressure 
transducer or manometer. This is a reliable 
method of trending abdominal pressures. Peak 
airway pressures if the patient is mechanically 
ventilated can also be useful. Peak pressures 
greater than 45 and difficulty in ventilation can 
be indicative of abdominal compartment 
syndrome.

Treatment varies with grade of abdominal 
hypertension. Use of diuretics such as mannitol 
may be helpful to excrete excess fluid. In the 
presence of ascites, abdominal paracentesis or 
laparoscopic-guided drainage of ascites will be 
helpful. However, decompressive laparotomy is 
required to relieve abdominal compartment syn-
drome and reestablish abdominal perfusion 
pressures.

15.9  Overstretching of the Heart

With over-resuscitation and increasing preload, 
an increase in CVP and atrial stretching can be 
noted. Arial stretching can cause release of atrial 
natriuretic peptide (ANP) and brain natriuretic 
peptide (BNP). These peptides released by the 
atrial myocytes in response to atrial distension 
from hypervolemic states inhibit the renin–
angiotensin–aldosterone system causing natri-
uresis and diuresis. These peptides also increase 
glomerular filtration rate causing increased 
diuresis as well. This effect decreases plasma 
volume and preload. ANP and BNP directly 
vasodilate arteries and decrease SVR. They can 
also venodilate and decrease preload in turn. 
This may cause decreased perfusion to the end 
organs and cause ischemia of the organs as well 
[28].

15.9.1  Summary

• Resuscitation to normovolemia is key in criti-
cally ill patients in the ICU.

• Resuscitation causing volume overload has 
many adverse effects including coagulopathy, 
pulmonary edema, bowel edema, and abdomi-
nal compartment syndrome.

• Resuscitation causing volume overload can also 
increase ANP and BNP levels causing reflex 
hypovolemia, hypotension, and decreased per-
fusion to end organs.

15.10  Recurrent Hypovolemia

Hypovolemia and hypovolemic shock are most 
commonly caused by hemorrhage in trauma or 
surgery and intestinal losses from GI-related dis-
eases. Hypovolemia causes decreased preload 
and therefore decreased cardiac output and can 
decrease perfusion to end organs causing isch-
emia. End organ ischemia can result in lactic aci-
dosis and oxygen deficiency and dysfunction in 
tissue. In the presence of oxygen, a glucose mol-
ecule can create 38 ATP molecules which can 
provide energy for cellular function. In the 
absence of oxygen, glucose cannot be taken into 
cells due to insufficient pyruvate. Pyruvate is 
converted into lactate: lactate ratio is increased in 
oxygen absent states. In states of hypovolemia, 
systemic oxygen delivery is decreased, and in 
turn tissue oxygen extraction is increased. This 
can be demonstrated by decreased percentage of 
mixed central venous oxygen saturations (SVO2 
or SCVO2). When levels of oxygen needed for 
tissues are not maintained, anaerobic metabolism 
ensues with increasing lactate production.

Under resuscitation can lead to tissue isch-
emia, decreased organ perfusion, and lactic aci-
dosis. Under resuscitation with hypotension 
can lead to a state of shock and organ dysfunc-
tion. End organ dysfunction can be manifested 
in many signs of symptoms. Neurologically 
patients may present with altered mental status 
or state of anxiety. In cardiovascular setting, 
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patient may present with tachycardia and hypo-
tension. Bowel edema and ischemia may pres-
ent with decreased perfusion to bowel. Acute 
kidney injury may occur in the event of 
decreased perfusion to the kidneys with 
decreased urine output [7, 12, 13].

15.10.1  Summary

• Hypovolemia from hemorrhagic shock or sep-
tic shock can lead to tissue ischemia with 
decreased oxygen delivery.

• 1:1:1 resuscitation in hemorrhagic shock with 
early blood product use is a new paradigm.

• Permissive hypotension has shown to decrease 
mortality in patients with hemorrhagic shock.

Figure 15.4 represents recommendations when 
revaluating a hypotensive ICU patient for resusci-
tation to normovolemia.

15.11  The ICU as a State of Mind 
Not a Physical Location

Resuscitation to normovolemia should be 
accepted as paradigm not only in the ICU but also 
in the trauma bay, the operating room, and wher-
ever the injured patient requires care. In trauma, 
most patients’ hypotension will be associated 
with hypovolemia. However, there are other 
causes of hypotension to consider such as pump 
failure (either secondary to cardiac contusion or a 
cardiac event prior to the trauma), neurogenic 
shock, and in late stages of severe traumatic brain 
injury. Furthermore, once the patient is resusci-
tated and the bleeding has been stopped, care 
must be taken not to swing the pendulum to the 
other extreme. Elderly patients are at a high risk 
for deleterious effects form over-resuscitation.

Resuscitation to normovolemia can be accom-
plished in the trauma bay using ultrasound and 
the use of other end points of resuscitation. 

Volume Evaluation Of The Hypotensive Patient

Limited Transthoracic
Echocardiogram (LTTE) 

IVC full?

Is the patient intubated ?

Yes

Obtain other views of the
heart and SVV
assessment 

No
Not volume responsive
look for other reason for

hypotension consider
pressors

SVV higher than 10
and/or empty Left

ventricle 

This patient is volume
responsive-Start with

500 cc bolus and repeat
assessment after bolus

SVV Lower than 10
and/or full Left ventricle
with normal contractility

Full left ventricle with
poor contractility

Large right ventricle with
poor contractility 

Not volume responsive
look for other reason for

hypotension consider
pressors

Overloaded, start
diuresis and

consider inotropes

R sided failure, consider
treating for PE as well as
diuresis, inotropes and

presors

IVC empty?

Fig. 15.4 How to evaluate a hypotensive patient
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Communication with anesthesia during damage 
control surgery and goal to achieve hemostasis 
and normovolemia are important concepts in the 
operating room. The use of esophageal Doppler 
intraoperatively would be helpful in maintaining 
normovolemia during damage control surgery.

In rural or underserved trauma communities, 
access to advanced hemodynamic monitoring 
and specialized testing may be limited. However, 
damage control resuscitation can be achieved in 
rural and underserved communities. Use of ultra-
sound for assessment of normovolemia can be 
used in these communities with ease. The owner-
ship and education of surgeons regarding ultra-
sound modalities for damage control resuscitation 
can easily be achieved. The American College of 
Surgeons offers basic and advanced ultrasound 
courses that may be completed with easy access. 
The use of ultrasound can be extended for bed-
side procedures and in diagnosing deep vein 
thrombosis as well. The use of ultrasound can 
also be extended to mid-level providers who aid 
in the care of the critically ill trauma patient.

Damage control resuscitation and resuscita-
tion to normovolemia are concepts that should be 
utilized in all trauma patients and should be a 
vital part of management of the trauma patient 
and not an adjunct.

15.11.1  Summary

• Damage control resuscitation can be used in 
the trauma bay, OR, and ICU.

• Multimodality approach can be used to resus-
citate to normovolemia in these places.

• DCR can be extended to rural and underserved 
trauma communities.
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Abstract

The role of the anesthesiologist in damage 
control trauma care is that of resuscitation 
consultant. Damage control anesthesia must 
occur in concert with damage control resusci-
tation and surgery to optimize the physiology 
of the shocked patient, while ensuring ade-
quate surgical conditions for the operative 
team. Damage control anesthesia encom-
passes a variety of procedural skills, from the 
induction of anesthesia to advanced airway 
management techniques and to the full spec-
trum of vascular access options. Beyond pro-
viding only procedural assistance in the 
resuscitation, the anesthesiologist offers the 
unique perspective of a physician who spends 
each day monitoring and correcting deranged 
physiology in the operating room.

Participation in the initial phases of trauma 
care ensures seamless transition from the 
trauma bay to the operating room and into the 
intensive care unit. A consideration for resus-
citation end points and their impact on mul-
tiple organ systems is vital to the successful 
conduct of damage control anesthesia. The 

following chapter will review the 
 anesthesiologist’s role in the induction of 
anesthesia, airway management, and hemo-
dynamic monitoring of the trauma patient, as 
well as resuscitation end points, neurotrauma 
concerns, renal protection issues, and pulmo-
nary management.

16.1  Induction of Anesthesia 
in Damage Control  
Trauma Care

Prior to the induction of the trauma patient, two 
large bore IVs should be secured, and a fluid bolus 
should be ongoing. Even with this precaution in 
place, the induction of the trauma patient is 
extremely challenging, as trauma patients are com-
monly in a shocked state. Regardless of the etiol-
ogy of the shock (e.g., hypovolemic, neurogenic, 
etc.), the patient will almost certainly require less 
medication than what is commonly used for the 
induction of sedation in more routine cases. The 
exact medication choice is complex, as the imme-
diate and long-term effects of the pharmacokinet-
ics and pharmacodynamics of medications used in 
the shocked patient must be considered. The anes-
thesiologist is uniquely qualified to make these 
decisions and will be responsible for management 
of the resuscitation of the patient over the ensuing 
hours in the operating room.
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All patients should be treated as full stomach, 
and a rapid sequence induction should be fol-
lowed. The head of the bed should be elevated if 
possible to ensure that passive reflux is hindered 
by gravity. The induction agent should be imme-
diately followed by the neuromuscular blocking 
(NMB) agent.

While etomidate (0.3 mg/kg) is likely to be 
the most hemodynamically stable medication to 
choose, the long-term effects of adrenal sup-
pression after even a single dose are concerning 
[1, 2]. Etomidate at 0.3 mg/kg will often cause a 
sudden drop in blood pressure as the sympa-
thetic nervous system activation is lost with the 
analgesia from induction. Propofol (1.5 mg/kg) 
can cause drops in blood pressure that may 
result in significant drops in cardiac output and 
possible cardiac arrest. Ketamine (1.5 mg/kg) is 
a centrally acting sympathomimetic but can 
directly cause cardiac depression. This dose 
may result in a dangerous drop in blood pres-
sure and therefore should be used with caution. 
A choice that is gaining popularity is using both 
ketamine and propofol; however, in this patient 
population, severe hypotension remains a pos-
sibility [3, 4].

Fentanyl and midazolam are two other medi-
cations that can be used in the trauma patient 
either individually or in combination to help pre-
pare the patient for intubation. These medications 
are not used traditionally to provide amnesia and 
analgesia alone for intubation, but in the trauma 
patient in extremis, both medications may be suf-
ficient for anesthesia prior to intubation. Fentanyl 
may cause a drop in blood pressure with the 
blunting of the sympathetic stimulation due to 
analgesia. Midazolam will cause anterograde 
amnesia, with little impact on the blood pressure. 
There is no specific dose that can be recom-
mended for fentanyl or midazolam as these medi-
cations are not used for induction outside of the 
trauma bay. Any medication used to induce 
amnesia and analgesia at recommended doses 
will cause significant drops in blood pressure that 
may be unrecoverable. Medications used in dam-
age control anesthesia must be titrated to effect, 

and pharmacologic agents to address drops in 
cardiac output must be readily available.

The choice of NMBs is simpler but is still fraught 
with potential complications. Succinylcholine 
(1 mg/kg) will cause ideal intubating conditions in 
60–90 s. However, succinylcholine may also cause 
hyperkalemia in certain patient populations and 
has a duration of action of 3–5 min. In a trauma 
situation, rocuronium (1.2 mg/kg) can be given to 
achieve full paralysis in about 90 s, with a dura-
tion of action of at least 20 min. Once the patient 
is anesthetized and paralyzed, the airway can  
be secured.

16.2  Airway Management 
in Damage Control 
Anesthesia

Airway management of the trauma patient can 
present special challenges; however, it is impor-
tant to understand that all airway management 
can be temporized with good basic airway 
maneuvers. In the appropriate patient, a simple 
jaw thrust with placement of an oropharyngeal 
airway can open the airway and facilitate oxy-
genation sufficiently to allow the anesthesiologist 
to quickly evaluate the patient and formulate a 
plan for intubation. In the case of an awake 
patient, placement of supplemental oxygen can 
provide a depot of oxygen that can last for sev-
eral minutes of apneic oxygenation. Leaving a 
nasal cannula in situ set at a high flow rate (i.e., 
15 L/min) during intubation has been postulated 
to extend the period of apneic oxygenation [5]. A 
promising trend in the intensive care unit that 
may be useful in the trauma bay is the use of high 
flow nasal cannula for both supplemental oxy-
genation and apneic oxygenation while intubat-
ing the trauma patient [6].

An investigation of 6088 patients intubated by 
experienced trauma anesthesiologists at a Level I 
trauma center over a 10-year period found that 
6008 (98.7%) were intubated successfully via the 
orotracheal route [7]. Roughly 0.3% of patients 
required a surgical airway. Another study evalu-
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ated prehospital intubation on a Scandinavian 
prehospital team [8]. A total of 240 endotracheal 
intubation attempts resulted in 238 successes 
(99.2%). The small number of unsuccessful 
attempts involved complex cases with distorted 
facial/airway anatomy.

16.3  Cervical Spine 
Considerations

If a cervical spine injury is suspected, careful 
attention must be paid during intubation to 
ensure that any injury is not worsened. Shatney 
and colleagues examined 81 patients with cer-
vical vertebral body fractures of whom 26 
required intubation [9]. Twenty-two of these 
patients were intubated via the oral tracheal 
route with no resulting neurological deficit. In 
69 patients with high spinal cord injuries, 29 
required endotracheal intubation, of which 26 
were intubated via oral tracheal intubation. No 
further neurological deficit resulted. It is reas-
suring to know that in trauma, even with spinal 
fractures or spinal cord injuries, oral tracheal 
intubation does not result in higher rates of 
neurological injury.

Part of a careful plan for intubation in the 
trauma patient in whom cervical spine injury 
may be suspected is the use of manual in-line 
stabilization (MILS). This involves simply hold-
ing gentle support on both sides of the head dur-
ing laryngoscopy. The objective is to prevent 
excessive extension of the neck during intuba-
tion. The efficacy of MILS however, remains 
debated. Investigations using similar methodol-
ogy have found conflicting results on the use of 
MILS. In one investigation, a cadaver model was 
evaluated under fluoroscopy and found that 
MILS did not affect measured subluxation, 
angulation, or distraction of the cervical spine 
[10]. Other work using a similar cadaver model, 
however, found that MILS offered significantly 
less anterior- posterior subluxation of the cervi-
cal spine than a cervical collar [11]. While it is 
an interesting exercise to debate the merits and 

limitations of MILS, a practical clinical approach 
to the topic may be found in simply applying 
MILS in cases in which cervical spine injury is 
suspected. If MILS somehow diminishes the 
view that the person intubating has, then it can 
be relaxed somewhat.

16.4  Video Laryngoscopy

Video laryngoscopy (VL) offers a tool that can 
improve visualization of the vocal cords. It is 
uncertain, however, if this confers an advantage 
in securing the airway. In a meta-analysis of 17 
trials including 2000 patients, Griesdale and col-
leagues found that VL improved glottic visual-
ization but did not impact success of first attempt 
intubation or time to intubation [12]. In another 
analysis of VL, 623 trauma patients were ran-
domized to either VL or direct laryngoscopy 
[13]. No difference in mortality was noted, but 
time to intubation was longer in the VL group. 
Subgroup analysis of patients who had suffered 
traumatic brain injury (TBI) found higher mortal-
ity with VL; however, this analysis was not iden-
tified a priori, and the results should be taken 
with caution.

Non-expert experience with VL has been 
more positive. When medical students, para-
medic students, and nurses who had previ-
ously only intubated manikins used VL, they 
had greater overall success and faster time to 
intubation [14]. Subjects intubated five 
patients with either VL or direct laryngoscopy. 
Although first attempt success and time to 
intubation were improved in the first four 
patients, by the fifth patient, there was no sig-
nificant difference between VL and direct 
laryngoscopy.

A retrospective review of 2004 cases found 
that VL was successful in securing the airway 
in 98% of cases when used as a primary 
 technique and in 94% of cases when used as a 
rescue technique after direct laryngoscopy [15]. 
While useful, the authors caution against over 
reliance on VL at the expense of direct 
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 laryngoscopy and flexible bronchoscopy skill 
sets. If the trauma bay does not have an anes-
thesiologist available for intubation, the use of 
VL may be a helpful adjunct to providers who 
do not intubate as often.

16.5  Other Airway Adjuncts

If one is unable to intubate the trauma patient, other 
airway alternatives must be considered. The laryn-
geal mask airway (LMA) is one option. When used 
as a rescue device in a case series of 15 patients, the 
LMA was able to facilitate oxygenation and venti-
lation in patients who were entrapped or otherwise 
not able to be intubated [16]. There are many dif-
ferent variations of LMAs, but familiarity with at 
least one is helpful for the trauma patient that can-
not be intubated successfully.

It is important to appreciate that laryngeal air-
ways do not secure the airway and that a risk of 
aspiration remains after placement. It can be dif-
ficult to ventilate non-compliant lungs with posi-
tive pressure ventilation via a supraglottic airway. 
One case report of a drowning patient noted an 
inability to achieve peak pressure necessary for 
lung inflation with a supraglottic airway and sub-
sequent insufflation of air into the stomach [17].

The intubating LMA uses a stylet to advance 
an endotracheal tube through the vocal cords via 
an acutely angled supraglottic airway. While this 
technique can secure the airway with a cuffed 
endotracheal tube, it is a multi-step process that 
can be a challenge to perform in an emergency. A 
case report documented successful intubation of 
a morbidly obese patient with chest trauma with 
an intubating LMA [18]. Other modest case 
series have also documented the successful use 
of the intubating LMA in out-of-operating room 
emergency intubations [19].

Another alternative is the laryngeal tube suc-
tion, another supraglottic airway, which was suc-
cessfully placed in 57 trauma patients either as a 
primary or rescue technique [20]. Most laryn-
geal tube suctions were placed by providers who 
had used the technique ten or fewer times, sug-

gesting relative ease of use during an emergency. 
Supraglottic airways use a high-volume balloon 
to seat the device in the posterior oropharynx 
and direct gas from the tube toward the glottic 
opening. Again, this does not secure the airway 
but can be helpful in cannot intubate–cannot 
ventilate emergencies, as may be found with the 
trauma patient in extremis. When used in 351 
out-of-hospital nontrauma cardiac arrests, basic 
life support crews using a laryngeal tube suc-
tions were more successful in achieving first 
attempt success than paramedics using endotra-
cheal intubation [21].

16.6  Awake Intubation

In certain cases, the trauma patient may require 
awake airway management. Cases in which this may 
be considered include cervical spine injury or hemo-
dynamically stable patients in whom induction of 
anesthesia could result in airway compromise (e.g., 
extensive facial trauma). Awake intubation is a safe 
but rarely performed procedure [22]. Out of 146,252 
general anesthetics, awake intubation was performed 
1544 times (1%) with a failed intubation rate of  
31 (2%).

In a retrospective analysis of 1055 awake flex-
ible intubations, complications (e.g., mucus plug, 
cuff leak, inadvertent extubation) occurred in 
1.6% of cases, and failed intubation occurred in 
1% of cases [23]. Propensity matching of awake 
intubation to intubation post-induction found that 
awake intubation took longer (16 min vs. 4 min).

During awake fiber-optic intubation, it is 
important to explain the need for the procedure to 
the patient, surgeon, and support staff to avoid a 
loud distracting environment that may alarm an 
already anxious patient. Remember that the 
patient just suffered a traumatic injury, is having 
difficulty breathing, and now has several people 
around him/her saying that they are going to put 
a tube down his/her throat while he/she is awake! 
Taking the time to explain to the patient and team 
what is being done and why will help alleviate 
any anxiety.
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Application of standard monitoring can occur 
as one speaks to the patient. An infusion of dex-
medetomidine (1 mcg/kg over 10 min) provides 
sedation while maintaining the patient’s normal 
minute ventilation, but hypotension may occur 
and should be anticipated. Nebulized viscous 
lidocaine provides anesthesia to the airway, to 
include the area below the vocal cords. Additional 
topicalization of the airway can be achieved with 
atomized viscous lidocaine “painted” across the 
posterior oropharynx. The pharynx is innervated 
by the glossopharyngeal nerve (IX), and the 
hypopharynx is innervated by the glossopharyn-
geal and hypoglossal (XII) nerves. Both the 
pharynx and hypopharynx can be anesthetized 
with atomized viscous lidocaine or nebulized 
lidocaine. The total amount of lidocaine given 
should not exceed 3 mg/kg to help prevent local 
anesthetic toxicity.

The larynx is innervated by the vagus (X) 
nerve, with the internal branch of the superior 
laryngeal nerve providing innervation from the 
epiglottis to the vocal cords. A nerve block at 
the cornu of the hyoid bone can be undertaken 
with two milliliters (mL) 2% lidocaine to effec-
tively decrease sensation in this nerve distribu-
tion. The recurrent laryngeal nerve (RLN) 
branch of the vagus nerve provides sensation 
below the vocal cords. The RLN can be blocked 
with 3–5 mL of transtracheal local anesthetic 
applied via a trans- cricothyroid membrane 
approach. This technique almost always results 
in coughing which can serve to aerosolize the 
local anesthetic. If rigorous coughing is a con-
cern (i.e., unstable cervical spine fracture), then 
the transtracheal block merits careful consider-
ation. Using the regional blocks should not be 
done when anatomy has been significantly 
changed with trauma. The regional blocks can 
be used in place of nebulized lidocaine, but the 
two techniques should not be used in combina-
tion unless careful attention is paid to the total 
dose of lidocaine given.

After the patient has had sufficient topicaliza-
tion of the airway, an “intubating oropharyngeal 
airway” can be gently placed in the airway. If the 

patient does not tolerate the airway, then a small 
bolus of ketamine may augment the sedative pro-
file while maintaining airway reflexes. Consider 
using glycopyrrolate if hypersalivation from the 
use of ketamine is a concern.

Once the intubating oropharyngeal airway is 
in place, pass a well-lubricated and focused flex-
ible bronchoscope through the airway’s central 
aperture. Slow, deliberate movements will bring 
the vocal cords into view. Pass the vocal cords 
and visualize the carina. An assistant can pass the 
preloaded endotracheal tube over the flexible 
bronchoscope and into the trachea. Withdraw the 
bronchoscope and attach the ventilator circuit. 
Ensure end-tidal carbon dioxide is present and 
proceed with securing the endotracheal tube.

16.7  Cricothyroidotomy

Surgical airway management is the final option in 
a “cannot intubate–cannot ventilate” situation. 
Cricothyroidotomy is perhaps the most common 
emergency surgical airway technique and is 
rarely needed. Rather than being the heroic life-
saving procedure that is often portrayed in the 
media, it may more appropriately be regarded as 
a failure of all other techniques. With that said, 
when a patient needs a surgical airway, they need 
one in seconds. When the decision has been made 
to proceed with a surgical airway, one must move 
quickly and efficiently.

In a prospective observational study of airway 
management among 282 patients in a combat set-
ting, 17 cricothyroidotomies were performed 
with four failures [24]. Other investigations have 
found a similarly high rate of complication with 
cricothyroidotomy [25]. Among patients who 
received cricothyroidotomies, 82% had suffered 
a gunshot wound to the face, neck, or head; and 
66% died. Prehospital cricothyroidotomy failed 
to cannulate the trachea in 26% of cases. 
Physicians and physician assistants had lower 
failure rates than medics (15% vs. 33%). Given 
the high rate of failure and relatively infrequent 
performance of the procedure, it is important to 
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train for this potentially lifesaving technique with 
simulation or other techniques. Many difficult 
airway workshops allow hands on training of this 
technique, and online resources provide excellent 
review of this rare but critical procedure.

16.8  Awake Tracheostomy

In some cases of massive trauma to the upper 
airway, the patient may not be willing to undergo 
awake or asleep intubation (or even to consider 
lying down!) If that is the case, then let the 
patient adopt a comfortable posture and con-
sider awake tracheostomy. This must be under-
taken with careful coordination with the surgeon 
and patient. Topicalization of the airway as 
noted above can provide adequate anesthesia, 
along with infiltration of local anesthetic in the 
anterior neck. Mild sedation can offer the patient 
some anxiolysis without compromising the air-
way. With sedation and local anesthetic being 
used, airway reflexes will be decreased, and the 
risk of aspiration will be much higher. 
Monitoring must be in place, and vascular 
access must anticipate the surgical procedure 
that will immediately follow the placement of 
the tracheostomy. Formal tracheostomy (versus 
cricothyroidotomy) can be safely undertaken in 
the emergent, awake patient but requires excel-
lent communication between the surgical and 
anesthetic teams.

16.9  Resuscitation End Points 
in Damage Control 
Anesthesia

The goal of a damage control anesthetic is to 
ensure adequate resuscitation while maintaining 
a depth of anesthesia appropriate for the proce-
dure being undertaken. It can be challenging to 
quantify the effectiveness of the resuscitation in a 
critically ill trauma patient. Traditional normal 
values may need to be significantly reevaluated 
and other resuscitation end points considered.

16.10  Blood Pressure

Noninvasive blood pressure (NIBP) devices occlude 
blood flow by compressing an artery against a proxi-
mate bone. As pressure is decreased and pulsatile 
flow returns, the NIBP cuff measures oscillations in 
pressure. The point of maximum oscillation is 
defined as the mean arterial pressure (MAP), and the 
systolic and diastolic pressures are calculated from 
that value.

An arterial line waveform is a processed signal 
that serves as a proxy for the arterial blood pres-
sure. A catheter in the artery transmits the arterial 
pressure via a fluid column to a Wheatstone bridge. 
This electrical device converts the mechanical pul-
sation to an electrical signal via a diaphragm. The 
pulsatile diaphragm results in differences in resis-
tance in the arms of the Wheatstone bridge. These 
differences are processed via a Fourier analysis 
that reduces the signal to smaller characteristic 
waveforms and then integrates the area under 
those curves to derive a MAP. This electronic sig-
nal is sent to the monitor as a function (i.e., 
y = f(x)), which is then represented as the familiar 
arterial line waveform.

In a pairwise comparison of 27,022 NIBP 
measurements and arterial line measurements, it 
was found that NIBP overestimates systolic 
blood pressure in hypotensive patients [26]. This 
raises the question of whether NIBP systolic 
blood pressure measurements fail to recognize 
end organ hypoperfusion. The authors found that 
the mean arterial pressure of NIBP and arterial 
line measurements correlated reasonably well 
and suggested that MAP be used as the “preferred 
metric” in critical care.

Differences in blood pressure measurement 
from NIBP and arterial lines continue to inspire 
controversy. In one prospective observational 
study of patients in the intensive care unit who 
were on norepinephrine infusions with a goal 
MAP greater than 70 mmHg, NIBP measure-
ments were found to be 6.6 mmHg higher than 
arterial line MAP [27]. The difference was unre-
lated to the age of the catheter or the dose of nor-
epinephrine. This serves to underscore the need 
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to evaluate a range of resuscitation metrics when 
treating a critically ill patient in extremis.

A benefit of having an arterial line is the 
ability to monitor stroke volume variability. 
Stroke volume variability (SVV) offers a 
unique perspective on the interpretation of 
blood pressure. SVV is defined as the differ-
ence between the maximum and minimum 
stroke volumes divided by the average of the 
minimum and maximum over a floating 30-sec-
ond period (i.e., SVV = (Max − Min)/Mean). 
In one investigation, SVV greater than 9.5% 
predicted a 5% increase in stroke volume with 
a 100 mL fluid bolus [28]. Fluid responsive-
ness correlated well with SVV (area under the 
receiver operating curve (ROC) = 0.87) but not 
with heart rate (ROC = 0.59) or central venous 
pressure (ROC = 0.49). To date, there are few 
studies in trauma patients looking at SVV  
and its utility in identifying hypovolemia. 
While most hypotensive trauma patients will 
benefit from fluid resuscitation, end points for 
that resuscitation remain a challenging and 
exciting area for future research.

16.11  Base Deficit

Base deficit is the amount of base required to 
bring 1 L of whole blood at body temperature 
and a partial pressure of carbon dioxide of 40 to 
a pH of 7.4. This methodology attempts to iso-
late the metabolic contribution to the acid-base 
status. In 209 trauma patients, a deranged base 
deficit correlated with a decreased MAP and 
higher volume requirements [29]. In patients 
with a deranged base deficit (i.e., less than 10), 
administration of bicarbonate resulted in 
greater fluid and blood requirements, as well as 
a more deranged base deficit at 1 h and 24 h 
(with no difference in base deficit at 2 and 4 h). 
The same group found that worsened base defi-
cit at admission in 2954 trauma patients pre-
dicted the need for transfusion as well as 
complications (e.g., ARDS, multi- organ fail-
ure, renal failure) [30].

When used as a resuscitation end point dur-
ing damage control anesthesia, base deficit is 
reliable, rapidly obtainable, and well validated 
[31]. A four-stage classification system for 
base deficit (I = BD < 2 mmol/L, II = BD 
2–6 mmol/L, III = BD 6–10 mmol/L, IV = BD 
>10 mmol/L) has compared favorably to more 
traditional shock classifications [32]. In an 
investigation of 16,305 patients, the base defi-
cit classification system correlated well with 
the need for massive transfusion (class I = 5% 
vs. class IV = 52%), as well as mortality (class 
I = 7.4% vs. class IV = 51.5%). The authors 
found that the base deficit system predicted the 
need for massive transfusion and mortality bet-
ter than the more traditional ATLS classifica-
tion system for hypovolemic shock.

16.12  End-Tidal Carbon Dioxide

End-tidal carbon dioxide (ETCO2) can serve as a 
surrogate for the measurement of dead space 
ventilation, such as occurs during low-flow peri- 
arrest states seen in damage control anesthesia. A 
return of spontaneous circulation (ROSC) fol-
lowing cardiac arrest has been correlated with a 
higher peak ETCO2, larger area under the ETCO2 
curve, and a rising ETCO2 slope [33]. In an 
investigation of 30 patients who underwent car-
diopulmonary resuscitation (CPR) in a hospital 
setting, an ETCO2 greater than 20 mmHg between 
5 and 10 min post intubation was associated with 
ROSC, as was a maximum ETCO2 of 25 mmHg 
between 5 and 10 min or an ETCO2 slope greater 
than zero between 0 and 8 min.

End-tidal carbon dioxide provides some 
prognostic ability for trauma patients. In 106 
trauma patients, ETCO2 was evaluated in the 
context of mortality [34]. The authors found 
that an ETCO2 of 27 or higher was associated 
with 5% mortality, whereas an ETCO2 of less 
than 24 was associated with 68% mortality. It 
may be that a rapidly decreasing ETCO2 sug-
gests the need for more aggressive damage 
control resuscitation. If a trauma patient has 
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loss of spontaneous circulation during resusci-
tation, it is important to refer to the ETCO2 to 
ensure adequate compressions and note the 
ROSC.

16.13  Hypocalcemia

While not a resuscitation end point per se, 
serum calcium levels are decreased during 
massive transfusion. This is related to the che-
lating effect that the preservative, citrate, 
included in blood products has on serum cal-
cium concentration. The effect of hypocalce-
mia in resuscitation can be devastating. In one 
investigation of 352 critically ill bleeding 
patients who required massive transfusion, 
hypocalcemia was associated with increased 
mortality with an odds ratio of 1.25 [35]. 
Hypocalcemia is even present in trauma 
patients at the time of initial evaluation (i.e., 
before blood transfusion) [36]. Two hundred 
and twelve trauma patients with a mean injury 
 severity score (ISS) of 34 were stratified by 
serum ionized calcium (iCa) concentration. 
Three-quarters of trauma patients at the time of 
emergency department admission were either 
hypocalcemic (iCa < 1.15 mmol/L; 64%) or 
severely hypocalcemic (iCa < 0.9 mmol/L; 
10%). It was noted that hypocalcemia is corre-
lated with colloid but not crystalloid 
administration.

Indeed, admission hypocalcemia in trauma 
was associated with worsened mortality in 591 
trauma patients [37]. Admission iCa < 1 was 
associated with 15.5% mortality, whereas iCa ≥ 1 
had significantly lower mortality (8.7%). Ionized 
calcium <1 was further found to be an indepen-
dent predictor of the need for massive transfusion 
(OR 2.2, 95% CI 1.053–4.996). Given the fre-
quency of hypocalcemia on admission and after 
transfusion, it is reasonable to include adminis-
tration of exogenous calcium as part of any dam-
age control anesthetic.

The use of these variables throughout the 
trauma activation, the operating room, and into 
the intensive care unit will be helpful in guiding 
resuscitation and ensuring that hypocalcemia is 
not missed.

16.14  Neurotrauma and Damage 
Control Anesthesia

The polytrauma patient may have significant neuro-
logical injury involving either the brain or the spinal 
cord. These injuries certainly make anesthetic man-
agement more challenging as some of the goals for 
neuroprotection may be in direct conflict with other 
resuscitative goals. The anesthesiologist must bal-
ance these sometimes competing interests to ensure 
that the patient is given the best opportunity to make 
a full and meaningful recovery.

The trauma patient who has sustained a spinal 
cord injury must be managed carefully throughout 
the trauma activation and treatment in the operat-
ing room. Per the updated 2013 guidelines, the use 
of methylprednisolone or other steroids is contra-
indicated, as the harm that steroids cause out-
weighs any benefit that they may provide [38]. 
While this is typically well understood by all team 
members, it sometimes bears reinforcement from 
the anesthesiologist during the operation.

A mean arterial pressure goal of 85–90 mmHg 
in traumatic brain injury (TBI) can be challeng-
ing to achieve in a hypotensive trauma patient. 
This goal will certainly be challenging to achieve 
intraoperatively and may go against the desire to 
assist the surgeon with decrease blood loss until 
the vascular injury has been identified and 
repaired. The use of vasopressors to increase the 
MAP to 85–90 mmHg can worsen outcomes in 
trauma patients, despite being recommended for 
some spinal cord injury patients.

Trauma patients with concomitant TBI have 
other challenges that must be addressed. The most 
recent recommendations advise against using 
mannitol until intracranial pressure (ICP) monitor-
ing has been established unless the patient shows 
signs of progressive neurologic deterioration [39]. 
Hyperventilation should be avoided during the 
first 24 h and then should only be used as a tempo-
rizing measure to treat acute neurologic decline. 
Steroids have not been shown to improve outcome 
or decrease ICP. Blood pressure recommendations 
are based on age, and the goal is to maintain ade-
quate cerebral perfusion pressure (CPP). The goal 
CPP is between 60 and 70 mmHg. Without ICP 
monitoring, the best estimate will be from the sys-
tolic blood pressure (SBP) and central venous 
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pressure. The goal SBP for 50–69 year olds is 
≥100 mmHg and for 15–49 or >70 years old is 
≥110. Both SBP ranges are more easily obtainable 
during damage control resuscitation.

The current recommendations for neuropro-
tection highlight what is likely to be a growing 
problem, the conflict of interest between different 
organ systems. The SBP goals in TBI patients are 
more reasonable and obtainable than the MAP 
goals in spinal cord injury patients. Patients 
should not receive steroids, and the use of hyper-
osmotic solutions and hyperventilation should be 
used as part of rescue therapy.

16.15  Renal Protection in Damage 
Control Anesthesia

When discussing renal protective management 
strategies and acute kidney injury (AKI) in the 
trauma patient, it is useful to refer to the RIFLE 
criteria or the AKIN classification. The RIFLE cri-
teria were formulated in 2004 by the Acute Dialysis 
Quality Initiative (ADQI) to promote an objective 
and uniform definition of AKI [40]. The RIFLE 
criteria divide AKI into two groups. The risk, 
injury, and failure groups are considered mild and 
reversible forms of AKI, while the loss and end-
stage group are severe and irreversible forms of 
AKI. The AKIN classification was formulated in 
2007 by the Acute Kidney Injury Network. It 
 simplified the classification further by discarding 
the latter, irreversible group, broadening the “risk” 
category (stage 1), and defining the “failure” cate-
gory (stage 3) as the need for the renal replacement 
therapy [41]. Both classifications are in common 
use in the medical literature.

Acute kidney injury is common among trauma 
patients. A recent study using the RIFLE criteria 
found that half of all intensive care unit trauma 
admissions had AKI. Among these patients, class 
R, I, and F were most common and comprised 
47%, 36%, and 17% of AKI, respectively [41]. 
These milder forms of AKI are likely related to 
the initial trauma and surgery. Persistent or irre-
versible AKI with need for RRT is rare (0.1–8.4% 
in one study) among trauma patients in the ICU 
and is related to the sequelae of severe trauma 
with subsequent multi-organ failure [42].

All degrees of AKI are associated with worse 
key outcome measures including increased 
length of stay and increased duration of mechani-
cal ventilation in the ICU. While all forms of AKI 
are associated with increased mortality, this asso-
ciation is greater for AKI requiring RRT (40–70% 
increase in mortality) [43]. In trauma patients, for 
whom the majority will have normal renal func-
tion prior to their traumatic injuries, preoperative 
and intraoperative renal protective management 
are of great importance in minimizing the inci-
dence and severity of AKI.

The pathophysiology of AKI has traditionally 
been divided into prerenal, intrinsic renal, and 
post renal etiologies. When considering renal 
protective measures in the trauma patient, it is 
useful to think about causes of AKI in this man-
ner. The most common etiologies of AKI encoun-
tered in the trauma patient are listed in Table 16.1.

Considering the etiologies of AKI in this man-
ner is helpful in structuring a comprehensive 
approach to diagnosing and treating infrequent 
but easily reversible causes of AKI. In reality, 
AKI is a complex and multifactorial process that 
can blur these distinctions. ATN is traditionally 
considered as an intrinsic renal pathology, for 
example. It is the most common cause of post-
traumatic AKI and is the result of multiple insults 
that may occur in the early management of the 
trauma patient (e.g., contrast-induced nephropa-
thy (CIN), renal hypoperfusion from hemorrhage 
and/or “third-space” fluid shifts, and direct 
trauma to the kidney and renal vasculature). 
Myoglobin and fibrin complex deposition result-
ing from injury and DIC, respectively, can also 
cause or exacerbate ATN.

Table 16.1 Etiologies of acute kidney injury

Prerenal Intrinsic (ATN) Post renal

Hemorrhage Ischemia Obstructed Foley

Trauma and 
surgery

Myoglobin Blood clots

Burns DIC Inadvertent ureter 
ligation

Abdominal 
compartment 
Syndrome

Contrast Retroperitoneal 
hematoma

ATN acute tubular necrosis
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The AKI continuum of renal insults is a “mul-
tiple hit model.” The importance of sequential renal 
protective measures that begin early in the resusci-
tation in the emergency department and are carried 
through the intraoperative management and into 
the ICU can be readily appreciated. Contrast-
induced nephropathy is an iatrogenic contributor to 
AKI that can be modified early in the trauma 
patients’ hospital course. Computer tomography 
with contrast is an important diagnostic tool that 
helps identify injuries and informs surgical plan-
ning. However, most commercial contrasts contain 
agents that are nephrotoxic and may contribute sig-
nificantly to ATN. When time allows, contrast pro-
tective strategies are often employed to decrease 
the risk of CIN. Developing a risk stratification tool 
to identify patients at increased risk for CIN, as 
well as alternative imaging strategies and iso-
osmolar contrast agents may be important mea-
sures to mitigate the risk of ATN.

Most of the studies regarding preoperative 
AKI were performed in patients after cardiac sur-
gery, and the risk stratification tools for AKI after 
cardiac surgery have been tested and validated 
[44]. Risk factors for AKI in trauma patients are 
less well studied; however, some of the accepted 
risk factors for AKI in this population are sum-
marized in Table 16.2.

Optimization of hemodynamic status and 
intravascular volume is the single most beneficial 
measure in ensuring adequate renal perfusion. 
Maintaining adequate renal perfusion is a corner-
stone of renal protective management; however, 
this can often be challenging during the intraop-
erative phase of care. The traditional marker of 
renal perfusion (i.e., urine output) is an inaccu-
rate marker of intravascular volume and renal 
perfusion in the trauma patient undergoing gen-
eral anesthesia. Anesthesia and the stress of 
trauma and surgery can decrease the glomerular 
filtration rate (GFR) through indirect sympathetic 
and humoral responses. Many commonly used 
parenteral agents (e.g., benzodiazepines, opioids) 
also reduce GFR and urine output. An approach 
that incorporates multiple indices of renal perfu-
sion, in addition to urine output, to assess the 
adequacy of renal perfusion during the resuscita-

tion may offer benefit and is reviewed in 
Table 16.3.

AKI secondary to rhabdomyolysis is a dis-
tinct form of ATN in which myoglobin is thought 
to result in direct nephrotoxicity, renal vasocon-
striction, and renal tubular obstruction. Crush 
injuries, vascular injuries, and compartment syn-
dromes lead to muscle necrosis with the release 
of myocyte contents into the circulation. Creatine 
kinase (CK) is a useful biomarker for tracking 
the severity and resolution of rhabdomyolysis. 
The risk and severity of AKI generally correlate 
with the degree of CK elevation. Traditionally, 
management of this condition has advocated the 
use of bicarbonate solution to alkalinize the 
urine and favor a soluble form of myoglobin. 
Volume expansion and administration of manni-
tol promote urine output of 2–3 mL/kg/h in an 
effort to “flush” the renal tubules of insoluble 
myoglobin precipitates [45].

Table 16.2 Risk factors for acute kidney injury

Patient-related 
factors

Procedure-related 
risk factors

Contrasts-related 
risk factors

Age >60 Intraoperative 
hypotension

Volume of 
contrast

Diabetes Suprarenal aortic 
cross clamping

Low-osmolar 
contrast
Medium > iso- 
osmolar

Hypertension Massive blood 
transfusion

Nonionic > ionic

CHF Vasopressors and 
inotropes

Arterial > venous

CKD Diuretic use 
(mannitol and 
loop diuretics)

Renal 
transplant

Hypotension

Table 16.3 Indices of renal perfusion

Hemodynamics MAP > 65 mmHg

Urine output >0.5 mL/kg/h

Lactate and lactate clearance Lactate <2.5 mmol/L, 
clearance >20%/h

Base deficit >−4

Stroke volume variation 8–12%
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It is important to understand that mannitol and 
bicarbonate administration are controversial thera-
pies for the prevention and treatment of rhabdo-
myolysis-induced AKI. The literature on this topic 
does not demonstrate conclusive benefit, and these 
treatments may be harmful in the under- 
resuscitated trauma patient by further exacerbating 
intravascular volume loss and masking worsening 
acidemia [45]. These therapies may be selectively 
applied if goal urine output is not achieved despite 
adequate volume expansion.

Other alternative practices include the use of 
loop diuretics, typically furosemide, to promote 
diuresis in oliguric patients under general anes-
thesia. As mentioned, urine output is not an 
accurate intraoperative indicator of intravascu-
lar volume and renal perfusion in severe trauma 
patients, and the benefit of inducing diuresis 
with loop diuretics is unknown. Studies in criti-
cal ill patients with AKI have demonstrated that 
non- oliguric AKI has lower rates of progression 
to RRT and is associated with lower mortality 
than oliguric renal failure. Of note, however, is 
that the use of loop diuretics in this population 
has never been shown to reduce progression of 
renal failure or reduce intensive care unit length 
of stay or mortality. A meta-analysis on this 
topic demonstrated no benefit to the use of loop 
diuretics either in reducing progression to RRT 
or in reducing all-cause mortality and suggested 
a tendency toward harm [46].

In the operative setting, loop diuretics increase 
urine output but do not increase GFR or creatinine 
clearance. In addition, furosemide induces aciduria 
that may favor precipitation of urinary proteins and 
promotes free radical formation by radiocontrast 
dyes. For this reason, furosemide may promote AKI 
in patients with rhabdomyolysis and in patients who 
have had recent contrast- enhanced CT imaging. 
While the use of loop diuretics to reduce volume 
overload as part of a conservative fluid management 
strategy in patients with ARDS has demonstrated 
benefit in decreasing intensive care unit ventilator 
days and length of stay, there is no date to suggest 
that this strategy is renal protective [47].

Mild reversible AKI is a frequent sequela of 
severe trauma and an important contributor to the 

need for prolonged intensive care unit stay. Early 
renal protective measures should focus on identi-
fying patients at increased risk for AKI second-
ary to nephrotoxic agents (radiocontrast dyes) 
and prevention of exposure if possible. 
Hemodynamic resuscitation with volume expan-
sion and blood products is the cornerstone of 
renal protective management and should begin as 
early as possible and continue intraoperatively. 
Multiple indices of adequate hemodynamic and 
renal perfusion should be utilized intraopera-
tively as urine output by itself is not an accurate 
intraoperative marker of renal perfusion and 
GFR in the trauma patient. The use of bicarbon-
ate solutions and mannitol after adequate volume 
expansion in the prevention of AKI secondary to 
rhabdomyolysis is controversial. The routine use 
of loop diuretics to promote urine output is with-
out benefit and may be harmful.

16.16  Pulmonary Protection 
in Damage Control 
Anesthesia

The continuum of care for damage control anes-
thesia must anticipate the physiologic needs of 
the patient as they depart the operating room 
(OR)/interventional radiology (IR) suite. One 
must consider the next 12–24 h of the patient’s 
hospital course as care is handed from the anes-
thesiologist to the intensivist. For example, has 
the resuscitation team avoided transfusion asso-
ciated circulatory overload (TACO)? Has the 
resuscitation team set the critical care team up for 
success? Have they avoided the acute respiratory 
distress syndrome (ARDS) and is the patient 
oxygenating and ventilating well?

TACO is a genuine concern in the patient who 
has received a massive transfusion/damage con-
trol anesthetic. TACO is associated with hemor-
rhagic shock, the number of blood products 
transfused, as well as with premorbid renal fail-
ure and congestive heart failure [48]. Patients 
who develop TACO are at an increased risk of 
inhospital mortality, as well as longer hospital 
and ICU lengths of stay.
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The acute respiratory distress syndrome 
(ARDS) has been historically described in 
healthy trauma patients following resuscitation, 
sometimes called “Da Nang Lung” in the Vietnam 
War. The ARDS Net investigation was an impact-
ful publication in the care of the critically ill ven-
tilated patient [49]. Low lung compliance and 
elevated peak pressures seen in ARDS were 
treated with lower tidal volumes. Permissive 
hypercarbia and escalating fractions of inspired 
oxygen (FiO2) paired with increasing positive 
end-expiratory pressure (PEEP) improved oxy-
genation in this critically ill patient population.

Neuromuscular blockade (NMB) was evalu-
ated in the context of ARDS and found to 
improve 90-day mortality [50]. Three hundred 
and forty patients with ARDS were randomized 
to receive cisatracurium or placebo for 48 h. 
Mortality was improved in the NMB group with 
no increase in ICU-acquired paresis; however, 
off-label use of NMB, varied positioning tech-
niques (e.g., prone), and uses of other modalities 
(e.g., nitric oxide) make these data difficult to 
interpret on a broader scale.

Given the limited options for treating ARDS in 
the ICU, one wonders if there is a way to preemp-
tively mitigate the development of ARDS.  
A meta-analysis looked at initiation of low lung 
volume ventilation in the operating room [51]. In 
20 articles including over 2000 patients, lower tidal 
volume used in the OR resulted in decreased devel-
opment of lung injury and mortality. Additionally, 
there was a lower incidence of pulmonary infection 
and shorter hospital length of stay (LOS).

Protective and conventional ventilation dur-
ing surgery were further evaluated in an analysis 
of 15 randomized control trials including 2127 
patients [52]. Postoperative lung injury, infec-
tion, and barotrauma were tracked in patients 
who received low volume ventilation/protective 
versus conventional ventilation. The protective 
ventilation group had a lower incidence of pul-
monary complications (PC). Elevated levels of 
PEEP, however, did not result in a decreased 
incidence of PC. Interestingly, a protocol for 
protective lung ventilatory strategies in the non-
injured lung has been developed for use in the 
operating room [53].

Alternative therapies of treatment of ARDS/
lung injury have been proposed. In the CESAR 
trial, extracorporeal membrane oxygenation 
(ECMO) evaluation was compared to conven-
tional therapy for treatment of ARDS. Patients 
with a Murray score >3 and a pH <7.2 were ran-
domized to conventional therapy or referral to an 
EMCO capable center. Of those patients who 
were evaluated for ECMO 75% (68/90) actually 
received ECMO. Disability-free survival at 6 
months was 63% in the ECMO group versus 
47% in the conventional therapy group. This 
study needs to be replicated as those patients 
transferred to the ECMO capable center may 
have also received better, non-ECMO, ARDS 
care.

In trauma, heparin-free ECMO has been used 
in limited number of patients [54]. A total of ten 
patients were treated with ECMO (seven with 
veno-venous ECMO and three with veno-arte-
rial ECMO). Improved gas exchange and cor-
rection of cardiopulmonary failure were noted, 
with six of the ten patients recovering without 
handicap.

The objective of damage control anesthesia is 
to carry the resuscitation seamlessly from one 
phase of care to the next. Initiation of low lung 
volume ventilation in the OR/IR suite can help 
mitigate the risk of ARDS and TACO in the criti-
cal care setting. Experimental modalities like 
NMB and ECMO have yet to demonstrate a 
proven benefit in pulmonary management of 
damage control resuscitation but offer exciting 
opportunities for future research.

16.17  Transfer to the Intensive 
Care Unit in Damage  
Control Anesthesia

At the end of the operation, it is imperative that 
the surgical team and the anesthetic team con-
tinue to have good communication. The inten-
sive care unit bed should be brought into the 
operating room, and the transport monitor 
should be connected to the patient while they 
remain on the operating table. Once all monitors 
have been attached and a review of the vital 
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signs has confirmed the patient is stable, then 
the anesthesiologist should lead the team in 
safely transferring the patient to the intensive 
care unit bed. The head of the bed should be 
raised unless concern for spinal fractures pre-
vents the team from doing so.

A member from the surgical team should 
accompany the anesthesia team to the intensive 
care unit, and the patient should be constantly 
monitored. Transport should occur with emer-
gency drugs and back up airway supplies in case 
something changes acutely during transport. 
Once the patient has arrived to the intensive care 
unit, everyone should work in unison to apply the 
intensive care unit monitors onto the patient. 
Assuming the patient is stable, a formal handoff 
should occur. McElroy showed that unorganized 
handoffs with ambiguous roles increase the risk 
of patient harm [55].

The handoff should include the bedside nurse,  
the intensive care unit team, the surgical team, 
and the anesthesia team. A standardized hand-
off should be used with a consistency and 
concerns from each group being highlighted. 
Salzwedel showed that a standardized check-
list for patient handoffs increased both the 
quantity and quality of the information relayed 
[56]. Before leaving the patient’s bedside, the 
nurse and intensive care unit team should “read 
back” what they understood to ensure that  
all concerns have been understood and the 
next goals of care are appropriately prioritized. 
Implementation of a handoff checklist can help 
make the transition of care more complete and 
safer for the patient.

 Conclusion

The anesthesiologist plays an integral role in 
the care of the trauma patient from the trauma 
bay to the intensive care unit. Their understand-
ing of cardiopulmonary physiology and resusci-
tation pharmacology, as well as an appreciation 
for the priorities of care for the trauma patient, 
makes them a valuable resuscitation consul-
tant. Damage control anesthesia encompasses 
 anesthetic induction, airway management, 
hemodynamic monitoring, and resuscitation 
coordination, as well as consideration of neuro, 

renal, and pulmonary protection. The damage 
control approach with “all hands” contributing 
their expertise offers potential for successful 
care of the critically ill trauma patient.
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Abstract

Unfortunately, a large proportion of care deliv-
ered to trauma patients is not based upon high-
quality evidence. Poor external funding of 
research, difficulty studying emergent inter-
ventions, and regulatory burdens create a high 
burden to overcome to successfully design, 
implement, and interpret emergent clinical tri-
als. The lack of high-quality evidence for inter-
ventions results in variations of practice and 
outcomes across trauma centers. Damage con-
trol techniques have certainly saved lives since 
their introduction into modern trauma care. 
However, some of these techniques lack rigor-
ous evidence. Other techniques have high-
quality evidence but suffer from a lack of 
generalizability as resuscitation has dramati-
cally evolved over the last 15 years.

17.1  Introduction

Are we doing too much damage control? The 
short answer—probably. Too much or too little 
of any intervention is highly subject to the local 
environment in which these decisions are made. 

The same goes for damage control. There is sig-
nificant heterogeneity in the types of patients 
trauma centers treat, and this heterogeneity 
leads to dissimilar utilization of damage control 
surgery. In this chapter, we will review the evi-
dence for damage control surgery, discuss the 
difficulties in interpreting the evidence, and 
make the argument that high-quality studies of 
damage control interventions are both feasible 
and necessary.

17.2  The Evidence

17.2.1  Damage Control Laparotomy

The initial indications described for damage control 
laparotomy were the onset of coagulopathy during 
emergency laparotomy and an intra- abdominal 
vascular injury combined with two or more visceral 
injuries in a massively transfused, penetrating 
trauma patient [1, 2]. This concept was innovative at 
the time and led to the application of this technique 
to other situations, such as hepatic packing, second-
look trauma laparotomy, need for a time-consuming 
operation in a marginally  resuscitated patient, and 
abdominal compartment syndrome prophylaxis and 
treatment [3]. Improvements in patient care were 
seen immediately leading to an even more liberal 
application of damage control laparotomy with 
rates  reaching in the 30–40% range at some 
 institutions [4, 5].
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While clinical experience with damage con-
trol laparotomy is now quite robust, there contin-
ues to be a dearth of level 1 evidence to support 
its use. Even decades after its first implementa-
tion and widespread dissemination, appropriate-
ness of indication is still based upon expert 
opinion and experience [6, 7]. A major impedi-
ment to studying damage control laparotomy is 
surgeon equipoise. Quite simply, surgeons dis-
agree on appropriate and inappropriate indica-
tions for damage control (Fig. 17.1).

This variability, however, is proof that group 
equipoise exists. This group equipoise should be 
the basis for future clinical trials of damage con-
trol laparotomy. While it may be uncontroversial 
to perform a damage control laparotomy in a 
coagulopathic patient with severe hepatic injury 
requiring packing, certainly some indications are 
debatable, such as second-look laparotomies. It is 
these indications in which controversy exists that 
we should study this intervention.

17.2.2  Damage Control Orthopedics

Unlike damage control laparotomy, there are 
multiple randomized clinical trials evaluating 
damage control orthopedics [8–10]. In general, 
early fracture fixation has not been associated 
with increased rates of acute respiratory distress 
syndrome or mortality. There may be a sub-
group of severely injured patients (“borderline” 
patients), in whom damage control orthopedics 
is helpful; however no adequately powered 
study exists to support this concept [11]. So, 
again, there is limited high-quality data to guide 
surgeon decision-making.

An additional concern about previous clinical 
trials evaluating early total care versus damage 
control orthopedics is generalizability. Most 
studies on the subject were performed in an era 
where crystalloid was a large component of mas-
sive resuscitations [12, 13]. The harms of crystal-
loid and their association with acute respiratory 
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distress syndrome and mortality are becoming 
clear as the benefits of balanced resuscitation 
have become evident [14]. As in damage control 
laparotomy, where minimization of crystalloid 
and high ratios of plasma, platelets, and red blood 
cells have helped prevent and reverse coagulopa-
thy and acidosis allowing surgeons to stay in the 
operating room longer, improved resuscitation 
may also better optimize patients for early total 
care as opposed to damage control orthopedics.

17.3  Difficulties Interpreting 
the Evidence

There are several difficulties in interpreting the 
data available on all forms of damage control sur-
gery. First, there is a dearth of clinical trials on the 
subject, leaving mostly retrospective studies 
available to interpret and apply to current clinical 
situations. Because most available studies are ret-
rospective, selection bias and the presence of 
known and unknown confounders limits the abil-
ity to accurately determine the effect of damage 
control surgery. That is, patients who were treated 
with a damage control intervention were more 
severely injured or more physiologically deranged 
than those treated with definitive interventions. No 
amount of matching or regression can account for 
all the confounding factors that go along with being 
more severely injured. Thus, morbidity associated 
with damage control interventions is likely to be 
higher than present. This helps to limit the prospec-
tive study of damage control interventions because 
disproportionate and unrealistic harm is associated 
with the damage control intervention.

Second, more often than not, studies detailing 
damage control interventions—especially damage 
control laparotomy—fail to report the rate of and 
indications for those interventions. Any surgeon 
evaluating their own institution might find it diffi-
cult to evaluate the question “Are we doing too 
much damage control?” without baseline rates of 
these interventions and commonly accepted indica-
tions being published. Indeed, a standard require-
ment for any publication on a damage control 
intervention should be the overall rate of use and a 
breakdown of the indications for that intervention.

Lastly, the generalizability of studies to one’s 
own institution and patient population can be dif-
ficult. There are two methods by which generaliz-
ability can be improved. First, studies should 
describe the context in which they are performed. 
Examples of this include overall trauma volume 
per year, number of laparotomies per year, level of 
trauma center designation, and a description of the 
patient population (rural, urban, mixed). Second, 
multicenter studies can provide more generaliz-
able knowledge to apply to local practices.

17.4  The Future

At this point, no damage control intervention has 
sufficient high-quality evidence to make strong 
recommendations to support its use [15]. The vast 
majority of interventions only have biased treat-
ment effects to guide decision-making. The 
Institute of Medicine lists aim to improve health-
care quality, including that care be safe, effective, 
patient-centered, timely, efficient, and equitable. If 
our goal is to provide quality trauma care to our 
patients, the available literature is simply not capa-
ble of directing us. Unfortunately, this statement is 
true for most interventions we provide to patients, 
not simply damage control interventions.

It is difficult to perform prospective clinical tri-
als in trauma and acute care surgery. Individual 
informed consent often cannot realistically be 
obtained. The simple act of opening an envelope to 
randomize a patient can be challenging in the mid-
dle of a hectic resuscitation. Nevertheless, many 
recent clinical trials have shown that it is possible 
to overcome these obstacles [16, 17]. The use of 
exception from informed consent appears to be 
increasing in trauma research. This tool provided 
by the US Department of Health and Human 
Services allows for enrollment of patients into clin-
ical trials and delayed consent once the patient has 
stabilized [18]. The process of obtaining an excep-
tion from informed consent has been improved and 
facilitated by the use of social media [19, 20].

Surgeon equipoise can also limit the ability to 
perform clinical trials in trauma. Many 
experienced surgeons can either feel strongly 
in favor of or against any intervention that has 
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low- quality evidence. This decisiveness is neces-
sary for them to provide timely care to injured 
patients. This decisiveness also may limit the ability 
of those surgeons to feel ethically justified to enroll 
patients into clinical trials evaluating the effect of 
those interventions. The focus of equipoise should 
not be on surgeon equipoise, but group or clinical 
equipoise [21]. If there is controversy among the 
experienced surgeons in the trauma community 
about any particular intervention, then clinical equi-
poise likely exists and surgeons should feel ethi-
cally justified to participate in such a clinical trial. 
This requires the transparent acknowledgment that 
the best treatment is currently unknown.

 Conclusion

Are we doing too much damage control? 
Probably. A recent quality improvement 
study at the Red Duke Trauma Institute at 
Memorial Hermann Hospital—Texas 
Medical Center resulted in a reduction in 
damage control laparotomy from 39 to 23% 
[22]. The rate continued to decrease ulti-
mately averaging 18% over the most recent 8 
months. Despite this decrease, no change in 
morbidity or mortality was observed. This 
brings into question the morbidity typically 
associated with damage control laparotomy. 
Other centers have also reported similar suc-
cessful efforts to decrease the rate of damage 
control surgery [5].

Despite using damage control techniques for 
decades, there is still too little high-quality data 
to definitively answer that question. The trauma 
community should acknowledge that clinical 
equipoise exists for many of the interventions 
being performed daily in the United States. 
Clinical trials in damage control interventions 
are desperately needed to ensure that we are 
providing high-quality care to our patients. This 
will require increased funding for injury, a 
major public health burden in the United States. 
In the interim, publications should detail rates of 
and indications for damage control surgery and 
the context in which they are performed so that 
surgeons can better interpret appropriate use of 
these interventions.
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Abstract

Despite evidence of acute traumatic coagu-
lopathy hiding in plain site for decades, coag-
ulopathy after trauma was thought to result 
from the iatrogenic effects of otherwise well-
intentioned resuscitation. The luminary shock 
research of the late 1960s and early 1970s 
combined with advances in blood banking 
result in a cold red blood cell and crystalloid-
based resuscitation practice which prevailed 
for decades. Indeed, the initial groundbreak-
ing work on hemorrhagic shock revealed that 
shocked patients required both oxygen carry-
ing capacity and blood flow (pressure) for sur-
vival [1–3]. While much of this early work 
was done in the era of whole blood, this was 
largely forgotten as a result of the contempo-
raneously timed move away from whole blood 
transfusion toward component therapy. 
Beginning in the mid-1970s, the blood bank-
ing community realized that they could com-
ponent separate whole blood thereby taking a 
unit of whole blood and converting it to com-
ponents; one unit of packed red blood cells 
(PRBCs) one unit of fresh frozen plasma 
(FFP) some part of a unit of platelets with the 

remainder becoming cryoprecipitate consist-
ing of concentrated factors and fibrinogen. 
The white blood cells were spun or filtered off 
variably during the process. These changes 
which were initially made for resource alloca-
tion and financial reasons were solidified in 
the early 1980s by the emergence of HIV and 
concerns about the safety of the blood supply. 
Hence the new understanding from research 
on shock that our patients need oxygen carry-
ing capacity and flow and left with compo-
nents in the blood bank and crystalloid on the 
shelf our resuscitation practices evolved 
toward the delivery of large volumes of cold 
packed red blood cells and many liters of salt 
water. It was for decades common to resusci-
tate severely injured patients with multiple 
units of packed red blood cells and many liters 
of crystalloid with little to no attention paid to 
coagulation measures or any need for plasma 
or platelets. These resuscitation practices 
resulted in the creation of or exacerbation of 
iatrogenic coagulopathy characterized by 
dilution, hypothermia, and acidosis described 
below.

18.1  Introduction

Despite evidence of acute traumatic coagulopa-
thy hiding in plain site for decades, coagulopa-
thy after trauma was thought to result from the 
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 iatrogenic effects of otherwise well-intentioned 
resuscitation. The luminary shock research of 
the late 1960s and early 1970s combined with 
advances in blood banking result in a cold red 
blood cell and crystalloid-based resuscitation 
practice which prevailed for decades. Indeed, the 
initial groundbreaking work on hemorrhagic 
shock revealed that shocked patients required 
both oxygen carrying capacity and blood flow 
(pressure) for survival [1–3]. While much of this 
early work was done in the era of whole blood, 
this was largely forgotten as a result of the con-
temporaneously timed move away from whole 
blood transfusion toward component therapy. 
Beginning in the mid-1970s, the blood banking 
community realized that they could component 
separate whole blood thereby taking a unit of 
whole blood and converting it to components; 
one unit of packed red blood cells (PRBCs) one 
unit of fresh frozen plasma (FFP) some part of a 
unit of platelets with the remainder becoming 
cryoprecipitate consisting of concentrated fac-
tors and fibrinogen. The white blood cells were 
spun or filtered off variably during the process. 
These changes which were initially made for 
resource allocation and financial reasons were 
solidified in the early 1980s by the emergence of 
HIV and concerns about the safety of the blood 
supply. Hence the new understanding from 
research on shock that our patients need oxygen 
carrying capacity and flow and left with compo-
nents in the blood bank and crystalloid on the 
shelf our resuscitation practices evolved toward 
the delivery of large volumes of cold packed red 
blood cells and many liters of salt water. It was 
for decades common to resuscitate severely 
injured patients with multiple units of packed 
red blood cells and many liters of crystalloid 
with little to no attention paid to coagulation 
measures or any need for plasma or platelets. 
These resuscitation practices resulted in the cre-
ation of or exacerbation of iatrogenic coagulopa-
thy characterized by dilution, hypothermia, and 
acidosis described below.

For many years, this was the mantra that any 
coagulopathy in trauma was a result of exogenous 

iatrogenic reasons which were unfortunate sequelae 
of our otherwise well-meant resuscitation. This 
mantra remained for many years until 2003 at 
which time Brohi and colleagues published their 
luminary paper defining acute traumatic coagulop-
athy [4]. Examining a retrospective dataset of 
injured patients brought by the helicopter service to 
the Royal London Hospital, investigators found 
that approximately one third of patients were coag-
ulopathic upon arrival to the hospital. Patients who 
had impaired coagulation had a mortality rate of 
nearly 50% above a 10% baseline in those who had 
normal coagulation. Concurrently Macleod and 
colleagues published a similar characterization of 
patients with similar demographics, incidence, and 
outcomes [5]. Together these papers established 
that there existed an endogenous coagulopathy of 
trauma which occurred before or separate from the 
iatrogenic causes which had been previously 
thought to be the primary cause of coagulopathy 
after injury.

Based on these findings, several groups began 
the important work of characterizing and investi-
gating mechanisms of coagulation perturbations 
after injury. Perhaps the first mechanistic charac-
terization was an examination of 209 critically 
injured patients brought to San Francisco General 
Hospital. Investigators found that patients who 
were severely injured with an injury severity 
score >15 and shock (defined as a based deficit 
>−6) were coagulopathic with prolonged pro-
thrombin and partial thromboplastin times [6, 7]. 
Patients with acute traumatic coagulopathy had 
significantly higher mortality rates and if they 
live higher rates of inflammatory complications 
including multiple organ failure, lung injury, and 
infection. Biochemical evaluation in this study 
and several other papers revealed several mecha-
nistic insights. While this work evaluated multi-
ple putative mechanistic phenotypes including 
factor depletion, impaired thrombin production, 
and compensatory anticoagulant pathways, this 
initial data suggested acute traumatic coagulopa-
thy was associated with activation with protein C 
system which will be discussed in the section on 
acute traumatic coagulopathy below.
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18.2  Iatrogenic Coagulopathy

While it is now understood that acute traumatic 
coagulopathy is an endogenous response to 
trauma and shock, our resuscitative practices and 
the dynamic development of the trauma patient 
over time also affect the coagulation milieu. As 
described in the introduction, for many years it 
was believed that the vicious triad of acidosis, 
hypothermia, and dilution were the only cause of 
coagulopathy after injury [8]. While this is now 
understood to be incorrect, each of these causes of 
coagulation disturbances (acidosis, hypothermia, 
and dilution) is important, and together they have 
been newly termed iatrogenic coagulopathy [8].

18.2.1  Hypothermia

After injury patients often become hypothermic 
from a combination of their injury, exposure  
in the prehospital and hospital environments (dur-
ing rescue, resuscitation, and surgery), and the 
administration of large volumes of relatively cool 
resuscitation fluids. Because multiple techniques 
have been developed to mitigate hypothermia 
after trauma, as a result its incidence and severity  
have been lessened; even so this can be a  
vexing problem with implications for coagula-
tion. Mechanisms for hypothermic coagulopathy 
include impaired protease function and impaired 
platelet function. Generally, thrombin production 
and function are impaired at temperatures below 
33°C. While these disturbances have been well 
established in in vitro closed systems, effects in 
actual patients remain less well understood. 
Because most clotting assays including conven-
tional clotting tests as well as viscoelastic testing 
are performed on plasma or whole blood 
rewarmed to 37°, any hypothermic perturbations 
are not seen clinically and in large characteriza-
tion datasets. In addition to protease enzymatic 
activity, historical evidence also suggests that 
hypothermia adversely affects platelet function. 
Recent data however has shown that there is an 
endogenous platelet dysfunction of trauma affect-

ing up to 50% of patients, which is likely more 
important than any hypothermic effects. In addi-
tion, new data suggests that platelet function is in 
fact preserved and possibly enhanced as tempera-
ture drops. That being said, the effects of hypo-
thermia on coagulation are thought to be minor 
in comparison to the endogenous perturbations 
seen in ATC and relatively minor compared to  
the dilution of old-fashioned crystalloid-based 
resuscitation.

18.3  Dilutional

The final and perhaps most impactful of the triad 
of iatrogenic coagulopathy is dilutional coagulop-
athy (also termed resuscitation-associated coagu-
lopathy). This dilution results from the (now 
fortunately) large-volume crystalloid-based resus-
citation. In this scenario large volumes dilute 
coagulation factors which are already relatively 
depleted by cascade activation and loss from hem-
orrhage and are further diluted preventing clotting 
cascade propagation and thrombin and fibrin for-
mation [9, 10]. Another cause of coagulation dis-
turbances from dilution suggests that the reduction 
of hematocrit from blood loss replaced with crys-
talloid resulting in impaired platelet interaction 
with the growing fibrin plug resulting coagulopa-
thy. Fortunately, in the era of plasma-based bal-
anced resuscitation, there are much less dilution 
and resulting coagulation effects. Indeed while 
much effort has been spent on the debate of which 
resuscitation ratio (e.g., 1:1 vs. 1:2) is correct, this 
seems distracting from the salient mechanism 
which has curtailed historical dilutional coagulop-
athy. Instead of the particular ratio, the combina-
tion of a plasma- based blood product resuscitation 
with the often overlooked effect of a lack of large-
volume crystalloid resuscitation has resulted in 
improved clotting and outcomes. While much of 
the world has gone to a plasma-based balanced 
ratio, some parts of Europe continue to utilize a 
starch-based fluid resuscitation regime which 
results in a fibrinogen bioavailability and dilu-
tional coagulopathy. Indeed, their coagulopathic 
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animal models and resultant publications are 
reflective of these clinical resuscitation policies 
making them unfortunately no longer relevant in 
2017. Fortunately much of Europe and indeed the 
world is moving away from these resuscitation 
practices making dilutional coagulopathy much 
less prevalent.

18.4  Acute Traumatic 
Coagulopathy

As described above acute traumatic coagulopathy, 
which is also called trauma-induced coagulopathy 
(*these terms will be utilized interchangeably), 
was initially described by Brohi and colleagues in 
2003. Subsequent to this significant work by mul-
tiple groups has elucidated and evaluated multiple 
mechanisms involved in ATC which will be 
described here.

18.4.1  Activated Protein C

Protein C is a serine protease which when activated 
from its inactive zymogen state in a proteolytic 
reaction involving (primarily) endothelial-bound 
thrombomodulin, thrombin and the endothelial pro-
tein C receptor [11, 12]. Once activated protein C 
exerts its anticoagulant effects through the proteo-
lytic cleavage of factors Va and VIIIa. In addition, it 
prevents coagulation through working as a throm-
bin sink. Lastly it derepresses fibrinolysis by inhib-
iting PAI-1 which serves to free tPA resulting in 
increased lysis. Taken together activation of protein 
C binds thrombin and prevents clot from being 
formed while enhancing fibrinolysis. In trauma, 
these mechanisms have been extensively studied 
and characterized in multiple human studies and 
animal and in vivo models.

When severe injury is combined with tissue 
hypoperfusion, there is an activation of protein C 
to its activated form which results in proteolytic 
cleavage of factors Va and VIIIa as well as dere-
pression of fibrinolysis from inhibition of PAI-1 
and resultant increased activity of tPA. This pro-
tein C activation was initially described in poly-

trauma patients and has been corroborated in 
multiple human cohorts including in isolated TBI 
patients [7, 13]. Subsequent animal model and 
in vitro data have confirmed the initial clinical 
findings. Additional lab data suggests that the 
combination of thrombin production from tissue 
injury and thrombomodulin and endothelial pro-
tein C receptor expression at the endothelial sur-
face from shock (tissue hypoperfusion) result in 
the necessary components for activation of this 
protein C. Patients with elevated activated protein 
C levels or conversely depleted protein C zymo-
gen have increased bleeding, increased resuscita-
tion needs, higher mortality, and when they 
survive increased inflammatory complications 
including ARDS, multiple organ failure, and 
infection. This last point is worth exploring as it 
highlights the crosstalk between coagulation and 
inflammation after injury. While it has consider-
able anticoagulant activity, APC is also pro-
foundly cytoprotective with a signaling domain 
on the molecule separate from the protease 
domain which binds PAR-1 and results in anti- 
apoptosis, cleavage of extracellular histones, and 
reduced endothelial permeability. It seems plau-
sible that activated protein C is being activated in 
high concentration after injury in an attempt to 
keep the host (patient) alive through the acute 
phase of injury. The unfortunate sequelae of too 
much of a good thing results in ATC. Later when 
a patient has survived through the initial acute 
phase to land in the ICU, the too much of a good 
thing is replaced by too little of a good thing with 
impaired cytoprotection and a resultant hyperco-
agulable state characterized by thrombotic risk 
and complications. This complex biology pro-
vides one example of the important crosstalk 
between inflammation and coagulation. This mal-
adaptive protein C hypothesis would suggest that 
a combination of blocking the anticoagulant effect 
of APC and augmenting the cytoprotective effects 
would allow for a mitigation of coagulopathy 
while enhancing the beneficial inflammation- 
modulatory effects. The well- described failure of 
recombinant activated protein C (trade name 
Xigris) in septic shock was likely because of inap-
propriate dosing and poor patient selection. It was 
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often described as the last very expensive thera-
peutic given patients just before they died and was 
taken off of the market due to this futility and the 
worry about bleeding risk. That being said the 
biological and clinical plausibility is extremely 
good, and the combination of blocking only the 
protease function (to mitigate ATC) has sound 
preclinical evidence. Recent development of engi-
neered protein C molecules that have only the 
cytoprotective binding (with enhanced activity 
and no bleeding risk) by the group at Scripps pro-
vides the ability to test this in our injured patients 
in the near future.

While activation of the protein C system has 
been implicated in the acute coagulopathy of 
trauma, several other mechanisms have also been 
investigated. First is thrombin production and 
factor depletion. While it might seem obvious 
that factor depletion would be common after 
trauma and that repletion of factors via a plasma- 
or factor-based resuscitation would play a key 
role in mitigating coagulopathy, there is no evi-
dence to support either of these theories. Several 
investigative groups have measured antigen and 
functional factor levels after injury, and while 
there is often a trend toward lower levels com-
pared to uninjured controls, none of the measured 
factor levels drop low enough to result in a deple-
tion coagulopathy characterized by impaired 
thrombin production [14, 15]. Of course, it is cer-
tainly possible that these low but not critically 
low factor levels are indeed depleted enough to 
cause a tissue-specific coagulopathy resulting in 
impaired clotting for what would be needed at the 
site of injury after a severe trauma however this 
remains an untested and outside of sophisticated 
animal model untestable theory. Speaking against 
this local or post trauma, situational coagulopa-
thy is the always high thrombin production post 
trauma. In multiple animal models, thrombin 
production after injury remains high and does 
 not seem to constitute a reason for impaired 
coagulation.

Along with factor levels, there are several 
other anticoagulant mechanisms separate from 
protein C including antithrombin and tissue fac-
tor pathway inhibitor. Each of these could poten-

tially constitute an anticoagulant mechanism 
after injury; however, each has been interrogated 
and does not currently seem to be a contributor to 
coagulopathy after trauma.

18.4.2  Fibrinolysis and Fibrinolysis 
Shutdown

While impaired clot formation remains a center-
piece of impaired coagulation, fibrinolysis in all 
of its forms is emerging as a very important phe-
notype of post injury traumatic coagulopathy. 
From the first descriptions of acute traumatic 
coagulopathy, fibrinolysis has been integral.  
The initial characterizations of ATC and the sub-
sequent protein C literature showed that there 
was not only an impairment in clot production 
but also enhanced fibrinolysis. While the initial 
characterization of fibrinolysis was quantified by 
fibrin split products, subsequent use of viscoelas-
tic testing further quantified the prevalence and 
degree of fibrinolysis. Several groups quantified 
hyperfibrinolysis as defined by an LY30 of 
greater than 3 or 7.5% with varying amounts of 
prevalence in multiple studies using TEG and 
ROTEM. Brohi et al. subsequently measured 
plasmin and antiplasmin levels and quantified a 
higher prevalence of hyperfibrinolysis which was 
clinically significant and not seen with viscoelas-
tic (ROTEM) measures.

An initial finding from the Colorado group 
suggested however that there was a U-shaped 
curve of fibrinolysis with patient cohorting into 
three distinct groups depending on their degree 
of lysis (from minimal to hyper). From this ini-
tial important work, the Colorado group identi-
fied that patients are separated into three distinct 
groups with a small group showing hyperfibri-
nolysis, a group with normal (or termed physi-
ologic) fibrinolysis, and a newly described 
cohort with sub physiologic fibrinolysis which 
they termed fibrinolysis shutdown [16, 17]. 
Newly detailed assays using tPA challenge 
 further delineated these and have detailed a 
newly emerging biology of fibrinolysis shut-
down [18,  19].
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18.5  Conclusion and Future Steps

The understanding of the underlying biology and 
physiology of acute traumatic coagulopathy has 
undergone tremendous advancement and a para-
digm shift over the past decade. The realization 
and subsequent scientific evidence that traumatic 
coagulopathy exists as an endogenous biological 
and physiologic process combined temporally 
with the advancement of hemostatic resuscita-
tion (which is covered elsewhere) have resulted 
in changes in resuscitation and tremendous 
documented mortality and morbidity reduc-
tions in the severely injured. Despite the lack of 
prospective randomized trials, the trauma com-
munity has digested the emerging science and 
redefined the state of care where resuscitative 
conduct is aimed at identifying and mitigating 
traumatic coagulopathy. From this move toward 
hemostatic resuscitation, lives have been saved 
and morbidity mitigated. While beneficial this 
one-size-fits- all approach to resuscitation clearly 
over-resuscitates some and under- resuscitates 
others. There unfortunately remains a lack 
of an individualized approach to phenotypic 
identification and personalized resuscitation. 
Fortunately, several groups have moved forward 
with a personalized medicine approach to trauma 
resuscitation, as an alternative to protocolized 
plasma-based resuscitation. Rizolli and col-
leagues studied TEG-based resuscitation against 
a 1:1-based resuscitation. Despite methodologi-
cal issues including a relative small study and 
difficulties achieving the 1:1 ratio in the refer-
ence arm, there was a significant benefit to a tar-
geted data-based resuscitation. Subsequently the 
group in Denver performed a larger prospective 
randomized prospective trial of TEG based vs. 
empiric care and showed a reduced mortality and 
morbidity in patients treated with TEG-based 
resuscitation. Taken together these indictments 
of a one-size-fits-all empiric treatment suggest 
that personalized tailoring of resuscitation pro-
vides a superior matching of need to treatment 
with incumbent saving of lives and reduction of 
unnecessary blood product transfusion. Finally, 
in a proof of concept, our group has recently 

reported the use of a dynamic model of coag-
ulation for targeted treatment. In this work a 
mathematical model was fit to thrombin gen-
eration curves generated from ex vivo plasma 
from severely injured trauma patients. This in 
silico model could then with a limited number of 
parameters predict which factor treatments can 
normalize thrombin production [20]. Ultimately 
this work suggests a future where rather than 
giving large volumes of poorly characterized 
blood products we as a trauma community 
will provide in silico guided targeted treatment  
to place coagulation in the sweet spot for tar-
geted treatment.
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Abstract

The current treatment for massively bleeding 
patients is nearly identical to practices devel-
oped by physicians caring for thousands of 
injured combatants during World War I and 
II. After being forgotten for half a century, 
these techniques made a resurgence in the 
form of damage control resuscitation early in 
the twenty-first century, based on therapies 
employed during wars in Southwest Asia. The 
concepts include limiting crystalloid, whole 
blood, or balance blood component transfu-
sions to achieve permissive hypotension, pre-
venting hypothermia, and stopping bleeding 
as quickly as possible.

It will be tragic if medical historian can look back 
on the WWII period and write of it as a time 
when so much was learned and so little remem-
bered.—Dr. Henry Beecher (1951) [1]

With the exception of a few cases of whole 
blood transfusion, including four during the Civil 
War, crystalloid was the standard of therapy for 
hemorrhage shock in the nineteenth century and 
the first two decades of the twentieth century [2–5]. 

However, the onset of World War I and the 
 subsequent great influx of severely injured  
combatants caused Allied surgeons to deem crys-
talloid “unsatisfactory” for treating massive hem-
orrhage because of the increased bleeding it caused 
[6]. That knowledge, along with advances in blood 
typing and preservation techniques at the begin-
ning of the twentieth century, allowed whole blood 
to become the standard of care during the final year 
of World War I [5, 7, 8]. This persisted for the next 
four decades until dried plasma was developed just 
prior to WWII, and it became the standard early 
resuscitation fluid for US military surgeons during 
the war. It was transfused to maintain a systolic 
blood pressure of 85 mm Hg along with appropri-
ate skin color and warmth while readying 
whole blood and attempting to stop the bleeding [1, 
9–11]. Surgeons learned that warming the patient 
to physiologic temperature and transfusing whole 
blood to achieve a lower than normal blood pres-
sure resulted in the “most dramatic improvement” 
[12, 13].

In the early 1960s, research by leading civilian 
trauma surgeons seemed to indicate that infusing 
Ringer’s lactate (LR) before whole blood improved 
survival for animals in hemorrhagic shock [14–
19]. These models failed to take into account the 
chance for rebleeding from achieving a normal 
blood pressure and were not compared with whole 
blood resuscitation in scientific studies, but this 
did not prevent the adoption of crystalloids as a 
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resuscitative fluid for bleeding casualties during 
the Vietnam War. An influential study published in 
the mid-1970s seemed to confirm the safety of 
crystalloid when it said that 1–2 l could be admin-
istered while waiting for whole blood to be cross-
matched [20].

While increasing volumes of crystalloid were 
being incorporated into hemorrhagic shock 
resuscitation, advances in blood fractionation 
techniques permitted a unit of whole blood to be 
separated into separate units of red blood cells 
(RBCs), plasma, and platelets. This allowed for 
most patients requiring a blood transfusion to be 
treated with only the component in which they 
were deficient, thus conserving blood supplies 
while limiting exposure to potential pathogens 
and transfusion reactions [21–24]. At the time, 
experienced surgeons recommended moderation 
of crystalloid infusion and asserted that whole 
blood should be used to replace acute blood loss, 
but this did not prevent many busy trauma cen-
ters in the 1970s from exclusively infusing RBCs 
and LR in bleeding patients [18, 25–27].

The aggressive use of crystalloid and RBC 
resuscitation only grew in the last two decades of 
the twentieth century as studies proclaimed that 
transfusing platelets and plasma was not necessary 
until laboratory values demonstrated coagulopa-
thy [28–31]. “Supranormal resuscitation” also 
became popular at this time because of subse-
quently refuted studies and HIV transmission was 
a concern for all blood transfusions [32–41].

19.1  Damage Control 
Resuscitation

At the beginning of the twenty-first century, 
 complications resulting from large-volume crys-
talloid resuscitation, including cardiopulmonary 
dysfunction, abdominal compartment syndrome, 
multiple organ dysfunction syndrome, and mor-
tality, were being identified and published [42, 
43]. Coagulopathy was also identified in 25–33% 
of severely injured patients and was associated 
with increased mortality [44–49]. Observations of 
the clinical utility of whole blood were described 
from the 1993 Black Hawk Down episode [50]. 

As a result, the US military surgeons treating 
patients in Iraq and Afghanistan developed dam-
age control resuscitation (DCR) as a way to mimic 
the lessons learned by Allied physicians treating 
thousands of combat casualties during the World 
Wars. DCR attempted to replicate the success of 
whole blood by transfusing balanced ratios of 
plasma and platelets to RBCs to achieve permis-
sive hypotension while maintaining normal tem-
perature and quickly stopping bleeding [51, 52]. 
This reduced the side effects associated with 
large-volume crystalloid infusion including dilu-
tional coagulopathy, hypothermia from room  
temperature infusion, as well as increased inflam-
mation, edema, and organ failure [53–58].

19.2  Limit Crystalloid

Large-volume crystalloid infusion worsens the 
“bloody vicious cycle” of coagulopathy, acidosis, 
and hypothermia by diluting clotting factors, 
cooling the patient, and worsening acidosis [27, 
53, 54, 59, 60]. It also disrupts cellular mecha-
nisms leading to inflammation and edema. This 
leads to increased mortality from cardiac, pulmo-
nary, gastrointestinal, and immune system dys-
function as well as morbidity from decreased 
healing and increased incidences of anastomotic 
leak, abdominal compartment syndrome, and 
open abdomen [42, 43, 61–66, 56, 57–59]. 
Increased crystalloid resuscitation also results in 
more blood transfusions and more rapid clot 
breakdown (hyperfibrinolysis) [67–70].

19.3  Balanced Resuscitation

After implementing DCR in Iraq and Afghanistan, 
the military published their initial results with 
balanced resuscitation in 2007. The first retro-
spective trial showed improved survival for 
patients receiving higher ratios of plasma to 
RBCs [51]. These results were replicated in other 
military and civilian trials looking at both blunt 
and penetrating injuries [48, 71–78]. Similar 
results were found for balanced ratios of platelet 
transfusion [72, 79–83]. Civilian trauma centers 
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quickly adopted balanced ratio massive resusci-
tation with 70–85% of level 1 centers now includ-
ing it in their massive transfusion protocol, up 
from just a few centers a decade ago [84–86].

19.4  Survival Bias

A limitation to retrospective studies was high-
lighted in 2009 by a trial that examined the 
increased time required to thaw fresh frozen 
plasma (FFP) (93 min) for transfusion compared 
with RBCs (18 min) [87]. As a result, patients who 
survived ultimately received balance ratios of 
plasma, while those who died within the first few 
hours received RBCs but not other components 
which require longer to prepare. Prethawed plasma 
and never-frozen plasma are now available in more 
than 85% of surveyed trauma centers, to overcome 
the time required to thaw FFP [86, 88–93].

The PROPPR trial was a prospective, random-
ized, multicenter trial designed to evaluate the 
difference in outcomes between the two most 
common resuscitation ratios (1:1:1 and 1:1:2 
(plasma/platelet/RBC)) [94]. While it did not 
show an improvement in 24 h or 30-day mortal-
ity, it did show the benefits of early balanced 
plasma and platelet resuscitation with decreased 
mortality at 3 h, decreased hemorrhagic death at 
24 h, and increased median time to hemorrhage 
death [94–97]. PROPPR also showed no increase 
in complications for those treated with a 1:1:1 
ratio, indicating that it is safe to transfuse higher 
ratios of plasma and platelets [94].

19.5  Whole Blood

While balance resuscitation was rapidly adopted 
in civilian trauma centers, the US military 
 continued a long tradition of whole blood trans-
fusions. Military physicians have safely trans-
fused more than a million units of whole blood 
during wars over the past century, including more 
than 10,300 units of fresh whole blood to treat 
massively injured combatants in Iraq and 
Afghanistan [7, 8, 41, 98, 99]. Much of the trans-
fused whole blood during these conflicts was pro-

vided by a walking blood bank of prescreened 
soldiers in rural settings. Retrospective reviews 
from these wars show improved 24-h and 30-day 
survival for massively transfused patients who 
received warm, fresh whole blood compared with 
those who received balanced ratios of blood com-
ponents [100, 101]. This superiority is a result of 
the improved oxygen-carrying capacity, coagula-
tion factors, platelet activity, flow characteristics, 
decreased dilution by storage solutions, and the 
superior hemostatic potential of whole blood 
compared to reconstituted component therapy 
[41, 98, 102].

19.6  Permissive Hypotension

In addition to replacing blood loss with whole 
blood or a balanced approximation, another com-
ponent of damage control resuscitation is permis-
sive hypotension. Originally described by World 
War I and II physicians, permissive hypotension 
contends that maintaining a lower than normal 
blood pressure decreases blood loss [9, 13]. The 
theory was confirmed by multiple animal models 
of uncontrolled hemorrhage [50, 103–107] and 
randomized trials in penetrating and blunt trauma 
patients [108–110].

19.7  Hypothermia

Hypothermia is common in severely injured 
trauma patients because of environmental expo-
sure and infusion of room temperature fluids. It 
causes increased bleeding and mortality because 
of a reduction in coagulation enzyme activity and 
clot formation [27, 111–115]. Warming fluids and 
other rewarming techniques should be used to 
reverse these processes [57].

19.8  Stopping Hemorrhage

Rapid hemorrhage control is an important compo-
nent of DCR because exsanguination is the leading 
cause of potentially survivable trauma deaths 
[116]. Tourniquets are effective for controlling 
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extremity hemorrhage, and they have a low inci-
dence of complications [117, 118]. Hemostatic 
dressings are effective for controlling compressible 
bleeding, but two-thirds of hemorrhagic deaths 
result from non-compressible torso trauma, so 
resuscitative endovascular balloon occlusion of the 
aorta (REBOA) has made a resurgence for quickly 
halting abdominal and pelvic hemorrhage with less 
morbidity than a resuscitative thoracotomy [116, 
119–122]. Centers should implement a comprehen-
sive hemorrhage control bundle, to begin prehospi-
tal and extend through the operating room [96].

19.9  Viscoelastic Hemostatic 
Assays

When bleeding slows, viscoelastic hemostatic assays 
(VHA), such as thromboelastography (TEG) and 
rotational thromboelastometry (ROTEM), can be 
used to guide resuscitation more precisely than fixed 
component ratios by evaluating clot formation, sta-
bility, and degradation as well as diagnose hypo- and 
hypercoagulable states [58, 123–126]. Rapid TEG is 
capable of predicting the need for component trans-
fusions within 5 min, and a recent randomized con-
trol trial showed improved mortality and decreased 
blood component transfusions when comparing it 
with conventional coagulation tests [127, 128].

VHA also provide information on fibrinolysis, 
which is a spectrum of clot degradation ranging 
from hyperfibrinolysis with unmitigated hemor-
rhage to fibrinolysis shutdown causing excessive 
thrombus and subsequent organ dysfunction 
[129]. Fibrinolysis is diagnosed based on TEG 
LY30, and both extremes cause increased mortal-
ity [68, 129]. Administering tranexamic acid 
(TXA) within 3 h of injury reverses this labora-
tory abnormality, but it remains to be seen if this 
treatment for hyperfibrinolysis (LY30 > 3%) 
improves patient outcomes [130–132].

 Conclusion

Cutting edge therapy for hemorrhage shock is 
nearly identical to the methods established while 
resuscitating thousands of critically wounded 
soldiers during WWI and WWII. The biggest 
difference is the currently accepted practice of 

balanced blood component therapy rather than 
whole blood, which was successfully used for 
half a century before being supplanted by crys-
talloid and RBCs, despite no comparison studies 
in uncontrolled hemorrhage. Because fraction-
ated blood components are inferior to whole 
blood in oxygen-carrying capacity and coagula-
tion, the best replacement for blood loss is almost 
assuredly whole blood. As a result, whole blood 
needs to be seriously evaluated as the therapy of 
choice for massively bleeding patients.
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Abstract

Damage control resuscitation has been 
increasingly adopted and practiced over the 
last decade. The concepts used are not new to 
this era of medicine but are novel in combina-
tion. This chapter will focus on adjuncts to 
damage control resuscitation (DCR) including 
massive transfusion protocols, the “other” 
tenets of damage control resuscitation, hyper-
tonic saline, tranexamic acid, pharmacologic 
resuscitation, Factor VIIa, and prothrombin 
complex, and viscoelastic testing.

Damage control resuscitation (DCR) is a treat-
ment strategy targeting the conditions that poten-
tiate hemorrhage in the traumatically injured 
patient [1]. The term originates from the US 
Navy in reference to the techniques used to sal-
vage a damaged ship during conflict [2]. In the 
management of the hemorrhaging patient, DCR 
refers to an approach to resuscitation initially 

adopted to improve outcomes of patients under-
going an abbreviated laparotomy or other proce-
dure due to grossly disturbed physiology. 
However, its early implementation and even 
adoption in the prehospital setting have resulted 
in many of these patients now undergoing defini-
tive procedures as the initial operation. The three 
basic tenets of DCR include permissive hypoten-
sion, blood product resuscitation approximating 
whole blood, and minimizing use of crystalloid 
prior to surgical control of bleeding [3]. Ideally, 
this process begins in the prehospital setting and 
continues through the emergency room (ER) and 
operating room, and into the ICU, as needed.

Looking at the incorporation of the other two 
principles (permissive hypotension and minimizing 
crystalloids) into a mature trauma center already 
incorporating a transfusion strategy approaching 
whole blood, investigators found an improvement 
in survival among emergent laparotomy patients 
[4]. Cotton and colleagues evaluated 390 patients 
who underwent damage control laparotomy and 
were managed with a red blood cell:plasma:platelet 
ratio of 1:1:1. The investigators found that after 
adoption of permissive hypotension and minimal 
crystalloids in the ED and operating room, blood 
transfusions were reduced, patients arrived to the 
ICU with less coagulopathy and acidosis, and sur-
vival was increased 2.5- fold. Duke et al. investi-
gated the combination of a restrictive fluid 
resuscitation strategy and DCR. They reported a 
significant reduction in preoperative and intraopera-
tive crystalloid administration with improvements 
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in hospital and ICU length of stay, a reduction in 
operative room mortality, and a resultant decrease 
in overall mortality [5].

20.1  Permissive Hypotension

The concept of permissive hypotension has been 
debated for years. Maintaining the patient’s blood 
pressure high enough for adequate organ perfu-
sion yet low enough as to avoid exsanguination is 
the goal. In 1918, Walter Cannon and John Fraser 
warned of the blood loss that could occur by ele-
vating a patient’s blood pressure before a surgeon 
was available [6]. The endpoint for resuscitation 
prior to the availability of a surgeon in their study 
was between 70 and 80 mmHg systolic blood 
pressure. In his document entitled “Surgery in 
World War II, General Surgery”, Dr. Beecher 
stated that “When the patient must wait for a con-
siderable period, elevation of his systolic blood 
pressure to ~85 mmHg is all that is necessary” 
and that “…one should consider himself lucky if 
a systolic pressure of 80 mmHg to 85 mmHg can 
be achieved and then surgery undertaken” [7]. 
However, human studies validated the data pro-
duced by animal studies have been few [8, 9].

In 2002, Dutton and colleagues conducted a 
randomized trial of hypotensive resuscitation [9]. 
A total of 110 patients were randomized on arrival 
to a resuscitation targeting a systolic blood pres-
sure of 70 mmHg or a systolic of 100 mmHg. 
Each resuscitation strategy was continued until 
definitive hemostasis was achieved. While no sur-
vival difference was noted, the authors found that 
aiming for SBP of 70 mmHg (vs. >100 mmHg) 
was safe in patients arriving with evidence of 
hemorrhage. Carrick et al. recently evaluated a 
similar strategy in trauma patients undergoing a 
thoracotomy or laparotomy [10]. Aiming for 
mean arterial pressure of 50 or 65 mmHg, the 
investigators continued this goal throughout the 
operating room course. The authors found that 
while blood loss and transfusions were less in the 
hypotensive group (50 mmHg goal), this did not 
translate into an improvement in 30-day mortality. 
Both studies, however, were quite small and their 
results may reflect a type-II error. As well, the 

benefits of reduced hemorrhage outweigh the pos-
sible detrimental effects of organ ischemia and 
reperfusion injury [11].

20.2  Minimizing Crystalloids

Historically, large quantities of crystalloid and 
blood were advocated to replace the intravascular 
and extravascular fluid loss from hemorrhage. 
This strategy arose from studies in the 1950s and 
1960s and was, until recently, endorsed by the 
American College of Surgeons Advanced Trauma 
Life Support (ATLS) course with the recommen-
dation of 1–2 L of crystalloid during the initial 
management of trauma patients [12–14]. However, 
multiple studies have shown the detriments of 
aggressive crystalloid resuscitation including car-
diac dysfunction, ARDS, multi- organ failure, and 
increases in mortality [15–21]. Moreover, the infu-
sion of room temperature, high chloride contain-
ing fluid worsens hypothermia, acidosis, and 
coagulopathy [22]. Resuscitation to a normal 
blood pressure increases hemorrhage through the 
dilution of coagulation factors, displacement of 
tenuous clots, and decreases in blood viscosity 
leading to increased mortality [23–28].

Evaluating the impact of minimizing crystal-
loids in the clinical arena, Bickell and colleagues 
built on this extensive preclinical data by conduct-
ing a randomized trial of standard ATLS resuscita-
tion (crystalloids) versus no fluid [27]. Patients 
presenting with hypotension (systolic ≤ 90 mmHg) 
and who had sustained penetrating torso injuries 
were randomized to one arm or the other begin-
ning in the prehospital setting and the randomiza-
tion resuscitation strategies were continued until 
the patient entered the operating room. Patients 
who received no fluid (delayed resuscitation) had 
lower mortality compared to those who received 
immediate fluid resuscitation. Two decades later, 
the Resuscitation Outcomes Consortium further 
investigated these two damage control resuscita-
tion principles [29]. The investigators randomized 
study patients beginning in the prehospital setting 
to a systolic pressure of 70 mmHg and small 
boluses (250 mL) to maintain blood pressure goal, 
while the control group was randomized to 
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110 mmHg, received two liters initially, and addi-
tional fluid to maintain blood pressure target. Each 
protocol continued until hemorrhage control or 2 h 
after hospital arrival. The 24-h mortality for blunt 
trauma was significantly lower in the study arm 
compared to that observed in the control group 
(3% vs. 18%).

20.3  Massive Transfusion 
Protocolization

The 1970s brought about the first discussions of 
massive transfusions (MT) and the associated 
90% mortality rate [30]. However, the develop-
ment of standardized delivery processes and pro-
tocolization of these MT processes would take 
another 30 years to arrive. With the implementa-
tion and maturation of these MT protocols, times 
to delivery of initial blood products, overall prod-
uct utilization, and mortality were all signifi-
cantly reduced [31, 32]. To put this in perspective, 
early improvements in hemorrhagic shock resus-
citation (2000–2005) had reported mortalities for 
patients receiving a MT were 55–65% [33]. 
However, with increased adoption of MT proto-
cols, mortality soon dropped to 45–50% by 2009. 
With further maturation and adoption of DCR 
tenets, MT mortalities continued to decrease to 
the current rates of 22–26% [34].

The layers of delay for blood product adminis-
tration include the placement of the individual 
product orders, communication among provid-
ers, decisions regarding the products to transfuse, 
transportation of blood samples to the lab, and 
receipt and review of the lab values [35]. MT pro-
tocolization allows members of the trauma team 
to focus on managing the patient and their inju-
ries and be less worried about choosing, obtain-
ing, and transfusion of blood products. That said, 
establishing a massive transfusion protocol is not 
an easy task (Figs. 20.1, 20.2, 20.3 and 20.4). 
This is a multidisciplinary process involving the 
Emergency Medicine Physicians, Trauma 
Surgeons, Anesthesiologists, Hematologists, and 
Blood Bank. In 2008, Cotton et al. first demon-
strated an improvement in mortality with the 
simple implementation of the MT process at their 

hospital [32]. In 2009, Riskin and colleagues also 
noted an improvement in mortality, which they 
attributed to improved communication with the 
blood bank and time to blood product availability 
[36]. In order for MT protocol to be effective, a 
center must have thawed or liquid plasma avail-
able for immediate delivery and transfusion [37–
39]. Determining the content of the MTP cooler 
is highly debated in the literature to this day. In a 
recent randomized controlled trial, resuscitation 
of red blood cells:plasma:platelets in a ratio of 
1:1:1 demonstrated a reduction in bleeding-
related mortality [34]. However, overall mortality 
was not improved. No matter the take on the cur-
rent literature, delivery of a standardized MT pro-
tocol and compliance with that protocol has been 
shown to improve outcomes in these patients [40, 
41].

Once in place, knowing which patients will 
benefit from activation of the MT protocol can be 
difficult. Multiple scoring systems have been 
developed to identify patients that may benefit 
from a MT protocol [33]. While the predictive 
value of each of these scores is good, many of 
these include laboratory values that are not readily 
available upon the patient’s arrival to the hospital 
making these scoring systems less useful. To 
address this, the Assessment of Blood Consumption 
(ABC) score was developed in 2009. It utilizes 
data readily available upon a patient’s arrival to the 
hospital. The four components of the score are: 
ED systolic blood pressure ≤90 mmHg, ED heart 
rate ≥120 beats per minutes, penetrating mecha-
nism, positive fluid on abdominal ultrasound eval-
uation. Each criterion consists of one point. Scores 
≥2 indicate activation of the MT protocol 
(Fig. 20.1). While the ABC score overestimates 
the need for MT protocol with a positive predictive 
value of 50–55%, products can be returned and 
restocked. More importantly, the negative predic-

Assessment of Blood Consumption Score

ED systolic BP ED systolic blood pressure £ 90 mmHg
ED heart rate ³ 120 beats per minutes

Penetrating Mechanism
Positive fluid on abdominal FAST

Fig. 20.1 Assessment of blood consumption score
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tive value for ABC is 95–96%; thereby minimiz-
ing those missed [39, 42, 43].

The ABC score is but one of many tools avail-
able to practitioners managing severely injured 
patients and should not replace a physician’s discre-
tion. Other clues to encourage activation of the MT 
protocol include persistent hemodynamic instabil-
ity, active hemorrhage requiring surgical interven-
tion, including interventional radiologic procedures, 
and the transfusion of non- crossmatched blood in 
the resuscitation bay [39]. A delay in identifying 
patients that require massive transfusion and delay 
in the initial cooler arrival, prolong the time to 
hemostasis and increase mortality [44, 45].

Once activated, the blood bank should imme-
diately release MT coolers for transfusion 
approximately every 10–15 min. One simple 
rule: remain one cooler ahead of the current 
transfusion. Once the hemorrhage has been con-
trolled and the patient is no longer hemodynami-

cally unstable, the MT protocol can be 
discontinued. Laboratory indicators can be help-
ful in these situations and include hemoglobin 
levels, traditional coagulation tests, viscoelastic 
testing, platelet counts, and fibrinogen levels. 
The decision to terminate the MTP should be 
determined by the anesthesia and surgery teams 
jointly [39]. Compliance with the protocol is also 
essential for providing optimal care. Knowing 
when to activate and when to terminate the proto-
col can be guided by scoring tools and laboratory 
values. These values should assist, not replace, 
the judgment of the providers. The EAST guide-
line for damage control resuscitation recom-
mends the development and implementation of a 
massive transfusion/DCR protocol in a multidis-
ciplinary fashion with current literature and  target 
blood product ratios. Furthermore, the same 
group endorses a high ratio MT/DCR strategy, if 
not whole blood [37].

Phone call notification to Blood Bank
of activation of MTP

Team notifies Blood Bank (BB) of MTP
activation and provides age, gender, location

BB calls OR to notify team that first round
of MTP ready 

BB calls the OR within 15-20 minutes to:
1) Notify team next round of products ready
2) Ask team if MTP is to continue

MTP discontinued & unused products
returned to BB

Unless specified, BB releases prepared box
and ceases preparation of future boxes 

BB begins preparation of next
round of products 

First box prepared/released:
6 U RBC, 6U plasma

1 apheresis platelets or
6 U low-titer O, whole blood

TEG sent and tracings used to guide
further product delivery; specifically,

need for anti-fibrinolytic and or
cryoprecipitate.

If “YES”

T&S sent IMMEDIATELY
to allow conversion to
type-specific products

If “NO”

Next box prepared/released:
6 U RBC, 6U plasma

1 apheresis platelets or
6 U whole blood

Patient leaves OR and further
resuscitation and transfusions guided by

laboratory and TEG based valuesTeam notifies BB & stops protocol if:
1) hemostasis achieved,
2) case is completed, or
3) patient expires

Fig. 20.2 Massive transfusion protocol at Memorial Hermann Hospital-Texas Trauma Institute
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TRAUMA ACTIVATION

Beeper notification to Trauma & Blood Bank Staff

If your
patient has
these VS in
the FIELD or
ED

INITIATE MTP

MASSIVE TRANSFUSION
PROTOCOL

SBP ≤ 70
OR
SBP 71-90
and HR
≥ 108

Any of these in the ED:
- Penetrating torso injury
- Major pelvic fracture
- Positive FAST >1 body region
- Acute hemorrhage

Attending MD or one designated personnel (e.g.
Charge Nurse) notifies Blood Bank directly ×25251

Blood Bank Response
• First cooler with 4 units of O RBC and 2 uints of plasma
• Confirmation with clinical team to:

• Establish Pt. Identifiers
• Expect an armbanded full pink top type & screen specimen
  and the subsequent issuance of type specific blood products

Blood products will continue to be provided in a 4:2 ratio unless requested otherwise.

If your patient is bleeding, use the Rapid TEG values below to guide transfusion

Return any unused blood products to the Blood Bank immediately – Notify Blood Bank ×25251 when MTP is terminated

Or Plt Ct
<100K

ACT ≥
128

Plasma
2 units

Cryo
10 units

Platelets
1 unit

Or INR >1.5 Or fibrinogen
<133

Angle
< 65

MA
< 55

AND

Fig. 20.3 r-TEG-based massive transfusion protocol at Denver HealthMedical Center

ACT ≥128 Transfuse plasma

Transfuse plasma

Transfuse plasma
Add cryoprecipitate/fibrinogen if angle also abnormal

Transfuse cryoprecipitate (or fibrinogen)
Add platelets if mA is also abnormal

Transfuse platelets
Add cryoprecipitate/fibrinogen if angle also abnormal

Administer tranexamic acid or amino-caproic acid

r-value ≥1.1

k-time ≥2.5

α-angle ≤60

MA ≤55

LY-30 ≥3%

Fig. 20.4 r-TEG cut 
point values at Memorial 
Hermann Hospital- 
TexasTrauma Institute
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20.4  Tranexamic Acid

The anti-fibrinolytic agent tranexamic acid 
(TXA) works by inhibiting the conversion of 
plasminogen to plasmin. In retrospective studies, 
administration of TXA to hemorrhaging patients 
has been associated with decreased mortality in 
both the civilian and military populations [46, 
47]. It has also been shown to be a cost-effective 
adjunct for health care systems in poor and 
wealthy nations [48]. The identified window of 
benefit for the administration of TXA is within 
3 h of injury [49]. However, TXA has failed to 
gain widespread acceptance and incorporation in 
the USA for multiple reasons. First, the large, 
multicenter, randomized trial of TXA in injured 
patients (CRASH-2) has several major method-
ological flaws. Also, whether TXA has any 
impact on trauma outcomes in a region already 
practicing DCR or a hospital with a MTP in 
place is unknown. The majority of patients 
enrolled in CRASH-2 were in low-income and 
middle- income countries where blood products, 
mature trauma centers, and experienced trauma 
teams are not readily available. Finally, how sick 
or injured (or uninjured) patients were in 
CRASH-2 is also a concern; less than half of 
patients (in either TXA or placebo groups) 
underwent an operation and only half received 
even one unit of blood.

In 2013, Napolitano et al. recommended TXA 
be used as part of a MTP in the following situa-
tions: (1) hyperfibrinolysis demonstrated on vis-
coelastic testing or (2) in patients with severe 
hemorrhagic shock (SBP ≤75 mmHg and a base 
deficit >5). Furthermore, given the increase in 
mortality seen with administration after 3 h, TXA 
should not be given when the time from injury is 
known or suspected to be greater than 3 h [50]. 
The current EAST guideline conditionally rec-
ommends TXA use as a hemostatic adjunct in the 
severely injured patient in the hospital setting 
only [37].

20.5  Fibrinogen Replacement

The case for the addition of fibrinogen, through 
either cryoprecipitate or fibrinogen concentrate, 
remains controversial. While in theory an argu-
ment can be easily made for its use in the bleeding 
patient, data in trauma and emergent cases is 
extremely lacking. The majority of data support-
ing its use is in the cardiac setting, and especially 
in those scenarios where intravascular support 
includes hydroxyethyl starches [51]. Hydroxyethyl 
starches reduce maximal clot firmness through a 
reduction in fibrinogen activity (as well as that of 
factors II, X, and XIII) [52]. One randomized trial 
of patients undergoing major aortic replacement 
surgery found a reduction in both red blood cell 
and plasma transfusions in patients receiving 
fibrinogen concentrate (compared to placebo) 
[53]. In the setting of trauma, Schochl et al. evalu-
ated 131 patients who received fibrinogen con-
centrate guided by viscoelastic tests in the setting 
of bleeding [54]. The authors noted a significantly 
improved mortality compared to that predicted by 
the Trauma Related Injury Severity Score (TRISS) 
in patients who received fibrinogen concentrate 
during their initial resuscitation. As well, German 
investigators found that exsanguinating patients 
who received fibrinogen concentrate as part of 
their resuscitation had improved 6-h mortality 
(corresponding to the time of bleeding-related 
deaths [55]). The MATTERs II study, which was 
a retrospective study of UK and US military expe-
rience with combat injuries, evaluated the role of 
cryoprecipitate and tranexamic acid [56]. 
Investigators found that when patients received 
both cryoprecipitate and tranexamic acid as part 
of their care, mortality was half that of those who 
received neither (11.6 versus 23.6%). However, 
the PROMMTT investigators evaluated the 
impact of cryoprecipitate on bleeding patients 
from ten US Level-1 trauma centers and noted 
that its use varied greatly in their timing and use 
of cryoprecipitate in severely injured trauma 
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patients [57]. However, the authors could not 
identify any association of cryoprecipitate use 
with in-hospital mortality. In addition, some have 
argued that routine replacement even in exsan-
guinating patients is  unwarranted [58]. Opponents 
note that with early and more aggressive use of 
plasma, hypofibrinogenemia and/or fibrinogen 
dysfunction is uncommon. Given this, most 
would agree that randomized controlled studies 
in trauma are needed to determine if fibrinogen 
replacement is necessary. To that end, a random-
ized trial of fibrinogen replacement beginning in 
the prehospital setting, CRYOSTAT-2, will begin 
enrollment in 2017.

20.6  Prothrombin Complex 
Concentrate

Prothrombin complex concentrate (PCC) is a 
concentrated vitamin K-dependent coagulation 
factor product. It was originally approved for the 
treatment of hemophilia B and has been expanded 
to the reversal of vitamin K antagonist (VKA) 
effects. PCCs offer potential advantages over 
plasma including faster INR normalization in 
patients, delivery of smaller infusion volume, 
rapid administration, and no requirement for 
ABO blood-type matching.

All derived from pooled plasma and carry the 
possible risk of virus transmission. The 4-factor 
concentrates contain factors II, VII, IX, and X, 
while the 3-factor concentrates contain II, IX, 
and X. Sarode and colleagues conducted a multi-
center, randomized trial in non-trauma, non- 
critical patients who were on warfarin and had 
need for urgent INR reversal [59]. The authors 
demonstrated that PCCs more rapidly reversed 
INR compared to plasma reversal, and did so 
with a similar adverse event profile. Studies in 
trauma are small and few [60]. However, some of 
these have noted effectiveness of PCC in the 
rapid reversal of VKA-related coagulopathy in 

trauma patients. Quick et al. demonstrated the 
safety and efficacy of PCC in the reversal of 
VKA-related coagulopathy in geriatric trauma 
patients [61]. Huynh et al. noted a more rapid 
correction of INR in patients on warfarin who 
sustained traumatic brain injury, with no differ-
ences in outcome. The utility of PCC incorpora-
tion into MT protocols or as a replacement for 
plasma in early resuscitation remains to be 
answered. Plasma provides volume expansion, 
acid-base buffering capacity, and high oncotic 
properties, all of which are beneficial in the 
patient with hemorrhagic shock, and none of 
which are present with PCCs [58]. In addition, 
plasma is effective in maintaining vascular endo-
thelium integrity and clot stability, which has not 
yet been established for PCCs [62].

20.7  Recombinant Factor VIIa 
(rFVIIa)

Recombinant factor VIIa (rFVIIa) is currently 
approved for the treatment of hemophilia and has 
previously been advocated for the use in hemor-
rhaging trauma patients. It has been adopted and 
incorporated into many massive transfusion algo-
rithms [63]. The rFVIIa is thought to activate the 
common coagulation pathway at pharmacologic 
doses [64]. Several retrospective studies show pos-
sible benefit in the use of rFVIIa as an adjunct to 
DCR by decreasing the overall need for blood 
transfusions, improvement in traditional coagula-
tion tests, and hastening the resolution of bleeding 
[65–67]. However, randomized trials were less 
encouraging. Bouffard et al. published a random-
ized, placebo-controlled trial showing that patients 
suffering from blunt traumatic injury received less 
blood products with rFVIIa, but no benefit was 
seen in penetrating trauma [68]. Raobaikady et al. 
reported their randomized trial on the use of 
rFVIIa during pelvic reconstruction and noted no 
difference in transfusion requirements [69]. In 
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2010, the CONTROL trial evaluated the safety and 
efficacy of rFVIIa in a multinational randomized 
trial. There was no difference in survival between 
patients receiving rFVIIa and placebo, regardless 
of the mechanism of trauma. Similar to previous 
studies, rFVIIa decreased red blood cells and 
plasma transfusions and a trend toward less multi-
organ failure was noted [70].

There was much early enthusiasm for the use 
of rFVIIa in the management of the bleeding 
patient. However, the popularity of DCR, with 
less crystalloid volume and earlier plasma and 
platelet transfusions, increased during the study 
periods for rVIIa. The current EAST guideline 
does not recommend for or against the use of 
rFVIIa as it does not appear to improve all-cause 
mortality and the only benefit is a possible reduc-
tion in the need for massive transfusion. They 
recommend further study to identify the optimal 
dose and timing for rFVIIa delivery [37].

20.8  Vasopressin

Arginine vasopressin (AVP) is an endogenous 
neurohypophyseal hormone released in response 
to changes in plasma osmolality and blood pres-
sure [71]. Hypotension can stimulate the release 
of vasopressin as much as 40 times physiologic 
concentrations. Also, AVP clearance is prolonged 
leading to higher concentrations for a longer 
duration [72]. Its release is suppressed by eleva-
tions of norepinephrine and nitric oxide, which 
can be seen in hemorrhagic shock. Primarily, 
AVP works on the extracerebral arteriole V1 
receptors leading to vasoconstriction. This causes 
an increase in systemic vascular resistance and a 
redistribution of blood flow from capacitance 
vessels in the periphery toward heart, brain, and 
kidneys [73]. However, this vasoconstriction is 
not as great in the coronary and renal system. 
AVP potentially has a vasodilatory effect on cere-
bral and renal vessels leading to improved blood 
flow [74].

The compensatory increase in endogenous 
vasopressin levels has been described in septic 
and hemorrhagic shock. Patients suffering from 
septic or hemorrhagic shock with a depressed 
endogenous AVP response show a significant 

increase in blood pressure with low-dose admin-
istration of AVP, while patients with a normal 
compensatory response did not show the same 
response to low-dose AVP administration [75, 
76]. Animal models of liver injury associated 
hemorrhagic shock have shown decreased blood 
loss, increased mean arterial pressure, and sig-
nificantly higher hemoglobin levels with vaso-
pressin administration compared to standard 
crystalloid resuscitation [74]. AVP caused a shift 
in blood flow from the intra-abdominal injury 
leading to decreased blood loss. A temporary 
shunting of blood flow from the mesenteric ves-
sels and profound peripheral vasoconstriction 
lead to restored perfusion of the liver and kidneys 
[74, 77]. Similar studies showed an increase in 
cardiac and cerebral blood flow following vaso-
pressin administration secondary to cutaneous, 
muscular, adipose, gut vasoconstriction. The car-
diovascular collapse and blood loss seen with 
crystalloid infusion was not demonstrated fol-
lowing AVP injection [78]. A randomized, 
placebo- controlled study (AVERT Shock) is cur-
rently underway to investigate the potential ben-
efit of vasopressin administration during the early 
resuscitation of bleeding trauma patients [79].

20.9  Valproic Acid

Valproic acid (VPA) is a GABA-ergic medication 
used in the treatment of epilepsy, bipolar disor-
der, migraines, and neuropathic pain. There are 
multiple mechanisms of action that contribute to 
the biologic activity of VPA including the altera-
tion of gene expression, the downregulation of 
enzymatic pathways, the enhancement of neuro-
transmission, and the stabilization of neuronal 
membranes [80–83]. Histone deacetylase has 
been implicated in the modulation of the lifespan 
of certain organisms through its effect on gene 
expression [84]. Hemorrhage and the resuscita-
tion of hemorrhage have been shown to be asso-
ciated with an imbalance in histone deacetylase 
(HDAC) and histone acetyltransferase (HAT) 
activity. The presence of shock induces changes 
in histone deacetylation which can be reversed 
with the infusion of VPA, a HDAC inhibitor. 
Animal models have shown that the cytoprotec-
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tive and restorative effects occur with pretreat-
ment and post-injury infusion of VPA [85–87]. 
This leads to improvement in early survival from 
near lethal hemorrhage. The survival advantage 
is likely due to better tolerance to the shock state 
by cells [88]. Further research needs to be per-
formed in this area to investigate the utility of 
VPA in human trauma resuscitation.

20.10  Hypertonic Saline

The infusion of hypertonic saline has been 
described at multiple points during the manage-
ment of the injured patient; from the point of 
injury, to specific injury management, to damage 
control resuscitation. Hypertonic saline infusion 
increases serum osmolality causing a shift of 
fluid volume from the intracellular to the extra-
cellular space. This volume shift effectively 
increases preload, cardiac output, and mean arte-
rial pressure [89]. Mazzoni et al. described an 
improvement in capillary endothelial swelling 
leading to an improvement in microcirculation 
with the infusion of hypertonic saline [90].

As described above, volume overload is detri-
mental to patients requiring management in 
damage control situations. It leads to the devel-
opment of acute lung injury and acute respira-
tory distress syndrome, as well as to multisystem 
organ failure secondary to the cascade of inflam-
matory and immune responses associated with 
volume overload [91]. Hypertonic saline infu-
sion allows for the rapid restoration of preload 
with less volume. Furthermore, the edema asso-
ciated with resuscitation is attenuated leading to 
improved end organ perfusion [1]. Animal stud-
ies have shown that hypertonic saline infusion 
attenuates the proliferation of white blood cells, 
endothelial adhesion, and the expression of 
inflammatory markers in the lung and gut [92–
94]. Rizoli and colleagues corroborated these 
findings by demonstrating a decreased neutro-
phil activation, decreased serum TNF-α levels, 
increased level of anti- inflammatory cytokines 
IL-1ra and IL-10, and attenuated norepinephrine 
surge associated with shock. This was demon-
strated up to 24 h following injury [95]. Other 
animal studies have shown that hypertonic saline 

not only prevents, but reverses resuscitation-
induced intestinal edema [96–98].

Duchesne et al. performed a retrospective 
comparison of low volume resuscitation with 
hypertonic saline and isotonic crystalloid infu-
sion during the ICU phase of damage control 
resuscitation. They found a decrease in the vol-
ume infused, decreased ICU length of stay, lower 
prevalence of ARDS and multisystem organ fail-
ure, and a trend toward renal failure in the hyper-
tonic saline group [91]. In 2013, Harvin and 
colleagues described a protocol of hypertonic 
saline (3% saline) infusion following damage 
control laparotomy with respect to primary fas-
cial closure. They found that the isotonic crystal-
loid group received significantly more fluid 
compared to the hypertonic saline group; how-
ever, transfusions of blood products were similar. 
There were also similar rates of renal failure 
between the group. The investigators found that 
100% of patients in the hypertonic saline group 
achieved primary fascial closure by post-damage 
control day 7 and a decreased time to fascial clo-
sure compared to 76% in the isotonic crystalloid 
group [99].

20.11  Viscoelastic Testing

Approximately 25% of severely injured patients 
have an established coagulopathy upon arrival to 
the emergency department [100, 101]. Prompt 
recognition and treatment of this cohort of patients 
is crucial. Most centers monitor five convention 
coagulation tests: prothrombin time (PT), interna-
tional normalized ratio (INR), activated partial 
thromboplastin time (aPTT), platelet count, and 
fibrinogen levels. These tests are representative of 
a portion of the coagulation system. Utilization of 
these tests is limited by slow result times, poor 
association with clinical outcomes, and incom-
plete characterization of the complete coagulation 
system. Viscoelastic tests characterize the lifes-
pan of a clot from the time to initial fibrin cross-
linking to breakdown by fibrinolysis in a single 
assay [102]. The viscoelastic assays available are 
thromboelastography (TEG) (Haemonetics 
Corp, Niles, IN) and thromboelastometry 
(ROTEM) (TEM International, GmbH, Munich, 
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Germany). The rapid TEG (r-TEG) assay has 
been shown to be readily available within min-
utes of being drawn, correlates well with con-
ventional coagulation tests, and is predictive of 
early transfusion necessity [103]. In 2012, 
Holcomb et al. found that r-TEG data was clini-
cally superior to the five conventional coagula-
tion assays and identified patients with an 
increased risk of early PRBC, plasma and plate-
let transfusions, and fibrinolysis. The authors 
suggested that admission conventional coagula-
tion tests could be replaced with r-TEG [104]. 
Further investigation into specific TEG values 
found that the parameter of clot strength (G) pro-
vided a consistent, independent prediction of 
massive transfusion and coagulation-related mor-
tality early in the resuscitation [105]. Most 
recently, Gonzalez et al. compared MTP goal-
directed by TEG versus conventional coagulation 
tests. They found that using a goal directed, TEG-
guided MTP improved survival and used less 
plasma and platelet transfusions during the early 
phase of resuscitation compared with conven-
tional coagulation test directed MTP [106].

 Conclusions

Damage control resuscitation has become 
increasingly adopted and practiced over the 
last 10 years. While many of the concepts 
used are not new, their application to early 
trauma resuscitation and their combination 
unique “cocktails” is novel, and the resultant 
improved outcomes applauded. This chapter 
evaluated many of these adjuncts to DCR 
including massive transfusion protocols, the 
less known and investigated DCR tenets, vis-
coelastic testing, hypertonic saline, tranexamic 
acid, Factor VIIa, and prothrombin complex.

In conjunction with early use of blood 
products (in ratios resembling whole blood), 
permissive hypotension and limited crystal-
loid administration are associated with 
reduced bleeding, less transfusions, and 
improved survival. Protocolization of the mas-
sive transfusion process, independent of ratios 
and products, is associated with improved sur-
vival. Use of viscoelastic testing to guide the 

resuscitation or bleeding patients appears to 
improve survival and reduce overall transfu-
sion rates.

While VIIa and PCC appear to be of little use 
in the acute resuscitation of hemorrhage, TXA 
appears to improve survival in patients with 
penetrating mechanism, who are in profound 
shock, and receive the drug early after injury. 
Both hypertonic saline and vasopressin hold 
promise in the pursuit to limit fluid resuscitation 
and bleeding volume in hemorrhagic shock 
patients. Finally, use of valproic acid may not 
reduce bleeding but may allow for better toler-
ance of prolonged hemorrhagic shock, allowing 
for the delivery to appropriate levels of care for 
severely injured patients.
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Abstract

Before the concept of damage control, patients 
admitted with severe injuries following sig-
nificant blood loss would spend hours on the 
operating table to anatomically correct their 
injuries. The long operating time spent resect-
ing livers, anastomosing bowel, bringing out 
stomas, and closing tense abdomens would 
inevitably lead to patients dying on the operat-
ing table or in the recovery ward.

21.1  Introduction

Before the concept of damage control, patients 
admitted with severe injuries following significant 
blood loss would spend hours on the operating table 
to anatomically correct their injuries. The long 
operating time spent resecting livers, anastomosing 
bowel, bringing out stomas, and closing tense abdo-
mens would inevitably lead to patients dying on the 
operating table or in the recovery ward.

Twenty years ago, the term “damage 
control”(DC) described an abdominal staged pro-
cedure that reduced postoperative deaths in 
patients with exsanguinating hemorrhage [1]. 

Rather than addressing anatomy, it addressed the 
physiology that resulted from coagulopathy, 
hypothermia, and acidosis. The onus was to stop 
bleeding and sepsis as quickly as possible, fol-
lowed by transfer to the intensive care unit for 
warming and normalization of the physiological 
parameters of temperature and coagulation dur-
ing which the abdomen was left open to reduce 
the effects of abdominal compartment syndrome 
(ACS). Upon restoration of physiology, the 
patient returned to the operating theater, and 
packs were removed and bowel continuity estab-
lished and the abdomen closed.

21.2  Damage Control 
Resuscitation

The recent conflicts in Iraq and Afghanistan have 
produced a change in the way DC is currently 
practiced. It is known that 30% of trauma patients 
who have significant blood loss are also coagulo-
pathic and hypothermic [2, 3]. Rather than resus-
citating patients and then performing DC, 
resuscitation must therefore begin either in the 
prehospital setting or immediately on arrival. This 
resuscitation became known as damage control 
resuscitation (DCR). Rather than elevate the 
blood pressure to normal values, the blood pres-
sure was maintained to a level that would allow 
perfusion of the heart, kidneys, liver, and brain 
which equates to around 80 mm Hg. A concerted 
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effort was made to replace like with like, and so 
blood and blood products replaced blood loss. 
Limiting the amount of crystalloid is necessary to 
reduce third space overload which can lead to tis-
sue edema and dilution of coagulation factors. So, 
DCR consists of hypotensive resuscitation and 
hemostatic resuscitation using blood components, 
given in a 1:1:1 ratio of packed red cells, fresh 
frozen plasma, and platelets [4], with severely 
limiting the use of crystalloids. Hypothermia 
which is caused by anaerobic  respiration due to 
the initial tissue hypoxia is addressed by increas-
ing the inflow temperature to 39C and giving 
blood and blood products at an average flow rate 
of 500 mL/min using a level one infuser. The 
coagulopathy is addressed by thromboelastogra-
phy [5] and more coagulation products given as 
necessary. If the physiology can be normalized 
during the operation, then a discussion between 
anesthetist and surgeon can decide whether to 
stage or complete the operation.

The advances in DC gained have been widely 
adopted by civilian trauma centers throughout 
UK and the world. However, these advances 
require a significant amount of infrastructure. 
The question is whether these principles can be 
applied to patients with similar injuries in an aus-
tere environment or does one accept a signifi-
cantly higher mortality.

21.3  Humanitarian Austere 
Damage Control Resuscitation

In the summer of 2012 at a field hospital in the 
Northern Syria, the initial decision to perform DC 
was based on the ATLS category of class 3 and 
class 4 shock, pertaining to a loss of between 
1500 mL and more than 2 L of blood. Because 
there was no accurate way of measuring, all 
patients in this category were assumed to be hypo-
thermic and coagulopathic. Resuscitation began 
with warmed crystalloid solution to improve the 
cardiac output. The temperature of the intrave-
nous fluids was around 40 °C. This was achieved, 
by placing bags of fresh whole blood (FWB) and 
crystalloid solution in a bucket of hot water 
warmed by a kettle. To assess the correct tempera-
ture, it was assumed that if the operator’s hands 

could not tolerate the water in the bucket for more 
than 30 s, then the temperature was higher than 
43 °C and if the operator could for around a min-
ute or so, then this would equate to a temperature 
of around 42 °C and the bags of crystalloid and 
blood placed in the bucket for around 5 min or so. 
Minimal amounts of crystalloid were infused cali-
brated to the radial pulse. Hemoglobin was mea-
sured using a hemoglobinometer and oxygen 
saturation with a probe placed on a digit.

Following an improvement in blood pressure 
or maintenance of a radial pulse, all patients 
received one unit of warm FWB, which was 
typed, crossmatched, and tested for hepatitis B 
and C and HIV. It is known that FWB improves 
cardiac output, microcirculatory hemodynamics, 
and oxygen consumption and may correct coagu-
lopathy more efficiently because of increased 
function and concentration of platelets and 
plasma. It has been shown that one unit of FWB 
may be equivalent to ten pools of platelets [6, 7].

Resuscitative surgical skills were used to 
arrest non-compressible bleeding, and all arterial 
injuries were shunted as quickly as possible. The 
clotting time was assessed by a colleague using 
blood tilted in a syringe until it had signs of clot-
ting. Solid organs that were bleeding or had the 
potential to rebleed were removed, and omentum 
was packed into liver injuries. At the same time, 
warm saline was poured into the abdomen using 
bags of saline that were warmed in the bucket.

21.4  Physiological Monitoring

There is no instrumentation available to measure 
pH and acid base balance in this environment. 
However, we have known from animal studies 
that there is a critical amount of oxygen in the 
blood that prevents anaerobic respiration. This 
depends on maintaining a good cardiac output and 
having enough oxygen in the red cells to maintain 
aerobic respiration. Many studies have shown that 
the critical hemoglobin level to maintain oxygen 
delivery to tissues during hemorrhage is 5 g/dL 
and above but only if the cardiac output can be 
maintained [8, 9]. A hemoglobin of 6 g/dL was 
therefore chosen as the cutoff for further whole 
blood administration as previous work has shown.
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Strict damage control principles were applied, 
and the operation was curtailed as soon as possi-
ble and the abdomen packed with counted swabs 
and the abdominal skin closed with a running 
suture. All patients were extubated and put on a 
normal ward with a nasogastric tube and urinary 
catheter. Following a period of anything up to but 
not exceeding 36 h, when deemed to be physio-
logically normal, patients were brought back to 
the operating theater and the bowel anastomosis 
completed, and if there is a vascular injury, the 
vascular shunt is removed and a vascular recon-
struction attempted.

21.5  Abdominal Closure

Twenty years ago, laparostomy was necessary 
because of the high incidence of ACS due to 
crystalloid extravasation. Modern DC resuscita-
tion using blood and components has signifi-
cantly reduced this requirement [10] In this 
environment, however, because of lack of blood, 
a significant amount of crystalloid must be given 
to maintain a reasonable cardiac output, which 
increases the risk of ACS. It is important that the 
surgeon anticipates this risk as there is no provi-
sion for laparostomy.

Any noticeable edema of the small or large 
bowel, tightness in closure, and doughy feeling 
of the abdominal wall were cues for ACS. In 
these cases, a component separation was per-
formed on both sides of the abdominal wall. This 
technique involves releasing the external oblique 
from the anterior rectus sheath aponeurosis. This 
allowed on average a further 14 cm of laxity of 
the anterior abdominal wall for further expansion 
and subsequent reduction of intra-abdominal 
pressure.

There were no hard and fast rules relating to 
bowel anastomosis: all small bowel anastomoses 
were closed, most right colonic anastomoses 
were closed, and all left-sided colon injuries were 
treated by either anastomosis and defunctioning 
ileostomy or Hartmann’s procedure. These can 
easily be brought out in abdominal wall which 
has undergone component separation.

Although many more patients were treated, 61 
patients fell into the category of requiring DC 

based on exsanguinating hemorrhage. To the 
whole team’s credit, not one patient died during 
this time. This included adults and children. Of 
the 61 patients, 15% had an Hb around 5 g/
dL. Postoperatively, oxygen saturation gave an 
indication of acidosis and fluid requirements, a 
low oxygen saturation implying shift of the oxy-
gen dissociation curve to the right. Close obser-
vation of the urine output in the first 2–3 days 
was as important as the initial surgery and all 
related to the continuing restoration of 
physiology.

This study performed in the Medecins Sans 
Frontieres hospital in Atmeh, Northern Syria, in 
2012, has been tried and tested subsequently in 
well over 300 patients in Aleppo in 2013 and 
2014 with excellent results.
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Abstract

The practice of trauma surgery in the after-
math of the Boston Marathon bombing took 
place within the walls of the multiple Boston 
Level I trauma centers, as well as several adja-
cent community hospitals. The approach to 
these patients reflected the general philosophy 
of rapid damage control, abbreviated surgery, 
frequent returns to the operating room in a 
staged fashion, and high-ratio blood transfu-
sions. The real lesson for surgeons, however, 
is learned from careful examination of the pre-
hospital treatment of the injuries resulting 
from the two improvised explosive devices 
detonated on Boylston Street during the run-
ning of the 117th Boston Marathon at 14:49 
on April 15, 2013: damage control starts at the 
point of wounding.

22.1  Preface

The practice of trauma surgery in the aftermath 
of the Boston Marathon bombing took place 
within the walls of the multiple Boston Level I 
trauma centers, as well as several adjacent com-
munity hospitals. The approach to these patients 
reflected the general philosophy of rapid dam-
age control, abbreviated surgery, frequent returns 
to the operating room in a staged fashion, and 
high- ratio blood transfusions. The real lesson for 
surgeons, however, is learned from careful exam-
ination of the prehospital treatment of the inju-
ries 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: damage control starts at the 
point of wounding.

As a surgeon, soldier, Bostonian, 50+-time 
chronic marathoner, and participant of 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 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 sur-
vivors of the Boston Marathon bombing.
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22.2  History Repeats Itself

Described in antiquity, tourniquets have been 
used to control extremity bleeding during ampu-
tations. This evolved to encompass the use of 
tourniquets as a first aid maneuver for extrem-
ity bleeding. The merits of tourniquet use as 
a first aid hemorrhage control maneuver have 
been repeatedly debated, mostly based on his-
torical battlefield experiences that traditionally 
condemned the practice for its dreaded limb- 
threatening complications [1, 2]. Data collected 
throughout the most recent decade and a half of 
war in Iraq and Afghanistan [3, 4], however, have 
caused physicians, first responders, and policy- 
makers to reconsider previously held beliefs 
around tourniquet use in the prehospital manage-
ment of severely bleeding extremities [1]. This 
contemporary military wartime experience dem-
onstrates that while improvised tourniquets are 
rarely effective, the ubiquitous availability and 
early use of commercial, purpose-designed tour-
niquets reduce death rates from extremity wound 
exsanguination [5–8]. The Boston Marathon 
bombing was the first major, modern US terror-
ist event with multiple, severe, warlike, lower 
extremity injuries [9] resulting from dismounted 
improvised explosive devices. Mass casualty 
events with multiple, severe extremity injuries 
are common on the battlefield but uncommon in 
the homeland. In Boston, trained medical profes-
sionals, civilian first responders, and nonmedi-
cal bystanders rushed to aid the injured, mostly 
attending to extremity wounds [10, 11].

22.3  The Bombing

Two ground-level improvised explosive devices 
were detonated on Boylston Street during the run-
ning of the 117th Boston Marathon, at 14:49:43 
and 14:49:57 on April 15, 2013. Two hundred 
forty-three injured patients presented with a myr-
iad of injuries (Fig. 22.1). Of the total population 
of 243 injured casualties, 152 patients presented 
to the emergency department (ED) within 24 h of 
the explosions, of which 66 patients were suffer-

ing from at least one extremity injury. In those 
patients with an extremity injury. Figure 22.2 
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 extrem-
ity injuries. There were 17 lower extremity trau-
matic amputations (LETA) in 15 patients, of 
whom 10 suffered below-knee traumatic ampu-
tation (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 traumatic 
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 arteriovenous injuries (one combined 
femoral arteriovenous and one combined pop-
liteal arteriovenous injuries). The burden of 
extremity injury is presented in Fig. 22.3.

Of all 66 patients with extremity injuries, 29 
(44%) were recognized and documented as hav-
ing 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.

Among the 29 patients with recognized exsan-
guination, 27 tourniquets were applied at the 
point of injury: 94% of the LETA extremities, 
42% of the lower extremities with major vascu-
lar injuries, and 6 of the 7 additional extremities 
with major soft tissue injury. No patient had more 
than one tourniquet per extremity, and no junc-
tional injuries with significant hemorrhage were 
identified. Of the 16 LETA patients with tourni-
quets, 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 
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official Boston EMS response, including physi-
cians, off- duty soldiers, etc.), and 5 had impro-
vised 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 exsanguination, four had 
improvised tourniquets applied by EMS, and two 
had improvised tourniquets of unknown origin. 
Figures 22.4 and 22.5 reflect the sources of the 
tourniquets recovered. In total, 37% of tourniquets 
were applied by EMS. Eight limbs presented to 
the ED with life-threatening exsanguination and 
had no prehospital 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 knowl-
edge of this patient’s trauma burden or outcome. 
At the Massachusetts General Hospital, all six 
improvised tourniquets encountered were venous 
tourniquets and required replacement with a CAT 
tourniquet to prevent ongoing extremity exsan-
guination and effect hemostasis upon arrival in 
the ED. Similar reports exist from other Boston 
hospitals. The most commonly encountered 
EMS tourniquet was an improvised tourniquet 
consisting of rubber tubing and a Kelly clamp 
(Fig. 22.6). Among the 66 patients with extrem-
ity injuries, mortality was 0%.
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22.4  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 
improvised explosive devices. The Boston expe-
rience demonstrated the nearly universal use of 
improvised tourniquets as a primary prehospital 
and presurgical attempt at hemostatic interven-
tion 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 tourniquet after the 
bombing; however, this manuscript conspicu-
ously omits data regarding effectiveness of the 

improvised tourniquet or why this device was 
specifically 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 consis-
tently reported superior hemostatic results with 
the use of commercial, purpose-designed tour-
niquets. Our collective military experience has 
also established the hemostatic superiority of the 
commercially available devices by directly com-
paring 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 mili-
tary service member carries at least one CAT 
tourniquet (often two). The translation of this 
military posture (general availability of tourni-
quets and widespread training on how to apply 
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them correctly) to the homeland has not been 
realized, unlike other battlefield lessons such as 
early use of anti-fibrinolytics, high-ratio transfu-
sion, and abbreviated surgery, which have gained 
far more translational traction in the homeland 
[16]. Had translation been more successful, one 
may have expected far more than a single com-
mercial tourniquet identified after the bomb-
ing. Damage control should start at the point of 
wounding.

Additional evidence from the civilian commu-
nity [15, 17] demonstrates an obvious deficiency 
in the translation of the military’s extremity 
hemorrhage control posture. A retrospective 
study on trauma registries at two large Level I 
trauma centers in Canada [15] revealed that of 
190 patients who suffered isolated extremity 
injuries with arterial injury, only 4 patients had 
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a tourniquet present upon arrival. Those were all 
improvised tourniquets (necktie, belt, or hand-
kerchief) applied by police or bystanders. In the 
non- tourniquet group, six deaths were recorded 
as a direct result of exsanguination. While sta-

tistically 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 environ-
ment. 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 
Combat Application Tourniquet for uncontrolled 
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 impro-
vise an effective arterial tourniquet, the data 
suggests this is uncommonly done appropri-
ately, especially under stress [4, 10–17]. An 
improvised tourniquet should be (1) wide 
enough to  compress arterial and venous vas-
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culature without creating pressure necrosis of 
the skin or neurapraxia (as may occur with nar-
row tourniquets, such as rubber tubing) and (2) 
have a device attached to create a mechanical 
advantage to generate adequate circumferential 
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 cre-
ate an effective arterial tourniquet device with-
out 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 sudden disaster, tourniquets 
will continue to be improvised despite all efforts 
at translation by policy-makers. Improvised tour-
niquets, 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 tourni-
quets 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 worsens, 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 tour-
niquet, as well as how to improvise an effective 
arterial tourniquet, may be appropriate since it 
is nearly certain that limbs will have improvised 
tourniquets applied after the next, unfortunate, 
bombing in the homeland. Several studies sug-
gest 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 hemorrhage control, 
there were no in-hospital deaths. The mean trans-
port 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 
under 1 h to over 2 h after time of wounding, 
depending on the setting and circumstances [10, 
13, 20–23]. The high number of Boston area met-
ropolitan trauma centers all colocated in a very 
small geographic area near the Boston Marathon 
finish line likely contributed to this rapid evacu-
ation time, as well as the robust medical infra-
structure already in place at the finish line for the 
expected event-related illnesses.

The Boston bombing experience suggests that 
(1) instances of multiple exsanguinating extrem-
ity injuries, like 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 likely created cases of para-
doxical bleeding. When contrasted to the wealth 
of evidence gathered from the last decade of mili-
tary experience, these findings call for a recon-
sideration of our practices. We recommend that 
all EMS services translate a military posture 
with an extremity hemorrhage control protocol 
that emphasizes appropriate training with liberal 
availability of commercial, purpose-designed 
tourniquets. Proper tourniquet application tech-
niques should be presented in the Advanced 
Trauma Life Support and Prehospital Trauma 
Life Support training manuals, among others. 
Several notable organizations, including the 
Hartford Consensus and the American College 
of Surgeons, are recommending translation and 
adoption of military posture toward prehospital 
extremity hemorrhage control [24, 25]. Physician 
leaders and policy-makers should insist on trans-
lation of a prehospital extremity hemorrhage 
control posture similar to the ubiquitous adoption 
and presence of automated external defibrilla-
tors in nearly every ambulance, federal building, 
cafeteria, and other public gathering area in the 
United States. Damage control should start at the 
point of wounding.
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22.5  By the Numbers

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 sake 
of completeness, the entire list of lessons learned 
is presented here:

 1. No tourniquets or advanced topical hemo-
static agents were available. Unfortunately, 
this is a posture that was poorly translated to 
the homeland from the battlefield.

 2. Improvised tourniquets do not work. Although 
we must not discourage bystanders from 
responding to disaster to aid the injured, we 
must also be intellectually honest and recog-
nize 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.

 3. There was no formal tourniquet training or 
protocol. If purpose-made tourniquets had 
been available, proper training to ensure cor-
rect application is necessary. The Committee 
on Tactical Combat Casualty Care publishes 
guidelines regarding tourniquet use, and for-
mal training and written protocols are widely 
available. These should be adopted as perma-
nent part of every first responder’s educational 
curriculum.

 4. 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 
times recorded for many severely injured 
patients was over an hour. By either 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 I trauma cen-
ters, and hundreds of patients with surgical 
injuries, patients should be moved to hospitals 
in a swifter fashion.

 5. Electronic medical record systems are slow. 
For some patients, electronic registration in 

the ED became a bottleneck for fastest care. In 
most cases, patients cannot even receive a 
single unit of blood without an assigned medi-
cal record number. During a mass casualty 
event, this electronic registration system 
becomes bogged down and slow, sometimes 
limiting expediency of care. Hospitals should 
create a contingency plan to have preassigned 
mass casualty medical record numbers or 
implement a system capable of rapid registra-
tion of hundreds of patients.

 6. Sequential medical record numbers are dan-
gerous. Assigning patients sequential medical 
record numbers in simple escalating numeri-
cal fashion creates an unacceptable margin of 
error since there will be many simultaneous 
patients with medical record numbers differ-
ing by only a single digit (1234567, 1234568, 
1234569, etc.). This creates an unacceptable 
environment for a potential clerical error, sin-
gle 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 disas-
ters should vary widely to prevent this error.

 7. The most visually stimulating injury is often 
not the most life-threatening one. The Boston 
bombing patients arrived with extremely dev-
astating, and visually stimulating, limb inju-
ries. 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, particularly of the peritoneal and 
thoracic cavities. Once an effective tourniquet 
is in place, the limb injury becomes (tempo-
rarily) forgettable.

 8. 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 operation is complete, and all 
the bleeding and contamination is controlled. 
This, however, is a mistake. Once the initial 
surgery is done, the entire trauma team must 
reassemble to go over each patient again, in 
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exceptional detail. The purpose of this is 
 twofold. First, the entire team needs to under-
stand each patient’s condition 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 tympanic membranes, for example, 
these were largely not identified until post 
trauma 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.

22.6  In a Nutshell

After the Boston Marathon bombings, extrem-
ity exsanguination at point of injury was either 
left untreated or treated with an improvised 
 tourniquet in the prehospital environment. An 
effective, prehospital extremity hemorrhage con-
trol posture should be translated to all civilian 
first responders in the United States and should 
mirror the military’s posture toward extremity 
bleeding control. Physician leaders and policy-
makers must support this initiative. The prehos-
pital response to extremity exsanguination after 
the Boston Marathon bombing demonstrates that 
our current practice is an approach, lost in trans-
lation, from the battlefield to the homeland [11]. 
Within the United States, wide adoption of this 
lesson is also lacking [26].

22.7  Damage Control Starts at 
the Point of Injury

Emergent, effective extremity bleeding control 
begins at the point of injury in the prehospital 
environment. Ubiquitous training and presence 
of appropriate tourniquets, as well as advanced 
topical hemostatic bandages for managing junc-
tional hemorrhage, constitute field damage con-

trol maneuvers. A low-volume (or NO volume) 
fluid restrictive resuscitation strategy should be 
adopted. Triage must be rapid, and medical pro-
viders 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 ini-
tial triage decisions.

In the emergency department, patients should 
be re-triaged by a senior surgeon or senior emer-
gency medicine physician. Utilization of the 
operating rooms is a finite resource, and only 
patients who truly need a lifesaving operation 
should be triaged straight to the operating room. 
Care decisions should be made regarding axial 
imaging studies as many of these studies are 
initially unnecessary. A plain chest X-ray and a 
focused abdominal ultrasound exam is often the 
only imaging required to make an informed in- 
hospital triage decision.

Patients waiting for less-than-emergent sur-
gery should receive minimal crystalloid therapy. 
If resuscitation is required, volume expansion 
with a transfusion strategy that approximates 
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. When possible, all fluids and 
blood products should be warmed to normal body 
temperature. Anti-fibrinolytics should be liber-
ally administered. For patients with limb injuries 
that have a tourniquet in place and are waiting for 
surgery, tourniquet conversion should be consid-
ered if time and manpower permit.

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 land-
scape. Ideally, only warmed blood and blood 
products should be administered during damage 
control surgery. The operating room should be 
made as warm as possible; the surgeon should 
become exceedingly uncomfortable with the 
temperature in the room. When in doubt, all 
body cavities should be surgically interrogated. 
Bilateral tube thoracostomy, pericardial win-

22 Damage Control Surgery and the Boston Marathon Bombing



260

dow, and laparotomy are the imaging methods of 
choice during damage control in disasters.

Patients should be rapidly transferred to the 
intensive care unit and the operating room reset 
for the next patient. Once all index operations 
are complete, the entire team should reassemble 
to re-triage and regroup resources. If the disas-
ter is expected to become protracted, rest and 
sleep cycles should be instituted so that human 
resources do not become all simultaneously 
exhausted.

22.8  Epilogue

The Boston Marathon bombing solidified mul-
tiple lessons for our city. First, damage control 
starts at the point of injury. No one should die 
from a preventable cause of death such as limb 
exsanguination. 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 casualties. 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 atten-
tion to high-ratio transfusion, use of anti-fibri-
nolytics, vascular shunts, contamination control, 
and temporary abdominal (or chest) closure are 
necessary.
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The Open Abdomen in Damage 
Control Surgery

Jeff Garner and Rao R. Ivatury

Abstract

The open abdomen is an integral part of the 
damage control surgical philosophy although 
it does present its own physiological penalties; 
it is therefore vital that as much attention is 
paid to the management of the open abdomen 
as the other aspects of DCS and the surgeon 
must have a full range of techniques at their 
command. The predominant reason for an 
open abdomen in DCS is to avoid the deleteri-
ous effects of raised intra-abdominal pressure 
such as reduced splanchnic and renal blood 
supply, splinting of the diaphragm with 
reduced tidal volume and reduced venous 
return.

When the abdomen is left open, the mus-
cle fibres shorten and retract, and the viscera 
begin to adhere to the underside of the 
abdominal wall, so the key to open abdomen 
management is a temporary abdominal clo-
sure that minimises loss of domain and pre-
vents adhesion formation. A variety of 
techniques are available, and the method 
chosen should reflect the local availability of 

equipment and skills of the surgeon. Silo 
methods such as the Bogota bag should only 
be used if nothing else is available as the 
techniques of choice are some sort of medial 
fascial traction and topical negative pressure 
dressings either individually or preferably in 
combination.

The outcomes following temporary abdom-
inal closure are highly variable, but definitive 
fascial closure rates of up to 90% are achiev-
able; complications include failure to achieve 
fascial closure, fistulation and subsequent 
incisional hernia aside from mortality which is 
largely attributable to the underlying trau-
matic injuries.

23.1  Introduction

The open abdomen (OA) has become a sine qua 
non of damage control surgery (DCS); it is a key 
tenet of the damage control philosophy and a 
major stage of the practical proceedings. This 
chapter explores the rationale for it, the penalties 
for failing to manage it properly and most impor-
tantly the techniques for temporary abdominal 
closure which, for many practical reasons, are 
another essential facet of OA management. Long 
before the pathophysiology of the abdominal 
compartment syndrome (ACS) or the benefits of 
DCS had been elucidated, surgeons had wrestled 
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with the fact that some abdomens couldn’t or 
shouldn’t be closed; it was the British WW2 sur-
geon Ogilvie in the 1940s who described sutur-
ing stout cotton cloth to the edges of the fascial 
defect to ‘prevent retraction of the edges of the 
gap, keeps the intestinal contents from protrud-
ing … and allows the abdominal wall to be used 
as a whole in respiration’ [1] in what was clearly 
the forerunner of mesh-mediated fascial 
traction.

This chapter is concerned with the open abdo-
men following damage control laparotomy for 
trauma, but it should be remembered that in many 
parts of the world, DCS or abbreviated laparot-
omy with an OA takes places much more com-
monly for other indications, primarily the septic 
abdomen, infected pancreatic necrosis, following 
abdominal aortic aneurysm repair, or necrotizing 
abdominal wall infections [2]. This variety of 
indications leads to significant heterogeneity 
when considering the available data for tech-
niques and outcomes.

The indications for an open abdomen are now 
well established and may be summarised as one 
of three scenarios: OA to reduce intra-abdominal 
pressure in ACS or prophylactically left open in a 
situation where significant intra-abdominal 
hypertension could be anticipated, in cases where 
repeated entry into the abdominal cavity (often to 
clear septic foci) are required or where there has 
been loss of abdominal wall substance preclud-
ing direct closure. It is also clear that failure to 
achieve definitive fascial closure after DCS is 
associated with longer hospital stay, decreased 
function and quality of life, increased costs from 
delayed reconstruction and increased complica-
tions [3].

23.2  The Abdominal 
Compartment Syndrome

Just like any other closed fascial compartment in 
the body, an uncontrolled rise in intra- 
compartmental pressure above a certain level has 
deleterious physiological effects. The normal intra-
abdominal pressure is normally zero or slightly 
below, is normally of the order of 5–7 mm Hg in 

the critically ill patient (from oedema and ileus) 
and may increase slowly over time without physi-
ological penalty to 10–15 mm Hg in certain non-
pathological states such as obesity and pregnancy 
[4]. Increases in pressure to above 12 mm Hg are 
termed intra- abdominal hypertension [4] and when 
coupled with physiological consequences are 
termed the abdominal compartment syndrome. 
The World Society for the Abdominal Compartment 
Syndrome (WSACS) has updated their widely 
accepted published definitions which allow uni-
form reporting [5] (Table 23.1).

Intra-abdominal pressure should be measured 
at end expiration in the supine position with a 
transducer zeroed to the level of the midaxillary 
line. The recommended technique is with a blad-
der transducer after instillation of 25 mL of ster-
ile saline [5].

Raised intra-compartmental pressure heralds a 
panoply of physiologic problems.

Table 23.1 Definitions of intra-abdominal hypertension 
and abdominal compartment syndrome

Intra-abdominal 
hypertension 
(IAH)

Sustained or 
repeated 
pathological 
elevation of 
intra-abdominal 
pressure above 
12 mmHg (graded 
I–IV)

I 12–15 mmHg

II 16–20 mmHg

III 21–25 mmHg

IV >25 mmHg

Abdominal 
compartment 
syndrome (ACS)

Sustained IAH 
>20 mmHg 
associated with new 
organ dysfunction 
or failure

Primary 
ACS

ACS as a result of 
pathology within 
the abdominopelvic 
cavity

Secondary 
ACS

ACS in the absence 
of abdominopelvic 
pathology

Recurrent 
ACS

Recurrent ACS 
after previous 
medical or surgical 
treatment of ACS
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23.2.1  Cardiovascular

IAH reduces cardiac output due to decreased 
flow in the inferior vena cava from direct com-
pression, reduced superior vena caval return due 
to increased intrathoracic pressures and a marked 
increase in afterload. A spuriously elevated cen-
tral venous pressure may thus suggest that the 
patient is hypervolemic [6].

23.2.2  Respiratory

The splinting of the diaphragms reduces pulmo-
nary compliance, total lung capacity and func-
tional residual capacity with increased airway 
pressure leading to significant increases in tho-
racic resistance to ventilation with hypercarbia 
and hypoxia [4]. Prior haemorrhage and resusci-
tation in an animal model exacerbate the thoracic 
sequelae of IAH [7].

23.2.3  Abdominal

Direct renal vessel compression from IAH 
leads to worsening oliguria unresponsive to 
volume expansion or vasopressors; increased 
renal vascular resistance and sodium and water 
retention are also implicated [8]. Reductions in 
all intra- abdominal circulations are noted with 
IAH resulting in a gut mucosal metabolic aci-
dosis, bowel ischemia and bacterial transloca-
tion [9] contributing to sepsis and multi-organ 
failure. The reduction in blood flow also 
extends to the abdominal wall vasculature 
leading to decreased compliance which may 
contribute to difficulties in direct fascial clo-
sure, coupled with increased risks of wound 
infection and dehiscence [10]. The mortality 
rate for ACS is up to 50% even if subsequently 
decompressed [11].

In DCS for trauma, the risk factors that make 
an open abdomen sensible are multifactorial. It is 
known that major injury per se (even remote from 
the abdomen) and abdominal surgery are risks, as 
are hypothermia, massive fluid resuscitation and 
polytransfusion, hypotension and shock [5]. 

There is undoubtedly a huge systemic inflamma-
tory response syndrome (SIRS) response to 
major trauma and is postulated that this pro- 
inflammatory cytokine drive will contribute to 
the necessity for an open abdomen [12]. A recent 
randomised trial of two different vacuum tempo-
rary abdominal closures showed a difference in 
mortality outcome between the two closures, but 
this was not mediated by differences in cytokine 
clearance however [13].

23.3  The Open Abdomen

In the context of DCS for trauma, the abdomen 
will be left open through the midline, but for 
other indications, such as secondary ACS for 
severe pancreatitis, decompression through 
transverse incisions has been reported with suc-
cess [14]. Facilitation of accurate communica-
tion and comparison of research methodology 
have been achieved by the publication of an 
accepted grading system of the open abdomen; 
first produced in 2009, the definitions were 
revised in 2013 to take greater account of the 
impact of enterocutaneous fistulation (ECF), 
which in the context of the open abdomen is 
often termed enteroatmospheric fistulation 
(EAF) [15] (Table 23.2).

On a practical level, it is clear that in the con-
text of an open abdomen, the aim of management 

Table 23.2 Recognised grading of the open abdomen [15]

1 No fixation

A Clean, no fixation

B Contaminated, no fixation

C Enteric leak, no fixation

2 Developing fixation

A Clean, developing fixation

B Contaminated, developing fixation

C Enteric leak, developing fixation

3 Frozen abdomen

A Clean, frozen abdomen

B Contaminated, frozen abdomen

4 Established enteroatmospheric 
fistula
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is to commence the OA in as low a grade as pos-
sible and then to subsequently prevent deteriora-
tion down the grades.

23.3.1  Penalties for an Open 
Abdomen

Whilst closing an abdomen under undue tension 
has clear physiologic penalties which can be obvi-
ated by leaving the fascia apart, the open abdo-
men has its own distinct and significant penalties. 
Decompression of the ACS abdomen generates 
second hit phenomena such as ischemia-reperfu-
sion and residual intra- abdominal sepsis which 
will contribute further to the SIRS response [16]. 
The OA patient is, by definition, critically ill, and 
attention must be paid to minimising the addi-
tional impacts of the open abdomen.

The OA exposes a large area of viscera to the 
atmosphere, and fluid and temperature losses are 
considerable. These patients have usually been 
aggressively resuscitated, and there is significant 
egress of residual abdominal fluid washout and 
transudation from the exposed gut; this makes 
managing fluid and electrolyte balance difficult, 
contributes to marked cooling and presents sig-
nificant nursing and skin care issues. The open 
abdomen loses protein, and an additional 2 g of 
nitrogen per litre of abdominal fluid lost is 
required to try and maintain nitrogen balance 
[17]. It is also a particularly catabolic state with 
marked capillary leakage [18].

The open abdomen is inherently fistulogenic, 
and development of an EAF represents the most 
catastrophic complication, aside from mortality, 
of an open abdomen (Fig. 23.1). The exact causes 
are unclear but are likely to include abrasion and 
trauma from handling and desiccation making 
the gut more friable. Anastomotic suture/staple 
lines are particularly at risk of dehiscence.

Within 12 h of fascial separation, there is 
shortening of the fascial fibres and lateral retrac-
tion leading to an inexorable loss of domain; in 
addition, adhesions begin to form almost imme-
diately between the viscera and the underside of 

the abdominal wall, especially in the face of 
denudement of the peritoneal lining of the 
abdominal wall, and it is these two key factors—
loss of domain and visceral adhesions—that limit 
or prevent delayed abdominal wall closure after 
the initial laparotomy.

So whilst it is clear that the open abdomen 
will avoid the penalties of an abdominal com-
partment syndrome, leaving the abdomen com-
pletely ‘open’ is also suboptimal, not least 
because of the nursing issues of repeated turns 
for skin care when the viscera are unrestrained. 
The corollary then is that some form of tempo-
rary abdominal closure (TAC) is a necessary 
adjunct to the open abdomen; the evidence for 
which form of temporary abdominal closure is 
best applied to an OA is only now becoming 
clear, balancing as it does the needs to provide 
the best definitive fascial closure rate at the earli-
est opportunity with the least complication pro-
file and at affordable cost, and this is, in part, 
determined by the indication for the open abdo-
men in the first place.

23.4  Temporary Abdominal 
Closures

Before considering what the ideal TAC would 
look like, it is important to consider the goals that 

Fig. 23.1 Enteroatmospheric fistulation as a result of an 
open abdomen for trauma
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the ‘ideal TAC’ would achieve. It must obviate or 
minimise the two features that will limit subse-
quent definitive closure, i.e. domain loss and vis-
ceral adhesions, it must maintain physiological 
stability as much as is possible in the critically ill 
patient, it must facilitate nursing and intensive 
therapy care, and it should not limit later recon-
structive options. These goals are summarised in 
Table 23.3 [2].

These admirable goals are surprisingly 
difficult to achieve in the unique environment 
of the open abdomen, given the heterogeneity 
of its aetiologies, and as such the require-
ments of the ideal TAC are wide-ranging 
(Table 23.4) [19].

No TAC fulfils all these criteria, and so the 
choice of TAC is dependent on local availability 
of products, the costs and financial constraints of 
the healthcare system, the skills of the surgeons 
managing the abdomen and local policies and 
procedures. It is thus useful to have a working 
knowledge of a variety of techniques, of which 

there a multitude available as both homemade 
solutions and commercial products. Over time, a 
number of these techniques have been combined 
but are described as individual methods here for 
ease of understanding.

23.4.1  Skin Suture/Towel Clips

There may be some occasions where it is clear 
to the operating surgeon that subsequent defini-
tive abdominal closure is likely to be possible at 
the first relook laparotomy, and so a simple 
skin-only closure may be contemplated. This is 
unlikely to be the case following DCL for 
trauma. Multiple towel clip closure looks 
impressive but is hampered by the lack of avail-
ability of towel clips these days, interference 
with subsequent imaging, damage to the skin 
and evisceration (Fig. 23.2); a continuous run-
ning suture closure is swift, cheap and easily 
reversible, limits fluid and heat loss and does 
not damage the fascia but must be converted to 
definitive fascial closure within approximately 
24 h before fascial retraction and visceral adhe-
sions prevent this. It has a reasonable rate of 
later definitive fascial closure [20]. There is a 
significant risk of recurrent ACS with this tech-
nique however (13–36%) [21], and it has largely 
been abandoned and is not recommended after 
trauma DCL.

Table 23.3 The goals for temporary abdominal closure [2]

Cover and protect abdominal 
contents

Prevent evisceration

Prevent or treat ACS Help manage fluid

Not damage fascia Minimize loss of 
domain

Facilitate reoperation and 
abdominal exploration

Keep patient dry with 
intact skin

Prevent adhesion formation Remove infectious 
material

Table 23.4 Characteristics of the ideal temporary 
abdominal closure [19]

Universally available Easy and fast to apply

Porous Controls fluid loss

Prevents ACS Leaves fascia and skin 
intact

Not reactive to bowel or 
other organs

Easy to remove and to 
replace

Maintains peritoneal cavity 
sterility

Inexpensive

Fig. 23.2 Towel clip closure (skin only)
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23.4.2  The Bogota Bag/Silo 
Technique

This is simple and quick and is probably the most 
widely known TAC technique but fails to fulfil 
many of the goals or characteristics of the ideal. 
An inert sterile material—typically an opened 
out saline i.v. bag—is sutured to either the fascial 
edges or the skin edge. It increases the domain 
for the oedematous gut to reside in, but only tem-
porarily (Fig. 23.3). There is a 16% incidence of 
recurrent ACS with this technique. If sutured to 
the fascia, it may damage it and decrease the 
chance of successful definitive closure at a later 
stage as it needs to be removed and reapplied at 
each relaparotomy or, if applied to the skin edge 
to maintain fascial integrity, does little to prevent 
fascial retraction. The Bogota bag is rarely water-
tight, and abdominal fluid typically leaks pro-
fusely out between the retaining sutures 
complicating nursing skin care and may even 
exacerbate hypothermia by pooled fluid on the 
bed cooling the patient. There is also the risk of 
evisceration between the sutures. The outcomes 
for the Bogota bag technique in terms of defini-
tive fascial closure are worse than for other tech-
niques, but it is appreciated that its ease and 
simplicity are attractive to the inexperienced sur-
geon in the middle of the night, as it will allow 

the patient to be transferred off the operating 
table to the ITU, at which point it is imperative 
that a more experienced colleague is involved to 
further manage the abdominal wall.

23.4.3  Opsite® Sandwich

A variety of variations on a theme have been 
described for this technique, and it has been com-
bined with other techniques to increase its utility. 
In essence, one or two laparotomy pads are laid 
out on the sticky side of an adhesive sterile drape 
sheet and covered with another. This sterile towel 
sandwich can then be tucked into the paracolic 
gutters between the viscera and the abdominal 
wall to prevent adhesions. Fenestration of the 
sticky drapes, two suction drains on top and cov-
erage with a third adherent drape over the whole 
open abdominal cavity also allows for egress of 
some abdominal fluid [22]. It is cheap and easy to 
apply although the sticky drapes can be a little 
too sticky at times and it prevents adhesions; 
unfortunately it does not counteract the loss of 
domain, and fluid removal is variable and usually 
insufficient.

23.4.4  Mesh

Mesh use for TAC can be permanent or tempo-
rary, and the mesh itself may be a permanent or 
absorbable synthetic or a biologic sutured to the 
fascial edges as a bridge. Implantation of perma-
nent synthetic meshes as definitive bridged clo-
sure of the defect is associated with unacceptably 
high rates of enterocutaneous fistulation and 
should be avoided—they may be used as one 
form of dynamic fascial traction however (see 
below). An absorbable mesh such as polyglactin 
may sit safely on top of the exposed GI tract, will 
restrain the viscera and may impart some form of 
medialisation force on the separated fascia. If the 
visceral oedema subsides sufficiently to allow 
direct fascial closure, then the mesh may be 

Fig. 23.3 An opened out saline i.v. bag opened out and 
sutured to the fascial edges to provide a temporary 
increase in domain—the Bogota bag
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removed, but often it has begun to become 
engulfed in granulation tissue on top of the gut, at 
which point it can be left in situ to stabilise the 
abdominal wall until the laparostomy is solidly 
granulated and can be then split skin grafted as 
planned ventral hernia management (Fig. 23.4).

23.4.5  Negative Pressure Wound 
Therapy (NPWT)

Originally described by Brock and Barker in 
1995 [23], the homemade vacuum pack (Barker 
or VacPac) has now been largely superseded by a 
variety of commercial products, but all have the 
same essential components. A fenestrated sterile 
plastic sheet is used to envelope the viscera and 
prevent adhesions to the underside of the abdom-
inal wall; the fascial defect is filled with laparot-
omy pads or specialised polyurethane sponges 
and the abdomen sealed with self-adhesive drapes 
and a negative pressure applied by either closed 
suction drains (which can be applied to wall suc-
tion) or to a self-contained commercial vacuum 
machine.

Both the home-grown methods and commer-
cial systems prevent adhesions, control fluid 
egress and provide inward force on fascia to pre-
vent lateral traction; the commercial systems also 
make claims for reduced bacterial translocation 

and increased neovascularisation, thereby aiding 
healing, which have been described in animal 
models and in non-OA applications [24, 25]. The 
commercial systems are costly in comparison to 
homemade systems, but there is evidence of 
improved outcomes [13]; lingering doubts about 
increased risk of fistulation with commercial 
NPWT now seem to have been addressed [26].

23.4.6  Dynamic Fascial Traction

Dynamic fascial traction (DFT) can be insti-
tuted by a variety of methods and is now com-
monly coupled with some form of NPWT to 
further improve outcomes. The original descrip-
tion was of a patented hook and burr device (the 
Wittmann Patch) sutured to the fascial edges 
and approximated under moderate tension to 
provide inward tension. As abdominal oedema 
subsided, the burr was unhooked, trimmed and 
pulled in a little further until the fascia eventu-
ally met in the midline at which stage the patch 
was removed and the fascial closure completed 
as part of the staged abdominal repair (STAR) 
procedure [27]. As the technique developed, a 
sterile plastic sheet to wrap the viscera and pre-
vent adhesions and NPWT to manage fluid 
egress were added. Originally described with 
bedside tightening of the mesh, the presence of 
the fenestrated plastic sheet now means that a 
return to theatre for changing of the sheet is 
required. Two variations of this technique have 
been described. As the Wittmann Patch is an 
expensive commercial product, an alternative 
cheaper homemade version involves suturing a 
heavyweight polypropylene mesh to the fascia 
on either side and suturing them together under 
tension in the midline with a heavy nonabsorb-
able suture. This can then be undone, the meshes 
trimmed and resutured as oedema subsides 
(Fig. 23.5). Arguments against the use of per-
manent synthetic meshes in the open abdomen 
(with their increased risk of fistulation) are 
countered by the fact that a sterile fenestrated 

Fig. 23.4 A polyglactin mesh engulfed in granulation tis-
sue across a laparostomy; this will subsequently receive a 
split-thickness skin graft to complete epithelialisation
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drape protects the viscera from the mesh and 
that the mesh itself is removed when fascial 
approximation is achieved and the midline is 
ready to be closed definitively [28].

A further variant is the abdominal reap-
proximation anchor system (ABRA system), 
which passes a series of elastomer strings 
through the full thickness of the abdominal 
wall on either side and allows gradually 
increasing tension to approximate the fascial 
midline [29].

23.5  Outcomes of TAC

Given the multiplicity of TACs available, many 
of which are used in combination, and the variety 
of indications, it is extremely difficult if not 
impossible to examine the literature and state cat-
egorically what ‘the best’ temporary abdominal 
closure is; considerations such as costs and avail-
ability, surgeon skills and indication all influence 
the choice of TAC. However, a series of consen-
sus meetings and systematic reviews have slowly 
shed light on this issue.

23.5.1  Definitions

Whilst Table 23.3 outlines the goals of a tempo-
rary abdominal closure, the three main end-points 
for evidential studies are mortality (which is of 
course highly dependent on the indication), rates 

of fascial closure and complications. Three defi-
nitions are useful here (Table 23.5).

A Medline search for ‘open abdomen’ yields 
nearly 6000 articles, yet there are only 5 ran-
domised trials comparing different methods of 
wound closure [13, 31–34] meaning that despite 
the enormous volumes, there remains a poor 
quality evidence base. What can be said as a gen-
eralisation is that definitive fascial closure rates 
are higher after trauma indications for OA than 
sepsis [35] and complication rates (especially 
fistulation) are higher following OA for septic 
indications than trauma whichever TAC is 
employed [36].

One specific data set deserves examination. 
The American Association for the Surgery of 
Trauma (AAST) Open Abdomen registry was a 
prospectively maintained database that enrolled 
posttraumatic DCL open abdomens across 14 
Level 1 US trauma centres in 2010 and 2011. 
Reporting on approximately 500 patients with 
posttraumatic open abdomens, this data reveal 
important findings. The overall definitive pri-
mary fascial closure rate was 59.1% in those who 
survived more than 48 hours from injury which 
ranged from 33.4% to 72.2% across the 14 cen-
tres. Independent predictors of failure to achieve 
DFC were increased numbers of relook laparoto-

Table 23.5 Definitions of eventual outcomes of the 
abdominal wall

Definitive fascial 
closure

Fascia to fascia closure of the 
midline wound—this may be 
early (within 8 days of primary 
laparotomy) or delayed (after 
8 days but within the first 
hospitalisation) [2, 30]. This 
closure may be reinforced by a 
mesh

Partial fascial 
closure/bridged 
repair

Where there is only partial 
fascia to fascia apposition (or 
none at all) and the remainder 
of the defect is bridged by a 
prosthetic material

Planned ventral 
hernia

Discharge from hospital with a 
fascial defect covered by only 
skin, skin graft or chronic 
granulation tissue with an 
expectation to return for 
delayed reconstruction

Fig. 23.5 Mesh-mediated fascial traction following an 
abdominal gunshot wound
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mies, intra-abdominal abscess formation, blood-
stream infections, acute renal failure, ECF 
formation and an injury severity score (ISS) >15. 
It is unclear though whether increasing ISS con-
tributes to increasing rates of failure to achieve 
DFC. Mortality rates were significantly higher in 
those who did not achieve fascial closure [37]. 
Median time to first take-back laparotomy was 
36 h, but every hour’s delay in returning to the 
operating room beyond 24 h was associated with 
a 1.1% decrease in the odds of achieving primary 
fascial closure; there was also a tendency to 
increased intra-abdominal complications beyond 
48 h to first take-back [38].

Furthermore, increased numbers of take-backs 
were associated with an increased rate of ECF/
IAS. DuBose et al. reported the rates of enteric 
fistula in this dataset as 5.2% (1.2% in those with 
DFC compared to 12.8% in those without) [37], 
but multivariate analysis revealed that those that 
did suffer ECF or intra-abdominal sepsis (IAS) 
had almost double the number of relook laparoto-
mies, a greater rate of colonic resection and 
increased fluid resuscitation volumes [39].

From this trauma-specific, prospectively 
accrued data, it is clear that open abdomen man-
agement, of whatever technique, must strive to 
achieve definitive fascial closure at the earliest 
opportunity with the smallest numbers of take- 
backs whilst maintaining the patient in the best 
physiological shape as possible. This dataset 
does not however identify which TAC technique 
is best suited to that task.

A series of systematic reviews and meta- 
analysis have been performed with surprisingly 
wide variation in inclusion criteria and methodol-
ogy, coupled with varying proportions of the dif-
ferent techniques as some became more popular 
or commercially available; all largely conclude 
the same things. Boele van Hensbroek et al. 
reviewed TAC for all indications including 51 
studies (19 purely trauma) and 3169 patients [40] 
and identified that the highest DFC rates and 
 lowest mortality rates were with the Wittmann 
Patch (90% and 17%, respectively) followed by 
dynamic retention sutures (85% and 23%) and 
vacuum-assisted closure (60% and 18%).

Three years later, Quyn et al. [36] described a 
76.3% DFC rate for the Wittmann Patch in 
trauma cases compared to 68.8% for VAC; fistula 
rates were 6.8% and 7.3%, respectively. Navsaria 
et al.’s series reported their own patients but also 
a systematic review of commercial NPWT appli-
cations in series where the septic patients were in 
the minority and most were trauma patients—
overall DFC rate was 63.7% with a 2.7% fistula 
rate [41]. Cirocchi et al.’s systematic review only 
included one fifth of trauma patients and showed 
no statistical difference in DFC or fistula rates 
between those who received NPWT and those 
who didn’t; mortality was however lower in those 
receiving NPWT [42]. The ‘International 
Consensus Conference on the Management of 
the Open Abdomen in Trauma’ which took place 
in 2014 and published its outcomes in 2016 [43] 
focussed specifically on post-trauma DCL open 
abdomens and made a series of evidence-based 
recommendations. Chief amongst these was the 
strong recommendation for the use of NPWT for 
the management of the open abdomen to evacu-
ate fluid, potentially lessen the intraperitoneal 
cytokine load, simplify nursing care and prevent 
fascial retraction. They went on to recommend 
that DFC is achieved as early as possible in the 
course of OA management and reference the rec-
ommendation of Atema et al.’s [44] systematic 
review of non-trauma OA which highlighted 
NPWT in combination with a dynamic fascial 
traction system as being the optimal method of 
ensuring DFC at approximately 73%.

The landscape of delayed abdominal recon-
struction has been revolutionised by the populari-
sation of component separation techniques, and so 
it is unsurprising that they should now form part of 
the armamentarium of the surgeon managing the 
open abdomen acutely. Reports are scarce, but 
Chiara recommends acute component separation 
for defects of between 7 and 20 cm after OA man-
agement, and Sharrock et al.’s meta-analysis [45] 
also gives credence to this as a viable technique, 
but this seems to be based on a single paper which 
on inspection does not appear to utilise the tech-
nique. It has been used in three burn patients with 
ACS with apparent successful OA closure [46].
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23.6  Worries over Fistulation 
with NPWT

The abiding worry about widespread adoption of 
NPWT for OA management has been that of 
increased fistulation rates when vacuum is used 
when compared to other treatment modalities. 
The randomized trial of polyglactin 910 mesh 
versus NPWT revealed a (nonsignificant) differ-
ence in fistula rates of 5% vs. 21% [34]; averaged 
rates of perhaps 5.7% for homemade vacuum 
[40] have potentially been extrapolated across all 
NPWT techniques causing disquiet. A UK 
nationwide registry of open abdomen manage-
ment showed no difference in enteric fistula rates 
between those who received NPWT and those 
who didn’t (14.4% vs. 9.1%), but it did show a 
lower rate of DFC in the NPWT patients (41.1% 
vs. 60.1%) [26]; it should be noted that this 
cohort primarily underwent OA management for 
septic indications rather than following trauma. 
The International Consensus opinion is that ‘OA 
and NPWT do not harm intestinal anastomoses 
as long as these are buried deeply in the abdomi-
nal cavity’ [43].

23.7  Longer-Term Outcomes

In common with much of the literature on inci-
sional hernia repair, long-term outcome report-
ing following OA management is scarce. Brandl 
et al. described the outcome after OA for a vari-
ety of indications and with a variety of TAC 
techniques which was a 35% incisional hernia 
rate in 112 patients who achieved DFC during 
their initial hospitalisation at a median of 
26 months after discharge. Worryingly two thirds 
of their patients had the midline fascia closed 
with a rapidly absorbable suture (polyglactin) 
[47]. In 55 OA patients treated according to a 
protocolised mesh- mediated fascial traction and 
NPWT regimen, 74% achieved DFC; follow-up 
of 34 patients for a mean of 46 months again 
identified a 35% incisional hernia rate; increased 
numbers of take- backs during the initial hospi-
talisation were predictive of incisional hernia 
[48]. Interestingly, a comparison of trauma-DCL 

patients who survived to discharge identified 
longer hospital stay, increased infectious com-
plications, higher rates of enteric fistula and 
more laparotomies in those who left with planned 
ventral hernia, but after delayed reconstruction a 
median of 9 months later, rates of return to nor-
mal social and work activities were the same 
between primary DFC and reconstructed 
patients; there was no difference in subsequent 
incisional hernia rates [49].

23.8  Nutrition

It is clear that an open abdomen presents a sig-
nificant catabolic state, and so consideration 
must be given to the nutritional requirements of 
the OA patient, and enteral nutrition (EN) 
should be started as soon as possible in all 
patients with more than 75 cm of usable small 
bowel from the duodenojejunal flexure [43]. 
Allied to the benefits in reducing the catabolic 
drain from the exposed viscera, early EN was 
associated with higher DFC rates (albeit after 
more operations and a longer time period), 
decreased mortality and complication rates in 
those trauma-OA patients without bowel injury; 
no such benefits were apparent when there was 
bowel injury [50].

23.9  Paediatric Studies

There is an understandable paucity of literature 
regarding traumatic open abdominal manage-
ment in children, although paediatric surgeons 
have their own experiences of dealing with 
abdominal wall defects from omphalocele and 
gastroschisis management. IAH or ACS occurs 
in approximately 10% of patients admitted to a 
paediatric ICU, but it seems that medical therapy 
can avert the progression from IAH to ACS [51]. 
Gutierrez and Gollin described 25 patients with 
OA over a four and a half-year period, but only 
four were from trauma. All were managed with 
NPWT, 9 died and 14 achieved definitive fascial 
closure [52]. Given the increased elasticity and 
compliance of the paediatric abdominal wall, it 

J. Garner and R.R. Ivatury



273

may be reasonable to simply institute NPWT 
should the need arise and avoid fascial traction 
devices to avoid any potential damage to the 
abdominal wall itself.

23.10  Summary

The indications for an open abdomen after trauma-
DCL are now well established and are those situa-
tions where direct closure of the abdomen would 
place the patient at risk of intra- abdominal hyper-
tension and where further access to the abdomen is 
expected or there has been loss of the abdominal 
wall. Open abdomen management should incorpo-
rate the application of a suitable temporary abdom-
inal closure. The choice of TAC depends on the 
resource constraints of the healthcare system and 
the available facilities and skills of the surgeon; the 
aim should be to maximise early definitive fascial 
closure with the lowest possible rates of complica-
tions—especially enterocutaneous fistulation. The 
technique of choice is a dynamic fascial traction 
method coupled with negative pressure wound 
therapy via a commercial device.

It is clear that the early institution of active 
management of the abdominal wall leads to bet-
ter outcomes, and if an inexperienced surgeon 
performs the initial open abdomen laparotomy, 
early involvement of someone experienced in the 
ongoing management of the open abdomen 
should be instituted.
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Abstract

Trauma is a leading cause of mortality and 
morbidity accounting for 11% of the global 
burden of disease [1]. Worldwide 16,000 
 people succumb to injuries everyday [2] with 
a similar number of fatalities every year in 
England and Wales as described by the Office 
for National Statistics, London, in 2011. For 
every trauma death, there are two survivors 
with serious and debilitating injuries. In 2004, 
approximately 30 million Americans were 
treated for a nonfatal injury in emergency 
medicine departments, of these, 2 million 
required in-patient care [3]. In the landmark 
1985 publication Injury in America, one in 
every eight hospital beds was occupied by an 
injured patient.

24.1  Introduction

Trauma is a leading cause of mortality and mor-
bidity accounting for 11% of the global burden of 
disease [1]. Worldwide 16,000 people succumb 

to injuries everyday [2] with a similar number 
of fatalities every year in England and Wales as 
described by the Office for National Statistics, 
London, in 2011. For every trauma death, there 
are two survivors with serious and debilitat-
ing injuries. In 2004, approximately 30 million 
Americans were treated for a nonfatal injury 
in emergency medicine departments, of these, 
2 million required in-patient care [3]. In the land-
mark 1985 publication Injury in America, one 
in every eight hospital beds was occupied by an 
injured patient.

Trauma can affect all ages but is principally a 
disease of the young. In the United States, unin-
tentional injury is the commonest cause of death 
between the ages of 1 and 24 [3], and globally 
it is the leading cause of death for all ages up to 
60 years old [1]. In the United Kingdom, 36 life 
years are lost per trauma death.

By affecting the young, the economic impact 
is huge. If you combine healthcare costs with 
future loss of economic productivity for all 
American injuries that occurred in the year 2000, 
the total is in excess of US $406 billion [4]. 
Increased survival from traumatic injury in the 
Western world has been multifactorial in nature. 
Integrated trauma systems [5], high-volume cen-
tres [6] and a more sophisticated understanding 
and approach to the clinical management of the 
critically injured patient as manifested in the 
damage control philosophy [7] have all contrib-
uted to decreased mortality. It is less clear from 
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the literature if the approaches previously out-
lined decrease morbidity; what is certain is the 
major trauma survivor has increasingly complex 
reconstructive needs. “The quality of life must be 
worth the pain of survival” [8] is a mantra from 
the burn care community, and it’s incumbent on 
us to provide the very highest functional out-
comes for our trauma survivors.

Reconstructive surgeons have historically 
been consulted in the aftermath where they have 
been presented with a defect to correct often 
after initial efforts to solve the problem have 
been unsuccessful. The vogue in the military for 
smaller trauma teams is a logistical and tactical 
necessity with primary surgical efforts delivered 
“down range” by a “resuscitative surgeon”; it is 
essential in those circumstances that consider-
ation is taken for future reconstructive efforts. 
In modern civilian systems, integration of the 
 reconstructive surgeon into the provision of acute 
care provides the most elegant solution but is the 
most resource-intensive option.

Reconstructive surgery was born out of con-
flict, but reconstructive surgeons are not generally 
involved in the acute management and immedi-
ate decision-making concerning the poly- trauma 
patient. There is no body of work labelled “dam-
age control soft-tissue reconstruction” despite 
the explosion in the trauma literature of damage 
control philosophies applied to a whole host of 
differing specialities and the deployment of recon-
structive surgeons to recent conflict zones [9, 10].

The aim of this chapter is to highlight areas 
related to decision-making and technique that 
preserve potential reconstructive options and 
minimise the future burden on the trauma patient 
undergoing a damage control sequence of opera-
tions in order to maximise their final functional 
outcome. It will also comment on the timing of 
definitive care when one has decided to embark 
on a damage control philosophy of treatment and 
highlight the success of soft-tissue reconstruc-
tion, even if delayed, after the initial resuscitative 
efforts.

The father of UK plastic surgery, Sir Harold 
Gillies, published a number of commandments 
based upon his experience treating a large vol-

ume of military personnel wounded in the First 
World War. From his initial list, I’ve selected, and 
amended, a number of principles that every sur-
geon involved in damage control should have in 
the back of their mind at the outset:

• Make a reconstructive plan even if you know 
you will not be responsible for its delivery.

• Try and provide yourself and your patient with 
a lifeboat but plan B must not be the same as 
plan A.

• Do not throw away a living thing.
• Do not do today that which can be honourably 

put off until tomorrow.
• Do not have a routine.

24.2  Debridement and Dressings

Complete removal of all necrotic material and 
contamination from a traumatic wound is the 
foundation upon which all future reconstructive 
efforts rest. “The best antibiotic is good surgery” 
[11]. It is a key skill for all trauma resuscitative 
surgeons and should not be overlooked in the 
damage control setting. Although certain ana-
tomical areas (the buttocks) are difficult to access 
in the standard cruciform position, every effort 
should be made to address wound contamination 
surgically as early as is practicably possible.

Delay in converting a contaminated uncon-
trolled wound into a surgically controlled wound 
predisposes the patient to the development of 
wound sepsis and makes future surgical efforts to 
regain control more difficult and physiologically 
more burdensome to the patient [12]. Whilst 
the early administration of antibiotics has been 
shown to reduce infective complications [13], 
sharp debridement and lavage are still essential 
especially in the damage control environment 
where high degrees of environmental contami-
nation, necessary massive transfusion [14] and a 
high injury severity scores coexist causing immu-
nosuppression and host susceptibility to sepsis.

Multidisciplinary team working allows con-
current debridement of wounds to the extremities/
face at the same time as thoraco-abdominal con-
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trol of bleeding and contamination. Potentially 
under tourniquet control, these adjunctive 
debridements can be performed in such a manner 
as to provide benefit to the patient without adding 
greatly to the physiological burden. A system-
atic “clock face” approach to wound debride-
ment working superficial to deep with extensile 
 exposures “creating a tunnel not a funnel” short-
ens the operative time and allows for a thorough 
wound assessment and formulation of the future 
reconstructive plan without unnecessary opera-
tive delays. This is the methodology taught to UK 
military surgeons prior to deployment.

Digital clinical photography is a useful adjunct 
for planning and discussion but essential when 
limb ablation becomes part of the resuscitative 
efforts [15]. Traditionally there was an intent to 
debride all open fractures within 6 hours of injury 
based on predicted bacterial growth [16]; how-
ever, there has been a move to delay the debride-
ment of isolated open fractures of the lower limb 
provided it is accomplished within 24 hours of 
injury [17]. This has been shown to result in no 
increase in local infective complications [18]. In 
the damage control setting, any opportunity to 
debride wounds at the index procedure should 
be grasped in order to mitigate the deleterious 
effects outlined previously, and this advice forms 
part of the standards of care for open fractures in 
the United Kingdom [19].

Irrigation should be with copious quantities 
of warm saline with care taken not to cool the 
patient. The “solution for pollution is dilution”, 
and whilst a whole of host of differing liquids 
have been proposed, normal saline delivered 
by a low-pressure system has been deemed to 
be effective minimising the rebound bacterial 
growth seen with high-pressure pulsatile devices 
[20] and the deleterious effects of some cytotoxic 
solutions to healthy tissue [21] despite their per-
ceived attraction.

In the damage control environment, return 
to the operating theatre and the opportunity to 
examine traumatic wounds will be driven by 
the physiological condition of the patient and 
the desire for the resuscitative surgeon to exam-
ine the body cavities. Careful coordination of 

surgical logistics should be undertaken in order 
to maximise the benefit to the patient of each 
return to the operating theatre. The role of micro-
biological sampling of the wound at subsequent 
debridements is controversial in the absence of 
clinical infection except in military wounds when 
there is a suspicion or concern regarding invasive 
fungal infection [22]. Potentially contaminated 
traumatic wounds should never be directly closed 
in the damage control setting, and care should be 
taken in the choice and application of the most 
appropriate dressing that should be applied in a 
sterile manner to prevent introduction of microor-
ganisms from the environment and clinical staff.

Topical negative pressure wound therapy 
(TNPWT) has become the mainstay in treatment 
of moderate to large traumatic wounds in the 
damage control setting. Prior to the introduction 
of TNPWT, wounds were dressed in a standard 
fashion involving a non-adherent barrier then 
dressing gauze followed by some form of ban-
dage in order to fix this dressing to the patient. 
The high volume of exudate frequently over-
whelmed this construct, with strike through onto 
the external aspect of the dressings and bedding. 
Malodour and skin complications due to moisture 
were common. The application of TNPWT sees 
either an open cell/pore foam or gauze placed in 
direct contact with the wound bed; a semi-occlu-
sive dressing creates a seal (iodine impregnated 
may reduce wound colonisation [23]); negative 
pressure is applied via a pump to the wound/
dressing interface and fluid from the wound col-
lected in a canister.

TNPWT exerts beneficial effects in the dam-
age control setting by preventing tissue from con-
tracting (macro-deformation) creating a hypoxic 
stimulus at the centre of the wound that creates 
a gradient of vascular endothelial growth fac-
tor (VEGF) that drives angiogenesis and the 
formation of granulation tissue. The manner in 
which tissue within the wound bed is altered by 
mechanical forces acting across it is known as 
micro- deformation. Exudate is removed from 
the wound and collected allowing more accurate 
fluid balance calculations, whilst the semi-occlu-
sive dressing helps create a moist environment 

24 Soft-Tissue Reconstructive Considerations in the Damage Control Environment



280

that is beneficial for wound healing and helps to 
reduce oedema. They are also quick, simple to 
apply and require minimal training.

The efficacy of TNPWT in the management of 
the open chest and abdomen following  damage 
control strategies will be dealt with in other 
 chapters, but in the limbs, it has been shown to 
allow the earlier closure of fasciotomy wounds 
[24] and reduced the incidence of infection when 
used in the treatment of open fractures of the 
lower limb [25]. Care should be taken in interpre-
tation of the Stannard study as the numbers were 
low, 59 patients with 63 open fractures; the study 
was funded by the makers of the TNPWT device 
(KCI San Antonio, TX), and perhaps unsurpris-
ingly the investigators were not blinded to the 
dressings utilised.

In the military damage control environment 
and inclusive trauma systems, it also facilitates 
movement of the patient between differing medi-
cal treatment facilities with the wound sympa-
thetically packaged.

24.3  Degloving and Delamination

Composite tissues subjected to stresses fail by 
delamination as layers of material are driven apart 
losing their strength. When stresses are applied to 
soft tissues, they also fail in a not dissimilar man-
ner. Degloving is defined as the separation of the 
skin and subcutaneous tissues from the underly-
ing fascia and muscle in such a way as to isolate it 
from its blood supply. These random pattern flaps 
are also themselves injured and contaminated.

Arnez has classified degloving into four differ-
ent categories increasing in severity from limited 
degloving with abrasion/avulsion to circumfer-
ential multiplanar degloving [26]. This classifi-
cation is useful in so much as it highlights the 
severe nature and extent of soft-tissue injury that 
can exist even in the absence of fracture. They 
proposed a limited treatment algorithm but uti-
lised a very aggressive initial approach without 
recourse to TNPWT and observation that would 

be the author’s preferred initial approach in the 
DCS environment.

In the context of traumatic injury, the resus-
citative surgeon needs to be appreciative of that 
which has been caused by the injury and mind-
ful not to add to it by further surgical exposure. 
Accurate documentation will aid future recon-
structive surgical planning, as certain flaps will 
not be possible or reliable in the context of 
degloving; this is especially relevant in open tibia 
fractures where local fasciocutaneous flaps based 
on perforators from the posterior tibia artery have 
an important role.

Certain injury patterns are indicative of devolv-
ing, such as the Morel-Lavallee lesion associated 
with shear forces across the pelvis seen with 
some with pelvic ring and acetabular fractures. 
These are classically closed injuries and often 
underappreciated in the early post injury phase 
where recognition alone combined with removal 
of pelvic binder, drainage of the harmful hema-
toma [27] and meticulous pressure area care in 
the ICU can prevent devastating complications.

Clinical assessment of skin viability following 
degloving is often inaccurate, and there is no sen-
sitive or specific investigation available. Whole 
body fluorescence has been described [28], and 
the more modern iteration of intraoperative 
laser angiography utilising indocyanine green is 
equipment/labour intensive, runs the small risk of 
anaphylaxis and is not appropriate in the damage 
control setting. Vessel thrombosis, fixed dermal 
staining and circumferentially degloved skin are 
indicative of the skin that will go on to become 
necrotic (Fig. 24.1).

Degloved skin should be handled gently and 
left where it wants to sit with no additional ten-
sion applied to the subdermal plexus of blood 
vessels causing compromise to the circulation 
and further necrosis. In privileged skin, such 
as glabrous skin of the palms/soles of the feet, 
less is more at the initial debridement, and we 
frequently advocate a policy of “observe to con-
serve” in the absence of an open fracture that 
requires coverage.
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24.4  Extremity Injury

In recent conflicts, extremity trauma has accounted 
for 54% of all wounds suffered by those surviving to 
reach a medical treatment facility [29]; in European 
civilian trauma, 58.6% of 24 885 critically injured 
patients had a significant extremity injury [30].

Stabilisation of long bone fractures as part 
of a damage control orthopaedic procedure has 

physiological benefits to the patient [31] as does 
addressing the soft-tissue injury by decompres-
sion to avoid compartment syndrome and mini-
mise reperfusion injury and debridement to avoid 
subsequent sepsis [32].

Better functional outcomes following blunt 
trauma are best achieved by an integrated trauma 
system [33], but the ideal approach to improving 
functional outcomes following open extremity 

a b
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Fig. 24.1 (a) Demonstrating degloved skin. (b) Demonstrating damage to the subdermal plexus. (c) Dermal regenera-
tion template in situ. (d) Topical negative pressure wound therapy. (e) Final result after skin graft
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fractures is less clear. If early infection is utilised 
as a marker of the quality of surgical care follow-
ing open extremity fractures, then they are best 
managed by a combined orthoplastic approach 
[19] with further improvement if this is as part of 
an organised trauma system [34]. However, there 
is no good literature to support if this influences 
final functional outcome.

In extremity trauma, judgements regarding 
limb salvage are immensely challenging in the 
damage control environment. Decisions regarding 
amputation and limb ablation should be made by 
two surgeons preferably from differing speciali-
ties, supported by clinical photography and x-ray 
with appropriate note taking. Limb salvage scores 
should not be used in the military setting and 
nerve dysfunction distal to the injury should not 
be considered an indication for amputation [15].

24.5  Lower Extremity

Fasciotomy and limb decompression are essen-
tial to avoid the deleterious consequences of 
ischemia/reperfusion, myoglobinuria and the risk 
of renal failure. After 2–4 h of warm ischemia, 
there is histological evidence of tissue necrosis 
and reperfusion injury in muscle and nerve [35]. 

Therefore, prompt recognition and action are 
essential as delayed release risks exposing the 
dead muscle within the compartment to the risk 
of sepsis and significant morbidity [36].

In the leg, the four compartments are accessed 
via a two full-length incision technique. The 
superficial deep compartment and the deep pos-
terior compartment are accessed via the medial 
incision, whilst the anterior and lateral com-
partments are accessed via the lateral incision 
(Fig. 24.2).

In the medial incision, care should be taken 
in the context of open tibial fractures to preserve 
perforating blood vessels from the posterior 
tibial artery in the skin flap distant to the tibia. 
By maintaining that flap as a composite fascio-
cutaneous tissue block with a recognised perfo-
rating vessel supplying it, local flap options are 
preserved. In the United Kingdom, an incision 
15 mm behind the subcutaneous border of the 
tibia is taught in order to maximise the poten-
tial of capturing these vessels within the flap 
(Fig. 24.3).

The lateral incision is more controversial 
between differing surgical communities. UK 
orthopaedic and plastic surgeons advocate 
 marking the incision 20 mm from the lateral 
subcutaneous border of the tibia, accessing the 
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Fig. 24.2 Lower limb fasciotomy (British Association Plastic and Reconstructive Surgeons (BAPRAS))
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anterior compartment and then decompressing 
the lateral compartment via the anterior in a sub-
fascial manner. An alternative approach is mak-
ing your initial incision more lateral, finding the 
septum and using this as the landmark to decom-
press both compartments. The challenge with this 
approach is with the initial incision; if it is not 
over the septum, then the skin has to be degloved 
in the subcutaneous plane in order to identify it. 
In fasciotomy for proximal vascular injury, this 
in itself is not particularly burdensome, but in the 
context of blunt lower limb trauma or open frac-
tures, the further insult of degloving may cause 
skin necrosis.

Regardless of technique, the surgeon must 
perform a prompt, full and complete release of all 
compartments; application of TNPWT following 
fasciotomy has been shown to allow early closure 
of these wounds [24].

24.6  Upper Extremity

Ischemic fibrosis in the upper limb is a devastat-
ing complication with severe functional implica-
tions. Prompt recognition and decompression is 
imperative.

A multitude of different extensile exposures 
in the upper limb for fasciotomy have been 
described, and whilst a single dorsal incision 
to access the mobile wad and extensor com-
partments is uncontroversial, the Academic 
Department of Military Surgery and Trauma 
(ADMST) has advocated the following exposure 
to access the superficial and deep flexor compart-
ments (Fig. 24.4).

Distally the carpal tunnel is accessed from 
Kaplan’s cardinal line in an incision based on the 
radial aspect of the fourth ray terminating at the 
distal wrist crease. The wrist is crossed in a step-
wise fashion by extending the incision ulnarly to 
a line drawn down from the ulna border of the 
fourth ray. This is then continued as a straight 
incision to a point midway within the medial half 
of the antecubital fossa.

This preserves a number of local and potential 
free flap donor sites for future soft-tissue recon-
struction and provides excellent access to the 
volar aspect of the limb. The offset at the level of 
the wrist is a common modification not attribut-
able to ADMST that allows for the median nerve 
to be remained covered by a skin flap in the event 
of marked swelling within the forearm.

External fixation in the upper limb is less 
commonly performed than in the lower limb, and 
great care must be taken in order to minimise 
the risk of upper limb iatrogenic nerve injury. 
At particular risk is the radial nerve in the distal 
humerus (Fig. 24.5). The author would advocate 
decompression, wound debridement and applica-
tion of a gauze-based TNPWT system with plas-
ter of Paris to immobilise and support fractures. 
The use of a gauze-based TNPWT system also 
allows for the hand to splint in the most sympa-
thetic fashion to avoid contractures around the 
interphalangeal joints [37]. As once established, 
these contractures are very difficult to treat 
(Fig. 24.6).

Fig. 24.3 Perforating vessels from the posterior tibial 
artery

a

b

Fig. 24.4 (a) Markings for upper limb fasciotomy. (b) 
Markings to show common flap options preserved
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24.7  Timing of Reconstruction

When to perform flap reconstruction of the 
injured extremity has been driven by the pioneer-
ing work of Marko Godina who critically exam-
ined the results of free tissue transfer in three 
distinct groups based on time to coverage in 532 
patients. The groups were divided into cover-
age in less than 72 h, coverage between 72 h and 
3 months and coverage after 3 months. He found 
that those patients provided with suitable soft- 
tissue cover within 72 h had fewer operations, 
lower infection rates and lower rates of flap fail-
ure, saw their fractures unite more quickly and 
spent the least time in hospital [38].

This classic paper has influenced reconstruc-
tive surgeons thinking on the subject of timing 
ever since and has become incorporated into UK 
standards of care for open fractures [19]. Whilst 
there are undoubtedly attractions to combined 

early definitive skeletal and soft-tissue coverage, 
there is also the additional physiological burden 
on the patient to be taken into consideration.

In the DCO setting, consideration needs to be 
given as to when to perform any secondary pro-
cedures. Some centres consider surgery 2–4 days 
following a DCO procedure to be unwise due to 
the marked pro-inflammatory processes [39] they 
cite experience in their unit of 4314 patients who 
had protracted (>3 h) procedures before 4 days 
having a much higher chance of developing 
multi-organ dysfunction when compared to those 
who had definitive procedures delayed between 6 
and 8 days [40]. The desire to avoid microvascu-
lar surgery during the period of systemic inflam-
matory response driven by danger associated 
molecular patterns from severe soft-tissue injury 
[31] makes physiological sense.

Godina was operating when microsurgical 
techniques, equipment and experience was still 
developing. How much does delay beyond 72 h 
adversely affect outcome in modern units? In 
the same North West German centre as Pape, 
42 patients had limb reconstruction delayed 
due to delays in transfer and concomitant life- 
threatening injuries in 67%. Mean time to wound 
closure was 28 days, and wounds were tempo-
rised with TNPWT. They experienced three 
pedicled flap failures and only one free flap fail-
ure but did not comment on any other outcome 
measures [41].

A UK urban trauma centre examining 66 
severe open tibia fractures in 65 patients reported 
very low rates of infection (1.6%) despite the 
median time to soft-tissue coverage being 5 days 
[34]. Fifteen of the cases waited 7 days, and two 
waited 28 and 30 days, respectively. The authors 
considered adequate debridement within 24 h 
key to the low incidence of infection as well as 
microbiological sampling at the time of defini-
tive closure; again all of these wounds associ-
ated with open fractures were temporised with 
TNPWT. Perhaps the key message from this 
paper and earlier work from the same institution 
is that definitive orthopaedic fixation and soft- 
tissue cover need to happen at the same opera-
tion. Delayed coverage of indwelling metalwork 
at a second operation benefits no one.

Fig. 24.6 Topical negative pressure wound therapy to 
splint hand

Fig. 24.5 Iatrogenic radial nerve injury
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The improvement in outcomes associated 
with high-ratio blood and blood product resus-
citation [42] and anti-fibrinolytic therapy [43] 
has revolutionised resuscitation strategies, but 
would they predispose to thrombotic compli-
cations in future soft-tissue reconstruction? It 
would appear that use of tranexamic acid (TXA) 
did not increase the rate of complications, 
including venous thromboembolism, in those 
undergoing flap reconstruction, but only 11% of 
the 173 flap procedures reviewed had received 
TXA, and further work is needed  TXA [44], 
or if its use predisposed to the development of 
wound infections [45].

Although less used in current practice, 
recombinant activated VII (rFVIIa) was well 
utilised before the CONTROL trial was unable 
to demonstrate a survival advantage. Potential 
adverse effects with regard to soft-tissue recon-
struction are not discussed in the literature. 
However, the adjunctive use of rFVIIa in the 
setting of vascular repair combined with a dam-
age control resuscitation philosophy has been 
examined by Fox et al. They postulated that 
vascular graft failure was not thought to be 
due to rFVIIa but caused by poor soft-tissue 
coverage and infection although the long-term 
outcomes with regard to limb salvage were not 
known [46].

24.8  UK Military Model

Previously I have commented that it may be chal-
lenging to involve reconstructive surgeons at the 
index operation. However, the UK military has 
recent experience of integrating a plastic surgeon 
into the deployed surgical team in recent con-
flicts. A single plastic surgeon was deployed to 
Camp Bastion Southern Afghanistan from 2008 
until the conclusion of the British military mis-
sion in 2014. This coincided with the heaviest 
periods of coalition combat activity and casu-
alties working alongside general surgical and 
orthopaedic colleagues to provide a balanced 
team and to help manage the “increase in the 
incidence of multiple, complex extremity injuries 
being sustained” [9].

Plastic surgeons were involved in 40% of all 
surgical cases, two-thirds of these were alongside 
another surgeon, most commonly orthopaedics. 
Approximately 70% of cases were debridement 
and surgical control of military wounds in the 
extremities and head and neck. No reconstructive 
procedures were performed on coalition troops 
due to the efficiency of the evacuation chain and 
the operational pressures of immediate work in 
the combat hospital.

No objective evidence of improved outcomes 
is available to demonstrate functional benefit in 
the survivors treated in this manner, but subjec-
tive discussions with deployed colleagues and 
those receiving injured UK service persons from 
this facility commented on the added benefit of 
the multidisciplinary team being involved from 
the outset.

 Conclusion

Damage control philosophies of care have 
improved survival for severely injured trauma 
patients. It is every team member’s responsi-
bility to ensure that decisions taken in the 
pressurised initial moments do not prejudice 
future functional recovery.

Systems should be put in place to support 
the resuscitative surgeon either by early direct 
involvement of reconstructive surgeons or by 
easy access to remote decision support. This is 
the responsibility of the reconstructive surgi-
cal team within the trauma system to provide, 
test and continue to improve.

As mortality gives way to quantification of 
morbidity as a marker of trauma care effec-
tiveness, then we all need to have the patient’s 
ultimate functional requirements at the front 
of our minds.
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