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It could reasonably be argued that the history of surgery and the history of war are
completely intertwined. Although not all advances in surgical thought come from
war, the pace of advance in surgical understanding and practice is markedly
increased during times of prolonged armed conflict. The United States, with its coali-
tion partners, is now engaged in 2 of the most protracted armed conflicts in the rela-
tively short history of the republic. The current armed conflicts, as those that came
before, have provided an opportunity to vastly increase our understanding of treating
victims of traumatic injury.
While all armed conflicts have produced significant gains in medical knowledge,

albeit at tragic cost, these most recent and ongoing hostile operations have presented
some unique opportunities. Perhaps most important is our ability to gather and
analyze data, both medical and nonmedical, from the battlesphere, in real time or
near real time. Advances in technology allow unparalleled access to communication
from the most forward (if that really exists in asymmetric conflict) locations to the
most developed definitive care facilities in the continental United States. Real-time
teleconferencing and reliable access for data transfer have allowed those of us who
have worked in these forward-operating conditions to have access to information
and clinical follow-up on patients who, in previous eras, would have been lost to
follow-up for those who provide initial and in-transit care. The 2 senior investigators
of this article (L.M.F. and R.F.M.) have benefited tremendously from these advances.
Hemorrhage remains a leading cause of morbidity and death in both civilian and

military trauma patients. It is responsible for almost 50% of deaths occurring within
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24 hours of injury, and up to 80% of intraoperative trauma mortalities.1 The end point
of resuscitation in these patients is the restoration of effective end-organ perfusion by
stopping hemorrhage and restoring intravascular volume, done in such a way that
minimizes acidosis, hypothermia, and coagulopathy. This end point almost always
requires the use of blood and/or blood component therapy. The best way to manage
life-threatening hemorrhage is either to avoid the circumstance that prompted it or to
mitigate blood loss early in the injury cycle, in the absence of which blood replacement
must suffice. In this article, the authors review the current understanding of massive
transfusion, and its attendant unintended consequences, in the management of
patients with profound hemorrhage. The authors do so with the greatest respect
and gratitude to those who have suffered, and by doing so have provided clinicians
with some increased capability to perhaps reduce the suffering of others.

DEFINITION

It is estimated that 10% of military trauma patients and 3% to 5% of civilian trauma
patients receive massive transfusions.1 Massive transfusion is generally defined as
administration of 10 or more units of packed red blood cells (PRBCs) to an individual
patient within 24 hours.2,3 For massive transfusion guidelines to be useful, a recogni-
tion and anticipation of ongoing blood loss over a specific period is required. Much of
the data on the blood component ratio are gathered from populations who conform to
the traditional definition. Some investigators object that this definition may exclude
groups of patients who die early, specifically underrepresenting the acute resuscita-
tion phase.2 This criticism has generated other dynamic definitions that use lower
volumes and shorter time frames, such as transfusion of greater than 4 units of PRBCs
in 1 hour with anticipation of continued need, or the replacement of 50% total blood
volume in 3 hours.3

HISTORICAL PERSPECTIVE

As alluded to in the introduction, much of what we know about large-volume transfu-
sion has been learned from wartime experience. The first warm blood transfusion in
a human was administered in 1667 by Dr Jean-Baptiste Denis in France, when he
directly transfused blood from the femoral artery of a lamb into the vein of a demented
man, theorizing that the lamb’s blood would cure his illness. The man died shortly
thereafter secondary to tuberculosis; however, at the time his demise was attributed
to the blood transfusions.4 Following this, the concept of bloodletting dominated for
some time and the practice of transfusing blood in humans did not occur again until
the nineteenth century.4,5

The discovery of ABO compatibility and the development of citrate storage solutions
made the process of collecting blood and transfusing it easier and more frequent. By
the time of World War I, the capacity to collect and store viable blood made it possible
to deliver blood to the battlefield for the first time.5,6 The etiology and understanding of
shock, however, was still a matter of controversy. Some considered death to be attrib-
utable to wound shock, an entity thought to be distinct from hemorrhagic shock. Blood
transfusions for resuscitation therapy were accepted by the British Forces in 1918,
and by the time they entered World War II, the British had a functioning blood-
banking system. The Americans, however, were slower to adopt these practices.
Dr Edward D. Churchill, a thoracic surgeon from Harvard, played an integral role in

the USMilitary blood program. He was appointed chief surgical consultant in the North
Africa campaign during the United States’ early involvement in World War II. On
assumption of his duties, which were largely not described, he found that not only
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was there no plan for the collection of blood, there was also a push to use plasma for
resuscitation.7 The consensus of US Military medical opinion had not yet dismissed
the idea of wound shock, and therefore was not fully engaged with red cell transfusion
as a primary form of resuscitation. More than 5 million collected units of blood were
converted into either plasma or albumin during this period.7

Churchill remained skeptical and came to the conclusion that wound shock was
hypovolemic shock resulting from hemorrhage. He believed that the British were basi-
cally correct and that whole blood collection and transfusion was the ideal solution for
this problem. He petitioned for a laboratory, established a blood-banking center, and
eventually headed a research team to evaluate the physiologic consequences of injury
and shock.5,6 The actual story of how Churchill managed this is too long to recall in this
article, but it is a worthwhile read for those who like stories of perseverance and
discovery despite minimal support from the higher-ups.

STORAGE AND COMPATIBILITY CONSIDERATIONS

In 1914, Adolph Hustin discovered that adding citrate to blood prevented it from clot-
ting and that the citrated blood could be safely transfused into dogs. In 1915, Richard
Lewisohn determined the maximum amount of citrate that could be transfused into
dogs without toxicity. Richard Weil then showed that citrated blood could be stored
for 2 days and still be effective when transfused into dogs and guinea pigs. In 1916,
work on rabbits by Rous and Turner showed that blood could be stored for 14 days
and successfully transfused.8–11 Shortly thereafter, during World War I, separated
red blood cells (RBCs) were stored in a similar solution for up to a month and then
used to resuscitate wounded soldiers in the British Forces. Blood transfusion became
the accepted resuscitation therapy for the British; however, US Army officials became
concerned about bacterial contamination secondary to the glucose storage medium,
and eventually decided to reduce the storage time of RBCs to only 5 days, which
greatly limited their widespread use.5,12

The initial standards for RBC storage were that the cells did not hemolyze in the
bottle, and that they appeared to recirculate when transfused. The same storage prin-
ciples essentially hold true today. The current consensus is that 75% of cells must
remain in circulation at 24 hours posttransfusion, with less than 1% hemolysis.13

However, the controversy surrounding lengthening of storage time to build inventory
versus optimizing safety and efficacy of blood products continues.
The current standards and procedures for storage of blood products include

rigorous quality measures. There are, however, inherent problems with storing living
RBCs in a closed plastic bag. The authors permit a unit of PRBCs to be stored for
up to 42 days, during which time several biochemical changes occur. Decreases in
pH lead to lower levels of adenosine triphosphate and 2,3-diphosphoglycerate.
Acidosis contributes to changes in the shape of red cells. As storage time increases,
membranes become rigid secondary to phospholipid asymmetry, leading to accumu-
lation and release of biologically active lipids, as well as oxidative damage. Hypo-
thermic storage and cryopreservation also contribute to increased membrane
permeability, loss of cation pumping, and hemolysis.14,15 The reported effects of
RBC age on clinical outcomes are mixed. Lelubre and colleagues16 reviewed the liter-
ature and identified 24 studies that evaluated the effects of RBC age on outcomes.
Their analysis of the published data did not support a clinically relevant relationship
between the age of transfused RBCs and morbidity or mortality, except perhaps on
trauma patients who have undergone massive transfusions. It is difficult to discern
the impact of older blood from the effects of severe injuries requiring massive volumes
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of transfused blood. Total volume of transfused blood seems to serve as the primary
risk factor for transfusion-related mortality.17

Duration of blood component storage may also be a contributing factor in multior-
gan failure. Zallen and colleagues,18 in a prospective analysis, identified trauma
patients who received significantly more units of RBCs that were stored for longer
than 14 to 21 days. The investigators observed that patients who developed multior-
gan failure received significantly older red cell units, and concluded that age of PRBC
units is an independent predictor of developing multiorgan failure. There is also
support in the literature to suggest a relationship between the age of RBCs transfused
and the development of complicated sepsis. An association between the number of
units of older blood transfused, not simply the total amount of blood, and the develop-
ment of sepsis suggests that the immunomodulatory effect of allogenic blood is influ-
enced by the duration of storage.17 Other studies demonstrate that the use of units
older than 14 to 21 days remains an independent risk factor for major infections.13,16,19

Potential mechanisms for this effect come from in vitro studies showing that incu-
bating normal neutrophils with plasma from blood stored for 21 to 42 days increases
production of interleukin (IL)-8, IL-1b, tumor necrosis factor a, and secretory phospho-
lipase.20 Further randomized prospective trials are needed to evaluate these relation-
ships in patients receiving massive transfusions and to more fully understand the
process.
Another potential problem related to the prolonged storage of blood is the potential

for bacterial contamination. This problem was among the earliest recognized transfu-
sion risks, as blood components were originally collected in reusable glass bottles.
With the advent of sterile containment devices and refrigeration systems, this risk
dropped dramatically.21 Today, approximately 1 in 30,000 stored RBC units can be
demonstrated at some point to be bacterially contaminated, accounting for about 1
in 5 transfusion-related deaths per year.13 Platelets are more susceptible to this risk
because of a storage temperature that can facilitate microbial growth (20"–24"C).
The implementation of bacterial testing has significantly decreased this risk.21

Given the large volume of blood products received by patients who are massively
transfused, it is not always feasible to use fully cross-matched, type-specific blood
products. One of the earliest civilian experiences with uncross-matched PRBCs, by
Blumberg and Bove22 in the 1970s, reported the use of more than 200 units of PRBCs
without any “untoward effects.” Similarly, in several prospective studies of patients
requiring massive transfusion using uncross-matched PRBCs, no acute transfusion
reactionswere reported.23,24 The largest use of uncross-matched PRBCs comes again
from the military experience. In Vietnam, the US Army used more than 100,000 units of
uncross-matched blood without any reportable deaths as a result of transfusion
reactions.23

In another large studyofmore than25,000 traumapatients,25 increasedmortalitywas
noted in thegroup receiving uncross-matchedPRBC transfusions. Themortality impact
persisted even after correcting for differences in demographics, injury severity, and the
amount of blood products received. The investigators concluded that the requirement
for uncross-matched blood during the acute resuscitation of traumapatients is an inde-
pendent predictor of mortality and the need for massive transfusion. In their analysis
they attributed the increase in mortality to the transfusion of uncross-matched PRBCs
as amarker for acute active hemorrhage, but not to the uncross-matched blood itself.25

Collectively these results suggest that the use of uncross-matched PRBCs may be
a predictor of the need for massive transfusion.
Overall, the literature supports that uncross-matched red cells are safe for patients

with acute hemorrhage, and certainly safer than the risk associatedwith uncompensated
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anemia or persistent hypovolemia. The risk of an acute hemolytic transfusion reaction is
low, and the risk of creating alloantibodies that interferewith futurecross-matching is also
low. The indicationsand thresholds for transfusionwithuncross-matchedbloodproducts
are continuing to evolve; however, their safety seem to be acceptable at present.

TEMPERATURE, BASE DEFICIT, AND pH

Massive transfusion is associated with several metabolic and hemostatic conse-
quences. Uncontrolled hemorrhage and the subsequent massive resuscitation can
result in the development of coagulopathy, hypothermia, and acidemia in the postin-
jury period. The etiology of coagulopathy is multifactorial, and involves a combination
of both dilutional and consumptive factors. The total volume of blood loss, as well as
the blood component products used for resuscitation, contributes to this lethal triad.
Shock and tissue injury seem to be the main driving forces early in the development of
coagulopathy, and once resuscitation is initiated, hemodilution further exacerbates
these derangements.12 Also, the physical process of separating whole blood into
component products results in dilution of RBCs, clotting factors, and platelets, which
further contributes to these physiologic changes.26

Hypothermia may be induced by several mechanisms in the postinjury period,
including prehospital environmental conditions, evaporative losses in the operating
room, or iatrogenic prevention of endogenous heat production by use of paralytics.
In patients, hypothermia from all causes, to the degree that core temperature
decreases to less than 32"C, is associated with 21% mortality.27 In trauma patients
who develop similar hypothermia, the mortality rate increases. One study demon-
strated a 100% mortality rate at core temperatures lower than 32"C. In the hypo-
thermic and traumatized patient, this was noted to be independent of the presence
of shock, volume of fluid resuscitation, and injury severity.28 The systemic response
to hypothermia, specifically at temperatures lower than 35"C, induces coagulopathy
by affecting hemostasis, mainly by its effect on platelets, coagulation factors, and
the fibrinolytic system.29 Decreased enzymatic activity as an integral mechanism in
hypothermia-induced coagulation stems from studies in which clotting assays were
performed at temperatures lower than 37"C. Prothrombin time (PT) and activated
partial thromboplastin time (aPTT) are significantly increased at temperatures lower
than 33" to 35"C. The activity of tissue factor, or factor VIIa complex, decreases
with dropping temperatures. In animal studies, hypothermia increases fibrinolysis by
its inhibitory effects on plasminogen activator inhibitor.27 Furthermore, platelet func-
tion is affected mainly secondary to the reduced effect of von Willebrand factor, which
mediates platelet adhesion and activation.12

Rapid transfusion of large quantities of blood products or infusion of other fluids that
are cooler than ideal core temperature will either create or exacerbate hypothermia.
Blood products are usually stored at temperatures between 1" and 6"C. For every
1"C drop in core temperature of the patient there is a 10% reduction in coagulation
factor activity. Warming blood products to 37"C before administration and close moni-
toring of the patient’s temperature are recommended to mitigate this effect.29,30

Acidemia in the massively transfused patient is usually an indicator of end-organ
hypoperfusion with subsequent metabolic acidosis, caused by either low-flow states
or excessive use of chloride-containing resuscitative products. Acidemia impairs the
generation of thrombin, increases the degradation of fibrinogen, impairs the function
of plasma proteases, and reduces the activity of coagulation factor complexes.12,30,31

Specifically, a drop in pH from 7.4 to 7.0 reduces the activity of factor VIIa by 90%,
factor VIIa/tissue factor complex by 55%, and factor Xa/Va complex by 70%.31
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Correlating these deficiencies with clinical outcomes is difficult. A patient’s calculated
plasma base deficit on hospital admission and transfusion requirements in the first 24
hours has been associated with postinjury organ failure and death.32,33 The overall
effects of acidemia and base deficit on outcomes, however, have not been well
defined.

WHOLE BLOOD

The practice of transfusing fresh whole blood has been used in almost every military
conflict since World War I, as well in situations in which certain fractionated blood
product components are not available.34 Since the development of citrate storage
solutions, the process of collecting blood and subsequently transfusing it at a later
date has become easier and more frequent. As the fractionation process developed
and improved between the 1940s and 1980s, transfusion of blood components
increased while the use of stored whole blood diminished.34

One advantage of transfusing fresh whole blood is that it provides replacement of
each blood component in the same ratio that it was lost, and is not affected by the
storage process. Current practice in forward military environments is to use warm
fresh blood transfusions for patients who require any blood component that is not
immediately available, most notably platelets or cryoprecipitate. A recent analysis of
combat-related trauma patients receiving 1 or more units of blood reported that fresh
whole blood was associated with improved survival when compared with component
therapy.35

Between March 2003 and July 2007, more than 6000 units of whole blood were
transfused in Afghanistan and Iraq. The donor pool consists generally of hospital
and military personnel, as well as government contractors, who have been pre-
screened. The units are transfused warm without leukoreduction or irradiation within
20 to 30 minutes.35 One review that evaluated more than 2000 units of warm fresh
whole blood transfused between 2003 and 2005 found that no patient contracted
human immunodeficiency virus (HIV). The risk is low, as all military donors are
screened for HIV within 2 years before deployment and are immunized against hepa-
titis B. In the same study, the incidence of hepatitis C measured in military donors was
0.11%, and the risk of transfusing a unit contaminated with hepatitis C was 1 in 69,930
units. Rapid screening for hepatitis C in this scenario prevented the transfusion of 2
contaminated units. Based on these data, there is currently discussion regarding
the utility of screening for hepatitis C as well.36

Transfusion of whole blood has largely been abandoned, probably for good reason,
by the civilian medical community. Blood component therapy has proved to be safe
and readily available. The logistic considerations in delivering blood products in the
civilian sector or even well-supplied and connected aspects of the military medical
system are quite different to those in forward austere operating environments.
When blood product availability is not an issue, it is difficult to make a case for the
use of whole blood. Also, austere forward environments have a fairly captive popula-
tion of donors, which markedly improves one’s ability to draw from a relatively safe
donor population. The military experience clearly suggests that there is still a place
for the use of fresh whole blood in patient resuscitation.
Perhaps the largest whole blood drive in the United States followed the September

11, 2001 terrorist attacks. Roughly 5000 units of whole blood were collected by United
States civilian blood systems, and almost 40,000 units of PRBCs were collected.
Specifically, whole blood was collected in preference to apheresis units for ease
and speed of collection immediately after the attack.37 While this demonstrates that
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the civilian capability to collect fresh whole blood exists, it does not provide insight into
the utility of it or need for it under less than highly unusual circumstances.

BLOOD PRODUCTS BY COMPONENT AND RATIOS DATA

Although fresh whole blood has been used historically in the military setting, and more
recently during the conflicts in Iraq and Afghanistan, component therapy is the stan-
dard for transfusion of blood products. Blood component therapy optimizes the use
of resources by allowing components to be used in different patients.
There are generally 2 different approaches to blood component replacement in

managing coagulopathy: prophylactic transfusion of fresh frozen plasma (FFP) and
platelets in patients expected to have or develop coagulopathy versus transfusion
only when there is clinical and laboratory evidence of coagulopathy.38 If using labora-
tory data, guidelines generally recommend transfusion of the appropriate blood
components based on the following values: PT greater than 1.5 times normal, aPTT
greater than 1.5 times normal, fibrinogen less than 1.0 g/L, and platelet count less
than 50# 109. Motivation to standardize resuscitation has generated the development
of massive transfusion protocols, which facilitates administration of blood compo-
nents in standardized ratios.
Much of the early data on blood component ratio have been generated by military

studies. Mixing of components in a 1:1 ratio of plasma to RBCs creates a unit of whole
blood with a hematocrit of 29%, a platelet count of 88,000, and 62% clotting activity.6

The available data suggest an FFP/RBC ratio approaching 1:1 is associated with
improved survival and decreased early hemorrhagic death. In patients predicted to
require or who do require massive transfusion, current US Military practice is admin-
istration of FFP, platelets, and PRBCs in a 1:1:1 ratio, which approximates that of
whole blood.39–41

Numerous multicenter prospective studies have supported these recommenda-
tions, documenting a survival benefit and reduction in mortality for patients who
receive more FFP and platelets as part of the resuscitation.30,42–44 There is, however,
a limit, as this survival benefit is not seen at very high ratios of FFP/PRBC.
When examining the effect of blood component ratio on the coagulation response,

beneficial effects are observed at FFP/RBC ratios between 1:2 and 3:4. These benefits
were confined to patients with coagulopathy and were seen to diminish at ratios of
greater than 1:3. The survival benefit can also be extended to platelet/RBC ratios,
with optimal levels of 1:1, similar to that of plasma and red cells.45–47

In blunt trauma patients with hemorrhagic shock undergoing massive transfusion,
FFP/RBC ratios approaching 1:1.5 are associated with a significantly lower risk of
mortality. The mortality reduction is most relevant within the first 48 hours from the
time of injury. These results suggest that the risk occurs early, and likely secondary
to ongoing coagulopathy and hemorrhage.47

TRANSFUSION-RELATED ACUTE LUNG INJURY

Transfusion-related acute lung injury, or TRALI, is a clinical syndrome manifesting as
hypoxia and bilateral noncardiogenic pulmonary edema after transfusion of blood
products. Although the term TRALI was initially coined by Popovsky and colleagues
in 1983, the literature on this subject dates back much earlier. In the early 1950s,
the New York State Medical Journal describes lung “hypersensitivity” to transfusion,
and JAMA also reported on this new disease in 1957. The first case series later fol-
lowed in 1966, but not until 2003 were clinical criteria proposed and agreed on for
the diagnosis of TRALI.48,49
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TRALI is currently defined as a newepisode of acute lung injury (ALI) occurring during
or within 6 hours of a completed transfusion, which is not related to a competing cause
of ALI. This diagnosis is based on clinical and radiographic evidence alone, including
hypoxemia with a PaO2/FiO2 ratio of 300 or less, bilateral pulmonary infiltrates, and no
evidence of left atrial hypertension.50 TRALI is now the second leading reported cause
of mortality from transfusion, and the leading cause of transfusion-related death re-
ported to the US Food and Drug Administration. Mortality rates of up to 6% to 9%
have been reported.48,49 The incidence of TRALI varies, and the reported risk varies
by type of blood product transfused. Reports range from 1 in 5000 units of PRBCs, 1
in 2000 plasma-containing components, 1 in 7900 units of FFP, and 1 in 432 units of
wholeblood–derivedplatelets.48 In one large studyof 90casesof TRALI, theprevalence
was 1 in 1120 for all cellular components, which is a significant increase from the
accepted statistics.51 Despite the consensus on a common definition for TRALI, these
numbers may be much higher after considering the occurrence of underrecognition,
variable expression of the reaction, and underreporting.
The pathophysiology of TRALI is not well understood, and there are currently 2

potential mechanisms for TRALI: antibody-mediated and non–antibody-mediated. In
the antibody-mediated model, donor antibodies interact with recipient leukocytes
via anti-HLA class I, anti-HLA class II, and antigranulocyte antibodies. These antibody
interactions activate complement, leading to pulmonary sequestration and activation
of neutrophils, endothelial damage, and capillary leak in the lungs. Usually the alloan-
tibodies are present in the transfused product, are of donor origin, and react with the
recipient’s granulocytes.49 Multiparous women are at highest risk as carriers, due to
their greater alloantigen exposure, which causes higher titers of anti-HLA antigen
and antigranulocyte antibodies.48,52 The other hypothesis is a 2-hit model.
The first hit is related to the patient’s preexisting condition or underlying illness that

primes and sequesters neutrophils to the lungs. It is thought that critical care is
a general risk, and specific situations such as cardiac surgery and sepsis are the first
hits that make the patient more vulnerable to developing TRALI.53 The second hit is the
transfusion of biologically active substances that activate neutrophils, and subse-
quently lead to an inflammatory cascade ultimately causing increased pulmonary
microvascular permeability.49,50 These 2 hypotheses are not mutually exclusive in
that the second hit could be the antibody in the antibody-mediated TRALI.48,49

Numerous in vitro animal studies on rabbits and rat lungs are attempting to further
elucidate these mechanisms, but there is as yet no in vivo model.
Although TRALI can be caused by any blood component, data suggest that plasma

is the most common culprit. Age of the blood component also plays a role. Older
platelet concentrates are associated with increased incidence and severity of reac-
tions, which may be as result of the accumulation of cytokines during storage. Specif-
ically, IL-6 and IL-8 levels are shown to increase as a function of storage time, and
higher IL-6 posttransfusion levels have been demonstrated in TRALI patients when
compared with pretransfusion levels and controls.51

Efforts to prevent TRALI have focused on characterizing high-risk patients, donor
screening and evaluation, and blood product modification. At present, donors associ-
ated with TRALI events are implicated after being tested for an antibody that corre-
sponds to the recipient antigen. The current recommendation is screening of blood
from implicated donors for detection of antibodies for major histocompatibility antigen
class I and class II, and testing for neutrophil antibodies.49 These current strategies are
only helpful in confirming TRALI after it has already occurred. There is no screening
test available for blood banks; however, the American Red Cross is deferring all
donors previously implicated with episodes of TRALI.
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The mainstay of treatment for TRALI remains supportive. The suspected blood
product should be discontinued and the appropriate reporting systems notified. In
patients requiring ventilatory support, smaller tidal volumes and optimization of posi-
tive end-expiratory pressure are advised. Because TRALI is caused by microvascular
injury and not fluid overload, diuretics are not recommended. The use of corticoste-
roids in those with TRALI but not relative or absolute adrenal insufficiency is not
well defined.54

FACTOR VIIa

As discussed earlier, the lethal triad of coagulopathy, acidemia, and hypothermia
accounts for a mortality rate among trauma patients of approximately 50% to 60%.55

Efforts to reducemortality rates are aimedat stoppinghemorrhage, correctingacidosis,
preventing hypothermia, and transfusing appropriate blood products. Recombinant
activated factor VII (rFVIIa, NovoSeven) has been proposed as one adjunctive form of
therapy to accomplish these goals. Although it was first developed for treatment of
patients with hemophilia, its use in the trauma population requiringmassive transfusion
is less well established. At present, rFVIIa is a damage-control tool in coagulopathic
patients refractory to standard treatment, and is often coupledwithmassive transfusion
protocols. The mechanism of action of factor VIIa is through activation of the extrinsic
pathway of the coagulation cascade. It binds to exposed tissue factor at the site of
endothelial injury and facilitates the conversion of factor IX to factor IXa, and factor X
to Xa, to promote thrombin formation and coagulation (Fig. 1).56

The CONTROL trial was the first multicenter randomized trial using rFVIIa in the
setting of bleeding trauma patients. Severely bleeding patients (those aged 16–65
years requiring 6 units of PRBCs within 4 hours of admission) were randomized to
rFVIIa or placebo. The first dose was given after the eighth unit of packed cells, the
second dose 1 hour later, and the third dose 3 hours after the first. The primary end
point of the study was the number of units of PRBCs transfused within 48 hours of
the first dose of factor rFVIIa. In the patients with blunt trauma who received rFVIIa,
the number of units of PRBCs transfused was significantly fewer, with an estimated
reduction of 2.6 units. Similar trends were observed in the penetrating trauma group;
however, these were not statistically significant.57,58 The investigators did not demon-
strate a survival benefit in either group, particularly when bleeding was associated with
acidemia and hypothermia.
A post hoc analysis byRizoli and colleagues59 analyzed the effects of rFVIIa on coagu-

lopathic patients. The investigators noted that the rFVIIa-treated coagulopathic group
received fewer blood products including packed cells, FFP, and platelets, and also
observed a decreased incidence of multiorgan failure and acute respiratory distress
syndrome in these patients. Other reports suggest that the efficacy of rFVIIa may be
reduced in acidemic patients. One in vitro study examined the activity of rFVIIa on plate-
lets, and showed that a pH drop from 7.4 to 7.0 reduced rFVIIa activity by 90%.60

If much of the data support that rFVIIa can reduce the number of PRBCs used in the
massively transfused patient, then being able to predict when to optimally give rFVIIa
may be of benefit. Methods that have emerged to help predict the optimal use of FVIIa
include severe hemorrhage scores to determine the probability of a patient needing
massive transfusion. One such scoring system is the Trauma Associated Severe
Hemorrhage (TASH) score.61 Variables include blood pressure, gender, hemoglobin,
focused abdominal sonography for trauma (FAST), heart rate, base excess, and
extremity or pelvic fractures, with a score range from 0 to 28 points. Yucel and
colleagues61 concluded that increasing TASH scores were associated with increasing
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probability for massive transfusion. The ABC (assessment of blood consumption)
score proposed by Nunez and colleagues,62 a 4-component scoring system that
accounts for penetrating mechanism, emergency department systolic blood pressure
of 90 mm Hg or less, heart rate of 120 or greater, and a positive FAST, showed higher
accuracy than the TASH score.
The military has also contributed to the pool of knowledge regarding the use of

rFVIIa as treatment for massive hemorrhage. Spinella and colleagues63 performed
a retrospective review of combat casualties (defined as Injury Severity Score >15
and received $10 units PRBC/24 hours) from Baghdad Hospital from December
2003 to October 2005. These investigators identified 124 patients, of whom 49
received rFVIIa and 75 did not. The main end point of mortality was statistically signif-
icant in the rFVIIa group at 24 hours and 30 days. Death from hemorrhage was lower in
the rFVIIa group but did not reach statistical significance. Mechanism and location of

Fig. 1. Themechanismof actionof factorVIIa is throughactivation of the extrinsic pathwayof
the coagulation cascade. It binds to exposed tissue factor at the site of endothelial injury and
facilitates the conversion of factor IX to factor IXa, and factor X to Xa, to promote thrombin
formation and coagulation. (From Miller JL. Coagulation and fibrinolysis. In: McPherson R,
Pincus MR, eds. Henry’s clinical diagnosis and management by laboratory methods. 22nd
edition. Philadelphia: Saunders, 2011; with permission.)
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injury were not different between the groups, and most of the laboratory results and
vital signs were similar. Adverse thrombotic events were also equal between the 2
groups.63 Recombinant activated factor VII appears to have a beneficial effect as
a damage-control therapy in patients requiring massive transfusion. The cost will
remain somewhat prohibitive for more routine use until level 1 evidence shows
efficacy.

SUMMARY

Much of what is known about the physiology and management of significant hemor-
rhage has been learned during wartime. Large-volume hemorrhage with significant
hypovolemia is not just the result of an injury but creates an injury cycle of its own.
Conversely, restoration of intravascular volume with blood products, especially
when used in large quantities, is not just a therapy but also induces significant phys-
iologic alterations.
One thing is abundantly clear from our wartime experience: early control of hemor-

rhage is far more effective than trying to replace blood that has been spilled. Despite
our best efforts and intentions, people will continue to engage in activities that may
result in significant blood loss during times of hostility or peace. The rational, prompt,
and judicious use of the correct components of blood under the correct circum-
stances can and does meaningfully prolong lives.
The authors respectfully acknowledge the suffering of those who allowed this infor-

mation to be gathered, and applaud those who studied these matters under excep-
tional conditions.

REFERENCES

1. Kauvar D, Lefering R, Wade C. Impact of hemorrhage on trauma outcome: an
overview of epidemiology, clinical presentation, and therapeutic considerations.
J Trauma 2006;60:S3–11.

2. Mitra B, Cameron P, Gruen RL, et al. The definition of massive transfusion in
trauma: a critical variable in examining evidence for resuscitation. Eur J Emerg
Med 2011;18:137–42.

3. Sihler KC, Napolitano LM. Massive transfusion. Chest 2009;136:1654–67.
4. Spinella P. Warm fresh whole blood transfusion for severe hemorrhage: U.S.

military and potential civilian applications. Crit Care Med 2008;36:S340–5.
5. Hoyt D. Blood and war—lest we forget. J Am Coll Surg 2009;209:681–6.
6. Hess JR, Zimrin AB. Massive blood transfusion for trauma. Curr Opin Hematol

2005;12:488–92.
7. Cannon J, Fischer JE, Edward D. Churchill as a combat consultant. Ann Surg

2010;251:566–72.
8. Hustin A. Principe d’une nouvelle method de transfusion. Journal Medical de

Bruxelles 1914;2:436.
9. Lewisohn R. Blood transfusion by citrate method. Surg Gynecol Obstet 1915;21:

37–47.
10. Weil R. Sodium citrate in the transfusion of blood. JAMA 1915;64(5):425–6.
11. Rous P, Turner J. The transfusion of kept cells. J Exp Med 1916;23:239–47.
12. Hess JR, Brohi K, Dutton RP, et al. The coagulopathy of trauma: a review of mech-

anisms. J Trauma 2008;65:748–54.
13. Zimrin AB, Hess JR. Current issues relating to the transfusion of stored red blood

cells. Vox Sang 2009;96:93–103.

Massive Transfusion of Blood in the Surgical Patient 231



14. Gilliss B, Looney M. Reducing noninfectious risk of blood transfusion. Anesthesi-
ology 2011;115:635–49.

15. Stoll C, Wolkers W. Membrane stability during biopreservation of blood. Transfus
Med Hemother 2011;38:89–97.

16. Lelubre C, Piagnerelli M, Vincent JL. Association between duration of storage of
transfused red blood cells and morbidity and mortality in adult patients: myth or
reality? Transfusion 2009;49:1384–9.

17. Hassan M, Pham T, Cuschieri J, et al. The association between the transfusion of
older blood and outcomes after trauma. Shock 2011;35:3–8.

18. Zallen G, Offner P, Moore E, et al. Age of transfused blood is an independent risk
factor for postinjury multiple organ failure. Am J Surg 1999;178:570–2.

19. Offner P, Moore E, Biffl W, et al. Increased rate of infection associated with trans-
fusion of old blood after severe injury. Arch Surg 2002;137:711–7.

20. Malone D, Dunne J, Tracy K, et al. Blood transfusion, independent of shock
severity, is associated with worse outcome in trauma. J Trauma 2003;54:898–907.

21. Alter H, Klein H. The hazards of blood transfusion in a historical perspective.
Blood 2008;112:2617–26.

22. Blumberg N, Bove J. Uncrossmatched blood for emergency transfusion. JAMA
1978;240:2057–9.

23. Dutton R, Shih D, Edelman B, et al. Safety of uncrossmatched type-O red cells for
resuscitation from hemorrhagic shock. J Trauma 2005;59:1445–9.

24. Schwab C. Immediate trauma resuscitation with type O uncrossmatched blood:
a two-year prospective experience. J Trauma 1986;26:897–902.

25. Inaba K, Pedro GR, Shulman I, et al. The impact of uncross-matched blood trans-
fusion on the need for massive transfusion and mortality: analysis of 5166
uncross-matched units. J Trauma 2008;65:1222–6.

26. Sebesta MA. Special lessons learned from Iraq. Surg Clin North Am 2006;86:
711–26.

27. Tsuei B, Kearney P. Hypothermia in the trauma patient. Injury 2004;35:7–15.
28. Jurkovich G, Greiser W. Hypothermia in trauma victims: an ominous predictor of

survival. J Trauma 1987;27:1019–24.
29. Sihler KC, Napolitano LM. Complications of massive transfusion. Chest 2010;137:

209–20.
30. Johansson P, Ostrowsk R, Secher N. Management of major blood loss: an

update. Acta Anaesthesiol Scand 2010;54:1039–49.
31. Meng Z, Wolberg A, Monroe D. The effect of temperature and pH on the activity

of factor VIIa: implications for the efficacy of high dose factor VIIa in hypothermic
and acidotic patients. J Trauma 2003;55:886–91.

32. Davis J, Parks S, Kaups K, et al. Admission base deficits predicts transfusion
requirement and risks of complications. J Trauma 1996;41:769–74.

33. Thorsen K, Ringdal KG, Soreide E, et al. Clinical and cellular effects of hypo-
thermia, acidosis and coagulopathy in major injury. Br J Surg 2011;98:894–907.

34. Repine TB, Perkins JG, Kauvar DS, et al. The use of fresh whole blood in massive
transfusion. J Trauma 2006;60:S59–69.

35. Spinella P, Perkins J, Grathwohl K, et al. Warm fresh blood is independently asso-
ciated with improved survival for patients with combat-related traumatic injuries.
J Trauma 2009;66:S69–76.

36. Spinella P, Perkins J, Grathwohl K, et al. Risks associated with fresh whole blood
transfusions in a combat support hospital. Crit Care Med 2007;35:2576–81.

37. Linden J, Davey R, Burch J, et al. The September 11th, 2001 disaster and the
New York blood supply. Transfusion 2002;42:1385–7.

Raymer et al232



38. Spahn DR, Rossaint R. Coagulopathy and blood component transfusion in
trauma. Br J Anaesth 2005;95:130–9.

39. Jansen J, Thomas R, Louson M, et al. Damage control resuscitation for patients
with major trauma. BMJ 2009;338:1436–40.

40. Mitra B, Mori A, Cameron PA, et al. Fresh frozen plasma use during massive
blood transfusion in trauma resuscitation. Injury 2010;41:35–9, Int J Care Injured.

41. Zink KA, Sambasivan CN, Holcomb JB, et al. A high ratio of plasma and platelets
to packed red blood cells in the first 6 hours of massive transfusion improves
outcomes in a large multicenter study. Am J Surg 2009;197:565–70.

42. Borgman MA, Spinella PC, Perkins JG, et al. The ratio of blood products trans-
fused affects mortality in patients receiving massive transfusions at a combat
support hospital. J Trauma 2007;63:805–13.

43. Johansson P, Stensalle J. Hemostatic resuscitation for massive bleeding: the
paradigm of plasma and platelets—a review of the current literature. Transfusion
2010;50:701–10.

44. Duschesne JC, Hunt JP, Wahl G, et al. Review of the current blood transfusions
strategies in a mature level I trauma center: were we wrong for the last 60 years?
J Trauma 2008;65:272–6.

45. Davenport R, Curry N, Manson J, et al. Hemostatic effects of fresh frozen plasma
may be maximal at red cell ratios of 1:2. J Trauma 2011;70:90–6.

46. Holcomb JB, Wade CE, Michalek CE, et al. Increased plasma and platelet to red
blood cell ratios improves outcome in 466 massively transfused civilian trauma
patients. Ann Surg 2008;248:447–58.

47. Sperry JL, Ochoa JB, Gunn SR, et al. An FFP:PRBC transfusion ratio >1:1.5 is
associated with a lower risk of mortality after massive transfusion. J Trauma
2008;65:986–93.

48. Toy P, Popovsky M, Abraham E, et al. Transfusion related acute lung injury: defi-
nition and review. Crit Care Med 2005;33:721–6.

49. Sheppard C, Lodgberg L, Zimring J, et al. Transfusion related acute lung injury.
Hematol Oncol Clin North Am 2007;21:163–76.

50. KleinmanS,CaulfieldT,ChanP, et al. Towardanunderstandingof transfusion related
acute lung injury: statement of a consensus panel. Transfusion 2004;44:1774–89.

51. Silliman C, Boshkov L, Mehdizadehkashi Z, et al. Transfusion related acute lung
injury: epidemiology and prospective analysis of etiologic factors. Blood 2003;
101:454–62.

52. Looney M, Gillis B, Matthay M. Pathophysiology of transfusion-related acute lung
injury. Curr Opin Hematol 2010;17:418–23.

53. Hess JR. Translating research in the intensive care unit into effective educational
strategies. Crit Care Med 2010;38:981–2.

54. Cherry T, Steciuk M, Reddy V, et al. Transfusion related acute lung injury: past
and present. Am J Clin Pathol 2008;129:287–97.

55. Mitra B, Cameron P, Phillips L. Recombinant factor VIIa in trauma patients with the
triad of death. Injury 2011;1:1–6.

56. Gonzalez E, Jastrow K, Holcomb J, et al. Schwartz’s principles of surgery. 9th
edition. Available at: http://www.accesssurgery.com. Accessed January 9, 2012.

57. Boffard K, Riou B, Warren B, et al. Recombinant factor VIIa as adjunctive therapy
for bleeding in severely injured trauma patients: two parallel randomized,
placebo-controlled, double-blind clinical trials. J Trauma 2005;59:8–18.

58. Dutton R, Hauser C, Boffard K, et al. Scientific and logistical challenges in
designing the CONTROL trial: recombinant factor VIIa in severe trauma patients
with refractory bleeding. Clin Trials 2009;6:467–79.

Massive Transfusion of Blood in the Surgical Patient 233

http://www.accesssurgery.com


59. Rizoli S, Boffard K, Riou B, et al. Recombinant activated factor VII as an adjunc-
tive therapy for bleeding control in severe trauma patients with coagulopathy:
subgroup analysis from two randomized trials. Crit Care 2006;10:R178.

60. Meng Z, Wolberg A, Monroe D, et al. The effect of temperature and pH on factor
VIIa: implications for the efficacy of high dose factor VIIa in hypothermic and
acidotic patients. J Trauma 2003;55:855–61.

61. Yucel N, Lefering R, Maegele M, et al. Trauma associated severe hemorrhage
(TASH)-score: probability of mass transfusion as surrogate for life threatening
hemorrhage after multiple trauma. J Trauma 2006;60:1228–37.

62. Nunez T, Vosckrensensky I, Dossett L, et al. Early prediction of massive transfu-
sion in trauma: simple as ABC (assessment of blood consumption)? J Trauma
2009;66:346–52.

63. Spinella P, Perkins J, McLaughlin D, et al. The effect of recombinant activated
factor VII on mortality in combat-related casualties with severe trauma and
massive transfusion. J Trauma 2008;64:286–94.

Raymer et al234


	Massive Transfusion of Blood in the Surgical Patient
	Definition
	Historical perspective
	Storage and compatibility considerations
	Temperature, base deficit, and pH
	Whole blood
	Blood products by component and ratios data
	Transfusion-related acute lung injury
	Factor VIIa
	Summary
	References


