Blood Reviews 23 (2009) 231–240

Contents lists available at ScienceDirect

Blood Reviews
journal homepage: www.elsevier.com/locate/blre

REVIEW

Resuscitation and transfusion principles for traumatic hemorrhagic shock
Philip C. Spinella a,*, John B. Holcomb b,
a

Associate Professor of Pediatrics, University of Connecticut, Pediatric Intensivist, Department of Pediatrics, Medical Director Surgical Critical Care, Department of Surgery,
Connecticut Children’s Medical Center, 282 Washington St., Hartford, CT 06106, United States
b
Professor of Surgery, Chief, Division of Acute Care Surgery, Director, Center for Translational Injury Research, University of Texas Health Science Center, 6410 Fannin St., Suite
1100 Houston, TX 77030, United States

a r t i c l e
Keywords:
Hemorrhage
Transfusion
Coagulopathy
Shock
Trauma

i n f o

s u m m a r y
The transfusion approach to massive hemorrhage has continually evolved since it began in the early
1900s. It started with fresh whole blood and currently consists of virtually exclusive use of component
and crystalloid therapy. Recent US military experience has reinvigorated the debate on what the most
optimal transfusion strategy is for patients with traumatic hemorrhagic shock. In this review we discuss
recently described mechanisms that contribute to traumatic coagulopathy, which include increased anticoagulation factors and hyperﬁbrinolysis. We also describe the concept of damage control resuscitation
(DCR), an early and aggressive prevention and treatment of hemorrhagic shock for patients with severe
life-threatening traumatic injuries. The central tenants of DCR include hypotensive resuscitation, rapid
surgical control, prevention and treatment of acidosis, hypothermia, and hypocalcemia, avoidance of
hemodilution, and hemostatic resuscitation with transfusion of red blood cells, plasma, and platelets
in a 1:1:1 unit ratio and the appropriate use of coagulation factors such as rFVIIa and ﬁbrinogen-containing products (ﬁbrinogen concentrates, cryoprecipitate). Fresh whole blood is also part of DCR in locations
where it is available. Additional concepts to DCR since its original description that can be considered are
the preferential use of ‘‘fresh” RBCs, and when available thromboelastography to direct blood product and
hemostatic adjunct (anti-ﬁbrinolytics and coagulation factor) administration. Lastly we discuss the
importance of an established massive transfusion protocol to rapidly employ DCR and hemostatic resuscitation principles. While the majority of recent trauma transfusion papers are supportive of these general concepts, there is no Level 1 or 2 data available. Taken together, the preponderance of data suggests
that these concepts may signiﬁcantly decrease mortality in massively transfused trauma patients.
Ó 2009 Elsevier Ltd. All rights reserved.

Introduction
Traumatic injury is the leading cause of death for patients between the ages of 1 and 40,1 and approximately 90,000 people die
per year in the US from traumatic injuries.2 US military reports estimate that 15–20% of traumatic deaths are potentially preventable
and 66–80% of these deaths occur from hemorrhage.3,4 Rural civilian data indicate that approximately 10% of traumatic deaths are
preventable,5,6 and 16% of preventable deaths are due to hemorrhage.7 If 10–20% of 90,000 US civilian traumatic deaths are preventable and 16–80% of these preventable deaths are due to
uncontrolled bleeding this translates to between 1400 and 14,000
potentially preventable hemorrhagic trauma deaths per year in
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the US. Hemorrhagic deaths typically occur very early, usually
within the ﬁrst 6 h of admission.8–11 Early hypoperfusion or shock
has been demonstrated to promote coagulopathy.12,13 Approximately 25% of patients with severe traumatic injury are coagulopathic upon admission.14,15 Shock and coagulopathy upon
admission have been both independently associated with massive
transfusion and increased mortality.16–19 Therefore, early identiﬁcation of patients who are at risk of developing shock and coagulopathy, and subsequent strategies to prevent and control these
processes may improve survival.13,16,17,20,21
The transfusion approach to hemorrhage has continually changed since the early 1900s. This evolution has included fresh whole
blood and modiﬁed whole blood to the current virtually exclusive
use of component therapy and crystalloid with whole blood being
reserved for uncommon indications.22–25 After the development of
whole blood fractionation, component therapy now predominates
as the primary transfusion approach secondary to concerns for resource utilization and safety.25–27 This change occurred without
evidence documenting equivalent clinical outcome data between
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whole blood and component therapy.25–27 In addition, regulatory
approval of new storage solutions is based on RBC membrane viability and ATP concentrations instead of the ability of RBCs to deliver oxygen to the microvasculature or adverse effects on
inﬂammation or immune function with stored RBCs.28 Current
transfusion guidelines regarding indications for blood components
were based upon expert opinion, experiments in euvolemic patients requiring elective surgery and data from the modiﬁed whole
blood era which is no longer commonly available.25–27 With new
storage solutions, the age of transfused RBCs has progressively increased over time to a current limit of 42 days, without prospective
studies evaluating the clinical effect of increased RBC storage
length on critically ill patients.22,28
Prompted by new data from combat casualties, an evolution of
opinion is occurring in the trauma and transfusion medicine
communities regarding the optimal resuscitative approach to
hemorrhagic shock.27,29,30 Damage control resuscitation (DCR) is
the overall guiding concept to emerge from the recent military
experience.29–32 DCR which includes permissive hypotension as
ﬁrst described by Cannon in 1918 can be summarized as allowing
the blood pressure to be slightly less than normal to promote
thrombus formation while still providing enough perfusion to
end organs.33 In other words, the goal of permissive hypotension
is to prevent increasing the blood pressure to a threshold where
a forming thrombus will not be able to achieve hemostasis, and
re-bleeding occurs. This has been called ‘‘popping the clot”.34 This
concept is practiced prior to surgical control. The practice and literature supporting permissive hypotension have been well documented and will not be discussed further.32–36 DCR also
advocates for the rapid control of surgical bleeding, prevention
of acidosis, hypocalcemia and hypothermia, and for the limitation
of excessive crystalloid use to decrease hemodilution. All of these
principles are intended to prevent inducing or exacerbating a
hypocoagulable state in these patients with severe traumatic injury who are at high risk of developing severe shock and coagulopathy. Hemostatic resuscitation is also a component of DCR and is a
term to describe a uniﬁed transfusion approach to severe hemorrhagic shock.31,37,38 Hemostatic resuscitation advocates for the
transfusion of RBCs, plasma, and platelets in a 1:1:1 ratio and for
the use of thawed plasma to achieve this ratio upon admission.
This approach is also intended to minimize exacerbating a
dilutional coagulopathy by replacing lost blood with plasma and
platelet-containing products instead of early and large amounts
of crystalloids and RBCs. Hemostatic resuscitation is also theoretically intended to address the consumptive coagulopathy and perhaps improve endothelial function which is currently being
evaluated in multiple in vitro experiments. Adjuncts to hemostatic
resuscitation include the appropriate use of coagulation factor and
ﬁbrinogen-containing products.39–43 Fresh whole blood is also
part of DCR in locations where it is available. Additional concepts
that can be considered as a part of DCR include the preference
for fresh RBCs,19,44–47 and the potential use of thromboelastography to ﬁne tune empiric blood product transfusion ratios and to
direct the administration of coagulation factor products, and
anti-ﬁbrinolytics.24,48
The literature supporting these changes advocated by DCR has
been met with appropriate caution and skepticism.49 A proposed
change of practice should always be done carefully and thoughtfully and in a data-driven fashion, it is important to recognize that
the literature supporting the current ATLS standard for the past 25
years was based upon 18 patients.50
While most of the literature reviewed is in patients with traumatic injury, further study is appropriate in different patient populations, such as those massively bleeding from ruptured aortic
aneurysms,51 gastrointestinal or obstetric sources to determine if
DCR concepts apply in these circumstances.

Traumatic coagulopathy and acute coagulopathy of traumashock
Traumatic coagulopathy is a hypocoagulable state that occurs
in the most severely injured.14,15,52,53 There are multiple factors
that may contribute to this coagulopathy, which evolve over
time. Immediately after injury, hypoperfusion may cause coagulopathy as a result of increased anti-coagulation and hyperﬁbrinolysis via increased activated protein C production, tissue
plasminogen activator and a concomitant decrease in plasminogen activator inhibitor concentrations and thrombin activatable
ﬁbrinolysis inhibitor.13,24 This speciﬁc process has been termed
the Acute Coagulopathy of Trauma-Shock (ACoTS).12 Mathematical models have determined that hemodilution occurs after patients are given excessive crystalloids and red blood cells
(RBCs) worsening shock-induced hypocoagulation.26,54 The development of hypothermia, hypocalcemia and acidosis can each further contribute to worsening of this initial coagulopathic state.24
The degree of hypocoagulation upon admission has been determined to be independently associated with massive transfusion
and mortality in trauma patients.14,15,17,20 Since death from hemorrhage occurs quickly, usually within 6 h from injury,9,55,56 the
rapid identiﬁcation of coagulopathy and its treatment may improve survival. This is the central tenant of DCR. Recent adult
military and civilian retrospective studies support this concept.18,37,57–64 Severely injured trauma patients frequently present with traumatic coagulopathy and ACoTS with signiﬁcant
bleeding as a result of injury and hypocoagulation.14,15,52 Over
time this process can shift or progress to DIC, especially when
associated with sepsis. It is very important to recognize that
Traumatic coagulopathy and ACoTS are different from Disseminated Intravascular Coagulation (DIC). Traumatic coagulopathy
is a hypocoagulable state that is multi-factorial as described
above. Patients who survive their early hypocoagulable state
can progress to DIC which is a hypercoagulable state, possibly
due to release of thromboplastins or diffuse endothelial injury
secondary to inﬂammation.65 Differentiating between these two
distinct processes is difﬁcult since both present similarly with active bleeding. Unfortunately, standard coagulation testing (PT/
PTT, ﬁbrinogen and platelet counts) cannot easily differentiate
between these two disorders accurately. One method that may
differentiate between traumatic coagulopathy and DIC (hypo
and hypercoagulable states) is thromboelastography (TEG).66
The differentiation between these two processes is important
since the optimal treatments are different.

DCR concepts and tools
Damage control resuscitation and hemostatic resuscitation are
concepts that have been recently developed to describe what is
currently thought by many to be the optimal resuscitative and
transfusion approach to patients with hemorrhagic shock and
immediately life-threatening injuries.29–32 Similar to damage control surgery the goal of damage control resuscitation is to ‘‘stay out
of trouble instead of getting out of trouble”. Therefore in patients
with severe traumatic injury the goal is to minimize iatrogenic
resuscitation injury, prevent worsening of the presenting traumatic shock and coagulopathy, and to obtain deﬁnitive hemostasis.
Once this is achieved the next immediate goal is to rapidly reverse
shock, hypocoagulation, intravascular volume depletion, and
maintain appropriate oxygen delivery and cardiac output. Fortunately, these measures are required infrequently as massive transfusion patients comprise only 3–8% of civilian and military trauma
admissions, respectively.57,60,67 DCR concepts and tools are listed
in Table 1.
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Rapid recognition of risk for trauma-induced coagulopathy (Prediction
of Massive Transfusion)

Table 1
Damage control resuscitation principles.
Rapid recognition of high risk for trauma-induced coagulopathy (massive
transfusion prediction)
Permissive hypotension
Rapid deﬁnitive/surgical control of bleeding
Prevention/treatment of hypothermia, acidosis, and hypocalcemia
Avoidance of hemodilution by minimizing use of crystalloids
Early transfusion of red blood cells:plasma:platelets in a 1:1:1 unit ratio
Use of thawed plasma and fresh whole blood when available
Appropriate use of coagulation factor products (rFVIIa) and ﬁbrinogencontaining products (ﬁbrinogen concentrates, cryoprecipitate)
*
Use of fresh RBCs (storage age of <14 days)
*
When available thromboelastography to direct blood product and the
hemostatic adjunct (anti-ﬁbrinolytics and coagulation factor) administration

Patients who develop traumatic coagulopathy often require a
Massive Transfusion (MT) deﬁned as 10 or more units of RBCs
within the ﬁrst 24 h of admission in adults.16 Prediction of a MT
is one of our most critical tasks for future research since mortality
is high (Table 2) and rapid implementation of the appropriate MT
guideline seems to improve survival.68 Likewise, those not predicted to require a MT could avoid unnecessary exposure to blood
products. Prediction tools for MT in adult trauma patients have
been developed for both military and civilian trauma patients with
predominantly penetrating and blunt injuries, respectively, with
speciﬁcities that range between 80% and 90%.16,17,69,70 These prediction equations typically include blood pressure, heart rate, base

Abbreviations: RBCs, red blood cells; rFVIIa, recombinant activated factor VII.
*
Added components of DCR since original description that can be considered.

Table 2
Summary of plasma:RBC ratio in massive transfusion populations.
Author

Design

Single or
multicenter

Number
of MT
patients

Predominant
mechanism of
injury

Inclusion
criteria

Exclusion
criteria

Time
ratio
measured

Main
results

Mortality (%)
low to high
ratio groups

Signiﬁcant limitations

Borgman
MA57

R

Multi*

246

Penetrating

P10 RBC
in 24 h

Transfer from
another facility

24 h

+ (adj)

65–34–19

Maegele M59

RPCD

Multi

713

Blunt

P10 RBC
in 24 h

Death in ED

+ (adj)

46–36–30

Holcomb JB58

R

Multi

466

Mixed

P10 RBC
in 24 h

+

67–27

No adj for confounding
variables with mortality

Sperry JL63

RPCD

Multi

415

Blunt

P8 RBC
in 12 h

Death < 30 min
from
admission
Penetrating
injury

ED and
OR (3–
6 h)
24 h

Did not exclude early
deaths subject to
survivorship bias
No adj for confounding
variables with mortality

12 h

+ (adj)

35–28

Gunter OL37

R

Single

259

Mixed

P10 RBC
in 24 h

Death in ED§

24 h

+ (adj)

62–41

Duchesne
JC38

R

Single

135

Mixed

P10 RBC
in 24 h

Death in ED

24 h

+ (adj)

88–26

Zink KA61

R

Multi

452

Mixed

P10 RBC
in 24 h

6h

+ (adj)

55–41–25

Kashuk JL98

R

Single

133

Mixed

P10 RBC
in 6 h

Death < 30 min
from
admission
Severe TBI as
cause of death
ER
thoracotomy
Chronic
medical
conditions
Death in ED or
OR

Did not exclude early
deaths subject to
survivorship bias
Did not include measures of
acidosis and coagulopathy
in regression analysis
Did not include measures of
acidosis and coagulopathy
in regression analysis
No adj for confounding
variables with mortality

6h

+ (adj)

77–37–55

Scalea TM99

P

Single

81

Not reported
for MT
patients

P10 RBC
in 24 h

Snyder CW95

R

Single

134

Mixed

P10 RBC
in 24 h

None

P10 RBC
in 24 h

Severe TBI

Teixeira PG97

R

Single

383

Not reported

For P 1:2

24 h

(adj)
For 1:1
FFP:RBC
(adj)

24 h

+

11 patients in high ratio
group
5 years study

14 (all
patients)

35–28%
(adj)

24 h

+ (adj)

For P 1:3
FFP:RBC

Underpowered

90–49–
25–26%

Underpowered
Did not include measures of
acidosis and coagulopathy
in regression analysis
Excluding OR deaths may
remove patients who die
from not enough plasma
Underpowered
Number of variables per
outcome in regression
above recommended
Did not include measures of
acidosis and coagulopathy
or platelet and factor VIIa
use in regression analysis
Six year study

+ Indicates high plasma:RBC ratio was associated with survival.
Indicates high plasma:RBC ratio was not associated with survival.
If study reported for patients with and without massive transfusion as deﬁned by authors only information and results for massive transfusion population reported.
Abbreviations: Multi, multicenter; MT, massive transfusion; RBC, red blood cell units; ED, Emergency Department; OR, operating room; adj, adjusted results with logistic
regression; TBI, traumatic brain injury; R, retrospective; P, prospective; RPCD, retrospective with prospectively collected data.
*
Indicates one US Military facility that had multiple groups of physicians rotate through it with multiple style and practice differences.
§
Exclusion of patients who died in the ED was not published but was conﬁrmed by authors.
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deﬁcit, INR, and hemoglobin values, and Focused Assessment with
Sonography in Trauma (FAST) examination. The primary advantage
of using these prediction models is that they augment the ability to
immediately determine upon admission which patients will require a DCR strategy. At times it is obvious that patients with severe injuries and profound hypotension will need a massive
transfusion, but patients with signiﬁcant internal bleeding who
may be in a state of compensated shock it may not as clear. It is
in this patient population that rapidly applicable prediction tools
maybe most valuable. The quicker the hemorrhagic shock and
quicker the need for massive transfusion can be recognized, the
quicker it can be appropriately addressed. Cotton et al. evaluated
this principle by developing a multidisciplinary massive transfusion guideline and a comprehensive performance improvement
assessment and have documented an association with increased
survival with earlier application of a predeﬁned MT guideline.68
They evaluated all MT patients during two time periods, 2004–
2006 and 2006–2008. In 2006 an agreed upon transfusion guideline was implemented and outcomes were compared to those of
the preceding two years. The blood products were transfused in a
ratio of 3:2 RBC:plasma units and 5:1 RBC:apheresis platelet units
(1 apheresis platelet unit is equal to 5–6 random donor platelet
units). The latter group had a lower MOF rate 20% vs. 9%,
p < 0.01, and a higher 30-day survival 38% vs. 57%, p < 0.01. The differences were attributed to rapid and earlier transfusion of increased plasma and platelets ratios. Cotton and colleagues have
also described a predictive score for MT with similar sensitivity
and speciﬁcity to other predictive models for MT that does not require laboratory evaluation, it includes; penetrating mechanism,
positive focused assessment sonography for trauma, arrival systolic blood pressure of 90 mm Hg or less, and arrival heart rate
P120 bpm.70
The TASH score developed by Yucel et al. was from the Trauma
Registry of the German Trauma Society.69 It is a prospective multicenter database with standardized documentation of patients with
severe trauma requiring ICU care. This registry comprises detailed
information on demographics, clinical and laboratory data, as well
as a variety of standardized scoring systems on injury severity, e.g.
the Glasgow Coma Score, the Injury Severity Score (ISS), the Abbreviated Injury Scale (AIS), and the Trauma and Injury Severity Score.
From 1993 to 2003, a total of 17,200 patients from 100 participating hospitals in Germany (n = 90), Austria (n = 8), The Netherlands
(n = 1), and Switzerland (n = 1) were included on a voluntary basis.69 The TASH score was developed from 4527 patients and then
validated in 1517 patients. The score rangeing from 0 to 28 is based
upon physiologic and laboratory data and can be determined within the ﬁrst 15 min of admission. It was determined to have an area
under the curve of 0.89 in both the development and validation
data sets.69 A TASH score of 16 correlates to a 50% prediction of
MT. Studies are underway to determine if predictive models such
as the TASH score can be used to determine which patients upon
admission can be rapidly identiﬁed as requiring hemostatic
resuscitation.
Thromboelastography
Thromboelastography is a laboratory method that may facilitate
targeted or goal directed hemostatic resuscitation. It is a rapid
point-of-care test that qualitatively measures the entire coagulation cascade, including ﬁbrinolysis, in whole blood. Compared to
thromboelastography, the standard approach of measuring the
coagulation system in patients has several disadvantages. It usually
takes longer to get PT/PTT, INR, platelet and ﬁbrinogen concentrations results (30–60 min) than initial thromboelastography parameters (10 min). Although with the recent development of point-ofcare INR and PT measurement the timing of these results is less of a

concern. Prothrombin time and PTT only evaluate partial aspects of
the coagulation cascade, and since these standard tests are performed with plasma, the interaction between coagulation factors
and platelets cannot be assessed. In addition, ﬁbrinogen and platelet function cannot be measured rapidly with standard testing as is
possible with thromboelastography. Platelet concentration may
not always equate with platelet function which is accurately
measured by TEG to include the anti-platelet effect of platelet
inhibitors. When compared to standard coagulation testing thromboelastography appears to be more accurate at detecting multiple
aspects of coagulopathy and possibly for predicting blood product
requirements.52,71–75 Since thromboelastography is the only method that can measure ﬁbrinolysis it can determine which patients
would potentially beneﬁt from the use of an anti-ﬁbrinolytic. An
additional advantage of thromboelastography is that it may be able
to guide appropriate use of rFVIIa and may provide more accurate
measurements of rFVIIa efﬁcacy than PT.48,76,77 Recent data also
suggest that thromboelastography can identify hypercoagulable
states days after admission and can identify patients at risk for
thrombotic events, even when these patients are receiving deep
vein thrombosis prophylaxis and have therapeutic concentrations
of anti-factor Xa.78,79 Future studies are needed to correlate TEG results with current transfusion practices and outcomes, to evaluate
the potential role of thromboelastography and to direct blood
product administration, coagulation factor replacement, and antiﬁbrinolytics for patients with hemorrhagic shock in addition to
monitoring of anti-coagulation.

Avoidance of hemodilution
The current standard approach taught in the Advanced Trauma
Life Support (ATLS) course for adults with signiﬁcant bleeding is to
initially administer 1–2 l of isotonic crystalloids and then to transfuse RBCs until coagulopathy is recognized by laboratory analysis
at which point plasma should be transfused. In addition, practice
guidelines for blood component therapy by the American Society
of Anesthesiologists Task Force on Blood Component Therapy suggest that platelet transfusion is indicated for surgical patients with
microvascular bleeding when the serum platelet concentration is
less than 50,000–100,000.80 This approach is appropriate for the
roughly 92–97% of trauma patients who are not signiﬁcantly hypovolemic, in shock and who do not require a massive transfusion.30
For the 3–8% of trauma patients who require a massive transfusion
this approach frequently results in liters of RBC and crystalloid
transfusion, exacerbating their coagulopathy and increasing their
risk of death from hemorrhage. Multiple studies have indicated
that approximately 25–30% of adult trauma patients present to
the emergency room in a coagulopathic state and this early coagulopathy is highly correlated with mortality.14,15,20,53 Adverse clinical outcomes associated with over-resuscitating critically ill
patients with crystalloids were described by FD Moore and Shires
G in 1968,81 were reiterated in a recent review by Cotton,82 and
were conﬁrmed in prospective cohort studies83 and randomizedcontrolled trials.84,85 In addition to the hemodiluting effects of
excessive crystalloids for patients at high risk of coagulopathy,
the pro-inﬂammatory nature of crystalloids is under-appreciated
and is also well described in Cotton’s review.82 The same concerns
exist for the over use of RBCs in the initial phase of the resuscitation of a patient in hemorrhagic shock. When large amounts of
RBCs are initially transfused this further hemodilutes the patient,
secondary to plasma protein dilution, and may also contribute to
exacerbating a hyper-inﬂammatory and immune deﬁcient state,
especially when older RBCs are transfused.86–90 To minimize the
development of a dilutional coagulopathy, DCR principles advocate
for the minimal use of crystalloids and the use of plasma, RBCs, and
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platelets in a 1:1:1 ratio for patients at high risk of death secondary
to hemorrhage from traumatic injuries.
Plasma, RBCs, platelets in a 1:1:1 ratio and fresh whole blood
Until very recently there has been very little literature to guide
the use of blood components in the resuscitation of patients with
hemorrhagic shock. In fact the only randomized-controlled trial
examining the efﬁcacy of platelets compared to that of plasma
was performed by Reed et al. in 33 patients with massive transfusion.91 The concept of transfusing plasma, RBCs, and platelets in a
1:1:1 ratio results from the philosophy that if you are bleeding
massive amounts of whole blood you should be replacing whole
blood to prevent a rapid death from hemorrhage in patients with
severe traumatic injury. Data from US Military casualties indicate
that survival is increased for patients who receive warm fresh
whole blood compared to those who receive only component therapy.19 Since fresh or even whole blood is no longer available at
most institutions, practitioners have had to adjust to the availability of components only and transfuse plasma, RBCs, and platelets in
a 1:1:1 ratio (reconstituted whole blood). In the past 12 years after
the transition from whole blood to components, many studies have
suggested that increased plasma and platelets were required for
patients with severe traumatic injury and hemorrhage.26,54,92–94
In 1997, Cosgrif et al. reported on a cohort of 58 massively transfused non-head injury trauma patients to determine risk factors
for developing life-threatening coagulopathy. A comparison of
blood product usage in those who survived vs. those who died
demonstrated platelets/PRBC unit transfusion ratio of 0.79 vs.
0.48 (p = 0.01).92 Then in 1999 Cinat et al. reported for patients
with massive transfusion an increased ratio of plasma:RBC and
platelets:RBC was associated with improved survival.94
Currently there are 13 large adult US Military and civilian retrospective studies, both single and multicenter, in penetrating and
blunt injury massive transfusion populations, which mostly indicate that when groups of equal severity of injury are compared, a
high ratio of plasma and platelets to RBCs, (approximating a median 1:1:1 unit ratio) is associated with improved survival (Tables 2
and 3). A few of these studies have documented that this survival
beneﬁt was associated with decreased death from hemorrhage.57,58,60 Additionally, there is a prospective cohort study that
indicates that patients with severe bleeding secondary to ruptured
aortic aneurysms have improved survival with a 1:1 ratio of plasma to RBCs and increased platelet transfusion.51 Since the majority
of these reports are retrospective and subject to bias, particularly
survivorship bias, they must be interpreted with caution. Survivorship bias in this situation means that plasma and platelets were
available only for those patients who were bleeding slowly enough

to receive them, and that rapidly bleeding patients died before
receiving the products. It is important to note though that many
of these studies have excluded patients who died within the ﬁrst
30–60 min or in the emergency department, speciﬁcally to minimize this concern.37,38,58–61,64 This exclusion period should have
removed those patients who were bleeding to death within the
time when plasma and platelets were unavailable. Even with
excluding these patients, an association between increased ratios
of plasma and platelets to RBCs with increased survival still remains.37,38,58–61,64 It is unclear if the increased death in patients
receiving low plasma and platelet to RBC ratios is due to a delay
in treating coagulopathy or to a true survival bias in these retrospective studies. A report by Snyder et al. concluded that after
adjustment for survival bias a high ratio of plasma:RBCs was not
independently associated with survival.95 While future analyses
require a time-dependent approach to adjust for survivorship bias
the analysis by Snyder et al. is signiﬁcantly limited by a lack of statistical power due to their small sample size of 134 patients. In
addition, their multivariate regression analysis is limited by using
9–12 variables in a study of 134 patients with 67 outcomes of
interest. In this study there were 7.4–5.6 variables per outcome
of interest which is well below the standard of at least 10 variables
per outcome.96 The omission of determining if colinearity existed
in the 9–12 variables may have also decreased the accuracy of their
survivorship bias analysis.
Another criticism of the studies supporting high ratios of plasma and platelets to RBCs is that the use of 24-h ratios may not reﬂect the need to transfuse increased amounts of plasma and
platelets early in the resuscitation. The concern is ratios could be
low initially and then upon survival in the ICU ‘‘catch up” transfusion of plasma and platelets occurs. To address this concern the use
of 6- and 12-h ratios has been performed in civilian databases and
again the relationship between increased ratios of plasma and
platelets with RBCs to increased survival remains and is actually
stronger than that measured with 24-h ratios.59,61,63 Additional
limitations within some of these studies are the lack of logistic
regression analysis to adjust for confounders with mortality58,61
and when performed some regression analyses did not include
measures of shock and coagulopathy.97–99 Conversely, two studies
have been published which question if a 1:1:1 ratio of components
is the optimal approach for massive transfusion patients.98,99
When analyzing these studies it is important to evaluate the severity of injury of patients included, sample size and which patients
are excluded. Both of these studies are underpowered when patients with massive transfusion are considered.98,99 The study by
Kashuk et al. included only 11 patients in the high plasma:RBC ratio group, and was performed over a 5-year time period.98 In addition limitations of the report by Scalea et al.99 include the exclusion

Table 3
Summary of platelet:RBC ratio studies in massive transfusion patients.
Author

Design

Single or
multicenter

Number
of
patients

Predominant
mechanism of
injury

Inclusion
criteria

Exclusion
criteria

Time ratio
measured

Main
results

Mortality (%) low to
high ratio groups

Signiﬁcant limitations

Holcomb
JB58
Perkins
JG60

R

Multi

466

Mixed

+

67–27

Multi

462

Penetrating

Death < 30 min
from admission
Death < 60 min
from admission

24 h

R

P10 RBC
in 24 h
P10 RBC
in 24 h

24 h

+ (adj)

57–40–25

Zink
KA61
Holcomb
JB64

R

Multi

452

Mixed

+

44–47–27

Multi

643

Mixed

Death < 30 min
from admission
Death < 60 min
from admission

6h

R

P10 RBC
in 24 h
P10 RBC
in 24 h

24 h

+ (adj)

46–38–24

No adj for confounding
variables with mortality
Combat casualties
Generalizability for
civilian casualties
No adj for confounding
variables with mortality
Retrospective, limited
data on actual timing of
transfusions

*

+ Indicates high platelet:RBC ratio was associated with survival.
Abbreviations: Multi, multicenter; RBC, red blood cell units; adj, adjusted results with logistic regression.
*
Indicates one US Military facility that had multiple groups of physicians rotate through it with multiple style and practice differences.
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of patients who died in the operating room (OR), not being able to
adjust for measures of shock or coagulopathy which is required for
a thorough logistic regression analysis and most importantly
including patients not requiring massive transfusion. Since the risk
of death from hemorrhage for patients transfused less plasma and
platelets is highest within the ﬁrst 6 h of admission,57,60 the exclusion of patients who died in the OR excludes patients who would
have potentially beneﬁted from increased plasma or platelet transfusion. In other words, this sampling bias excludes analyzing patients at highest risk of mortality who were transfused lower
ratios of plasma and platelets to RBCs. While the report by Scalea
et al. included 806 patients, only 81 patients with massive transfusion were analyzed.99 Based upon inclusion and exclusion criteria
the transfused patients in this manuscript had a low mortality of
14%99 compared to the 35–70% mortality for patient populations
in the studies that support the use of a high (1:1) plasma to RBC
ratio.37,38,57–61,63 The preponderance of the current literature indicates that patients in hemorrhagic shock at high risk of death or
who require massive transfusion beneﬁt from increased ratios of
plasma and platelets to RBCs. Conversely, DCR should not be performed in patients who are not in hemorrhagic shock or who are
not at high risk of massive transfusion. Tables 2 and 3 summarize
all of the recent studies on outcomes related to plasma:RBC and
platelet:RBC ratios in patients with traumatic injuries requiring
massive transfusion. The American Association of Blood Banks
(AABB) has performed an evidenced-based review for the AABB
plasma guideline project and has concluded that massive transfusion appears to be one situation where giving plasma prevents
death and multi-organ failure despite increases in acute lung
injury.100
The risks of plasma and platelet use must be considered with
increased use. Plasma transfusion has been associated with increased risk of allergic reactions, transfusion-associated acute
lung injury (TRALI), transfusion-associated cardiac overload
(TACO), and acute respiratory distress syndrome (ARDS).101 Platelet transfusion has been associated with each of these in addition
to bacterial contamination, deep venous thromboembolism
(DVT), and febrile reactions.101 The risks of these adverse events
have not been well quantiﬁed with a wide range of reported
occurrences. The reported incidence of TRALI ranges from 1/500
to 1/5000 to 1/60,000 for platelets, all blood components, and
fresh frozen plasma transfusion, respectively.102,103 Lack of recognition and underreporting very likely contributes to these results.
In patients without severe bleeding these risks, even though they
are uncommon, likely outweigh their potential beneﬁt. For patients with severe traumatic injury and hemorrhagic shock the
apparent survival beneﬁt with increased plasma and platelet
transfusion far exceeds the uncommon to rare risks of transfusion reactions, TRALI, TACO, and infections that can be associated
with their use. What should also be recognized is that the
standard of predominantly transfusing RBCs for patients with
hemorrhagic shock also increases the risk of infection, ARDS,
DVT, multi-organ failure and even death with increased RBC
use.44,90,104,105 An increased risk of death with increased use of
RBCs as a secondary outcome has been reported in a large prospective randomized-controlled trial (TRICC Trial) where critically
ill patients who received just a few more units of RBCs had increased in-hospital mortality.106 So while the risks of plasma
and platelet use should always be acknowledged, these risks
should be placed in perspective with the potential beneﬁts of improved survival when increased amounts are transfused early to
patients with severe traumatic hemorrhage. Just as importantly,
the risks of increased plasma and platelet use should also be
put in perspective with the increased risk of multi-organ failure
and death associated with the increased transfusion of RBCs in
critically ill patients.18,90,104,105,107,108

Fresh whole blood has been deﬁned in multiple ways in the literature. It has been deﬁned as either whole blood at room temperature for less than 24 h or refrigerated at 4 °C for less than 48 h.109
When a 1:1:1 unit ratio of each blood component is desired for
resuscitation the most efﬁcient product to use is fresh whole
blood.109 When compared to a unit of whole blood that is reconstituted with one unit each of RBCs, plasma, and platelets, one unit of
fresh whole blood is a more concentrated and functional product.110 Fresh whole blood is logistically very difﬁcult to supply in
most civilian settings in the developed world, although with the
appropriate infrastructure and planning it can be made available
as it is in both remote locations and urban areas with high trauma
rates.109 A recent report indicated that in patients with severe traumatic injury the use of fresh whole blood was independently associated with improved survival when compared to patients
transfused component therapy with similar severity of injury.19
While 2 prospective randomized-controlled trials in post-op pediatric cardiac surgery populations have indicated improved outcomes with the use of fresh whole blood compared to
component therapy,111,112 there have been no prospective trials
in patients with traumatic injury. Level 1 evidence is needed to
support the increased logistical support that would be required
to make fresh whole blood available in large trauma centers.
Thawed plasma
Thawed plasma is fresh frozen plasma that is brought to 1–6 °C
and stored for up to 5 days. This timeline was based on preservation of factor V and VIII levels and similar to RBC storage solutions
there are no clinical outcomes data associated with this time period. Typically type AB plasma is used for emergent use of thawed
plasma since it is the universal donor type for plasma. While use
of thawed plasma has been routine in several large trauma centers,
many more have recently added this capability in their Emergency
Departments (EDs). This immediate availability of both RBCs and
plasma allows for the initiation of transfusion of these products
in a 1:1 ratio upon admission for patients identiﬁed as being at
high risk for massive transfusion. Vigilant inventory management
of thawed plasma in trauma centers with high volume signiﬁcantly
(albeit anecdotally) reduces the risk of plasma waste as a result of
this practice. The availability of thawed plasma is essential for the
rapid initiation application of a 1:1:1 transfusion strategy. This
strategy is very difﬁcult to achieve when plasma is to be thawed
upon arrival. Studies documenting improved resource utilization
and outcomes with the use of thawed plasma compared to frozen
plasma products are needed. A recent study indicates that thawed
plasma, stored at 4 °C, retains signiﬁcant clotting function for up to
14 days and meets AABB standards; however, there are no clinical
outcome data associated with this approach.113 Research on outcomes associated with thawed plasma stored for this duration
and what percent of coagulation function is required for patients
in hemorrhagic shock also needs to be explored.
Fresh RBCs
RBCs can be stored for 42 days with current FDA-approved solutions. Over time changes occur to stored red cells that are potentially harmful.44,104,105 This has been termed the storage lesion.
The storage age in which RBCs start to have signiﬁcant adverse effects ranges from greater than 5–7 days in relation to hyperkalemia
to greater than 14–28 days regarding hyper-inﬂammatory, immune dysfunction, impaired vasoregulation and perfusion concerns.44,86,90,104,105,107,108 Despite a considerable amount of
adverse effects in laboratory, animal, and large well-conducted retrospective human studies, there is in general a reluctance to limit
the use of older RBCs in critically ill patient populations who are at
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the highest risk of adverse effects from their transfusion.28 The
transfusion of old (>14–28 days) RBCs has been independently
associated with increased risk of infection, multi-organ failure,
and death in critically ill adult populations (sepsis and trauma)
in retrospective studies.45,46,114,115 There is also evidence that old
RBCs may increase the risk of deep vein thrombosis and mortality
in adults with traumatic injury.47 Preliminary evidence from a
planned secondary analysis in a large prospective study of transfused critically ill children also indicates that the use of RBCs >14
days of storage, after adjustment for severity of illness and RBC
amount, increases the risk of multi-organ failure.116
The understandable reluctance to limit the use of old RBCs in
critically ill patients is in part due to the lack of well-designed prospective randomized-controlled studies and the concern of increased waste of RBCs from the preferential use of young RBCs in
some patients.28 It is also likely true that the older RBCs are not
harmful and potentially efﬁcacious in non-critically ill patients
who only receive a few RBC units. While these concerns are valid
it is also important to realize that RBCs greater than 14 days of
storage in current approved storage solutions have never been documented to improve oxygen consumption for patients in a shock
state. In fact there is evidence to the contrary. In laboratory experiments and animal models older RBCs do not increase oxygen consumption or perfusion while fresh RBCs can.117–120 So, while there
is not prospective randomized evidence that old RBCs increase
mortality, there is also no evidence that old RBCs are functional
in critically ill patients and the preponderance of the evidence indicates that they are potentially harmful especially in severely injured patients who are already in a hyper-inﬂammatory,
immuno-modulatory state with impaired vasoregulation.90,107,108
It is for these reasons that some advocate for the use of fresh
(614–21 days) RBCs for massively transfused patients44,90 and others express concern with the use of older RBCs in this population.104,105,107,108 In recognition of these data, the US Department
of Defense has recently modiﬁed their blood inventory system,
decreasing the age of transfused blood in critically injured combat
casualties. Two large prospective randomized-controlled trials will
start soon in adults to attempt to answer this question in a general
critically ill population and in post-operative cardiac surgery adult
patients. A clinical trial speciﬁcally in patients with severe traumatic injury and hemorrhagic shock is clearly needed.
Adjuncts to hemostatic resuscitation
Alkaline and calcium therapy
While it appears to be important to prevent acidosis and hypocalcemia there is no evidence to support that the reversal of acidosis and hypocalcemia improve outcomes. In fact there are some
studies that indicate when acidosis is treated coagulopathy is not
reversed.121 While these practices are controversial and deﬁnitive
studies have not been performed it is not unusual for alkaline solutions such as sodium bicarbonate or THAM (tromethamine) to be
given to reverse acidosis and calcium solutions to treat hypocalcemia which commonly occurs with massive transfusion.
Recombinant factor VIIa
Another controversial subject is the use of rFVIIa for patients
with severe traumatic injuries. While two randomized prospective
trials in adult trauma have indicated decreased use of RBCs for patients treated with rFVIIa and in one a decreased rate of ARDS42
there are no prospective data to support improved survival as a result of its use in this circumstance. Recently a large multi-national
phase III trial of rFVIIa in trauma patients was terminated due to
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futility with a much lower expected mortality than planned. One
retrospective study of adult US Military trauma patients has reported increased 30-day survival for patients with severe traumatic injury and massive transfusion, but this was a small study
of just over 100 patients and multivariate logistic regression was
not performed to determine an independent association between
the use of rFVIIa and survival.43 What was intriguing in this study
was the hypothesis that early use of rFVIIa (median 2 h from
admission or 2.5 h from injury) was a factor in the improved survival in this report compared to other studies where rFVIIa was
used later in the hospital course. The conundrum of what patient
population may beneﬁt and how to determine this continues to
be controversial. Perhaps additional studies which utilize TEG
can help determine which patients would potentially beneﬁt from
the use of rFVIIa.48 Despite all of the concerns of severe thrombotic
events with rFVIIa use there have been multiple prospective RCTs
in surgical patients who have been performed with rFVIIa and none
have reported an increased incidence or adverse events.43 This has
also been reported in a recent Cochrane review of the topic.122 Few
drugs (and no blood products) commonly used in trauma patients
have undergone such a rigorous evaluation and shown such strong
safety results.
Fibrinogen
Whether the liberal use of cryoprecipitate (or in Europe ﬁbrinogen concentrates) for patients requiring massive transfusion improves survival is also controversial. Animal studies indicate that
ﬁbrinogen decreases early in trauma models due to hyperﬁbrinolysis and other studies in thrombocytopenic animal models report
that ﬁbrinogen improves coagulopathy better than platelet transfusion.39,40,123,124 In addition, a recent US Military retrospective review also determined that patient’s transfused increased amounts
of ﬁbrinogen had better outcomes as a result of decreased death
from hemorrhage41 and another larger study of combat casualties
with massive transfusion indicates that the amount of cryoprecipitate transfused within the ﬁrst 24 h, after adjusting for severity of
illness, was independently associated with improved 30-day survival.60 The standard of transfusing ﬁbrinogen-containing solutions only after the ﬁbrinogen concentration is less than 100 mg/
dl has not been studied in patients with traumatic injury and appears to be based more upon expert opinion than upon data. Additional study is needed to determine what concentrations of
ﬁbrinogen are appropriate in this population. The use of TEG,
which can indirectly assess ﬁbrinogen function and directly measure hyperﬁbrinolysis, also needs to be studied to determine if it
can be used to determine indications for the use of ﬁbrinogen-containing solutions and most importantly improve outcomes.
Massive transfusion protocols
A recent survey has been reported on the use of massive transfusion protocols (MTPs) world-wide in adult patients.24 In this survey it is self-reported that 45% of respondents use a MTP, 19% use
one sporadically, and 34% do not. The development of a massive
transfusion protocol for patients with severe life-threatening
bleeding is important to standardize the approach to these patients
and to provide structure and organization to what is usually a chaotic situation.125 Important aspects of a MTP are standardization of
the assessment of coagulopathy and the ratio of blood products
empirically delivered. In addition a MTP should also call attention
to the assessment and treatment of acidosis, hypothermia and
hypocalcemia. Cotton et al. have studied the clinical affect of
implementing a standardized MTP compared to historical controls
and have documented improved survival and decreased organ
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failure.68,126 In another recent study by Dente, for patients with
blunt traumatic injury, the use of a massive transfusion protocol
that prescribed the use of RBCs, plasma, and platelets in a 1:1:1
unit ratio was associated with increased plasma and decreased
crystalloid use in the ﬁrst 24 h, improved 24 h and 30-day survival,
and decreased early death from hemorrhage when compared to
historical control patients of similar injury.127

Conclusion
Trauma is the most common cause of death for patients
1–40 years of age, death from hemorrhagic shock is the most common cause of preventable death within 6 h of admission, and the
rapid identiﬁcation and treatment of coagulopathy may improve
survival. Therefore, it is imperative that we understand the pathophysiology of traumatic coagulopathy and ACoTS better, and develop methods to decrease death from hemorrhage. We must also
continue to develop research protocols to determine the optimal
transfusion approach for patients with traumatic shock. In addition, other conditions with severe bleeding and hemorrhagic shock
such as aortic aneurysm rupture, post-operative cardiac surgery,
gastrointestinal and obstetric bleeding require similar attention.
Current data indicate that the early identiﬁcation of coagulopathy
and its treatment with RBCs, plasma, and platelets in a 1:1:1 unit
ratio achieved with the use of fresh RBCs, thawed plasma, and
platelets, limited use of crystalloids, and possibly with the early
and appropriate use of rFVIIa and cryoprecipitate may improve
survival in uncommon patient who presents with severe traumatic
injury and life-threatening bleeding. In addition, rapid surgical
control of the source of bleeding with prevention or treatment of
acidosis, hypothermia and hypocalcemia is essential. Lastly, the
use of thromboelastography-directed anti-ﬁbrinolytics for hyperﬁbrinolysis is promising and requires prospective study. These principles of DCR should only be applied for patients with lifethreatening bleeding with hemorrhagic shock and should not be
over used or mis-applied. Accurate predictive models that can be
performed upon admission may be able to identify the patients
who will beneﬁt from hemostatic resuscitation. These models must
be prospectively validated and should be a high priority of future
research since they will allow for the appropriate indication and
exclusion of hemostatic resuscitation principles. All blood products
including RBCs, plasma and platelets have adverse effects and each
should only be used when absolutely necessary. The US Department of Defense has funded a prospective observational transfusion trial at 10 busy trauma centers, and these data will start to
answer many of the questions raised in this review. Future prospective randomized studies are required to deﬁnitively answer
what approach best balances beneﬁt and risk .
Conﬂict of interest statement
No conﬂict of interest.
References
1. CDC. Deaths: ﬁnal data for 2004. US Department of Health and Human Services,
CDC, National Center for Health Statistics; 2007.
2. Trauma facts. <http://www.aast.org/TraumaFacts/dynamic.aspx?id=964>;
2008 [accessed].
3. Bellamy RF. The causes of death in conventional land warfare: implications for
combat casualty care research. Mil Med 1984;149:55–62.
4. Holcomb JB, Caruso J, McMullin NR, Wade CE, Champion HR, Lawnick M, et al.
Causes of death in special operations forces on the modern battleﬁeld: 2001–
2006. Ann Surg.
5. Esposito TJ, Sanddal ND, Hansen JD, Reynolds S. Analysis of preventable
trauma deaths and inappropriate trauma care in a rural state. J Trauma
1995;39:955–62.

6. Esposito TJ, Sanddal TL, Reynolds SA, Sanddal ND. Effect of a voluntary trauma
system on preventable death and inappropriate care in a rural state. J Trauma
2003;54:663–9. [discussion 9–70].
7. Tien HC, Spencer F, Tremblay LN, Rizoli SB, Brenneman FD. Preventable deaths
from hemorrhage at a level I Canadian trauma center. J Trauma
2007;62:142–6.
8. Moore FA, Nelson T, McKinley BA, et al. Massive transfusion in trauma
patients: tissue hemoglobin oxygen saturation predicts poor outcome. J
Trauma 2008;64:1010–23.
9. Demetriades D, Murray J, Charalambides K, et al. Trauma fatalities: time and
location of hospital deaths. J Am Coll Surg 2004;198:20–6.
10. Peng R, Chang C, Gilmore D, Bongard F. Epidemiology of immediate and
early trauma deaths at an urban level I trauma center. Am Surg
1998;64:950–4.
11. Sauaia A, Moore FA, Moore EE, et al. Epidemiology of trauma deaths: a
reassessment. J Trauma 1995;38:185–93.
12. Hess JR, Brohi K, Dutton RP, et al. The coagulopathy of trauma: a review of
mechanisms. J Trauma 2008;65:748–54.
13. Brohi K, Cohen MJ, Ganter MT, et al. Acute coagulopathy of trauma:
hypoperfusion induces systemic anticoagulation and hyperﬁbrinolysis. J
Trauma 2008;64:1211–7. [discussion 7].
14. Brohi K, Singh J, Heron M, Coats T. Acute traumatic coagulopathy. J Trauma
2003;54:1127–30.
15. MacLeod JB, Lynn M, McKenney MG, Cohn SM, Murtha M. Early coagulopathy
predicts mortality in trauma. J Trauma 2003;55:39–44.
16. McLaughlin DF, Niles SE, Salinas J, et al. A predictive model for massive
transfusion in combat casualty patients. J Trauma 2008;64:S57–63.
[discussion S].
17. Schreiber MA, Perkins J, Kiraly L, Underwood S, Wade C, Holcomb JB. Early
predictors of massive transfusion in combat casualties. J Am Coll Surg
2007;205:541–5.
18. Spinella PC, Perkins JG, Grathwohl KW, et al. Effect of plasma and red blood
cell transfusions on survival in patients with combat related traumatic
injuries. J Trauma 2008;64:S69–77. [discussion S-8].
19. Spinella PC, Perkins JG, Grathwohl KW, Beekley AC, Holcomb JB. Warm fresh
whole blood is independently associated with improved survival for patients
with combat-related traumatic injuries. J Trauma 2009;66(Suppl. 4):S69–76.
20. Niles SE, McLaughlin DF, Perkins JG, et al. Increased mortality associated with
the early coagulopathy of trauma in combat casualties. J Trauma
2008;64:1459–63. [discussion 63–5].
21. Hess JR, Dutton RB, Holcomb JB, Scalea TM. Giving plasma at a 1:1 ratio with
red cells in resuscitation: who might beneﬁt? Transfusion 2008;48:1763–5.
22. Hess JR, Thomas MJ. Blood use in war and disaster: lessons from the past
century. Transfusion 2003;43:1622–33.
23. Starr D. Blood. New York: Harper Collins; 2002.
24. Hoyt DB, Dutton RP, Hauser CJ, et al. Management of coagulopathy in the
patients with multiple injuries: results from an international survey of clinical
practice. J Trauma 2008;65:755–64. discussion 64–5.
25. Repine TB, Perkins JG, Kauvar DS, Blackborne L. The use of fresh whole blood in
massive transfusion. J Trauma 2006;60:S59–69.
26. Ho AM, Karmakar MK, Dion PW. Are we giving enough coagulation factors
during major trauma resuscitation? Am J Surg 2005;190:479–84.
27. McMullin NR, Holcomb JB, Sondeen J. Hemostatic resuscitation. In: Vincent JL,
editor. Yearbook of intensive care and emergency medicine. New York: Springer;
2006. p. 265–78.
28. Zimrin AB, Hess JR. Current issues relating to the transfusion of stored red
blood cells. Vox Sang 2009;96:93–103.
29. Hess JR, Holcomb JB, Hoyt DB. Damage control resuscitation: the need for
speciﬁc blood products to treat the coagulopathy of trauma. Transfusion
2006;46:685–6.
30. Holcomb JB, Jenkins D, Rhee P, et al. Damage control resuscitation: directly
addressing the early coagulopathy of trauma. J Trauma 2007;62:307–10.
31. Beekley AC. Damage control resuscitation: a sensible approach to the
exsanguinating surgical patient. Crit Care Med 2008;36:S267–74.
32. Holcomb JB. Fluid resuscitation in modern combat casualty care: lessons
learned from Somalia. J Trauma 2003;54:S46–51.
33. Cannon WB. The preventive treatment of wound shock. JAMA 1918;70:618.
34. Sondeen JL, Coppes VG, Holcomb JB. Blood pressure at which rebleeding
occurs after resuscitation in swine with aortic injury. J Trauma
2003;54:S110–7.
35. Bickell WH, Wall Jr MJ, Pepe PE, et al. Immediate versus delayed ﬂuid
resuscitation for hypotensive patients with penetrating torso injuries. N Engl J
Med 1994;331:1105–9.
36. Beecher HK. Preparation of battle casualties for surgery. Ann Surg
1945;121:769–92.
37. Gunter Jr OL, Au BK, Isbell JM, Mowery NT, Young PP, Cotton BA. Optimizing
outcomes in damage control resuscitation: identifying blood product ratios
associated with improved survival. J Trauma 2008;65:527–34.
38. Duchesne JC, Hunt JP, Wahl G, et al. Review of 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. [discussion 6–8].
39. Fries D, Krismer A, Klingler A, et al. Effect of ﬁbrinogen on reversal of dilutional
coagulopathy: a porcine model. Br J Anaesth 2005;95:172–7.
40. Fries IP D, Reif C, Streif W, Klingler A, Schobersberger W, Velik-Salchner C,
et al. The effect of ﬁbrinogen substitution on reversal of dilutional
coagulopathy: an in vitro model. Anesth Analg 2006;102:347–51.

P.C. Spinella, J.B. Holcomb / Blood Reviews 23 (2009) 231–240
41. Stinger HK, Spinella PC, Perkins JG, et al. The ratio of ﬁbrinogen to red cells
transfused affects survival in casualties receiving massive transfusions at an
army combat support hospital. J Trauma 2008;64:S79–85. discussion S.
42. Boffard KD, Riou B, Warren B, et al. Recombinant factor VIIa as adjunctive
therapy for bleeding control in severely injured trauma patients: two parallel
randomized, placebo-controlled, double-blind clinical trials. J Trauma
2005;59:8–15. discussion-8.
43. Spinella PC, Perkins JG, McLaughlin DF, et al. The effect of recombinant
activated factor VII on mortality in combat-related casualties with severe
trauma and massive transfusion. J Trauma 2008;64:286–93. discussion 93–4.
44. Spinella PC, Perkins JP, Grathwohl KG, et al. The risks associated with fresh
whole blood and RBC transfusions in a combat support hospital. Crit Care Med
2007;35:2576–81.
45. Weinberg JA, McGwin Jr G, Grifﬁn RL, et al. Age of transfused blood: an
independent predictor of mortality despite universal leukoreduction. J Trauma
2008;65:279–82. discussion 82–4.
46. Zallen G, Offner PJ, Moore EE, et al. Age of transfused blood is an independent
risk factor for postinjury multiple organ failure. Am J Surg 1999;178:570–2.
47. Spinella PC, Carroll C, Wade C, Holcomb JB, Gross R. Increased risk of DVT and
mortality with the transfusion of older RBCs for patients with traumatic
injuries. Crit Care Med 2008;36:A45.
48. Nylund CM, Borgman MA, Holcomb JB, Jenkins D, Spinella PC.
Thromboelastography to direct the administration of recombinant activated
factor VII in a child with traumatic injury requiring massive transfusion.
Pediatr Crit Care Med 2009;10:e22–6.
49. Abdel-Wahab OI, Healy B, Dzik WH. Effect of fresh-frozen plasma transfusion
on prothrombin time and bleeding in patients with mild coagulation
abnormalities. Transfusion 2006;46:1279–85.
50. Harrigan C, Lucas CE, Ledgerwood AM, Walz DA, Mammen EF. Serial changes
in primary hemostasis after massive transfusion. Surgery 1985;98:836–44.
51. Johansson PI, Stensballe J, Rosenberg I, Hilslov TL, Jorgensen L, Secher NH.
Proactive administration of platelets and plasma for patients with a ruptured
abdominal aortic aneurysm: evaluating a change in transfusion practice.
Transfusion 2007;47:593–8.
52. Kaufmann CR, Dwyer KM, Crews JD, Dols SJ, Trask AL. Usefulness of
thrombelastography in assessment of trauma patient coagulation. J Trauma
1997;42:716–20. discussion 20–2.
53. Hess JR, Lindell AL, Stansbury LG, Dutton RP, Scalea TM. The prevalence of
abnormal results of conventional coagulation tests on admission to a trauma
center. Transfusion 2009;49:34–9.
54. Hirshberg A, Dugas M, Banez EL, Scott BG, Wall Jr MJ, Mattox KL. Minimizing
dilutional coagulopathy in excanguinating hemorrhage: a computer
simulation. J Trauma 2003;54:454–63.
55. Moore FA, Sauaia A, Moore EE, Haenel JB, Burch JM, Lezotte DC. Postinjury
multiple organ failure: a bimodal phenomenon. J Trauma 1996;40:501–10.
discussion 10–2.
56. Stewart RM, Myers JG, Dent DL, et al. Seven hundred ﬁfty-three consecutive
deaths in a level I trauma center: the argument for injury prevention. J Trauma
2003;54:66–70. discussion-1.
57. Borgman MA, Spinella PC, Perkins JG, et al. The ratio of blood products
transfused affects mortality in patients receiving massive transfusions at a
combat support hospital. J Trauma 2007;63:805–13.
58. Holcomb JB, Wade CE, Michalek JE. Increased plasma and platelet to RBC ratios
improves outcome in 466 massively transfused civilian trauma patients. Ann
Surg:447–58.
59. Maegele M, Lefering R, Paffrath T, Tjardes T, Simanski C, Bouillon B. Red blood
cell to plasma ratios transfused during massive transfusion are associated
with mortality in severe multiply injury: a retrospective analysis from the
Trauma Registry of the Deutsche Gesellschaft fur Unfallchirurgie. Vox Sang
2008;95:112–9.
60. Perkins JG, Cap AP, Spinella PC, Blackbourne LH, Wade CE, Holcomb JB. An
evaluation of the impact of platelets used in the setting of massively
transfused trauma patients. J Trauma 2009;66(Suppl. 4):S77–84. [discussion
S84–5].
61. Zink KA, Sambasivan CN, Holcomb JB, Chisholm G, Schreiber MA. A high ratio
of plasma & platelets to packed red blood cells in the ﬁrst 6 h of massive
transfusion improves outcomes in a large multi-center study. Am J Surg.
62. Duchesne JC, Mathew KA, Marr AB, Pinsky MR, Barbeau JM, McSwain NE.
Current evidence based guidelines for factor VIIa use in trauma: the good, the
bad, and the ugly. Am Surg 2008;74:1159–65.
63. 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.
64. Holcomb JB, Zarzabal LA, Michalek JE, et al. Increased platelet:RBC ratios are
associated with improved survival after transfusion. J Trauma 2009; in press.
65. Hess JR, Lawson JH. The coagulopathy of trauma versus disseminated
intravascular coagulation. J Trauma 2006;60:S12–9.
66. Wiinberg B, Jensen AL, Johansson PI, Rozanski E, Tranholm M,
Kristensen AT. Thromboelastographic evaluation of hemostatic function
in dogs with disseminated intravascular coagulation. J Vet Intern Med
2008;22:357–65.
67. Como JJ, Dutton RP, Scalea TM, Edelman BB, Hess JR. Blood transfusion rates in
the care of acute trauma. Transfusion 2004;44:809–13.
68. Cotton BA, Gunter OL, Isbell J, et al. Damage control hematology: the impact of
a trauma exsanguination protocol on survival and blood product utilization. J
Trauma 2008;64:1177–82. discussion 82–3.

239

69. 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;60:1228–36. discussion
36–7.
70. Nunez TC, Voskresensky IV, Dossett LA, Shinall R, Dutton WD, Cotton BA. Early
prediction of massive transfusion in trauma: simple as ABC (assessment of
blood consumption)? J Trauma 2009;66:346–52.
71. Martini WZ, Cortez DS, Dubick MA, Park MS, Holcomb JB. Thrombelastography
is better than PT, aPTT, and activated clotting time in detecting clinically
relevant clotting abnormalities after hypothermia, hemorrhagic shock and
resuscitation in pigs. J Trauma 2008;65:535–43.
72. Schreiber MA, Differding J, Thorborg P, Mayberry JC, Mullins RJ.
Hypercoagulability is most prevalent early after injury and in female
patients. J Trauma 2005;58:475–80. discussion 80–1.
73. Yamakage M, Tsujiguchi N, Kohro S, Tsuchida H, Namiki A. The usefulness of
celite-activated thromboelastography for evaluation of ﬁbrinolysis. Can J
Anaesth 1998;45:993–6.
74. Plotkin AJ, Wade CE, Jenkins DH, et al. A reduction in clot formation rate and
strength assessed by thrombelastography is indicative of transfusion
requirements in patients with penetrating injuries. J Trauma 2008;64:S64–8.
75. Kheirabadi BS, Crissey JM, Deguzman R, Holcomb JB. In vivo bleeding time and
in vitro thrombelastography measurements are better indicators of dilutional
hypothermic coagulopathy than prothrombin time. J Trauma 2007;62:1352–9.
discussion 9–61.
76. Hendriks HG, Meijer K, de Wolf JT, et al. Effects of recombinant activated factor
VII on coagulation measured by thromboelastography in liver transplantation.
Blood Coagul Fibrinolysis 2002;13:309–13.
77. Sorensen B, Ingerslev J. Thromboelastography and recombinant factor VIIahemophilia and beyond. Semin Hematol 2004;41:140–4.
78. Park MS, Martini WZ, Dubick MA, et al. Thromboelastography is superior to
PT/PTT for the assessment of hypercoagulability and ﬁbrinolysis after injury in
burned and nonburned trauma patients. J Trauma 2009; in press.
79. Van PY, Cho SD, Underwood SJ, Morris MS, Watters JM, Schreiber MA.
Thrombelastography versus anti-factor Xa levels in the assessment of
prophylactic-dose enoxaparin in critically ill patients. J Trauma.
80. Practice G. Uidelines for blood component therapy: a report by the American
Society of Anesthesiologists Task Force on Blood Component Therapy.
Anesthesiology 1996;84:732–47.
81. Moore FD, Shires GT. Moderation. Anesth Analg 1968;47:506–8.
82. Cotton BA, Guy JS, Morris Jr JA, Abumrad NN. The cellular, metabolic, and
systemic consequences of aggressive ﬂuid resuscitation strategies. Shock
2006;26:115–21.
83. Balogh Z, McKinley BA, Holcomb JB, et al. Both primary and secondary
abdominal compartment syndrome can be predicted early and are harbingers
of multiple organ failure. J Trauma 2003;54:848–59. discussion 59–61.
84. Brandstrup B, Tonnesen H, Beier-Holgersen R, et al. Effects of intravenous ﬂuid
restriction on postoperative complications: comparison of two perioperative
ﬂuid regimens: a randomized assessor-blinded multicenter trial. Ann Surg
2003;238:641–8.
85. Wiedemann HP, Wheeler AP, Bernard GR, et al. Comparison of two ﬂuidmanagement strategies in acute lung injury. N Engl J Med 2006;354:2564–75.
86. Raghavan M, Marik PE. Anemia, allogenic blood transfusion, and
immunomodulation in the critically ill. Chest 2005;127:295–307.
87. Bifﬂ WL, Moore EE, Offner PJ, Ciesla DJ, Gonzalez RJ, Silliman CC. Plasma from
aged stored red blood cells delays neutrophil apoptosis and primes for
cytotoxicity: abrogation by poststorage washing but not prestorage
leukoreduction. J Trauma 2001;50:426–31. discussion 32.
88. Zallen G, Moore EE, Ciesla DJ, Brown M, Bifﬂ WL, Silliman CC. Stored red blood
cells selectively activate human neutrophils to release IL-8 and secretory
PLA2. Shock 2000;13:29–33.
89. Alam HB, Rhee P. New developments in ﬂuid resuscitation. Surg Clin North Am
2007;87:55–72. vi.
90. Silliman CC, Moore EE, Johnson JL, Gonzalez RJ, Bifﬂ WL. Transfusion of the
injured patient: proceed with caution. Shock 2004;21:291–9.
91. Reed 2nd RL, Ciavarella D, Heimbach DM, et al. Prophylactic platelet
administration during massive transfusion. A prospective, randomized,
double-blind clinical study. Ann Surg 1986;203:40–8.
92. Cosgriff N, Moore EE, Sauaia A, Kenny-Moynihan M, Burch JM, Galloway B.
Predicting life-threatening coagulopathy in the massively transfused trauma
patient: hypothermia and acidoses revisited. J Trauma 1997;42:857–61.
discussion 61–2.
93. Gonzalez EA, Moore FA, Holcomb JB, et al. Fresh frozen plasma should be given
earlier to patients requiring massive transfusion. J Trauma 2007;62:112–9.
94. Cinat ME, Wallace WC, Nastanski F, et al. Improved survival following massive
transfusion in patients who have undergone trauma. Arch Surg
1999;134:964–8. discussion 8–70.
95. Snyder CW, Weinberg JA, McGwin Jr G, et al. The relationship of blood product
ratio to mortality: survival beneﬁt or survival bias? J Trauma 2009;66:358–62.
[discussion 62–4].
96. Katz MMultivariable analysis. 2nd ed. Cambridge University Press; 2006. p.
78–9.
97. Teixeira PG, Inaba K, Shulman I, et al. Impact of plasma transfusion in
massively transfused trauma patients. J Trauma 2009;66:693–7.
98. Kashuk JL, Moore EE, Johnson JL, et al. Postinjury life threatening
coagulopathy: is 1:1 fresh frozen plasma:packed red blood cells the answer?
J Trauma 2008;65:261–70. [discussion 70–1].

240

P.C. Spinella, J.B. Holcomb / Blood Reviews 23 (2009) 231–240

99. Scalea TM, Bochicchio KM, Lumpkins K, et al. Early aggressive use of fresh
frozen plasma does not improve outcome in critically injured trauma patients.
Ann Surg 2008;248:578–84.
100. Protocols for massive transfusion in trauma. <http://www.my-redcross.org/
images/Protocols%20for%20Massive%20Transfusion%20in%20Trauma.ppt>;
2008 [accessed].
101. Gajic O, Dzik WH, Toy P. Fresh frozen plasma and platelet transfusion for
nonbleeding patients in the intensive care unit: beneﬁt or harm? Crit Care Med
2006;34:S170–3.
102. Silliman CC, Ambruso DR, Boshkov LK. Transfusion-related acute lung injury.
Blood 2005;105:2266–73.
103. MacLennan S, Williamson LM. Risks of fresh frozen plasma and platelets. J
Trauma 2006;60:S46–50.
104. Ho J, Sibbald WJ, Chin-Yee IH. Effects of storage on efﬁcacy of red cell
transfusion: when is it not safe? Crit Care Med 2003;31:S687–97.
105. Napolitano LM, Corwin HL. Efﬁcacy of red blood cell transfusion in the
critically ill. Crit Care Clin 2004;20:255–68.
106. Hebert PC, Wells G, Blajchman MA, et al. A multicenter, randomized,
controlled clinical trial of transfusion requirements in critical care.
Transfusion requirements in critical care investigators, Canadian critical
care trials group. N Engl J Med 1999;340:409–17.
107. McIntyre LA, Hebert PC. Can we safely restrict transfusion in trauma patients?
Curr Opin Crit Care 2006;12:575–83.
108. Tinmouth A, Fergusson D, Yee IC, Hebert PC. Clinical consequences of red cell
storage in the critically ill. Transfusion 2006;46:2014–27.
109. Spinella PC. Warm fresh whole blood transfusion for severe hemorrhage:
US military and potential civilian applications. Crit Care Med
2008;36:S340–5.
110. Armand R, Hess JR. Treating coagulopathy in trauma patients. Transfus Med
Rev 2003;17:223–31.
111. Gruenwald CE, McCrindle BW, Crawford-Lean L, et al. Reconstituted fresh
whole blood improves clinical outcomes compared with stored component
blood therapy for neonates undergoing cardiopulmonary bypass for cardiac
surgery: a randomized controlled trial. J Thorac Cardiovasc Surg
2008;136:1442–9.
112. Manno CS, Hedberg KW, Kim HC, et al. Comparison of the hemostatic effects of
fresh whole blood, stored whole blood, and components after open heart
surgery in children. Blood 1991;77:930–6.
113. Lamboo M, Poland DC, Eikenboom JC, et al. Coagulation parameters of thawed
fresh-frozen plasma during storage at different temperatures. Transfus Med
2007;17:182–6.

114. Offner PJ, Moore EE, Bifﬂ WL, Johnson JL, Silliman CC. Increased rate of
infection associated with transfusion of old blood after severe injury. Arch
Surg 2002;137:711–6. [discussion 6–7].
115. Purdy FR, Tweeddale MG, Merrick PM. Association of mortality with age of
blood transfused in septic ICU patients. Can J Anaesth 1997;44:1256–61.
116. Karam O, Tucci M, Bateman ST, et al. Effect of length of storage of red blood
cell units on outcome in critically ill children. Crit Care Med 2009;13:P417.
117. Arslan E, Sierko E, Waters JH, Siemionow M. Microcirculatory hemodynamics
after acute blood loss followed by fresh and banked blood transfusion. Am J
Surg 2005;190:456–62.
118. Berezina TL, Zaets SB, Morgan C, et al. Inﬂuence of storage on red blood cell
rheological properties. J Surg Res 2002;102:6–12.
119. Raat NJ, Verhoeven AJ, Mik EG, et al. The effect of storage time of human red
cells on intestinal microcirculatory oxygenation in a rat isovolemic exchange
model. Crit Care Med 2005;33:39–45. [discussion 238–9].
120. Fitzgerald RD, Martin CM, Dietz GE, Doig GS, Potter RF, Sibbald WJ.
Transfusing red blood cells stored in citrate phosphate dextrose adenine-1
for 28 days fails to improve tissue oxygenation in rats. Crit Care Med
1997;25:726–32.
121. Martini WZ, Dubick MA, Pusateri AE, Park MS, Ryan KL, Holcomb JB. Does
bicarbonate correct coagulation function impaired by acidosis in swine? J
Trauma 2006;61:99–106.
122. Stanworth SJ, Birchall J, Doree CJ, Hyde C. Recombinant factor VIIa for the
prevention and treatment of bleeding in patients without haemophilia.
Cochrane Database Syst Rev:CD005011.
123. Martini WZ, Chinkes DL, Pusateri AE, et al. Acute changes in ﬁbrinogen
metabolism and coagulation after hemorrhage in pigs. Am J Physiol Endocrinol
Metab 2005;289:E930–4.
124. Martini WZ, Chinkes DL, Sondeen J, Dubick MA. Effects of hemorrhage and
lactated Ringer’s resuscitation on coagulation and ﬁbrinogen metabolism in
swine. Shock 2006;26:396–401.
125. Malone DL, Hess JR, Fingerhut A. Massive transfusion practices around the
globe and a suggestion for a common massive transfusion protocol. J Trauma
2006;60:S91–6.
126. Cotton BA, Au BK, Nunez TC, Gunter OL, Robertson AM, Young PP. Predeﬁned
massive transfusion protocols are associated with a reduction in organ failure
and postinjury complications. J Trauma 2009;66:41–8. [discussion 8–9].
127. Dente CJ, Shaz BH, Nicholas JM, et al. Improvements in early mortality and
coagulopathy are sustained better in patients with blunt trauma after
institution of a massive transfusion protocol in a civilian level I trauma
center. J Trauma 2009;66:1616–24.

