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Like many good ideas in clinical medicine, Trauma Induced Coagulopathy 
was the product of a multidisciplinary research meeting. As the process 
unfolded, multiple classic papers were identified that addressed different con-
cepts of coagulation changes following injury. It soon became apparent that 
consolidation of all of these concepts was too large for practical distribution 
or synthesis into a review article. We agreed the most useful reference would 
be a text of chapters written by those conducting research in various fields 
related to coagulation resulting in the first edition of Trauma Induced 
Coagulopathy in 2016. With the growing interest in understanding and man-
aging coagulation in trauma, an updated second edition was due. During this 
interval, the Trans-Agency Consortium on Trauma Induced Coagulopathy 
(TACTIC), supported by the National Institutes of Health and coordinated 
with clinical trials funded by the Department of Defense, made significant 
efforts to enhance multidisciplinary research in trauma resulting in countless 
new discoveries. International collaboration and consensus resulted in a defi-
nition of TIC proposed by a working group of the International Society of 
Thrombosis and Hemostasis (ISTH). Several large clinical trials were also 
completed during this time, in addition to new clinical devices for measuring 
coagulation. The second edition has been expanded to 46 chapters from its 
original 35 to incorporate the massive global efforts in understanding, diag-
nosing, and treating trauma induced coagulopathy. At the time of publication, 
the world is focused on the vexing problem of COVID-19, and we have rap-
idly come to realize that a profound hypercoagulable state markedly contrib-
utes to morbidity and mortality. Knowledge gained from our collaborations 
and summarized in this text is now being deployed against the COVID-19 
associated coagulopathy. At the same time, uncontrolled hemorrhage remains 
the leading cause of preventable death following trauma throughout the 
world, and the driving mechanisms remain to be established.

Aurora, CO, USA Hunter B. Moore
Pittsburgh, PA, USA Mathew D. Neal
Denver, CO, USA Ernest E. Moore 
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Historical Perspective of Trauma- 
Induced Coagulopathy

Ernest E. Moore and Hunter B. Moore

Injury is the leading cause of death worldwide 
[1], and the third leading cause of mortality in the 
United States [2]. Despite advances in emergency 
medical systems and trauma care, deaths from 
injury have increased in the United States over 
the last decade [3]. In both the civilian [4] and 
military [5] settings, uncontrolled hemorrhage is 
the leading cause of preventable death after 
injury. In civilian studies, 80% of deaths from 
hemorrhage occur within the first 6 h, at a median 
time of 2.5 h [4]. Consequently, there is intense 
interest worldwide in the pathogenesis of coagu-
lopathic bleeding after injury and its early man-
agement. While there have been substantial 
insights, the words of Mario Stefanini in his 
address to the New York Academy of Medicine 
in 1954 [6] remain applicable today: “The pon-
derous literature on the subject of hemostasis 
could perhaps be considered a classical example 
of the infinite ability of the human mind for 
abstract speculation. For several years, the num-
ber of working theories of the hemostatic mecha-
nisms greatly exceeded and not always respected 
the confirmed experimental facts. In recent years, 

however, the revived interest in this field has led 
to an accumulation of new findings, which has 
been almost too rapid for their orderly incorpora-
tion into a logical working pattern. As a result, 
we have rapidly gone from a state of orderly 
ignorance to one of confused enlightenment, 
from which we have not emerged as yet.”

The evolution of our understanding of the 
complexities of coagulopathy associated with 
trauma has been, in large part, the result of col-
laboration between civilian and military investi-
gators and clinicians. Observations during war, 
due to a concentrated experience, often stimulate 
research in civilian academic centers, which cul-
minates in advances in our patient care and under-
standing the fundamental problem. The earliest 
reports of coagulopathy in injured patients were 
generated from military research teams, often 
including civilian consultants, during major wars. 
These novel observations would then intensify 
hemostasis research in civilian centers. Ultimately, 
the resulting findings improved coagulopathy 
management in subsequent conflicts, and primed 
the environment for making new observations. 
The specific contributions to our understanding of 
coagulopathy, however, are somewhat difficult to 
ascertain from World War I through Vietnam 
because the primary focus was on optimizing 
shock resuscitation at a time when plasma or 
whole blood was employed to replace acute blood 
loss [7]. Nonetheless, several landmark contribu-
tions are well recognized.
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In 1916 the US National Research Council 
formed a Subcommittee on Traumatic Shock that 
collaborated with the British Medical Research 
Committee to study wounded soldiers in the front 
lines of France. Among them was Walton 
B. Cannon from Harvard, who was perplexed by 
the inconsistencies of the prevailing toxin theory 
of shock. Based on observations made on the 
battlefield in France during 1918 [8], Cannon 
wrote “Whatever the nature of the bodily 
changes…the heart, nervous system and other 
organs are suffering from an insufficient blood 
supply” and later admonished “if the pressure is 
raised before the surgeon is ready…blood that is 
sorely needed may be lost.” Cannon documented 
the dynamic nature of coagulation experimen-
tally with epinephrine infusion into animals that 
provoked hypercoagulability followed by hypo-
coagulability [9]. Cannon also stated propheti-
cally “…shock is a loss of homeostasis, and 
without homeostasis the patient does not sur-
vive.” Interestingly, two pivotal discoveries made 
during the later years of WWI [10], Richard 
Lewisohn’s demonstration that sodium citrate 
was a safe process to store blood in 1915 and 
Karl Landsteiner’s discovery of major blood 
types in 1917, led to the transfusion of blood to 
soldiers at the end of the war [11]. In 1936, based 
largely on Cannon’s war observations and his 
own research at Vanderbilt and Johns Hopkins, 
Alfred Blalock [12] concluded “the work of 
recent years has shown that shock is dependent 
on an inadequate supply of blood to the tissues, 
which may be brought about by the most diverse 
causes,” that is, hematogenic, neurogenic, vaso-
genic, and cardiogenic.

In the spring of 1940, with major victories 
achieved by Germany and Japan, the US involve-
ment in the war appeared inevitable. Military 
experts recognized that bottled whole blood 
would be logistically impractical and enlisted the 
expertise of Edwin Cohen, a Harvard biochemist, 
to deconstruct blood in order to deliver its com-
ponents to the battlefield [13]. Cohen was suc-
cessful in purifying albumin as well as preparing 
plasma. At the onset of World War II, the National 
Research Council’s Committee on Transfusion 
recommended that dried plasma—not blood—

would be used if combat occurred outside the 
continental United States because it was easy to 
prepare and transport, whereas whole blood had 
to be typed, cross-matched, and refrigerated. 
However, based on the work of consultant 
Edward D. Churchill [14] in North Africa, who 
concluded, “wound shock is blood volume loss,” 
the policy was changed to whole blood adminis-
tration and implemented in Italy in 1943. In the 
preface to Colonel Churchill’s review, Brigidar 
General Fred Rankin stated, “The present-day 
health standards of our troops and survival rate 
among our wounded have been unequalled in the 
history of war-fare. Perhaps one of the most 
important factors contributing to this highly 
record has been the role played by professional 
consultants.”

In 1952, the Board for the Study of the 
Severely Wounded systematically reviewed the 
cause of death in 186 war casualties. The report 
was dominated by the discovery of a new syn-
drome “post-traumatic renal failure” that was 
attributed to prolonged hypoperfusion. This 
observation ultimately led to a paradigm shift in 
resuscitation, incorporating crystalloid as a fun-
damental component of initial fluid administra-
tion [15]. Contemporary studies in civilian 
hospitals, based on observations in trauma and 
burn patients, reported a “severe bleeding ten-
dency” implicating fibrinolysis [16, 17]. The 
plasmin–antiplasmin system had been character-
ized at this point [18]. Alternatively, others postu-
lated the loss of a labile clotting factor in whole 
blood and recognized the key role of platelets in 
hemostasis [19, 20]. In 1954, Stefanini [6] noted 
that post-injury hemorrhage persisting despite 
surgical control of bleeding was variously 
referred to as medical bleeding, diffuse bleeding 
diathesis, post-transfusion bleeding disorder, and 
disseminated intravascular coagulation (DIC), 
reflecting a general lack of consensus in the 
pathophysiology.

During the Korean War, William Stone is 
credited with promoting surgical research teams 
in the combat zone in Korea [21]. Scott and 
Crosby [22], representing one such team, reported 
that the prothrombin time (PT) was doubled in 
combat casualties while platelet count and fibrin-
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ogen were increased. They also speculated that 
the cause was due to a labile clotting factor dur-
ing blood storage. Artz and Fitts [23] observed 
that severely injured soldiers in the Korean 
Conflict required both return of shed blood and 
crystalloid for optimal survival, inspiring the 
later seminal work of Tom Shires [24] defining 
the scientific basis for crystalloids.

After the Korean War, civilian studies impli-
cated a number of causative factors responsible 
for bleeding associated with major surgery 
requiring transfusion, including DIC [25], fibri-
nolysis [26], compromised viability of platelets 
in stored blood [27], and the loss of the labile fac-
tors V and VIII during storage [28]. The initial 
response to experimental hemorrhagic shock was 
hypercoagulability, followed by a progressive 
state of hypocoagulability with decreases in fac-
tors V, VIII, IX, X, and XI along with reduced 
fibrinogen and platelets [29]. The early clinical 
studies in Baltimore further identified a third 
phase of hypercoagulability in those who sur-
vived the intermediate period of hypocoagulabil-
ity [30]. The authors concluded that in surviving 
patients, the oscillatory pattern converges into a 
“dynamic homeostatic state,” whereas, in non- 
survivors, “fluctuations exceeded safe limits and 
behaved like a runaway system.”

Based on the compelling experimental work 
by Shires et al. [24], the major change in resusci-
tation strategy in Vietnam was the administration 
of large volumes of crystalloid. This policy virtu-
ally eliminated acute kidney dysfunction, but led 
to a new entity coined “Da Nang Lung” [31], 
later termed the acute respiratory distress syn-
drome (ARDS) as the civilian counterpart [32]. 
The first large study on coagulation disorders in 
combat casualties from Vietnam was reported by 
Simmons et al. [33]. In their comprehensive anal-
ysis of 244 injured soldiers, the authors con-
cluded that there is “an initial phase of 
hypercoagulability followed by hypocoagulabil-
ity and this seemed best explained by 
DIC.  Massive transfusion is accompanied by a 
dilutional coagulopathy compatible with factor 
levels in stored blood. Platelet levels fell, but PT, 
partial thromboplastin time (PTT), and fibrino-
gen levels are less affected. Fresh whole blood 

partially counteracts this dilutional state, but is 
rarely necessary.” Miller et  al. [34] studied 21 
patients requiring a massive transfusion in 
Vietnam. Significant coagulation defects were 
not evident until 20  units of stored blood was 
administered. A dilutional defect in platelets 
appeared to be the primary cause for bleeding, 
and this was reversed with fresh whole blood 
administration. Interestingly, they reported no 
evidence of DIC or fibrinolysis. In 1974, John 
A. Collins [35] systematically reviewed the prob-
lems associated with massive transfusion and 
offered these observations: [1] “Early complete 
replacement of blood volume in the massively 
bleeding patient lessens the impact of exchange 
transfusion with stored blood,” [2] “an intact cir-
culation is a very good defense against the meta-
bolic problems of massive transfusion,” and [3] 
“historically as new problems associated with 
massive transfusion have been defined, they have 
almost always been grossly overstated.”

Coagulation research in civilian institutions in 
the early 1970s began to elucidate the molecular 
events resulting in thrombin generation as the 
common end product of the extrinsic and intrin-
sic clotting pathways [36, 37]. In the clinical 
arena, trauma surgeons recognized that control-
ling bleeding from the liver was a priority to 
improve survival following trauma, but much of 
the work concentrated on techniques to achieve 
mechanical hemostasis with some mention of 
packing when bleeding continued [38–40]. It was 
also noted that tissue disruption from blunt 
trauma was associated with more problematic 
bleeding than penetrating wounds, stimulating 
resurgent interest in DIC and subsequent pulmo-
nary microemboli [40, 41]. In the later 1970s, 
trauma surgeons began to recognize that bleeding 
following massive transfusion with stored blood 
required supplemental clotting factors. This lit-
erature is confounded by the fact that blood banks 
began to implement blood component therapy 
[42], a policy change that unmasked the preva-
lence of a trauma-related coagulopathy. In 1979, 
our group [43] and others [44–46] observed that 
the majority of patients succumbing to liver 
 injuries died of a coagulopathy, after surgical 
control of bleeding. We recommended pre-emp-
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tive fresh frozen plasma (FFP): “If the patients 
remain hypotensive after the second unit of whole 
blood, FFP should be administered then and with 
every fourth unit thereafter.” Furthermore, we 
advocated fresh whole blood “…if bleeding per-
sists despite normal PT, PTT, and bleeding times” 
[43]. Stimulated by these findings, we analyzed a 
group of patients who developed life-threatening 
coagulopathy with major vascular injuries and 
noted the compelling association of metabolic 
acidosis and hypothermia. Confirming the inde-
pendent effects of acidosis and hypothermia on 
coagulation experimentally [47], we proposed 
the “bloody vicious cycle” in 1981 [48], which 
subsequently became known as the “lethal triad.” 
The concept of truncating definitive repair of all 
injuries in coagulopathic patients in the operating 
room, to allow for correction of hypothermia, 
acidosis, and coagulopathy in the intensive care 
unit, was the fundamental basis for “damage con-
trol surgery” introduced by Harlan Stone et al. in 
1983 [49]. In studying our coagulopathic injured 
patients in 1981 [48], we noted that higher ratios 
of FFP to stored blood were associated with 
improved survival and advocated presumptive 
FFP:blood administration of 1:4  in the emer-
gency department. Charles Lucas and Anna 
Ledgerwood also conducted animal work that 
supported the concept of pre-emptive FFP during 
massive transfusion [50]. In the later 1980s [51], 
the Detroit General Group systematically studied 
coagulation abnormalities in patients requiring a 
massive transfusion of stored red blood cells 
(RBC) and postulated consumption of factors, 
reflected in standard measures of coagulopathy, 
that is, PT, PTT, and thrombin time (TT). 
Collectively, the coagulopathy associated with 
severe trauma was believed to be secondary to 
both consumption and dilution of clotting factors. 
There was also considerable interest in the early 
administration of platelets due to the long-term 
observation of deteriorating platelet numbers in 
stored blood, although clinical trials failed to 
confirm a benefit of pre-emptive platelet adminis-
tration [52].

In the ensuing decade much of the clinical 
investigation centered on optimizing the use of 
damage control surgery for refractory coagulopa-

thy [53–55]. Coagulation research during this 
period was further complicated by the practice of 
aggressive crystalloid resuscitation targeting 
supra-physiologic oxygen delivery, promulgated 
by William Shoemaker et al. [56]. This resulted 
in an epidemic of compartment syndromes, with 
much attention diverted to the urgent need to 
decompress the abdomen following protracted 
shock managed with high-volume crystalloid 
resuscitation [57]. In retrospect, most of the com-
partment syndromes and, to a large extent, coag-
ulopathies were generated by overzealous 
infusion of crystalloid driven by the subsequently 
disproven concept of supra-physiologic oxygen 
delivery [58]. There is no question that chasing 
oxygen delivery with Swan-Ganz catheters and 
attempting to correct metabolic acidosis with 
large-volume crystalloid loading added a sub-
stantial component of dilutional coagulopathy 
[59].

The first decade of the twenty-first century 
perhaps represents the most significant insights 
gained into trauma-associated coagulopathy in 
modern history, and many of the contributing 
investigators are authors in this monograph. 
Progress was unquestionably inspired by the rev-
olutionary concept of the cell-based model of 
coagulation proposed by Hoffman and Monroe 
[60] who emphasized the fundamental role of 
platelets as a platform for clotting factor assem-
bly and thrombin generation on damaged endo-
thelium. Paradoxically, these new insights led to 
the unbridled use of activated factor VII, which 
was ultimately proven unjustified [61, 62]. In 
2003, MacLeod et al. [63] from the University of 
Miami made the observation that 28% of severely 
injured patients had an elevated PT on arrival to 
the hospital, and this was associated with an 
increased risk of mortality. At the same time, 
Karim Brohi [64] from the Royal London 
Hospital reported that 24% of severely injured 
patients had prolonged clotting times, and 
extended their analysis to demonstrate this abnor-
mality was independent of fluid administration 
and, consequently, termed the syndrome the 
“acute coagulopathy of trauma” (ACOT). 
Stimulated by his observations on the ACOT in 
London, Brohi pursued a trauma research fellow-
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ship with another fellow, Mitch Cohen, and col-
leagues in San Francisco. Together, in 2007, this 
civilian research team provided enticing evidence 
that activation of protein C is a mechanistic com-
ponent of ACOT [65]. Shortly thereafter, Par 
Johansson [66] from Copenhagen added evi-
dence of endothelial glycocalyx degradation, 
stimulating interest in the endotheliopathy of 
ACOT.  Additional evidence has implicated the 
innate immune response in general [67], and neu-
trophils specifically [68] in the pathogenesis of 
ACOT.

Simultaneous with these provocative studies 
in civilian trauma centers, the military recog-
nized coagulopathy as the most common source 
of preventable death in soldiers in the war in Iraq 
[69]. When confronted with this challenge, the 
US Army suggested the best solution was to 
replace the acute blood loss with a blood compo-
nent formula that would replicate the whole 
blood lost, thus the genesis of the 1:1:1 concept 
[70]. In 2007, Borgman et  al. [71] reported the 
US military experience in Iraq suggesting a sur-
vival benefit for soldiers resuscitated with an 
FFP:RBC ratio approaching 1:1 when they 
required a massive transfusion (10  units of red 
blood cells (RBC) in 24  h). This report was 
extrapolated to support the proposed “damage 
control resuscitation” concept with 1:1:1 as the 
centerpiece. Although the relative simplicity of 
this recommendation is appealing, this concept is 
not intuitive biologically and has prompted vig-
orous debate that continues today [72–75]. 
Ultimately these debates stimulated the National 
Institutes of Health (NIH) to conduct a Trans- 
Agency Coagulopathy in Trauma Workshop, 
held in Bethesda in April 2010. Out of this meet-
ing came the consensus that the term “trauma- 
induced coagulopathy” (TIC) should be employed 
to describe what was previously referred to as 
ACOT in order to ensure a common language for 
research.

Conspicuous among the many questions is 
whether platelets should be given empirically 
with the initial administration of FFP and RBC 
units in patients at risk for TIC.  In contrast to 
platelets for first-line therapy in the United States, 
the European approach has been to load fibrino-

gen [76]. Theoretically platelets contribute more 
to clot strength than fibrinogen, but each compo-
nent can compensate for deficiencies in the other. 
A recent randomized study with empiric platelet 
transfusion for intracranial hemorrhage indicated 
adverse outcome [77]. The current limitation in 
assessing platelet function for hemostasis has 
hampered resolution of this topic [78, 79]. 
Furthermore is the ongoing debate of the optimal 
ratio of FFP:RBC units in the patient at risk for 
TIC. The only randomized trial to date failed to 
demonstrate a prolonged survival advantage of a 
1:1 versus 1:2 FFP:RBC ratio when delivered 
with platelets [80]. Of note, this randomized trial 
showed improved survival at 3 h, but statistical 
difference was lost at 24 h as well as the FDA 
standard of mortality at 30 days due to attrition in 
both study groups. The controversy has prompted 
another NIH workshop to define optimal end-
points for clinical hemostasis research, and it 
appears a 3–6 h endpoint may be acceptable in 
certain studies [81]. Independent of the optimal 
ratio debate, the concept of plasma first resuscita-
tion was extended to prehospital studies, suggest-
ing patients with extended transport times may 
benefit from plasma in the field [82, 83].

The role of systemic fibrinolysis in TIC has 
added another layer of controversy. The role of 
dysregulated fibrinolysis was largely overlooked 
until the widespread implementation of global 
viscoelastic hemostatic assays in trauma care, 
such as thrombelastography (TEG) and thrombo-
elastometry (ROTEM) [84–87]. The CRASH-2 
trial reported in 2010 [88] prompted unbridled 
use of tranexamic acid (TXA) until the limita-
tions of this study were acknowledged [89, 90]. 
Consequently, it was generally accepted in the 
United States that TXA should be reserved for 
selected populations until randomized trials clar-
ify the indications. The most recent randomized 
trial of prehospital TXA for TBI reported a sur-
vival benefit of 2 gm, but without viscoelastic 
evidence of inhibited fibrinolysis suggesting the 
benefit may be derived from anti-inflammatory 
effects (personal communication Martin 
Schreiber MD). The elucidation of fibrinolysis 
shutdown [91–93] and subtypes [94] with an 
associated risk of thromboembolism has added to 
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the concern of routine TXA administration. 
Furthermore, the issue of whether goal-directed 
therapy via viscoelastic assays such as TEG or 
ROTEM is the optimal management for TIC 
remains debated. A large retrospective study indi-
cated that TEG-driven resuscitation was more 
effective than 1:1:1 approach [95], and our recent 
single-institution randomized study [96] indi-
cated that TEG was more effective in guiding a 
massive transfusion protocol than conventional 
laboratory tests (PT/INR, aPTT, platelet count, 
and d -dimers). In 2013, driven by these ongoing 
controversies, the NIH funded a Trans-Agency 
Research Consortium for Trauma-Induced 
Coagulopathy (TACTIC) in collaboration with 
the Department of Defense (DOD) with the aim 
of elucidating the underlying mechanisms of TIC 
from “road to rehabilitation” [97].

Interestingly, the most recent chapter in hemo-
stasis management of the severely injured is the 
return to stored low titer O negative whole blood 
(LTOWB) as the initial resuscitation fluid. 
Stimulated by military success of the walking 
donor policy with fresh whole blood [98], the 
current trend is to administer LTOWB in the field 
[99] as well as the emergency department [100] 
back to the future.

In sum, the need to define the scientific basis 
for blood component administration and regula-
tion of fibrinolysis in the critically injured 
patient is as clear today as it was 60 years ago 
and, as optimistically articulated by Mario 
Stefanini [6], we are making substantive prog-
ress. “While the multiplicity of hypotheses and 
the conflict of experimental findings still deny 
us a firm theoretical basis for the interpretation 
of the mechanisms of hemostasis, the impact of 
the advances of the last 10 years on the diagno-
sis and management of the bleeding patient has 
been staggering. New diagnostic tests have 
greatly increased the accuracy of the diagnosis; 
broader interest in the isolation of coagulation 
factors and of platelets points to more specific 
methods of treatment in the near future. One 
feels that, with the unending ferment of ideas 
and fervor of investigation in this field, great 
progress lies ahead.”
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 Frequency

Uncontrolled bleeding has been reported to cause 
at least one quarter of all injury-related deaths 
[1–9], and over 40% of potentially preventable 
postinjury deaths, both in military [10, 11] and 
civilian settings [3, 12–14]. A review of prevent-
able and potentially preventable deaths in an 
urban trauma center from 1998 to 2005  in Los 
Angeles, California, documented that 40% were 
due to hemorrhage [15]. A 2019 systematic liter-
ature review of pre-hospital deaths due to trauma 
indicated that exsanguination was responsible for 
54–81% of trauma deaths deemed potentially or 
definitely preventable in studies conducted 
throughout the world from 2000 to 2013 [16]. 
The reports on the causes of postinjury death dif-
fer widely depending on the data source and defi-

nitions. Studies using civilian hospital, state, or 
national trauma registries (e.g., the American 
College of Surgeons sponsored National Trauma 
Data Bank, NTDB1) do not include deaths prior 
to admission, which still represent for over half 
of the trauma fatalities [17]. Similarly, military 
patients killed in action (i.e., before arriving at a 
medical treatment facility) are sometimes not 
included [11, 18]. It is important that the readers 
verify these different ways to represent the data 
(e.g., in-hospital, population-based) when 
appraising articles.

In a 2011 study by investigators at the United 
States Army Institute of Surgical Research 
(USAISR) of combat fatalities occurring in the 
deployed environment from October 2001 to 
June 2011, 87% occurred before arrival at a med-
ical treatment facility [10]. Of these, 24% were 
considered potentially survivable, and were pre-
dominantly (91%) due to hemorrhage. During the 
same period, the USAISR group reported that 
only 4.6% of all combat deaths occurred after 
reaching a military treatment facility (a.k.a, died- 
of- wounds), of whom close to half were deemed 
potentially survivable, again largely due to acute 
hemorrhage (80%) [19].

In contrast to military literature, few studies 
have assessed the role of hemorrhage in civilian 
trauma deaths occurring in the pre-hospital 
 setting, due to difficulties in obtaining granular 

1 Available at https://www.facs.org/quality-programs/
trauma/tqp/center-programs/ntdb, accessed 11/30/2019.
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data [20–22]. The table shows the impact of hem-
orrhage in pre- hospital (when available) and in-
hospital deaths in several epidemiological 
investigations listed in chronological order of the 
period covered by the study. A civilian 1992 epi-
demiologic study in Denver City and County, 
Colorado, found that 34% of the deaths occurred 
in the pre-hospital setting, and of these, over one 
third were due to exsanguination [3]. Overall, the 
study determined that 31% of all deaths attrib-
uted exclusively to bleeding (i.e., excluding those 
in combination with traumatic brain injury (TBI)) 
occurred in the pre-hospital phase. A similar 
study in San Diego, California, also in 1992, in 
which autopsy data were available for all fatali-
ties, also found that 40% of the fatalities hap-
pened before arrival of pre-hospital providers, 
and that close to a third of all deaths were due to 
uncontrolled hemorrhage in the chest, abdomen, 
or both cavities [5]. Unfortunately, this study did 
not specify the impact of hemorrhage specifically 
in the pre-hospital setting.

Stewart et al. [23] studied in-hospital trauma 
fatalities from 1995 to 2001 occurring at one of 
three level 1 trauma centers in San Antonio, 
Texas, and attributed shock as the cause of death 
in 21% of the cases. Almost two decades later, a 
study of autopsies of individuals who died of 
trauma pre-hospital in the field in Miami-Dade 
county in 2011 [12] reported that hemorrhage 
caused a similar percentage of the deaths (34%), 
second only to neurotrauma (36%); combined 
hemorrhage and neurotrauma caused 15% of the 
deaths. Close to a third (29%) of all deaths were 
judged to be potentially survivable, due primarily 
(54%) or partially (10%) to hemorrhage. In a 
study in Harris County, Texas, Drake et al. [14] 
combined 2014 data from autopsy, medico-legal 
death investigation reports, emergency medical 
service, hospital records, hospital trauma morbid-
ity and mortality reports, in a comprehensive epi-
demiological investigation of trauma deaths. They 
determined that close to half (46%) of the fatali-
ties still happened in the pre-hospital phase, 36% 
in the index-hospitalization, and 18% after the 
index-hospitalization. Hemorrhage was impli-
cated in 20% of the deaths in the pre-hospital 
phase and 20% of the in-hospital deaths. These 
investigators also demonstrated that hemorrhage 

was most impactful in deaths that were deemed 
preventable/potentially preventable (P/PP): hem-
orrhage caused 55% of the P/PP deaths in the pre-
hospital phase, and 28% of the in-hospital P/PP 
deaths. A prospective, multicenter Western 
Trauma Association study of trauma deaths 
between December 2015 and August 2017 in 18 
trauma centers across the United States, published 
in 2019, reported exsanguination caused 23% of 
all deaths among patients who were transported to 
trauma centers, second to TBI (45%) and fol-
lowed by physiologic collapse (25%) [6]. Notably, 
over half (58%) of all bleeding- related deaths 
occurred during transport or in the emergency 
department. Collectively, these studies demon-
strate the substantial impact of hemorrhage in 
trauma deaths in general, and among deaths at the 
scene and P/PP deaths specifically. They highlight 
the need for improved resuscitation strategies in 
the pre-hospital arena as well as better data moni-
toring of this phase in trauma care.

Most studies outside the United States reveal a 
similar high impact of hemorrhage in trauma 
deaths. A 2005 population-based investigation in 
Newcastle, Australia, attributed bleeding as the 
cause of 33% of all deaths (both pre- and in- 
hospital) [7]. In Canada, where blunt mechanism 
predominates, a study of deaths occurring in a level 
1 trauma center from 1999 to 2003 implicated 
hemorrhage in 15% of all in-hospital deaths, of 
which 16% (mostly due to blunt pelvic injury) 
were judged to be preventable [24]. In Stavenger, 
Norway, where the autopsy rate exceeds 95%, 25% 
of the trauma deaths from 1996 to 2004 were due to 
exsanguination, half of which occurred within 
1 hour postinjury [8]. In a population-based study 
in Berlin [25], of 440 trauma deaths during 2010, 
10% were attributed to exsanguination, which was 
defined very narrowly as: “coincident/singular 
blunt and/or penetrating severe injury/ies to vari-
ous organ/s or organ systems, which were primar-
ily lethal due to hemorrhagic shock without 
destruction/dysfunctions of vital structures as the 
leading cause of death.” Of the remainder, close to 
half were ascribed to “polytrauma” and 38% to 
TBI. It would be plausible to assume that a substan-
tial proportion of the so-called “polytrauma” deaths 
were associated with hemorrhage. Sixty percent of 
the deaths in the Berlin study occurred at the scene, 
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of which 14% were attributed to exsanguination, 
and 24% of all exsanguination-related deaths 
occurred at the scene. Another Canadian study in 
the Foothills Medical Centre in Calgary analyzed 
1000 consecutive in-hospital trauma deaths among 
9941 patients admitted from 2005 to 2013, of 
which 27% were attributed to exsanguination [26]. 
In a hospital-based study in Turkey, from 2010 to 
2013, 22% were attributed to circulatory collapse 
and another 11% to circulatory collapse plus TBI 
[27]. In Brazil, hemorrhage claimed 18% of the 
trauma deaths in an urban hospital. In an assess-
ment of in-hospital deaths in a Netherlands urban 
trauma center reported that exsanguination caused 
9% of the 2007–2012 fatalities and only 3% in 
2013–2016 [28]. These were the periods before 
and after the implementation of hemostatic resusci-
tation and damage control procedures in their hos-
pital. TBI was the main cause of death in both 
periods (58% in 2007–2012 and 76% in 2013–
2016). The definition of exsanguination was not 
specified in the article, but a number of death 
causes potentially related to hemorrhage were 
listed (e.g., chest injury, cardiac arrest). A number 
of reasons may explain the different proportion of 
hemorrhage in non-US versus US studies including 
(but not limited to) higher frequency of penetrating 
trauma in the United States versus other countries; 
different definitions of hemorrhagic and TBI deaths 
and disparities in injury prevention (e.g., alcohol- 
related injuries, road conditions, trauma systems, 
emergency medical services, availability of resus-
citation-related resources).

 Temporal Trends

Temporal trends in cause-specific mortality pro-
portions were evaluated at the Scripps Mercy 
Hospital, in San Diego, California, US from 2000 
to 2011, finding no significant change in the pro-
portion attributed to acute hemorrhagic shock, 
which remained slightly over one quarter of all 
deaths [4]. In an urban trauma center in Texas, a 
comparison of the proportion of deaths due to hem-
orrhage before (2005–2006) and after (2012–2013) 
the implementation of a bleeding-control bundle of 
care showed an unadjusted decrease from 36% to 
25% [9]. Specifically among early in-hospital 

deaths (<1 hour postinjury), there was a reduction 
in the proportion of hemorrhage as the primary 
cause from 60% in 2005–2006 to 38% in 2012–
2013. The authors credited the improvement to the 
implementation of a multi- modal bleeding control 
bundle encompassing: (1) accurate identification of 
the bleeding patient; (2) pre-hospital and hospital 
damage control resuscitation: (3) pre-hospital and 
hospital use of hemostatic techniques such as 
extremity and junctional tourniquets, pelvic bind-
ers, and hemostatic dressings; (4) resuscitative 
endovascular balloon occlusion of the aorta; (5) 
coagulation monitoring with thrombelastography; 
(6) tranexamic acid for significant fibrinolysis; (7) 
decreased time to operating room and interven-
tional radiology; and (8) goal-directed resuscitation 
with blood products as bleeding slows. A subse-
quent study using the same dataset showed that 
among potentially preventable in-hospital deaths, 
hemorrhage remained frequent (2005–2006: 48% 
vs. 2012–2013: 43%, p = 0.55) [29].

The study of the epidemiology of hemorrhagic 
deaths requires focused attention to the denomi-
nator used in the report or study. As the above- 
cited investigations demonstrate, a substantial 
proportion of the deaths occurring pre-hospital, 
both in civilian and military settings, are 
 unequivocally non-preventable, for which pri-
mary prevention may be the only solution. Of 
course, the judgment of whether a death is pre-
ventable or non-preventable may involve some 
degree of subjectivity. In non-obvious cases, it is 
advisable to apply more objective criteria to esti-
mate the probability of survival, such as the 
TRISS [30, 31] (Trauma and Injury Severity 
Score) probability of death (e.g., classify as non-
preventable deaths of injured patients with <10% 
TRISS probability of survival), or similar model. 
Removing the non-preventable deaths from the 
denominator, and concentrating only on the sub-
set of PP/P deaths, highlights the group who may 
benefit the most from focused interventions.

 Mechanisms

In the recent Western Trauma Association study, 
attending providers of 18 US trauma centers 
adjudicated the cause of death (COD) immedi-
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ately following the patient’s demise using stan-
dardized definitions (with autopsy confirmation, 
when available) from December 2015 to August 
2017. Their data revealed that blunt patients were 
more likely to have TBI (47.8% vs. 37.4%, 
p < 0.0001) as the primary COD while for pene-
trating patients, exsanguination was the more fre-
quent primary COD (51.7% vs. 12.5%, 
p  <  0.0001). The above-mentioned Canadian 
study, where penetrating trauma is relatively 
infrequent, 48% of the hemorrhagic deaths (i.e., 
in-hospital deaths) were due to blunt injuries, and 
52% were from a penetrating mechanism [24].

We also queried the Trauma Activation 
Protocol (TAP) database of the Ernest E Moore 
Shock Trauma Center at Denver Health (a mature, 
urban, Level I trauma center) enrolled by profes-
sional research assistants onsite 24/7. This data-
base started in 2014 and up to December of 2018 
included 907 consecutive injured adults 
(age >= 18 years) meeting criteria for the highest 
level of activation (any of the following: (1) 
GCS < 8 with presumed thoracic, abdominal, or 
pelvic injury, (2) respiratory compromise, 
obstruction, and/or intubation with presumed tho-
racic, abdominal, or pelvic injury, (3) blunt trauma 
with SBP < 90 mm Hg, (4) mechanically unstable 
pelvic injury, (5) penetrating injuries with injury 
to neck and/or torso with SBP < 90, mm Hg, gun-
shot wound penetrating the neck/torso or stab 
wounds to the neck/torso that require endotra-
cheal intubation, (6) amputation proximal to the 
ankle or wrist, or (7) the emergency medicine 
attending or chief surgical resident suspects the 
patient is likely to require urgent operative inter-
vention). Exclusion criteria are: initial blood sam-
ple was not collected within 1  hour of injury, 
transfers from external hospitals, documented 
chronic liver disease (total bilirubin >2.0 mg/dL) 
or advanced cirrhosis discovered on laparotomy, 
known inherited defects of coagulation function 
(e.g., hemophilia or Von Willebrand’s disease), 
subsequent downgrades from trauma activation to 
trauma alert to non-trauma status in the emer-
gency department, pregnancy or prisoner status. 
All TAP patients have field or hospital arrival 
blood samples obtained to conduct viscoelastic 
coagulation tests.

All deaths in the TAP database are adjudicated 
using clinical, and autopsy (when available) 
results in weekly meetings with a multidisci-
plinary team and categorized as due to hemor-
rhage, TBI, refractory shock, organ failure, and 
other causes (which includes multiple causes, 
e.g., TBI and hemorrhage). In our TAP database 
(data not published), with an overall mortality of 
13% (119/907), hemorrhage accounted for 21% 
of all deaths. Among non-survivors with hypo-
tension (systolic blood pressure < 90 mmHg) in 
the field, hemorrhage was responsible for 34% 
(20/59) of the deaths (Fig.  2.1). Overall, 64% 
(16/25) of the hemorrhagic deaths were caused 
by penetrating injuries (70% among hypotensive 
patients), compared to 22% (12/54) of the trau-
matic brain injury deaths (31% in hypotensive 
patients). Of the early deaths (<24 hours postin-
jury), 36% (25/69) were due to hemorrhage, of 
which 16% were deemed PP/P and these propor-
tions were similar in hypotensive patients. 
Among non-hemorrhagic deaths, a similar pro-
portion (89%) was judged non-preventable. A 
little over half of the hemorrhagic deaths were 
accompanied by abnormal viscoelastic tests 
 suggesting laboratorial trauma-induced coagu-
lopathy (TIC). Penetrating trauma was the pre-
dominant mechanism in hemorrhagic deaths, 
regardless of hypotension in the field (64% in all 
119 non-survivors; 70% in the 59 hypotensive 
non-survivors). Similarly, penetrating trauma 
predominated among refractory shock deaths 
(67% regardless of hypotension in the field). 
Conversely, TBI and organ failure deaths were 
mostly due to blunt injuries (78% and 67%, 
respectively). Deaths due to multiple causes 
(which often involve hemorrhage) or causes other 
than the above-named were mostly due to blunt 
trauma (68%).

The incidence of blunt versus penetrating 
injuries in the catchment area of a trauma center 
may have implications for trials testing hemo-
static interventions, as trauma centers with a pre-
dominance of penetrating injuries may be more 
likely to observe an effect than a center with 
higher proportion of blunt trauma [32]. Yet, as 
shown in Table 2.1, a crude inspection of civilian 
epidemiological studies suggest the proportion of 
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All deaths

Traumatic
brain injury

45%

Traumatic
brain injury

27%

Hemorrhage
21%

Hemorrhage
34%Organ failure

3%

Organ failure
2%

Other and
multiple
causes

21%
Other and
multiple
causes

22%

Refractory
shock
10%

Refractory
shock
15%

Deaths in patients with Field SBP<90mmHg

Fig. 2.1 Cause of death distribution in the Trauma 
Activation Protocol database, which includes injured 
adults (age >= 18 years) meeting criteria for the highest 

level of activation at the Ernest E Moore Shock Trauma 
Center at Denver Health from 2014 to 2018, (n = 907)

Table 2.1 Selected civilian studies addressing hemorrhagic deaths

Studies
Year(s) covered 
by study Setting

% blunt 
trauma

% of pre-hospital 
deaths due to 
hemorrhage

% of in-hospital 
deaths due to 
hemorrhage

Sauaia et al. [3] 1992 Population-based 
Denver, CO

51% 36% 41%

Shackford et al. [5] 1992 Population-based
S. Diego, CA

71% 31%

Stewart et al. [23] 1995–2001 Hospital-based
S. Antonio, TX

71% NA 21%a

Tien et al. [24] 1999–2003 Hospital-based
Toronto, Canada

87% NA 15%

Evans et al. [7] 2005 Population-based
Newcastle, Australia

86% 33%

Consunji et al. [52] 2004–2007 Hospital-based
Manila, Philippines

41% NA 28%

Soreide et al. [8] 2010 Population-based
Stavenger, Norway

87% 12.5%c 12.5%c

Kahl et al. [4] 2000–2011 Hospital-based
S. Diego, CA

69% NA 28%

Kleber et al. [25] 2010 Population-based
Berlin, Germany

87% 14%d 4%d

Trajano et al. [73] 1995, 2000, 
2005, 2010

Hospital-based
Campinas, Brazil

73% NA 18%

Davis et al. [12] 2011 Population-based
Miami-Dade County, FL

53% 34% NA

Roberts et al. [26] 2005–2013 Hospital-based
Calgary, Canada

94% NA 27%

Arslan et al. [27] 2010–2013 Hospital-based
Ankara, Turkey

85% 28%e 29%

Oyeniyi et al. [9] 2005–2006 and 
2012–2013

Hospital-based
Houston, TX

81–
80%

NA 2005–2006: 36%
2007–2013: 25%

(continued)
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death attributable to hemorrhage does not seem 
to vary substantially according to the distribution 
of blunt (versus penetrating) mechanism. Of 
course, time from injury to bleeding control sig-
nificantly confounds and/or modifies the effect of 
blunt vs penetrating mechanism. Blunt trauma 
may require prolonged extrication and result in 
multiple bleeding sites, while victims of pene-
trating injuries who reach medical attention early 
postinjury more often (but not always) have less 
bleeding sites allowing faster hemostasis. 
Notably, while penetrating injuries are less com-
mon in most places, thus a less frequent cause of 
postinjury fatalities than blunt injuries, they 
account for a large percentage of massively trans-
fused patients [33–35].

 Timing of Hemorrhagic Death

Understanding the timing of hemorrhagic deaths 
is crucial to determine when hemostatic therapies 
can be most effective, and which outcomes (i.e., 
death, transfusions, non-bleeding complications 
such as thrombotic events) can be affected by 
such therapies [32, 36]. These therapies focus on 
maintaining physiology in the pre-hospital as 
well as in the initial hospital setting, optimizing 
resuscitation and hemostasis while mechanical 
control of bleeding is achieved. As civilian and 
combat epidemiological investigations demon-
strate, trauma deaths occurring within minutes of 

injury are mostly due to irreparable, devastating 
injuries, such as catastrophic or total body dis-
ruption, lacerations of the brain, brainstem,  spinal 
cord, or freely ruptured major vessels [1, 3, 12, 
13, 15, 17–19, 24, 37–42]. The second group 
includes patients who die over the ensuing hours 
mostly from hemorrhage and severe TBI.  It is 
this second group of hemorrhagic deaths group 
that is most amenable to hemostatic interven-
tions. Overwhelming evidence from randomized 
controlled trials (RCTs) [42–50] and large 
 observational studies [51] assessing a variety of 
hemostatic and resuscitation therapies show that 
the vast majority of the hemorrhagic deaths occur 
within 24 hours, and peak within 6 hours post- 
injury. The above-mentioned Canadian study of 
1000 in-hospital trauma deaths demonstrated that 
38% of the in-hospital exsanguination deaths 
occurred within 6  hours post admission; 30% 
within 6–24 hours (total of 68% within 24 hours), 
24% within 24–48 hours, and 8% after 48 hours 
[26]. In two hospital-based reports, Arslan and 
colleagues [27] in Turkey reported that 97% of 
the deaths due to circulatory collapse occurred 
within 24 hours, while Consunji et al. [52] in the 
Philippines observed that 69% of exsanguina-
tions deaths occurred within 24  hours. Patients 
with non-compressible torso trauma hemorrhage 
appear to have even more rapid deaths, as shown 
in a 2012–2014 analysis of NTDB data (median 
time from injury to death varying from 28 to 
40 minutes depending on mechanism) [53].

Studies
Year(s) covered 
by study Setting

% blunt 
trauma

% of pre-hospital 
deaths due to 
hemorrhage

% of in-hospital 
deaths due to 
hemorrhage

Drake et al. [14]b 2014 Population-based
Harris County, TX

62% 20% 20%

Jochems et al. [28] 2007–2016 Hospital-based
Utrecht, Netherlands

98% NA 2007–2012: 9%
2013–2016: 3%

Callcut et al. [6] 2015–2017 Hospital-based
18 centers across US

73% NA 23%

aAttributed to shock
b18% of the trauma-related deaths occurred after the index hospitalization, of which 5 (1%) were attributed to 
hemorrhage
cAuthors estimation based on the time from injury to death reported in original study
dDefinition excludes “polytrauma deaths”
eDeath at scene or during transport but transported to the hospital

Table 2.1 (continued)
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The assessment of two Resuscitation 
Outcomes Consortium (the first addressing trau-
matic hypovolemic shock [48], and the second 
addressing TBI [54]) trials by Tisherman and col-
leagues [42] showed that 82% of the in-hospital 
deaths in the shock cohort occurred within 
24 hours (median time 2 hours when shock was 
not associated with TBI, and 4 hours when com-
bined with TBI). Although not clearly stated in 
this assessment, the time “zero” seemed to be the 
time of injury.

The distribution of deaths over time after 
injury in the above-described TAP in-hospital 
database is summarized in Fig. 2.2. As expected 
hemorrhagic deaths were more frequent in the 
first 6 hours after injury and absent after 24 hours. 
It is important to note that the ROC trials tested 
pre-hospital interventions (hypertonic saline) but 
reported time zero as the time from emergency 
department admission, while the TAP database 
“starts the clock” at time of injury.

A 2017 review of deaths in trauma-focused 
RCTs showed that median time to hemorrhagic 
death, in trauma systems with rapid transport 

from injury to hospital, varied from 2.0 to 
2.6  hours from admission [36]. Yet, the studies 
included in the review varied or were unclear 
about when they “started the clock,” with some 
starting it at time of injury (e.g., Polyheme study 
[50]) while others started at the emergency 
department admission (e.g., ROC trials [48]). 
The survival curve of the Prehospital Air Medical 
Plasma (PAMPer) trial [45] showed an early sep-
aration of the two groups starting 3 hours after 
randomization, and persisting until 30  days 
(p = 0.02). In the large CRASH2 trial, represent-
ing dominantly developing countries, 34% of all 
deaths were attributed to bleeding, 50% of which 
occurred <10 hours, and 60% in <24 hours post- 
randomization (by design, randomization hap-
pened in the hospital for patients admitted within 
8 hours postinjury) [32, 47].

An analysis of the PROPPR randomized 
controlled trial, which assessed the effect of 
1:1:1 ratios of red blood cells: plasma: platelets 
transfusions compared to 1:1:2 ratios, showed 
that at 3 and 6-hours post-randomization, hem-
orrhage accounted for over 90% of all deaths 
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Fig. 2.2 Temporal distribution of deaths in the Trauma 
Activation Protocol database, which includes injured 
adults (age >= 18 years) meeting criteria for the highest 

level of activation at the Ernest E Moore Shock Trauma 
Center at Denver Health from 2014 to 2018, (n = 907)
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[36]. The PROPPR study included activation 
patients who were deemed at risk for massive 
transfusion and excluded obviously fatal TBI 
[43]. From admission, the median time to hem-
orrhagic death was 2.4  hours (Interquartile 
range, IQR: 1.2–4.0) [36].

Using the above-mentioned PROPPR analy-
sis as a template, we examined the above-
described TAP database, including only patients 
who were hypotensive in the field (systolic blood 
pressure < 90 mmHg), is shown in Fig. 2.3. The 
panels in Fig. 2.3 show cause-specific, Kaplan-
Meier failure curves for all-cause mortality, and 
cause- specific deaths occurring within 3  hours 
postinjury (Panel A, 180 minutes), 6 hours (Panel 
B, 360  minutes), 24  hours (Panel C), and 

600  hours (Panel D). For the cause-specific 
curves, deaths due to other causes were cen-
sored. These data demonstrate that close to half 
of all deaths in the first 3 and 6 hours were due to 
hemorrhage, while 20% were due to other or 
multiple causes (multiple causes often involve 
hemorrhage), and 13–16% (at 3 and 6  hours, 
respectively) were due to refractory shock, often 
following hemorrhage. The median time from 
injury to hemorrhagic death was 1.9 hours (IQR: 
0.9–3.9). During the same time periods, close to 
20% were due to TBI.  The disparity between 
PROPPR and TAP estimates is likely due to sev-
eral differences: (1) entry criteria (PROPPR 
enrolled transfused patients while for the above 
analysis of TAP we included all hypotensive 
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Fig. 2.3 Mortality (%) stratified by cause of death in the 
Trauma Activation Protocol (TAP) study in patients with 
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meeting activation criteria at the Ernest E Moore Shock 
Trauma Center from 2014 to 2018: (a): deaths within first 

180  minutes (3  hours); (b): deaths within 360  minutes 
(6 hours); (c): deaths within 24 hours; (d): deaths within 
600  hours (all in-hospital deaths). Other causes include 
deaths due to multiple causes
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patients, of whom 58% required transfusions; 
(2) “time zero” (TAP uses injury time, while 
PROPPR uses randomization time, which 
occurred within approximately 20  minutes of 
hospital arrival), and (3) death categories, with 
TAP having two additional groups (refractory 
shock and other/multiple causes).

 Definition of Hemorrhagic Deaths

Traditionally, the section addressing “definition” 
is presented first, yet, we found that it was impor-
tant to provide first the evidence upon which we 
can base the definition. Most trauma surgeons 
would have little difficulty defining hemorrhagic 
death on the spot, especially in the absence of 
TBI. Defining it retrospectively or in the pres-
ence of concomitant TBI, however, is a chal-
lenge, as the TBI diagnosis requires imaging 
(not available in patients who died rapidly) or 
autopsy (not always available). Ultimately, hem-
orrhagic deaths are due to three main reasons, as 
follows:

 1. Exsanguination because mechanical control 
of bleeding was not achieved, either because 
the time between injury and medical attention 
was too long, the injury was too severe (e.g., 
complete transection of large blood vessel), or 
there were multiple significant bleeding sites.

 2. Refractory shock due to physiologic exhaus-
tion, eloquently described by Samuel Gross in 
1872 as the “rude unhinging of the machinery 
of life,” occurs when mechanical bleeding is 
controlled and volume is replaced but resusci-
tation is still unsuccessful in returning cardio-
vascular homeostasis, likely due to irreversible 
mitochondrial injury.

 3. Trauma-induced coagulopathy (TIC), when 
mechanical bleeding is controlled and vol-
ume is replaced but disseminated insidious 
bleeding persists due to dysfunctional clot-
ting [34, 35, 55].

In the above-described TAP database, all 
patients are prospectively classified according to 

the TACTIC2 clinical coagulopathy score (CCS) 
[56], which grades TIC as

• Grade I: Normal hemostasis (negative)
• Grade II: Mild coagulopathy, no intervention 

required except direct pressure or temporary 
gauze tamponade (equivocal)

• Grade III: Coagulopathy refractory to direct 
pressure, requiring advanced hemostasis tech-
niques (e.g., electrocautery, topic hemostatic 
agents, staples, or suturing) (possible positive)

• Grade IV: Coagulopathy requiring adjunctive 
blood component therapy or systemic thera-
peutics in response to continued bleeding 
despite above surgical hemostatic maneuvers 
(positive)

• Grade V: Diffuse persistent bleeding from 
multiple sites remote from injury; e.g., 
 endotracheal tube, intravenous catheter, chest 
tubes, etc. (definitive positive)

In TAP, 56% (14/25) of the patients who died 
of hemorrhage had severe CCS (Grades IV or V) 
in the emergency department (ED), 44% in the 
operating room (OR), and 20% in the intensive 
care unit (ICU).3 These results suggest that severe 
TIC is common upon hospital presentation 
among patients who eventually died of hemor-
rhage, although it appears to be much less fre-
quent later in the ICU. In contrast, the interesting 
Prehospital Resuscitation on Helicopters Study 
(PROHS) multicenter study [57], which focused 
on helicopter-transported patients who survived 
longer than 30 minutes after hospital arrival dur-
ing 2015, showed that only 20% of the patients 
whose death was deemed due to hemorrhage had 
clinical coagulopathy, defined as “surgeon- 
confirmed bleeding from uninjured sites or 
injured sites not controllable by sutures, and 
requirement of active resuscitation,”, similar to 

2 TACTIC (Trans-Agency Consortium for Trauma-
Induced Coagulopathy) represents a consortium of recog-
nized experts who have partnered in a collaborative effort 
under the auspices of the National Institutes of Health and 
the Department of Defense to investigate coagulopathy 
after trauma.
3 Unpublished data.
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the TACTIC-CCS grades IV and V. It is conceiv-
able that differences in the location where TIC 
was assessed (ED, OR, ICU) may be responsible 
for the disparities.

Definitions based on the amount of blood/flu-
ids transfused suffer from survival bias (i.e., 
patients need to be alive to receive large volumes 
of blood or fluid) and are based on existing 
resources or practices (i.e., availability of blood, 
blood transfusion protocols). Postinjury esti-
mated blood loss (EBL) is largely imprecise, 
visual estimation by the attending providers 
onsite, supported by more objective measure-
ments of intra-operative blood loss (e.g., differ-
ence between dry/wet weight of blood soaked 
items) [58, 59]. Often, there is poor (if any) infor-
mation on blood loss at the site of injury or dur-
ing transport. Brecher and colleagues [60] 
proposed in 1997 a simple mathematical model 
for surgical blood loss based on the estimated 
total blood volume; initial (i.e., at the start of the 
operative procedure) and minimum hematocrit 
allowable, i.e. the transfusion trigger; and the 
number of red blood cell units transfused. 
However, in trauma the initial hematocrit is 
unknown, although in relative young healthy 
patients, one could assumed it normal. Frank 
et  al. [61], in 2010, produced a simulation of 
trauma scenarios, and observed that estimation 
based on the visual scenario and vital signs led to 
overestimation of small actual volumes, and 
underestimation of higher volumes, regardless of 
whether the “patients” were hemodynamically 
stable or unstable. Several studies confirmed the 
inability of healthcare providers of different 
backgrounds to accurately [58, 59, 62]. The 
MAR method, created by Merlin and colleagues 
[63] in 2009, uses a fist to cover a surface area of 
blood that equals 20 ml, and allegedly requires 
only a brief 1-minute instruction.

Time to hemostasis, defined as no intraopera-
tive bleeding requiring intervention in the surgi-
cal field (OR) or resolution of contrast blush on 
interventional radiology (IR), has been recently 
tested as an outcome by Chang et al., in a sub-
group of patients enrolled in the PROPPR trial 
[43] who required emergent OR/IR hemostatic 
intervention [64]. These authors reported that few 

patients died over 72  hours if hemostasis was 
obtained, and, after adjustment, every additional 
15 minutes was associated with increased com-
plications and death. However, as acknowledged 
by these investigators, this outcome is subject to 
survival bias as patients who did not achieve 
hemostasis or exsanguinated prior to OR/IR pro-
cedures had to be excluded from the analysis. 
Other limitations include: (1) only patients for 
whom OR or IR is performed are eligible; (2) this 
outcome is not obtainable retrospectively; and (3) 
there is considerable subjectivity and inter- 
practice variation in its assessment.

Alternatively, time-specific death has been 
proposed as a suitable substitute to cause-specific 
death, as different causes of death are consis-
tently shown to occur at different times, with 
hemorrhagic deaths usually restricted to less than 
24 hours, and peaking within 6 hours, as described 
above [32, 36]. Collectively, the evidence sup-
ports the adoption of earlier endpoints for RCTs 
testing hemostatic therapies in trauma [32, 36]. 
Indeed, at a 2019 workshop convening interna-
tional experts in trauma hemostasis sponsored by 
the National Institutes of Health, a recommenda-
tion was made to use early endpoints, i.e., within 
3–24 hours, as outcomes in hemostatic trials. In 
addition, it is essential to clearly identify the 
starting time-point (i.e., times of injury, emer-
gency medical services (EMS) dispatch, EMS 
arrival, hospital admission, randomization, inter-
vention initiation, etc.), and, in addition, docu-
ment all the other injury and injury-care related 
times to allow comparisons with other studies 
that may have used other start times.

Earlier endpoints in RCTs of hemostatic inter-
ventions must continue to be accompanied by the 
assessment of later complications (infections, 
ventilation time, multiple organ failure, acute dis-
tress respiratory syndrome, thromboembolism, 
etc.) or any outcome requiring long enough sur-
vival to be experienced it (e.g., 24-hour transfu-
sions). While complex, it is imperative that we 
evaluate the later effects of the early hemostatic 
interventions, as some of them may pose an 
increased risk of thrombosis (e.g., anti- 
fibrinolytics) [65–67]. The main reason for the 
complexity of such evaluations is related to a 
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potential differential early survival of patients in 
these trials. If the experimental treatment tested 
in the RCT is indeed superior, patients surviving 
due to this beneficial effect will subsequently 
confront a higher risk for later complications. 
Because their counterparts allocated to the infe-
rior treatment arm died early, the comparison 
group is now comprised of survivors with less 
severe injuries who are less susceptible to later 
complications. In addition, the intervention that 
reduced deaths due to bleeding may not affect 
other conditions, such as central nervous system 
injuries, prolonged immobility, and ventilation, 
that predispose the survivors to delayed compli-
cations. Consequently, the treatment-control dif-
ference in later outcomes for the survivors is now 
a biased estimate of the impact of the interven-
tion on later outcomes. This is a special case of 
survivor bias, labeled by statisticians as 
“truncation- by-death” [68], in which any later 
outcome is indeterminate among patients who 
did not live long enough to have the “opportu-
nity” to develop later complications [68, 69]. The 
example of the ARDSnet (Acute Respiratory 
Distress Syndrome Network) clinical trial com-
paring low-tidal volume and traditional ventila-
tion for acute respiratory distress syndrome 
(ARDS) [70] has been used to discuss this issue 
[71, 72]. The study found a significant decrease 
in 180-day mortality favoring the low-volume 
group (31% vs 40%, p = 0.003), but detected no 
significant differences in intensive care unit stay 
(ICU, 9.47 vs 9.99, p  =  0.47) and ventilation 
days (11.88 vs 12.60, p = 0.32). It is conceivable 
that the survivors of the control group were 
healthier than the survivors of the experimental 
(low tidal volume) group, whose survival was 
due (at least partially) to the new intervention, 
thus requiring less ICU and ventilation days.4

We examined whether this phenomenon was 
observed in trauma trials. The PROPPR study 
[43], which randomized patients to plasma, plate-

4 Just for the sake of the example, we did not account here 
for the criticism that the tidal volume in the control group 
of this study may have been set too high, thus increasing 
the probability of success of the experimental treatment 
[74].

lets, and red blood cells in a 1:1:1 (experimental) 
vs a 1:1:2 (control) ratio, observed a 4 percent 
point decrease in 24-hour mortality (13% vs 
17%, p = 0.12) and in 24-hr hemorrhagic death 
(9% vs 15% p = 0.03) favoring the experimental 
intervention, but virtually identical rates of 
ARDS (14% for both groups). One would have 
anticipated a higher rate of ARDS in the survi-
vors of intervention group. The PAMPer trial 
[45], which enrolled air-transported, severely 
injured patients, offers another possible example: 
there was a large difference in mortality favoring 
pre-hospital plasma (experimental) vs standard 
of care (23% vs. 33%; difference, p = 0.03), but 
the incidence of ARDS in the pre-hospital plasma 
group was similar to the standard of care (19% vs 
21%, p = 0.50 unadjusted for multiple compari-
sons). Once again, one would expect a higher 
incidence of ARDS in the sicker survivors of the 
experimental intervention.

If the investigators of a RCT suspect some of 
their outcomes (e.g., ARDS, venous thromboem-
bolisms, multiple organ failure, infections) may 
be censored or “truncated-by-death” (TBD), the 
first step is to define the severity of the TBD 
problem, that is, how much the early survival 
affected the comparability of the study groups 
[69]. For this purpose, we must determine 
whether and how survivors of the early postinjury 
period in the experimental and control groups 
differ (not by statistical testing, rather by using 
stricter criteria such as standardized mean differ-
ences). Of course, this step is only as successful 
as the measured variables, as there may be hidden 
confounding from unmeasured factors. Thus, it is 
essential that researchers anticipate the occur-
rence of TBD and collect the necessary variables 
to define severity for this later comparison. This 
may include scores of disease severity (SOFA, 
APACHE, etc.), coagulation assays, and serial 
indicators of physiologic derangement collected 
at short intervals, etc., which can allow the inves-
tigators to determine how comparable the survi-
vors of the initial insult were. If the TBD 
interference is minimal, we can be more confi-
dent in the crude difference in later outcomes. 
Conversely, if TBD is of concern, then we may 
proceed to remediation. It is possible to estimate 
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what statisticians labeled the “survivor average 
causal effect” (SACE, the average effect in peo-
ple who would have survived no matter which 
treatment they were allocated to) for later out-
comes. There are a variety of statistical 
approaches to estimate the SACE (sensitivity 
analyses, propensity score-based methods, prin-
cipal strata effect) [69]. Most approaches to esti-
mate the SACE are complex, but Chiba and 
Vanderweele [72], using ARDSnet data, pro-
posed a simple method, which can be easily 
implemented. A simplified illustration follows: a 
hypothetical study on an intervention for trau-
matic hemorrhage shows mortalities of 5% in the 
intervention group vs 12% in the control group, 
resulting in a statistically significant (p  <  0.05) 
absolute difference of 7%. The authors of the 
study also compared the incidence of ARDS in 
the survivors of the two groups, and observed 
14% in the intervention group and 12% in the 
control group (absolute difference 2%, p > 0.05). 
Although not significant, this difference could 
raise concerns about potentially harmful effects 
of the intervention under study. However, the sur-
vivors in the control group were healthier than 
the survivors of the intervention group. If certain 
assumptions are satisfied,5 the Chiba- 
Vanderweele method to estimate the SACE 
“adjusts” the observed absolute difference of 2% 
by subtracting a “sensitivity parameter.” This 
sensitivity parameter is the expected difference in 
ARDS incidence between the “relatively healthy” 
survivors in the control group and the “not-so- 
healthy” survivors in the intervention group. This 
sensitivity parameter is defined by the investiga-
tors (or ideally by an independent team of 
experts). In our hypothetical study, based on his-
torical trends, an independent panel of experts 
determined that the expected difference in ARDS 
incidence in survivors with the illness severity 
observed in the two study groups would be: 
[intervention ARDS  – control ARDS  =  5%]. 

5 Assumption 1: Individuals in the Intervention group have 
LOWER survival than individuals assigned to the Control 
group (also known as the “monotonicity assumption”); 
Assumption 2: The survivors in the Control group are 
healthier than survivors in the Intervention group.

Applying this sensitivity parameter = 5% to the 
observed difference of 2%, we estimate SACE to 
be [2–5%] = −3%. We can also provide a range 
of sensitivity parameters (e.g., 2–8%), resulting 
in a range of SACE estimates. We can also esti-
mate the 95% confidence interval of the SACE, 
by simply subtracting the sensitivity parameter 
from the upper and lower confidence limits of the 
observed ARDS difference between survivors of 
the study groups. In common, all the methods to 
calculate SACE, be they simple or highly sophis-
ticated, require certain assumptions, which need 
to be verified and expressed carefully. In our 
hypothetical example above, the definition of a 
plausible sensitivity parameter demands trans-
parency and careful review of existing evidence 
on ARDS incidence in populations with varying 
degrees of severity. After examining the above- 
described trauma trial examples, it appears that 
the TBD phenomenon, albeit present to some 
degree, does not play a large role in this setting.

Using early mortality as an outcome presents 
an additional advantage related to a basic prop-
erty of statistical power: for the same difference 
between two proportions, the statistical power 
decreases as the two proportions approach 50%. 
This is related to the degree of variability in the 
population, which is an essential component of 
statistical power calculations. A proportion of 
50% indicates the maximum variability in a pop-
ulation; it shows more variability than either 20% 
or 80%, because 20% and 80% indicate that a 
large majority do not or do, respectively, have the 
outcome of interest. Because as times goes on, 
more deaths occur in both the experimental and 
control groups, the same absolute difference in 
percent points that was statistically significant at 
3  hours, may lose significance at 12  hours or 
30  days. Of course, the experimental treatment 
may indeed have harmful effects manifested 
through death due to other causes (e.g., worsen-
ing of brain injury) or later complications (e.g., 
increase of inflammation and organ dysfunction, 
predisposition to infections); thus monitoring 
other causes of death is essential to assess the 
safety of the experimental treatment.

In conclusion, hemorrhage remains the most 
important cause of preventable deaths following 
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injury both in civilian and military settings. A 
standard definition of hemorrhagic death is, at the 
time of this writing, still elusive. Because hemor-
rhagic deaths, albeit imprecisely defined, most 
often occur early after injury, and TBI later, time- 
specific all cause death (i.e., 6-hour and 24-hour 
death) is currently its best substitute. Thus, RCTs 
testing hemostatic interventions must focus on 
early outcomes (e.g., 6–24-hour death).
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Cell-Mediated Hemostasis

Maureane Hoffman

 Introduction

In the 1960s two groups proposed a “waterfall” 
or “cascade” model of coagulation composed of 
a series of proteolytic steps. Activation of one 
clotting factor led to the proteolytic activation of 
the next, finally leading to a burst of thrombin 
generation [1, 2]. At that time each of the acti-
vated factors was thought to have proteolytic 
activity. We now know that the key components 
of the coagulation cascade consist of a protease 
in complex with a non-enzymatic cofactor. While 
the original models specifically addressed the 
“intrinsic” pathway, the “coagulation cascade” 
concept evolved into a Y-shaped scheme, with 
distinct “intrinsic” and “extrinsic” pathways ini-
tiated by factor XII (FXII) and FVIIa/tissue fac-
tor (TF) complex, respectively (Fig.  3.1). The 
pathways converge on a “common” pathway at 
the level of the FXa/FVa (prothrombinase) com-
plex. The coagulation complexes are generally 
noted to require phospholipid and calcium for 
their activity. This scheme was primarily pro-
posed as a model for how the multiple coagula-
tion factors interact to produce a fibrin clot. Of 
course, hemostasis researchers at the time knew 
that platelets were important for hemostasis. 
Platelets were thought primarily to provide lipid 
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Fig. 3.1 The “extrinsic” and “intrinsic” pathways in the 
cascade model of coagulation. These two pathways are 
conceived as each leading to formation of the factor Xa/
Va complex, which generates thrombin. PL indicates that 
the reaction requires a phospholipid surface. These path-
ways are assayed clinically using the prothrombin time 
(PT) and activated partial thromboplastin time (aPTT), 
respectively. HK high-molecular-weight kininogen, PK 
prekallikrein
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membrane surface on which the coagulation 
complexes were localized. Because platelets are 
difficult to reproducibly prepare as reagents, they 
were replaced with phospholipid vesicles in bio-
chemical experiments and subsequently in our 
common clinical coagulation assays. The cas-
cade model is a good depiction of the sequence of 
events in the prothrombin time (PT) and activated 
partial thromboplastic time (aPTT). Furthermore, 
the concept of a series of proteases acting as a 
biological amplifier was a breakthrough in under-
standing hemostasis and a number of other cel-
lular processes, such as complement activation/
fixation and apoptosis. However, this protein- 
centered model failed to account for many facets 
of hemostasis in vivo.

Many people recognized that the intrinsic 
and extrinsic systems could not operate in vivo 
as depicted by this model. For example, it 
appears in the cascade model as though the 
“intrinsic” and “extrinsic” pathways are redun-
dant—each leading to the production of acti-
vated factor X (FXa). However, patients with a 
deficiency of FVIII or FIX (hemophilia A or B) 
have a severe bleeding tendency, even though 
they have an intact “extrinsic” pathway. Thus, 
the two pathways are not functionally redun-
dant. In addition, even though deficiencies of 
each of the factors in the intrinsic pathway can 
produce long aPTT values, they have dramati-
cally different risks of hemorrhage. Deficiencies 
of FXII are not associated with significant hem-
orrhage [3], deficiencies of FXI might or might 
not be associated with hemorrhage [4], but defi-
ciencies of factors VIII and IX are consistently 
associated with hemorrhage [5].

Few, if any, medical professionals would 
assert that contributions from cells do not play 
a role in hemostasis. However, we sometimes 
behave as though we think that the results of 
coagulation screening tests (which only assess 
the protein components of coagulation) are 
predictive of the risk of clinical bleeding. The 
purpose of this chapter is to highlight the roles 
of cells in  localized hemostasis and introduce 

concepts of how hemostasis can become 
impaired in vivo.

 Cell-Mediated Hemostasis

The key concept underlying the paradigm of 
“cell-mediated hemostasis” is that cells play 
active roles in regulating and localizing the coag-
ulation reactions. The complement of receptors 
and other features of the surfaces of cells are 
critical to defining the roles of specific cell types 
in hemostasis. Many cells can participate in 
hemostasis and thrombosis, but the two critical 
players are platelets and endothelial cells . 
Localization of thrombin generation is critical in 
preventing the spread of clot formation to sites 
where it is damaging rather than protective. 
Platelets not only provide the surface on which 
procoagulant reactions take place, but they also 
control the rate and localization of thrombin pro-
duction by adhering specifically to the site of 
injury. Endothelial cells, on the other hand, have 
several mechanisms by which they are actively 
antithrombotic, thus preventing the propagation 
of clotting from a site of injury throughout the 
vascular system. A failure of cell-mediated regu-
lation or localization can lead to failures of nor-
mal hemostasis, even when the protein 
components are within normal ranges. This con-
cept seems to be particularly relevant to under-
standing the mechanisms of bleeding and 
thrombosis that are induced by trauma. The cell- 
based experimental model of coagulation [6–8] 
in combination with existing literature led to the 
hypothesis [9] that hemostasis occurs as overlap-
ping steps, regulated by cellular components 
in vivo, as outlined below.

 Step 1: Initiation of Coagulation 
on TF-Bearing Cells

The goal of hemostasis is to produce a platelet 
and fibrin plug to seal a site of injury or rupture in 
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the blood vessel wall. This process is initiated 
when TF-bearing cells are exposed to blood at a 
site of injury. Tissue factor (TF) is a cofactor that 
binds to and enhances the activity of its partner 
protease, FVIIa. TF is structurally related to cyto-
kine receptors, and unrelated to any coagulation 
factor [10]. This lineage emphasizes the close 
evolutionary and physiologic links between the 
coagulation system and components of the host 
response to injury.

TF is a transmembrane protein [11] that is 
expressed by epithelial cells, myocardial cells, 
cerebral cortex, and the connective tissue capsule 
around most organs [12]. TF is not normally 
expressed by cells in contact with the blood but is 
expressed by cells surrounding blood vessels. In 
the microvasculature myofibroblast-like cells 
(pericytes) ensheath small vessels and constitu-
tively express high levels of TF.  Less well- 
characterized adventitial cells express high levels 
of TF around larger arteries and veins. By con-
trast, many cells express little, if any, TF includ-
ing skeletal muscle and fibroblasts of the dermis 
and submucosae. This highly targeted distribu-
tion of TF is positioned to rapidly activate coagu-
lation upon injury to vessels or critical organs, 
and has been described as a “hemostatic 
envelope.”

The TF around vessels is bound to FVII even 
in the absence of injury [13]. Once bound to TF, 
zymogen FVII is rapidly activated by autoactiva-
tion or by low concentrations of FXa, FIXa, or 
FVIIa [14]. The FVIIa/TF complexes catalyze 
activation of small amounts FX and FIX, even in 
the baseline state. The ongoing generation of 
small amounts of activated factors means that the 
coagulation system can be rapidly activated when 
injury allows blood to enter the extravascular 
space [15]. Most of the coagulation factors are 
small enough to leave the vasculature and reside 
at low levels in the extravascular space, and small 
amounts of their activation peptides are found in 
the lymph [16]. However, this baseline activation 
of coagulation factors is kept separated from 
other key components of hemostasis by an intact 
vessel wall. The very large components of the 

coagulation process are platelets and FVIII bound 
to multimeric von Willebrand factor (vWF). 
These components enter the extravascular com-
partment when an injury disrupts the vessel wall. 
Escape from the vascular space allows platelets 
and FVIII-vWF to adhere to collagen and other 
extravascular matrix components at the site of 
injury.

The FXa formed on the TF-bearing cell inter-
acts with its cofactor FVa to form prothrombinase 
complexes and generate a small “priming” amount 
of thrombin on the TF cells (Fig. 3.2). Experiments 
using a cell-based model have shown that minute 
amounts of thrombin are formed in the vicinity of 
TF-bearing cells exposed to plasma concentra-
tions of procoagulants, even in the absence of 
platelets. The small amounts of FVa required for 
prothrombinase assembly on TF-bearing cells can 
be activated by FXa [17] or by non-coagulation 
proteases produced by the cells [18]. However, 
thrombin generation during initiation of coagula-
tion in  vivo is predominantly supported by the 
release of FV(a) from platelets that adhere to the 
site of injury [19]. Platelets release a distinct form 
of FV that has been taken up from plasma and 
processed to make it active as a procoagulant and 
resistant to inactivation by protein C [20]. Thus, a 
collaboration between the TF-bearing cells and 
“first responder” platelets leads to the production 
of the small amount of thrombin that is critical to 
the amplification phase.

The factors Xa and IXa formed on TF-bearing 
cells have very distinct and separate functions in 
blood coagulation [8]. The activity of FXa formed 
by the FVIIa/TF complex is restricted to the 
TF-bearing cell because FXa that dissociates 
from the cell surface is rapidly inhibited by tissue 
factor pathway inhibitor (TFPI) or antithrombin 
(AT)  in the fluid phase (Fig. 3.3).  In contrast, 
FIXa can diffuse through the fluid phase because 
it is not inhibited by TFPI and is inhibited much 
more slowly by AT than FXa. FIXa that reaches 
the surface of nearby activated platelets can bind 
to a specific receptor [21], and participate in 
platelet surface thrombin generation during the 
propagation phase.
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Fig. 3.2 Steps in a 
cell-based model of 
coagulation. Initiation 
occurs on the 
TF-bearing cell as 
activated FX combines 
with its cofactor, FVa, to 
activate small amounts 
of thrombin. The 
priming amount of 
thrombin generated on 
the TF-bearing cell 
amplifies the 
procoagulant response 
by activating cofactors, 
factor XI and platelets. 
The large burst of 
thrombin required for 
effective hemostasis is 
formed on the platelet 
surface during the 
propagation phase. 
(Modified from Ref. 
[52])

Tissue Factor bearing cell

IXa Xa

thrombin

GP Ib-IXGP Ib-IX
Unactivated platelet

AT III AT IIITFPI

Fig. 3.3 The coagulation inhibitors, antithrombin (AT) 
and tissue factor pathway inhibitor (TFPI), provide a major 
barrier to the movement of activated coagulation proteases 
between cell surfaces. Thus, they tend to localize procoagu-

lant activity to the surface on which it was formed. However, 
FIXa has a greater ability to diffuse between cell surfaces, 
since it is not inhibited by TFPI and is much more slowly 
inhibited by AT than are thrombin (IIa) or FXa

M. Hoffman



35

 Step 2: Amplification of the 
Procoagulant Signal

Binding of platelets to the site of injury leads to 
partial platelet activation. This is probably initi-
ated by binding to collagen in the extracellular 
matrix. As platelets are activated, they release 
adenosine diphosphate (ADP) from their dense 
granules, which potentiates activation of addi-
tional platelets. Thrombin is a potent platelet acti-
vator both through glycoprotein (GP) Ib and the 
protease activated receptor (PAR)-1 [22–24]. 
PAR-4 also contributes to platelet activation by 
thrombin [23]. Simultaneous engagement of 
platelet receptors by both collagen and thrombin 
leads to the activation of platelets to a highly pro-
coagulant state [25]. These platelets have been 
referred to as COAT (collagen and thrombin stim-
ulated) platelets [26]. The greatest procoagulant 
activity is likely generated on the first platelets to 
arrive at the site of injury. Those are the platelets 
that will have both bound to collagen and also 
been exposed to thrombin. Once the exposed col-
lagen matrix is covered by a platelet/fibrin layer, 
additional platelets that accumulate would not be 
activated to the “COAT” state—thus damping 
down the coagulation process as the area of the 
wound is covered by a hemostatic clot.

The activated platelets initially provide a sur-
face for the feedback activation of coagulation 
factors V, VIII, and XI by thrombin and amplifica-
tion of the initial procoagulant stimulus. GPIb not 
only acts as a receptor mediating thrombin activa-
tion of platelets, but it also serves as a scaffold 
that binds FVIII-vWF and FXI [27] and facilitates 
their activation by thrombin. Activation of FXI by 
thrombin is not very efficient. However, it has 
recently been found that polyphosphate released 
from platelet dense granules enhances the rate of 
FXI activation by thrombin about 3000-fold [28]. 
Thus, the activation of FXI by thrombin in asso-
ciation with platelets explains why FXII is not 
essential for hemostasis [29]. Platelet polyphos-
phate also enhances the rate of FV activation [30]. 
Although the small amount of thrombin generated 
during the initiation phase may not be sufficient to 
clot fibrinogen, it drives positive feedback circuits 
that set the stage for a subsequent large burst of 

thrombin generation by: (1) fully activating plate-
lets; (2) activating FV; (3) activating FVIII and 
dissociating it from vWF; and (4) activating FXI  .

 Step 3: Propagation of  Thrombin 
Generation on the Platelet Surface

Platelets play a major role in  localizing clotting 
reactions, since they adhere to and aggregate at the 
sites of injury where TF is also exposed. They pro-
vide the primary surface for generation of the burst 
of thrombin needed for effective hemostasis dur-
ing the propagation phase of coagulation. Once 
platelets are activated, the cofactors FVa and 
FVIIIa are rapidly localized on the platelet surface 
[7]. As noted above, the FIXa formed by the FVIIa/
TF complex can diffuse through the fluid phase 
and also bind to the surface of activated platelets. 
FXI that was activated by the “priming” amount of 
thrombin can activate more FIX to IXa, supple-
menting the initial activation of FIX provided by 
FVIIa/TF.  Once the platelet “tenase” (FIXa/
FVIIIa) complex is assembled, FX from the 
plasma is activated to FXa on the platelet surface. 
FXa then associates with FVa to support a burst of 
thrombin generation of sufficient magnitude to 
produce a stable fibrin clot. The fibrin clot 
enmeshes and stabilizes the initial platelet plug for 
the time required for tissue repair to take place.

The large amount of thrombin generated on 
platelet surfaces is responsible for stabilizing 
the hemostatic clot in more ways than just initi-
ating fibrin polymerization. In fact, most of the 
thrombin generated during the hemostatic pro-
cess is produced after the initial fibrin clot is 
formed [31]. The burst of thrombin also stabi-
lizes the clot by: (1) activating FXIII [32], which 
then crosslinks fibrin monomers; (2) activating 
thrombin- activatable fibrinolysis inhibitor 
(TAFI) [33], which reduces plasmin activation 
on the fibrin clot; (3) cleaving the platelet prote-
ase activated receptor (PAR)-4 receptor [34], 
which requires a higher concentration of throm-
bin than does PAR-1 [35]; and (4) being incor-
porated into the structure of the clot, where it 
can rapidly reactivate the coagulant response if 
the initial clot is disrupted.
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Even though each phase of the cell-based 
model has been described as a discrete event, 
they should be viewed as an overlapping contin-
uum. For example, thrombin produced on the 
platelet surface early in the propagation phase 
may initially cleave substrates on the platelet sur-
face and continue to amplify the procoagulant 
response, in addition to leaving the platelet and 
promoting fibrin assembly. The cell-based model 
of coagulation shows us that the “extrinsic” and 
“intrinsic” pathways are not redundant. Let us 
consider the “extrinsic” or pathway to consist of 
the FVIIa/TF complex working with the FXa/Va 
complex and the “intrinsic” pathway to consist of 
FXIa working with the complexes of factors 
VIIIa/IXa and factors Xa/Va. The “extrinsic” 
pathway operates on the TF-bearing cell to initi-
ate and amplify coagulation. By contrast, the 
“intrinsic” pathway operates on the activated 
platelet surface to produce the burst of thrombin 
that leads to formation and stabilization of the 
fibrin clot.

 What Controls Coagulation 
and Stops It Once It Gets Started?

Localizing production of thrombin to specific 
cell surfaces is critical to preventing uncontrolled 
coagulation, leading to thrombosis or dissemi-
nated intravascular coagulation (DIC). Receptors 
on cells play an important role in localization. In 
addition, several plasma proteins play critical 
roles in limiting the coagulation process and 
restricting large-scale thrombin generation to the 
surface of activated platelets. These include anti-
thrombin (AT, previously called antithrombin 
III), tissue factor pathway inhibitor (TFPI), and 
the protein C/S system. AT and TFPI are impor-
tant in localizing the activity of coagulation com-
plexes to specific cell surfaces and preventing 
coagulation activation in the circulation and on 
endothelial surfaces. Protein C and protein S are 
important in inactivating procoagulant complexes 
on endothelial surfaces.

AT is an inhibitor, not only of thrombin, but 
also of all of the coagulation proteases. Its effec-
tiveness as an inhibitor is enhanced in the pres-

ence of heparin-like molecules. Proteases on cell 
surfaces are less susceptible to inhibition by 
AT. Thus, the presence of AT in the fluid phase 
tends to limit the activity of the coagulation fac-
tors to the surface on which they were activated. 
However, AT can exert its effects on specific cell 
surfaces. The presence of heparan sulfates is 
thought to localize AT and enhance its activity on 
endothelial cells, thus contributing to the actively 
antithrombotic nature of healthy endothelium.

TFPI is a protease inhibitor that proves to have 
a quite complex biology [36]. It is a direct inhibi-
tor of FXa and, when in complex with FXa, can 
also inhibit the FVIIa/TF complex. TFPI is a very 
effective inhibitor of FXa in solution and thus 
tends to limit FXa activity to the surface on which 
it was formed. Once FVIIa/TF has activated some 
FXa, TFPI/Xa is thought to act as a negative 
feedback regulator and inhibit further FVIIa/TF 
activity. This would tend to limit the duration of 
the procoagulant stimulus after TF is exposed to 
blood. TFPI is also localized to endothelial cells, 
in addition to circulating in the plasma. One form 
of TFPI (TFPI-alpha) is localized to endothelial 
cells by binding to heparan sulfates. TFPI-alpha 
can effectively inhibit the FXa/FVa (prothrombi-
nase) complex and limit initiation of large-scale 
thrombin generation at sites where the procoagu-
lant stimulus is weak [37]. A second form (TFPI- 
beta) is covalently attached to the endothelial 
surface by glycosylphosphatidylinositol (GPI) 
linkage. Thus, TFPI isoforms make important 
contributions to the actively anticoagulant nature 
of the endothelium, as well as limiting the proco-
agulant effects of FVIIa/TF.

The protein C/S system is also very important 
in preventing activation of coagulation on healthy 
endothelium. Thrombin is appropriately pro-
duced at a site of vascular injury. However, the 
endothelium has mechanisms to prevent 
 generation of thrombin on its surfaces. Most 
endothelial cells express the endothelialprotein C 
receptor (EPCR) and thrombomodulin (TM)—
both transmembrane proteins. As illustrated in 
Fig.  3.4, thrombin which diffuses away from a 
site of injury, and onto healthy endothelium, 
binds to TM. Protein C from the plasma binds to 
EPCR where it is activated by the thrombin/TM 
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complex. Activated protein C (APC), in concert 
with its cofactor protein S, cleaves and inacti-
vates FVa and FVIIIa (not shown in Fig.  3.4), 
thus preventing additional generation of activated 
factors on normal endothelial surfaces. 
Components of the protein C system can also 
play a role in derangements of the coagulation 
system. For example, levels of both EPCR and 
TM on the endothelial surface are reduced as a 
consequence of inflammation, thus predisposing 
to thrombosis [38, 39]. By contrast, systemic 
activation of protein C appears to play a role in 
the early coagulopathy of trauma, which will be 
discussed in detail elsewhere in this volume [40].

 Step 2: Amplification 
of the Procoagulant Signal by 
Thrombin Generated on the TF 
(Fig. 3.4)

The protein C system has an antithrombotic 
effect by preventing activation of thrombin on 
endothelial surfaces. Thrombin (IIa) that reaches 
the surface of healthy endothelium binds to 
thrombomodulin (TM) which allows it to activate 
Protein C (PC) that has bound to the endothelial 
protein C receptor (EPCR). Activated protein C 
(APC) in concert with its cofactor, protein S (PS), 
cleaves and inactivates FVa and FVIIIa (not 
shown). This effectively prevents assembly of 

procoagulant complexes on normal endothelial 
surfaces.

Many have considered the protein C system to 
be the mechanism by which hemostatic coagula-
tion reactions are terminated. Certainly extension 
of coagulation through the vascular tree is limited 
by the action of APC, as well as by AT and TFPI. 
However, it seems more likely to us that cleavage 
of cofactors by APC is not the mechanism for 
ending thrombin generation on platelet surfaces. 
This is because there is not a good mechanism to 
localize APC to platelets as there is to endothelial 
cells, and because FVa on platelet surfaces is 
resistant to inactivation by APC [20, 41]. It seems 
more likely that hemostatic coagulation is termi-
nated, at least in part, by “paving over” the highly 
procoagulant “COATed” platelets that are bound 
to collagen, with layers of less highly procoagu-
lant platelets. Therefore, we think of the protein 
C system under normal conditions as being a 
relatively endothelial-specific antithrombotic 
mechanism, rather than a general anticoagulant.

 Fibrinolysis

Fibrinolysis is essential for removal of clots during 
the process of wound healing as well as for remov-
ing intravascular clots that might otherwise be 
manifested as thrombosis. Intravascular deposi-
tion of fibrin is also associated with the develop-

TM EPCR

PCIIa
IIa

PS

APC

FVa iFVa

Fig. 3.4 The protein C system has an antithrombotic 
effect by preventing activation of thrombin on endothelial 
surfaces. Thrombin (IIa) that reaches the surface of 
healthy endothelium binds to thrombomodulin (TM) 
which allows it to activate protein C (PC) that has bound 

to the endothelial protein C receptor (EPCR). activated 
protein C (APC) in concert with its cofactor, protein S 
(PS), cleaves and inactivates FVa and FVIIIa (not shown). 
This effectively prevents assembly of procoagulant com-
plexes on normal endothelial surfaces
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ment of atherosclerosis. Therefore, an effective 
fibrinolytic system tends to protect against the 
chronic process of atherosclerotic vascular disease 
as well as the acute process of thrombosis. 
Conversely, defects of fibrinolysis increase the risk 
of atherothrombotic disease. For example, ele-
vated levels of plasminogen activator inhibitor- 1, 
an inhibitor of fibrinolysis, are associated with an 
increased risk of atherosclerosis and thrombosis 
[42] as are decreased levels of plasminogen [43]. 
Thus, effectiveness of hemostasis in vivo depends 
not only on the procoagulant reactions, but also on 
the fibrinolytic process. In the case of trauma, the 
coagulation reactions are in a race with the fibrino-
lytic process to form a clot stable enough to persist 
until healing can occur. In some cases this situa-
tion can be detected as a systemic hyperfibrino-
lytic state on whole blood testing, such as with the 
thromboelastogram. However, this situation is 
more often local, with plasmin activation occur-
ring primarily at the site of injury and not neces-
sarily being detectible in the blood. For further 
reading on the mechanism of plasmin/anti-plasmin 
system, please refer to Chap. 3 and pathologic 
fibrinolysis from trauma in Chap. 9.

 Hemostasis Is Not the Same in All 
Tissues

The above sections describe components of the 
hemostatic response as though it were the same in 
all tissues. However, alterations in the hemostatic 
system almost invariably produce localized 
lesions, suggesting that hemostasis is regulated in 
a tissue-specific manner. The tissue-specific prop-
erties of hemostasis can be due to differences in 
vascular beds, tissue structure, and the levels of 
procoagulant, anti-thrombotic, and fibrinolytic 
components in a particular tissue [44–46].

 What Does All This Mean for Clinical 
Laboratory Testing?

It should be clear from the preceding discussion 
that commonly used clinical coagulation tests do 
not really reflect the complexity of hemostasis 

in vivo. That does not mean that the PT and aPTT 
are useless. We just need to understand their limita-
tions. These “screening” coagulation tests are 
abnormal when there is a deficiency of one or more 
of the soluble coagulation factors. They do not tell 
us what the risk of clinical bleeding will be. As 
noted before, two patients with identical aPTT val-
ues can have drastically different risks of hemor-
rhage (XII vs XI vs IX vs VIII). All of our common 
coagulation tests including the PT, aPTT, thrombin 
clotting time, fibrinogen levels, and coagulation 
factor levels tell us something about the plasma 
level of soluble factors required for hemostasis. 
Their clinical implications must be evaluated by 
the physician ordering these tests. Thus, just 
because the PT and aPTT are within the normal 
range, it does not follow that the patient is at no risk 
for bleeding. Conversely, a mild elevation in these 
clotting times does not mean that the patient is at 
risk for bleeding after an invasive procedure.

Several whole blood (“global”) coagulation 
tests are jockeying for position as a means of 
evaluating overall hemostatic status in selected 
clinical settings. While whole blood tests have 
the advantage that they may reflect the contribu-
tions of platelets and other blood cells to the 
hemostatic process, they still do not reflect the 
contributions of the tissue cells and local tissue 
conditions. Furthermore, the reagents used to ini-
tiate the coagulation reactions in these may not 
be very physiologically relevant. Thus any labo-
ratory test requires skilled interpretation and clin-
ical correlation in evaluating the true risk of 
bleeding. For further reading on these tests, 
please refer to Chaps. 17 and 18.

 What Causes Bleeding in Previously 
Normal Patients?

Many patients that experience significant hemor-
rhage do not have an underlying bleeding tendency 
that can be identified prior to a bleeding episode. 
However, a bleeding tendency (coagulopathy) 
may develop as a result of the episode of hemor-
rhage. It is important to recognize that mechanical 
control of bleeding is the first priority in trauma. 
With ongoing bleeding due to surgical or acciden-
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tal trauma, the risk of developing systemic coagu-
lopathy increases as resuscitation and transfusion 
alone fail to address the underlying cause of the 
hemorrhage. The hallmark of coagulopathy is 
microvascular bleeding. In spite of being charac-
terized by bleeding from very small vessels, 
microvascular bleeding can lead to massive blood 
loss, which is difficult to control mechanically. 
Drivers of coagulopathic bleeding include con-
sumption of coagulation factors and platelets, dys-
regulation of endothelial protective mechanisms 
including the protein C/S system, excessive fibri-
nolysis, hypothermia, and acidosis. While many 
contributors to trauma-associated coagulopathy 
have been identified, the relative role of the vari-
ous mechanisms differs between patients. It 
appears that a variety of mechanisms can ulti-
mately result in a similar systemic coagulopathy.

 Consumption of Coagulation 
Components

We normally think of disseminated intravascular 
coagulation (DIC) when we talk of consumption. 
In DIC the normal localization of coagulation 
fails, and coagulation factors are activated 
throughout the circulation. This leads to produc-
tion of microthrombi and also consumption of 
platelets, coagulation factors, and coagulation 
inhibitors. However, clotting factors and platelets 
can also be consumed during appropriate physi-
ological attempts at hemostasis. In this case it is 
appropriate to replace the depleted factors with 
transfusion therapy.

DIC can be much more complicated to man-
age [47]. The mainstay of treatment is to treat the 
underlying disorder, such as sepsis. DIC can also 
be triggered by tissue damage due to trauma. In 
early or mild/compensated DIC administration of 
low dose heparin may be considered to control 
the procoagulant response to inflammation, 
infection, or malignancy. However, in more 
severe or advanced DIC replacement therapy 
may be necessary to treat the bleeding tendency 
associated with the depletion of coagulation fac-
tors and platelets. Please refer to Chap. 13 for 
further reading on DIC management from trauma.

 Dilution of Coagulation 
Components

In the face of significant hemorrhage, replace-
ment of blood loss with non-blood solutions can 
result in dilution of the coagulation factors, plate-
lets, and inhibitors. Thrombin generating ability 
is well preserved even when the coagulation fac-
tors and inhibitors are diluted by as much as 50%. 
For continued reading on techniques to reduce 
dilution coagulopathy, refer to the massive trans-
fusion in Chap. 23.

 Hypothermia

Many patients become hypothermic during medi-
cal illness or following surgical or accidental 
trauma [48]. Hypothermia can directly interfere 
with the hemostatic process by slowing the activ-
ity of coagulation enzymes. Platelet adhesion and 
aggregation is also impaired, even in mild hypo-
thermia [49]. Thus, hypothermic patients will 
have some degree of impairment in platelet func-
tion and coagulation enzyme activity even with-
out other causes of coagulopathy.  

 Acidosis

Acidosis can have an even more profound effect 
on procoagulant function than hypothermia, 
though the two metabolic abnormalities often 
coexist. A drop in the pH from 7.4 to 7.2 reduces 
the activity of each of the coagulation proteases 
by more than half [50]. Thus, acidosis should be 
considered as a possible contributor to coagulo-
pathic bleeding in medical and surgical patients.  

 What Happens After the Bleeding 
Stops?

Once hemostasis is completed, the process of 
wound healing begins. The hemostatic plug must 
be stable enough to maintain hemostasis until 
healing is well under way, yet be removed so as 
not to interfere with tissue repair. At this point 
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fibrinolysis is essential, through the action of 
plasmin in concert with leukocyte proteases. The 
neutrophils that initially accumulate at a site of 
injury are replaced over the course of a few days 
with macrophages that engulf and degrade cellu-
lar debris and components of the fibrin clot. The 
macrophages secrete cytokines and growth fac-
tors that facilitate the migration of fibroblasts and 
endothelial cells into the wound site. In the case 
of a skin wound, the dermis is replaced by highly 
cellular and vascular granulation tissue, while the 
surface epithelium proliferates and migrates from 
the margins to cover the surface of the wound. 
Many of the activities involved in wound healing 
are influenced by thrombin. Thrombin plays a 
major role in platelet activation and degranula-
tion. Several key cytokines modulating wound 
healing are released from activated platelets, 
including transforming growth factor beta 
(TGFβ1), and platelet-derived growth factor 
(PDGF). Of course, the amount and rate of 
thrombin generated during hemostasis influence 
the initial structure of the fibrin clot—the frame-
work on which cell migration takes place. In 
addition, thrombin has chemotactic and mito-
genic activities for macrophages, fibroblasts, 
smooth muscle cells, and endothelial cells. 
Impaired hemostasis leads to a delay in wound 
healing [51]. Thus, generation of the “right” 
amount of thrombin during the coagulation pro-
cess is not only essential for effective hemostasis 
but sets the stage for effective wound healing.
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Thrombin-Antithrombin System

Toshiaki Iba

 Introduction

Antithrombin (AT) is the most abundant and 
most important physiological anticoagulant in 
the body [1]. AT deficiency in animal results in 
embryonic death, and mutations that reduce the 
AT levels result in severe thrombotic conditions. 
For example, AT-deficient fish exhibited con-
sumptive coagulopathy or disseminated intravas-
cular coagulation (DIC) following injury [2]. It is 
generally accepted that thrombin is produced as a 
result of activation of the innate immune system 
after injury, and natural anticoagulants play a role 
in preventing accidental clot formation. Since 
ancient times massive blood loss from trauma has 
been the most frequent life-threatening event 
encountered by humans. As a result, a heavy-duty 
coagulation system has evolved to promote 
hemostasis in the setting of injury. In the face of 
this natural thrombogenic tendency, impairment 
of anticoagulant mechanisms can easily induce 
problematic events in critical situations, includ-
ing trauma [3]. As a result, the dysregulated over- 
activation in coagulation tends to occur under 
such circumstances. The disorder is represented 
by massive microvascular thrombi that contribute 
to decreased oxygen delivery and subsequent 

organ dysfunction. Accordingly, anticoagulant 
therapy is expected to play some role in alleviat-
ing this dangerous coagulation disorder [4]. 
Large-scale randomized controlled trials (RCTs) 
to examine the effects of anticoagulant therapies 
were conducted in the early 2000s, predomi-
nantly focused on sepsis [5–7], but none of the 
anticoagulant agents examined demonstrated a 
clear beneficial effect. As a result, no anticoagu-
lant is currently approved for the clinical use in 
the treatment of coagulation disorder or 
DIC.  However, some clinical trials have sug-
gested that sepsis-associated DIC, but not sepsis 
itself, could benefit from anticoagulant therapies. 
Some subgroup analyses performed among the 
subjects with sepsis-associated DIC in the afore-
mentioned clinical trials have revealed trends 
toward favorable effects of activated protein C 
and AT on the mortality [8, 9]. Recently, a small, 
but well-designed RCT succeeded in demonstrat-
ing the efficacy of a physiological dose of AT for 
obtaining DIC resolution in septic patients with 
DIC [10]. In addition, recombinant thrombomod-
ulin has also shown a trend toward beneficial 
effects on the mortality in sepsis patients with 
coagulation disorder [11]. Analyses using a 
nationwide administrative database of patients 
with DIC in Japan revealed positive effects of AT 
supplementation on the mortality [12, 13]. 
However, there is still no concrete evidence of the 
efficacy of AT in patients with trauma-induced 
coagulopathy (TIC). In the following part of this 
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chapter, the structure, unique characteristics of 
this naturally derived anticoagulant, and the theo-
retical background for the use of AT in systemic 
coagulation disorders are introduced.

 Structure and Function 
of Antithrombin

AT, a 432-amino acid glycoprotein, with a 
molecular weight of approximately 58  kDa, is 
found in the circulating blood at a concentration 
range of 125–150  μg/mL.  AT is mainly pro-
duced by the liver and its reported half-life is 
2.8  days under physiological conditions, 
although it is known to be significantly short-
ened under various stresses [14, 15]. AT acts as 
a serine protease inhibitor and inactivates the 

enzymatic activity of serine protease coagula-
tion factors, including factors VIIa, IXa, Xa, 
XIa, and IIa, by forming a 1:1 complex [16] 
(Fig. 4.1). In the case of thrombin (factor IIa), 
AT binds to thrombin and leads to the formation 
of a thrombin-antithrombin complex (TAT), 
which results in the inactivation of the enzy-
matic activity of thrombin and its elimination 
from the circulation (Fig.  4.2). Approximately 
10% of the total AT is bound to the heparan sul-
fate of glycosaminoglycans on the vascular 
endothelial surface, 40% circulates in the 
plasma, and 50% is distributed in the extravas-
cular space. The anticoagulant activity of AT is 
known to increase by a thousand-fold or more 
after it is bound to heparin and heparinoids. This 
is due to a conformational change with extru-
sion of the reactive center loop to yield a more 

Fig. 4.1 Anti-coagulant activities of antithrombin (AT). 
Systemic activation of coagulation is commonly seen in 
cases of major trauma. Procoagulant substances released 
from damaged tissues, as a result of tissue hypoxia and 
vascular injury, are involved in this physiologic reaction. 
There are three major anticoagulant systems, i.e., the 
AT-heparin and heparinoid system, the thrombomodulin- 

protein C system, and the tissue factor pathway inhibitor 
(TFPI) system. Among them, the AT-heparin and hepari-
noid system is the most prominent and plays vital roles. 
AT acts as a serine protease inhibitor and inactivates mul-
tiple serine protease coagulation factors, such as factors 
VIIa, IXa, Xa, XIa, and IIa
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exposed orientation to bind coagulation factors 
[15]. AT has four potential N-glycosylation sites 
on asparagine (Asn) 96, 135, 155, and 192 
(Fig. 4.3). There are two glycoforms of AT, α- 
and β-AT; while all of the four N-glycosylation 

sites are occupied by covalently attached oligo-
saccharide side-chains in the predominant form 
of AT, namely, α-AT (>90%), only three glyco-
sylation sites are occupied in β-AT (<10%), and 
Asn 135 is not glycosylated in this form [17, 

Fig. 4.2 The binding of antithrombin (AT) to thrombin. AT 
contains a heparin-binding domain, and the anticoagulant 
activity of AT is increased by more than a 1000-fold when it 
is bound to the pentasaccharide structure of heparin or hepa-
rinoids. This binding of heparin to AT induces the conforma-
tional change of AT that results in an increase in its affinity 

to thrombin. AT inhibits thrombin in a 1:1 fashion and forms 
a thrombin-antithrombin complex (TAT), thereby inactivat-
ing the enzymatic activity of thrombin. The formation of the 
TAT complex involves interaction between the protease 
(thrombin) and a specific reactive peptide bond (between 
arginine (Arg) 393 and serine (Ser) 394) within AT

Fig. 4.3 The structure of antithrombin (AT). AT is a gly-
coprotein that is composed of 432 amino acids, with a 
molecular weight of approximately 58 kDa. AT has four 
N-glycosylation sites on asparagine (Asn) 96, 135, 155, 
and 192. There are two glycoforms, α- and β-AT. All of the 
four N-glycosylation sites of α-AT are occupied by cova-

lently attached oligosaccharide side-chains, while only 
three N-glycosylation sites of β-AT are occupied, and Asn 
135 is not glycosylated. As compared to the predominantly 
occurring form of α-AT (>90%), β-AT has a higher affinity 
to heparin and heparinoids, and the binding induces a con-
formational change of the protease-binding domain of AT
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18]. As a result, the molecular weight of β-AT is 
slightly lower than that of α-AT. Although β-AT 
occurs at lower levels, it shows a higher affinity 
to the pentasaccharide component of heparin and 
heparan sulfate of the glycocalyx, and a stronger 
direct inhibitory activity on thrombin and factor 
Xa. Therefore, β-AT is considered to be the more 
important form of AT for preventing thrombus 
formation in the vascular system [17, 18].

Like other natural proteins, AT is also a plu-
ripotent substance, that not only acts as an inhibi-
tor of multiple coagulation factors but also exerts 
anti-inflammatory actions, and the latter is 
expressed through both anticoagulation- 
dependent and anticoagulation-independent 
mechanisms [1, 19]. The anti-inflammatory 
activity of AT can be explained partly by its neu-

tralization of thrombin. Thrombin has been 
implicated in the inflammatory cascade [20]; 
first, thrombin can induce leukocyte rolling and 
adhesion to the vascular endothelium [21] by 
increasing the expression of selectin [22, 23] and 
intercellular adhesion molecule-1 [24], thereby 
promoting leukocyte recruitment. In addition, AT 
also exerts anti-inflammatory activity via through 
coagulation-independent mechanisms. Thrombin 
can elicit an inflammatory reaction through bind-
ing to its receptor, protease-activated receptor 
(PAR)-1 [25]. PAR-1 plays a pivotal role in the 
activation of inflammation by inducing the pro-
duction of proinflammatory cytokines and che-
mokines by the leukocytes and endothelium [26, 
27] (Fig.  4.4). AT mitigates the inflammatory 
reactions, especially when it binds to its specific 

Fig. 4.4 Multifactorial functions of antithrombin (AT) on 
the endothelial cell. The interactions between antithrom-
bin (AT) and the endothelium are shown. The affinity of 
AT to thrombin and its enzymatic inhibition is increased 
by its binding to heparan sulfate, a major component of 
the glycosaminoglycans (GAGs). Heparan sulfate is a side 

chain of syndecan-4, a transmembrane proteoglycan on 
the cell surface, and information on the binding of AT to 
heparan sulfate elicits an anti-inflammatory reaction on 
the endothelium. On the contrary, the binding of thrombin 
to its receptor, protease-activated receptor (PAR)-1, on the 
endothelium elicits a proinflammatory reaction
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receptor, heparan sulfate, a type of heparin-like 
glycosaminoglycan (GAG) [28]. Heparan sulfate 
is a side chain of syndecan-4, a transmembrane 
proteoglycan that transmits and induces endothe-
lial reactions, including the production of vasoac-
tive substances such as prostacyclin. Prostacyclin 
exerts anti-inflammatory activity by blocking 
neutrophil tethering on the endothelium, limiting 
vasoconstriction [29], and downregulating the 
production of pro-inflammatory cytokines [30].

 Usefulness of Antithrombin 
as a Biomarker

The plasma levels of AT antigen and AT activity 
can be measured either by ELISA or by a func-
tional assay. The prognostic value of AT activity 
for predicting the morbidity and mortality has 
been repeatedly reported in cases of sepsis- 
associated DIC.  Indeed, the usefulness of AT 
measurement is superior to those of the results of 
global coagulation tests such as prothrombin 
time, levels of fibrin/fibrinogen degradation 
products, D-dimer levels, and platelet counts 
[31]. The measurement of the baseline value of 
AT is recommended for selecting appropriate 
candidates for anticoagulant therapy, and moni-
toring of the sequential changes in AT levels dur-
ing supplementation therapy is also reportedly 
helpful to estimate the prognosis [31].

Similar to the case in sepsis, low AT levels are 
also associated with the risk of coagulopathy and 
thromboembolic complications in trauma patients 
[32, 33]. The severity of the injury, increase in 
thrombin generation, amount of blood loss, and 
tissue hypoperfusion are considered to be the 
major contributors to the decrease of the AT lev-
els in trauma patients [34]. Extremely low levels 
of AT immediately after arrival to the emergency 
room are seen in very severe cases of trauma and 
coagulopathy, with the reduced levels of AT sus-
tained for several days after admission [35–37]. 
In a recent study, Ohshiro et al. [38] reported that 
trauma patients with DIC showed consumptive 
coagulopathy, lower AT levels, and higher levels 
of fibrin/fibrinogen degradation products and 
D-dimers as compared to trauma patients without 

DIC, and all of these patients with DIC had com-
plicating organ dysfunction and required higher 
volumes of blood transfusion and are therefore 
associated with substantially worse outcomes as 
compared to the non-DIC trauma patients. They 
also emphasized that the coagulation control 
afforded by AT is insufficient to anchor thrombin 
at the injured site after the accident in patients 
with severe trauma and coagulopathy. Similar 
observations were reported in patients with brain 
injury [39]. Especially in patients with severe 
head injury, the endothelial activation that is 
associated with the expression of intravascular 
tissue factor followed by thrombin formation is 
well known, and in addition, induction of hyper-
fibrinolysis by the release of tissue-type plasmin-
ogen activator from the injured brain tissues is 
reported [40]. Thus, the coagulation disorder 
with a decrease in AT activity is more pronounced 
in cases with brain trauma.

Apart from the plasma AT antigen level or AT 
activity described above, TAT levels can also be 
measured in the plasma. TAT is formed as a result 
of inactivation of thrombin and is recognized as a 
sensitive marker for activation of coagulation. 
Serial measurements in trauma patients have 
revealed marked elevation of the TAT levels on 
the first day of the injury, corresponding to the 
decreased AT activity and expression of tissue 
factor by the injury [41, 42]. TAT levels usually 
decrease by days 2–4 after the trauma, if the inju-
ries are managed appropriately. It is noteworthy 
that the TAT levels were influenced by both 
thrombin and AT levels, and therefore, decreased 
TAT levels do not always indicate a decrease of 
thrombin generation but also reflect the decreased 
AT levels.

 Antithrombin Therapy in Animal 
Models

In animal models of trauma, DIC with the fibri-
nolysis phenotype followed by the thrombosis 
phenotype can be reproduced. Such models show 
decreased platelet counts, prolonged prothrom-
bin times, elevated levels of fibrin/fibrinogen 
degradation products, and decreased AT levels 
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[43]. It was found in a pig model of coagulopathy 
with blunt liver injury that the decreased AT level 
was not sufficient to quench the increased throm-
bin generation [44]. In another model, the acute- 
phase activation of fibrinolysis represented by 
elevation in the levels of tissue-type plasminogen 
activator was reproduced, and a reduction in the 
level of α2-antiplasmin is reported [45]. Thus, it 
is strongly suggested that tissue factor released 
from damaged tissues into the circulation plays a 
pivotal role in these models. Consequently, acti-
vation of the extrinsic coagulation pathway is 
considered to be the predominant mechanism 
underlying the pathogenesis of coagulopathy fol-
lowing trauma, and thrombin is the vital mediator 
[46]. This type of coagulation disorder easily 
leads to consumptive coagulopathy, together with 
the decrease in the levels of anticoagulants such 
as AT and protein C. At the same time, the anti- 
fibrinolytic factor α2 antiplasmin is commonly 
depleted and hyperfibrinolysis occurs [47, 48]. 
Therefore, the usefulness of supplementation of 
anticoagulants can be expected; however, animal 
experiments performed to examine the effects of 
AT on TIC are unexpectedly scarce. The effects 
of anticoagulants have mainly been examined in 
models of sepsis, burns, and venom poisoning 
[49]. While the antithrombotic effects of AT and 
heparin were examined in a rabbit model of vas-
cular injury, and only animals given both AT and 
heparin showed inhibition of thrombin genera-
tion and fibrin deposition on the aortic surface 
[50]. This study revealed only the antithrombotic 
effect and not the pure anticoagulant effects of 
AT, and direct evidence to show the efficacy of 
AT on TIC is still missing.

The effects of AT should be studied more 
intensively because not only beneficial effects on 
TIC but also the anti-inflammatory effects of AT 
can be expected. Acute lung injury was induced 
in a rat model of crush injury, and treatment with 
AT significantly mitigated the vascular damage. 
In the AT-treated animals, all of the accumulation 
of inflammatory cells, expression of von 
Willebrand factor, and expression of vascular 
endothelial cell adhesion molecule 1 were attenu-
ated, and these anti-inflammatory effects poten-
tially lead to a decrease in the mortality [51]. In 
addition to the above, anti-inflammatory effects 

of AT exerted through stimulation of prostaglan-
din I2 was also reported in a rat model of spinal 
cord injury [52].

AT is also used to prevent thrombotic events in 
patients treated with prothrombin complex con-
centrates. Recently, prothrombin complex con-
centrates have been used increasingly as a part of 
the management of bleeding in trauma patients. 
There are potential risks of thromboembolic 
complications in these cases. The antithrombotic 
property of AT is plausible, and consequently, the 
effect of AT in the prevention of thrombosis was 
reported in a porcine model of polytrauma treated 
with prothrombin complex concentrate [53].

 Antithrombin Therapy in Trauma 
Patients

Since increased levels of circulating thrombin are 
the major cause of activated coagulation in 
trauma patients, the use of AT is seemingly a cor-
rect approach. Some studies have reported that 
decreased AT levels failed to control the hemo-
stasis at local wound sites and enhanced systemic 
thrombin generation in patients with trauma [47, 
48]. In addition, it has also been demonstrated in 
trauma patients with DIC that the decrease in AT 
activity is an independent determinant of elevated 
levels of soluble fibrin, a marker of thrombin 
generation [37]. Owings et al. [54] reported that 
procoagulant markers such as the levels of pro-
thrombin fragment 1.2, TAT, and D-dimer were all 
significantly elevated in patients with severe inju-
ries, along with a decrease of the AT level in 
patients with severe injury; however, the levels of 
AT and protein C were not different in the total 
population in this study. They also reported sig-
nificantly reduced AT levels in patients with 
coagulopathy and acute respiratory distress syn-
drome and concluded that the reduced availabil-
ity of AT and protein C is the major threats in 
trauma patients. Despite the important roles of 
AT in trauma, no RCTs have been performed yet 
to examine the effects of AT in TIC, although the 
effects of AT supplementation in patients in a 
critical condition, including trauma patients, 
have been examined in some trials [55–57]. The 
hypothesis in these trials was that normalization 
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of AT activity by AT supplementation reduces the 
mortality in trauma patients. However, none of 
the trials showed any improvement in the out-
comes. Nevertheless, it has been reported that AT 
supplementation permitted better maintenance of 
the clotting system in one trial [55]. Another trial 
suggested that AT therapy may reduce the inci-
dence of renal impairment [56], and another 
study reported the potential efficacy of high-dose 
AT administration in patients with severe coagu-
lation disorder [57]. However, the three studies 
mentioned above were performed a long time 
ago, and very few studies have been conducted 
recently (https://clinicaltrials.gov/ct2/results?con
d=trauma&term=antithrombin&cntry=&state=&
city=&dist=). An adequately designed, random-
ized controlled study would be warranted to 
assess the efficacy of AT supplementation in TIC 
patients.

 Newly Developed Recombinant 
Antithrombin

As described previously, the anticoagulant activ-
ity of AT increases by over a thousand-fold when 
it is bound to heparin or heparinoids. Some 
recombinant ATs have been synthesized but the 
limited biosimilarities hindered their penetration. 
Especially, the differences in the attached oligo-
saccharide side-chains abrogate the activity and 
shorten the half-life. In addition, heparin-binding 
capacity is tremendously affected by the core 
fucose at the reducing end of the attached oligo-
saccharides [58, 59]. It has been reported that 
fucosylation of the oligosaccharide at Asn 155 
results in a reduction in the heparin-binding affin-
ity of AT and that the oligosaccharide in human 
AT does not contain fucose. To produce a recom-
binant AT, fucosylation of the oligosaccharide 
was the major obstacle because the AT from ani-
mal cells is fucosylated [59, 60]. Recently, a 
recombinant AT possessing 4 oligosaccharides 
but lacking in fucose was produced by recombi-
nation (KW-3357, ACOALAN®, Kyowa-Kirin). 
A Chinese hamster ovary cell line was utilized to 
produce fucose-deficient AT [61, 62]. 
Approximately 95% of KW-3357 is composed of 
α-AT and its long half-life allows for a one-hour 

infusion daily. An RCT targeting resolution of 
DIC was performed in Japan, and the results 
demonstrated that KW-3357 had an effect equiv-
alent to that of plasma-derived AT [63]. KW-3357 
was approved in Japan in 2015 for the treatment 
of thrombosis in patients with congenital AT defi-
ciency and DIC. Since the production of this type 
of agents is not limited by the amount of blood 
donated, they are expected as the therapeutics in 
the coming new era.

 Conclusion

AT, the most important natural anticoagulant, 
plays a vital role in regulating over-activated coag-
ulation and inflammation in critical conditions 
through multifactorial pathways. Since the activity 
of AT readily decreases via various mechanisms, 
its supplementation is expected to be useful in the 
treatment of TIC. Although high- quality evidence 
is still lacking, development of recombinant AT 
will open a new era of anticoagulant therapy.
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Physiology of Haemostasis: 
Plasmin-Antiplasmin System

Nicola J. Mutch and Claire S. Whyte

 Fibrin as a Substrate

Plasmin is a potent trypsin-like serine protease 
that cleaves any substrate after lysyl or arginyl 
bonds. It activates growth factors and prohor-
mones, actions that are outside the scope of this 
review, but its main substrate in vivo is fibrin. 
Many of the cleavage sites in fibrin have been 
revealed by the study of fibrinogen, which, as a 
soluble protein, is easier to analyse (reviewed 
by [1]). The ordered degradation pattern 
(Fig. 5.1) is detailed here as it is essential to our 
understanding of what is measured in assays of 
D-dimer and other fibrin degradation products 
(FDP). The first cut is to the α-chain of fibrino-
gen, releasing the αC fragments; the remainder 
of the molecule is called fragment X (~260 kDa). 
Fragment X is then cut in the α-, β- and γ-chains 
across the coiled coil that connects the central E 
and terminal D domains of fragment X.  The 
cleavage occurs in two steps, first splitting the 
molecule asymmetrically to generate fragment 
Y (~160 kDa) and fragment D (~100 kDa) and 
then cleaving fragment Y into a second frag-
ment D and fragment E (~60 kDa), which con-

tains the amino terminal portion of all six 
polypeptide chains.

Newly formed fibrin is degraded by plasmin 
with the same cleavage pattern as fibrinogen, 
indicating that no major structural reorganization 
occurs during fibrin polymerization [2, 3]. In 
contrast, when fibrin is cross-linked by the trans-
glutaminase factor XIIIa (Fig.  5.1, right), it is 
cleaved at a slower rate and different degradation 
products arise. D-dimer, which consists of two 
fragments D from adjacent fibrin monomers, 
cross-linked via their γ-chains remnants, is gen-
erated. This covalent dimer, bound non- covalently 
to fragment E, is the DD/E complex. This frag-
ment also occurs in long arrays held together by 
uncleaved coiled coils [4]. Larger FDP have the 
capacity to reassociate with one another and with 
fibrin [5], so the substrate for fibrinolysis is not a 
single entity but a complex and dynamic one, in 
which both formation and degradation occur 
simultaneously. The clearance of FDP from the 
circulation is via the kidney and also liver, 
depending on the actual fragment [6, 7].

 Fibrin as a Vital Surface for Plasmin 
Generation and Activity

Fibrin is at the heart of the lytic cascade and plays 
a vital role in “orchestrating its own destruction” 
[1]. This behaviour will be explained by consid-
ering the proteases and inhibitors that regulate 
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the system, stressing throughout the governing 
role of fibrin.

 Plasminogen

Plasminogen is a 92-kDa glycoprotein, abundant 
in plasma (Table 5.1). It is a classic zymogen, a 
single-chain molecule, activated by cleavage of 
one peptide bond to produce plasmin, in which 

the two chains are held together by two disulphide 
bonds. It is composed of several discretely folded 
domains. From the N-terminus, these are the acti-
vation peptide, a pan apple domain, kringles 1–5 
and the protease domain (Fig.  5.2). The crystal 
structure of plasminogen indicates that two chlo-
ride ions in association with the pan apple and 
serine protease domain hold the zymogen in an 
inactive closed conformation [8]. The kringles, 
particularly kringle 1 [8], endow plasminogen 

Fig. 5.1 Plasmin degradation of fibrin(ogen). 
Fibrinogen (top) is a three-domain globular protein with 
extending αC domains. Fibrinogen is degraded asymmet-
rically (left panel). Plasmin initially cleaves the αC 
domains from fibrinogen generating fragment X, which 
consists of all three domains connected by coiled coils, 
but lacks the Aα-chains and the Bβ1–42 sequence. The 
second cleavage occurs across the coiled coil that con-
nects the central E and terminal D domains, generating 
fragment Y, which is composed of the central E domain 
connected by a coiled coil to the D domain. Fibrin is 

formed by cleavage of fibrinopeptide A and B from fibrin-
ogen by thrombin (right panel). Thrombin also activates 
the transglutaminase factor XIII (FXIIIa) which cross- 
links (XL) fibrin longitudinally between the D domains 
and within the α-chain extensions. Cleavage of the two- 
stranded protofibrils by plasmin initially removes the 
cross-linked α-chains, followed by the coiled coils to lib-
erate a series of fibrin degradation products (FDP), the 
smallest being DD/E. Larger complexes, such as DY/YD, 
are also released from cross-linked fibrin and are subse-
quently degraded to the DD/E moiety

N. J. Mutch and C. S. Whyte
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Fig. 5.2 Plasminogen activation. Plasminogen activator 
(PA) cleaves at Arg 561-Val 562, separating the B (light, 
protease or catalytic) and the A (heavy, kringle) chains. 
Glu-plasminogen and Glu-plasmin forms both contain the 
amino-terminal activation peptide from Gln1 to Lys 76 
(shown in red). Plasmin can cleave this activation peptide 
(left side), generating Lys-plasminogen, an intermediate 
form that interacts with fibrin more efficiently and is more 
readily cleaved by tPA and uPA. It is this pathway of plas-

min generation that occurs more readily, as indicated by 
the shading and heavyset arrows. Plasmin can also cleave 
the activation peptide from Glu-plasmin, generating Lys- 
plasmin (right side). The five kringle structures of the 
A-chain modulate binding of plasminogen to both fibrin 
and cell receptors. The catalytic centre contains the typi-
cal Ser-His-Asp residues and is the major site of interac-
tion with its principal inhibitor, α2-antiplasmin

Table 5.1 Plasma balance of the principal proteins of the fibrinolytic system

Protein Mr (kDa) Molar concentration Plasma t1/2 Function
Plasminogen 92 2 μM 2.2 d Zymogen
tPA 68 70 pM 4 min Protease
scuPA 54 40 pM 7 min Function
PAI-1 52 200 pM 8 min Inhibitor

α2- Antiplasmin 70 1 μM 3 d Inhibitor

TAFI (pro- CpU) 60 75 nM 10 mina Inhibitor
C1-inhibitor 105 1.7 μM 3 d Inhibitor

α2- Macroglobulin 725 3 μM 2–3 d Inhibitor

PAI-2 46/70 <70 pM – Inhibitor
Factor XII 80 375 nM 2–3 d Zymogen
Prekallikrein 88 450 nM 7–10 d Zymogen
HMW kininogen 110 600 nM 9 h Cofactor

aActivated form

5 Physiology of Haemostasis: Plasmin-Antiplasmin System



56

with the capacity to bind to cells and other pro-
teins; the most relevant to this chapter are fibrin, 
α2AP and TAFI.  Such binding has profound 
effects on plasminogen activation. Plasminogen is 
primarily produced by the liver and is classified as 
an acute-phase protein [9]. Cells other than hepa-
tocytes can produce plasminogen, for example, 
eosinophils, kidney, cornea, brain and adrenal 
medulla; such plasminogen is more likely to have 
local effects acting on substrates other than fibrin 
[10–13]. Human deficiency of plasminogen is 
uncommon, but when it occurs, it is often in asso-
ciation with fibrin deposition, for instance, in lig-
neous conjunctivitis [14].

Native plasminogen has several variants, in 
terms of limited proteolysis, degree of glycosyl-
ation and genetic polymorphism. For the purposes 
of this review, we will consider only the two main 
variants, Glu-plasminogen, the full- length form, 
and Lys-plasminogen, which has been processed to 
a variable extent at the N-terminus by trace plasmin. 
These two forms differ markedly in how efficiently 
they are activated (Fig. 5.2). Glu-plasminogen is a 
relatively closed structure [15], whereas Lys-
plasminogen is more flexible and open; it binds to 
the plasminogen activator approximately tenfold 
more effectively [16–18]. Lys-plasminogen also 
binds to fibrin with higher affinity than Glu- 
plasminogen. The same is true of binding to plas-
minogen receptors, a group of proteins that are 
exposed on cell surfaces and bind to plasminogen 
via lysine residues [19]. Thus, through several 
mechanisms, Lys-plasminogen is activated more 
readily, especially on the fibrin or cell surface [20].

 Plasminogen Activators

The principal plasminogen activators are tPA and 
uPA, while the contact pathway plays a role in 
some contexts. Activation of plasminogen is 
always by cleavage of Arg561-Val562 bond, 
yielding the two-chain active form, plasmin. It 
may be helpful to consider the life cycle of a plas-
minogen activator in terms of synthesis and 
release into the circulation, neutralization by 

inhibitors and clearance from the circulation by 
receptor-mediated mechanisms.

tPA is produced by endothelial and other cells 
as a single chain but is exceptional in that it is an 
active serine protease and not a true zymogen 
[21]. It circulates at low concentrations, mostly in 
complex with its primary inhibitor, PAI-1 [22, 
23]. The plasma half-life is very short (Table 5.1) 
and shows a circadian rhythm, with lowest levels 
at night. Plasma tPA can be increased approxi-
mately fourfold under experimental conditions 
by venous occlusion or by drugs that induce acute 
endothelial release, such as bradykinin, hista-
mine and β-adrenergic agents [24, 25]. Exercise 
also augments adrenalin-mediated tPA release, 
but also decreases clearance from the circulation 
[26]. Both tPA and tPA-PAI-1 complex are 
cleared by the low-density lipoprotein-related 
protein receptor (LRP) system [27].

tPA contains a finger domain and two kringle 
domains; the finger domain is the basis for its 
affinity to fibrin [28, 29]. This characteristic is 
crucial because tPA is a poor plasminogen acti-
vator in solution and requires fibrin to function 
as a cofactor in the reaction. Fibrinogen is not 
able to accelerate plasminogen activation by 
tPA, as the sites are encrypted in the precursor 
form [30]. Single-chain and two-chain tPA bind 
to fibrin in a comparable way [31] with plasmin-
ogen increasing the affinity of tPA for fibrin 
some 20-fold [32], as a result of ternary complex 
formation. In the absence of fibrin, the KM values 
range from 9 to 100 μM plasminogen [33–35]. In 
most studies, this KM value is three- to fourfold 
lower with two- chain tPA than with the single-
chain form, a difference that essentially disap-
pears in the presence of fibrin, when both forms 
of tPA yield KM values ranging from 0.16 to 
1.1 μM plasminogen [33, 35]. These concentra-
tions are readily achieved in blood (Table 5.1). 
One clear reason for the experimental range in 
these data is that the kinetics are non-linear [34, 
36, 37], with a dual-phase activation. Starting 
with Glu-plasminogen and tPA in the presence 
of fibrin, the initial KM of 1.05 μM plasminogen 
was observed. Following plasmin formation and 
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generation of partially digested fibrin, binding of 
both plasminogen and tPA increased [38–42], so 
that the KM was decreased to 0.07 μM plasmino-
gen, with no change in kcat [37].

uPA is synthesized by several cell types, par-
ticularly those with a fibroblast-like morphology, 
but also by epithelial cells [43], monocytes and 
macrophages [44, 45]. uPA can activate solution- 
phase plasminogen; it does not require fibrin as a 
cofactor. This behaviour, which is in marked con-
trast with tPA, is sometimes interpreted to suggest 
that uPA is unimportant in fibrinolysis and cer-
tainly it has roles in other processes, such as extra-
cellular matrix degradation, cell migration, wound 
healing, inflammation, embryogenesis and inva-
sion of tumour cells and metastasis [46, 47].

uPA has three domains: an epidermal growth 
factor (EGF) domain, a kringle and a protease 
domain. The uPA kringle has no affinity for 
fibrin. Its main binding, via the EGF domain 
located in the amino-terminal fragment, is with a 
specific uPA receptor, uPAR, described later in 
this chapter. uPA is expressed in its single-chain 
(sc) form, which has trace proteolytic activity; 
full activity requires cleavage of Lys158-Ile159 
[48]. This can be achieved by several enzymes, 
the most relevant being plasmin [49, 50], factor 
XIIa and kallikrein [51]. Normal plasma contains 
scuPA at relatively stable concentrations of 
2–4 ng per mL [52, 53] with little circadian fluc-
tuation [54]. While endothelium is not a major 
source of uPA, there are reports of increased uPA 
following venous stasis [53], DDAVP infusion 
[55] and strenuous physical exercise [56], proba-
bly explained by decreased clearance from the 
circulation by receptor-mediated mechanisms. 
Under normal circumstances ,uPA activity is not 
detected in plasma, but both leukocyte-associated 
and free scuPA are elevated in leukaemia [57] 
and other disorders, including liver disease [58]. 
If generated, uPA is rapidly cleared from plasma, 
in a manner that depends on hepatic blood flow 
[59]. The LRP system binds and internalizes 
scuPA and uPA-PAI-1 complexes [27, 60, 61]. 
The asialoglycoprotein receptor, on parenchymal 
liver cells, also removes nonsialated uPA from 
the circulation [59].

Contact activation is a distinct process 
resulting from the interactions of four proteins, 
factor XII (FXII), prekallikrein (PK), factor XI 
(FXI) and high-molecular-weight kininogen 
(HK). Negatively charged surfaces such as poly-
phosphate [62, 63], RNA [64], misfolded pro-
teins [65] and collagen [66] stimulate reciprocal 
activation of FXII to FXIIa and of PK to kalli-
krein (PKa) in association with its non-enzy-
matic cofactor, HK. The process is accelerated 
by zinc ions which induce a conformational 
change in FXII [67–71] and HK [72–74], 
thereby augmenting surface interactions. The 
downstream targets of these proteases have been 
debated as this pathway is associated with coag-
ulation via cleavage of FXI to yield FXIa, 
inflammation by generation of bradykinin from 
HK and fibrinolysis.

Of note, while FXII is classified as a coagula-
tion factor, it is structurally related to tPA, uPA 
and plasminogen [75, 76] and can function in 
plasminogen activation by different mecha-
nisms. FXIIa directly activates plasminogen 
(Fig.  5.3) albeit relatively poorly compared to 
tPA and uPA [77–79]. However, the reaction is 
markedly enhanced by negatively charged sur-
faces such as dextran sulphate [80] and impor-
tantly by platelet- derived polyphosphate [81]. 
Circulating plasma concentrations of FXII are 
four orders of magnitude higher than tPA and 
uPA and, combined with the increase in plasma 
half-life, suggest that in certain environments or 
conditions, in  vivo FXIIa could be a relevant 
plasminogen activator [82].

PKa generated by FXII-dependent [51, 83] 
and FXII-independent [84] pathways is a kineti-
cally favourable activator of scuPA (Fig.  5.3) 
which in turn activates plasminogen. Finally, 
the vasoactive peptide bradykinin, described 
above in the inflammatory arm of the contact 
pathway, also indirectly impacts fibrinolysis by 
stimulating tPA release from endothelial cells 
[85, 86]. These three functionally distinct mech-
anisms implicate the contact pathway as a mod-
ulator of plasminogen activation, but further 
studies are necessary to unravel its contribution 
in different milieu.
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 Inhibitors of Plasmin Generation 
and Activity

The proteases of the system are controlled by 
inhibitors, most of which act directly on the pro-
teases and form inactive complexes with them. 
PAI-1 and α2AP are members of the serpin fam-
ily, which inhibit plasminogen activators and 
plasmin, respectively, via a reactive centre loop 
that mimics the protease substrate (reviewed by 
[87]). A second mode of action, exemplified by 
TAFIa, is modulation of the generation of fibrino-
lytic activity.

PAI-1 is the principal inhibitor of tPA and 
uPA and inhibits both with second-order rate 
constants greater than 107 M−1 S−1, close to the 
diffusion limit [88]. It does not inhibit scuPA, 
which is largely inactive, but it does associate 
with scuPA non-covalently [89]. It is an unusual 
serpin in that it spontaneously loses activity by 
insertion of its reactive centre loop into the core 
of the molecule [90]. This inactive form was orig-
inally termed “latent”, which unfortunately gives 
an impression that the latent material is physio-
logically activated. Reactivation is indeed possi-
ble, but only by chemical denaturation and 

Fig. 5.3 Significant players in the fibrinolytic system. 
scuPA, single-chain urokinase plasminogen activator; 
sctPA, single-chain tissue plasminogen activator; α2AP, 
α2-antiplasmin; α2M, α2-macroglobulin; C1-INH, 
C1-inhibitor; PAI-1, plasminogen activator inhibitor 1; 
PAI-2, plasminogen activator inhibitor 2; TAFI, thrombin- 

activatable fibrinolysis inhibitor; FXIIa, activated factor 
XII; PK, prekallikrein; PKa, kallikrein. Activation of plas-
minogen to plasmin usually occurs on a surface, either 
fibrin or a cell membrane. Once formed, plasmin degrades 
fibrin as described in Fig. 5.1
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refolding [91]. It was characterized originally as 
a product of endothelial cells but it is synthesized 
by most cells in culture, including megakaryo-
cytes [92], endothelial cells [93], hepatocytes 
[94] and adipocytes [95–97]. PAI-1 is synthe-
sized in its active form and circulates in plasma in 
complex with vitronectin, which stabilizes the 
active form substantially lengthening its plasma 
half-life [98].

PAI-1 plasma concentrations are approxi-
mately 20 ng per mL [99–101] but reported val-
ues range, even in normal individuals, from 
barely detectable to 40 ng per mL. The variations 
may be circadian; PAI-1 plasma concentration 
peaks in the morning [102–104], and in addition, 
PAI-1 is an acute-phase protein [105]. 
Understanding its behaviour in response to stress 
is complicated by the fact that it is synthesized by 
a wider range of cells than the classic acute-phase 
proteins and that it is responsive to many stimuli. 
Some variations in PAI-1 measurements may be 
methodological. It is necessary to exclude plate-
lets and their release products in analysis of 
plasma PAI-1, since platelets are the major pool 
(more than 95%) of circulating PAI-1 antigen 
[106]. PAI-1  in plasma is in excess over tPA 
(Table 5.1); therefore, most of the tPA is in com-
plex with PAI-1. Immunological assays of either 
protein generally measure both free and com-
plexed forms, requiring care in interpretation. 
Gram-negative septicaemic patients have dramat-
ically elevated plasma PAI-1 concentrations, as 
much as 50-fold over normal, and are associated 
with high mortality [107]. High circulating PAI-1 
is associated with a range of disease, including 
cardiovascular disease [108, 109] and cancer 
[110]. The causal significance remains unclear, 
and it seems that high PAI-1 does not indepen-
dently predict disease when factors like obesity, 
diabetes and elevated triglycerides are taken into 
account [111]. There is a guanine insertion/dele-
tion polymorphism at position 675 in the PAI-1 
promoter [112], which is associated with differ-
ences in circulating PAI-l [113], but the predic-
tive power of this polymorphism appears to be 
low [111, 114]. Deficiency of PAI-1 in humans is 
rare but it causes a lifelong bleeding disorder, 
characteristically after a delay, consistent with 

normal clotting but premature lysis of haemo-
static plugs at sites of vascular trauma [115–118]. 
Fibrinolytic inhibitors such as tranexamic acid 
decrease plasminogen activation and therefore 
are effective in normalizing haemostatic function 
in such patients [117, 118].

α2AP is the principal inhibitor of plasmin, the 
term fast-acting being used to stress the rapid 
inhibition, with a second-order rate constant of 
4 × 107 per M per second [119]. Its plasma con-
centration is 1 μM, about half the molar concen-
tration of plasminogen; it has to be remembered 
that plasma plasminogen is seldom, if ever, 
entirely converted to plasmin, so the inhibitor is 
usually in excess. It is synthesized in the liver and 
consequently decreased in patients with advanced 
impairment of hepatic function. The t1/2 of the 
native inhibitor is approximately 3 days, whereas 
the covalent plasmin/α2AP (PAP) complex is 
cleared with a t1/2 of approximately 0.5 days [120].

α2AP circulates in several forms, depending 
on limited proteolysis at N- and C-termini. The 
processing of the inhibitor has little impact on the 
inhibitory capacity of α2AP which depends on 
the reactive centre loop. Newly produced α2AP 
(Met form) has 12 residues at the N-terminus that 
can be cleaved to yield N-terminal Asn [121] by 
an antiplasmin cleaving enzyme (APCE) [122]. 
Both forms are equally represented in plasma 
[123]. The N-terminal cleavage is important 
because it reveals Gln2, in the processed, Asn 
form, the Gln2 being cross-linked to Lys 303 of 
the fibrin(ogen) Aα-chain by FXIIIa [124, 125]. 
In contrast, in the Met form, Gln2 is blocked 
[126]. Fibrin to which α2AP is cross-linked resists 
lysis by plasmin, and this observation was central 
to the discovery of the first human deficiency of 
α2AP [124]. Consistent with this, antibodies that 
react specifically with cross-linked α2AP stimu-
late lysis of fibrin [127].

Comparison of α2AP with other members of 
the serpin family reveals that it has a C-terminal 
extension of some 50 residues [121]. This full- 
length form and a shortened form are both 
detectable in normal human plasma [128]. The 
full-length form binds plasminogen but the 
processed form, which is still a potent inhibitor 
of plasmin, cannot bind plasminogen [129]. 
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The enzyme responsible for this C-terminal 
cleavage has not yet been characterized. The ratio 
of two forms, plasminogen binding to non-bind-
ing, is approximately 2:1 in plasma. This was still 
true even in advanced liver cirrhosis [58], despite 
the impaired synthesis of α2AP in these patients.

Binding of α2AP to plasminogen competes 
with the plasminogen-fibrin interaction, as it 
occurs via the same lysine binding site (Fig. 5.4). 
Plasmin formed on fibrin is therefore relatively 
protected from the action of α2AP [130], a key 
finding in the control of fibrinolysis [130]. The 
experimental basis for this concept used lysine 
analogues, in the presence of which α2AP was 
about 100 times less effective in inhibiting plas-
min [119]. The exact Lys residues responsible for 
binding the C-terminal region of α2AP to plas-
minogen are not conclusively defined. Studies 
have shown a major effect of Lys452, but that 
other internal Lys residues “tether” the kringles 
[131, 132]. A different study, in which Lys resi-

dues were systematically mutated, suggested that 
Lys436 had the greatest effect [133].

Thrombin-activatable fibrinolysis inhibitor 
(TAFIa; also known as carboxypeptidase B, U, R 
[134] and CPB2 gene product [135]) removes 
C-terminal lysyl residues from fibrin, which, as 
previously stressed, are important in the binding 
of plasminogen [136]. TAFI is produced as a 
zymogen (or procarboxypeptidase) and is acti-
vated by the thrombin/thrombomodulin complex 
[137] or by plasmin in the presence of glycosami-
noglycans [138]. Its activation by thrombin makes 
it an important molecular link between fibrinoly-
sis and coagulation [139]. TAFI is produced in the 
liver but there is considerable variation in normal 
circulating concentrations [136, 140] and only a 
fraction need be activated for full physiological 
impact [137]. Its activity is controlled by its insta-
bility, with an effective plasma half-life of only 
about 10 min [141]. The function of TAFIa was 
shown in clot lysis assays; potato tuber carboxy-

Fig. 5.4 Localization 
of plasmin(ogen) and 
tPA on fibrin; 
interference by 
α2-antiplasmin. Fibrin 
binds plasmin(ogen) and 
tPA directly and acts as 
a cofactor in 
plasminogen activation, 
thereby augmenting its 
own destruction. 
α2-Antiplasmin (α2AP) 
can bind to 
plasmin(ogen) in 
solution, obstructing 
binding to fibrin. α2AP 
is also cross-linked to 
fibrin, via the action of 
factor XIIIa, which 
prevents plasmin from 
binding to fibrin and 
neutralizes the plasmin 
activity. These events 
hamper plasminogen 
activation on fibrin and/
or inhibit plasmin 
activity, thereby limiting 
fibrin degradation

N. J. Mutch and C. S. Whyte



61

peptidase inhibitor relieves the inhibition [139, 
142]. This approach and more sensitive and spe-
cific assays for TAFIa have shown that the car-
boxypeptidase must be maintained at a threshold 
level to be effective in modulating fibrinolysis; 
this level fluctuates in relation to plasmin concen-
tration [143]. Several polymorphisms in the TAFI 
gene have been reported, resulting in four iso-
forms [144, 145]. These isoforms explain the nor-
mal wide range in concentration, but do not 
correlate strongly with disease [145, 146]. 
Thr325Ile polymorphism has been shown to be an 
independent risk factor for ST acute myocardial 
infarction in a Mexican population [147]. Elevated 
TAFI appears to be a mild risk factor for venous 
thrombosis [148], and it also increases in inflam-
mation, correlating with other acute-phase mark-
ers [149]. Contrary to this, patients recently 
suffering a myocardial infarction have been 
shown to have lower levels of TAFI [150].

Increased fibrinolytic activity in haemophilia 
patients is explained by defective TAFI activa-
tion. Most thrombin is formed after clot forma-
tion, mainly by back activation of FXI by 
thrombin, with deficiencies in FXI resulting in a 
mild to moderate tissue-specific bleeding disor-
der (haemophilia C). In the absence of FXI, clots 
lyse more readily [151], which is associated with 
the loss in feedback activation of FXI by throm-
bin [152]. The enhanced generation of thrombin 
augments TAFI activation stabilizing clots 
against premature lysis [153, 154]. In line with 
this, defective TAFI activation in congenital hae-
mophilia A is associated with uPA-mediated joint 
bleeding [155]. Addition of TAFI, thrombomodu-
lin or factor VIII to haemophilia A plasma 
restores normal fibrinolysis [156]. Consistent 
with this, incorporation of anti-factor XI antibod-
ies or inhibition of TAFIa in a rabbit model 
resulted in an almost twofold increase in endog-
enous thrombolytic activity [157].

We described earlier the potential contribution 
of the contact pathway in facilitating  plasminogen 
activation. The role of FXIa in sustaining throm-
bin generation and therefore TAFI activation 
implicates the contact pathway in antifibrinolytic 
as well as profibrinolytic mechanisms. Indeed, 
abnormal clot structure and sensitivity to fibrino-

lysis have been described to help predict the risk 
of bleeding tendency in severe and partial FXI 
deficiency [158, 159].

 Other Inhibitors

In most situations, α2AP, PAI-1 and TAFI are the 
major gatekeepers in the regulation of plasmin 
generation and activity, but there are other inhibi-
tors that may function in specific circumstances, 
which will now be introduced briefly.

PAI-2 is an inhibitor of uPA purified from 
human placenta and the cell line U-937 [160, 
161]. The role of PAI-2 as a PA inhibitor has been 
questioned [162], as mice deficient in PAI-2 do 
not present any major haemostatic abnormalities 
[163]. The intracellular location of this serpin and 
the fact that it is a much poorer inhibitor of uPA 
and tPA [161] have led researchers to believe that 
its functions may lie outside the haemostatic cas-
cade. In the circulation, monocytes are the main 
reservoir of PAI-2 [164] and may increase fibrin 
stability on migration into thrombi, particularly as 
PAI-2 is cross-linked to fibrin [165]. Interestingly, 
deficiency of PAI-2 is found to interfere with 
venous thrombus resolution in mice [166], most 
likely due to the instigated inflammatory response. 
PAI-2 is not normally detected in normal plasma, 
except in pregnancy, where it rises steadily to 
reach approximately 250 ng/mL by the third tri-
mester [167]. In placental dysfunction413,414 and 
intrauterine growth retardation [168–170], the 
rise in plasma PAI-2 is much smaller, highlighting 
its importance in normal foetal development. 
PAI-2 also occurs in plasma of patients with acute 
myeloblastic leukaemia (M4 and M5, [171]) and in 
patients with sepsis [172]. Local PAI-2 activity 
appears to be relevant to a number of cancers, and 
studies on the function of this serpin in these set-
tings may provide further clues to its true biologi-
cal role [173, 174].

α2-Macroglobulin (α2M) is a non-serpin 
inhibitor of wide specificity. This breadth of tar-
gets and its relatively high plasma concentration 
(2.5 g per L, 3 μM) make it an effective stand-in 
inhibitor that contains the activity of many prote-
ases, including plasmin, tPA and uPA [57]. α2M 
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is a tetramer made up of a pair of dimers contain-
ing two reactive sites. When proteases are inhib-
ited by α2M, they generally retain activity towards 
small peptide substrates, but are unable to cleave 
larger targets.

C1-inhibitor is a highly glycosylated serpin 
that directly modulates the activity of C1r and 
C1s proteases of complement C1. It also inhibits 
the contact proteases, FXIIa, FXIa and PKa, as 
well as tPA, plasmin and uPA.  It circulates in 
plasma at a relatively high concentration 
(1.7  μM). When tPA is in excess over PAI-1, 
complex formation with C1-inhibitor is observed 
[23, 58, 175]. Its diverse targets suggest that it 
would function in regulating contact phase–
dependent fibrinolysis and the conversion of 
scuPA to uPA (Fig. 5.3). Indeed, peripheral blood 
mononuclear cells from patients with hereditary 
angioedema (HAE), arising from a deficiency in 
C1-inhibitor, express elevated levels of uPAR 
[176]. HAE is also associated with aberrant fibri-
nolytic activity as a result of dysregulated plas-
min generation and inhibition. Indeed, during 
activation of fibrinolysis, approximately 15% of 
plasmin inhibition is reportedly accounted for by 
C1-inhibitor [177]. The increase in bradykinin 
generation in HAE patients will also augment 
tPA release from the endothelium.

 Regulation of Plasmin Generation 
and Activity

So far, we have highlighted three important con-
cepts: zymogen activation, protease inhibition 
and, crucially, the role of fibrin in promoting acti-
vation of plasminogen and protecting plasmin 
from inhibition. Further discussion requires con-
sideration of particular situations, so we will now 
examine the balance of the various proteases and 
inhibitors in plasma, on platelets, cell surfaces 
and thrombi.

 Plasma Balance

Plasminogen, the central player of the fibrinolytic 
system, circulates at approximately 5 orders of 

magnitude higher than tPA and scuPA (Table 5.1). 
Plasminogen is turned over relatively slowly, 
with a half-life of 2.2 days for Glu-plasminogen 
and 0.8 days for Lys-plasminogen, while tPA and 
scuPA have plasma half-lives of only minutes. 
From this we can infer that the rates of synthesis, 
release and clearance are low for plasminogen 
and much higher for the PA, illustrating the more 
dynamic part of the system. Similar consider-
ations apply to the main inhibitors. PAI-1 is pres-
ent in plasma at only 400  nM, while α2AP 
circulates at 1  μM, and again the plasma half- 
lives are in marked contrast.

Fibrinolytic activity is not normally detectable 
in plasma because plasminogen is a true zymo-
gen, and therefore inactive, while the one active 
PA in plasma, tPA, is normally controlled by an 
excess of PAI-1. Even if the concentration of 
PAI-1 were insufficient for full neutralization, 
then α2AP, C1-inhibitor and α2M would act as 
backup inhibitors. The other potential activator, 
scuPA, is not sufficiently active to initiate the 
process of plasminogen activation, as prior acti-
vation by plasmin or kallikrein is necessary. Any 
trace of plasmin generated in plasma would be 
quickly neutralized by α2AP, again endorsed as 
necessary by other inhibitors, especially α2M. So 
the quiescence of the system, in plasma, is main-
tained by tight control of protease activity, both at 
the level of existence of plasminogen as a zymo-
gen and at the level of control by inhibitors, pri-
marily PAI-1 and α2AP.

 Cellular and Platelet Contributions

While the central role of fibrin in controlling acti-
vation of plasminogen and protection of plasmin 
has been appreciated for several years [130], we 
are now aware that many of the same general 
characteristics apply to cell-based or platelet- 
based fibrinolysis. That is, more efficient activa-
tion of plasminogen occurs on the surface of 
cells, while cell-bound plasmin is protected from 
inhibition by α2AP [178]. Plasminogen binding 
to circulating cells, including monocytes, neutro-
phils and platelets, was first reported in 1985 
[179]. Binding to platelets is now known to occur 
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in distinct locations, dependent on the specific 
subpopulation [180]. The proteins responsible 
for binding vary from cell to cell but include 
PlgRKT, α-enolase, S100A10 (functioning with 
annexin A2), actin, cytokeratin 8 and integrins 
αIIbβ3 and αMβ2 (reviewed by [181]). The binding 
of plasminogen to these receptors tends to be low 
affinity but high capacity, with some cell-surface 
proteins only found on cells undergoing apopto-
sis. Not all these proteins express the C-terminal 
Lys that is expected of a plasminogen-binding 
protein. PlgRKT is a true membrane protein and is 
synthesized with a C-terminal Lys residue. tPA 
binding to cells occurs via annexin II and also 
directly to PlgRKT [181]. Other reports on tPA 
receptors, which have been characterized in less 
detail [182, 183], may be of the same or similar 
molecules.

uPA and scuPA bind to a well-characterized 
receptor, uPAR (CD87), with high affinity (KD 
10−9 to 10−11 M) depending on the cell type [184]. 
uPAR is not a transmembrane protein but is 
attached to membranes via a glycosylphosphati-
dylinositol (GPI) anchor. Binding of uPA to 
uPAR elicits signalling [185], via other intracel-
lular proteins. Other proteins also bind uPAR, 
including vitronectin and integrins in complex 
with caveolin [186]. The uPA/uPAR complex on 
some cells is associated with Endo 180, also 
known as uPAR-associated protein (uPARAP) 
[187], and has a role in collagen IV internaliza-
tion [188]. uPA bound to uPAR is still inactivated 
by PAI-1 but not as fast as in solution [189]. The 
uPA/PAI-1 complex is then internalized, while 
uPAR is recycled to the surface, a process that 
also involves LRP [61, 190]. uPAR has clear 
roles in migration and metastasis. In terms of 
fibrin degradation, we must distinguish between 
activation by scuPA and uPA. In the case of uPA, 
which can freely activate plasminogen in solu-
tion, binding to uPAR seems not to affect plas-
minogen activation, but the activity of scuPA is 
increased by two orders of magnitude when it is 
bound to uPAR on the surface of monocytes [191, 
192]. An elegant experiment in which a uPA vari-
ant was directly anchored to the cell surface 
showed a stimulation of plasminogen activation 
similar to that achieved by binding to uPAR 

[193]. This is consistent with the principal func-
tion of uPAR being one of localization of uPA to 
the cell surface rather than enhancement of cata-
lytic activity. The same co-localization and recip-
rocal activation of scuPA and plasminogen occurs 
on platelets [50], which do not express uPAR, 
indicating there are additional receptors yet to be 
discovered. Other studies show that cellular bind-
ing of plasminogen and (sc)uPA does not have to 
be on the same cells or surface to facilitate fibri-
nolysis [194].

Platelets make several contributions to clot 
stability and lysis. On the profibrinolytic side, 
activated platelets exhibit endogenous plasmin 
activity [180] and surface-bound plasmin, formed 
from local plasminogen, is afforded protection 
from inhibition by α2AP. On the antifibrinolytic 
side, there is the physical barrier to lysis that 
results from clot retraction, added to which plate-
lets have a pool of FXIII [195] that stabilizes 
fibrin. Further, platelets are a source of the three 
main inhibitors of fibrinolysis, PAI-1, α2AP and 
TAFI (Fig.  5.5). These platelet-derived pools 
result from synthesis and packaging of the inhibi-
tors at the megakaryocyte stage. Indeed, it has 
been reported that while platelets are devoid of a 
nucleus, they are capable of synthesizing large 
quantities of PAI-1 [196]. Recent work has illus-
trated that despite our traditional view that PAI-1 
is released from platelets, a considerable amount 
of active PAI-1 is retained on the activated plate-
let membrane [197]. In terms of activity, platelet 
PAI-1 is less active than plasma PAI-1, but plate-
lets still account for some 50% of the total circu-
lating active PAI-1. The platelet pools of α2AP 
and TAFI are not as substantial, accounting for 
less than 1% of the total blood pool [198, 199] 
and may have functional significance in particu-
lar niches. The interaction of platelets and fibrin 
is regulated by the integrin αIIbβ3 and is key to 
the process of clot retraction. A recent elegant 
study has illustrated that the processes of clot 
retraction and fibrinolysis are mechanistically 
coupled indicating their intrinsic interaction 
in vivo to modulate thrombus size [200].

Studies on human thrombi reveal that the 
inhibitors of fibrinolysis, especially PAI-1, accu-
mulate in great excess over proteases [201, 202], 
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providing an explanation as to why established 
thrombi are often resistant to lysis. Observations 
on human thrombi also show they retain substan-
tial amounts of coagulant and fibrinolytic activity 

[203, 204]. Of course, such diverse material is 
taxing to work on in a quantitative way and there 
are obviously differences in venous and arterial 
thrombi and between mural and luminal thrombi. 

Fig. 5.5 The balance of fibrinolysis in the injured vessel 
wall. Schematic representation of the different modes of 
plasmin formation, inhibition and clearance within a dam-
aged vessel wall, with a partially occluding thrombus. 
Solution, cell-surface and fibrin phases of plasmin forma-
tion are represented. Plasminogen circulates at a relatively 
high concentration (2 μM) and is readily incorporated into a 
forming thrombus by virtue of its fibrin binding capacity. 
tPA is largely derived from the endothelium and only circu-
lates at low concentrations with high turnover. tPA- mediated 
plasminogen activation is slow in solution, but is enhanced 
severalfold when bound to its cofactor, fibrin. uPA is found 
in the circulation and is from monocytes and neutrophils. 
uPA does not exhibit fibrin specificity and readily activates 
plasminogen in solution while bound to its cell surface 
receptor, uPAR. Association of uPA with uPAR provides a 
focal point for plasmin generation. Plasmin degrades fibrin 
into fibrin degradation products, represented here as D 
dimer and DD/E complexes. The system is regulated by sev-
eral inhibitors; only the principal ones are shown here for 
clarity. Complexes of active enzyme and inhibitor are rap-

idly cleared from the circulation via a low-density lipopro-
tein receptor. PAI-1 circulates at low concentrations, but a 
large pool is released from platelets upon activation. PAI-1 
can inhibit tPA and uPA in solution and in the presence of 
fibrin or cell surfaces, but this latter process is generally less 
efficient. α2- antiplasmin (α2AP) is abundant in plasma and a 
minor pool is also released from activated platelets. α2AP 
inhibits plasmin generation in solution, but plasmin formed 
on cell or fibrin surfaces is relatively protected. α2AP is 
cross-linked directly onto fibrin localizing it at the site of 
plasmin generation. TAFI is found in plasma and platelets 
and can be cross-linked to fibrin. TAFI is activated by the 
thrombin/thrombomodulin complex or plasmin to generate 
TAFIa which downregulates plasminogen activation on 
fibrin, by removing the C-terminal lysine residues that are 
important for the binding of plasminogen to fibrin. This 
intricate sequence of events and interactions modulate fibrin 
accumulation in the body in a precise and coordinated man-
ner. The many different feedback loops and surfaces 
involved localize reactions thereby preventing excessive 
plasmin generation in the circulation
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Our studies in Chandler model thrombi showed 
that these thrombi lyse spontaneously, with fibri-
nolytic activity that could be ascribed primarily 
to uPA but to a lesser extent to tPA, elastase and 
cathepsin G [205]. This spontaneous generation 
of fibrinolytic activity [204] was dependent on 
polymorphonuclear cells, primarily neutrophils, 
generating local uPA activity on uPAR [205]. 
Plasma α1-antitrypsin was crucial in protecting 
the activity from neutrophil elastase [206]. The 
integrin αMβ2 is important in the generation of 
such local activity [207]. Discovery of a role for 
local uPA in thrombus lysis ran counter to the 
usual proposition that tPA’s role is fibrin degrada-
tion and uPA mediates other cellular events. 
There is, however, compelling support for it from 
a number of other studies, including failure of 
thrombi from uPA gene knockout mice to resolve 
[208]. In that model, the uPA activity was associ-
ated primarily with monocytes, which migrate 
into thrombi [209] and express fibrinolytic activ-
ity [44]. Indeed, monocyte-bound uPA has been 
shown to reduce thrombus size in a model of 
venous thrombosis [210].

 Questions That Remain

 What Initiates Fibrinolysis?

The available evidence suggests that the Glu- 
plasminogen to Lys-plasminogen conversion is 
the initiating event. It has the required features of 
leading to large-scale amplification as the plas-
minogen binding sites on fibrin are revealed by 
partial lysis, and formed plasmin is protected 
from α2AP. Part of the same question is which PA 
is responsible for the first molecules of plasmin 
that allow Glu-plasminogen to be converted to 
Lys-plasminogen? In the context of fibrin, with 
no cells or platelets, it may be tPA, a few mole-
cules of which may be free of PAI-1, that pro-
vides initiation, especially since its single-chain 
form is active and not as readily inactivated by 
PAI-1. This has been suggested by Thorsen 
(1992) in his well-established biphasic lysis 
[211], where a small amount of plasminogen on 
fibrin fibres is activated and then degrades fibrin 

to generate C-terminal lysine residues that bind 
additional plasminogen and perhaps tPA, leading 
to the second faster phase of tPA-mediated fibri-
nolysis [212]. The molecular interactions and 
specific binding sites involved have been exten-
sively reviewed [30]. Experiments using tPA 
variants show that the finger domain of tPA plays 
a more dominant role in the interaction with 
fibrin than the kringle 2 interaction with 
C-terminal lysine residues [213]. This suggests 
that it is the binding of plasminogen to partially 
degraded fibrin, and thus subsequently the open-
ing of the closed to open confirmation, that is the 
crucial step in the rapid second phase of fibrino-
lysis. This central role of plasminogen may sug-
gest that the PA responsible for activation is less 
crucial than previously assumed. Our experi-
ments with TAFI demonstrated a similar delay in 
lysis regardless of the PA used [214] and we 
interpreted this as plasminogen primarily con-
trolling fibrin-bound plasmin generation.

If a cell membrane is present, then it may be 
scuPA, bound to cellular uPAR or on platelets, 
that yields the initial protease activity. This is 
suggested on the basis of several experimental 
systems, including data showing that the ordered 
addition of scuPA and then tPA [215] is poten-
tially more effective than either agent alone. Our 
own work on Chandler model thrombi underlines 
the importance of the scuPA/uPA system in spon-
taneous lysis [205] but affirms the involvement of 
other proteases, especially tPA [204]. When in 
association with cellular uPAR, scuPA binds 
PAI-1 and other serpins reversibly [89]. This has 
been interpreted in terms of receptor-bound 
scuPA initiating proteolytic activity, with conver-
sion to uPA achieving inhibition thereby regulat-
ing the activity [216].

 How Best to Measure Fibrinolysis?

Fibrinolysis, like other cascade systems, coagula-
tion and complement, can be studied by various 
means. Individual components can be quantified, 
either as antigen or activity, and under defined 
situations can provide clear answers. However, 
the complexities of the system mean that a change 
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in one factor can influence measurements of 
another and therefore it is important to interpret 
results with caution. As an example, tPA activity 
is challenging to measure in plasma, as it is at the 
limit of detection of most assays. Elevated PAI-1 
may depress the activity that is measured. 
Frequently, a manipulation of plasma is neces-
sary to reveal tPA activity, including acidification 
of plasma or preparation of a euglobulin fraction, 
where tPA, plasminogen and fibrinogen are 
retained. Most inhibitors are removed but about 
50% of PAI-1 is retained [100], and these facts 
must be borne in mind for valid interpretation. As 
mentioned previously, circulating tPA is variable, 
whether at the level of synthesis or release; there-
fore, it is vital to consider the time course as each 
sample represents a snapshot. Rapid hepatic 
clearance of tPA and of tPA-PAI-1 complex from 
the circulation rapidly restores the system to nor-
mality, allowing key events to be overlooked.

It is often essential to measure more than one 
analyte for a fuller appreciation of the system. 
Ideally, the aim is to know how much enzyme is 
free and/or active and how much has been con-
verted to a complex, such as tPA-PAI-1. A com-
bination of ELISA and activity assays may 
provide a clear picture, but only if the specificity 
of the ELISA is known in some detail. Ideally, 
measurement of PA would be complemented by 
examining a consequence of the elevation, for 
instance, the fibrin degradation products pro-
duced, which of course reflects the presence of 
the fibrin substrate, or generation of the plasmin- 
α2AP complex. The essential feature of ELISA 
for a complex is the use of antibody to one of the 
proteins, e.g. α2AP, as a capture system and an 
antibody to the second moiety, e.g. plasmin, in 
the detection system. The capture antibody in this 
example will bind free α2AP and α2AP in com-
plex, giving rise to potential competition and 
misrepresentation of the results. This element 
limits the use of these assays to situations where 
the free protein is decreased, for instance, in liver 
disease, where α2AP is lower than normal. Other 
approaches to measuring overall fibrinolytic 
activity in plasma include measurement of a zone 
of lysis on a fibrin plate, clot lysis assays and 
zymography. Recently, a method which com-

bines magnetic immunocapture of leukocyte- 
derived microvesicles and chromogenic 
measurement of plasmin generation has been 
described [217]. These can all be useful but there 
are limitations associated with most individual 
assays. For instance, in plasma clot lysis assays, 
the effects of FXIIIa cannot be reproducibly 
observed [218]. In addition, the overwhelming 
effects of α2AP make it difficult to see inhibition 
by PAI-1. Failure to be alert to such consider-
ations gives rise, in the literature, to many inap-
propriate interpretations about the relative 
importance of particular proteases or inhibitors. 
In all assays, the balance of enzyme to inhibitor 
ought to be as close to physiological as possible. 
When tPA is added, it should be at a low concen-
tration, always remembering that it is a catalyst, 
not a reagent that is consumed. The literature 
abounds with examples where PA are added at 
high concentrations, simply to speed up the assay. 
This distorts a system that is designed to be deli-
cately poised and generates artefacts of the 
experimental system rather than a true reflection 
of what goes on in vivo.

Detailed analysis of the fibrinolytic system is 
only practical for small numbers of samples, but, 
for large clinical cohorts, the aim is to obtain an 
insight from a limited number of assays. Not sur-
prisingly this has promoted the use of overall 
measures of activity, such as global assays of 
fibrinolysis, which have inherent advantages and 
some limitations. Thromboelastography is rapid, 
widely available and easily applicable to large 
sample sizes. However, most studies add tPA as a 
stimulus. In this situation, added enzyme should 
be kept to a minimum, to avoid generating results 
that are far from physiological. Another global 
assay quantified fibrin degradation products after 
collection of blood samples onto thrombin [219]. 
Comparison of samples with and without apro-
tinin gives a measure of global fibrinolytic capac-
ity, an approach that has proved useful clinically 
[220]. It should be noted that thrombin greatly 
enhances endogenous fibrinolytic activity, prob-
ably by inactivation of PAI-1 among other mech-
anisms. This consideration serves as a useful 
aide-mémoire that fibrinolysis is not an indepen-
dent system. As Ratnoff reminds us, “The coagu-
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lation, fibrinolysis, complement and kinin 
pathways are studied separately by scientists for 
their convenience. In life, they form a seamless 
web” [221]. Undoubtedly, we choose our 
approaches and molecules of interest to us, and 
may well ignore other players, by virtue of the 
experimental system used. These choices may be 
convenient, but we must bear in mind the selec-
tion bias introduced into the system.
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 Thrombin Activation Controls  
Fibrin Deposition

Thrombin (factor IIa) is the ultimate protease in 
the clotting cascade, and the enzymatic steps of 
prothrombin cleavage leading to thrombin activa-
tion limit the rate of the coagulation process. 
Thrombin catalyzes fibrin formation and plays a 
key regulatory role in determining flux through 
the cascade (Fig. 6.1). Even slight deviations in 
the balance defining essential and pathologic 
thrombin generation result in bleeding and 
thrombotic disorders, demonstrating the critical 
significance of thrombin in hemorrhage control.

In the cell-based model of coagulation, enzy-
matic reactions occur in three stages of thrombin 
generation regulated by cell surfaces: initiation, 
amplification, and propagation [1]. Initiation 
occurs after damage to the vascular endothelial 
lining exposes subendothelial tissue factor to 
flowing blood. Exposed tissue factor binds to 
subnanomolar concentrations of plasma factor 
VIIa forming the extrinsic tenase complex and 
catalyzing the formation of factor Xa and factor IXa. Low levels of thrombin formed by factor Xa 

(insufficient to cleave fibrinogen) catalyze the 
proteolytic activation of factors XI, V, and VIII as 
well as platelets to greatly amplify flux through 
the cascade. Factor IXa functions as the protein-
ase in the intrinsic Xase complex, and in conjunc-
tion with the nonenzymatic cofactor, factor VIIIa 
bound to platelets adhered and activated at sites 
of injury also activates factor X to factor Xa.
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Fig. 6.1 The rate and extent of fibrin formation 
depends on thrombin. Relationship between thrombin 
activation (red) and fibrin formation (blue) over time in 
minutes following initiation of coagulation. In the initia-
tion phase, positive feedback reactions enhance flux 
through the cascade to yield an explosive increase in 
thrombin formation in the propagation phase. Termination 
results following initiation of the anticoagulant reactions 
and elimination of proteinases by reaction with serpins. 
Fibrin formation coincides with the burst of thrombin 
generation
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Additional factor IXa is formed following activa-
tion of factor XI by thrombin or via the contact 
pathway. Factor Xa complexes with factor Va to 
form the prothrombinase complex, which acti-
vates prothrombin to thrombin. Together, these 
proteolytic reactions drive a coagulation “explo-
sion,” dramatically amplifying thrombin genera-
tion [2]. The resulting thrombin then cleaves 
fibrinogen to form an insoluble fibrin clot at the 
site of vascular injury.

Thrombin also plays a central role in the 
endogenous anticoagulation and fibrinolytic pro-
cesses that limit clot extension and prevent path-
ological venous and arterial thrombosis. 
Conditions of flow in patent blood vessels  – in 
contrast to the static conditions behind a platelet 
dam – favor prothrombin cleavage via an alter-
nate pathway to produce meizothrombin. 
Meizothrombin has anticoagulant properties, 
binding to thrombomodulin on endothelial cells 
to catalyze protein C activation and downregulat-
ing flux through the cascade by catalyzing the 
inactivation of factors Va and VIIIa. The clotting 
process is ultimately shut down by the irrevers-
ible inhibition of thrombin and the other serine 
proteases of coagulation by serine protease inhib-
itors (SERPINs), such as antithrombin III and 
alpha-2 antiplasmin, that circulate at high con-
centrations in plasma and act as suicide substrates 
[3]. These endogenous anticoagulants prevent 
spontaneous thrombus formation and balance the 
extent of hemostasis with the degree of injury. 
Thrombin also has bidirectional impacts on fibri-
nolysis, increasing fibrinolysis through inactiva-
tion of plasminogen activator inhibitor type 1 and 
suppressing fibrinolysis through activation of 
thrombin-activatable fibrinolysis inhibitor [4].

The different reactions comprising the coagu-
lation response and fibrinolysis do not proceed in 
discrete phases, but, rather, occur contemporane-
ously. The relative contributions of the procoagu-
lant, anticoagulant, and inhibition reactions on 
the rate, amplitude, and total amount of thrombin 
produced determine the resultant fibrin clot for-
mation and subsequent degradation. Because of 
its key and opposing roles in the regulation of 
coagulation, it logically follows that physiologi-
cal perturbations which impact thrombin genera-

tion after severe trauma  – or during 
resuscitation – will carry significant risk for dys-
regulation of the hemostatic response.

 Membrane-Dependent Interactions 
Are Required to Catalyze Thrombin 
Formation

The prothrombinase complex assembles through 
reversible protein–protein and protein–mem-
brane interactions on cellular membranes con-
taining phosphatidylserine (Fig. 6.2). A wealth of 
biochemical and biophysical insights into the 
assembly and function of prothrombinase have 
been derived from studies using purified proteins 
and primarily synthetic phospholipid vesicles 
containing an optimal ratio of phosphatidylcho-
line and phosphatidylserine. In vivo, the mem-
brane components important for prothrombinase 
complex assembly include those provided by 
activated platelets [5], red blood cells [6], and 
microparticles [7].

All components – protease, cofactor, and sub-
strate – bind reversibly to membranes containing 
phosphatidylserine. Factor Xa and prothrombin 
are vitamin K-dependent proteins. These proteins 
contain an N-terminal domain called a Gla 
domain that contains multiple glutamic acid resi-

Fig. 6.2 Membrane-assembled prothrombinase. 
Prothrombinase assembles through membrane-dependent 
interactions between the cofactor (factor Va) and the pro-
tease (factor Xa) on membranes containing phosphatidyl-
serine. The complex cleaves the zymogen prothrombin 
(II) to active thrombin (IIa) and the activation peptide 
fragment 1.2 (F12). (Modified from reference [15])
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dues that are γ-carboxylated in a vitamin 
K-dependent reaction. The Gla domain mediates 
protein binding to negatively charged membranes 
in a Ca2+-dependent manner [8]. Unlike the vita-
min K-dependent proteins, membrane binding by 
factor Va is not Ca2+-dependent and likely occurs 
through the two discoidin-like C domains at its 
C-terminus [8].

Although factor Xa by itself is a competent 
serine protease with a fully formed active site, 
alone, it serves as a poor catalyst toward pro-
thrombin. Addition of saturating concentrations 
of membranes and the cofactor Va dramatically 
improves the steady-state kinetic constants for 
prothrombin activation (Table  6.1). These 
improvements in substrate affinity and catalytic 
activity of factor Xa, attributed to the effects of 
membranes and the cofactor factor Va, result in a 
500,000-fold increase in the rate of thrombin for-
mation at the physiological concentration of 
prothrombin.

This phenomenon of cofactor-dependent 
enzyme activity is generalizable to the entire 
coagulation cascade, as comparable functional 
changes accompany the assembly of other coagu-
lation enzyme complexes containing homolo-
gous constituents that interact in an analogous 
way [8]. These functional effects are important, 

on the one hand, because they promote highly 
accelerated zymogen activation at the site of vas-
cular damage leading to rapid clot formation. On 
the other hand, the paradoxically poor activity of 
the protease alone in the absence of membranes 
and cofactor limits thrombin formation beyond 
the site at which damaged or activated cells 
expose phosphatidylserine. Factors Xa and Va 
interact with a physiologically irrelevant affinity 
(Kd ~2  μM) in solution. Enzyme assembly 
requires the initial and independent binding of 
factors Xa and Va to the membrane surface fol-
lowed by their surface-limited interaction to form 
prothrombinase with ~1000-fold enhanced affin-
ity (Kd ~1 nM) [11, 12]. On the membrane sur-
face provided by activated platelets, factor Va 
binding is absolutely essential for factor Xa bind-
ing and forms at least part of the receptor for fac-
tor Xa [13]. Protein–protein and protein–membrane 
interactions further contribute to enhanced affin-
ity and permit prothrombinase to assemble effi-
ciently at picomolar concentrations, far lower 
than that predicted from knowledge of the indi-
vidual binding constants [11].

Because prothrombin can also bind mem-
branes, it follows that similar phenomena must 
apply to its delivery and cleavage by the 
membrane- assembled enzyme. However, the con-
tribution of the thrombin–membrane interaction 
to the rate of prothrombin activation is substan-
tially less, as thrombin formation is only decreased 
by fourfold for a prothrombin variant lacking 
γ-carboxylated glutamic acid residues [14].

 Prothrombin Activation

The enzymatic mechanisms regulating prothrom-
binase specificity, the ordered and sequential 
cleavage of prothrombin, and the steps involved 
in the transition from zymogen (prothrombin) to 
protease (thrombin) were elucidated through a 
series of elegant biochemical experiments by 
Krishnaswamy and others [15]. Thrombin forma-
tion requires proteolysis at two sites within pro-
thrombin. Consequently, there are two possible 
pathways for prothrombin activation (Fig.  6.3). 
Initial cleavage of prothrombin following Arg271 

Table 6.1 Prothrombin activation requires mem-
branes and cofactor. Kinetic constants and relative rates 
of prothrombin activation by prothrombinase alone or in 
the presence of saturating concentrations of membranes 
and the cofactor Va

Substrate Prothrombina

Enzyme 
speciesb

Km 
(μM)

Vmax/ET 
(s−1)

Relative 
ratec

Xa 84 0.01 1
Xa/PCPS 0.7 0.05 203
Xa/Va/PCPS 0.4 108 512,000

aKinetic constants for bovine prothrombin cleavage by 
bovine Xa alone [9], or for the activation of human pro-
thrombin by human enzyme constituents in the presence 
of membranes [10]
bThe enzyme species correspond to Xa alone, Xa satura-
bly bound to phosphatidylcholine and phosphatidylserine 
(PCPS) membranes, and Xa assembled into prothrombi-
nase (Xa/Va/PCPS) using saturating concentrations of 
membranes and Va
cRelative rates at 1.4 μM prothrombin calculated from the 
steady-state kinetic constants

6 Thrombin Formation
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yields the N-terminal pro-piece fragment 1.2 
(F12) and the zymogen prethrombin 2 (P2), 
which is then further cleaved following Arg320 to 
yield the disulfide-linked two-chain form of 
thrombin. Cleavage of the bonds in the opposite 
order yields the active protease meizothrombin 
(mIIa) as an intermediate. Its subsequent process-
ing at Arg271 yields the final reaction products.

The cleavage pathway that predominates is 
dependent on the presence of factor Va and either 
adequate phosphatidylserine content of mem-
branes or the ability of prothrombin to bind the 
membrane surface [16]. In the absence of factor 
Va, the reaction proceeds primarily via cleavage 
at Arg271 leading to the formation of P2 and F12 
as intermediates. When prothrombinase is assem-
bled with saturating concentrations of factor Va 
and membranes with high phosphatidylserine 
content (25% w/w), such as on activated endothe-
lial cells, red blood cells, and cell-derived mic-
roparticles, prothrombin activation proceeds 
essentially exclusively via initial cleavage at 

Arg320 and the formation of meizothrombin as an 
intermediate [17].

On the membrane surface of activated plate-
lets, prothrombin cleavage via prothrombinase 
proceeds via initial cleavage at Arg271 to yield the 
P2 intermediate followed by cleavage at Arg320 to 
produce thrombin [18]. Use of the P2 pathway 
optimizes the procoagulant activity expressed by 
activated platelets by limiting the anticoagulant 
functions of the alternate intermediate, 
meizothrombin. In further support of this notion 
is the observation that prothrombinase assembled 
on activated platelets under flow at typical venous 
shear rates does not release P2 and is rapidly con-
verted to thrombin [19]. Therefore, on platelets, 
the conventional pathway prevails and the only 
active product is activated thrombin. However, 
phosphatidylserine expression on activated endo-
thelial cells, red blood cells, and cell-derived 
microparticles can upregulate  meizothrombin/
thrombomodulin expression leading to localized 
and/or systemic anticoagulation. As with plate-

Fig. 6.3 Pathways for prothrombin activation. The 
conversion of prothrombin to thrombin results from cleav-
ages following Arg271 and Arg320. Initial cleavage following 
Arg271 yields the pathway on the left and produces the 
zymogen, prethrombin 2 (P2), and the propiece, fragment 
1.2 (F12), as intermediates. P2 requires further processing 
at Arg320 to yield thrombin. The pathway on the right arises 

from initial cleavage following Arg320 which produces the 
protease meizothrombin (mIIa) as an intermediate. Further 
cleavage following Arg271 is required to yield IIa and the 
propiece, F12. The left arm of the pathway predominates 
in the absence of Va while activation almost exclusively 
proceeds through the right arm for prothrombinase. Xa, 
factor Xa; Va, factor Va. (Modified from reference [15])
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lets, factor Xa only binds to red blood cells in the 
presence of factor Va [6]. However, in contrast to 
platelets, prothrombin activation proceeds 
through the meizothrombin intermediate on red 
blood cells [6]. Similar observations have been 
made using microparticles derived from washed 
platelets [20] and isolated from healthy individu-
als or trauma patients (Bouchard, unpublished 
observations).

The cleavage step from meizothrombin to 
thrombin is impacted by blood flow. In static sys-
tems, such as near a fibrin dam, meizothrombin is 
rapidly converted to thrombin [16]. However, 
under flow meizothrombin is a stable product 
[19]. It can bind membranes with approximately 
the same affinity as does prothrombin allowing 
its accumulation on the membrane surface [21]. 
Meizothrombin not only functions as an antico-
agulant by catalyzing protein C activation, but 
also, it is defective in several of the procoagulant 
activities of thrombin [22, 23]. Consistent with 
this is the observation that meizothrombin inhib-
its thrombosis in a mouse model of acute arterial 
injury [24]. However, it is interesting to note that 
thrombin and meizothrombin can activate factor 
XI to XIa with equal efficiency [25]. In addition, 
meizothrombin is not inhibited efficiently by 
heparin–antithrombin and is a potent vasocon-
strictor [26].

 Thrombin and Traumatic Bleeding

Aberrant thrombin generation is one of the fun-
damental mechanisms of trauma-induced coagu-
lopathy [27]. Hemodilution, hypothermia, and 
acidosis contribute to impaired thrombin capac-
ity and coagulopathy, in a “vicious bloody cycle” 
that promotes hemorrhage [28]. Each of these 
three factors independently decreases the enzy-
matic rate of thrombin generation. Hemodilution 
caused by the infusion of crystalloids during 
resuscitation decreases the concentration of 
thrombin and its cofactors. Thrombin activation 
is temperature dependent and optimal at 
37 °C. Hypothermia after trauma, resulting from 
environmental exposure from skin exposure for 
examination and hemorrhage control, or in the 

operating room when the thoracic or abdominal 
cavities are opened, also impairs thrombin gen-
eration. Hypothermia and blood dilution act addi-
tively to impair thrombin generation [29, 30]. 
Similarly, acidosis resulting from anaerobic 
metabolism during shock can further impair 
thrombin generation [31, 32].

Trauma surgery practices including transfu-
sion protocols and damage control surgery 
address iatrogenic causes of coagulopathy and 
improve the capacity for thrombin generation. 
Minimizing crystalloid infusion and the early use 
of plasma will decrease the dilution of thrombin 
and its cofactors. Transfused red blood cells not 
only provide increased oxygen carrying capacity, 
but also promote clot formation by providing 
membrane surfaces to support meizothrombin 
and thrombin formation [6, 33]. Massive transfu-
sion protocols guide rapid resuscitation to help 
prevent or correct metabolic acidosis and coagu-
lopathy. Damage control surgery, staged in mul-
tiple operations over several days, can also help 
prevent hypothermia and the resulting impair-
ment in thrombin generation.

 Thrombin and Pathologic 
Thrombosis After Trauma

The coagulation status of trauma patients may 
oscillate from hypercoagulable to bleeding coag-
ulopathy and back to hypercoagulable in the 
hours and days after injury. Severe trauma 
patients often demonstrate elevated procoagulant 
activity in their blood, both in the acute phase 
immediately following injury and also at later 
time points days or weeks later. This hypercoagu-
lable state predisposes patients to clot formation 
at a distance remote from the site of initial vascu-
lar injury, increasing the risk of systemic pathol-
ogy including venous or arterial thrombosis and 
disseminated intravascular coagulation. These 
complications contribute to morbidity and mor-
tality after trauma.

To some extent hypercoagulability may be 
explained by elevated expression of tissue factor 
following tissue damage. Factor XIa has also 
been shown to be a marker of trauma severity, 
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and alterations in circulating factor XIa may con-
tribute to TIC [34]. Back-activation of factor XIa 
by thrombin is greatly stimulated by platelet 
polyphosphate, promoting further prothrombin 
activation via activating factor V.  Therefore, 
increased thrombin generation in the context of 
platelet activation can promote a positive feed-
back loop with factor XI.

Other contributors to pathologic thrombosis 
include cellular debris, particularly histones and 
microparticles [35–37]. Transfusion products 
contribute to this process; ageing, leukocyte- 
depleted packed red blood cells generate mic-
roparticles over time [33]. Microparticles may 
influence clot formation via the delivery of coag-
ulation proteins to sites of vascular injury to pro-
mote thrombin generation or sequestration of 
coagulation proteins to dampen the response. 
Trauma patient blood has an increased concentra-
tion of microparticles (approximately fourfold) 
as compared to healthy controls (Bouchard, 
unpublished observations) that more efficiently 
support thrombin generation (Fig. 6.4).

Histones increase thrombin generation by 
impairing thrombomodulin-dependent protein C 
activation [35]. Histones also promote thrombin 
generation via platelet-dependent mechanisms, 
through actions on platelet Toll-like receptor 2 

and 4 [38]. Histones also act on endothelial cells 
through a noncanonical calcium entry pathway 
that impairs vasodilation and leads to calcium 
overload and cell death [39]. This can further 
exacerbate the already hypercoagulable state and 
contributes to inflammation, microvascular 
thrombosis, and multiorgan failure. Elevated lev-
els of histone–DNA complexes correlate with 
adverse clinical outcomes in adult and pediatric 
trauma patients [40, 41]. Blocking the histone- 
mediated cascade has the potential to impact 
clinical conditions including trauma [27].

 Vasomotor, Barrier, 
and Inflammatory Functions 
of Thrombin

Thrombin has additional vascular effects that are 
important for tissue repair after injury. Thrombin 
is a potent vasoconstrictor, recruiting vascular 
smooth muscle to help achieve hemostasis. In 
vascular smooth muscle cells, thrombin acts on 
protease-activated receptors PAR-1, PAR-3, and, 
to a lesser extent, PAR-4 to induce vasoconstric-
tion and also vascular proliferation, migration, 
matrix biosynthesis, and production of inflamma-
tory mediators [42]. The alternate prothrombin 
cleavage product, meizothrombin, has even 
greater vasoconstrictive activity than thrombin in 
arteries [26]. Thrombin promotes permeability 
and leukocyte migration through the endothelial 
barrier, and the endothelial targets of thrombin 
signaling, PAR-1, PAR-2, and PAR-4, contribute 
varying degrees of endothelial Ca2+ mobilization 
via inositol 1,4,5-trisphosphate Ca2+. These 
changes in Ca2+ increase permeability [43].

 Future Directions: Monitoring 
Thrombin Generation During 
Resuscitation

Direct thrombin generation assays (e.g., cali-
brated automated thrombogram) have been used 
to quantify procoagulant activity in several 
 diseases including venous thromboembolism 
[44, 45] and coronary artery disease [46], as well 
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Fig. 6.4 Microparticles from trauma patients support 
increased rates of thrombin generation. Microparticles 
were isolated from plasma from healthy individuals or 
trauma patients as described [33]. Rates of thrombin for-
mation were determined using 10,000 microparticles, 
20 nM FVa, 50 pM FXa, and prothrombin (1.4 μM) using 
a discontinuous assay as described previously [33]. The 
data are expressed as the rate of thrombin formation over 
time for 35 healthy controls or patients. The green and red 
bars represent the mean rate for each population
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as in trauma patients [47]. This technology has 
the potential to identify real-time hypo- and 
hypercoagulable states [48]. Thrombin genera-
tion does not necessarily correlate with plasma-
based assays such as PT or aPTT measurement, 
and whole blood thrombin generation results are 
also distinct from plasma thrombin generation in 
both healthy volunteers and trauma patients [47]. 
Studies to understand thrombin generation in 
trauma are ongoing [27]. Point-of-care measure-
ment of thrombin may provide critical informa-
tion to understand a patient’s coagulation status 
and help guide massive transfusion protocols 
after trauma.
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Platelets

Zachary A. Matthay 
and Lucy Zumwinkle Kornblith

 Introduction and Review of  
Clot Formation

Platelets are small, anucleate, subcellular-derived 
fragments from megakaryocytes, and they are 
key effector cells in hemostasis, vascular homeo-
stasis, and immunoregulation. They provide the 
structure and functions necessary for assembly of 
procoagulant proteins that generate large amounts 
of thrombin, ultimately leading to fibrin polym-
erization and clot formation. The “cell-based 
model of hemostasis” was initially described by 
Hoffman and Monroe and significantly advanced 
conceptualization of clot formation in the setting 
of injury [1]. In their model, clot formation is 
described in three distinct phases: initiation, 
amplification, and propagation. In the initiation 
phase, a break in the vessel wall exposes tissue 
factor leading to binding and activation of clot-
ting factors, including production of small 
amounts of thrombin. Platelets begin to adhere to 
the extravascular matrix and exposed subendo-
thelial cells through interactions with tissue fac-

tor, von Willebrand factor (vWF), and other 
proteins including collagen, forming an initial 
platelet plug. Next, in the amplification phase, 
platelets become activated in large part by throm-
bin and through glycoprotein VI receptor interac-
tions with collagen. These steps result in the 
release and mobilization of large amounts of cal-
cium, which triggers conversion of the platelet 
structure from discoid to spheric and induces 
degranulation with subsequent release of multi-
ple procoagulant factors [2, 3]. These factors 
include adenosine diphosphate, thromboxane A2, 
serotonin, and factor V.  Platelet activation also 
induces conformational changes leading to gly-
coprotein IIb/IIIa activation and enabling its abil-
ity to bind fibrinogen. The platelet cellular 
surfaces allow for co-localization of activated 
clotting factor complexes, resulting in significant 
production of thrombin in the propagation phase, 
ultimately leading to fibrin clot formation [1] 
(see Figs. 7.1 and 7.2).

However, following injury, alterations in 
platelet biology are increasingly recognized and 
implicated in the development of TIC.  Post- 
injury thrombocytopenia is associated with 
bleeding, progression of brain injury, and mortal-
ity [5, 6]. In addition, evidence suggests that in 
the absence of thrombocytopenia, injured patients 
have impaired platelet biology including 
increased platelet activation, impaired platelet 
aggregation, impacts on endothelial and fibrino-
lytic pathways, and changes in  immunoregulation. 
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Fig. 7.1 A Cell Based Model of Coagulation. The three 
phases of coagulation occur on different cell surfaces: 
Initiation on the tissue factor-bearing cell; Amplification 

on the platelet as it becomes activated; and Propagation on 
the activated platelet cell surface. (Modified from 
Hoffman and Monroe [1])

Fig. 7.2 Activation responses of platelets mediate the 
critical events in hemostasis and inflammation. Platelets 
activated by agonists recognized by G-protein-coupled 
receptors, including thrombin, ADP, and TxA2 or by 
immunoreceptors such as GPVI, a collagen receptor, 
deliver outside-in signals to human and murine platelets, 
resulting in rapid and, in some cases, sustained functional 

responses that mediate key events in hemostasis and 
inflammation, and often provide molecular links between 
hemostatic and immune pathways and responses. 
Activated platelets also release microvesicles that can ini-
tiate or amplify hemostasis and inflammation. (Figure and 
caption reproduced with permission from Viera-de-Abreu 
et al. [4])
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These functional changes have primarily been 
studied using ex vivo and in vitro models, includ-
ing flow cytometry, platelet aggregometry, visco-
elastic assays, and more recently, microfluidic 
studies [5, 7–11]. Our understanding of how 
these findings correlate to molecular mechanisms 
and consequent in  vivo pathobiology remains 
incomplete [7–10, 12]. We will highlight key 
studies in the literature and identify future ave-
nues for investigation where gaps in our knowl-
edge lie.

 Platelet Biology in Trauma-Induced 
Coagulopathy

 Thrombocytopenia

Lower platelet counts in trauma patients are 
associated with worse outcomes including 
increased bleeding, progression of intracranial 
hemorrhage, and higher mortality [6, 13]. In 
fact, in traumatic brain injury (TBI), a platelet 
count <100,000/μL was shown to have an nine-
fold adjusted risk of death [13]. The association 
between platelet count and poor outcomes after 
injury is not surprising, given it has been shown 
that platelets contribute significantly more to 
clot strength than fibrinogen, as measured by 
thromboelastography [14]. While decreases in 
platelet number do occur after trauma, which 
may be multifactorial including secondary to 
dilutional effects of resuscitation as well as con-
sumptive processes, the majority of patients 
present with normal platelet counts immediately 
following injury [12] and the primary platelet 
phenotype associated with TIC appears to be 
qualitative in nature rather than quantitative [7, 
8, 10]. Specifically, in two prospective studies 
evaluating platelet activation and aggregation in 
severely injured patients, mean initial platelet 
counts were well within normal ranges (226,000/
μL and 275,000/μL) [7, 8], yet 45% of these 
patients had evidence of impaired platelet aggre-
gation on admission [8]. As is typical, it was not 
until 24–48  h of admission that mean platelet 
counts nadired below 150,000/μL [7, 8].

 Increased Platelet Activation 
and Impaired Platelet Aggregation

Nearly half of trauma patients who present with 
normal platelet counts have evidence of impaired 
platelet aggregation [8]. Multiple authors have 
found significant associations between this 
impaired platelet aggregation and mortality [8, 
10]. In 2001, Jacoby et al. analyzed platelet acti-
vation in 100 trauma patients compared to 10 
healthy controls and showed increased activation 
but impaired aggregation in the trauma group [7]. 
Platelet activation was measured through bio-
marker analysis of translocation of P-selectin, 
glycoprotein IIb/IIIa, and platelet microparticles. 
Platelet aggregation was assessed using a platelet 
function analyzer (PFA-100), which measures 
the time required for shear-induced occlusion of 
porous membranes containing platelet agonists 
(ADP, collagen, and epinephrine) which induce 
clot formation (see Table 7.1 for a description of 
commonly used assays of platelet function in 
trauma). They identified significantly increased 
platelet activation across all trauma patients 
 compared to controls, including increased plate-
let microparticles in non-survivors and in patients 
with TBI [7]. In addition, this study was notable 
in that it identified decreased closure times using 
the PFA-100 on admission compared to controls 
overall (suggesting enhanced platelet-driven clot 
formation); however, closure times were mark-
edly prolonged among non-survivors at all time 
points indicative of impaired clot formation in 
this group. It is hypothesized that endothelial 
damage and the release of tissue factor may play 
a role in platelet activation and impaired platelet 
aggregation (a functional “platelet exhaustion”) 
that is identified in these studies and that is asso-
ciated with worse outcomes, increased transfu-
sion requirements, and mortality [7, 14].

In 2012, Kutcher et  al. published findings 
describing impaired platelet aggregation in 
trauma patients using multiple electrode imped-
ance aggregometry (Multiplate®) [8]. The 
Multiplate® device measures platelet aggrega-
tion by electrical impedance in response to a vari-
ety of agonists in samples of whole blood 
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Table 7.1 Commonly used assays and technologies for assessing platelet function. (Table adapted with permission 
from Lordkipanidzé [15])

Tests of platelet function in trauma
Name of test Methodology Advantages Limitations Applications/uses
Tests with clinical and research applications
Light 
transmission 
aggregometry 
(LTA)

Measures changes in light 
transmission in platelet-rich 
plasma in response to a 
variety of agonists to 
determine platelet 
aggregation

Considered gold 
standard for 
aggregometry, 
widespread use

Time consuming, 
significant sample 
preparation and 
volume required, 
lacks incorporation of 
other circulating 
blood cells, 
endothelium, and 
flow

Identification of 
platelet 
aggregation 
defects
Monitoring of 
antiplatelet 
therapy
Research

Lumi- 
aggregometry

Combines LTA or whole 
blood aggregometry (WBA) 
with measurement of 
nucleotide release as a 
marker of degranulation

Increased 
sensitivity by 
measuring both 
degranulation and 
aggregometry

No common standard 
reference ranges, 
lacks incorporation of 
endothelium and flow

Identification of 
acquired and 
inherited platelet 
storage and 
release disorders

Platelet function 
analyzer
(PFA-100®, 
PFA-200®)

Measures time to shear- 
induced occlusion of 
microporous membrane 
containing agonists using 
whole blood

Incorporates flow 
and shear stress 
effects
Point-of-care 
testing

Dependent upon 
platelet count and 
hematocrit, lacks 
incorporation of 
endothelium

Screening test for 
platelet function 
defects
Research

Plateletworks® Utilizes changes in platelet 
count pre and post 
activation to determine 
aggregation in whole blood

Point of care, small 
volume of blood 
required

Indirect test, lacks 
incorporation of 
endothelium and flow

Used in 
cardiology, 
surgery for 
monitoring of 
antiplatelet drugs

Whole blood 
aggregometry
(WBA) 
(Multiplate®, 
VerifyNow®)

Measures changes in 
electrical impedance in 
response to a variety of 
agonists to determine 
platelet aggregation in 
whole blood

Reproducible
Variety of agonists 
can be tested

Labor intensive, 
missing endothelium 
and flow

Determine 
platelet 
aggregation 
defects
Monitoring 
antiplatelet 
therapy
VerifyNow®: 
automated point 
of care WBA
Research

Tests primarily used for research
Calcium 
mobilization 
assaysa

Measures calcium 
mobilization in response to 
variety of agonists in 
platelet-rich plasma

Provides global 
measure of platelet 
activation

Not in widespread 
use, lacks 
incorporation of other 
circulating blood cells

Research

Flow cytometry Measures markers of 
platelet activation in plasma 
or whole blood using 
fluorescently labeled 
antibodies

Quantifies a variety 
of surface markers 
and cellular 
interactions 
specific to platelet 
activation

Costly, labor 
intensive, lacks 
incorporation of 
endothelium and flow

Research
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(Table 7.1). In this study, they measured platelet 
aggregation in 101 trauma patients and found 
evidence of impaired platelet aggregation in 
response to at least one of four agonists in 45% of 
their pre-resuscitation samples and in 90% of 
patients at some point in their hospitalization [8]. 
Platelet “hypofunction” on admission, defined as 
less than the fifth percentile of reference range 
for the Multiplate® platform, was associated 
with a tenfold increased risk of mortality, lower 
Glasgow Coma Scales, and higher mechanical 
ventilation requirements, independent of platelet 
counts [8]. Out of the four agonists they tested 
(adenosine diphosphate [ADP], arachidonic acid 
[AA], thrombin receptor–activating peptide 
[TRAP], and collagen), impaired responses to 
AA and collagen were predictive of mortality [8]. 
Similarly, Soloman et  al. undertook a similarly 
sized study using impedance aggregometry to 
evaluate platelet aggregation in response to ADP, 
TRAP, and collagen in 163 trauma patients [10]. 
The incidence of impaired platelet aggregation 
was overall lower, but this may be attributable to 
the fact that their population had lower injury 
severity scores. They specifically found that 
impaired responsiveness to ADP and TRAP was 
associated with increased mortality [8, 10].

Microfluidic technologies allow for develop-
ment of ex  vivo models that may more closely 
simulate in vivo clot formation by nature of their 
ability to assess platelet activation and aggrega-

tion and other parameters of clot formation under 
a range of flow and shear stresses (replicating 
arterial or venous pressures; Table  7.1). 
Microfluidic devices have been used to measure 
coagulation status in hemophiliacs and can evalu-
ate the effects of antiplatelet medications [17]. 
These systems can also allow for assessment of 
fibrin polymerization and fibrinolysis, thrombin 
production, and clot stability, and fluorescent 
antibodies can be used to allow for differential 
monitoring of platelets, fibrin, and thrombin [18–
20]. This technology is now being applied to 
evaluate platelet impairments in the context of 
trauma. For example, in a study of 20 trauma 
patients by Li, Diamond, and colleagues, the 
investigators identified reduced platelet aggrega-
tion and collagen response in the trauma group 
compared to controls using microfluidic systems 
[9]. Their data suggested two phenotypes of 
impaired platelet function: some patients had 
impaired aggregation suggestive of dysfunctional 
glycoprotein VI, while others showed impaired 
ability to develop clot after the initial layer of 
aggregating platelets formed, suggestive of 
decreased ADP or TXA2-mediated clot growth 
[9]. They also noted the important role that red 
blood cells play as they promote margination of 
platelets to vessel walls and release ADP, which 
further induces platelet aggregation. Interestingly, 
in this study, there was no correlation between 
impaired platelet aggregation and injury severity 

Table 7.1 (continued)

Tests of platelet function in trauma
Name of test Methodology Advantages Limitations Applications/uses
Microfluidic 
technologies

Miniaturized multichannel 
devices which measure 
aggregation and other 
measures of platelet 
function using whole blood

Ability to modulate 
flow and sheer 
stress
Customizable to 
create multiple 
conditions

Lacks incorporation 
of endothelium and 
signaling

Research

Platelet mapping 
(TEG®-PM™)

Traditional 
thromboelastography (TEG) 
combined with platelet 
agonists, uses whole blood 
sample

Also provides 
overall assessment 
of hemostasis

Limited agonist 
activation, labor 
intensive, lacks 
incorporation of 
endothelium and flow

Research
Point-of-care 
testing

aSee Verni et al. [5] and Lee and Diamond [16] for further reference
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scores or TBI. Other studies have utilized micro-
fluidic systems to delineate mechanisms respon-
sible for clot stability under shear stress [21] and 
to develop more sensitive models of vessel injury 
[18]. However, to date the microfluidic platforms 
available primarily do not incorporate endothe-
lial contributions to platelet behavior, but rather 
focus on the effects of platelet activation and 
shear stress. The absence of the bidirectional 
platelet-endothelial signaling in these models 
remains a major limitation of this technology and 
the majority of other assays of platelet behavior 
(Table 7.1).

 Platelet-Regulated Endothelial 
Integrity

Platelets also have a bidirectional and reciprocal 
relationship with endothelium to promote vascu-
lar homeostasis, and this may have important 
implications for TIC [22]. Platelets regulate and 
maintain the endothelium through release of sev-
eral factors. These include sphingosine-1, which 
stabilizes endothelial cell tight junctions and 
inhibits apoptosis, stromal cell–derived factor-1, 
and others which promote angiogenesis and 
endothelial cell maturation [22]. Conversely, 
endothelial cells also play an important role in 
regulation of platelets, as they promote platelet 
production from megakaryocytes and release 
vWF which mediates platelet aggregation (see 
Table  7.2). This relationship is notable because 
injured patients with the most robust increase in 
platelet activation and impairment in platelet 
aggregation include those with injuries character-
ized by significant tissue and endothelial damage, 
including TBI, higher injury severity scores, 
shock, and death [7, 8].

In a recent study by Kornblith et  al., the 
authors hypothesized that the excessive release of 
vWF from damaged endothelium may provide 
the mechanistic explanation for impaired platelet 
aggregation seen in TBI, since the blood-brain 
barrier is rich in endothelial cells [23]. In a cohort 
of 233 patients, they found impaired platelet 
aggregation in platelet aggregometry in response 

to ristocetin stimulation (which induces platelet 
agglutination mediated by vWF) in patients with 
TBI compared to controls [23]. Ristocetin- 
dependent platelet agglutination is dependent 
upon platelet interactions with vWF. These find-
ings were therefore suggestive of a qualitative or 
quantitative deficit in the vWF axis mediating 
impaired platelet aggregation after TBI, which 
was also supported by an observed increase in 
circulating factor VIII activity (potentially due to 
impairments in qualitative or quantitative carry-
ing capacity of vWF). These findings are signifi-
cant in that they begin to identify alternative 
mechanisms of impaired measures of platelet 
aggregation and therefore potential therapeutic 
targets outside platelet transfusion. Further inves-
tigations are required to better understand the 
relationships between platelets and the endothe-
lium in the setting of injury.

Table 7.2 Summary of platelet-endothelial interactions. 
See Nachman and Rafii (2008) for further reading [22]

Key signaling between platelets and endothelial cells
Factors produced by 
megakaryocytes or 
released by platelets

Impact on endothelial 
integrity

Sphingosine-1 Stabilizes endothelial tight 
junctions, inhibits apoptosis

Vascular endothelial 
growth factor A
Stromal cell–derived 
factor 1
Angiopoietin 1
Epidermal growth 
factor
Brain-derived 
neurotrophic factor
Platelet-activating 
factor
vWF

Proangiogenic cytokines 
and trophogens supporting 
endothelial cell growth
Stabilization of tight 
junctions
Contribute to 
revascularization, tumor 
growth, plaque progression 
[15]

Factors produced by 
endothelial cells

Impact on platelet 
function

Stromal cell–derived 
factor-1
Thrombopoietin
Stem cell factor c-kit 
ligand
Fibroblast growth 
factor-4

Megakaryocyte trophogens

vWF Platelet adhesion and 
aggregation
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 Platelet-Regulated Fibrinolysis

Abnormal fibrinolysis is a central feature of TIC 
that has recently been characterized in large patient 
cohorts [24, 25]. Both excessive fibrinolysis 
(hyperfibrinolysis) and impaired fibrinolysis (fibri-
nolysis shutdown) are present in critically injured 
patients and have significant associated morbidity 
and mortality [24, 25]. Furthermore, research sug-
gests platelets are important regulators of fibrinoly-
sis [26–29]. For example, in  vitro studies 
demonstrated that platelet cell lysate effectively 
inhibits fibrinolysis [26]. The proposed mechanism 
is platelet release of alpha antiplasmin- 2 and plas-
minogen activator inhibitor- 1, which both inhibit 
fibrinolysis [27, 28]. Moore et al. hypothesized that 
in trauma patients, defects in platelet responsive-
ness to agonism might mediate increased sensitiv-
ity to fibrinolysis [29]. In a cohort of severely 
injured patients, the authors identified that although 
there were stronger clots measured by thrombo-
elastography compared to uninjured controls, these 
clots were more sensitive to tissue plasminogen 
activator (tPA)-mediated fibrinolysis, which corre-
lated to platelet inhibition measured by impaired 
response to ADP agonism [29]. At the cellular 
level, platelet- platelet interactions lead to forma-
tion of a dense core of prothrombotic and antifibri-
nolytic platelets within a thrombus, while a 
protective shell of ADP-activated platelets forms 
the exterior [30, 31]. Some degree of inhibition to 
ADP might be adaptive in the setting of trauma in 
order to prevent clot formation in uninjured vascu-
lar beds; however, excessive platelet inhibition to 
ADP may contribute to a hyperfibrinolysis pheno-
type, which is clearly maladaptive and associated 
with worse outcomes and mortality after trauma. 
Additional research is needed to further delineate 
the relationship between platelets and fibrinolysis, 
the associations with outcomes including thrombo-
embolic complications, and potential therapeutic 
interventions.

 Platelet-Regulated Immunoactivation

As our understanding of post-injury platelet biol-
ogy and the multifaceted roles platelets have in 

TIC continue to evolve, platelets are now under-
stood to be not only central mediators of hemo-
stasis, but also important signaling and effector 
cells in the immune and inflammatory response 
to injury. Abnormalities and overactivation of 
these immune and inflammatory properties of 
platelets have been implicated in thrombotic 
events, inflammation, and organ failure [32–36].

In the setting of injury, platelet activation has 
been found to lead to interactions with leuko-
cytes, which was associated with impaired plate-
let aggregation and decreased clot strength [37]. 
Platelets express receptors and release mediators 
that facilitate migration of leukocytes to sites of 
injury and drive expression of inflammatory 
cytokines [38]. For example, thrombin and plate-
let thrombin receptor (PAR4) mediate leukocyte 
recruitment to the platelet plug, and P-selectin 
allows leukocyte interaction with thrombus [39]. 
The interface between hemostasis and the 
immune system facilitated by platelets may be 
beneficial in terms of directing immune cells to 
sites of injury where microbial contamination 
may have occurred (see Fig. 7.3). However, these 
processes are also thought to be maladaptive, par-
ticularly in the setting of shock. Toll-like receptor 
4 (TLR4) is an important receptor expressed on 
platelets which has been studied specifically in 
the setting of hemorrhagic shock [33, 34]. In a 
mouse model, TLR4 knockout mice were 
 protected from shock and the resuscitation-
induced inflammatory response and endothelial 
dysfunction [34]. Toll-like receptors have been 
proposed as a potential therapeutic target to pre-
vent the organ dysfunction associated with resus-
citation following hemorrhagic shock [32].

Although much of the focus in the study of 
TIC has been on states of hypocoagulability, there 
is strong evidence that changes in platelet biology 
and platelet-immune cell interactions may con-
tribute to hypercoagulability and venous throm-
boembolism, which remains an important cause 
of morbidity and mortality after injury [35, 40–
43]. The interaction of platelets with neutrophils 
and monocytes leads to a pro-inflammatory and 
procoagulant phenotype. Binding of platelets to 
neutrophils and monocytes results in the release 
of multiple inflammatory cytokines, platelet mic-
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roparticles, and also increased complement and 
TNF-alpha release [38, 44]. Platelet activation 
also results in the substantial release of platelet 
extracellular vesicles, which have been shown to 
be prothrombotic and contribute to thrombus bur-
den in a murine model of deep vein thrombosis 
[40]. Direct platelet interactions with monocytes 
and release of platelet factor-4 (CXCL4) result in 

increased expression of tissue factor and increased 
levels of both fibrinogen and factor Xa (see 
Fig.  7.4) [44]. Furthermore, platelet monocyte 
aggregation is associated with venous thrombo-
embolism in surgical patients [43]. The role of 
platelet-leukocyte interactions in trauma patients 
merits additional investigation. The CD40 ligand 
is an important antigen expressed on platelets that 

a

b

Fig. 7.3 Adhesive and signaling mechanisms of activated 
platelets mediate critical cell–cell interactions in hemostasis, 
inflammation, and immune responses. (a) The activation of 
platelets mediates platelet–platelet aggregation, platelet–
leukocyte adhesion and intercellular signaling, and interac-
tions with inflamed and injured endothelial cells. Endothelial 
cells release factors that inhibit or modify these interactions, 
including prostacyclin and nitric oxide, under basal and 
stimulated conditions. […] (b) The release of IL-1 by acti-
vated platelets mediates platelet–endothelial interactions. 
The activated human and murine platelets release IL-1  in 
solution and associated with microvesicles. […] IL-1β 
released in microvesicles from activated platelets also 

induces human endothelial cells to bind PMNs. This is con-
sistent with many observations demonstrating that IL-1 is a 
prototypic agonist for “type II” activation of endothelial 
cells, which includes the synthesis and surface expression of 
E-selectin, IL-8, and other chemokines, leading to the adhe-
sion and activation of PMNs and monocytes. IL-1 also 
induces the synthesis of tissue factor dependent procoagu-
lant activity by human endothelial cells. Thus, IL-1-
mediated platelet endothelial interactions have the potential 
to induce and drive key innate and adaptive immune 
responses and to link inflammation and hemostasis. (Figure 
and caption reproduced with permission from Rondina et al. 
[40] and Vieira-de- Abreu et al. [4])
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also appears to play an important role in the pro-
inflammatory and procoagulant response driven 
by injury [45]. In a prospective study of 80 trauma 
patients, Johansson et al. found that higher levels 
of circulating CD40 ligand were associated with 
endothelial injury, shock, coagulopathy, and mor-
tality [45].

In addition, injury leads to release of several 
damage-associated molecular pattern molecules 
(DAMPS). High-mobility group box 1 (HMGB1) 
is a DAMP that has been studied in murine mod-
els of trauma and hemorrhagic shock [35]. In a 
study by Vogel, Neal, and colleagues, transgenic 
mice lacking platelet-derived HMGB1 in a knock-
out model had increased bleeding and decreased 
clot formation, organ damage, and platelet aggre-
gation, suggesting a key role for HMGB1 in the 
development of thrombotic events [35]. HMBG1 
appears to promote thrombosis through formation 

of prothrombotic, neutrophil extracellular traps 
(NETS) [41]. In a murine model of deep vein 
thrombosis (DVT), platelet- derived HMGB1 led 
to increased NET  formation, ultimately promot-
ing the development of DVT [42]. The authors 
showed that platelets deposit HMGB1 on endo-
thelial cells and concluded that this plays a key 
role in DVT development through monocyte 
recruitment and tissue factor production, NET 
formation, and enhanced platelet aggregation 
[42]. They also showed that inhibition of HMGB1 
decreased the extent of thrombus in their murine 
model, suggesting HMGB1 as a possible thera-
peutic target [42]. Continuing to advance our 
understanding of these complex interactions 
between platelets and immune cells will allow for 
the development of new strategies that may pre-
vent and mitigate micro- and macrovascular 
thrombosis and organ failure in trauma patients.

Fig. 7.4 Activated human platelets adhere to monocytes 
and deliver outside-in signals that induce altered func-
tions. […] Binding of P-selectin to P-selectin glycopro-
tein ligand-1 (PSGL-1) basally present on the monocyte 
plasma membrane is critical for this interaction. […] This 
engages members of the integrin family on monocytes, 
potentially amplifying the adhesion provided by 

P-selectin/PSGL-1 and contributing to other adhesive 
interactions with endothelium, subendothelial matrix, or 
other blood cells. Outside-in signals (RANTES, PF4, 
IL-1, PAF, CD40L, etc.) can act in concert with signals 
delivered by the engagement of PSGL-1 as can agonists 
delivered by other cell types. (Modified from Viera-de- 
Abreu et al. [4])

7 Platelets



94

 Limitations of Measuring Altered 
Platelet Biology in Trauma-Induced 
Coagulopathy

As multiple phenotypes of post-injury platelet 
biology ranging from physiologic to maladaptive 
are identified, it has become even more critical to 
recognize the limitations of measuring platelet 
biology in  vitro. Current point-of-care platelet 
assays for use in trauma are largely restricted to 
assays intended for detection of pre-injury plate-
let inhibition by medications such as aspirin or 
clopidogrel (Table 7.1) [2, 3]; however, point-of- 
care testing to determine endogenous platelet 
impairments remains largely unexplored. A lack 
of correlation between viscoelastic assays and 
point-of-care platelet technologies in coagulo-
pathic trauma patients calls to attention the dis-
crepancies present in current testing and the need 
for diagnostic testing validated to assess platelet 
biology in the injured patient [11, 46].

Specifically, the clinical significance of 
impaired platelet aggregation measured using 
ex vivo and in vitro models has its limitations and 
controversies (Table  7.1). Like other agonist- 
based aggregometry assays, Multiplate® was 
designed to test the effect of antiplatelet thera-
pies. Injury has been shown to endogenously 
activate platelets, and therefore one could hypoth-
esize that in the setting of endogenous activation, 
a lack of further response to agonists in vitro may 
be expected and does not necessarily imply plate-
let “dysfunction” or “hypofunction” [46]. 
Impaired platelet aggregation has also been dem-
onstrated in even mildly injured cohorts [11], fur-
ther questioning whether this finding is truly 
clinically significant or rather simply a marker of 
injury. Sirajuddin et  al. studied platelet 
aggregometry in a minimally injured group of 
459 trauma patients with median injury severity 
score of only 5 and found impaired aggregation 
in response to ADP and AA stimulation, albeit 
less than in studies of more severely injured 
patients, but still significantly greater than unin-
jured controls [11]. Additionally, assays such as 
platelet function analyzer (PFA-100) have other 
important drawbacks as PFA-100 is reliant on 
both hematocrit and platelet count, which can be 

initially abnormal and often decrease over time 
after injury [7].

These and other potential limitations make it 
difficult to interpret the role of impaired platelet 
aggregation as a true driver of TIC. One of the 
proposed mechanisms involves the concept of 
“platelet exhaustion” in which platelets are ini-
tially activated on a large scale by injury and sub-
sequently are refractory to further stimulation 
[7]. However, another possibility is that platelet 
assays may selectively sample impaired or 
degranulated circulating platelets, which may be 
inherently different than the phenotypes of plate-
lets that are incorporated into clots at local sites 
of injury [12]. In a mouse model of penetrating 
injury, Stalker et al. described that in the platelet 
plug there existed a “core region” of platelets 
exposed to high levels of thrombin and collagen, 
while the “outer shell” region of platelets was 
loosely packed and growth depended upon ADP 
interactions, and therefore some degree of inhibi-
tion to ADP could be normal [30].

Studies are ongoing to enhance our under-
standing and ability to assess post-injury platelet 
biology, including high-throughput microfluidics 
measurements (incorporating flow and endothe-
lial environments in a rapid assay), microscopy 
(light, fluorescence, and electron), mitochondrial 
respiration, and broadened biomarkers of platelet 
activation, aggregation, and endothelial and 
immune interactions [23, 26, 29, 30, 34]. These 
studies will be critical to ultimately improving 
and expanding our understanding of post-injury 
platelet biology and therefore optimal platelet- 
based treatments for TIC.

 Platelet Transfusions in Trauma- 
Induced Coagulopathy

Finally, the impact of platelet transfusions on 
outcomes in trauma patients is an important area 
of active investigation. Given the evidence of 
impaired platelet aggregation post-injury that is 
associated with bleeding and mortality outcomes, 
platelet transfusions would seem an obvious 
choice of therapy. Indeed, retrospective studies 
demonstrated associations between higher plate-
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let to red blood cell transfusion ratios and 
improved survival [47, 48], and in the landmark 
“Pragmatic, Randomized Optimal Platelet and 
Plasma Ratios” (PROPPR) study, patients ran-
domized to 1:1:1 plasma to platelet to red blood 
cell to plasma transfusion ratio had a lower risk 
of exsanguination and improved rates of hemo-
stasis, but no differences in survival [49]. A sub-
sequent secondary analysis of the PROPPR study 
data did demonstrate that early transfusion of 
platelets was associated with improvements in 
both 24-h and 30-day mortality, as well as fewer 
deaths from exsanguination [50]. This analysis 
was limited to patients who received only the first 
cooler of blood products, which in the interven-
tion arm included transfusion of platelets first 
(followed by red blood cells and plasma in a 
1:1:1 ratio), whereas in the control group the first 
cooler included only red blood cells and plasma 
[50]. Therefore, this does suggest a beneficial 
role for early transfusion of platelets for 
hemostasis.

However, despite evidence supporting the role 
of platelet transfusion in hemostasis and overall 
survival, the ability of platelet transfusions to 
correct post-injury platelet impairments remains 
uncertain. In a prospective study of trauma 
patients receiving four or more red blood cell 
transfusions, platelet aggregation, thromboelas-
tography, and clotting factors were assessed at 
multiple time points to determine the impact of 
platelet transfusions on platelet aggregation and 
fibrinolysis [51]. Platelet transfusions had no 
apparent impact on restoring platelet aggregation 
(or platelet count, interestingly), but did increase 
plasminogen activator inhitibor-1 (PAI-1) levels, 
decrease tPA levels, and attenuate fibrinolysis 
rates [51]. While the aforementioned study found 
no in  vitro effect on platelet aggregation, other 
data suggests that platelet transfusions may actu-
ally worsen in vitro measures of platelet aggrega-
tion, which some have hypothesized to be due to 
the effect of prolonged storage time [52]. In fact, 
the impact of platelet transfusions may be more 
nuanced and time dependent. Recent data sug-
gests that early platelet transfusions after trauma 
have minimal to negative impacts on platelet 
aggregation, while transfusions at later time 

points from injury improve platelet aggregation 
[53]. One explanation for the lack of improve-
ment in in  vitro platelet aggregation following 
platelet transfusion may be that circulating fac-
tors in the plasma of trauma patients inhibit cir-
culating platelets. In a study by Verni et  al., 
healthy human platelets were analyzed in the 
presence of plasma from trauma patients and 
were found to have 50% greater inhibition of 
response to traditional agonists compared to 
healthy platelets in control plasma [5]. Based on 
prior work by the same authors, they hypothe-
sized that increased levels of soluble fibrin and 
fibrin degradation products in trauma plasma 
may in part be responsible for inhibition of plate-
let aggregation, through blocking of glycoprotein 
VI signaling [54].

Beyond data to suggest that platelet transfu-
sions do not improve platelet aggregation after 
injury and may actually inhibit it are concerns 
regarding the consequences of platelet transfusion 
and difficulties defining the optimal platelet trans-
fusion threshold in trauma patients. Some have 
proposed liberal transfusions to a threshold of 
>100,000/μL [6]. However, this may have unin-
tended negative impacts, including inflammatory 
reactions, infectious complications, organ dam-
age, and cost without clear benefit [55]. In a com-
prehensive review of the literature of transfusion 
practices in critically ill and in surgical patients, 
Etchill, Neal, and colleagues demonstrated that 
transfusion practices are highly variable, transfu-
sion thresholds are based primarily on expert 
opinion and consensus, and despite the clear asso-
ciations between thrombocytopenia and poor 
clinical outcomes, the benefit of platelet transfu-
sions remains unclear [55]. In fact, in patients 
with hemorrhagic stroke, empiric transfusion of 
platelets was associated with worse outcomes, 
including increased mortality [56], and platelet 
transfusions do not improve platelet aggregation 
or platelet count in the setting of massive transfu-
sion [51]. Finally, studies have demonstrated that 
early platelet transfusion after injury is strongly 
and independently associated with organ failure, 
specifically lung injury [57–59].

Some investigators have proposed using throm-
boelastography with platelet mapping (TEG-PM) 
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as a tool that could be used to assess the need for 
platelet transfusion (rather than platelet count). 
TEG-PM measures inhibition to ADP agonism 
and was developed to assess antiplatelet therapy in 
cardiac patients. A recent study investigated 
whether the use of TEG-PM would be useful in 
predicting requirements for platelet transfusions, 
massive transfusion, or mortality [60]. The authors 
did find significant platelet inhibition in their 
trauma population by TEG-PM which was associ-
ated with mortality, massive transfusions, and 
platelet transfusions; however, TEG-PM was not 
better at predicting outcomes than platelet counts, 
standard rotational thromboelastography, or clini-
cal markers of injury severity and coagulopathy 
[60]. While we still do not know the optimal plate-
let transfusion thresholds in trauma patients (and 
there may not be one size fits all), we do know that 
“goal- directed” transfusion practices with throm-
boelastography have been associated with 
improved outcomes and decreased platelet and 
overall transfusions in patients being resuscitated 
with massive transfusion protocols [61].

 Conclusions and Future Directions

Our understanding of the multifaceted roles 
platelets play in the response to injury has signifi-
cantly advanced over the past several decades. 
Increased platelet activation and impaired aggre-
gation have been studied in multiple models and 
found to be associated with worse outcomes in 
trauma patients. The next steps will lie in under-
standing how these findings relate to post-injury 
platelet biology in vivo and the underlying mech-
anisms involved, so that improved and targeted 
therapeutic strategies can be developed. It will 
also be important to continue to develop an 
increased understanding of interactions of plate-
lets with the fibrinolysis, endothelial, and 
immune-mediated pathways and how these relate 
to outcomes after injury. In addition to hemo-
static functions, the immunomodulatory and 
inflammatory functions of platelets are now being 
increasingly studied in the context of TIC.

In summary, although alterations in post- injury 
platelet biology are a consistent finding in trauma 

patients and have been shown to be associated 
with worse outcomes and mortality, the biologic 
mechanisms responsible for these findings remain 
unsolved. A key unanswered question is to what 
extent and in what contexts post-injury changes in 
platelet biology represent adaptive or maladaptive 
responses. Further research defining the underly-
ing mechanisms are active areas of ongoing inves-
tigation and will surely include biomarker studies, 
microfluidics, platelet mitochondrial health, and 
microscopy. Ultimately, improving our under-
standing of the drivers of altered post-injury plate-
let biology that contribute to TIC will lead to 
improved therapeutic strategies and interventions 
for critically injured patients including potential 
novel synthetic therapies [62], purified platelet-
derived products [63], and non-platelet-derived 
mediators of platelet behavior [23].
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 Introduction

Fibrinogen is an essential protein for hemostasis 
and circulates at the highest concentration of all 
the coagulation proteins. It is also among the 
most ancient vertebrate hemostatic proteins [1, 
2]. In humans, fibrinogen contributes both hemo-
static and immunological functions. This chapter 
focuses on its role as a hemostatic protein where 
it serves as the substrate for fibrin clot formation, 
binds platelets, and provides a template for the 
binding of thrombin as well as proteins of the 
fibrinolytic system. This chapter will also high-
light the clinical aspects of fibrinogen’s structure 
and functions, as they relate to the pathophysiol-

ogy of trauma-induced coagulopathy (TIC). A 
standardized nomenclature regarding fibrinogen 
structure proposed by the International Society 
on Thrombosis and Haemostasis (ISTH) [3] will 
be used throughout this chapter.

 Structure

Fibrinogen is a 340-kDa dimeric glycoprotein 
composed of two subunits made up of three poly-
peptide chains (A-alpha, B-beta, gamma) that are 
encoded by genes on chromosome 4 (FGA, FGB, 
FGG). These subunits are linked centrally by 
disulfide bonds in what is known as the central 
“disulfide knot” contributing 3 overall structural 
domains [1]. The central “E-domain” contains 
the N-termini of each polypeptide chain which is 
flanked by two globular peripheral “D-domains” 
[4, 5]. The D-domains contain nodular beta and 
gamma chain C-terminal segments along with a 
relatively unordered alpha-C terminal chain seg-
ment that loops back to the central E-domain 
(alpha-C domain) [6]. Together, the two alpha-C 
regions comprise 25% of the total mass of fibrin-
ogen. This configuration gives fibrinogen a tri-
nodular structure that is 45  nm in length and 
contains 29 disulfide bonds, linking a total of six 
polypeptide chains (Fig. 8.1). This structure sup-
ports fibrin polymerization and serves as a sur-
face, containing motifs for binding of other 
proteins.
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Each fibrinogen domain and polypeptide 
chain contain important elements related to its 
conversion to fibrin and subsequent coagulation. 
The E-domain contains ligand binding sites for 
thrombin where small fibrinopeptides “A” and 
“B” are liberated, transforming fibrinogen into a 
soluble fibrin monomer. The gamma chain par-
ticipates in binding of thrombin [7], platelets via 
the C-terminal AGDV-containing dodecapeptide 
(γC-12) [8], factor XIII [9, 10], and fibrinolytic 
enzymes. The beta chain contains complemen-
tary “knob” and “hole” binding sites that contrib-
ute to fibrin polymerization and fibrin clot 
structure [11]. The terminal alpha-C domain con-
tains beta hairpin structures that contribute to 
fibrin polymerization through lateral aggregation 
of fibrin protofibrils in addition to multiple plate-
let and fibrinolytic enzyme binding motifs [8, 
12].

The presence of carbohydrates on fibrinogen 
has important functional consequences. 
Carbohydrates have been found on B-beta and 
gamma chains, while the A-alpha chain was 
reported to be devoid of carbohydrates [13]. An 
example comes from patients with cirrhosis who 
have hypersialated fibrinogen that forms clots 
with thin fibers and many branch points [14]. 
Thin fibers with more branching points are rela-
tively resistant to fibrinolysis [15]. Conversely, if 
all sialic acid on fibrinogen is removed, clots 
form with thicker fibers and less branch points 
[14]. Therefore, carbohydrates can modify clot 

structure through both charge and mass effects on 
fibrin polymerization, particularly lateral aggre-
gation [16].

Circulating fibrinogen also undergoes variable 
amounts of nonenzymatic glycation. Patients 
with uncontrolled diabetes have increased levels 
of fibrinogen glycation due to the high concentra-
tions of glucose in their blood, but even nondia-
betics have several sugar residues attached [17]. 
Higher levels of glycation appear to result in clots 
made up of thinner fibers and more branch points 
that can impact fibrinolysis potential [18, 19].

 Synthesis

Fibrinogen is synthesized in the liver [20, 21] 
with a steady rate of production of 1.7–5.0 g per 
day and a large reserve capacity of up to 20-fold 
[22]. The polypeptide chains of fibrinogen are 
assembled in an ordered fashion in the rough 
endoplasmic reticulum [21]. Newly synthesized 
human B-beta chains are secreted and used more 
rapidly than the other two chains, which accumu-
late in the hepatocyte. Carbohydrate side chains 
are added to the B-beta and gamma chains before 
secretion into the plasma. Gamma chain variants 
are discussed later in this chapter.

Expression of mRNA for fibrinogen polypep-
tide chains has also been identified in non-hepatic 
cells such as megakaryocytes and epithelial cells 
in response to inflammatory mediators [23]. A 
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Fig. 8.1 Dimeric structure of fibrinogen formed by homologous alpha (A-alpha), beta (B-beta), and gamma chains. 
Hexagons represent carbohydrates attached to the protein
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small pool of fibrinogen (but not the gamma 
chain variant) is stored in platelet alpha granules 
and appears to be taken up via GPIIb/IIIa 
receptor- mediated endocytosis [24].

Fibrinogen synthesis is controlled at the level 
of transcription [25]. The inducible component is 
mainly influenced by acute phase reactions medi-
ated by interleukin-6 (IL-6), an activator of the 
alpha fibrinogen gene promoter [26]. 
Glucocorticoids and IL-6 enhance transcription 
of fibrinogen mRNA, whereas interleukin-1 (IL- 
1) and tumor necrosis factor-alpha (TNF-alpha) 
suppress fibrinogen synthesis. This is somewhat 
counterintuitive since IL-1, IL-6, and TNF-alpha 
are all elevated during inflammation, yet they 
influence fibrinogen metabolism differently. 
Interestingly, fibrin(ogen) degradation products 
stimulate monocytes/macrophages to produce 
IL-6 [27], further upregulating fibrinogen synthe-
sis. Fibrinogen’s behavior as an acute phase reac-
tant implicates additional stimuli and gene 
regulators that increase its expression; however, 
the control of basal transcription is required for 
its induction and the two cannot be separated per 
se. Studies in acute coronary syndromes have 
demonstrated that plasma fibrinogen can increase 
up to 20-fold with a peak elevation occurring by 
3–5  days following myocardial ischemia and 
then gradually return to baseline following reso-
lution of inflammation (when IL-6 levels 
decrease) [28, 29]. Injury is also associated with 
fibrinogen rebound [30] and may contribute to a 
post-injury hypercoagulable state. Fibrinogen 
synthesis also increases in response to hormonal 
changes during pregnancy and again in response 
to the injury associated with birth [31].

Alternative splicing results in a variant gamma 
chain, which is assembled into a normally occur-
ring fibrinogen variant, referred to as gamma- 
prime fibrinogen. Approximately 8–15% of 
plasma fibrinogen contains a variant gamma 
chain (gamma-prime) [32]. The ratio of gamma- 
prime fibrinogen to total fibrinogen varies widely 
during pathologic conditions, including inflam-
mation. The mechanism by which inflammation 
regulates alternative splicing leading to increase 
in gamma-prime fibrinogen has not been defined. 
This variant is associated with clots that are 

structurally different, with more extensive polym-
erization, and, importantly, removes a platelet 
binding site [33]. A study of patients undergoing 
coronary angiography has shown that levels of 
this variant of fibrinogen were higher in coronary 
artery disease patients than in patients without 
coronary artery disease and that this association 
was independent of total fibrinogen levels [34]. 
Although studies like these focusing on arterial 
thrombosis consistently demonstrate that ele-
vated levels of gamma-prime fibrinogen are asso-
ciated with cardiovascular disease, the same 
cannot be said of studies on venous thrombosis 
and thrombotic microangiopathy [35]. Some 
studies show a direct correlation of gamma-prime 
with total fibrinogen levels, whereas other studies 
show an inverse correlation. Furthermore, there 
is controversy as to whether gamma-prime fibrin-
ogen is prothrombotic or antithrombotic. 
Gamma-prime fibrinogen does not lead to throm-
bosis in rodent models [36]. Furthermore, 
gamma-prime fibrinogen, compared to other 
fibrinogen variants, enhances the response of 
protein C added to plasma, decreasing thrombin 
generation [37]. On the other hand, gamma- 
prime fibrinogen has been shown to form fibrin 
clots with an altered clot architecture containing 
thinner, more numerous fibers, with more branch-
ing, that are less permeable, mechanically stron-
ger, and highly resistant to fibrinolysis [38, 39]. 
Regardless of its effect on thrombosis, gamma- 
prime fibrinogen has consistently been associated 
with inflammation [40].

 Metabolism

Fibrinogen has a concentration in plasma of 
approximately 200–400 mg/dL, with a half-life 
of 4 days and a catabolic rate of approximately 
25% per day [41]. Fibrinogen is subject to three 
catabolic pathways that determine its concentra-
tion in plasma and consequently its availability 
to support hemostasis. These pathways are (1) 
basic protein turnover, (2) intravascular fibrin 
formation, and (3) intravascular fibrino(geno)
lysis. Under physiologic conditions, coagulation 
and lysis account for <3% of the total catabo-
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lism, and the classic catabolism pathways for 
most plasma proteins do not apply to fibrinogen 
[42]. Recently, a circadian rhythm to fibrinogen 
levels has been reported, with levels being high-
est in the morning [43, 44].

 Cleavage into Fibrin

Central to the clotting mechanism is the thrombin- 
catalyzed conversion of soluble fibrinogen into 
an insoluble fibrin matrix. Fibrin polymerization 
is initiated by the enzymatic cleavage of the fibri-
nopeptides A and B located in the central 
E-domain of fibrinogen by thrombin, yielding a 
soluble fibrin monomer [45]. Fibrinopeptide A is 
released at a faster rate than fibrinopeptide B, 
which has been theorized to favor initial linear 
polymerization of fibrin protofibrils over lateral 
aggregation, thus contributing to overall fibrin 
structure [46]. However, as polymerization pro-
ceeds, the rate of fibrinopeptide B release 
increases, suggesting that either it is preferen-
tially released from polymers or conformational 
changes resulting from polymerization facilitate 
its release [47].

Despite the small size of fibrinopeptides A and 
B, relative to the fibrinogen protein, their release 
greatly affects the solubility of the molecule. 
These fibrinopeptides mask complementary 

fibrin polymerization sites in the gamma-C and 
beta-C regions of the D-domains referred to as 
“knobs a and b”  and “holes a and b” that become 
exposed as a result of fibrinopeptide cleavage 
[48–50]. Thus, given the trinodular conformation 
of fibrin(ogen) described earlier in this chapter, 
two fibrin monomers interact with each other in a 
half staggered fashion, in such that knob A in the 
E-domain interacts with hole a in the D-domain 
(Fig. 8.2) [51].

Cleavage of fibrinopeptide A alone, using 
viper venoms selective for fibrinopeptide A, pro-
duces thin fibers suggesting that knob A–hole a 
interactions contribute to linear fibrin monomer 
association and linear protofibril formation. 
Protofibrils also associate laterally, forming fibers. 
Lateral aggregation is thought to result from the 
D-domain interaction of two laterally aligned pro-
tofibrils [52]. The slower knob B–hole b interac-
tions can contribute to lateral protofibril 
aggregation [46]. Although there is also evidence 
that alpha-C domain is another primary driver of 
lateral protofibril aggregation during the transi-
tion from profibril to fibrin fibers [53]. The contri-
bution of the alpha-C regions should not be 
understated, given that clots missing these regions 
produce fibers having thin fibers and decreased 
tensile strength [54]. As fibers are formed through 
lateral aggregation, fiber branching is then neces-
sary to produce a three- dimensional network, 

fibrinogen

fibrin monomer

fibrin protofibril

fibrinopeptides

thrombin

Fig. 8.2 Fibrinopeptide 
release and protofibril 
formation
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leading to phase transition from a liquid to a gel. 
Investigations into the fractal dimension of the 
fibrin fiber network present at the gel point has 
determined that a robust fibrin formation is pres-
ent prior to the gel point and correlates with sub-
sequent mechanical properties of clots and 
hemostasis [55]. The gel point or its approxima-
tion can be represented clinically by measurement 
of clotting time in several assays [56].

Fibrin polymerization and clot structure can 
also be influenced by the local environment. There 
are four calcium binding sites in the D-domain of 
fibrinogen [57]. Calcium stabilizes fibrin(ogen) by 
giving it resistance to thermal denaturation, pro-
tecting it from reduction of disulfide bonds and 
from plasmin cleavage of peptide bonds [57–59]. 
Since the dissociation constant for calcium ion 
binding to fibrinogen is much lower than the free 
calcium ion concentration in plasma, fibrinogen 
calcium binding sites should be fully occupied 
under physiologic conditions [60]. Furthermore, 
calcium increases the rate and extent of lateral 
aggregation [60]. Generally increased overall 
ionic strength, and sodium ions in particular, can 
also reduce fibrin fiber mass/length ratio by inhib-
iting fibrin lateral aggregation [61].

Enhanced stiffness and durability are con-
ferred to fibrin during its polymerization by the 
transglutaminase factor XIII. The affinity of fac-
tor XIII for fibrinogen (Kd 10 nM) is such that 
the majority of circulating factor XIII zymogen 
circulates with fibrinogen as a complex [62]. 
Interactions of fibrin with factor XIII require the 
presence of calcium, which is activated to its 
active subunits (FXIIIa) by thrombin [63]. Factor 
XIIIa facilitates clot stability by catalyzing the 
formation of γ-glutamyl-Є-lysyl amide cross- 
links. FXIIIa promotes both D-domain gamma–
gamma cross-links and alpha-C domain 
cross-links that contribute enhanced overall clot 
stiffness, durability, and increased resistance to 
fibrinolysis [64]. Factor XIIIa can also participate 
in important protein–protein interactions involv-
ing fibrinogen and fibrin. It can cross- link alpha 

2-antiplasmin, plasminogen activator inhibitor 
type 2 (PAI-2), and fibronectin to fibrin [65–67].

 Fibrin(ogen) Interaction 
with Platelets and Other Cells

Fibrin(ogen) binds to integrins and other recep-
tors on platelets and endothelial cells, serving 
as a bridge between cells and as a scaffold for 
cell migration. Fibrin also promotes inflamma-
tion and angiogenesis through interactions 
with leukocytes and endothelial cells. 
Fibrinogen binds to the activated form of the 
integrin αIIbβ3 (platelet glycoprotein GPIIb/
IIIa) via residues located in the C-terminus of 
gamma chains, bridging platelets due to the 
dimeric nature of fibrin(ogen) [68, 69]. 
Figure  8.3 shows fibrin linking two platelets 
through binding to its GPIIb/IIIa receptor. 
Endothelial cells adhere to fibrin or surface- 
immobilized fibrinogen via the integrin αvβ3, 
intracellular adhesion molecule type 1 (ICAM-
1) (intracellular adhesion molecule 1), and vas-
cular endothelial cadherin [70]. Fibrin(ogen) 
also binds to leukocytes via the integrin αMβ2/
Mac-1 which regulates inflammatory responses 
by localizing leukocytes to sites of injury and 
enabling their antimicrobial functions [71, 72].

 Fibrin(ogen) and Fibrinolysis

Both fibrinogen and fibrin serve as templates for 
the assembly and activation of the fibrinolytic sys-
tem. Plasminogen, tissue-type plasminogen acti-
vator (tPA), and alpha 2-antiplasmin all bind to 
fibrin(ogen). In this context, fibrin(ogen) acts as 
cofactor for tPA-induced plasminogen activation 
by their co-location (Fig. 8.4) [73–75]. Fibrin for-
mation can increase tPA-induced conversion of 
plasminogen into plasmin by up to 1000-fold [5], 
making fibrin one of the most potent fibrinolytic 
activators known. Furthermore, binding of tPA to 
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fibrin(ogen) protects it from inhibition by plas-
minogen activator inhibitor type 1 (PAI-1) [76].

 Inherited and Acquired Fibrinogen 
Disorders

Disorders of fibrinogen can be classified as either 
type I deficiency (i.e., quantitative hypofibrino-
genemia or afibrinogenemia) or type II (i.e., qual-
itative dysfibrinogenemia’s), or some mixture of 
both (i.e., hypo-dysfibrinogenemia). These 
defects can be either inherited or acquired.

Inherited type I fibrinogen deficiencies are 
characterized by low or unmeasurable levels of 
fibrinogen protein and are typically inherited 
as autosomal recessive traits conferring con-
genital afibrinogenemia or severe hypofibrino-
genemia [77]. Inherited type II deficiencies 
may show altered antigen levels, but predomi-
nantly have decreased coagulant activity and 
are more typically autosomal dominant [78]. 
These defects can arise from alterations of 
fibrinopeptide release, fibrin polymerization, 
fibrin cross-linking, or fibrinolysis depending 
upon the specific chain affected and type of 
mutation. Phenotypes can be asymptomatic, 
prothrombotic, or hemorrhagic. Fibrinogen 
Detroit is an example of a congenital dysfibrin-
ogenemia exhibiting a hemorrhagic phenotype. 
Congenital fibrinogen disorders are named for 
their place of discovery in keeping with con-
ventions similar to the one used for the descrip-
tion of hemoglobinopathies. Fibrinogen Detroit 
is characterized by an arginine→serine muta-
tion in the N-terminal disulfide knot of the 
alpha chain which is believed to affect fibrin 
polymerization and carbohydrate content [78]. 
The hemorrhagic phenotype is supported by a 
prolonged clot initiation time, slow clotting 
kinetics, and reduced clot strength when exam-
ined using thrombelastography. In contrast, 
fibrinogen Philadelphia is a hypo- 
dysfibrinogenemia that is characterized by 
both altered fibrin polymerization and 

increased catabolism leading to suppressed 
overall antigenic protein concentration and a 
hemorrhagic tendency [79].

Liver disease is among the most common 
causes of acquired dysfibrinogenemia. It is 
observed in the majority of patients with cirrho-
sis, acute or chronic hepatitis, and also those 
with metastatic disease to the liver [80, 81]. 
Fibrinogen dysfunction in this setting is mani-
fested by prolongation of thrombin and reptilase 
times but not necessarily a bleeding tendency. 
The abnormal fibrinogen function is attributed 
to an increased content of sialic acid content 
because sialic acid removal normalizes the 
thrombin time and corrects the polymerization 
defect [14]. Dysfibrinogenemia is also detected 
in the setting of renal cell carcinoma [82] and 
biliary obstruction [83]. Dysfibrinogenemia can 
also be induced by direct posttranslational mod-
ification of normal fibrinogen by its oxidation 
and/or nitration [84]. As reviewed by Martinez 
et al., oxidized histidine, methionine sulfoxide, 
and nitrotyrosine modifications have been docu-
mented in multiple regions of fibrinogen and 
correlate with changes in fibrin polymerization, 
clot turbidity, clot lysis, and viscoelastic proper-
ties [84]. These modifications have been docu-
mented after photooxidation for viral 
inactivation [85], in smokers [86, 87], in coro-
nary artery disease [88], and in coagulopathic 
trauma patients [89].

There also exists a strong positive associa-
tion between functional fibrinogen concentra-
tion and increased risk of thrombotic 
cardiovascular disease [90]. In addition, hyper-
functional fibrinogen has been detected follow-
ing myocardial infarction [91]. Increased 
functional fibrinogen can contribute to resis-
tance to fibrinolysis, which is a risk factor for 
cardiovascular disease and thrombosis [92]. 
Fibrinolytic resistance can arise from abnormal 
clot structure, high fibrinogen concentrations 
[93], or because of fibrinogen variants that yield 
fibrin clots with varying densities [94, 95]. In 
the later stages of trauma care, fibrinolytic resis-
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tance has been associated with increased 
delayed mortality [96–98]. However, the direct 
contribution of fibrinogen quantity and function 
to fibrinolytic resistance after thrombosis and 
injury remains to be elucidated.

 Fibrinogen in Trauma-Induced 
Coagulopathy

Fibrinogen plays a central role in trauma-induced 
coagulopathy (TIC) and is among the first coagu-
lation proteins to reach critically low levels dur-
ing surgical bleeding [99]. Its rapid decline after 
injury is perplexing because fibrinogen is present 
in the highest concentration of all coagulation 
factors. However, reasons for its rapid decline 
become more evident when considering the mul-
tiple ways that TIC can influence fibrinogen. TIC 
is associated with hemorrhage, acidosis, hypo-
thermia, and proteolysis, each of which can con-
tribute to changes in fibrinogen concentration 
and function in unique ways (Fig. 8.5).

 Hemorrhage

Fibrinogen becomes limited earlier than other 
measured coagulation factors in both clinical 
studies and experimental models of hemorrhagic 
shock. Hiipala et al. studied 60 patients undergo-
ing elective urologic or abdominal surgery antici-
pated to have blood loss exceeding 20% of a 
calculated total blood volume [99]. These investi-
gators quantified fibrinogen (optical density test 
based on the prothrombin test), platelet count, 

prothrombin, and factors V and VII (one-stage 
test based on the prothrombin test), and blood 
loss was replaced using red blood cell concen-
trates. A critical fibrinogen concentration of 
100 mg/dL was reached first when the blood loss 
was 1.42 times the calculated blood volume, 
compared to critical levels of platelet count 
(50,000/mm3), prothrombin (20% activity), and 
factors V (25% activity) and VII (20% activity) 
when blood loss was 2.0 times the calculated 
blood volume. Using a mathematical model to 
analyze hemostasis during blood loss, Singbartl 
et  al. demonstrated that blood loss is highly 
dependent on fibrinogen levels [100]. For a con-
stant hematocrit (45%) and platelet count 
(225,000/mm3), varying the fibrinogen concen-
tration to 450–200 mg/dL resulted in blood loss 
ranging from 750 to 3750 ml.

Rapid fibrinogen loss during hemorrhage can 
also result from loss of blood with replacement of 
fibrinogen-poor resuscitation fluids/colloids [101] 
and/or and changes in its metabolism. To investi-
gate the effects of moderate and severe hemor-
rhage on fibrinogen metabolism, Martini et  al. 
used a swine model of hemorrhagic shock using 
isotopic enrichment of fibrinogen [102, 103]. 
Fibrinogen breakdown was accelerated compared 
to the control group, with no change in the rate of 
fibrinogen synthesis. The authors also reported 
that resuscitation with lactated Ringer’s compared 
to normal saline had no differential impact on 
albumin or fibrinogen metabolism. Further work 
by the same authors investigating the effects of 
hypothermia and acidosis on fibrinogen metabo-
lism revealed that hypothermia decreased fibrino-
gen synthesis, with no effect on fibrinogen 

Fig. 8.5 Multiple ways 
that trauma-induced 
coagulopathy 
contributes to fibrinogen 
depletion and 
dysfunction
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breakdown [104], whereas acidosis achieved by 
infusion of hydrochloric acid to a target pH of 7.1 
demonstrated increased fibrinogen breakdown 
with no effects on fibrinogen synthesis [105]. In 
total, these preclinical studies support acute 
changes in fibrinogen metabolism that occur in 
response to hemorrhage, acidosis, and hypother-
mia that include an overall increase of fibrinogen 
breakdown with impaired synthesis.

 Proteolysis

Enzymatic proteolysis of fibrinogen is also an 
important contributor to the rapid decline of 
fibrinogen after trauma. Tissue plasminogen acti-
vator (tPA) is elevated acutely in severely injured 
trauma patients and can overwhelm innate antifi-
brinolytic mechanisms [106]. Fibrinogen is 
degraded in a predictable manner by plasmin. 
Cleavage of both A-alpha and C-domains creates 
fragment X (D-E-D) [107], which remains clot-
table by thrombin. Further proteolysis produces 
the degradation product (D-E) and finally indi-
vidual (D) and (E) fragments which are no longer 
clottable and classified into fractions A–E [107]. 
The presence of increasing concentrations of 
fibrinogen degradation products is important 
because fragment X has abnormal polymeriza-
tion characteristics and can increase plasmin gen-
eration by provide alternative binding surfaces 
for tPA-induced plasmin activation (AR392-610 
fragment) [108, 109].

Fibrinolysis can be inhibited by lysine and its 
analogues [110]. The antifibrinolytic drugs ami-
nocaproic acid and tranexamic acid are examples 
of lysine analogues that are used clinically to pre-
vent and treat fibrinolysis. These drugs work by 
occupying lysine binding sites on tPA, plasmino-
gen, and plasmin, preventing their direct binding 
to fibrin via kringle domain interactions [110–
112]. In contrast to fibrin, lysine analogues can-
not fully inhibit fibrinogen proteolysis by plasmin 
because they do not directly occupy or inhibit its 
catalytic site. As a result, lysine analogues have 
very little, if any, effect on plasmin-induced for-
mation of fragment X from fibrinogen. This is 

because plasmin–alpha-C domain interactions 
are not dependent upon plasmin kringle–fibrino-
gen interactions [113].

Fibrinogenolysis after trauma is detected by 
the appearance of elevated fibrinogen degrada-
tion products (FgDPs) in plasma. Retrospective 
studies have shown that FgDPs are associated 
with increased injury severity, mortality, and 
increased incidence of massive transfusion after 
trauma [114, 115]. Increased FgDP/D-dimer 
ratio, a more specific measure of fibrinogenoly-
sis, is also elevated in coagulopathic trauma 
patients and is associated with blood transfusion 
needs and mortality [116]. Fibrinogen-specific 
degradation products may serve important roles 
in the pathophysiology of TIC and are promising 
biomarkers, but further prospective studies are 
required to evaluate their clinical utility.

 Fibrinogen Concentration

Given the multiple effects of TIC on fibrinogen, 
its concentration in blood is a strong clinical indi-
cator of the presence of TIC and predictor of 
transfusion needs, morbidity, and mortality after 
trauma [117–119]. Historical critical fibrinogen 
replacement thresholds of 100 mg/dl (1.0 g/L) for 
trauma care have been steadily increased over 
time [120]. More recently, admission fibrinogen 
concentration of <150 mg/dl was associated with 
increased mortality for trauma patients receiving 
massive transfusion [121]. The concentration 
threshold associated with increased general mor-
tality after trauma has also increased to 229 mg/
dl (2.29 g/L) in a multicenter study [122]. Current 
treatment guidelines suggest maintaining a 
fibrinogen concentration of at least 150  mg/dl 
(1.5 g/L) during trauma resuscitation [123].

 Contribution to Clot Strength

One reason for fibrinogen’s importance during 
trauma care is its contribution to whole blood clot 
formation. Fibrinogen is positively associated 
with increased whole blood clot stiffness when 
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measured using viscoelastic hemostatic assays 
[124] and is a determinant of viscoelastic clot 
strength in emergency department trauma 
patients [125]. Variants of whole blood viscoelas-
tic hemostatic assays, including thrombelastogra-
phy (TEG) and rotational thromboelastometry 
(ROTEM), have been developed to specifically 
identify the contribution of fibrinogen to clot 
strength [126, 127]. Harr et  al. performed the 
TEG functional fibrinogen assay which uses 
abciximab, a platelet GPIIb/IIIa inhibitor, to iso-
late the fibrin-specific contribution to clot 
strength [126]. The mean contribution of fibrino-
gen to overall clot strength was 30%. The TEG- 
based fibrinogen estimates also correlated 
strongly (R = 0.87) with fibrinogen measured by 
the Clauss method. Similar methods used by 
ROTEM, using cytochalasin-D, an inhibitor of 
platelet cytoskeletal contraction, have also identi-
fied fibrin-specific clot firmness thresholds 
(7–10 mm) that are associated with mortality and 
increased blood product transfusion requirements 
after trauma [128, 129]. However, care must be 
taken to consider platelet count and the pharma-
cological method of platelet inhibition because of 
considerable variation in the degree of platelet 
inhibition in various assays [127].

 Future Directions

Rapidly measuring fibrinogen concentration dur-
ing trauma care has taken on new importance. 
Several methods are in development to more rap-
idly measure fibrinogen concentration directly in 
whole blood [130], and rapid estimation of fibrin-
ogen concentration from standard measurements 
of hemoglobin and base excess is feasible when 
laboratory testing is unavailable [131].

There is also considerable interest in using 
fibrinogen-rich resuscitation fluids for bleeding 
trauma patients. Cryoprecipitate or fibrinogen 
concentrates are typically used to provide high- 
dose fibrinogen replacement. Fibrinogen concen-
trate can improve thrombin generation and 

ROTEM parameters and decrease blood loss 
when used in porcine trauma models [132–134]. 
Curry et  al. tested the feasibility of using early 
cryoprecipitate during trauma resuscitation in an 
unblinded prospective randomized controlled 
trial [135]. They found that early protocolized 
cryoprecipitate increased fibrinogen concentra-
tion significantly without an effect on mortality. 
Treatment with cryoprecipitate (average time to 
treatment of 60  min) was also faster with 
 protocolization but continued to suffer consider-
ably from delays due to required thawing. A fol-
low-on randomized controlled trial by the same 
group using fibrinogen concentrate instead of 
cryoprecipitate again found considerable delays 
to high- dose emergency therapy where one-third 
of patients did not receive the concentrate within 
the first 45  minutes of emergency care [136]. 
Similar to previous results using cryoprecipitate, 
those receiving fibrinogen concentrate demon-
strated increased fibrinogen levels without an 
effect on mortality. However, in a prospective 
randomized controlled trial, Innerhofer et  al. 
compared a fibrinogen-rich concentrate-based 
approach to treatment of TIC vs. a plasma-based 
approach and found a significant mortality bene-
fit for concentrate- based therapy [137]. 
Interestingly, early high-dose fibrinogen therapy 
does not appear to have a significant or adverse 
effect on blood fibrinogen concentration during 
the first 7 days of trauma care [138]. Further ran-
domized controlled studies of early high-dose 
fibrinogen treatment during trauma care are 
planned and underway and are likely to provide 
significant insight into the feasibility and clinical 
promise of high-dose fibrinogen-based therapies 
for trauma care [139–141].

In summary, fibrinogen is very important to 
TIC because of its central role in hemostasis and 
dynamic response to injury. Current work has 
elucidated much of its basic structure, metabo-
lism, function, and interactions. Yet there 
remains uncertainty regarding the role of fibrin-
ogen during TIC and its clinical utility during 
trauma care.
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 The Vascular Endothelial Organ 
and Its Role in the Regulation 
of Coagulation, Inflammation, 
and Vascular Integrity

The endothelium can be designated as an organ 
which communicates systemically [1]. Endothelial 
cells cover the entire vasculature of vertebrate 
animals and the surface area has been estimated to 
be in the range of 3000–6000 m2 [2–4]. The total 
weight of the endothelium in an adult is thought to 
be about 720 grams mostly consisting of micro-
vascular capillaries [2]. The endothelium commu-
nicates throughout the organism and is the 

platform on which coagulation, inflammation, gas 
exchange, control of vascular integrity, and per-
meability take place in both health and disease. 
The endothelium is strategically located at the 
interface between the vascular compartment and 
tissues, hence controlling normal blood fluidity 
and flow, tissue oxygenation, tissue perfusion, tis-
sue inflammation, and targeted hemostasis. All of 
these areas are affected in severe hemorrhage and 
trauma. Further, the systemic nature of the vascu-
lature is what makes the endothelium unique. 
Injury at one location affects the entire endothelial 
organ and targeted hemostasis, localized inflam-
mation, and vascular leak can be compromised by 
the systemic nature of the insult. Based on these 
vital functions, it follows that the endothelium 
plays a central role in resultant pathology after 
traumatic injury.

 Defining the Endotheliopathy 
of Trauma (EOT)

Trauma is the leading cause of death among civil-
ians between the ages of 1 and 44 [5]. It accounts 
for more years of life lost than cancer, heart dis-
ease, and stroke combined, and it remains a 
neglected epidemic [6, 7]. Analysis of urban 
trauma mortality shows that almost one-third of 
trauma deaths are due to uncontrolled  hemorrhage 
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and most of these deaths occur within the first 4 h 
after injury [8–12]. Recent studies have identified 
significant early coagulopathy as a primary 
response to injury. This early coagulopathy 
occurs in 25% of injured civilian trauma patients 
on arrival to the hospital prior to the initiation of 
resuscitation and independent of hypothermia 
[13–15]. Further, this coagulopathy is associated 
with a mortality approaching 50% [14]. A subset 
of these patients with severe injuries develop 
massive activation of coagulation, producing a 
consumptive coagulopathy and exhaustion of the 
hemostatic system known as acute traumatic 
coagulopathy (ATC) [14, 16, 17]. This condition 
causes severe hyperfibrinolysis which in part is 
initiated by release of tissue plasminogen activa-
tor (t-PA) from damaged tissue. This release 
leads to the subsequent disruption of newly 
formed clots and tissue hypoperfusion resulting 
in the release of the anticoagulant activated pro-
tein C (PC) into the systemic circulation [15, 
18–20]. The consequences of ATC are further 
exacerbated by the iatrogenic effects of hemodi-
lution, acidosis, and hypothermia from aggres-
sive fluid resuscitation, leading to the development 
of trauma-induced coagulopathy (TIC) [16, 18, 
21–24]. The diagnosis of TIC is associated with a 
fivefold increase in the risk of death and makes 
surgical control of hemorrhage difficult [14, 15, 
17, 19, 25–30]. The resulting imbalance between 
the activation of pro- and anti-inflammatory cas-
cades after injury appears to contribute to the 
development of acute respiratory distress syn-
drome, multiple organ failure, and death in the 
intensive care unit later in the course. Optimal 
early transfusion strategies to treat hemorrhagic 
shock, prevent TIC, suppress dysfunctional 
inflammation, restore the damaged endothelium, 
and reduce oxidative stress could substantially 
reduce mortality and improve outcomes in bleed-
ing patients [17, 21, 22, 28].

Resuscitation practice with balanced ratios of 
blood products or whole blood in severe hemor-
rhage and traumatic injury has more recently 
been optimized and implemented into practice 
worldwide to improve outcomes in massively 
transfused trauma victims [19, 31]. Clinical data 
supporting balanced ratios of fresh frozen 

plasma (FFP) to platelets to packed red blood 
cells (PRBCs) emerged largely from the wars in 
Iraq and Afghanistan where crystalloid fluids 
were deemed to be suboptimal. Although crystal-
loid fluid-based resuscitation leads to an acute 
restoration of vascular volume, in later stages of 
traumatic vascular compromise, tissue edema, 
and ultimate organ failure ensue [31, 32]. Damage 
control resuscitation and balanced ratios of blood 
products demonstrated improved survival in both 
retrospective and prospective randomized con-
trolled trials [19, 31–33].

While much of the initial study of traumatic 
injury has focused on coagulopathy, hemorrhage, 
and treatment with transfusion resuscitation, the 
role of the endothelium and the interconnected-
ness of the endothelial, hemostatic, and inflam-
matory systems has become an increasing area of 
interest. The endotheliopathy of trauma (EOT) 
is a relatively new term that has been coined to 
encompass the combination of endothelial dys-
function, aberrant coagulation, and inflamma-
tion, all of which ensue after severe trauma and 
hemorrhage [34]. The relationships that encom-
pass EOT have yet to be wholly elucidated in 
trauma. However, recent advances in trauma- 
based resuscitation as well as mechanistic under-
standing of novel blood products and adjuncts in 
resuscitation have shed light on key drivers and 
modulators EOT.

 Understanding EOT from the Study 
of Novel and Standard Blood 
Product Resuscitation in Trauma 
Patients

Most trauma patients require volume resuscita-
tion as a result of blood loss [21, 35–37]. The tra-
ditional treatment of trauma patients with 
hemorrhagic shock and continuing uncontrolled 
bleeding is prompt aggressive resuscitation with 
crystalloid solutions to restore effective circulat-
ing volume and systolic blood pressure following 
injury [35, 38–40]. However, this displaces estab-
lished clots, increases inflammation, increases 
vascular leak and tissue edema, potentiates the 
development of TIC, complicates surgical 
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 management, and dramatically increases the risk 
for ongoing bleeding and death [41]. To effec-
tively correct for coagulopathy and prevent the 
development of TIC while restoring blood vol-
ume, the transfusion of whole blood or blood 
components (FFP, platelets, and PRBCs,) in a 
balanced 1:1:1 ratio is ideal [42].

Transfusion of PRBCs without plasma or 
platelets can cause coagulopathy through a num-
ber of different mechanisms [43–46]. Citrate in 
stored units binds endogenous calcium which 
acts as an anticoagulant. In patients undergoing 
massive transfusion, subsequent hypocalcemia 
can significantly alter hemostasis and hemody-
namics because calcium plays a key role in the 
coagulation cascade and cellular metabolism [19, 
47]. Storage of PRBCs causes biochemical 
changes that include a fall in pH to as low as 6.3 
and an increase in potassium to 76  mEq/L at 
35 days [48, 49]. Though patients are not exposed 
to such extremes, even small biochemical pertur-
bations can affect the endothelium, hemostasis, 
and cellular function. In addition, administration 
of large volumes of red cells devoid of plasma or 
platelets can lead to a dilutional coagulopathy 
after replacement of as few as 0.5 blood volumes 
[13, 16, 18, 28, 50]. This necessitates subsequent 
administration of FFP, platelets, and cryoprecipi-
tate to maintain normal or near-normal hemosta-
sis [15, 26, 28, 51].

There is evidence from both military and civil-
ian sources that resuscitation with high ratios of 
FFP to PRBCs results in improved survival in 
patients who undergo massive transfusion. The 
greatest benefit is seen when a high ratio is 
achieved within the first 6 h after injury [15, 19, 
25, 26, 29, 30, 44, 51–55]. The exact etiology of 
this benefit is unknown, but it is presumed to be 
secondary to early correction of ATC and avoid-
ance of further exacerbation of the hypocoagula-
ble state [56–59]. The Prospective Observational 
Multi-Center Massive Transfusion Trial 
(PROMMT), performed in 10 United States 
Level 1 trauma centers, revealed that a 1:1 ratio 
of FFP to PRBCs was achieved in only 35% of 
patients by 2.6 h correlating to the median time to 
hemorrhagic death [33]. This is due to the logisti-
cal challenges associated with transfusing large 

volumes of FFP encountered even in large US 
trauma centers. Until recently, the prevention and 
treatment of ATC and TIC has been relatively 
neglected due to the prevailing concept that both 
are a by-product of resuscitation, hemodilution, 
acidosis, and hypothermia [13, 14, 18, 24, 29, 50, 
60, 61]. Apart from correction of hypothermia 
and bleeding control, current management of 
coagulopathy-related bleeding is mainly based 
on transfusion of FFP and other blood products 
[16, 17, 26, 28, 30, 44]. Based on retrospective 
data, the Joint Theater Trauma System clinical 
practice guideline for damage control resuscita-
tion in Level IIb and Level III treatment facilities 
in combat zones outlines the transfusion of FFP, 
platelets, and PRBCs in a 1:1:1 ratio. This prac-
tice was further studied in the civilian setting 
through a prospective randomized comparison of 
1:1:1 to 1:1:2 ratios in the recently published 
Pragmatic Randomized Optimal Platelet and 
Plasma Ratios (PROPPR) study [19]. This study 
revealed that patients who received a 1:1:1 ratio 
of FFP, platelets, and RBCs achieved hemostasis 
earlier and were at reduced risk for death from 
exsanguination in the first 24 h after admission 
[62].

While both the PROMMT and PROPPR stud-
ies defined clear clinical practice guidelines for 
transfusion following trauma, the reason that 
plasma and platelets are so vital to resuscitation 
practices goes beyond their effects on coagulopa-
thy. In addition to hemodynamic instability and 
coagulopathy associated with severe trauma and 
hemorrhage, another hallmark consequence of 
hemorrhagic shock is the development of the 
EOT [63, 64]. This physiologic phenomenon is 
characterized by a systemic response that results 
in endothelial injury, endothelial barrier compro-
mise, dysfunctional inflammation, aberrant coag-
ulation, tissue edema, and end organ injury [65]. 
Recent data generated over the past 5 years have 
demonstrated that plasma transfusion attenuates 
EOT [66–68]. Along with correcting hypovole-
mia and coagulopathy, there is compelling evi-
dence that the significant survival benefit of 
plasma resuscitation may be related to its effects 
on blood-organ barrier permeability, inflamma-
tion, and vascular integrity [65, 69–76]. Plasma 
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inhibits endothelial cell permeability and edema 
after traumatic injury and is associated with res-
toration of endothelial adherens junctions and the 
endothelial glycocalyx (Fig. 9.1) [73, 74, 76–78]. 
In mice, plasma mitigates lung edema, and in 
swine, it decreases blood-brain barrier permea-
bility and the contusion volume associated with 

severe traumatic brain injury [71, 72, 79]. 
Resuscitation with plasma compared to standard 
of care crystalloid fluids, such as lactated 
Ringer’s, appears to help repair the EOT, mini-
mizing edema and avoiding the iatrogenic 
 resuscitation injury associated with excessive 
crystalloid and unbalanced blood product admin-

Brain:

Systemic:

Vascular:

Bowel:

Lung:
• Decreases blood brain barrier
  permeability

• Reduces lung inflammation
• Reduces tissue hypoxia

• Decreases cerebral edema
• Decreases neuroinflammation

• Decreases inflammation

• Decreases bowel edema

• Restores tight junctions
• Restores endothelial
  glycocalyx
• Reduces vascular
  permeability
• Decreases endothelial
  basement membrane
  breakdown• Less open abdomens

• Reduces abdominal
  compartment syndrome
  incidence

• Decreases organ injury
• Mitigates ATC

Fig. 9.1 The early use of plasma transfusion mitigates 
organ-specific and systemic dysfunction following 
trauma. Traumatic injury and resultant hemorrhagic 
shock results in numerous effects including a proinflam-
matory state, increased vascular permeability, endothelial 
basement membrane breakdown, exposure of subendothe-

lial nonspecific initiation of coagulation, interstitial 
edema, and tissue hypoxia. Early plasma transfusion has 
been demonstrated to inhibit vascular permeability, miti-
gate acute traumatic coagulopathy, and decrease numer-
ous organ-specific effects of injury [78]
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istration (Fig. 9.2) [63, 80, 81]. Similar effects 
have been noted for dried or lyophilized plasma 
and platelets [54, 58, 60, 81, 82]. While an under-
standing of the interconnectedness between TIC 
and endothelial dysfunction has emerged from 
preclinical studies of blood product and novel 
blood product transfusion in animals, but much 
still remains to be elucidated.

 Changes in Endothelial Activation 
in Injury: Effects on Inflammation 
and Coagulation

In trauma, hemorrhagic shock (HS) is believed 
to be the main initiator of EOT and which can 
subsequently result in TIC.  There have been a 

number of studies showing one of the first insults 
to the vasculature in HS, which is compromise of 
the endothelial cell glycocalyx (EGL), a protec-
tive border on the surface of endothelial cells [83, 
84]. The EGL is located on the luminal surface of 
the blood vessel and is composed of a negatively 
charged mesh of proteoglycans, glycosaminogly-
cans, glycoproteins, and glycolipids which regu-
late leukocyte and platelet adherence to 
endothelial cells [87, 88]. Endothelial cells 
become activated in injury by loss of the glycoca-
lyx as well as hypoxia, cytokines, and chemo-
kines, all of which trigger innate immunity and 
metabolic stressors in injury [85, 86]. Studies in 
preclinical models have demonstrated that HS 
breaks down the endothelial glycocalyx, disrupts 
endothelial tight and adherens junctions, and 

Fig. 9.2 Working model of the impact of hemorrhagic 
shock, iatrogenic resuscitation, and plasma resuscita-
tion on the vasculature. Hemorrhagic shock disrupts the 
homeostasis of the vasculature and results in hypoxia, 
endothelial cell tight junction breakdown, inflammation, 

and leukocyte diapedesis. Iatrogenic fluid resuscitation 
replaces volume but does not address vascular permeabil-
ity and dysfunction. FFP repairs and “normalizes” the vas-
cular endothelium by restoring tight junctions, building the 
glycocalyx, and inhibiting inflammation and edema [80]
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results in organ inflammation, thrombus forma-
tion, inflammatory cell activation, and organ fail-
ure [84, 89, 90]. Loss of the EGL integrity in HS 
and trauma increases vascular permeability lead-
ing to capillary leak (Fig. 9.2) [80]. One of the 
main downstream effects of EGL loss is exposure 
of the surface of the endothelial cells, allowing 
for the initiation of thrombus formation which 
could be nonspecific and in locations other than 
the injured area [91, 92]. This nontargeted injury 
results in clotting, inflammation, and vascular 
leak at sites distal to the injury which contribute 
to the development of TIC.

Damage and breakdown of the EGL has been 
linked to the deleterious effects of reperfusion in 
conditions such as post-cardiac arrest syndrome 
and to other inflammatory states, including dam-
age caused to the endothelial cells by hyperglyce-
mia in diabetes mellitus [93, 94]. In addition to 
exposure of the endothelial cells to platelets and 
leukocytes, breakdown of the EGL results in loss 
of mechanotransduction, disturbed blood flow, 
altered shear stress, and wall tension [83, 91]. 
Therefore, EGL breakdown can be the central 
instigating point for EOT where the downstream 
effects of trauma lead to endothelial dysfunction, 
coagulopathy, edema, and organ dysfunction, 
with ultimately poor outcomes.

Endothelial cells are able to react within min-
utes to injury and inflammation. In addition to 
shedding of the EGL, endothelial cells respond to 
thrombin and tumor necrosis factor alpha (TNF- 
alpha) leading to receptor-mediated signaling. A 
cascade of events take place in vascular injury. At 
baseline homeostasis in noninjured vessels, endo-
thelial cells act by promoting anticoagulant prop-
erties and counteracting inflammation, platelet 
activation, and aggregation. If activated by shock 
or vasoactive agents, endothelial cells release von 
Willebrand factor (vWF) that promotes binding of 
platelets and t-PA that enhances control of fibrino-
lysis. In addition, vasoconstriction is an initial 
response when the vessel is damaged. It is caused 
by access of the smooth muscle cells to locally 
generated vasoactive agents and by bypassing the 
vasodilatory action of endothelial cells [95, 96].

There are main areas of control of endothelial 
cells on the clotting cascade and thrombus forma-

tion in hemostasis and the development of TIC. It 
is beyond the scope of this review to get into the 
details of clotting at the surface of the endothelial 
cell platform; however, the interconnectedness 
between these components and the development 
of EOT and TIC have yet to be elucidated. The 
control of coagulation involves aspects such as 
binding of antithrombin III, thrombomodulin 
expression, PC activation, expression of endo-
thelial protein C receptor (EPCR), and release of 
the tissue factor pathway inhibitor (TFPI) [92, 
97]. At the level of platelet adhesion and activa-
tion, hemostatic control is maintained by the pro-
duction and release of vWF as well as cleavage of 
ultralarge vWF by ADAMTS13 [97, 98]. 
Fibrinolysis has control mechanisms based on 
the release of t-PA, induction of plasminogen 
activator inhibitor-1, and stimulation of 
urokinase- type plasminogen activator along with 
its receptor [99–101]. Platelet disintegration 
involves ADAMTS18 [102]. These are just a few 
aspects of hemostatic control at the level of the 
endothelial cell.

In addition, there are also important connec-
tions between clotting and endothelial cell per-
meability. One of the main pathways is triggered 
by thrombin which is a large modulator of vascu-
lar leak. The pathway first involves the physio-
logical activation of protein C by the thrombin 
IIa-thrombomodulin complex on the surface of 
endothelial cells which is facilitated by the 
EPCR.  Activated PC exerts its anticoagulant 
effects by proteolytic inactivation of factors Va 
and VIIIa [103]. In addition, activated PC associ-
ated with EPCR results in cleavage of protease- 
activated receptor 1 to initiate cell signaling with 
cytoprotective effects that may include anti- 
inflammatory and antiapoptotic activities, altered 
gene expression profiles, and barrier protective 
effects [103, 104].

 Current Strategies for Clinical 
Evaluation of EOT in TIC

One of the many enigmas of TIC are the key 
characteristics of patients at risk including how 
an individual’s vascular endothelium may play a 
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role in the development of TIC independent from 
the degree of blood loss and HS status. 
Coagulopathy plays an important role in trauma- 
related morbidity and mortality both due to its 
role in hemorrhage and as a marker of endothelial 
dysfunction. TIC is a multi-phenotypic and pha-
sic disease process that is not only indicative of 
impaired hemostasis, but is also connected to dis-
ordered inflammation, endothelial permeability, 
and overall vascular homeostasis [79, 105, 106]. 
As understanding of TIC has grown, so has an 
appreciation for the important interaction of the 
hemostatic and endothelial systems in trauma as 
well as the impact of hemorrhagic shock on vas-
cular homeostasis. EOT is an emerging area of 
clinical study and has the potential to unify 

mechanisms underlying TIC as well as generate 
targeted pathways for therapy [34].

Given the evolving importance of EOT, many 
studies in recent years have sought to define EOT 
and markers of endothelial dysfunction clinically 
in trauma patients. Table 9.1 describes key clini-
cal studies elucidating the presence and conse-
quences of endotheliopathy following traumatic 
injury. Much of this work has focused on serum 
measurement of biomarkers of glycocalyx degra-
dation, cellular injury, and vascular leak and sub-
sequently correlating these measures to both 
markers of coagulopathy and clinical outcomes. 
Specifically, syndecan-1, thought to be a measure 
of endothelial glycocalyx shedding, has been 
associated with coagulopathy on viscoelastic 

Table 9.1 Summary of key clinical studies investigating the presence of endotheliopathy following trauma. All 
studies were single-center studies conducted at Level 1 Trauma Centers

Study
Patients 
investigated Key findings

Ganter et al. [117] 208 Angiopoiten-2 release was associated with:
  Injury severity and global hypoperfusion
  Von Willebrand factor release, soluble thrombomodulin elevation, 

coagulopathy, and activation of the compliment cascade
  Worse clinical outcomes including mortality, length of time on a 

ventilator, acute renal failure, and transfusion need
Ostrowski et al. [107] 77 Patients with autoheparinization determined by the difference in 

kaolinTEG and heparinaseTEG had fourfold higher syndecan-1 levels, 
higher international normalized ratios, higher thrombomodulin, higher 
interleukin 6, and lower protein C indicating the presence of endothelial 
damage, coagulopathy, and inflammation

Ostrowski et al. [108] 404 Soluble VE-cadherin and syndecan-1 were associated with 
hypocoagulable rTEG along with high plasma adrenaline, male sex, high 
injury severity, low platelet count, and prehospital transfusion

Johansson et al. [109] 424 Adrenaline was an independent predictor of syndcan-1 level
Adrenaline and sydecan-1 were independent predictors of <24-h, 7-day 
and 28-day mortality
Thrombomodulin was an independent predictor of 7-day and 28-day 
mortality

Gonzalez Rodriguez 
et al. [23]

410 A syndecan-1 level 40 ng/mL or greater was associated with 30-day 
in-hospital mortality and need for transfusion

Naumann et al. [119] 122 Cell-free DNA levels were associated with syndecan-1 and 
thrombomodulin levels in a linear relationship
Patient mortality was associated with higher prehospital and in-hospital 
cell-free DNA levels

Naumann et al. [90] 17 Syndecan-1 and thrombomodulin elevations were associated with worse 
flow, density, and heterogeneity within microvessels after traumatic 
hemorrhagic shock within 10 h of injury as measured by sublingual 
incident dark-field video-microscopy

Naumann et al. [110] 91 Endothelial dysfunction measured by elevated syndecan-1 and 
thrombomodulin was present within 60 min injury and, when elevated 
levels persisted at 12 h after injury, was associated with organ dysfunction

(continued)
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testing, inflammation, hypoperfusion, morbidi-
ties including transfusion need and longer hospi-
talization, and mortality [90, 107–111]. 
Syndecan-1 is involved in several of the down-
stream effects following traumatic injury that 
lead to the EOT [84, 107, 108, 112, 113]. 
Syndecan-1 has been touted as a prime clinical 
biomarker to depict outcomes in trauma patients. 
However, it may have been overly emphasized as 
a measure of endothelial compromise and dys-
function considering a major source of syndecan-
 1 is the bronchoalveolar epithelium [114, 115]. 
The lungs are often the first organ to display or 
manifest the effects of severe trauma and hemor-
rhage and it can be speculated that the majority of 
the circulating syndecans are from epithelial cel-
lular injury. Hence, syndecan-1 is a marker of 
global injury but it is not likely a specific marker 
of endothelial injury [116].

Activation of the endothelium measured by 
angiopoiten-1 (Ang-1) and angiopoiten-2 (Ang- 
2) has also been associated with coagulopathy, 
inflammation, morbidity, and mortality [117, 
118]. Some authors have suggested that endothe-
lial integrity and permeability are regulated 
through direct cellular damage as measured by 
elevated soluble VE-cadherin and an elevated 
Ang-2 to Ang-1 ratio [108, 118]. This is sup-

ported by Naumann et  al. who found that cell- 
free DNA, a marker of cellular death, was 
associated with elevated syndecan-1, thrombo-
modulin, and mortality [119]. Interestingly, Wade 
et al. found somewhat contradictory results with 
no evidence of direct endothelial injury after 
trauma. This suggests that increased endothelial 
permeability may occur from mechanisms other 
than direct cellular damage [120].

Thrombomodulin is another possible clinical 
marker that has been utilized as a surrogate 
marker for injury to the vasculature. 
Thrombomodulin is an anticoagulant protein 
expressed on the surface of endothelial cells and 
is active in playing a role in the PC anticoagulant 
pathway as described above [103, 104, 121–123]. 
After trauma, the increase of inflammatory cyto-
kines such as tumor necrosis factor α and inter-
leukin 6 results in cleavage of thrombomodulin 
and release into the circulation as soluble throm-
bomodulin, a less active form and a well-known 
marker of endothelial cell injury [121, 122, 124]. 
Taken together, there are numerous clinical mark-
ers of endothelial dysfunction that have been 
linked to TIC and poor outcomes in trauma 
patients. The utility of these markers to drive 
decision support and therapeutics is an area of 
active investigation.

Table 9.1 (continued)

Study
Patients 
investigated Key findings

Gonzalez Rodriguez 
et al. [111]

258 Patients with a serum albumin of <3.6 g/dL were more likely to have:
  Endotheliopathy defined by a serum syndecan-1 level of 40 mg/mL or 

greater
  Worse outcomes including more frequent blood transfusions, fewer 

hospital-free days, and higher mortality rates
Wade et al. [120] 24 Patients with endotheliopathy based on elevated syndecan-1 had 

reductions in clot initiation, amplification, propagation, and strength on 
thrombelastography
There were no differences in endothelial microvesicles, plasma 
norepinephrine, soluble E-selectin, soluble VE-cadherin, and histone-
complexed DNA fragments levels in those with and without 
endotheliopathy

Richter et al. [118] 52 Plasma Ang-1 and Ang-2 are elevated immediately after pediatric trauma 
compared to controls
At 24 h, pediatric trauma patients had elevated plasma Ang-2/Ang-1 ratios 
relative to controls due to decline of Ang-1 levels to near that of controls
Higher Ang-2:Ang-1 ratio was associated with poor outcomes
Ang-2 was associated with more hypoperfusion and syndecan-1
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Finally, there are several cells and cellular 
components that hold promise as markers of 
endothelial dysfunction in trauma patients. 
Circulating endothelial cells (CECs) have been 
investigated as another surrogate for endothelial 
cell damage and can be readily obtained through 
a blood sample [125, 126]. Importantly, CECs 
are rarely found in the blood in healthy individ-
uals. Due to a variety of vascular insults includ-
ing trauma, endothelial cells may detach from 
the endothelial monolayer and these resultant 
CECs can be sampled and measured from a 
peripheral blood sample. Elevated levels of 
CECs are seen in a variety both acute and 
chronic disease [125, 127–129].

Blood outgrowth endothelial cells, also 
referred to as late outgrowth endothelial progen-
itor cells (EPCs) or endothelial colony-forming 
cells, are stem cells derived from bone marrow 
that have the ability to differentiate into mature 
endothelial cells. EPCs are mobilized from the 
bone marrow through endothelial nitric oxide 
synthase in response to vascular injury and need 
for repair and neovascularization [130, 131]. 
Similar to CECs, these cells have been used as a 
marker of molecular endothelial dysfunction and 
have application in revascularization in damaged 
tissues. Though not yet pursued in TIC or EOT, 
they have provided pathophysiologic insights 
into other endothelial-based diseases including 
hematologic disease such as von Willebrand dis-
ease and sickle cell disease, pulmonary arterial 
hypertension, ischemic heart disease, and chronic 
lung diseases [131–133]. Both CECs and EPCs 
provide the benefit of direct cellular assessment 
in a relatively noninvasive manner. Though pro-
tocols are still being developed and refined, enu-
meration of CECs may provide useful information 
in the monitoring of disease activity and treat-
ment efficacy [129, 130, 133].

Finally, microparticles or extracellular vesicles 
are cellular components of submicron size from 
various cellular origins. They are shed from plasma 
membranes in response to cell activation, injury, or 
apoptosis and serve an important role in intercel-
lular communication [134, 135]. Microparticles 
were in fact first described related to their proco-
agulant properties. Enumeration of microparticles 

during disease progression and in response to 
treatment may provide a way of assessing degree 
of endothelial damage. Further, several studies 
suggest specific phenotypes of microparticles that 
may alter hemostatic capacity and can predict the 
presence of trauma-induced coagulopathy and 
transfusion response [136–138].

 Additional Consideration 
of Endothelial Heterogeneity

While evaluation of systemic biomarkers has 
shown diagnostic promise, additional consider-
ation of the endothelium as a heterogeneous 
organ is also important. A comparison of endo-
thelial cells cultured from arteries, veins, and 
microvessels from various tissues demonstrated 
that arteries and veins display distinct differ-
ences. Specifically, microvascular endothelial 
cells from microcapillaries had the greatest dif-
ferences compared to other areas in the vascula-
ture [139]. This is reflected in differential 
expression of microvascular surface receptors 
such as alpha-1, beta-1, and plasmalemma 
vesicle- associated protein-1 which is a leukocyte 
trafficking molecule [140, 141]. Tissue-specific 
endothelial expression of g-glutamyl- 
transpeptidase and monoamine oxidase has been 
found on brain microvessels [142, 143]. Bone 
marrow endothelial cells express E-selectin con-
stitutively; however, in other cell types E-selectin 
requires inflammatory activation of endothelial 
cells. Thrombomodulin is another marker that is 
abundantly present on most endothelial cells but 
is not present on brain or liver sinusoidal endo-
thelial cells [144]. Differences between micro-
vascular endothelial cells have been reviewed in 
the heart, kidney, and lungs by Aird and col-
leagues [145, 146].

Timing also plays a key role in the understand-
ing of endothelial-specific biomarkers. In the 
development of TIC, mortality occurs within 
hours after injury, and there is likely not enough 
time for acute gene expression alterations in the 
vasculature to impact outcomes. However, what 
likely should not be ignored is the baseline of 
endothelial function where the patient started 
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prior to the injury. For example, the status of 
KLF2 expression, an endothelial transcription 
factor that suppresses activation of endothelial 
cells to inflammation and thromboses, may have 
differential individual baseline expression that 
could result in different degrees of TIC and dif-
ferential development of HS if that individual is 
exposed to injury [147, 148]. While difficult to 
assess, a patient-specific baseline of the endothe-
lium prior to injury may be of critical importance 
in understanding how EOT manifests in injured 
patients.

 Direct Visualization and Monitoring 
of the Endothelial Bed

To address evaluation of dynamic changes of the 
endothelium, visualization of a specific endothe-
lial bed is an area of much development. Common 
clinical imaging studies such as Doppler mea-
surements of blood flow, magnetic resonance 
angiography, and CT scanning are widely avail-
able and may become more applicable to endo-
thelial dysfunction in the near future. Other 
imaging techniques are not actively used in the 
clinical assessment of trauma patients but have 
yielded beneficial results in other disease popula-
tions [149]. One such approach of endothelial 
bed assessment can be done using high- resolution 
external vascular ultrasound to measure changes 
in brachial artery diameter in response to reactive 
hyperemia [149, 150]. Molecular imaging, which 
combines the power of proteomics with advanced 
labeling techniques, is likely to revolutionize the 
diagnosis of endothelial-based disorders.

In addition, there have been attempts to estab-
lish dark-field microscopy as a method by which 
to assess endothelial dysfunction and measure 
degradation of the glycocalyx through utilization 
of sublingual cameras by Vink and colleagues 
[151, 152]. In a recent study involving septic 
patients, microcirculation parameters were evalu-
ated and the EGL sublingually. It was found that 
the EGL was measurable and compromised in 
septic patients but did not correlate to microcir-
culatory impairment. Further studies in critically 
ill patients are needed to unravel the relationship 

of glycocalyx damage and microvascular impair-
ment, as well as their prognostic and therapeutic 
importance in sepsis and other diseases such as 
trauma [153]. Further development is required to 
establish the clinical relevance of this form of 
assessment in evaluating and treating trauma 
patients.

There may be more direct and invasive mea-
sures of the endothelium on the horizon as well. 
For example, peripheral vascular endothelial cell 
biopsy is possible by inserting a catheter into a 
peripheral artery or vein and gently abrading the 
luminal surface of the vein with a J-wire to har-
vest them. These cells are then recovered from 
the wire and plated on poly-L-lysine-coated 
slides [154, 155]. From there, they can be treated 
with various therapeutic interventions and 
assayed for mRNA, protein expression, and func-
tional effects [155]. Another possible approach 
that could be borrowed from endothelial evalua-
tion in atherosclerosis and coronary artery dis-
ease involves placement of directed catheters that 
allow for examination of blood from a specific 
endothelial bed [156]. In this strategy, vessel 
diameter and blood flow characteristics can be 
evaluated at baseline and in response to vasodila-
tors and modulators of permeability. In addition, 
endothelial physiology may be assessed by local 
examination of the blood for biomarkers directly 
released by the endothelium. While this tech-
nique provides appeal in its real-time and direct 
monitoring of the endothelial bed, the practically 
of adapting this invasive technique to the trauma 
population given its acuity is a significant 
challenge.

Finally, newer proteomic-based techniques 
are likely to provide novel platforms, such as 
protein-based chips, that will allow the practitio-
ner to simultaneously monitor a panel of endo-
thelial cell function biomarkers. For example, 
proteomics may be valuable in determining the 
presence or absence of specific complications 
such as graft versus host disease or sepsis in 
patients undergoing hematopoietic cell transplan-
tation, in understanding changes in blood-brain 
barrier function in central nervous system dis-
ease, or in assessing the pathologic mechanisms 
in stroke. By extension, a more comprehensive 
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and systematic analysis of pathological speci-
mens, such as skin biopsies, might provide even 
more robust data that reflect endothelial cell 
function.

 Future Directions, Novel 
Therapeutics, and Gaps in the Study 
of the EOT

There are a number of new emerging areas that 
have potential to modulate outcomes in trauma 
through mitigation of the EOT.  In addition to 
transfusion, many adjunctive therapeutics are 
ongoing areas of investigation. For example, val-
proic acid, a histone deacetylase inhibitor, has 
been shown to induce platelet aggregation, 
increase clot strength, and improve clot forma-
tion rate in animal models [157]. There are active 
clinical trials aiming to understand its utility in 
the trauma population. Tranexamic acid, a syn-
thetic derivative of the lysine that inhibits fibri-
nolysis by blocking the interaction of 
plasminogen with the lysine residues of fibrin, 
has been studied for many years in the trauma 
population and is being newly explored to modu-
late endothelial compromise and clotting in spe-
cific subpopulations including traumatic brain 
injury patients [158].

Another burgeoning area of research involves 
the use of cell-based therapies as a novel approach 
to treating traumatic injury. These therapies are 
unique in that they have the ability to interact 
with multiple therapeutic targets including the 
components of EOT [159]. These pleiotropic 
effects may be of particular benefit in trauma 
patients because of the complex and heteroge-
neous patterns present in traumatic injury [160]. 
For example, cellular therapies administered 
after traumatic brain injury have been shown to 
affect blood-brain barrier permeability, produc-
tion of inflammatory cytokines and chemokines, 
and activation of critical inflammatory cells such 
as microglia, neutrophils, and macrophages 
[160–162]. Clinical application of these therapies 
is ongoing in multiple venues, the results of 
which will likely have a significant impact on 
management approaches.

In sum, a key challenge in the management of 
trauma patients with EOT is understanding the 
complex interconnections between the develop-
ment of TIC, vascular leak, and inflammation. 
Critical to advancement in this field is finding 
ways to measure the EOT clinically through bio-
markers and newly devised measures to image 
and assess endothelial damage. It is only through 
clear mechanistic and diagnostic understanding 
with attention to the heterogeneity of the endo-
thelial system, the dynamic real-time changes of 
that system, and the baseline factors of the indi-
vidual patient can relevant therapeutic targets and 
ultimately improved outcomes be achieved.
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Protein C

Joshua J. Sumislawski, Benjamin M. Howard, 
and Mitchell Jay Cohen

In normal human hemostasis, the activated pro-
tein C (APC) pathway attenuates coagulation, 
serving as an anticoagulant restraint on multiple 
physiologic processes that promote clot forma-
tion. Independent of these anticoagulant proper-
ties, APC has cytoprotective effects, acting as an 
anti-inflammatory agent and preventing endothe-
lial barrier leakage [1, 2]. By these two mecha-
nisms, the APC pathway serves to maintain 
vascular flow by preventing excessive thrombosis 
and to protect cells from damage associated with 
inflammatory insults like sepsis and trauma.

 Molecular Components 
of the Activated Protein C Pathway

 Protein C

Protein C was identified and named in Sweden in 
1976 by Stenflo, who in his investigations of bovine 
coagulation factors found “a hitherto unrecognized 
vitamin K-dependent protein with an unknown 
function.” The name was derived from its position 
as the third peak eluted via chromatography, peak C 

[3]. Protein C had, in fact, been described as “auto-
prothrombin IIa” the decade before in Detroit by 
Seegers [4, 5]. In as early as the 1960s, this protein 
was known to have anticoagulant properties and 
was thought to have an inhibitory effect on fibrino-
lysis [6]. Thus, the discovery of protein C occurred 
through laboratory efforts to define the fundamental 
biochemistry of coagulation in the 1960s and 1970s, 
prior to any awareness of its clinical importance.

Protein C was subsequently isolated and iden-
tified as a vitamin K-dependent zymogen precur-
sor of a serine protease, the activation of which is 
mediated via binding of thrombin [7]. Once acti-
vated, APC achieves its primary anticoagulant 
function through irreversible proteolytic cleavage 
of activated factors Va and VIIIa, the major drivers 
of thrombin formation [8–11]. While these anti-
coagulant mechanisms were detailed thoroughly 
by the 1980s, the cytoprotective activity of APC, 
with respective mechanisms via specific recep-
tors, was not described until decades later [12].

The structure of protein C is homologous to 
that of the other vitamin K-dependent coagula-
tion proteins, from the level of nucleotide 
sequence to that of tertiary protein folding. The 
gene for protein C is located on chromosome 2, 
spans approximately 11 kilobases, and codes for 
a precursor 461-amino-acid polypeptide [13, 14]. 
Before secretion, this precursor is modified by 
removal of a signal peptide and a propeptide 
involved in gamma-carboxylation, yielding a 
419-amino-acid product with a molecular weight 
of 62  kDa [15] (Fig.  10.1). An endoprotease 
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Fig. 10.1 Amino-acid sequence of protein C and ribbon 
polypeptide scheme of activated protein C. Amino acids are 
numbered from the amino-terminus of the mature protein 
with the signal-peptide sequence underlined. Specific 
domains are color-coded as indicated in the ribbon cartoon. 
Green circles depict γ-carboxylation, blue circles 
β-hydroxylation, and black circles N-linked glycosylation. 

Sites of proteolytic cleavage during post- translational pro-
cessing and protein C activation are indicated by scissors. 
The dipeptide proteolytically removed during post-transla-
tional processing of most protein C molecules in the liver is 
identified by the box. The serine, aspartic acid, and histidine 
residues that constitute the active-site triad are identified by 
red circles. (Modified from Mosnier and Griffin [18])
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cleaves the protein into a two-chain zymogen, 
with a heavy chain covalently linked to a light 
chain by a single disulfide bond. The majority of 
protein C is found in this form [16]. The amino- 
terminal gamma-carboxyglutamate (Gla) domain 
of the light chain enables calcium chelation and 
binding of membrane complexes, as in homolo-
gous vitamin K-dependent clotting factors; this 
domain also facilitates binding to endothelial 
receptors [17]. Two epidermal growth factor 
(EGF) domains on the light chain likely mediate 
interaction with cofactors such as thrombomodu-
lin and protein S; the activation peptide and ser-
ine protease are found on the heavy chain. 
Post-translational N-linked glycosylation occurs 
prior to secretion of the mature glycoprotein. The 
majority of protein C is synthesized in the liver, 
circulates at a plasma concentration of 4 mcg/mL 
(70 nM), and has a half-life of 8 h [18].

Activation of the protein C zymogen is 
achieved via thrombin-mediated cleavage of the 
heavy chain at Arg169, releasing a 12-residue 
activation peptide [7]. This reaction is acceler-
ated by endothelial-bound thrombomodulin and 
the endothelial protein C receptor (EPCR). Once 
activated, APC either is released as an anticoagu-
lant or remains bound to EPCR, whereby its cyto-
protective effects are initiated [19]. The serine 
protease domain of the APC molecule is homolo-
gous to that of chymotrypsin and mediates the 
highly specific inactivation of coagulation factors 
V and VIII [20]. Circulating APC has a half-life 
of approximately 20 min, and levels are low in 
healthy adults, on the order of 1–3 ng/mL (<40 
pM) [21]. APC levels closely correlate with lev-
els of the circulating zymogen, suggesting that 
precursor protein C concentration is a limiting 
factor in the rate of in vivo APC activation [22].

 Thrombomodulin

Although thrombin is responsible for the activa-
tion of protein C, the kinetics of the thrombin- 
protein C reaction are extremely unfavorable. 
Hypothesizing that another mechanism augments 
this process in vivo, Esmon and Owen found that 
protein C activation increased 20,000-fold during 

exposure to endothelium in the coronary micro-
vasculature of an explanted rabbit heart, and this 
effect was confirmed in cultured human endothe-
lial cells [23]. The responsible endothelial cofac-
tor, thrombomodulin, was subsequently isolated 
and named for its ability to convert thrombin 
from the canonical procoagulant to a functional 
anticoagulant via protein C activation [24].

Thrombomodulin is a transmembrane protein 
found predominantly on the surface of endothe-
lial cells. It is coded on chromosome 20; has a 
molecular mass of approximately 70  kDa; and 
contains a lectin-like domain, six EGF domains, 
and a serine/threonine-rich domain near the 
membrane that serves as a site for glycosylation 
[25]. Thrombin and protein C bind at the EGF 
domains [26]. Once bound to thrombomodulin, 
thrombin undergoes conformational changes that 
affect its substrate specificity, shifting the bal-
ance from the procoagulant thrombin-fibrin path-
way to the anticoagulant APC pathway [27, 28]. 
At the ser/thr domain, binding of glycosamino-
glycans like chondroitin sulfate increases throm-
bomodulin’s affinity for thrombin, enables 
further protein C activation, and accelerates 
thrombin inhibition by proteases [29, 30]. 
Thrombin bound to thrombomodulin is inacti-
vated more rapidly than free thrombin [31].

Thrombomodulin expression differs by tissue 
type, and given a constant endothelial concentra-
tion, it has higher activity in the microvasculature 
than in larger vessels due to the several 100-fold 
increase in endothelial surface area-to-blood 
ratio in capillaries [32, 33]. Thus, it prevents 
thrombosis in small peripheral vessels, where 
thrombin activity might otherwise favor clot for-
mation. In mice, deletion of the thrombomodulin 
gene is fatal at the embryonic stage [34].

Thrombomodulin has been found to circulate 
in plasma in soluble form, presumably following 
cleavage of the membrane-binding and cytoplas-
mic domains [35]. Elevated levels of soluble 
thrombomodulin have been associated with cer-
tain pathologic states, including atherosclerosis 
and sepsis [36, 37]. The functional relevance of 
this circulating pool is unclear. While it likely 
represents a marker of endothelial damage, espe-
cially when elevated above normal levels [38], 
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studies have shown that it retains function as a 
cofactor in protein C activation [39]. More recent 
data indicate that soluble thrombomodulin 
released during endothelial stress might have a 
protective role in inflammatory conditions, exert-
ing an antiapoptotic effect on target cells [40].

 Protein S

Protein S was discovered in 1979 by DiScipio 
and Davie at the University of Washington and 
was named for the city of Seattle. It was initially 
identified as a vitamin K-dependent plasma pro-
tein with unknown function [41] but was soon 
found to be a potent cofactor with APC in the 
inactivation of factor Va [42].

Protein S is a 77-kDa glycoprotein coded on 
chromosome 3. After the removal of a leader pep-
tide, it is secreted as a single-chain polypeptide of 
635 amino acids with three carbohydrate side 
chains [43, 44]. Like homologous vitamin 
K-dependent glycoprotein relatives, it has a Gla 
domain that binds calcium and facilitates binding 
to phospholipid membranes. Following a 
thrombin- sensitive domain are four EGF-like 
domains, which have been implicated in its cofac-
tor activity [45]. However, protein S is not a serine 
protease and circulates in active form. A 
C-terminal sex hormone binding globulin 
(SHBG)-like domain facilitates binding to C4b- 
binding protein (C4BP), a regulatory glycoprotein 
of the complement system [46]. Approximately 
60% of circulating plasma protein S is bound to 
C4BP, and this bound form has reduced APC 
cofactor activity. The remaining free 40% 
(~25 μg/mL, ~130 nM) of protein S is available as 
an active cofactor [47, 48]. While primarily syn-
thesized in the liver and endothelium, protein S 
has been shown to be produced by other cell 
types, including activated platelets [49].

Early work identified the role of protein S in 
facilitating binding of the APC complex to the 
phospholipid membrane, enabling inactivation of 
factor Va [50]. Multiple protein S domains are 
necessary for effective augmentation of APC 
activity, with recent studies implicating the first 
EGF-like domain as the critical site for interaction 

with APC [45]. A Gla domain has also proven key 
to effective interaction and potentiation [51]. Via 
these mechanisms, protein S helps to bind APC to 
the phospholipid membrane in proximity to Va 
and VIIIa and orients the structure of the enzyme-
substrate complex to optimize proteolysis [52], 
increasing inactivation of Va up to 20-fold [53] 
and inactivation of VIIIa at least threefold [54].

Independent of its role as a cofactor, protein S 
can function as a direct inhibitor of thrombin for-
mation via a host of proposed mechanisms, 
including direct binding and blockade of coagu-
lation factors and potentiation of tissue factor 
pathway inhibitor (TFPI) [55, 56]. Studies have 
also identified a separate cytoprotective effect, 
whereby protein S facilitates clearance of apop-
totic cells via specific cell-surface receptors [57].

 Endothelial Protein C Receptor

In an effort to understand the endothelium- 
mediated process of protein C activation and the 
suspected role of APC in modulating inflamma-
tory responses, the Esmon lab identified and 
characterized the endothelial protein C receptor 
in 1994 [58]. Subsequent studies demonstrated 
that EPCR increased protein C activation fivefold 
in vitro [59]; in vivo primate studies indicated a 
20-fold enhancement of protein C activation via 
EPCR [60].

EPCR shares structural homology with the 
major histocompatibility class I (MHC I) or CD1 
superfamily of transmembrane receptors. The 
46,000-kDa mature glycoprotein contains 221 
amino acids and is coded on chromosome 20q 
[61]. In the site where MHC molecules contain a 
presented antigen, EPCR is tightly bound to a 
phospholipid, the removal of which eliminates 
binding to protein C [62]. EPCR binds to the Gla 
domains of protein C and APC with similar affin-
ity [17]. By binding the zymogen protein C and 
presenting it to the thrombin-thrombomodulin 
enzymatic complex, EPCR reduces the substrate 
concentration required for effective activation, 
which is otherwise greater than the normal 
plasma concentration [63]. Via binding to EPCR, 
APC exerts its cytoprotective effects through 
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cleavage of the PAR-1 receptor [12]. Although 
originally identified on human endothelium, 
EPCR has been localized to other cell types, 
including hematopoietic, epithelial, and neuronal 
cells. It has also been shown to have ligands other 
than protein C and seems to play a complex role 
in the pathogenesis of inflammation, cancer, and 
severe malaria [64]. Unlike thrombomodulin, 
which is found at highest concentrations in the 
microvasculature, EPCR is more densely concen-
trated in larger blood vessels [33].

A soluble form of EPCR, which circulates in 
normal plasma at a concentration of 100 ng/mL 
(~2.5 nM), has been shown to bind protein C with 
an affinity similar to the membrane-bound form 
[65]. This soluble form inhibits the anticoagulant 
properties of APC in  vitro both by blocking 
membrane binding and by inducing structural 
changes in the APC-binding site [66]. Soluble 
EPCR is increased in the settings of sepsis and 
systemic lupus erythematosus [67] and elevated 
in trauma patients with critical injuries [68]. 
EPCR release from the endothelium has been 
related to tissue necrosis factor alpha (TNF-α) 
and circulating thrombin [69]. As with thrombo-
modulin, the meaning of elevated soluble EPCR 
in these disease states remains unknown, possi-
bly representing endothelial-membrane shedding 
and nonfunction or increased expression and 
function. However, based on murine models, the 
effect of soluble EPCR on systemic coagulation 
might be insignificant at physiologic levels [70].

 Pathway Regulation

For protein C to be activated, thrombin binds 
endothelial thrombomodulin as it is generated, 
forming an enzymatic complex on the endothe-
lial surface. Zymogenic protein C binds EPCR at 
the Gla domain and is oriented to the thrombin- 
thrombomodulin complex for activation. 
Thrombin cleaves the zymogen at the Arg169- 
Leu170 bond, producing the functional protease 
APC. This APC can release from EPCR to bind 
protein S in the anticoagulant pathway, or it can 
remain bound, whereby its cytoprotective actions 
are mediated [71].

One known stimulant of protein C activation 
is platelet factor 4, a cationic alpha-granule pro-
tein released by activated platelets in the pres-
ence of damaged endothelium. Initially found 
in vitro to increase protein C activation by up to 
25-fold in a Gla-domain-dependent manner [72], 
platelet factor 4 infusion also produced elevated 
APC levels in a primate in vivo model, presum-
ably by enhancing the affinity of protein C for the 
thrombin-thrombomodulin complex [73]. Earlier 
studies showed that protein C activation was also 
accelerated by factor Va, both in solution and on 
endothelial cells [74]. Negatively charged endo-
thelial phospholipids, which can be exposed after 
thrombin-induced cell activation, significantly 
increase APC formation; this effect could be 
mediated via a calcium-dependent interaction 
with protein C [75].

Generation of APC is limited by zymogen 
availability, measured by circulating protein C 
level [76], and thrombin generation. For similar 
reasons, given the strong dependence of protein 
C activation on thrombomodulin and EPCR, 
changes in the expression or activity of these 
components represent a key means of altering 
APC production. For example, inflammatory 
processes reduce protein C activation by a host of 
mechanisms: TNF can downregulate thrombo-
modulin and EPCR transcription [58, 77], homo-
cysteine has been shown to inhibit 
thrombomodulin directly and reduce its cell- 
surface expression [78], and atherosclerosis 
decreases thrombomodulin and EPCR expres-
sion on the endothelial surface [79]. Proteolytic 
release of thrombomodulin from the cell surface 
is another mechanism for downregulation and 
has been associated with neutrophil elastase [80]. 
Interestingly, heat shock has an opposing effect, 
increasing the transcription of thrombomodulin 
in human endothelial cells, a process that can 
overcome the downregulation induced by TNF-α 
[81]. The association of these receptors with 
caveolae could represent another means of 
 regulating protein C activation [82]. As men-
tioned previously, the distribution of thrombo-
modulin and EPCR in specific vessel types also 
has implications for the differential regulation of 
coagulation.
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Thrombin has divergent effects on the APC 
pathway. In vitro studies with human endothelial 
cells have shown that thrombin binding induces 
endocytosis of the thrombin-thrombomodulin 
complex, which could represent a mechanism for 
thrombin clearance and degradation as well as 
downregulation of protein C activation [83]. 
Conversely, and likely via independent receptors, 
thrombin can induce an increase in thrombomod-
ulin transcription [84]. Although thrombin might 
be associated with endothelial shedding of EPCR, 
it also increases EPCR transcription in animal 
models [69, 85]. While difficult to assess in vivo, 
these results suggest that a surge of thrombin, as 
seen after injury, might lead to significant 
increases in EPCR and thrombomodulin tran-
scription and expression.

One area of interest, especially with regard to 
TIC, is the effect of hypoxemia on protein C acti-
vation. Earlier in vitro studies using bovine aortic 
endothelium showed that hypoxemia led to 
marked selective decreases in the expression of 
thrombomodulin over several hours, which were 
reversible with re-oxygenation [86]. Similar 
effects were found in human endothelium in vitro 
[87]. This work suggests that shock and its atten-
dant hypoxemia would lead to an overall decrease 
in protein C activation. However, several clinical 
studies have demonstrated the opposite: ischemia 
leads to increased protein C activation in  vivo. 
This effect has been established in pigs, where 
selective coronary artery occlusion leads to a 
rapid increase in protein C activation that facili-
tates recovery from ischemic insult [88], and in 
humans, where brain vasculature APC levels rise 
within seconds of carotid artery occlusion [89]. 
Another clinical study, in the setting of cardio-
pulmonary bypass, demonstrated significant 
increases in APC levels in the minutes following 
aortic unclamping, with the degree of APC 
increase correlating with improvements in post-
operative cardiovascular function [90].

Inactivation of protein C is mediated by pro-
tein C inhibitor (PCI), a member of the family of 
serine protease inhibitors (serpins) [91]. Like 
other serpins, PCI forms a covalent bond with its 
target, leading to APC degradation and a confor-
mational change of the inhibitor [92]. Other 

known inhibitors of APC include α1-antitrypsin 
and α2-macroglobulin; in concert with PCI, these 
inhibitors facilitate the relatively long half-life of 
APC (approximately 20 min) [93, 94].

 Anticoagulant Function 
of Activated Protein C

 Inactivation of Coagulation Factors

Once activated and released from EPCR, APC 
achieves its primary anticoagulant effect by pro-
teolytic inactivation of coagulation factors Va 
and VIIIa. This activity is dependent upon bind-
ing of the APC Gla domain to negatively charged 
phospholipid membranes [95]. Given that factor 
Va enhances the activity of the prothrombinase 
complex greater than 10,000-fold, APC-
mediated inactivation of Va effectively ceases 
thrombin production [96, 97]. Proteolytic cleav-
age of Va at Arg506 is the more rapid reaction 
but only results in partial inactivation; cleavage 
at Arg306 leads to complete inactivation [10, 
98]. As described previously, protein S serves as 
a potent cofactor in this cleavage, optimizing 
APC orientation for binding to the phospholipid 
membrane and the targeted substrate; protein S 
potentiates the more definitive Arg306 cleavage 
up to 20-fold [52, 53]. Overall, APC shuts down 
Va activity, preventing formation of thrombin via 
the extrinsic pathway and severely delaying pri-
mary clot formation.

Inactivation of factor VIIIa resembles that of 
Va, with APC-induced cleavage occurring at 
Arg336 and Arg562 [99]. Cleavage at either site 
induces functional inactivation [54]. Both protein 
S and inactivated factor V serve as cofactors in 
the inactivation of VIIIa, which has a relatively 
short half-life regardless of inactivation but may 
be protected by binding to other factors [100]. 
Activated factor VIIIa enhances formation of 
activated factor Xa via the intrinsic pathway up to 
200,000-fold [101]. Thus, APC downregulates 
rapid thrombin formation via the extrinsic path-
way through cleavage of factor Va as well as sec-
ondary thrombin formation via the intrinsic 
pathway through cleavage of factor VIIIa [97].
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 Fibrinolysis

In addition to its direct anticoagulant effects, APC 
has been associated with increased fibrinolysis; 
however, this relationship has recently become 
less clear. Early published characterizations of 
“autoprothrombin IIa” demonstrated induction of 
fibrinolysis on thromboelastography in both 
canine and human blood in vitro; an in vivo canine 
model of APC infusion yielded similar results [6]. 
These investigators suspected an indirect effect on 
plasminogen, which was confirmed in subsequent 
studies that identified a secondary-messenger 
mechanism by which APC produced increases in 
plasminogen activator [102, 103]. The effect of 
APC on decreasing plasminogen activator inhibi-
tor 1 (PAI-1) activity was shown in whole-blood 
clot lysis assays [104, 105] and studies of cultured 
endothelium [106, 107]. The relevance of this 
mechanism was questioned when it could not be 
replicated in the primate setting [108] and pro-
ceeded slowly in a purified system with human 
proteins. In 2001, Rezaie showed that the glyco-
protein vitronectin acts as a stabilizing cofactor to 
accelerate the reactivity of PAI-1 with APC in 
humans [109]; based on these findings, it appears 
that in vivo APC inactivates PAI-1, a serpin, in a 
reaction potentiated by vitronectin, causing de-
inhibition of fibrinolysis.

Thrombin-activatable fibrinolysis inhibitor 
(TAFI), another mediator of fibrinolysis, is also 
linked to the APC pathway. Its major physiologic 
activator is the thrombin-thrombomodulin com-
plex [110]. A carboxypeptidase enzyme, acti-
vated TAFI inhibits fibrinolysis by removing 
lysine residues from fibrin, preventing the acti-
vation of plasminogen [111, 112]. Before Rezaie 
demonstrated the role of vitronectin in potentiat-
ing the interaction between APC and PAI-1, 
TAFI was identified as a possible means by 
which APC could promote fibrinolysis: by its 
anticoagulant effect, APC reduces thrombin for-
mation, limiting the key substrate that activates 
TAFI and leading to reduced inhibition of fibri-
nolysis [113, 114]. However, this mechanism is 
unclear because both protein C and TAFI are 
substrates for thrombomodulin and could com-
promise the activation of each other through 

competition. Thrombomodulin-dependent TAFI 
activation and fibrinolysis inhibition have been 
shown to occur in the presence of protein C 
[115]. The concentration of thrombomodulin has 
been proposed to regulate the counteracting 
effects of APC and TAFI on fibrinolysis, perhaps 
in a tissue-specific pattern based on thrombo-
modulin distribution within the vasculature 
[116]. Substrate preference of thrombomodulin 
might also be regulated by platelet factor 4, 
which when released from activated platelets 
promotes protein C activation and inhibits TAFI 
activation, leading to a profibrinolytic state 
[117]. Although these studies suggest a role for 
APC in fibrinolysis, the data in trauma patients is 
conflicting, as discussed later.

 Cytoprotective Effects of Activated 
Protein C

APC’s anti-inflammatory effects were initially 
attributed to decreased production of proinflam-
matory thrombin. Thrombin has been shown to 
exert inflammatory actions on cells, primarily via 
GTP-binding protein-coupled protease-activated 
receptors (PARs) [118], and APC likely plays an 
indirect role in mitigating this activity through its 
anticoagulation pathway. Early awareness of a 
direct relationship between APC and inflamma-
tion was postulated when thrombin infusion led 
to increased survival in a canine sepsis model and 
was associated with anticoagulation and 
enhanced fibrinolytic activity [119]. These find-
ings prompted directed investigation of APC’s 
effects in a primate model of sepsis, in which 
APC prevented the lethal effects of high-dose 
Escherichia coli infusion in baboons and APC 
blockade exacerbated the effects of sublethal E. 
coli challenge [120]. These studies, conducted in 
the late 1980s, paved the way for randomized 
controlled trials of recombinant human APC 
therapy for sepsis two decades later.

Based on the growing body of animal data 
indicating an APC-induced anti-inflammatory 
effect beyond attenuation of thrombin produc-
tion, Joyce and colleagues performed transcrip-
tional profiling that showed recombinant human 
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APC modulates human endothelial cell gene 
expression, with resulting inhibition of major 
apoptotic and inflammatory pathways [121]. 
Shortly thereafter, APC was shown to signal 
cells directly through the PAR-1 receptor, an 
interaction dependent on APC-to-EPCR binding 
and affecting gene expression of intracellular 
regulators of apoptosis and inflammation [12]. 
Since that discovery, a series of experiments 
have identified a pleiotropic array of candidate 
receptors and pathways for APC signaling on 
multiple cell types, including endothelium and 
immune cells [122].

At this time, the paradigmatic model for 
APC’s cytoprotective effects focuses on EPCR 
and PAR-1. After activation, APC bound to EPCR 
induces specific noncanonical N-terminal cleav-
age and activation of PAR-1, resulting in a series 
of intracellular processes distinct from those 
induced by thrombin-PAR-1 binding [123, 124]. 
These effects depend to some extent on the cell 
type and include the regulation of gene expres-
sion via suppression of nuclear transcription fac-
tor activity [121]. In endothelial cells, PAR-1 
signaling inhibits vascular adhesion molecule 
expression and release of proinflammatory mol-
ecules [125]. Endothelial barrier function is 
enhanced in  vitro by APC, an effect dependent 
upon PAR-1 signaling and mediated via the 
sphingosine-kinase pathway and sphingosine 
1-phosphate receptor [126]. In leukocytes, APC 
prevents adhesion molecule expression and 
reduces the release of pro-inflammatory media-
tors like TNF-α, potentially attenuating the cyto-
kine storm that characterizes sepsis and 
post-injury inflammation [127, 128]. APC has 
been shown to inhibit apoptosis in an EPCR- and 
PAR-1-dependent manner [129], and in hypoxic- 
stress states APC downregulates proapoptotic 
proteins like p53 and Bax in human brain endo-
thelium [130]. While many of these mechanisms 
have been delineated in vitro, they are supported 
by ongoing animal experiments, especially those 
that employ genetic knockouts, domain-specific 
targeted mutants of APC, and selective PAR-1 
agonists [131, 132]. These studies have taken 
place while large-scale human trials of recombi-

nant APC for therapeutic use in sepsis have been 
conducted, as discussed later.

Independent of the PAR-1 cell-signaling path-
way, APC attenuates inflammation in an indirect 
fashion via inactivation of extracellular histones. 
APC cleaves histones and reduces their cytotoxic 
effects in  vitro, and in a mouse model, APC 
infused with lethal doses of histones prevented 
death [133].

 Clinical Relevance of the Protein C 
Pathway

Protein C was discovered and characterized in 
the laboratory before any awareness of its clinical 
significance. In more recent years, studies have 
shown that genetic deficiencies in the APC path-
way from protein C [134] to thrombomodulin 
[34] to EPCR [135] can lead to early thrombosis, 
hemorrhage, and embryonic or perinatal lethality. 
These findings underscore the essential role APC 
plays in maintaining hemostatic balance.

The first clinical syndrome related to protein 
C was reported in 1981, when Griffin and col-
leagues identified a 22-year-old man with multi-
ple thromboembolic complications and a family 
history of recurrent thrombotic disease. In the 
patient and two affected family members, 
depressed levels of protein C were identified 
[136]. Two years later, a Dutch study described 
congenital protein C deficiency in three unrelated 
families with high rates of thrombophlebitis and, 
through pedigree analysis, posited that the disor-
der was transmitted in an autosomal-dominant 
fashion with incomplete penetrance [137]. 
Shortly thereafter, independent investigators 
reported increased thrombosis in patients with 
hereditary protein S deficiency [138, 139]. Since 
these initial discoveries, many genetic mutations 
have been identified that lead to quantitative and 
qualitative protein C or S deficiencies; the 
 majority of identified patients are heterozygous 
and manifest higher rates of venous thrombosis 
[140]. Homozygous protein C deficiency occurs 
more rarely, likely due to fetal demise, and mani-
fests as neonatal purpura fulminans, a highly 
morbid condition that can be treated with protein 
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C concentrate [141, 142]. Similar pathophysiol-
ogy is observed in acquired protein C defi-
ciency, the classic example being the occurrence 
of skin necrosis following the initiation of war-
farin. In this situation, the relatively short half-
life of protein C leads to predominance of 
longer half-life vitamin K-dependent procoagu-
lant factors, with resulting thrombosis in the 
microvasculature [143].

Disappointed by the lack of identifiable pro-
tein C or S deficiency in many patients with 
apparently familial thrombosis syndromes, 
Swedish researchers sought to find alternative 
genetic mechanisms and in 1993 identified a her-
itable resistance to APC [144]. A simultaneous 
Dutch study arrived at similar conclusions [145]. 
This phenotype was found to be more prevalent 
than any previously known deficiencies and is 
now considered the most common cause of inher-
ited thrombophilia [146]. The following year, 
three groups, including University Hospital in 
Leiden, showed that APC resistance is character-
ized by a single-nucleotide substitution mutation 
in Factor V, in which the arginine at APC-cleavage 
site Arg506 is replaced with glutamine, prevent-
ing the inactivation of factor Va by APC [147]. 
Factor V Leiden remains the best characterized 
heritable thrombophilia and is found in heterozy-
gous form in up to 5% of Caucasians. It is thought 
to have arisen from a single ancestor 21,000–
34,000 years ago and persisted due to the relative 
benefits of hypercoagulability (namely, decreased 
hemorrhagic death) in the premodern era [148].

Since the turn of the twenty-first century, the 
anti-inflammatory actions of APC have garnered 
interest in human sepsis trials. Following the 
protective effects of APC in baboon sepsis stud-
ies, a large international prospective multicenter 
trial was conducted to assess the safety and effi-
cacy of activated drotrecogin alfa (recombinant 
human APC, rhAPC) in the treatment of sepsis 
in humans. This randomized, placebo-controlled, 
phase 3 study was discontinued early when a 
mortality benefit was found in rhAPC-treated 
patients: these patients had a reduction in rela-
tive risk of death at 28  days of 19%, with an 
absolute reduction of 6% [149]. This finding rep-

resented the first successful non-antimicrobial 
pharmacologic therapy for severe sepsis, and its 
mortality benefit across subgroups was hailed as 
a breakthrough in critical care medicine [150]. 
However, subsequent investigations in less 
severely ill and pediatric populations failed to 
show a similar benefit and raised questions about 
the risk of bleeding complications [151, 152]. A 
follow-up multicenter trial failed to show any 
benefit to rhAPC treatment, and as a result 
rhAPC was withdrawn by the manufacturer 
[153]. The comparability of this study to the 
original trial has been questioned, along with its 
statistical power in the setting of a low mortality 
rate; subsequent meta-analyses have suggested 
that there might be a significant therapeutic ben-
efit to rhAPC [154, 155].

Spurred by the initial success of rhAPC in 
sepsis, several animal and human studies have 
been conducted to assess further therapeutic 
applications. Animal studies indicated that APC 
administration might attenuate lung injury, but 
these results were not replicated in a human mul-
ticenter randomized controlled trial [156, 157]. 
Recombinant forms of APC have shown benefits 
in preclinical models of ischemia and reperfusion 
injury of the heart, liver, and kidney; diabetic 
nephropathy; and radiation toxicity [158–161]. 
Anti-inflammatory effects combined with the 
promotion of angiogenesis make APC a promis-
ing therapeutic for chronic wound healing [162, 
163]. Multiple animal studies have indicated a 
neuroprotective role for APC, especially in the 
setting of ischemia [130, 164–166]. These find-
ings have prompted human studies of a 
cytoprotective- selective APC variant in the treat-
ment of ischemic stroke, which are currently in 
Phase II trials [167]. The ability to deliver 
domain-specific agents at higher doses than those 
used in prior rhAPC trials (since the risk of bleed-
ing can be eliminated by inactivation of the anti-
coagulant function) could prompt re-evaluation 
of therapeutic applications in sepsis. Recombinant 
thrombomodulin is also being studied in the 
management of sepsis-associated coagulopathy 
but thus far has not been found to have a mortal-
ity benefit [168].
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 Activated Protein C and Trauma- 
Induced Coagulopathy

Although post-traumatic coagulation abnormali-
ties had been classically attributed to coagulation 
factor consumption or iatrogenic interventions 
(the “vicious triad” of hemodilution, hypother-
mia, and acidosis), in 2003 two independent 
cohort studies reported that roughly 25% of 
trauma patients present with coagulopathy on 
admission prior to resuscitation [169, 170]. Those 
with impaired coagulation had increased transfu-
sion requirements, increased rates of organ dys-
function, and a four-fold increase in mortality. 
Coagulopathy corresponded with injury severity, 
but its effect on mortality was independent of 
Injury Severity Score (ISS). Unable to determine 
the causal mechanism of this newly identified 
“endogenous” coagulopathy, the authors posited 

that it might “be an indicator of loss of regulation 
of the local inflammatory response” [170].

Our group studied 208 trauma patients and 
hypothesized that the combination of tissue 
injury and hypoperfusion might lead to a patho-
logic activation of the APC pathway. Measuring 
tissue hypoperfusion by base deficit, we found 
that coagulopathy occurred only in the presence 
of significant base deficit (>6 mEq/L) regardless 
of total thrombin formed (prothrombin fragments 
1  +  2 levels) (Fig.  10.2) [171]. With normal 
fibrinogen in all patients, this finding argued 
against coagulation factor consumption as the 
underlying etiology, as would be seen in dissemi-
nated intravascular coagulation. Increased base 
deficit was also associated with decreased zymo-
genic protein C and increased soluble thrombo-
modulin; while protein C also decreased with 
thrombin formation, it only did so in the presence 
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Fig. 10.2 Effects of tissue hypoperfusion on coagulation. 
Partial thromboplastin time (PTT, a) and prothrombin 
time (b) are prolonged with increasing base deficit (BD). 
PTT (c) and prothrombin time (d) are prolonged only in 
the presence of elevated BD.  When BD is ≤6 (orange 
bars), increasing thrombin generation (represented by 

prothrombin fragments 1 and 2) has no effect on PTT or 
prothrombin time; when >6 (blue bars), prolongation of 
coagulation parameters is seen with increasing thrombin 
generation. *, p < 0.05. (Modified from Brohi et al. [171])

J. J. Sumislawski et al.



145

of increased base deficit. Decreased protein C 
correlated with prolonged PT and PTT, decreased 
PAI-1 activity, and increased D-dimer, indicating 
a hypocoagulable and fibrinolytic state 
(Fig. 10.3). Transfusion requirements, complica-
tions, and mortality were associated with 
decreased protein C zymogen and increased sol-
uble thrombomodulin.

This first study linking APC and TIC was not 
without limitations, primary the lack of direct 
measurement of the activated form of protein 
C. Likewise, the significance of soluble thrombo-
modulin remains unknown and might not be a 
direct assay of overall thrombomodulin activity. 
The data was also collected at a single time point, 
upon admission. Most importantly, the findings 
represented a compelling correlation but fell 
short of definitive causal evidence. Nevertheless, 
the hypothesis and results generated considerable 
discourse, especially regarding the therapeutic 
implication that reversal of shock might be more 
critical than coagulation factor repletion in 
trauma resuscitation [172].

In a clinical study published the following 
year, increases in soluble thrombomodulin cor-
related with decreased utilization of fibrinogen, 
decreased zymogenic protein C, and increased 
TAFI, indicating that soluble thrombomodulin 
levels might correlate with increased overall 
activity [173]. In an attempt to clarify the mecha-
nisms of fibrinolysis, tPA was shown to be 
increased in the presence of decreased PAI-1 lev-
els, which correlated with D-dimer, whereas 
TAFI had no significant correlation with D-dimer. 
These findings suggested that the primary effect 
on fibrinolysis was mediated via decreased PAI-1 
(and thus increased tPA and plasmin) rather than 
protein C competing with TAFI for thrombomod-
ulin binding sites (and thus decreasing overall 
TAFI activity).

Three years later, in a study of 203 severely 
injured patients, the definitive evidence of protein 
C activation was established [174]. APC levels 
were measured using an enzyme-capture assay 
and correlated with decreased zymogen protein 
C.  Patients with severe injury and shock had 

20

40

P
T

T
 (

s)

P
ro

th
ro

m
b

in
 T

im
e 

(s
)60

>102
10

12

14

16

18

20

>10279-101 79-10158-78 58-78<57 <57

Protein C (%)

>102 79-101 58-78 <57

Protein C (%) Protein C (%)

Protein C (%)

*

*

*

*

*

0

5

10

15

20

25

30 16

12

8

4

0

P
A

I-
1 

(A
U

/m
l)

D
-D

im
er

s 
(n

g
/m

l)

> 102 79-101 58-78 <57

a b

c d

Fig. 10.3 Indirect evidence for protein C activation. 
Partial thromboplastin time (PTT, a) and prothrombin 
time (b) are prolonged as protein C decreases. Plasminogen 

activator inhibitor-1 (PAI-1) is reduced (c) and D-dimers 
are elevated (d) as protein C decreases. *, p  <  0.05. 
(Modified from Brohi et al. [171])
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elevated levels of APC (Fig. 10.4), and APC cor-
related with the degree of coagulopathy in linear 
regression, wherein a log increase in APC resulted 
in a 2.4-s increase in PT.  APC was inversely 
related to levels of factors Va and VIIIa and 
directly related to increases in tPA and D-dimer. 
With regard to outcomes, the degree of protein C 
activation (by APC:PC ratio on admission) corre-
lated with increased odds of ventilator- associated 
pneumonia (VAP), lung injury, and multi-organ 
failure, as well as 2.1-fold increased odds of mor-
tality. Analysis of longitudinal protein C levels 
following admission showed that increased APC 
with failure to recover normal zymogen levels 
correlated with increased risk of VAP.

These results were obtained using prospec-
tively collected data from a single institution. To 
investigate the mechanistic drivers of TIC in a 
larger, multicenter context, an analysis was con-
ducted using the Prospective, Observational, 
Multicenter, Major Trauma Transfusion 
(PROMMTT) study. Among 1200 patients from 
ten centers, shock and base deficit predicted 
admission coagulopathy [175]. Analysis of coag-
ulation factors identified protein C activation 
(decreased protein C zymogen, increased APC) 
and coagulation factor depletion, especially V 
and VIII, as predictive of coagulopathy.

Since results from human studies remain by 
design correlative and observational, a traumatic 
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Fig. 10.4 Tissue injury and shock result in systemic acti-
vation of the protein C pathway. Patients were divided 
into four groups based on Injury Severity Score (ISS) and 
base deficit (BD): minimal injury without shock (ISS < 15, 
BD < 6); minimal injury with shock (ISS < 15, BD > 6); 
severe injury without shock (ISS  >  15, BD  <  6); and 

severe injury with shock (ISS > 15, BD > 6). Patients with 
severe injury and shock had elevated levels of activated 
protein C (a) and reduced levels of protein C (b). Patients 
with the highest quartile of activated protein C had pro-
longed prothrombin time (c) and partial thromboplastin 
time (d). *, p < 0.05. (Modified from Cohen et al. [174])
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hemorrhage model was developed in mice to 
investigate these mechanisms. In this model, tis-
sue injury combined with hypoperfusion led to 
reproducible coagulopathy. A directed antibody, 
mAb 1591, was used to block the anticoagulant 
domain of APC and prevented traumatic coagu-
lopathy [176] (Fig. 10.5). This finding provided 
mechanistic evidence that APC can mediate 
TIC.  Interestingly, all mice pretreated with an 
antibody that blocks the anticoagulant and cyto-
protective domains of APC (mAb 1609) died 
within 45  minutes of shock initiation and had 
diffuse pulmonary arteriolar thrombosis accom-
panied by perivascular and alveolar hemorrhage. 
This result underscored the key role APC plays 
in mitigating systemic inflammation. In a rat 
model of penetrating traumatic shock, thrombo-
elastography indicated that TIC was due to 
impaired thrombin formation, favoring APC’s 
inactivation of Va and VIIIa as the underlying 
mechanism [177].

Based on this mechanistic data and the human 
clinical results, our group posited that TIC repre-

sents an evolved but maladaptive response to 
severe injury. In the setting of severe trauma and 
tissue hypoperfusion, an excess of protective 
anti-inflammatory APC is released in an attempt 
to prevent local microvascular thrombosis and 
mitigate cellular dysfunction (Fig.  10.6). This 
view is supported by data from a trauma cohort 
demonstrating that poor outcomes associated 
with increased levels of inflammatory histones 
are abrogated by simultaneous increases in 
endogenous APC, implying a protective effect of 
APC in the setting of widespread inflammation 
[178]. According to this hypothesis, APC may be 
activated as part of an innate response to inflam-
matory injury, resulting in an “inadvertent” anti-
coagulant effect and leading to the development 
of a clinically significant coagulopathy. The sub-
sequent depletion of the overactivated protein C 
system exposes the individual to eventual organ 
injury and infection.

Several questions remain regarding this 
hypothesis. One mechanistic element relates to 
the driver of protein C activation in the setting of 
traumatic shock. While thrombin is readily avail-
able after tissue injury, upregulation of thrombo-
modulin in hypoperfused states remains debated. 
As discussed previously, in  vitro studies have 
indicated that hypoxemia might decrease throm-
bomodulin expression [86, 87], but multiple stud-
ies have demonstrated that ischemia leads to 
increased protein C activation in vivo [88–90].

Another area of interest is the upstream driv-
ers of APC-induced TIC. Activation of protein C 
is initiated by thrombin, but the mechanisms of 
thrombin production in trauma have not been 
characterized. While the roles of tissue factor and 
the extrinsic pathway in hemostasis have been 
long established [179], recent findings have 
 suggested that alternative inflammatory media-
tors could drive changes in coagulation dynam-
ics, possibly via the intrinsic pathway [180–182]. 
To elucidate which pathway predominates in 
coagulation activation after trauma, targeted anti-
body blockades were employed in the previously 
described murine model of traumatic shock 
[183]. These data indicate that coagulation acti-
vation following traumatic hemorrhage is driven 
primarily by the (extrinsic) tissue factor pathway 
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Fig. 10.5 Inhibition of the anticoagulant function of pro-
tein C prevents the development of acute traumatic coagu-
lopathy in mice. Mice were treated with a monoclonal 
antibody that inhibits the anticoagulant function of protein 
C (mAb 1591) or an isotype control (mAb 1761). After 
10 min, the mice underwent traumatic hemorrhage (TH). 
Activated partial thromboplastin time (aPTT) was mea-
sured after 60  min of hemorrhagic shock. *, p  <  0.05. 
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and that the resulting increase in thrombin pro-
duction is responsible for the activation of pro-
tein C seen in TIC.

An in vitro study involved adding increasing 
levels of APC to healthy subjects’ whole blood 
and concluded that the relatively APC-resistant 
population of Va on platelets effectively negated 
any hypocoagulable effects from APC at or above 
reported in vivo concentrations [184]. Although 
the authors surmised that these findings pre-
cluded the role of APC in TIC, the study did not 
incorporate an endothelial element, nor did it 
acknowledge the fact that tissue-specific concen-
trations of APC in injured areas may differ from 
those measured at a site of remote venipuncture 
[185]. These conclusions contradicted thrombo-
elastometry data from healthy subjects collected 

a decade before to assess the potential coagula-
tion effects of rhAPC administration; that study 
demonstrated a significant increase in clotting 
time at relatively low doses of rhAPC [186]. 
Another in vitro study showed a dose-dependent 
effect of APC on coagulation dynamics, with 
hypocoagulability (but albeit reduced fibrinoly-
sis) by thromboelastometry at increasing doses 
[187]. While these studies might provide insights 
into the mechanisms of TIC, they are limited by 
their ex vivo context.

Another area that remains unclear is the role 
of APC in regulating fibrinolysis. Although pre-
clinical work has suggested that APC can drive 
fibrinolysis, the data on this topic in the trauma 
literature is mixed. As discussed previously, in 
trauma patient plasma, reduced zymogenic pro-
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Fig. 10.6 Activated protein C pathway in trauma-induced 
coagulopathy. (a) Tissue injury exposes tissue factor (TF), 
which drives thrombin formation via the coagulation cas-
cade, resulting in production of fibrin clot. (b) Hypoxemia 
leads to increased expression of endothelial thrombomod-
ulin (TM), which diverts thrombin from clot formation. 

(c) Thrombin bound to TM activates zymogenic protein C 
(PC) in a reaction potentiated by endothelial protein C 
receptor (EPCR). (d) Assisted by protein S (PS), activated 
protein C (APC) inactivates Va and VIIIa by proteolytic 
cleavage and disinhibits fibrinolysis by inhibiting PAI-1, 
leading to a hypocoagulable state
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tein C and elevated APC have been associated 
with increased fibrinolytic activity [171, 174, 
188, 189]. These findings are supported by a 
recent animal model of traumatic hemorrhage, in 
which fibrinolysis and fibrinogen depletion were 
attenuated in mice with a genetic thrombomodu-
lin mutation and therefore reduced ability to acti-
vate protein C [189]. However, when APC has 
been added to healthy human whole blood, fibri-
nolysis was reduced on thromboelastometry 
[187]. Moreover, PAI-1 is now thought to form a 
complex with tPA instead of being degraded after 
trauma, conflicting with the hypothesis that APC 
disinhibits fibrinolysis by neutralizing PAI-1 
[190]. The regulation of fibrinolysis after injury, 
including the role of APC in that process, remains 
an area of continuous investigation.

Throughout this discussion, attention has been 
focused on the APC pathway as a potential causal 
agent in TIC; however, this approach should not 
be misunderstood as an attempt to characterize 
APC as the only, or even paramount, driver of 
TIC. TIC represents a complicated and likely het-
erogeneous pathophysiology, incorporating mul-
tiple pathways of inflammation, coagulation, and 
fibrinolysis [191]. Application of more sophisti-
cated statistical methods, including principle 
components analysis, to understanding TIC 
dynamics in clinical populations indicates that 
APC-induced coagulopathy likely represents one 
phenotype among many [188].

 Future Directions and Therapeutic 
Implications

Based on the results of mechanistic murine stud-
ies, one approach might be to develop a human 
antibody similar to murine mAb 1591, which 
blocks APC’s anticoagulant domain and prevents 
coagulopathy in the setting of traumatic shock 
[176]. While blocking APC anticoagulation in 
trauma might attenuate coagulation abnormali-
ties, the potentially prothrombotic complications 
would be concerning, and extensive preclinical 
testing would be required. Also, determining the 
appropriate patients for therapy and defining the 
optimal time after injury for administration are 
significant challenges.

One promising area of APC investigation is 
domain-specific variants. A more thorough under-
standing of APC’s structure and related functional 
implications has led to the development of engi-
neered APC that is selective for specific functions. 
As noted, following the concerns of bleeding com-
plications and limited clinical benefit related to 
rhAPC, variants with  diminished anticoagulant 
but intact cytoprotective function have been engi-
neered [192]. Site- specific mutagenesis has pre-
served EPCR binding and PAR-1 cleavage while 
nearly eliminating proteolytic coagulation factor 
inactivation [193]. While this development has 
obvious appeal in the treatment of sepsis and 
related inflammatory conditions, including the 
ability to deliver much higher doses than tolerated 
in the original rhAPC trials, such variants might be 
able to provide a potent therapeutic option in the 
setting of trauma. By administering a cytoprotec-
tive-selective variant following significant injury 
with attendant shock, a system depleted of APC 
could be buffered against inflammatory sequelae 
such as nosocomial infection and organ damage. 
Again, the optimal patient selection and timing of 
such therapeutics would need to be studied care-
fully. Lastly, the use of variants can be comple-
mented by genetic knockouts and overexpressors 
in animal models; these studies will enrich our 
growing understanding of the complex APC path-
way dynamics in the setting of traumatic shock.

Though the initial clinical and mechanistic 
characterizations of APC in TIC have been 
reviewed here, the translation of such knowledge 
into potential interventional approaches remains 
in nascent stages. The promise of incorporating 
this increased awareness of APC’s role into an 
integrated understanding of TIC to treat critically 
injured patients represents a research priority 
now and for the foreseeable future.
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Fibrinolysis Dysregulation 
Following Trauma

Hunter B. Moore and Ernest E. Moore

 Historical Perspective

The association between trauma, fibrinolysis, and 
death has been recognized for over 200  years. 
One of the first described coagulation changes 
during hemorrhage was from Hewson in 1772, 
who stated in sheep “the blood which issued last 
coagulated first” [1]. John Hunter, from his war-
time experiences at the end of the 1790s, observed 
incoagulability from victims of lethal gunshot 
wounds [2]. Nearly a century later it was discov-
ered that liquid whole blood could dissolve 
formed clots and the term “fibrinolysis” was pro-
posed. Blood removed from corpses from sudden 
death proved to be a useful source of blood for 
transfusions, as their blood would initially clot, 
but then reliquify and, thus, not require an antico-
agulant. Macfarlane et al. [2] concluded that the 
commonality of these early observations was 
rapid death resulting in reversal of clot formation. 
This was experimentally confirmed by Cannon 
and Gray in 1914 [3] in a dog model of hemor-
rhagic shock, in which it was appreciated that 
during progressive hemorrhage, clotting time 

was reduced. This reduction in clotting time was 
ascribed to a protective mechanism to stop bleed-
ing, but at the cost of pathologic hypercoagula-
bility in the microvascular system resulting in 
irreversible shock, as described by Crowell and 
Read in 1955 [4]. Turpini and Stanfanini [5] sev-
eral years later demonstrated experimentally that 
fibrinolysis was activated during hemorrhagic 
shock to counterbalance shortened clotting time. 
This observation was further strengthened in an 
animal model of hemorrhagic shock in which 
heparin pretreatment markedly reduce mortality. 
This was subsequently validated by Hardaway 
et  al. who documented that pretreating animals 
with heparin eliminated microvascular clots fol-
lowing hemorrhagic shock [6]. Hardaway’s 
group subsequently found that a profibrinolytic 
would also reduce mortality if given after hemor-
rhagic shock [7], further supporting the role of 
microvascular thrombi in irreversible shock. 
Whitaker and McKay around the same time 
showed that epinephrine infusions in animals 
would similarly result in intravascular fibrin 
deposition, which was prevented with heparin 
and exacerbated with an antifibrinolytic [8].

The term disseminated intravascular coagula-
tion (DIC) [9] emerged during this time and 
implicated multiple visceral thromboses as the 
cause of shock. Fibrinolysis was proposed to be a 
physiologic process to counterbalance these 
thromboses, and when fibrinolysis was inhibited 
after hemorrhage, it resulted in irreversible shock 
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and death [10]. Taking organ biopsies in a patient 
that is bleeding with organ failure is not a benign 
intervention and clinically not feasible in most 
situations to determine if a patient is in DIC. This 
resulted in laboratory measurements to estimate 
what is occurring at the microvascular level to 
define DIC employing a score including fibrino-
gen level, platelet count, fibrin degradation prod-
uct, and prothrombin time [11] without histologic 
proof. Extrapolation of these laboratory measure-
ments has led to the misinterpretation of defining 
DIC as pathologic “in vivo” activation of coagu-
lation [12]. This may be true in certain clinical 
scenarios such as malignancy [13] and sepsis 
[14] when pathogen or abnormal tissue creates a 
prothrombotic surface and causes consumptive 
coagulopathy. However, in trauma, in vivo acti-
vation of coagulation is a survival mechanism to 
prevent uncontrolled bleeding and thus is a phys-
iologic response to injury that is different in etiol-
ogy to other disease states such as malignancy, 
sepsis, and pregnancy. Regardless of the limita-
tions in defining DIC, it has always been per-
ceived to be the result of a secondary event due to 
an underlying primary disease process [15]. 
Therefore, treating the initiating trauma-induced 
coagulopathy to return the patient to homeostasis 
is the goal, and fibrinolysis management is a crit-
ical component.

This balance of coagulation was emphasized 
in Stafford’s review on fibrinolysis and hemosta-
sis in 1964 [15] and established a logical expla-
nation for how fibrinolysis in both extremes 
could become pathologic: “a general assumption 
has been developed that clotting is not episodic 
but a continuous process which is normally never 
allowed to progress to a physical end point.” 
Pathologic hyperfibrinolysis was defined by 
Starzl et  al. using thrombelastography (TEG) 
during the early operative phase of liver trans-
plant [16], while Hardaway in 1965 described 
fibrinolysis shutdown following trauma and pro-
longed hemorrhagic shock [17]. Recently, it has 
been recognized that trauma patients can present 
with a spectrum of fibrinolysis within 12 hours of 
injury [18] (Fig.  11.1). Viscoelastic hemostatic 
assays (VHA) to quantify the two pathologic 
ends of the fibrinolysis spectrum (excessive clot 

degradation, hyperfibrinolysis, and impaired clot 
degradation, fibrinolysis shutdown) have consis-
tently demonstrated that moderate levels of fibri-
nolysis (physiologic) measured have the lowest 
mortality compared to hyperfibrinolysis and 
fibrinolysis shutdown [18–25].

 Challenges of Measuring 
Fibrinolysis

 Systemic Versus Local Fibrinolysis

The regional distribution of specialized endothe-
lial cells contributing to the fibrinolytic system is 
reflective of the importance of localization of this 
process [26]. The primary driver of intravascular 
fibrinolysis, tissue plasminogen activator (tPA), 
is released from precapillary arteriole and post-
venular endothelial cells. This allows for a rapid 
response to prevent low-flow occlusion of small 
vessels. The body is continuously clearing fibrin 
deposition, and after trauma with extensive 
thrombin generation from tissue injury, this 
maintenance process is increased to maintain 
microvasculature patency distal to the injury site. 
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Fig. 11.1 Thromboelastic measurements of 200 criti-
cally injured patients (injury severity score > 15) identi-
fied the spectrum of fibrinolysis. Patients with a moderate 
(physiologic) level of fibrinolysis had the lowest mortal-
ity. Those patients with fibrinolysis above this range 
(hyperfibrinolysis) had nearly a 50% mortality, while 
those patients with impaired fibrinolysis (shutdown) had 
nearly a fourfold rate mortality compared to the physio-
logic range. These data implicate a protective role of fibri-
nolysis following severe injury
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This explains why a D-dimer test is nonspecific. 
Local fibrinolysis will release fibrin degradation 
products systemically (Fig. 11.2). However, this 
does not necessarily correlate with an increase in 
systemic fibrinolytic activity (Fig.  11.3). 
Elevation of D-dimer can be a physiologic reac-
tion to trauma, and correlation to systemic hyper-
fibrinolysis requires additional assays. 
Furthermore, the clearance of D-dimer exceeds 
12 hours [27], and elevated levels of D-dimer can 
reflect prior activation of the fibrinolytic system 
but do not represent a patient’s real-time systemic 
fibrinolytic activity.

 Plasma Markers of Fibrinolysis Have 
Limitations

The limitations of the “gold standard” euglobulin 
lysis test (plasma based) have been discussed 
since 1962, with emphasis on the importance of 
developing whole blood assay to measure fibri-

nolysis that includes the important contributions 
of cellular components [28]. This is further 
emphasized by the lack of fibrinolysis reversal 
with certain antifibrinolytic medications due to 
these medications not precipitating out of plasma 
for this assay [29]. Perhaps the most important 
component of whole blood removed from the 
euglobulin lysis test is the platelet. Platelets pro-
vide a structural framework to resist fibrinolysis. 
During primary hemostasis, platelets aggregate 
and form adhesions between themselves and the 
surrounding environment including collagen, 
facilitated by Von Willebrand factor. This creates 
a unique microenvironment in which fibrin 
polymerization can accelerate on a phospholipid 
membrane for thrombin burst and regionalization 
of clotting components away from the circulating 
vascular system [30]. This area is further enriched 
with prothrombotic and antifibrinolytic proteins 
after platelet degranulation [31]. A low concen-
tration of lysed platelets has been shown to 
reverse tPA-enriched whole blood fibrinolysis 
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Fig. 11.2 Afferent flow to an area of injury provides 
fibrinogen which is acted upon by a local thrombin burst 
creating a fibrin seal which becomes cross-linked by fac-
tor XIII that also integrates antiplasmin proteins. 
Circulating tPA and plasminogen enter the clot and bind 
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cleavage of plasminogen into plasmin. Plasmin actively 
cleaves polymerized cross-linked fibrin and releases deg-
radation products including D-dimer. As the clot degrades, 
antiplasmin proteins are uncovered and directly bind plas-
min resulting in the formation of plasmin-antiplasmin 
complexes, which are released into systemic circulation
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[32]. The mechanism is perceived to occur from 
alpha-granule degranulation of the platelet in 
response to thrombin, which results in the release 
of plasminogen activator 1 (PAI-1), which can 
effectively inhibit tPA [11]. Because platelets 
play an important role in the regulation of fibri-
nolysis, non-whole blood assays are limited 
because they have eliminated important inhibi-
tors of the fibrinolytic system.

 Viscoelastic Assays and Fibrinolysis

ROTEM and TEG provide clinically useful mea-
sures of fibrinolysis (results within 1  hour: 

Fig. 11.4). The threshold between 3% and 15% 
LY30 (percent degradation of clot 30  minutes 
after reaching maximum amplitude) have been 
identified as an increased risk for massive trans-
fusion and increased mortality [33–35]. The 
hyperfibrinolytic patient is relatively easy to 
identify with these assays, although the optimal 
activator and the optimal percent lysis threshold 
remain to be defined. Evaluating the other end of 
the spectrum of the fibrinolytic system, fibrinoly-
sis shutdown, is more challenging. Appreciation 
of the two extremes of the fibrinolytic system in 
response to trauma and surgery dates back to the 
1960s [36]. As previously mentioned, a spectrum 
of fibrinolysis is present in acutely injured 
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Fig. 11.3 Measurement of D-dimer and plasmin- 
antiplasmin (PAP) complexes is the result of the degrada-
tion of fibrin clot. Therefore, the systemic circulating 
levels of these plasma proteins are dependent on the 
patient’s clot burden. The elevation of these products can 
be due to increased activity of the plasmin system, 
increased clot burden from extensive tissue injury or intra-
vascular thrombosis, or decreased clearance of these prod-
ucts. They do not necessarily reflect the systemic activity 
of the fibrinolytic system in circulation. Microvascular 
beds can have elevated fibrinolytic activity in efforts to 
keep the vasculature patent increasing D-dimer and PAP 
levels, but not resulting in systemic hyperfibrinolysis. 
Acute pulmonary embolism is an example of an elevated 
D-dimer level but not systemic hyperfibrinolysis. An 

acute occlusion of the pulmonary vasculature results in a 
rapid release of local tPA to clear fibrin clot in the pulmo-
nary vasculature and an elevation in D-dimer. 
Measurement of systemic fibrinolysis would be within a 
normal range as the circulating regulator proteins would 
buffer the local surge tPA released from the pulmonary 
system preventing systemic hyperfibrinolysis. In polysys-
tem trauma patients, it is not a mystery why these protein 
levels have poor specificity for identifying the hyperfibri-
nolytic phenotype, as the body is actively building and 
degrading clot to optimize tissue perfusion. This only 
becomes pathologic when activity becomes unregulated 
and results in excessive clot degradation in areas of vascu-
lar injury resulting in refractory bleeding
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patients [18]. Raza et  al. suggested that visco-
elastic assays are limited to detect fibrinolysis 
impairment [37]. In their study, they identified a 
patient population without overt hyperfibrinoly-
sis identified by ROTEM but with increased plas-
min/antiplasmin (PAP) levels. These patients 
with high PAP, compared to patients with low 
PAP, and lacking hyperfibrinolysis by ROTEM 
had worse outcomes and higher mortality. PAP 
reflects localized plasmin production on fibrin, 
endothelium, and other surfaces with subsequent 
deactivation by complexing with circulating a2 
antiplasmin. The half-life of this complex is 
12 hours in healthy individuals [27]. Thus, eleva-
tion of PAP does not necessarily represent sys-
temic fibrinolytic activity. D-Dimers, produced 
by plasmin degradation of fibrin, also have an 
extended half-life of 16  hours [27]. Thus, PAP 

and D-dimer levels are difficult to interpret as 
they may reflect systemic fibrinolysis shutdown 
or local suppression of fibrinolysis in an area of 
active fibrin breakdown. This same observation 
continues to be repeated in the literature in which 
investigators report high PAP [20] or D-dimer 
levels [21] with low levels of viscoelastic fibrino-
lytic activity and increased mortality. However, 
this same population with biomarkers of activa-
tion of the fibrinolytic system but low fibrinolytic 
activity does not have a gain in fibrin clot strength 
with TXA [38]. This patient population likely 
represents true fibrinolysis shutdown, in which at 
some point after injury there was systemic activa-
tion of the fibrinolytic system, but was subse-
quently shut down. This is consistent with 
observations in trauma patients dating back to the 
1960s [39] in which fibrinolytic activity was 
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Fig. 11.4 Thrombelastography measures the progression 
of clot formation to maximum strength from the systemic 
blood of a patient in an in  vitro environment. There are 
numerous contributing factors to clot strength including 
thrombin generation, platelet aggregation/degranulation, 
and clot stabilization such as factor XIII that are indirectly 
measured by this assay. In this in vitro environment, the 
clot will degrade after reaching maximum clot strength. 
The reduction in clot strength after 30 minutes represents 
clot weakening from fibrinolytic activity and to some 
degree platelet relaxation. This is dictated by the balance 
of pro- and antifibrinolytic proteins at the tPA and plasmin 
level. In addition, clot strengthening and modification can 

occur which render fibrin clot more resistant to plasmin 
degradation (e.g., TAFI cleaves lysine domains on fibrin). 
This measurement of clot weakening after 30 minutes is 
reflective of the patient’s current systemic fibrinolytic 
function and increases specificity for identifying systemic 
pathologic hyperfibrinolysis. The strength of this assay 
includes all circulating factors that impact coagulation and 
fibrinolysis. Limitations of this assay are low-flow envi-
ronment and lack of endothelial surface that can modify 
local fibrinolytic activity. There are currently no perfect 
assays for measuring fibrinolysis, but thrombelastography 
provides the most clinically relevant assay at this time to 
detect pathologic systemic hyperfibrinolysis
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often suppressed early after injury despite ele-
vated fibrin degradation products.

Viscoelastic assays are performed in a no-flow 
environment in which high levels of thrombin are 
rapidly generated, particularly when a potent 
activator is used, such as tissue factor. Maximum 
platelet activation can occur and, therefore, sup-
press fibrinolytic activity. Conversely, maximal 
platelet activation can result in platelet contrac-
tion followed by relaxation producing a pattern 
overestimating fibrinolytic activity. Therefore, 
the low values of LY30 (or high values of Ll60 
for ROTEM) are compromised as estimates of 
systemic fibrinolysis.

 Driver of Pathologic Fibrinolysis

 Fibrinolysis May Not Be Linked 
to Blood Clot Formation in TIC

Coagulation changes after trauma are described 
to have two components: (1) impairment of blood 
clot formation (hypocoagulation) and (2) 
increased rate of clot degradation (hyperfibri-
nolysis) [40]. While one in four patients with 
severe injury has coagulation abnormalities 
within 30  minutes of injury, the prevalence of 
hyperfibrinolysis is much lower [33–35]. As the 
assessment of coagulation changes postinjury has 

become refined, hypocoagulation and hyperfibri-
nolysis appear mechanistically diverse. Principal 
component analysis suggests that hyperfibrinoly-
sis does not correlate with impaired clot forma-
tion [41, 42]. This has also been evident using 
hierarchical clustering [43].

An interesting observation from human stud-
ies observed that blood taken from patients who 
have nontraumatic cardiac arrest have a high 
prevalence of hyperfibrinolysis [44]. There is 
compelling evidence that hypoperfusion drives 
hyperfibrinolysis, although others have argued 
that tissue factor from tissue injury may contrib-
ute to overactivation of systemic fibrinolysis 
based on experimental work [45]. Trauma 
patients have variable degrees of tissue injury and 
shock, and these collectively determine the dif-
ferent phenotypes of coagulation abnormalities. 
There may be unique patterns of injury that cor-
relate to accelerated or inhibited fibrinolysis. Our 
recent animal work demonstrated that tPA levels 
were markedly increased in animals undergoing 
hemorrhagic shock, but tissue injury did not con-
tribute to increases in systemic levels (Fig. 11.5). 
Interestingly, traumatic brain injury (non- 
herniation) appears to promote fibrinolysis shut-
down [46, 47].

Currently, the only established risk factor for 
hyperfibrinolysis is inadequate tissue perfusion, 
which is supported by a number of retrospective 
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studies [34, 40, 48, 49] and further strengthened 
by the fact that patients in the CRASH II trial 
who benefited from antifibrinolytics had a sys-
tolic blood pressure of less than 75 mmHg [50]. 
This is not a new concept, as investigators in the 
1950s attributed fibrinolysis activation to isch-
emia and anoxia [51]. Shock may also be causing 
metabolic disturbances increasing fibrinolysis. It 
has been shown that taurocholic acid increases 
fibrinolysis in vitro and is markedly elevated fol-
lowing shock in rodents [52]. In sum, the molec-
ular mechanisms of fibrinolysis in trauma remain 
an active area of research.

 Hyperfibrinolysis

Pathologic hyperfibrinolysis was appreciated by 
Starzl et al. in 1963 [16] using thrombelastogra-
phy (TEG) during the anhepatic phase of liver 
transplant surgery. In the original series of human 
transplant patients, these authors recommended 
empiric antifibrinolytics to reduce bleeding. 
However six years later, when evaluating the 
coagulopathy of liver transplant, Starzl’s group 
[53] retracted their statement advocating empiric 
antifibrinolytics when they appreciated increased 
mortality from venous thromboembolism (VTE). 
Recognizing the potential for spontaneous reso-
lution of excessive fibrinolysis is an important 
concept. In transplant, removal of the liver results 
in hyperfibrinolysis, and replacement of the liver 
corrects fibrinolysis without using medication to 
block fibrinolysis. The likely driver of fibrinoly-
sis in liver transplant surgery is the removal of the 
liver, which has the ability to rapidly clear tPA 
through receptor-mediated processes [54]. Like 
most receptor-mediated processes, hepatic clear-
ance of tPA can be saturated [55]. In trauma 
patients who develop TEG-detectable hyperfibri-
nolysis, tPA levels on admission are elevated 
compared to those without TEG-detected fibrino-
lysis [56]. The question in trauma remains if tPA 
generation or tPA clearance drives this process. It 
is likely that both contribute. Historic literature 
suggested systemic hyperfibrinolysis occurs 
early after injury, but proceeds to shut down after 
resuscitation [36, 57], indicating that after an 

acute phase of profibrinolysis, the body compen-
sates by inhibition of the system.

The elevation of tPA in the plasma in trauma 
does not correlate to overall fibrinolysis activity. 
The cognate direct inhibitor of tPA, PAI-1, has 
been found to decrease in patients with TIC [58] 
and hyperfibrinolysis [56]. This relative drop in 
PAI-1 is most likely attributable to an increase in 
tPA, causing a complex of tPA and PAI-1 and, 
thus, decreasing the relative amount of free PAI-1 
[59]. The source of early postinjury elevations of 
PAI-1 remains unclear as this protein may be 
released from a-granules of platelets and can be 
synthesized by endothelium. Furthermore, PAI-1 
is an acute-phase reaction protein, and plasma 
levels do not peak for hours after hemorrhagic 
shock in animal models [60].

There are a number of additional proteins 
present in plasma that either inhibit tPA directly 
or can inhibit the effector protein of tPA, plasmin. 
Some of these proteins are normally in relatively 
high abundance in the plasma including alpha-2 
antiplasmin, alpha-2 macroglobulin, alpha-1 
antitrypsin, and C-1 esterase inhibitor. As 
described in Chap. 5, these are backup inhibitors 
of the fibrinolytic system, which will regulate 
fibrinolysis when tPA is elevated in the circula-
tion. In addition to these potent plasmin inhibi-
tors, thrombin-activatable fibrinolysis inhibitor 
(TAFI), generated by thrombin/thrombomodulin 
or directly released from platelets, inhibits plas-
minogen binding to fibrin. Plasma can buffer the 
effects of tPA, as is evident with previous experi-
ments in which exogenous tPA mixed in whole 
blood with healthy volunteers required substan-
tial concentrations to reproduce hyperfibrinolysis 
[61]. However, depletion of these backup fibrino-
lytic inhibitors of plasmin increase sensitivity to 
tPA-mediated fibrinolysis. Recently, it has been 
found that hyperfibrinolytic trauma patients are 
depleted of these inhibitors [38]. A2AP may be 
depleted by as much as 40%. In healthy volun-
teers, depletion of A2AP markedly increases 
tPA-mediated fibrinolysis [62] supporting the 
essential role of this potent plasmin inhibitor. 
A2AP can effectively inhibit free plasmin in frac-
tions of a second [63] and free floating plasmin in 
systemic circulation is rapidly inhibited. This is 
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demonstrated by adding plasmin to whole blood, 
in which minimal fibrinolytic activity is evident 
until milligram levels of plasmin are added to 
whole blood, whereas nanogram of tPA can elicit 
significant fibrinolysis [62].

There is clear evidence that elevated tPA level 
with elevated fibrinolysis measured by VHA is 
associated with high mortality related to bleeding 
[20, 21]. However, patients with elevated PAP or 
D-dimer with low fibrinolytic activity have 
increased mortality that is typically delayed and 
not associated with life-threatening bleeding [20, 
21]. The Gall et al. [21] study demonstrates this 
quite well as the low lysis high D-dimer patient 
cohort has a 4% rate of massive transfusion com-
pared to 30% in patients with high fibrinolytic 
activity with elevated D-dimers [21]. Furthermore, 
the low lysis high D-dimer group had a median 
time to death of 2  days. Mortality beyond 
24  hours in trauma is rarely associated with 
uncontrolled hemorrhage [64]. This “occult fibri-
nolysis” group also had the highest rate of deep 
vein thrombosis, supportive of a tendency 
towards thrombotic complications despite a pro-
longed prothrombin time. This group is much 
more consistent with fibrinolysis shutdown than 
hyperfibrinolysis.

The European group also proposed that the 
mechanism for ongoing undetected fibrinolysis 
was mediated by S100A10 [21]. S100A10 
increases fibrinolysis via co-localization of the 
tissue plasminogen activator (tPA) with plasmin-
ogen by forming a heterotetramer complex with 
annexin 2 on a cellular membrane [65]. This is 
accomplished via the kringle domains on tPA and 
plasminogen which bind the lysine carboxy ter-
minal of S100A10 known as the p362/p112 com-
plex [66]. Two S100A10 monomers (forming the 
heterotetramer) are required to bring tPA and 
plasminogen in close proximity to effectively 
generate plasmin [66]. It remains unproven that 
circulating S100A10 monomers have the same 
impact on fibrinolysis. S100A10 monomers are 
essentially a protein version of tranexamic acid 
when not complexed with annexin A2; i.e., the 
fibrin binding sites of tPA and plasminogen are 
occupied by the p362/p112 domain preventing 
effective binding to fibrin carboxy lysine resi-

dues. The in vitro tests in the Gall study [21] sup-
port this hypothesis as increasing S100A10  in 
healthy volunteer blood decreased maximum 
lysis (ML) measured by ROTEM.  Interestingly, 
this group may have found a previously unappre-
ciated driver of acute fibrinolysis shutdown, with 
circulating S100A10 monomers binding tPA, 
reducing systemic fibrinolytic activity.

 Fibrinolysis Shutdown 
and Hypofibrinolysis

Investigations of coagulation in elective surgery 
patients in the 1970s identified an increased risk 
of deep vein thrombosis (DVT) with low fibrino-
lytic activity following surgery [67], although 
this was not reproduced in other studies [68, 69]. 
Variable definitions and assays to define fibrino-
lysis shutdown were likely responsible for these 
inconsistencies. The euglobulin lysis time (ELT) 
that defines fibrinolysis shutdown was commonly 
used in coagulation research, but was known to 
have limitations [29]. Griffith [70] and Knight 
et  al. [71] both demonstrated that prolonged 
ELTs postoperatively predict postoperative 
thrombotic complications. To add further confu-
sion, the term hypofibrinolysis was introduced in 
1974 [72]. This new type of impaired fibrinolysis 
was diagnosed by a lack of ELT shortening, or 
persistently elevated plasminogen activator 
inhibitor activity in blood samples obtained after 
venous occlusion of the upper extremity [73–76]. 
Hypofibrinolysis represents an impaired activa-
tion of the fibrinolytic system, whereas fibrinoly-
sis shutdown is activation of the fibrinolytic 
system with subsequent inhibition beyond a 
physiologic level (Fig. 11.6). An important limi-
tation in the current literature is assuming that 
hypofibrinolysis and fibrinolysis shutdown repre-
sent the same pathophysiology. Many clinic stud-
ies citing low fibrinolytic activity only include 
one measurement of fibrinolysis over time, which 
cannot effectively differentiate the two 
pathologies.

Impairment of the fibrinolytic system has a 
detrimental effect on patient outcomes. The mor-
tality rate of patients with low fibrinolytic activ-

H. B. Moore and E. E. Moore



165

ity on presentation to the hospital is nearly four 
times greater than patients with a physiologic 
level of fibrinolysis [77]. Death is attributable to 
organ failure. The term fibrinolysis shutdown 
was first used in 1969 [36] in a review on fibrino-
lysis describing the effects of electroplexy, myo-
cardial infarction, and elective surgery. This 
transition was first described by Innes and Sevitt 
in 1964 [39]. As previously discussed, fibrinoly-
sis shutdown and DIC were confused in their 
early description. Emerging evidence now sug-
gests that DIC is a final common pathway after 
failure to treat the initial insult [78]. With the his-
toric and current data, persistent fibrinolysis shut-
down is emerging as a suspect for transitioning 
patients from TIC to DIC.

It is well known that trauma patients are 
prone to thrombotic events. When screening for 
postinjury venous thrombosis, the prevalence 
has been reported to approach 60% [79]. There 
is evidence for thrombosis in the pulmonary 
vasculature in nearly 1  in 4 seriously injured 
patients within 48  hours of their trauma [80]. 
Furthermore, microvascular clot is implicated 
in organ dysfunction [81, 82]. Therefore, it is 
intuitive that maintaining adequate fibrinolysis 
to clear the microvasculature of excessive fibrin 
deposition would be beneficial. The importance 
of inhibition of fibrinolysis at the site of injury 
remains essential during the acute phase of 
trauma, but systemic fibrinolysis shutdown is 
detrimental.

Fig. 11.6 Fibrinolysis shutdown vs hypofibrinolysis. The 
Y axis represents fibrinolytic activity, with a green bar rep-
resenting a balanced level of fibrinolysis in which a patient 
has a fibrinolysis generation related to tissue injury and 
shock, a physiologic response to thrombin generation and 
tissue ischemia. The X axis represents time from injury. 
The gray box represents the first time a trauma patient is 
encountered by a prehospital provider and IV access is 
obtained, which in our urban setting is around 10–20 min-
utes following injury. At this time, laboratory analysis of a 
patient in fibrinolysis shutdown (blue) would demonstrate 

elevated D-dimer and PAP levels due to prior fibrinolysis 
activation, but have subsequently shut down the system, 
and viscoelastic assessment of fibrinolysis activity would 
be low. Those patients with physiologic fibrinolysis (white) 
due to their injury would have an elevated D-dimer and 
PAP level and a moderate amount of fibrinolysis measured 
by viscoelastic assessment. Patients lacking elevated 
D-dimer and PAP are either not severely injured, or have 
hypofibrinolysis, which is defined as a lacking activation of 
the fibrinolytic response to injury, which is a separate etiol-
ogy than fibrinolysis shutdown and depicted in orange
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Inhibition of fibrinolysis measured by thromb-
elastography has been attributed to PAI-1  in 
severe sepsis [83]. LPS administration to animals 
increases PAI-1 levels over several hours [84] 
and similar observations have been made in 
humans that several hours after LPS injection 
fibrinolysis becomes impaired [85]. Acute lung 
injury models using mustard gas have attributed 
PAI-1 in addition to other antifibrinolytics (TAFI 
and A2AP) as culprits in progression to pulmo-
nary failure [86]. Fibrinolysis inhibition is more 
common after trauma than hyperfibrinolysis. In 
1991, Enderson et al. described that the majority 
of multisystem trauma patients in their study had 
elevated D-dimers and low fibrinolytic activity 
[87]. Raza et al. in 2013 showed minimal fibrino-
lysis activity measured by ROTEM and high 
plasmin-antiplasmin complexes in 57% of their 
patients [37]. It has been observed that 65% of 
severely injured patients have suppressed fibrino-
lytic activity measured by TEG within 12 hours 
of injury [77]. Subsequently low fibrinolytic 
activity measured by VHA has been associated 
with increased mortality in a number of major 
trauma centers in the United States [19, 20], in 
pediatric trauma patients [88], trauma patients in 
the intensive care unit [89], and internationally 
[21, 25]. The limitations of all of these studies is 
assuming low fibrinolysis shutdown. Future 
research is needed to differentiate these two dom-
inant drivers of low fibrinolytic activity following 
injury.

Another important consideration in fibrinoly-
sis shutdown is that these patients can still bleed 
for other reasons. Patients with low fibrinolytic 
activity and high D-dimer often harbor a pro-
longed prothrombin time and platelet dysfunc-
tion [21, 25, 90]. Therefore, ongoing bleeding 
cannot be completely attributed to fibrinolysis, 
and impaired clot formation appears to be the 
more likely culprit. The LY30 measurement in 
TEG relies on achieving maximum clot strength 
(~20  minutes) with a subsequent 30-minute 
delay. The role of a low LY30 to direct blood 
product resuscitation would be like putting the 
carriage in front of the horse. TEG indices to 
guide plasma, fibrinogen, and platelet are all 
obtained well before LY30 and before a D-dimer 

measurement. The survival benefit of viscoelastic 
goal-directed resuscitation over conventional 
coagulation assays has been validated in a pro-
spective randomized trial [10], and LY30 or ML/
CLI in ROTEM should be limited for clinical use 
in the decision of guiding tranexamic acid for 
bleeding if elevated, or in low activity levels to 
risk stratify patients for potential thrombotic 
events or organ failure.

There is also a time component to fibrinolysis 
shutdown, which is defined by acute, acquired, 
and persistent, which is extensively discussed in 
a recent review [91]. This will also be discussed 
in some detail on the fibrinolysis shutdown chap-
ter (Chap. 32).

 Treatment Strategies 
for Hyperfibrinolysis

In managing trauma patients at risk for patho-
logic fibrinolysis, it is important to first assess if 
there is active bleeding. Hemorrhage control 
should remain the priority for all trauma patients, 
as progression to shock will increase the likeli-
hood of hyperfibrinolysis and ultimately death 
from uncontrolled bleeding. While hemorrhage 
control is in progress, resuscitation should be 
designed to be fibrinolysis neutral until the 
patient’s fibrinolytic phenotype has been estab-
lished. Currently, viscoelastic assays are clini-
cally useful markers for detecting fibrinolytic 
activity to phenotype critically injured patients.

High volumes of prehospital crystalloid have 
been associated with hyperfibrinolysis [34] and 
supported by in vitro studies in which fibrinolysis 
was exacerbated by hemodilution of whole blood 
with saline and colloids [61]. Starch-based col-
loids may be problematic in resuscitating a 
patient at risk for hyperfibrinolysis as they have 
been implicated in impaired fibrin polymeriza-
tion [92]. The role of permissive hypotension has 
a role in the prehospital setting as crystalloid 
dilution of antifibrinolytics (platelets and plasma) 
may lead to a hyperfibrinolytic phenotype. This 
may partially explain the benefit of delayed fluid 
administration reported by Bickell et  al. in 
patients with penetrating torso trauma [93]. 
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However, patients with inadequate perfusion are 
also at risk for increased tPA production and 
becoming hyperfibrinolytic. Patients in profound 
shock have been shown to benefit from prehospi-
tal saline [94]. The optimal prehospital fluid 
remains to be established (see Chap. 30 for more 
details on this topic). In our recent in vitro and 
animal studies, plasma resuscitation was found to 
attenuate hyperfibrinolysis. Successful resuscita-
tion of a trauma patient will correct hyperfibri-
nolysis without antifibrinolytics. A case example 
of the beneficial effect of plasma first resuscita-
tion in a hyperfibrinolytic patient is provided in 
Fig. 11.7. This was also appreciated in a prehos-
pital plasma first resuscitation trial in which it 
was appreciated that one-third of hyperfibrino-
lytic trauma patients had corrected elevated fibri-
nolytic activity from their prehospital blood draw 
to emergency department arrival (<15  minutes) 
regardless of resuscitation strategy [95].

The use of empiric antifibrinolytics in trauma 
patients warrants careful evaluation. While the 
randomized CRASH II trial suggested a modest 

benefit in survival, the study’s inclusion criteria 
were questionable [50] and the infusion of 
tranexamic acid (TXA) 3 hours after injury was 
associated with increased mortality [96]. The 
nonrandomized MATTERs study also suggested 
a survival benefit of TXA in the military setting, 
but with an increased rate of VTE [97]. There is 
also the confounder of the high rate of cryopre-
cipitate transfusions in patients who received 
TXA in this retrospective study, and many of 
these patients were resuscitated with colloids that 
have the potential to increase the risk of hyperfi-
brinolysis. None of these studies quantified fibri-
nolysis in patients being treated with TXA. The 
most recent military experience acknowledged 
that TXA was overutilized, was not associated 
with improved survival, and was associated with 
an increased rate of VTE [98]. A retrospective 
study from the United States reported that TXA 
use was associated with nearly twofold increased 
mortality in propensity-matched trauma patients 
[99]. Specific recommendations for antifibrinol-
ytics will be addressed in Chap. 27 including 

ICU LY30 2.3%

ED LY30 42%

Field LY30 92%

NO
Antifibrinolytic

Hemorrhage
Control

4 Units RBC2 Units Plasma

2 Units Plasma

Fig. 11.7 Plasma-first resuscitation reversed a hyperfi-
brinolytic patient found by the paramedics with signifi-
cant injuries, unresponsive, and profound shock (SBP 
70 mmHg). This patient received two units of plasma en 
route to the hospital and increased his systolic blood pres-
sure to 100 mmHg. His LY30 was reduced from 92% in 
the field to 42% upon arrival to the emergency depart-
ment. The patient went emergently to the operating room 

where hemorrhage control was obtained. After receiving 
an additional two units of plasma and four units of RBC, 
the patient was transferred safely to the intensive care unit 
where his LY30 had returned to a physiologic range of 
2.3%. He would be discharged from the hospital after a 
week and a few days with a full recovery. The patient 
required no antifibrinolytic medication and based on his 
field (prehospital) TEG had a > 90% predicted mortality
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 discussion on CRASH II, MATTERs I and II, and 
ongoing prehospital randomized trials using anti-
fibrinolytics in trauma. However, there is no dis-
agreement that antifibrinolytic agents should be 
targeted to the hyperfibrinolytic patient.

An important consideration when identifying 
patients who will benefit from antifibrinolytics to 
correct coagulopathy is to determine if they have 
elevated fibrinolytic activators with concurrent 
depletion of fibrinolytic inhibitors. There are at 
least two types of trauma patients with hyperfi-
brinolysis identified by VHA, one with depletion 
of fibrinolytic inhibitors (DFI) who have a mor-
tality rate that exceeds 50% and those without 
depletion of fibrinolytic inhibitors with a mortal-
ity rate of 0% [38]. These non-DFI trauma 
patients had lower injury severity scores and 
minimal transfusion requirements. They likely 
have a physiologic response to injury in promot-
ing fibrinolysis to keep clot formation localized 
to the site of injury. This may explain the previ-
ous observation that TXA based solely on LY30 
does not reduce mortality [100]. Moreover, it 
remains unclear if TXA use off-target has adverse 
effects. Some evidence indicates that patients at 
highest risk of mortality are those with physio-
logic fibrinolysis who receive TXA, which is 
associated with an unadjusted increased mortal-
ity [101]. But with selective use of TXA in 
patients with DFI and hyperfibrinolysis, the 
potential survival benefit is greater than a 10% 
reduction in mortality [38]. There is a need for a 
randomized controlled trial to test empiric versus 
goal-directed TXA. While targeted TXA is lim-
ited to retrospective analysis, the trauma commu-
nity should ask if it is content with a 1.5% 
reduction in mortality with empiric TXA use 
demonstrated in the CRASH II study, or if it 
desires goal-directed use with a survival advan-
tage to improve this number almost tenfold.

 Low Fibrinolysis Activity Does Not 
Equate to Hemostasis

It is important to take into consideration that 
fibrinolysis represents only one component of 
coagulation. Patients with low fibrinolysis can 

still bleed from their injuries due to coagulation 
changes impairing clot formation. It has even 
been proposed that fibrinolysis shutdown is a 
mechanism to attenuate bleeding when impaired 
clot formation is occurring [25] although this 
study was underpowered to prove this theory. 
Regardless, there is clear evidence that patients 
with elevated D-dimer or PAP levels with low 
fibrinolysis commonly harbor an elevated INR, 
lower fibrinogen levels, and decreased platelet 
count [20, 21, 38]. It remains unclear if these 
coagulation changes are concurrent with other 
drivers of TIC, or if prior plasmin activation has 
cleaved coagulation components, and this results 
in impairment of clot formation rather than fibri-
nolysis. As previously discussed TXA does not 
improve clot strength in this patient population 
[38], but goal-directed resuscitation [102] with 
platelets, cryoprecipitate, and plasma for specific 
blood components should be addressed to pro-
mote hemostasis in the bleeding trauma patient.

Blood products may also contribute to fibrino-
lysis inhibition. As previously discussed, plate-
lets contain a number of potent antifibrinolytic 
proteins. While transfusion of platelets can be 
lifesaving, they have been associated with an 
increased risk for organ failure [103], which may 
be attributed to fibrinolysis shutdown. 
Cryoprecipitate may also contribute to fibrinoly-
sis impairment as suggested in the MATTERs II 
trial [104]. Cryoprecipitate not only contains 
fibrinogen  [105] but factor XIII [106] and fibro-
nectin [107], which promote clots resistant to 
fibrinolysis. TXA use has also been associated 
with promoting and prolongation of fibrinolysis 
shutdown [108] and, if shutdown persists for 
more than 7 days, this has been associated with 
an eightfold increase in mortality [89].

The balance of blood product administration 
and risk for progression to fibrinolysis shutdown 
requires clinical judgement. If a trauma patient is 
not actively bleeding, the role of correcting 
laboratory- detected coagulopathy should be con-
sidered carefully. In the clinical scenario when 
large-volume hemostatic resuscitation occurs, an 
anticipated fibrinolytic shutdown should be 
anticipated upon arrival to the intensive care unit. 
Ongoing research is underway to determine if 
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these patients benefit from higher-intensity 
screening for thrombotic complications and if 
therapeutic interventions can be used to reduce 
thrombotic complications and organ failure in 
patients with fibrinolysis shutdown. For addi-
tional discussion on the treatment strategy of 
patients in persistent fibrinolysis shutdown to 
prevent organ failure and thrombotic complica-
tions, see Chap. 32.

 Clinical Assessment of Fibrinolysis

The optimal test to determine systemic fibrino-
lysis status remains to be established. Euglobulin 
lysis has been considered to be the gold stan-
dard, but the important role of platelets in regu-
lating fibrinolysis indicates that a whole blood 
assay is required. While D-dimers and PAP lev-
els are sensitive in identifying the existence of 
fibrinolysis, they do not accurately reflect the 
current status of systemic fibrinolytic capacity. 
At this moment, TEG and ROTEM appear to be 
the optimal tests to identify fibrinolysis status in 
the injured patient. Retrospective studies from 
Denver [33] and Houston [34] have suggested 
that >3% LY30 are thresholds for treating 
hyperfibrinolysis with antifibrinolytic medica-
tion, as this appears to be the threshold for 
increased risk of mortality. However, these stud-
ies used different activators (kaolin versus tissue 
factor). A recent study has compared TEG and 
ROTEM values to define hyperfibrinolysis and 
fibrinolysis shutdown, which have good agree-
ment using the rapid TEG LY30 and EXTEM 
ROTEM CLI60 and demonstrate the U shape 
distribution of mortality [22]. However, as pre-
viously mentioned there are subphenotypes 
within each of the 3 major phenotypes of fibri-
nolysis. A tissue plasminogen activator (tPA) 
TEG has been used to stratify these patients and 
has demonstrated that mortality and cause of 
death differ by fibrinolytic subphenotype [38, 
109]. With the tPA TEG currently unavailable 
clinically, it is difficult to otherwise stratify 
these patient population. Thus, adjunctive labo-
ratory measurement in addition to VHA is likely 
needed in the future.

It is important to appreciate that fibrinolytic 
activity measured by VHA can represent fibrino-
lysis shutdown or hypofibrinolysis. While the 
majority of trauma patients who undergo a mas-
sive transfusion with low fibrinolytic activity are 
in shutdown with evidence of elevated PAP levels 
[20], other injured patients may manifest with 
hypofibrinolysis. The use of D-dimer with VHA 
is most likely the most specific way to differenti-
ate the groups, but there remains no standard for 
what an expected D-dimer or PAP level would 
equate to after injury and would require adjust-
ment based on the amount of fibrin burden (~tis-
sue injury). Animal models support that tissue 
injury do not increase fibrinolytic activity [110, 
111] and that the combination of shock plus tis-
sue injury modifies the fibrinolytic response to 
reduce fibrin degradation compared to hemor-
rhagic shock on its own [112]. The challenge in 
translating this to human subjects is controlling 
for the amount of fibrin generated from injury. 
Tissue injury producing fibrin will result in some 
degree of fibrin degradation and plasmin forma-
tion regardless of systemic fibrinolytic activity 
due to the biochemical properties of fibrin being 
a cofactor for plasmin generation [113]. More 
research is needed to define what differentiates 
hypofibrinolysis from fibrinolysis shutdown, as 
the current measurement of an LY30 of <0.9% 
persists as a predictor for increased mortality but 
may incorporate several populations of patients 
that would require divergent treatment strategies, 
which will be discussed in the fibrinolysis shut-
down treatment (Chap. 32).

 Conclusion

The fibrinolytic response to trauma can vary from 
low to hyperactivity. Low fibrinolytic activity is 
the most common fibrinolytic phenotype follow-
ing severe injury, which has a reported prevalence 
of greater than 50%. It remains unclear whether 
low fibrinolysis following injury is predominantly 
due to fibrinolysis shutdown after prior activation 
of the fibrinolytic system, or whether the patient 
has a suppressed fibrinolytic response to injury. 
Hypofibrinolysis does not equal fibrinolysis shut-
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down. Future research in trauma needs to differen-
tiate these two pathophysiologies following severe 
injury. Hyperfibrinolysis on the other hand is rela-
tively rare but associated with high mortality. 
Resuscitation fluids and blood products can alter 
the fibrinolytic phenotype. The goal of resuscita-
tion should be fibrinolytic neutral until the pheno-
type can be determined. Antifibrinolytics should 
be selectively used in patients with confirmed 
hyperfibrinolysis and profound shock. The treat-
ment strategies of low fibrinolytic activity to 
reduce thrombotic complications and organ failure 
in the intensive care unit is on the horizon. There 
are many questions to be answered in regards to 
the mechanisms that drive these processes.
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Complement System

Narcis I. Popescu and Florea Lupu

 Introduction

One of the biggest challenges faced by multicel-
lular organisms is the invasion of foreign patho-
gens; hence complex mechanisms that recognize, 
contain, and clear infectious agents have been 
evolutionarily developed. The response to invad-
ing pathogens is highly orchestrated and involves 
multiple immune, coagulation, and inflammatory 
pathways. Depending on the localization and the 
strength of the detected infectious signal, one or 
more of these pathways are sequentially initiated. 
In a simplified view, soluble or cellular receptors 
of the immune system are responsible for the rec-
ognition of the foreign agents, then the coagula-
tion system isolates the threat from systemic 
distribution, and molecular and cellular immune 
effectors destroy and clear the pathogens. In 
addition, inflammatory mediators are responsible 
for fine quantitative tuning of the immune and 
coagulation responses to the level of pathogen 
threat and ultimately initiate the healing events 
after the clearance of infectious agents. Central to 

this physiologic response is a network of blood 
serine proteases grouped in several proteolytic 
cascades  – the complement, coagulation, and 
fibrinolytic systems – which share a similar over-
all architecture and have developed from a com-
mon ancestral pathway. Integration between 
these cascades is achieved through multiple 
crosstalk mechanisms during an optimal response 
to foreign agents. Dysregulation of these net-
works, where the explosive potential of the pro-
teolytic cascades is redirected toward 
self-structures, contributes to the pathophysiol-
ogy of human diseases that have a strong inflam-
matory component. In this section we will review 
the architecture of the complement system, the 
interactions with the coagulation pathway, and its 
role in hemostasis and development of prothrom-
botic human diseases.

 Complement Organization 
and Function

The complement system is one of the earliest 
defense mechanisms developed during the evolu-
tion of animal kingdom [1, 2]. Its primary role is 
the rapid identification and clearance of micro-
bial intruders [3, 4]. As shown in Fig. 12.1, com-
plement system includes a large number of 
components, both soluble and cellular effectors, 
and an array of regulatory proteins that modulate 
the activation and propagation of complement 
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reactions [5]. Three distinct pathways of comple-
ment activation have been characterized to date: 
classical, lectin, and alternative pathways (CP, 
LP, and AP, respectively). All three pathways 
share a similar overall architecture. Preformed 
complement components, present as zymogens, 
are activated in response to initiating events to 
generate effector serine proteases that cleave and 
activate other downstream proteases. This evolu-
tionary design of cascaded biochemical reactions 
allows a fast response to intruding pathogens 
without the need of de novo synthesis. Moreover, 
this permits an explosive amplification of the sig-
nal since any upstream enzyme can proteolyti-
cally cleave multiple downstream zymogen 
substrates, which themselves become effector 
proteases. The proteolytic cascade underlying 
blood coagulation shares a similar design and is 
detailed in another chapter of this book. The three 
activation pathways converge at distinct points in 
the complement cascade, ultimately leading to 
the deposition of C5b on pathogenic surfaces. 
C5b deposition initiates the terminal complement 
pathway, the sequential formation of a multi-
meric membrane-spanning complex with cyto-

lytic antimicrobial function. In contrast to the 
activating pathways, the terminal pathway does 
not require proteolysis of complement compo-
nents. Furthermore, small peptides released dur-
ing the proteolytic activation of complement 
components interact with cell-associated recep-
tors and initiate downstream signaling events that 
modulate the immune and inflammatory 
responses. The activation and propagation of the 
complement response is tightly controlled by 
multiple soluble and cell-associated regulators, 
which ensure that the complement is primed to 
act on intruding pathogens but does not attack 
self-structures.

Analysis of complement deficiencies in 
human diseases [6] revealed that the primary role 
of the complement system is the rapid recogni-
tion and removal of intruding pathogens. In addi-
tion, targeted manipulation of the complement 
system in experimental models, genetic associa-
tive studies, and, more recently, the use of selec-
tive inhibitors against complement effectors have 
revealed new and sometimes unexpected roles for 
the complement system. As such, the comple-
ment components play a direct role in the 

Classical

C4BP→I

I← C1-INH →I

I← fI

C1-INH →I

CD55→I

CD55→I

C3a: C3aR

C3b: CRs1-4

C5a: C5aRs

C5b

CD59→I

Lectin

Sugar residues

Alternative

Immune complexes,
Pentraxins

C3

C5

MBL
MASPs
C4I← C4BP
C2

Activating surfaces

Anaphylatoxins
Receptors
Regulators *

Legend

Opsonisation
Phagocytosis
Apoptotic clearance

C3 convertases

C5 convertase

Inflammation
Chemotaxis
Phagocytosis

Cell Iysis

C1q, C1r, C1s
C4, C2 C3b, fB

, fD

Properdin

C5b-9
Terminal complex

Fig. 12.1 Molecular pathways and mechanisms controlling complement activation and its physiological and patho-
logical effects

N. I. Popescu and F. Lupu



177

 phagocytosis of opsonized pathogens by macro-
phages and dendritic cells [7], initiate and direct 
adaptive immune responses [4], contribute to the 
noninflammatory clearance of apoptotic cells and 
the removal of antibodies against self-antigens 
[8], and shape the natural antibody repertoire [9]. 
In tantalizing recent developments, the comple-
ment’s potential to clear cellular processes has 
been harnessed for synaptic remodeling and 
maintenance of homeostasis within the central 
nervous system [10, 11]. Conversely, excessive 
complement activation can have deleterious sys-
temic effects associated with increasing numbers 
of human pathologies with strong inflammatory 
components, such as autoimmune diseases [12], 
sepsis [13], and thrombotic microangiopathies 
[14], among others. Early complement activation 
following trauma [15, 16] is primarily initiated 
by damaged self-structures [17], can be amplified 
by penetrating pathogens due to impaired barrier 
function, and associates with poor prognosis for 
these patients [18, 19].

 Complement Activation Pathways

The complement system (Fig. 12.1) can be acti-
vated through three distinct pathways: classical, 
lectin, and alternative pathways [20]. All three 
pathways contribute to an optimal complement 
response, although they recognize different 
pathogen-associated molecular patterns 
(PAMPs), are initiated by distinct pattern recog-
nition molecules (PRMs) or structures, and use 
different molecular components. Furthermore, 
the same PAMPs can activate multiple PRMs, 
leading to redundant activation of complement 
pathways. The three activation pathways inter-
sect at distinct points throughout the proteolytic 
cascade, either the C3 or C5 convertase com-
plexes, and elicit similar downstream biologic 
effects.

The classical pathway of complement activa-
tion, despite being the first characterized, is prob-
ably the latest developed evolutionarily [1] and 
takes advantage of the antibody recognition of 
foreign antigens. Multimeric IgM immunoglobu-
lins, or clusters of IgG immunoglobulins, interact 

with the C1 complement component and initiate 
complement activation. C1 is a pentameric com-
plex containing one C1q subunit and two sub-
units each of C1r and C1s. C1 interaction with 
immunoglobulin-antigen complexes induces a 
conformational change in the C1q PRM, fol-
lowed by C1r autoactivation and C1s transactiva-
tion [21]. C1s is the effector protease of the 
classical pathway initiating complex and cleaves 
the complement protein C4 into the C4a and C4b 
fragments. C4b has enhanced reactivity and binds 
to surfaces in the vicinity of the complement acti-
vation site leading to their opsonization. The 
complement protein C2 binds C4b and is cleaved 
by C1s, generating the classical pathway C3 con-
vertase complex C4b2a. C4b2a localizes the pro-
teolytic function of the C2a subunit to surfaces 
opsonized by C4b. This C3 convertase subse-
quently cleaves complement protein C3, which is 
responsible for amplification and downstream 
effects of the complement activation.

The classical pathway can also be initiated by 
antibody-independent mechanisms induced by 
acute phase PRMs such as the pentraxins PTX3, 
C-reactive protein (CRP), and serum amyloid P 
(SAP) bound to specific PAMPs [22]. Upon inter-
action with C1, they similarly induce conforma-
tional changes in C1q that support activation of 
C1r and C1s, subsequent proteolytic cleavage of 
C4 and C2, and generation of the C3 convertase 
C4b2a.

The lectin pathway of complement activation 
is usually initiated by carbohydrate structures on 
the pathogen surface or acetylated patterns from 
damaged self. These PAMPs are recognized by 
PRMs from the collectin family, such as mannose- 
binding lectin (MBL) [23], ficolins (Ficolin-1, 2, 
and/or 3) [24], and other collectins (CL-L1, 
CL-K1, CL-P1) [25], usually found in complex 
with three serine proteases, termed MBL- 
associated serine proteases (MASP-1, 2, and 3). 
Similar to the classical pathway, PAMP recogni-
tion by collectin PRMs leads to autoactivation of 
MASP-1, and/or the alternatively spliced isoform 
MASP-3 [26], which in turn transactivates 
MASP-2 [27]. MASP-2 is the critical protease 
from the lectin pathway-initiating complex since 
it is the only one that can cleave C4 required for 
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the C3 convertase complex [28]. C2 bound to 
C4b at the site of activation is cleaved by both 
MASP-1 and MASP-2 [29]. This generates the 
C4b2a complex, identical to the C3 convertase 
initiated by the classical pathway.

The alternative pathway is considered the old-
est evolutionarily and the least specific pathway 
of complement activation. A tick-over mechanism 
in which C3b is constantly generated in plasma in 
sufficient amounts to interact with factor B (FB) 
and generate a fluid-phase C3 convertase [30] 
supports the basal activation of the alternative 
pathway. Additionally, nucleating C3b can be 
formed by spontaneous hydrolysis of C3 [31, 32], 
via C3 convertases formed by the other two com-
plement activating pathway, and to a smaller 
extent by vascular proteases such plasmin [33] or 
coagulation proteases FXa, thrombin (FIIa), 
FIXa, or FXIa [34]. FB subsequently binds C3b 
and is activated by the serine protease factor D 
(FD) resulting in the formation of the alternative 
pathway initiating complex C3bBb, which retains 
proteolytic activity toward C3. This initiating 
complex is stabilized on activating surfaces by 
properdin (P) and forms the C3 convertase 
C3bBbP. Through a positive feedback amplifica-
tion more C3b is generated which opsonizes the 
target surface, can form new alternative pathways 
initiating complexes with FB, or can attach to the 
C3bBb and form the C3bBb3b convertase with 
proteolytic activity toward C5. It has been esti-
mated that the alternative pathway amplification, 
and implicitly the C3bBb3b C5 convertase, 
accounts for the overwhelming majority of C5 
activation even when the complement cascade is 
initiated by the classical or lectin pathways [35].

Regardless of the molecular pathway involved, 
activation of the complement system leads to the 
proteolytic cleavage of C3 and generation of two 
biologically active fragments, C3a and C3b. C3a, 
a small 77-residue polypeptide, is one of the 
complement anaphylatoxins that modulates 
downstream immune and inflammatory responses 
through engagement of C3a receptors (C3aR) 
present on multiple cells [36]. C3b is the larger 
fragment released by C3 cleavage and functions 
as an opsonin, tagging molecular structures for 
subsequent immune response and clearance. 

During C3 activation, a highly reactive thioester 
bond is exposed on the C3b fragment, which 
allows the covalent attachment to vicinal proteins 
and carbohydrates through ester or amide link-
ages [37]. In contrast to native C3, C3b also 
exposes binding sites for other complement com-
ponents: FB and properdin, which contribute to 
the generation of the alternative pathway C3 con-
vertase in the presence of FD; complement pro-
tein C5, critical for downstream terminal 
complement pathway; cellular complement 
receptors important for opsonin-induced phago-
cytosis; and negative regulators (the protease fac-
tor I, FI) and cofactor proteins (factor H, FH; 
membrane cofactor protein, MCP; decay- 
accelerating factor, DAF) that inactivate C3b. 
Despite showing enhanced affinity for binding 
carbohydrates, C4b and IgG [37], C3b cannot 
discriminate between self and nonself-structures 
and can opsonize host cells as well. The local bal-
ance between negative regulators (FI, DAF) and 
downstream effectors (C5, FB, P) controls the 
outcome of C3b deposition, resulting in either 
amplification or inactivation of the complement 
cascade. Host cells express cofactors on their sur-
face, which enhance C3b proteolytic inactivation 
by FI, and thus are normally protected from com-
plement attack. On pathogen surfaces however, 
C3b inactivation is slower in the absence of 
cofactors, which leads to local amplification of 
the complement cascade and further deposition 
of C3b on the multimeric C3 convertases. The 
resulting convertase complexes, either C4b2a3b 
or C3bBb3b, shift their substrate preference 
toward C5 conversion and initiate the terminal 
complement pathway.

 Terminal Complement Pathway

The proteolytic cleavage of C5 is the first step of 
the common downstream effector pathway 
responsible for the generation of the terminal 
complement complex on microbial surfaces. 
Proteolytic activation of C5 on complement 
opsonized surfaces generates a small anaphyla-
toxin, C5a, and a larger fragment C5b, which 
 initiates the formation of the terminal comple-
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ment complexes (TCC) [20, 38]. Independent of 
complement convertases, vascular proteases like 
plasmin and FXa, and to a lower extent thrombin, 
could support C5 activation, releasing the C5a 
anaphylatoxin and fluid phase C5b [33, 34, 39, 
40]. Albeit this alternative C5 activation is minor 
when C3 is present [39], it could support terminal 
complement pathway activation in pathologic 
conditions with severe complementopathies, 
such as sepsis and trauma [41]. C5b then sequen-
tially binds to complement proteins C6 and C7, 
forming a stable C5b-7 trimer that exposes lipid- 
binding sites for insertion into biological mem-
branes. C5b-7 recruits complement protein C8 
and generates the C5b-8 tetramer, which in turn 
promotes binding and polymerization of multiple 
C9 subunits into a tubular structure forming the 
C5b-9 pore complex [42, 43] called the mem-
brane attack complex (MAC). While C5b-8 can 
form transient lytic pores in mammalian cells 
[44, 45], stable C5b-9 pores (MAC) are required 
for complement mediated killing of bacterial 
pathogens [46].

Similar to C3b deposition, the TCC intermedi-
aries, C5b-7 to C5b-9, do not have an intrinsic 
ability to discriminate between self and non-self 
surfaces and have the potential to bind to host 
cells as well. To protect against damaging com-
plement attacks on self-structures, multiple 
mechanisms co-developed evolutionarily, such as 
the ubiquitous expression of cell surface CD59 
[47, 48] which blocks propagation of comple-
ment reaction on host cells. Similarly, circulating 
vitronectin [49] or clusterin [50] interacts with 
soluble C5b-9 (sC5b-9) complexes and blocks its 
insertion into biological membranes. Nonetheless, 
non-lytic concentrations of sC5b-7/8/9 are able 
to activate signaling cascades in endothelial cells, 
lymphocytes, and smooth muscle cells [51] and 
thus contribute to an integrated complement- 
coagulation response at sites of injury, as detailed 
later in this section.

 Complement Receptors

Complement activation exerts multiple down-
stream biological effects, not only through its ter-

minal effector arm, the cytolytic C5b-9 complex, 
but also through complement receptors that 
engage intermediaries generated throughout the 
cascade. There are two main groups of comple-
ment receptors: opsonin receptors, which recog-
nize C4b and C3b opsonins and their 
proteolytically inactivated products, and ana-
phylatoxin receptors.

The opsonin receptors, such as complement 
receptors CR1, CR2, CR3, CR4, the complement 
receptor of immunoglobulin family (CRIg), and 
C1q receptors [3, 5, 52], usually promote phago-
cytosis of complement-opsonized structures. On 
specialized cells these receptors induce comple-
mentary signaling events that contribute to the 
adaptive immunity and/or inflammatory response. 
CR1 (CD35) is widely expressed and versatile, 
recognizing all major complement opsonins, 
C1q, C3b, and C4b [53], as well as their inacti-
vated forms iC3b and iC4b. CR1 is exposed on 
the surface of erythrocytes, neutrophils, mono-
cyte/macrophages, and subsets of B and T lym-
phocytes and follicular dendritic cells (FDCs) 
[5]. On professional phagocytes, CR1 stimulates 
phagocytosis of opsonized structures, while on 
erythrocytes CR1 is critical for the clearance of 
circulating immune complexes [54]. CR1 is a 
negative regulator of complement convertases on 
host cells and also functions as a cofactor for 
FI-mediated proteolytic inactivation of C3b and 
C4b [55]. Furthermore, CR1 modulation of CR2- 
dependent signaling events in B lymphocytes and 
FDCs [56] is critical for optimal adaptive immune 
responses [57].

CR2 (CD21) is a complement receptor 
expressed mainly on immune cells such as B 
lymphocytes, FDCs, thymocytes, and some 
peripheral T cells [5]. CR2 binds C3b and the 
proteolytically inactivated forms iC3b, C3dg, 
and C3d on opsonized surfaces and regulates 
downstream adaptive immune responses. In addi-
tion, CR2-mediated events play a crucial role for 
the clonal selection of B1 lymphocytes and 
development of the natural antibody repertoire, 
regulation of B cell tolerance, and maintenance 
of long-term B cell memory [4, 58, 59].

CR3 (CD11b/CD18) and CR4 (CD11c/CD18) 
are complement receptors from the β2 integrin 
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family present mainly on neutrophils, NK cells, 
monocytes, activated T lymphocytes, and the spe-
cialized liver macrophages Kupffer cells [60]. 
CR3 and CR4 enhance phagocytosis of iC3b- 
opsonized particles [3, 5]. These β2 integrin recep-
tors also have complement-independent functions 
in leukocyte interaction with vascular cells and 
integrin-mediated signaling. The complement 
receptor of the immunoglobulin family (CRIg) is 
expressed by Kupffer cells; interacts with C3b, 
iC3b, and C3c fragments; inhibits AP C3/C5 con-
vertase activity; and plays a major role in the clear-
ance of C3-opsonized particles [61, 62].

The anaphylatoxin receptors recognize small 
peptides released during complement activation, 
namely, C3a, C4a, and C5a [36]. Three anaphyla-
toxin receptors, belonging to the G protein- 
coupled receptor (GPCR) class, have been 
characterized so far: the C3a receptor (C3aR) and 
two C5a receptors, C5aR1 (C5aR, CD88) and 
C5aR2 (C5L2) [52]. These receptors are 
expressed by a wide variety of cells and usually 
induce proinflammatory outcomes [36, 63, 64]. 
While C3aR and C5aR1 induce productive sig-
naling events in target cells, C5L2 is uncoupled 
from cytosolic G protein effectors [65]. C5aR2/
C5L2 is currently considered a decoy receptor 
that modulates the C5a-C5aR1 signaling events 
[64]. C4a has been recently shown to bind 
protease- activated receptors (PAR) 1 and 4, pro-
moting endothelial activation, cytoskeletal reor-
ganization, and enhanced permeability of 
endothelial monolayers [66]. PAR1/4 receptors 
are expressed on other vascular cells as well and 
are critically important for thrombin-mediated 
platelet activation [67]. As such, it is expected 
that C4a peptide could also promote or modulate 
platelet responses in clinical settings with con-
comitant activation of complement and coagula-
tion cascades, such as sepsis and trauma.

The GPCR anaphylatoxin receptors have 
pleiotropic proinflammatory effects. 
Anaphylatoxins are strong chemoattractants for 
monocytes/macrophages, neutrophils, activated 
B and T lymphocytes, basophils, and mast cells 
[64]. They are powerful vasodilators of small 
blood vessels and promote leukocyte adhesion to 
endothelium, as well as immune cell recruitment 

and cell migration toward sites of infection, 
where they trigger oxidative burst in macro-
phages, neutrophils, and eosinophils, degranula-
tion of neutrophils, and release of soluble 
mediators from basophils, mast cells, and plate-
lets [36, 63, 64]. In addition, anaphylatoxin 
receptors initiate multiple cell signaling path-
ways, including PI3k/Akt, MAP kinase, phos-
pholipase C, and NF-kB pathways, inducing a 
proinflammatory transcriptome and production 
of multiple chemokines and cytokines such as 
TNF-α, IL-1β, and IL-6, among others [63]. 
Excessive C5aR signaling however can have del-
eterious effects, such as paralysis of neutrophil 
immune functions [39], thymocyte apoptosis 
[68], and/or induction of consumptive coagulop-
athy [69, 70].

 Complement Regulation

Similar to other proteolytic cascade systems, 
such as the coagulation, the optimal complement 
response is maintained through a fine balance 
between activators and inhibitors of the comple-
ment system. This design ensures that the com-
plement cascade is primed to react to invading 
pathogens while limiting its deleterious effects 
on host cells, which are usually protected through 
surface expression of negative complement regu-
lators. Complement regulation acts at multiple 
steps throughout the complement cascade and 
includes inhibitors of complement activation 
and/or propagation convertases, proteases that 
inactivate complement effectors, cofactors and 
allosteric modulators, as well as clearance recep-
tors [3–5]. Sometimes the same regulator can act 
through multiple mechanisms, such as the CR1 
complement receptor discussed above, which is a 
competitive inhibitor of complement convertases, 
an allosteric cofactor for proteolytic inactivation 
of opsonins, and a clearance receptor of opso-
nized surfaces.

Initiation of the complement cascade is main-
tained silent by the C1 esterase inhibitor 
(C1-INH), an abundant vascular serpin. C1-INH 
is the primary regulator of effector serine prote-
ases from the classical [71] and lectin initiating 
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pathways [72] and to a lesser degree the alterna-
tive pathway [73]. C1-INH has a broad spectrum 
toward vascular serine proteases, inhibiting also 
coagulation (kallikrein, FXIIa, FXIa) and fibrino-
lytic (tissue plasminogen activator, tPA, and plas-
min) enzymes, thus concomitantly regulating 
multiple hematologic responses [74]. Lower 
C1-INH activity in plasma due to proteolytic 
inactivation of the serpin has been reported in 
sepsis [75] and therapeutic infusion of C1-INH 
protected against sepsis-induced complementop-
athy, but not coagulopathy, in experimental mod-
els [76] and improved all-cause survival in a 
recent human trial [77]. A recent analysis of mul-
tiple trauma patients, albeit underpowered, also 
identified lower C1-INH activity as a negative 
prognostic factor in these patients, even in the 
absence of overt DIC [78].

If complement activation progresses past the 
initiation phase, proteolytic inactivation of the 
C3b and C4b opsonins, mediated by complement 
factor I (FI), controls the amplification phase of 
the cascade [79]. FI cleaves C3b and C4b opso-
nins either in solution or on activated surfaces, 
and its enzymatic activity can be accelerated by 
soluble and cell surface cofactors. Complement 
factor H (FH) is a soluble decay accelerator of 
the AP C3 convertase (C3bBb) and a cofactor of 
FI-mediated proteolysis of C3b [80], while C4BP, 
C4b-binding protein, is a soluble decay accelera-
tor of the CP/LP C3 convertases and a cofactor of 
FI-mediated proteolysis of C4b [81]. FH and 
C4BP protective functions are concentrated on 
host cells through specific interactions with sur-
face carbohydrate structures such as sialic acid 
and glycosaminoglycans. In addition, comple-
ment C3b/C4b receptors (CR1, CR2), C2 recep-
tor inhibitor trispanning (CRIT) [82]), DAF 
(CD55), and the cell surface cofactor MCP 
(CD46) can bind deposited C2, C3b, and/or C4b, 
restricting their availability for the formation of 
C3/C5 convertases and/or enhancing FI-mediated 
opsonin proteolysis on the surface of host cells 
[48]. Furthermore, the surface-exposed CD59 
blocks propagation of TCC complexes on host 
cells, while sublytic C5b-9 deposits are elimi-
nated by endocytosis or membrane vesiculation 
[83]. As mentioned earlier, vitronectin and clus-

terin bind fluid-phase C5b-9 and inhibit its inser-
tion into host cells. Finally, circulating 
carboxypeptidases convert complement anaphyl-
atoxins into their desarginated forms (C3a- 
desArg and C5a-desArg), which either impair or 
shift the signaling response mediated by C3aR/
C5aR1 receptors [36].

Given these overlapping regulatory mecha-
nisms, complement is initiated locally on patho-
gen/PAMP surfaces or on damaged self-structures 
due to the lack of, or reduced presence of, protec-
tive complement inhibitors. The controlled activa-
tion of complement recruits immune cells at injury 
sites, tags non-self and damaged self- structures, 
promotes their clearance, and primes repair mech-
anisms. If regulatory mechanisms fail to contain 
complement activation, systemic dissemination of 
complement mediators (anaphylatoxins, opsonins, 
TCC) occurs, resulting in systemic inflammatory 
responses, complement deposition, and activation 
of proteolytic cascades at distant sites, ultimately 
leading to multiple organ dysfunction and death.

 Integrated Hematologic Response 
to Injury

Vascular trauma, defined as the disturbance of 
vascular homeostasis, could be initiated by mul-
tiple types of injuries: infections, biomechanical 
injuries, and/or exacerbated inflammation 
(Fig. 12.2). Despite their initiating diversity, they 
are all resolved through similar effector pathways 
involving immune (complement), hemostatic 
(coagulation/fibrinolysis), and inflammatory 
responses. Due to their concerted action, these 
pathways are closely intertwined and are co- 
regulated by common molecular mechanisms. 
Together they form a dynamic integrated response 
to injury aimed at stabilizing the damaged site, 
resolving the injury, and repairing the organism. 
While here we refer to vascular disturbances for 
ease of exemplification, extravascular injuries 
also require a hematologic response for the 
recruitment of molecular and cellular immune 
effectors, their transport across the vascular wall, 
and the coordinated protection against the loss of 
vessel integrity at extravasation sites.
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The optimal hematologic response has sev-
eral characteristics: (1) it is designed to act 
locally at sites of injury, (2) is discrete and pro-
gressive, and (3) is reversible. The first two 
characteristics are a direct consequence of the 
abundance of negative regulators/inhibitors of 
the initiation pathways; the reversibility of the 
hematologic response is ensured by balancing 
proteolytic cascades (fibrinolysis) and/or tissue 
remodeling pathways and is needed to restore 
the functionality of the organism. The hemato-
logic response could be initiated by the comple-
ment system at sites of infection or by the 
coagulation system at sites of vessel wall dam-
age. At these sites, the presence of danger sig-
nals, pathogen PAMPs, or host organism-derived 
damage-associated molecular patterns (DAMPs) 
enhances the proteolytic activity of initiating 
proteases and tips the balance toward initiation/
amplification of the hematologic response. The 
proteolytic response is maintained for as long as 
the initiation/amplification factors exceed the 
counteracting effect of the inhibitors; hence the 
response is discrete and does not use all compo-

nents present systemically. If enough danger 
signals are detected, the proteolytic cascade 
progresses to the amplification phase, which 
further recruits molecular and cellular effectors 
and engages complementary response systems, 
such as inflammation. In the meantime, clear-
ance of initiating dangers diminishes the proteo-
lytic amplification phase and tilts the balance 
toward inhibition of the hematologic response. 
After the infection and/or vessel damage is 
resolved, remodeling mechanisms, such as the 
fibrinolytic system, are activated and reverse the 
affected areas to their prior functionality. In 
contrast, when the hematologic response losses 
one or more of its defining characteristics, such 
as systemic and/or exacerbated activation due to 
failure of regulatory mechanisms, its explosive 
proteolytic potential can have damaging effects 
on the host, leading to multiple organ failure 
and death. In this section we will focus on the 
interplay between the proteolytic cascades that 
usually initiate the hematologic response to 
injury, namely, the crosstalk between the com-
plement system and coagulation.

VASCULAR TRAUMA

Hemorrhage

Shock

DAMPs

PAMPs

Complement

Hypoperfusion
IR/Oxidative stress

Multiple Organ Failure

Death

Coagulation

cr
os

st
al
k

PRR (TLRs / NODs)

Infection/sepsisInflammation
PRR (TLRs / NODs)

Fig. 12.2 Role of the 
complement-coagulation 
crosstalk in the 
pathophysiology of 
sepsis and trauma

N. I. Popescu and F. Lupu



183

 Architectural Similarities Between 
the Coagulation and Complement 
Systems

The coagulation system is detailed in another 
chapter of this book; therefore, we will only 
highlight its similarities with the complement 
here. The coagulation system is closely related to 
the immune proteolytic system (complement) 
evolutionarily, architecturally, and functionally, 
and they are intimately connected during the ini-
tiation of the hematologic response. Evolutionary 
analysis revealed that the coagulation cascade 
has derived from a proto-immune proteolytic sys-
tem, similar to the complement system, through 
acquisition of unique structures and specialized 
functions [84]. Molecular analysis of the inverte-
brate immune system from the Limulus species 
revealed a proteolytic system with both opsonic 
(complement) and clotting (coagulation) func-
tions [85, 86]. This is thought to represent the 
ancestral proteolytic cascade before the diver-
gence of the two systems. Interestingly, the cur-
rent FDA-approved test for endotoxin/pyrogen 
detection (Limulus amoebocyte lysate, LAL, 
test) takes advantage of this dual functionality. In 
the LAL test, lysates of Atlantic horseshoe crab 
(Limulus polyphemus) hematocytes (amoebo-
cytes) containing the proto-immune cascade are 
incubated with the test sample, whereby the 
endotoxin initiates the lectin complement path-
way and leads to opsonization as well as clot for-
mation, which is the endpoint readout of the 
assay.

Analogous to the complement system, coagu-
lation is organized as a cascade of serine prote-
ases that are constitutively circulating in blood as 
zymogens. Coagulation can be initiated by the 
intrinsic, or contact, pathway or by the extrinsic, 
TF-dependent, pathway. Similar to complement 
activation, the contact pathway is initiated by the 
conformational autoactivation of factor XII on 
exogenous surfaces [87], such as negatively 
charged polyanions [88] and/or microbial sur-
faces [89]. In contrast, the extrinsic pathway is 
initiated upon exposure of a danger-associated 
molecule, tissue factor (TF), to circulating factor 
VII(a) [90]. TF is the main physiologic initiator 

of blood coagulation and is normally restricted 
from exposure to blood. It is constitutively 
expressed in mural and adventitial layers of the 
vessel wall; thus exposure of TF to circulating 
coagulation factors is usually associated with the 
loss of vessel wall (endothelial) integrity. Due to 
its critical role in blood clotting, TF is an impor-
tant node for the functional convergence of com-
plement and coagulation systems [13, 91, 92], 
and inflammatory mediators regulate its vascular 
expression, as reviewed below.

Similar to complement, the two blood clotting 
pathways converge at factor Xa (FXa) activation, 
which, in the presence of cofactor Va (FVa), gen-
erates thrombin (FIIa) through proteolytic cleav-
age of zymogen prothrombin. Thrombin is the 
final effector protease of the clotting cascade, 
which converts soluble fibrinogen into insoluble 
fibrin that provides the matrix for blood clots. 
Both FXa and thrombin are involved in positive 
feedback amplification of the clotting cascade 
and could support complement C3 and C5 activa-
tion, as well as inflammatory responses through 
engagement of protease activated receptors 
(PARs) in the vasculature.

Like the complement cascade, the proteolytic 
potential of the coagulation cascade is repressed 
by multiple regulatory mechanisms. Coagulation 
only progresses if the local activator signals over-
come the negative regulators. C1-INH, the main 
inhibitor of the classical and lectin complement 
activation pathway, also controls the initiation of 
the contact clotting pathway. Thus C1-INH rep-
resents a direct molecular bridge between the 
complement and coagulation cascades, ensuring 
their concomitant regulation. The initiation of 
blood clotting through the extrinsic pathway is 
controlled by tissue factor pathway inhibitor 
(TFPI), a serpin present on endothelial cells and 
activated platelets, the main cellular entities asso-
ciated with the propagation of the clotting 
 cascade [93]. TFPI, similar to surface-associated 
complement regulatory proteins, ensures that 
coagulation is not initiated on undisturbed host 
cells. Antithrombin III (ATIII) is the main soluble 
inhibitor of serine proteases in the amplification/
termination phase of blood coagulation (FIIa > 
FXa). Like C1-INH, ATIII exhibits broader 
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substrate specificity, inhibiting less efficiently 
upstream coagulation factors (FIXa, FXIa, 
FXIIa) [94, 95] as well as MASP-1/2 proteases of 
the lectin pathway of complement activation 
[96]. Other regulators of blood coagulation, such 
as the protein C (PC)-thrombomodulin (TM) 
axis, are discussed in detail in other chapters of 
this book.

 Crosstalk Between the Complement 
and Coagulation Cascades

The molecular interactions between the comple-
ment and coagulation cascades are multiple and 
complex, and the crosstalk can either be direct, 
whereby components of one cascade interact 
with members of the complementary system, or 
indirect, through engagement of inflammatory 
responses and cellular mediators. Inflammatory 

responses seem to be the preferred communica-
tion conduit for the integration of hematologic 
responses to vascular trauma, controlling the 
level of activation as well as the progression of 
the response.

Complement activation induces a prothrom-
botic environment by augmenting the procoagu-
lant function of clotting factors or decreasing the 
anticoagulant regulatory mechanisms. Some of 
the underlying molecular mechanisms are high-
lighted in Fig. 12.3. In addition, signaling initi-
ated by complement anaphylatoxins or soluble 
TCC intermediaries fosters recruitment and/or 
activation of common cellular effectors, such as 
monocytes, platelets, and endothelial cells. For 
example, upstream complement protease MASP- 
1, activated on microbial surfaces by an MBL- 
dependent mechanism, promotes a local 
prothrombotic environment through direct acti-
vation of prothrombin [97]. The resulting throm-
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bin primes the coagulation cascade, through 
activation of FV and FVIII cofactors, and ampli-
fies prothrombotic and inflammatory responses 
through PAR signaling. In addition, MASP-1 
could activate thrombin substrates directly, such 
as plasma transglutaminase factor XIII (FXIII), 
fibrinogen, and thrombin-activatable fibrinolysis 
inhibitor (TAFI), and as a result helps stabilize 
the clot and delay its lysis at infection sites [29, 
97, 98]. Activated FXIII (FXIIIa) crosslinks 
fibrin fibrils within the clot [99], while TAFI 
inhibits fibrin-dependent fibrinolytic events initi-
ated by tissue plasminogen activator (t-PA) [26]. 
While MASP-1 does not cleave fibrinogen simi-
larly to thrombin [98], and consequently does not 
generate fibrin clots directly, MASP-1-mediated 
fibrinogenolysis nevertheless releases the chemo-
tactic fibrinopeptide B, which recruits cellular 
immune effectors without the pleiotropic effects 
of the proinflammatory anaphylatoxins released 
by complement [100]. In addition, MASP-1 can 
activate PAR4 on endothelial cells, leading to a 
distinct proinflammatory phenotype that favors 
recruitment of neutrophils over monocytes at the 
site of infection [101, 102]. Furthermore, MASP- 
1, and to a lower extent MASP-2, can proteolyze 
circulating high-molecular-weight kininogen 
(HK) and release bradykinin (BK) [103], which, 
in turn, strengthens proinflammatory endothelial 
activation and enhances vascular permeability.

Downstream complement effectors also 
induce proinflammatory and prothrombotic 
responses in vascular cells, largely amplifying 
transcription of prothrombotic factors with con-
comitant downregulation of clotting inhibitors. 
Since the most explosive clotting reactions are 
initiated by TF, amplification of the complement 
cascade at sites of microbial injury is supple-
mented by TF transcription in monocytes [104], 
neutrophils [105], and possibly platelets [106] 
and endothelium [107]. Complement induction 
of TF is primarily mediated by the potent C3a 
and C5a anaphylatoxins, which, either alone or in 
conjunction with Toll-like receptors (TLRs) 
[108], activate multiple downstream signaling 
events leading to activation of the NF-kB path-
way and subsequent cytokine and TF production. 
Complement-induced proinflammatory cyto-

kines (TNF-α, IL-6, IL-1β, CD40L, and others) 
can, in turn, reinforce TF transcription in vascu-
lar cells [109]. Once expressed on vascular cell 
surface, procoagulant activity is further enhanced 
through TF decryption. Both upstream, C3 [110], 
and downstream complement effectors, TCC 
complexes [111], support TF decryption through 
either surface exposure of anionic phospholipids 
or protein disulfide isomerase (PDI)-mediated TF 
oxidation [112].

In addition to TF activation, complement 
effectors modulate the thromboresistant pheno-
type of vascular endothelium [113]. Endothelial 
regulators control the initiation, amplification, 
and termination phases of the clotting cascade: 
endothelial TFPI is the main regulator of 
TF-initiated blood clotting [114]; ATIII adsorbed 
on surface heparan sulfate proteoglycans (HS-PGs) 
inhibits the amplification phase of coagulation 
[95], while endothelial TM initiates thrombin- 
dependent activation of protein C and regulates 
the termination phase of blood clotting [115]. 
TM is also a negative regulator of complement 
activation on endothelial surface [116]. In 
response to vascular injury, the endothelium is 
activated either directly, by microbial PAMPs 
binding to pattern recognition receptors (TLRs), 
or indirectly, through immune (complement), 
inflammatory (cytokines), or hemostatic (FVIIa, 
FXa, FIIa) mediators. Complement supports 
endothelial activation through multiple C1q, C3b 
(CR1 and CR3), and anaphylatoxin (C3a and 
C5a) receptors [117]. Complement induces shed-
ding of anticoagulant regulators (HS-PGs, TFPI, 
and TM) from the endothelial surface [115, 118, 
119], the release of procoagulant von Willebrand 
factor from Weibel-Palade bodies [120], and the 
rapid exposure of the leukocyte adhesion mole-
cule P-selectin [120], thus promoting a prothrom-
botic environment. Furthermore, anaphylatoxin 
receptors initiate the transcriptional activation of 
a proinflammatory response with progressive 
expression of cell adhesion molecules (E-selectin, 
ICAM-1, VCAM-1), cytokines/chemokines (IL- 
1β, IL6, IL8, RANTES), and related receptors 
(VEGFC, IL-18R) [121, 122]. Similarly, endo-
thelial activation by sublytic concentrations of 
C5b-9 MAC or the soluble inactive TCC com-
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plexes induces differential expression of adhe-
sion molecules supportive of recruitment and 
extravasation of leukocytes [123] and exposes 
anionic phospholipids with subsequent accelera-
tion of clotting reactions and release of prothrom-
botic microparticles [124, 125].

Platelets are cellular entities situated at the 
interface between coagulation, inflammation, 
and immunity, with critical roles in hemostasis, 
immune surveillance, and the host response to 
microbial invasion [126]. Platelets activated by 
vascular trauma rapidly expose adhesion mole-
cules, which enable their localization at injury 
sites, and release prothrombotic, proinflamma-
tory, and antimicrobial mediators [127, 128]. A 
bidirectional communication between activated 
platelets and vascular proteolytic cascades exists, 
where platelets are activated by and in turn 
amplify the complement, coagulation, and kinin- 
kallikrein cascades. During infection, platelets 
promote recruitment of immune cells at sites of 
injury [129, 130], modulate endothelial permea-
bility and subsequent leukocyte extravasation 
[131], and enhance antimicrobial functions of 
neutrophils [132]. Additionally, platelets mediate 
systemic responses through degranulation and 
release of bioactive inflammatory molecules and 
microparticles [133, 134]. Pathogens could acti-
vate platelets directly, through TLR recognition 
of microbial PAMPs [135, 136], or indirectly, fol-
lowing the engagement of complement C1q, 
C3b, and anaphylatoxin receptors [137] and/or 
the deposition of terminal complement complex 
C5b-9 on platelet surface [138, 139]. In return, 
platelets amplify complement deposition through 
the alternative [140] and/or classical initiation 
pathways [141], supporting a cross-activation/
amplification step. Platelet degranulation releases 
complement factors locally [142], while platelet 
microparticles carrying complement receptors 
[143] have the potential to propagate comple-
ment activation systemically. P-selectin is a 
molecular convergence node for the innate 
immune, coagulation, and inflammatory 
responses on activated platelets deposited at sites 
of microbial or hemostatic insults. P-selectin is a 
C3b opsonin receptor on the activated platelet 
surface and amplifies complement activation 

through the alternative pathway [140]. In addi-
tion, P-selectin promotes leukocyte recruitment 
[144] and induces monocyte TF expression [145], 
phosphatidylserine exposure, and subsequent 
prothrombotic activity on the recruited mono-
cytes [146]. Likewise, P-selectin helps capture 
circulating monocyte-derived TF microparticles 
[147], further concentrating clotting initiators at 
sites of injury and promoting thrombus growth. 
Consequently, it is not totally surprising that 
complement factor deficiency impairs platelet 
deposition and thrombus growth during the initial 
hemostatic response after experimental damage 
to the vessel wall [148].

The complement-coagulation crosstalk is 
bidirectional, and complement activation is 
amplified in prothrombotic environments 
(Fig.  12.4). Coagulation proteases have broad 
specificities and could activate complement fac-
tors. For example, FXIIa, the first coagulation 
protease of the contact clotting pathway, can also 
initiate the classical complement cascade through 
proteolytic activation of C1r/s proteases [149]. 
Thrombin has also been shown to proteolyze C3 
and C5 in experimental murine models, produc-
ing bioactive C3a and C5a anaphylatoxins [39, 
150]. Nevertheless, pure activation of down-
stream clotting proteases on synthetic phospho-
lipid surfaces in nonhuman primates does not 
support C3 or C5 proteolysis [151], indicating 
that confounding variables may have contributed 
to thrombin-mediated complement activation in 
previous models. Thrombin stimulation of plate-
lets at sites of vascular injury could indirectly 
promote complement activation through expo-
sure of P-selectin [140], as mentioned above, or 
the release of chondroitin sulfate [152]. In addi-
tion to proteolytic crosstalk, the coagulation and 
complement pathways share common regulators. 
C1-INH is the main soluble inhibitor of both clot-
ting factor FXIIa, kallikrein, and complement 
initiating proteases C1r/s and MASP-1/2 [74]. To 
a lower extent, antithrombin III, the main throm-
bin inhibitor, also inhibits MASP-1/2 [96]. On 
undisturbed endothelium, surface-exposed TM 
and HS-PGs act as negative regulators of both 
clotting reactions and complement activation/
propagation [153, 154]. TAFI, a carboxypepti-
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dase that modifies fibrin making it less suscepti-
ble to plasmin proteolysis also desarginates C3a 
and C5a [155] and reduces their proinflammatory 
effects. While the physiologic role of coagulation- 
induced complement activation is not always 
clear, complement activation and generation of 
TCC intermediates are necessary for an optimal 
hemostatic response since both C3- and 
C6-deficient mice exhibit prolonged tail bleeding 
times [148, 156].

 Prothrombotic Manifestations 
of Complement Deficiencies

The synergistic activities of complement, coagu-
lation, and inflammation are required for an opti-
mal and balanced hematologic response to 
vascular trauma. An inadequate response due to 
either the inefficient activation or, conversely, the 
improper regulation of the effector pathways may 
prove deadly for the host organism. Human 
pathologies associated with complement defi-
ciencies highlight its essential roles in the innate 

and adaptive immunity [3, 6]. Deficiencies of 
factors from the three complement initiation 
pathways are associated with both an increased 
risk of recurrent infections, mainly bacterial, and 
the development of autoimmune disorders with a 
strong inflammatory component such as systemic 
lupus erythematosus (SLE) or SLE-like patholo-
gies [157]. In contrast, deficiencies of terminal 
complement pathway components strongly asso-
ciate with recurrent Gram-negative bacterial 
infections, due to impaired antimicrobial func-
tion [158], but not with autoimmune diseases, 
highlighting the role of complement opsonins in 
immune homeostasis. In general, deficiencies of 
complement effectors express phenotypically as 
autosomal recessive [157] and, due to intrinsic 
redundancy of immune responses, are  compatible 
with life. However, the enhanced susceptibility to 
microbial infections increases the risk of sys-
temic spreading and sepsis, with subsequent pro-
thrombotic manifestations such as disseminated 
intravascular coagulation (DIC) [159].

Deficiencies of complement regulatory pro-
teins can impair the hematologic response through 
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excessive activation of complement and/or hemo-
static pathways. Deficiency of C1-INH, the main 
inhibitor of classical and lectin initiating prote-
ases, leads to hereditary angioedema, an autoso-
mal dominant pathology characterized by 
extravascular edema due to excessive production 
of bradykinin [160]. While the pathophysiology 
of the angioedema is probably complement inde-
pendent and due to excessive activation of contact 
coagulation pathway and/or kinin-kallikrein sys-
tem also controlled by C1-INH, low levels of C2 
and C4 have been detected in these patients, sug-
gesting unbalanced complement activation [158].

Deficiencies of C3 convertase regulators result 
in excessive deposition of C3b and C4b comple-
ment opsonins on self-structures. Primary C4BP 
deficiency is rare and results in atypical Behçet’s 
disease complicated by angioedema [161]. C4BP 
polymorphisms associate with atypical hemo-
lytic syndrome [162] and, surprisingly, represent 
a risk factor for venous thrombosis independent 
of its anticoagulant partner, protein S [163]. 
Impaired regulation of the alternative C3 conver-
tase due to deficiencies in FH, FI, and/or MCP 
[164] leads to multiple pathophysiologies such as 
SLE-like autoimmune diseases, atypical hemo-
lytic uremic syndrome (aHUS), and membranop-
roliferative glomerulonephritis (MPGNs) 
[165–167]. The uncontrolled AP C3 convertase 
depletes plasma C3 and promotes exacerbated 
C3b deposition primarily in kidneys and subse-
quent thromboinflammatory responses resulting 
in glomerular thrombotic microangiopathy, 
thrombocytopenia, and microangiopathic hemo-
lytic anemia. Pharmacologic inhibition of com-
plement effectors, such as eculizumab blockade 
of C5 activation [168], reduced the thrombotic 
burden in aHUS [169] and MGPN patients [170], 
indicating that hemostatic imbalance develops 
downstream of complement activation in these 
pathologies.

Similarly, deficiencies of membrane-bound 
complement regulators may expose host cells to 
the damaging effects of complement activation. 
DAF (CD55) and CD59 are glycophosphati-
dylinositol (GPI)-anchored cell surface negative 
regulators of complement convertases and the 
C5b-9 TCC, respectively. Mutations in the PIG-A 

gene that encodes the GPI-anchoring enzyme lead 
to the development of paroxysmal nocturnal 
hemoglobinuria (PNH), a complement-mediated 
disease characterized by the absence of CD55/
CD59 on vascular cells [171]. The absence of 
these protective mechanisms allows AP-initiated 
complement cascade to progress on the surface of 
vascular cells resulting in intravascular hemolysis 
[168, 171]. Thrombophilia is a common clinical 
manifestation associated with PNH, with throm-
boembolism being the leading cause of mortality 
in PNH patients [172]. While the prothrombotic 
mechanisms are not completely understood, ecu-
lizumab inhibition of downstream complement 
effectors also reduces the incidence of thrombotic 
complications in PNH [173].

 Complement-Coagulation Interplay 
in the Pathophysiology of Sepsis

Sepsis is an acute, progressive, systemic inflam-
matory response syndrome (SIRS) induced by an 
impaired hematologic response to infection [159, 
174, 175] and a frequent complication of trauma. 
Severe sepsis and trauma complicated by multi-
ple organ dysfunction syndrome (MODS) are 
leading causes of death in intensive therapy units 
worldwide [176]. Sepsis is initiated by the detec-
tion of pathogenic PAMPs within the vasculature, 
which trigger complement, coagulation, and 
inflammatory responses (Fig.  12.2). The exces-
sive concomitant activation of multiple hemato-
logic systems overcomes the regulatory networks 
in place and damages the host’s own tissues and 
organs, ultimately leading to multiple organ fail-
ure and death [159]. In addition, survivors can 
exhibit sepsis-induced long-term sequelae such 
as diffuse pulmonary fibrosis [177] and cognitive 
impairment due to structural brain alterations 
[178], which affect their quality of life and long- 
term mortality [179]. Despite extensive research 
efforts, the pathophysiology of sepsis is not com-
pletely understood, and no treatments are cur-
rently available for sepsis. Experimental 
inhibition of inflammatory, coagulation, and 
complement cascade effectors have proven 
unsuccessful in sepsis trials [175], and as a result 

N. I. Popescu and F. Lupu



189

new approaches are needed to characterize the 
systemic hematologic response and identify 
interacting nodes that control multiple pathways.

During initial stages of sepsis, complement 
activation is critical for the immune response to 
invading pathogens [180]. Complement activa-
tion can occur through all three initiating path-
ways, leading to C3 activation and formation of 
the terminal C5b-9 complex [181, 182]. Inhibition 
of complement activation at this stage negatively 
affects the outcome in sepsis due to impaired 
microbial clearance. Complement also modulates 
inflammatory and prothrombotic responses in 
sepsis. Complement anaphylatoxins are the main 
complement-induced inflammatory mediators as 
detailed above, affecting the permeability of 
blood vessels, leukocyte recruitment and activa-
tion, cytokine/chemokine expression, as well as 
TF expression on monocytes and endothelium 
[66, 183, 184]. The exacerbated activation of the 
complement cascade however, reflected by the 
increased plasma levels of C3a, C4a, and C5a 
anaphylatoxins [185], has been associated with 
multiple organ failure and enhanced mortality in 
septic patients [183]. In contrast, delayed com-
plement inhibition ameliorates physiologic 
parameters, attenuates sepsis-induced inflamma-
tion, reduces thrombotic burden, and protects 
against multiple organ failure in a nonhuman pri-
mate models [181, 186].

Sepsis activates coagulation mainly through 
the TF-dependent pathway [187], although sys-
temic activation of the contact pathway also 
occurs in patients and experimental models 
[188]. Coagulation activation is tightly intercon-
nected with inflammation [189] and promotes 
DIC, the most important marker of poor progno-
sis in sepsis [159]. A prolonged thrombophilic 
environment is maintained through transcrip-
tional activation of TF in vascular cells [190, 
191] and depression of negative regulatory mech-
anisms, such as TFPI, APC, TM, and ATIII [189, 
192, 193]. Complement contributes to sepsis- 
associated thrombophilia through multiple mech-
anisms. For example, C5a-C5aR signaling 
induces neutrophil TF expression [105] and pro-
coagulant and proinflammatory cytokines that 
support monocyte TF expression [183], comple-
ment opsonins and TCC complexes support TF 

decryption [110, 111], while complement opso-
nins, anaphylatoxins, and TCC promote platelet 
activation and subsequent exposure of prothrom-
botic anionic phospholipid surfaces [194, 195]. 
Inhibition of complement effectors using comp-
statin, a C3 convertase inhibitor [181], or C5 con-
vertase inhibitors [38, 69, 186], reduced 
thrombosis, inflammation, and associated organ 
injury in experimental septic models. These stud-
ies reveal the clinical importance of the 
complement- coagulation interplay during the 
development of sepsis and provide proof-of- 
concept strategies for concurrent therapeutic con-
trol of multiple hematologic pathways in sepsis.

 Conclusions

Extensive studies have highlighted the intimate 
meshing between complement and coagulation 
responses during the pathophysiology of sepsis 
and trauma. The multifaceted crosstalk between 
the two pathways may lead to their reciprocal 
amplification creating a vicious cycle that con-
tributes to multiple organ failure (MOF) and 
death. Since activation of the complement system 
occurs early during organ failure progression, use 
of complement inhibitors to prevent MOF is a 
logical approach. The complement therapeutics 
under development or in clinical use include: (i) 
enhancing the expression of negative regulators 
(CD55, CD59, soluble complement receptor-1) 
and supplementing the natural complement 
inhibitors (C1 inhibitor); (ii) blocking antibodies, 
peptides, aptamers, or small inhibitory molecules 
against C3 and C5 convertases; and (iii) antibod-
ies that neutralize complement-derived 
 anaphylatoxins (C3a and C5a) or inhibit their 
cognate receptors. Complement inhibition, how-
ever, may compromise the host defense against 
pathogens, resulting in increased risk of second-
ary infections, or the clearance of damaged cells 
and structures, resulting in impaired immune 
homeostasis and faulty healing. Therefore, iden-
tification of appropriate therapeutic windows and 
development of strategies to prevent exacerbated 
complement activation while preserving its pro-
tective and reparative functions are important 
challenges that need to be addressed.
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 Introduction

It should come as no surprise that, as we learn 
more about the innate immune and coagulation 
systems, we continue to discover additional ways 
that the two are intimately and inseparably linked 
[1]. Reducing it to the simplest terms, one can 
imagine that it would be biologically advanta-
geous to have a hemostatic, anti-microbial 
(inflammatory), pro-regenerative response fol-
lowing traumatic injury. Of particular interest in 
mediating cross-talk between the coagulation and 
immune systems is the polymorphonuclear leu-
kocyte (PMN), or neutrophil, so named for its 
neutral staining characteristics on Wright Stain 
compared to the other two granulocyte popula-
tions (basophils and eosinophils) [2]. Neutrophil 
antibacterial properties have been known to sur-
geons for two and a half centuries, where during 
the 7 Years’ War in 1761 the British surgeon John 
Hunter noted a delay in blood spoilage when the 
“buff” colored layer from one blood sample was 

added to another blood sample [3]. Centuries 
later this innate immune cell, with its respiratory 
burst (via the NADPH oxidase complex) and 
toxic protein granule products, is now known to 
do far more than just provide antibacterial 
defenses. In the modern era, neutrophils have 
been shown to play a key physiologic role in 
response to tissue damage and wound healing, 
coagulation, and endothelial barrier function and 
injury [4–12]. Unfortunately, loss of tight control 
of neutrophil function can also have serious 
pathophysiologic consequences, with aberrantly 
activated neutrophils contributing to diseases 
such as the acute respiratory distress syndrome 
(ARDS), transfusion-related acute lung injury 
(TRALI), ischemia-reperfusion injury, sepsis, 
and more recently the coagulopathy associated 
with traumatic injury [12–17].

Following traumatic injury, areas of tissue 
damage and the associated injured vascular endo-
thelium lead to exposure of the extracellular matrix 
(ECM) and a shift in function and expression of 
coagulation regulatory molecules on the endothe-
lium (reviewed elsewhere in this text). Additionally, 
injured endothelial cells and the Type I and Type II 
activation of surrounding un- injured endothelial 
cells in response to inflammatory chemokines/
cytokines and ischemia-reperfusion lead to 
increased expression of cell-surface adhesion mol-
ecules [15, 18–20]. The exposed sub-endothelium 
and upregulated endothelial adhesion molecules, 
including P-selectin, E-selectin, ICAM-1, and 
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VCAM-1, act to recruit neutrophils, platelets, and 
other leukocytes (e.g. macrophages) to the site of 
injury, in order to provide antibacterial defenses, 
promote tissue remodeling, and release tethered 
growth factors and cytokines/chemokines that pro-
mote inflammatory responses, wound healing, and 
hemostasis [4, 5, 21–26]. In the case of traumatic 
coagulopathy, the associated severe injury results 
in the release of large amounts of inflammatory 
chemo/cytokines and damage-associated molecu-
lar patterns (DAMPs), which causes priming and 
systemic activation of neutrophils. In an indiscrim-
inate fashion, these activated neutrophils release 
significant amounts of extracellular ROS via the 
NADPH-oxidase complex, release an array of 
toxic and proteolytic enzymes via degranulation, 
and extrude their DNA contents decorated in his-
tones and granule proteins to effect further endo-
thelial injury, propagate coagulation through 
increased thrombin generation and decreased anti-
coagulant protein activity, alter fibrinolysis, and 
cause end-organ damage.

 Neutrophil Localization in Injury 
and Inflammation

Neutrophils exist in two populations outside the 
bone marrow, the marginated pool and the circu-
lating pool, each comprising about half of the 
total peripheral blood PMNs [27]. Neutrophils 
within the circulation interact with the endothe-
lium via the leukocyte adhesion cascade in the 
post-capillary and collecting venules primarily 
via PSGL-1 and integrins (αβ-heterodimers), 
although other proteins and ligands like 
L-selectin, CD44, and ESL-1 likely also play a 
role [21]. In homeostatic conditions, neutrophils 
will tether and roll along the endothelium in a 
selectin-ligand-dependent manner (the main neu-
trophil ligand being PSGL-1), with very high 
association and dissociation constants, but will 
not become adherent or transmigrate across the 
endothelial barrier [28]. Upon stimulation by 
increased selectin-mediated signaling, chemo-
kine activation of G-protein coupled receptors, 
and increased inflammatory cytokines and che-
motactic factors, there is a change in conforma-

tion of integrins (LFA-1, VLA-4) on the cell 
surface from a bent low-affinity to an extended 
low-affinity state, followed by transition to a 
high-affinity extended conformation for their 
ligands, primarily ICAM-1 and VCAM-1 [28–
31]. The final transition of these integrins to their 
extended high-affinity state may, at least in part, 
be dependent on shear stress via a “catch bond” 
phenomena [32]. This binding interaction of the 
PMN integrins with their endothelial ligands 
leads to the arrest of rolling and tight adhesion of 
the neutrophil to the endothelial surface, where-
upon the neutrophil can transmigrate across the 
endothelial barrier in response to further chemo-
tactic stimuli in a paracellular or transcellular 
manner. The initial migration out of the circula-
tion is then followed by subsequent chemotaxis 
into the underlying extravascular tissue [28, 33–
35]. This process of neutrophil adhesion and 
transmigration across the endothelial barrier is 
thought to contribute to microvascular hyperper-
meability under certain circumstances [36]. 
Typically, PMN transmigration is considered to 
be a polarized unidirectional process with very 
few neutrophils returning to the circulating gran-
ulocyte pool. In mice, however, it has been shown 
that reverse transmigration back into circulation 
can potentially turn localized inflammation into 
systemic inflammation with secondary organ 
damage [37], although to date it is unknown if 
human PMNs exhibit this same phenomenon.

In the case of traumatic injury with a denuded 
endothelium and exposed subendothelial matrix, 
neutrophil localization is primarily platelet- 
dependent, with a similar process of transmigra-
tion occurring when neutrophils adhere to 
activated adherent platelets [38]. Platelets bind at 
the site of exposed ECM in a vWF/GPIb- 
dependent manner and recruit PMNs following 
platelet activation, initially via P-selectin/
PSGL-1 binding and subsequently by binding of 
the neutrophil β2 integrin Mac-1 directly to plate-
let GPIb and possibly also to fibrin [39] that is 
adherent to platelet αIIbβ3 integrin (GPIIbIIIa) 
within the developing thrombus [38, 40–48]. If 
the injury is severe enough (e.g., severe traumatic 
injury or sepsis), however, the ability of neutro-
phils to localize via adhesion and transmigration 
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becomes impaired by the overwhelming inflam-
matory signaling response. Neutrophils become 
“paralyzed” in such states, not only rendering 
them unable to tightly adhere in a spatially local-
ized manner, but also unable to chemotax toward 
sites of infection and injury with increased mem-
brane rigidity and capillary sequestration [33, 
49]. Recent studies have shown that traumatic 
injury causes the release of distinct human 
damage- associated molecular patterns, or 
DAMPs, including mitochondrial formyl- 
peptides and mitochondrial DNA, whose release 
can activate the same G-protein-coupled formyl 
peptide receptor-1 (FPR1) and TLR9 as their 
bacterial formyl-peptide and DNA counterparts, 
with FPR1 and TLR9 being expressed on both 
neutrophils and endothelial cells [50–54]. These 
DAMPs are likely responsible for the clinical 
similarities of shock and inflammation following 
trauma and sepsis, including the systemic neutro-
phil responses. In these states of critical illness 
there is reduced adhesion molecule expression 
secondary to the upregulation of iNOS, HO-1, 
and PPARγ, early priming and systemic activa-
tion of neutrophils that is followed later by desen-
sitization to future priming and activation from 
prolonged stimulus exposure, and CXCR2 down-
regulation by TLR2 and TLR4 agonism [33, 55]. 
Thus, states of critical illness, inclusive of signifi-
cant trauma, have the potential to lead to high 
levels of non-localized systemic neutrophil acti-
vation with subsequent innate immune compro-
mise secondary to paralysis and neutrophil 
desensitization.

 Neutrophil NADPH-Oxidase 
Priming and Highly Reactive 
Oxygen Species Production

One of the most important tools available to neu-
trophils following traumatic or infectious insults 
to the host is their ability to produce highly reac-
tive oxygen species (ROS) via the nicotinamide 
adenine dinucleotide phosphate (NADPH) oxi-
dase complex. At rest, the NADPH oxidase com-
ponents are not fully assembled, with gp91phox 
and p22phox making up a membrane protein 

called flavocytochrome b558, a transmembrane 
αβ-heterodimer with 2 non-identical coordinated 
heme prosthetic groups that make up the electron 
transfer system across the membrane to produce 
superoxide anion via electron transfer to O2 [56, 
57]. The other proteins p40phox, p47phox, 
p67phox, and Rac-2 GTPase remain in the cyto-
sol away from the flavocytochrome b558 complex 
and exist in several uncomplexed and partially 
complexed states [58]. Following the stimulation 
of neutrophils with an agonist such as LPS, TNF- 
α, PAF, or fMLP (amongst many others) the neu-
trophil becomes “primed” for subsequent 
activation of the NADPH oxidase complex in 
response to a second stimulus [59–62]. The key 
feature of priming is that the response primed 
neutrophils have to a given second stimulus is 
exponentially greater than that of unprimed neu-
trophils to the same stimulus, lending a critical 
mechanism of regulation for when and under 
what conditions neutrophils generate 
ROS. Additionally, different priming agents lead 
to proportionally different amounts of extracel-
lular versus intracellular ROS by the PMN 
NADPH oxidase complex, where, for example, 
the priming agents PAF and IL-8 lead to more 
extracellular ROS after a second stimulus than 
priming by TNF-α [63].

On a molecular level, priming occurs via mul-
tiple mechanisms and depends on the priming 
agent, but the two most commonly implicated 
mechanisms involve (a) p47phox phosphoryla-
tion with subsequent conformational changes 
that allow for additional phosphorylation and 
binding site exposure to facilitate both the bind-
ing of p47phox to the p40phox:p67phox complex 
as well as later binding to flavocytochrome b558 at 
the plasma membrane during activation, and (b) 
direct mobilization of specific and gelatinase 
granules containing flavocytochrome b558 to the 
cell membrane to increase the number of poten-
tial NADPH oxidase complexes that can be 
assembled [58, 64]. Upon exposure to a second 
stimulus, the primed neutrophil now assembles 
the holoenzyme NADPH oxidase complexes and 
proceeds to generate a large amount of  superoxide 
anion at the plasma membrane and within phago-
somes that leads to several toxic ROS species, a 
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process that can lead to extensive tissue damage 
and endothelial cell activation, injury and cell 
death [65–67]. Importantly, these priming and 
subsequent activation events are the molecular 
explanation underlying the classic “two hit 
hypothesis” for multiple organ failure after 
trauma [68].

The underlying signaling pathways for prim-
ing involve several key mediators which also 
depend on the priming agent. Brown and col-
leagues [69] showed that TNF-α priming of 
human neutrophils for subsequent respiratory 
burst activation was strictly dependent on p38 
MAPK phosphorylation of p47phox and 
p67phox, whereas PAF priming was independent 
of p38 MAPK activity, and resulted in only 
p67phox phosphorylation, with Sheppard et  al. 
subsequently finding that PAF priming led to 
p67phox translocation to the plasma membrane 
[70]. Additionally, Brown et  al. showed that 
regardless of the priming agent, fMLP activation 
for ROS production by primed neutrophils was 
reduced by 70% when p38 MAPK was inhibited 
using the specific p38 MAPK small molecule 
inhibitor SB203580, whereas complement- 
opsonized zymosan (OPZ) activation of primed 
neutrophils was independent of p38 MAPK and 
instead appeared to involve the Erk1/2 MAPK 
pathway. Subsequent elegant work by Dang et al. 
[71] using human PMN showed that Ser345 on 
p47phox, which lies within a MAPK consensus 
sequence (-PXSP-), is the phosphorylation target 
for priming by TNF-α via p38 MAPK activation 
and by GM-CSF via Erk1/2 activation, with both 
kinase pathways converging on phosphorylation 
of Ser345. Addition of a direct p38 MAPK inhib-
itor (SB203580) or indirect Erk1/2 inhibitors 
(PD98059 and UO126 for inhibition of MEK1/2 
upstream) abrogated priming by TNF-α and 
GM-CSF, respectively. Further, evidence for in- 
vivo relevance was observed through increased 
ROS production in response to fMLP along with 
increases in phospho-Ser345-p47phox, phospho-
 p38 MAPK, and phospho-Erk1/2  in synovial 
PMN from human rheumatoid arthritis (RA) 
patients compared to circulating PMN from the 
same RA patients and healthy human controls, 
and competitive substrate assays using cell- 

permeable TAT-Ser345 showed inhibition of both 
basal and fMLP-stimulated ROS production of 
these PMN [71].

The importance of phosphorylation at Ser345 
on p47phox for human neutrophil priming by 
TNF-α was further clarified by El-Benna and col-
leagues, who showed that the cis-trans prolyl 
isomerase Pin1 binds to phospho-Ser345 form of 
p47phox and induces conformational changes 
that allow for the additional required serine phos-
phorylations by PKC to prime PMN [72], as well 
as facilitate binding of p47phox to the other cyto-
plasmic subunits p40phox and p67phox. It is 
thought that these conformational changes and 
additional phosphorylation events lead to expo-
sure of cryptic SH3 domains in p47phox that in 
non-primed (non-phosphorylated) states remain 
bound to a proline-rich autoinhibitory region 
within p47phox itself. Thus, phosphorylation of 
p47phox liberates the SH3 domains to bind the 
proline-rich region of the cytosolic tail on the 
p22phox component of the membrane-bound 
cytochrome, and provides a targeting mechanism 
for p47phox and its associated cytosolic oxidase 
components to bind at the membrane for holoen-
zyme assembly during activation. Other signal-
ing pathways that prime and activate the NADPH 
oxidase complex result in p47phox phosphoryla-
tion on different serine residues, such as Akt 
phosphorylation of Ser304 and Ser328  in 
response to fMLP, IL-8, and GRO-α activation of 
PI3K by binding their respective GPCRs [73–
75]. Whether or not priming via phosphorylation 
of cytosolic oxidase components leads to pre- 
assembly of the holoenzyme NADPH oxidase 
complex at the plasma membrane is a topic of 
debate, and it is likely that this may be the case 
with some priming agents but not with others. 
Yaffe and colleagues have shown using mem-
brane fractionation techniques that priming of 
human neutrophils with TNF-α does not lead to 
translocation of p47phox or p67phox to the 
plasma membrane despite causing phosphoryla-
tion of both, while stimulation with the non- 
physiologic direct PKC activator phorbol 
myristate acetate (PMA) does cause membrane 
translocation of p47phox and p67phox. This 
observation argues against a role for oxidase pre- 
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assembly at the plasma membrane in p38 MAPK- 
dependent TNF-α priming of human neutrophils. 
Others have shown that LPS-induced priming of 
human PMN is a p38 MAPK-dependent process 
resulting from cytochrome b558 shuttling to the 
plasma membrane via specific granules along with 
limited p47phox translocation, while Sheppard 
et  al. showed that priming by PAF resulted in 
p67phox membrane translocation [70, 76, 77].

With respect to the PMN NADPH oxidase 
complex and trauma-induced coagulopathy, 
direct evidence for a role of neutrophil-derived 
ROS in traumatic coagulopathy is limited to date, 
but there are numerous studies that suggest this is 
the case and a recent study published by our 
group supports that PMN ROS is involved [63]. 
In a study by Jacobi et  al. it was shown that 
human PMNs from hemodialysis patients exist in 
a highly primed state and that co-culture with 
human umbilical vein endothelial cells (HUVEC) 
leads to significant amounts of HUVEC apopto-
sis, tissue factor and IL-8 production, and imme-
diate increases in HUVEC cell surface P-selectin 
compared to healthy human controls [65]. 
Importantly, in those experiments a membrane 
barrier was used to prevent direct PMN-HUVEC 
adhesion, and further showed that the observed 
effects on HUVEC were abrogated by the addi-
tion of superoxide dismutase (SOD) and catalase. 
These observations directly implicated 
neutrophil- derived ROS and other soluble prod-
ucts of primed and activated PMN in causing 
endothelial cell activation and pro-coagulant 
states in addition to mediating endothelial cell 
injury and death. These findings are supported by 
earlier studies that showed rat pulmonary artery 
endothelial cell injury and death in response to 
activated PMN could be prevented with early 
addition of catalase and at later time points 
showed significant synergistic endothelial cell 
killing by PMN-derived ROS and proteases [66]. 
More recently, neutrophils from human poly- 
trauma patients were shown to cause significant 
amounts of endothelial progenitor cell (EPC) 
killing compared to healthy human controls that 
could be prevented by pre-treatment of PMN 
with the NADPH oxidase inhibitor diphenyliodo-
nium chloride. In contrast, however, the inhibi-

tion of neutrophil elastase did not show any 
protective effect [78]. Given the important role of 
EPCs in tissue and vascular repair following trau-
matic injury, it is thought that the excessive neu-
trophil priming and activation seen in severe 
traumatic injury may prevent wound healing and 
vascular repair through killing of EPCs. 
Additionally, it is known that formation of neu-
trophil extracellular traps (NETs) requires ROS 
generation by the NADPH oxidase complex and 
that NETs propagate coagulation through throm-
bin generation, cleavage of TFPI, and direct 
endothelial damage (discussed in more detail 
below) [6, 7, 9, 79]. The above findings are sup-
ported by recent work from our group, where we 
found a robust priming of human neutrophils by 
human serum (i.e., the liquid product of clotted 
whole blood) and clotted plasma for ROS pro-
duction in response to formylated peptides, an 
in- vitro approximation of what neutrophils may 
see following traumatic injury with blood clot-
ting and release of human mitochondrial-derived 
formylated peptides (prototypic DAMPs) [63]. 
We found that this phenomenon was dependent 
on the alternative pathway of complement gener-
ating C5a during blood coagulation, and impor-
tantly that it preferentially primed PMN for early 
extracellular ROS generation that could degrade 
HUVEC barriers. We then evaluated plasma from 
trauma patients in hemorrhagic shock, where the 
coagulation system has been activated, and simi-
larly found that their plasma had elevated C5a 
levels that were dependent on the alternative 
pathway, and that this trauma plasma C5a primed 
naive neutrophils for predominantly extracellular 
ROS generation. In the same study we then used 
a mouse model of trauma hemorrhage known to 
generate end-organ injury and a protein 
C-mediated traumatic coagulopathy (previously 
described [80, 81]), comparing wild type and 
sham mice with p47phox KO mice whose PMNs 
are incapable of generating ROS via the NADPH 
oxidase complex. We found that the p47phox KO 
mice were protected from both end-organ (lung) 
injury and protein C–mediated traumatic 
 coagulopathy, directly implicating neutrophil 
ROS in the pathogenesis of trauma-induced 
coagulopathy.
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 Neutrophil Granule Proteins 
and Coagulation

Another key component of neutrophil effector 
responses to inflammatory stimuli and injury is 
the release of enzymes and proteases from neu-
trophil granules. These enzymes and proteases 
are likely to be direct contributors to the coagulo-
pathic state, further propagating the deleterious 
feed-forward cycle of traumatic coagulopathy 
and inflammation. Many of the same stimuli 
responsible for neutrophil priming and ROS gen-
eration also lead to degranulation of primary 
(azurophilic), secondary (specific), and tertiary 
(gelatinase) granules and secretory vesicles in a 
stimulus-dependent fashion, with more potent 
stimuli being required for primary granule release 
given their more toxic contents and less potent 
stimuli required for the sequentially less toxic 
granule release (Tables 13.1, 13.2, and 13.3) [82, 
83]. The function of granule products varies 
widely, including catalyzing HOCl production 
from ROS (myeloperoxidase/MPO), regulation 
of the coagulation and fibrinolysis systems (elas-
tase, cathepsin G), direct microbicidal activity 

(defensins, lysozyme), ECM remodeling via pro-
teolysis and cytokine/chemokine processing 
(matrix metalloproteinases/MMPs, elastase, 
other serine proteases), and neutrophil priming 
via specific and gelatinase granule secretion (fla-
vocytochrome b558) [84, 85].

A critical discovery was the observation that 
secretion of neutrophil elastase and cathepsin G 
from azurophilic granules leads to cleavage of 
tissue factor pathway inhibitor (TFPI) and sub-
sequent tissuefactor (TF), and factor XII-
dependent activation of coagulation [6]. In this 
study by Massberg et al., they observed in-vivo 
that fibrin deposition following vascular injury 
was significantly reduced in mice deficient in 
neutrophil elastase and cathepsin G due to defi-
cient cleavage of TFPI and that the process of 
TFPI cleavage by neutrophil serine proteases in 
WT animals was dependent on NETs to co-
localize these proteases with TFPI.  Treatment 
of WT mice with H2A-H2B-DNA-specific anti-
body suppressed coagulation and fibrin forma-
tion but did not lead to additional reduction in 
fibrin formation in the elastase −/−, cathepsin 
G −/− mice. Further, they showed in-vitro that 

Table 13.1 Neutrophil agonists that regulate chemotaxis, priming, and/or activation in either solution phase or adher-
ent neutrophils

Agent Chemotaxis Priming Activation (ROS production, degranulation)
N-Formyl peptides 
(fMLP)

+ + +

Mitochondrial 
DNA

+ + +

PAF + + +
PF4 + +
FPB +
LTB4 + + +
Gro-α + + +
IgG/IgM +
LPS +
C5a + +
G-CSF + + +
GM-CSF + +
TNF-α + + +
IFN-γ +
IL-1β + + +
IL-6 +
IL-8 + + +

Adapted from references [39, 50, 59–63, 83, 137–147]
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Table 13.2 Intramembranous proteins found within neutrophil granules and secretory vesicles

Azurophilic (primary) 
granules

Specific (secondary) 
granules

Gelatinase (tertiary) 
granules Secretory vesicles

Membrane Membrane Membrane Membrane
Granulophysin (CD63) MAC-1 (CD11b/CD18) MAC-1 (CD11b/CD18) MAC-1 (CD11b/CD18)
CD68 Cytochrome b558 Cytochrome b558 LFA-1 (CD11a/CD18)
V-type H+-ATPase TNF-R DAG lipase Cytochrome b558

fMLP-R fMLP-R fMLP-R
u-PA receptor u-PA receptor u-PA receptor
SCAMP SCAMP SCAMP
Laminin-R Laminin-R CR1
Thrombospondin-R V-type H+-ATPase C1q-R
Vitronectin-R VAMP-2 DAF
Fibronectin-R Alkaline phosphatase
VAMP-2 VAMP-2
G-proteinα- subunit CD14
CD66 CD16
CD67 V-type H+-ATPase
CD15 antigens Neutral Endopeptidase 

(CD10)
NB 1 antigen Aminopeptidase N 

(CD13)
Rap1 Tyrosine Phosphotase 

(CD45)
Rap2

Adapted from references [83, 148]

Table 13.3 Soluble proteins found within neutrophil granules and secretory vesicles

Azurophilic (primary) granules
Specific (secondary) 
granules

Gelatinase (tertiary) 
granules Secretory vesicles

Matrix Matrix Matrix Matrix
Myeloperoxidase Collagenase 

(MMP-8)
Gelatinase Tetranectin

Defensins Gelatinase Lysozyme Other plasma 
proteins

Bactericidal permeability increasing protein Lactoferrin β2- microglobulin
Cathepsins Lysozyme Acetyltransferase
Elastase u-PA Tetranectin
Lysozyme β2- microglobulin
Proteinase 3 hCAP-18
Azurocidin (heparin- binding protein, CAP37) Histaminase
α1-antitrypsin Heparanase
α-mannosidase NGAL
Acid β-glycerophosphatase Sialidase
Acid Mucopolysaccharide SGP28
β-Glycerophosphatase B12- binding protein
β-Glucuronidase
N-acetyl-β- Glucosaminidase
Sialidase
Ubiquitin- protein

Adapted from references [83, 148]
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DNase was also able to abrogate the increased 
TF activity and TFPI degradation by neutrophil 
serine proteases observed in reconstituted 
nucleosome coagulation assays. These findings 
showed in a substantial way that neutrophils are 
direct regulators of the natural anticoagulant 
system and that neutrophil dysfunction can 
have powerful consequences on coagulation 
and hemostasis.

In addition to proteolytic cleavage of the natu-
ral anticoagulant TFPI, it is known that neutro-
phil elastase, MMP-8, and MMP-9 can promote 
coagulation by cleaving proteoglycans in exposed 
blood vessel walls that model injured or denuded 
blood vessels such as those seen in trauma [86]. 
By degrading part of the proteoglycan matrix, 
vWF binding sites on vessel wall collagen are 
exposed and this leads to a dramatic increase in 
platelet adherence under flow conditions through 
vWF-GpIb binding interactions, which can fur-
ther amplify neutrophil recruitment and activa-
tion. This pro-coagulant effect seen using formyl 
peptide-activated human neutrophils, PMN 
supernatants, and purified neutrophil elastase, 
MMP-8, and MMP9 could be completely miti-
gated by a combination of serine- and metallo-
protease inhibitors. Beyond the pro-coagulant 
activity of neutrophil proteases in the sub- 
endothelial matrix, co-culture models with neu-
trophils and multiple different human endothelial 
cell lines have shown endothelial cell damage 
and killing by neutrophil elastase, with augmen-
tation by ROS observed in many of them [10, 87, 
88]. Neutrophil elastase and cathepsin G have 
shown a potent ability to cleave VE-cadherin and 
disrupt endothelial cell monolayers in-vitro, pro-
viding a possible mechanism for the vascular per-
meability and shock seen in trauma patients with 
severe inflammatory responses despite adequate 
resuscitation [11]. Another mechanism by which 
neutrophil elastase may contribute to vascular 
hyperpermeability and hypotension in traumatic 
injury is through the production of E-kinin from 
high-molecular-weight kininogen, which has 
been demonstrated in a rat model and is likely 
mediated by binding of the GPCR bradykinin β2 
receptor [89], and in humans a correlation 
between plasma levels of neutrophil elastase and 

pulmonary vascular permeability has been dem-
onstrated in patients with severe pneumonia [90].

Beyond coagulation, neutrophil elastase also 
has a significant role in altering fibrinogen and 
the fibrinolysis pathway and is likely to be 
involved in the development of trauma-induced 
coagulopathies within the hyperfibrinolysis and 
fibrinolysis shutdown phenotypes. For example, 
elastase is capable of cleaving the Aα subunit of 
fibrinogen at the Val (Aα21)-Glu (Aα22) bond, 
thus removing the Aα17–20 peptide segment that 
classically forms the “knob” required for fibrin 
polymerization after thrombin cleavage at Aα16 
[17, 91] and functionally reduces the amount of 
fibrinogen available to participate in clot forma-
tion. Elastase cleaves factor XIII in to a truncated 
and highly active form that crosslinks fibrin and 
may also tether α2-antiplasmin (A2AP) to fibrin, 
increasing clot resistance to fibrinolysis [92]. In 
contrast, elastase also cleaves plasminogen acti-
vator inhibitor-1 (PAI-1) and A2AP rendering 
both unable to inhibit tPA and plasmin, respec-
tively, which promotes fibrinolysis [93, 94]. 
Elastase cleavage of plasminogen is also well 
described, leading to several different molecular 
species that have variable effects on fibrinolysis, 
and while the effects are generally considered 
pro-fibrinolytic this is likely nuanced and under 
certain conditions the opposite (resistance to 
fibrinolysis) may occur. When elastase cleaves 
plasminogen, mini-plasminogen (the C-terminal 
part of the protein containing the 5th Kringle 
domain and the protease domain) and angiostatin 
(the N-terminal part of the protein containing the 
Kringle 1–4 or Kringle 1–3 domains) are gener-
ated [95, 96]. Mini-plasminogen is more rapidly 
converted into mini-plasmin than plasminogen is 
to plasmin, and thus is better at promoting fibri-
nolysis [96]. However, the resulting angiostatin 
K1–4 is converted into angiostatin K1–3 by addi-
tional elastase cleavage and has a similar binding 
constant for fibrin as plasminogen does, suggest-
ing that angiostatin may compete with plasmino-
gen for fibrin binding sites and prevent plasmin 
formation [95]. There is some experimental data 
to support that once enough angiostatin K1–3 is 
generated and the plasminogen pool is depleted, 
the effect of elastase is one of resistance to fibri-
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nolysis, and after prolonged co-incubations (e.g. 
6 hours) of elastase with plasminogen prior to use 
in fibrinolysis assays there is a complete loss of 
fibrinolysis/fibrinolytic function [97]. Other 
experimental data suggests that elastase has 
direct proteolytic activity against polymerized 
fibrin [17, 98], although functional consequences 
of this interaction have not been consistently 
observed in the literature where others such as 
Wu et al. have not observed any measurable fibri-
nolytic effect of elastase on polymerized fibrin 
and thus its functional relevance remains a point 
of debate [93]. Ultimately the effects of PMN 
elastase on fibrinolysis are complex and context 
dependent, and are very likely involved in the 
development of traumatic coagulopathy. Our 
group is working toward generating a more com-
plete description of the biochemical kinetics of 
all the known elastase targets in the fibrinolysis 
pathway to generate an ordinary differential 
equations model of how and when elastase gener-
ates different fibrinolysis phenotypes that also 
accounts for thrombin generation, which is likely 
a key component in determining the resultant 
fibrinolysis phenotype.

Another important granule protein, myeloper-
oxidase (MPO), is widely accepted as a critical 
effector enzyme for microbial killing through the 
production of hypochlorous acid from H2O2 and 
also has diverse effects on endothelial cell func-
tion and coagulation [99]. In human patients, 
serum MPO levels strongly correlate with endo-
thelial dysfunction as measured by brachial 
artery dilation studies, and MPO is known to 
sequester vasoactive NO by using it to produce 
pro-inflammatory reactive nitrogen species [100, 
101]. Support for MPO’s direct vasoactive role is 
further demonstrated in MPO-deficient mice that 
exhibit resistance to endotoxin-mediated vaso-
motor dysfunction [102]. In-vitro studies have 
shown direct injury to endothelial cells by MPO- 
bearing neutrophilic microparticles, released 
upon neutrophil activation, with the loss of endo-
thelial cell membrane integrity and concomitant 
morphologic changes consistent with endothelial 
damage, and others have shown direct endothe-
lial cell cytolysis resulting from MPO-generated 
HOCl [103, 104]. NETs are coated with MPO, 

and the ability of NETs to cause direct endothe-
lial cell cytotoxicity can be partially inhibited by 
the MPO inhibitor dihydrolipoic acid [9]. MPO is 
also capable of endothelial barrier transcytosis 
independent of neutrophil emigration in a 
heparin- dependent mechanism and has been 
implicated as a catalyst in ECM protein tyrosine 
nitration, including of fibrinogen and fibronectin, 
leading to more rapid fibrin clot formation and 
factor XIII-dependent fibrin crosslinking with a 
resulting pro-thrombotic state [105, 106]. MPO 
endothelial transcytosis lends further support for 
the ability of neutrophil activation to cause dif-
fuse non-specific vascular inflammation and 
thrombosis, and the observed heparin depen-
dence of MPO-endothelial cell interactions pro-
vides an explanation for the anti-inflammatory 
effects of heparin [106, 107]. Taken together, it is 
likely that MPO from activated neutrophils in 
traumatic injury causes direct, systemic endothe-
lial and sub-endothelial damage, vasomotor dys-
function, and thrombosis that significantly 
contributes to trauma-induced coagulopathy.

 Neutrophil Extracellular Traps: 
A Link Between Innate Immunity 
and Coagulation

In recent times, much interest has been directed 
toward the phenomenon of neutrophil extracellu-
lar traps, or NETs, where neutrophils extrude 
their nuclear DNA decorated with histones and 
toxic granule contents (e.g., myeloperoxidase, 
elastase, defensins, serine proteases) in a process 
termed NETosis [108]. It seems apparent that 
NETs are yet another mechanism by which neu-
trophils provide innate immunity, releasing a 
toxic web that can trap and kill bacteria [6, 109]. 
Additionally, NETs have now been shown to 
propagate coagulation and thrombus formation 
by generating thrombin in a platelet-dependent 
and platelet-independent manner, and facilitate 
tissue factor pathway inhibitor cleavage by serine 
proteases bound to NETs leading to TF and fac-
tor XII-dependent coagulation [6, 7]. NET for-
mation is dependent on several key prerequisites, 
including ROS production, migration of granule 
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contents to the nucleus, and in certain circum-
stances require Mac-1 outside-in signaling [108, 
110]. Stimulation of platelet TLR4 by bacterial 
LPS has been shown to rapidly induce NETosis 
via increased platelet binding to adherent neutro-
phils, and there are many other non-infectious 
agonists of TLR4 such as HMGB1 that are 
released in traumatic injury and have been impli-
cated in NET formation [7, 109, 111]. It is not 
surprising, then, that NETs have been shown to 
occur in other non-infectious scenarios in both 
humans and mice (e.g., autoimmune vasculitis, 
TRALI, ventilator-associated lung injury), and 
there are numerous other stimuli for NETosis 
beyond TLR4 stimulation (e.g., ANCA antibody) 
[110, 112]. NETs form in the microvascular sys-
tem such as liver sinusoids and pulmonary micro-
vasculature where beyond capturing bacteria they 
can cause microvascular thrombosis and isch-
emia, lead to direct endothelial and epithelial 
damage, and cause end-organ injury, and there 
may also be a role for NETs in the pathogenesis 
of both arterial and venous thrombosis [8, 9, 108, 
109]. As it relates to trauma, the role of NETs in 
the injury inflammatory response has been postu-
lated based on the increased understanding of the 
role of NETs in disease, and just recently McIlroy 
et al. demonstrated in-vivo that NETs are formed 
in human patients following traumatic injury and 
subsequent surgery [113, 114]. Thus, following 
traumatic injury, intravascular NET formation is 
likely to participate in physiologic hemostasis, 
and loss of regulation of NETosis may be a major 
driver in tipping the balance towards pathologic 
coagulopathy.

Finally it is worth pointing out that in 2007, 
Brohi et  al. [115] showed that one of the hall-
marks of TIC following severe traumatic injury is 
an early increase in activated protein C (aPC) 
production due to tissue hypoperfusion, with 
later development of a prothrombotic state that 
likely develops secondary to exhaustion of the 
protein C anticoagulant pathway. This fits well 
with the concept of NETosis, whereby severe 
trauma leads to high levels of microvascular NET 
formation and subsequent endothelial damage, 
thrombus generation, and end-organ and tissue 

ischemia that may be responsible for the 
hypoperfusion- associated aPC generation 
observed by Brohi and colleagues. Furthermore, 
NETs also provide a procoagulant scaffold to 
facilitate the observed late thrombogenic state 
seen in patients who developed TIC. Given all the 
known and potential points of intersection 
between traumatic injury, NET formation, and 
coagulation it is all but certain that NETs play a 
major role in the pathogenesis of trauma-induced 
coagulopathy.

 Early Activation of Innate Immunity 
in Trauma: Danger, Damage- 
Associated Molecular Patterns, 
and the Late Immunosuppression 
of Critical Illness

The innate immune system is the body’s first-line 
defense against invading pathogens and other 
dangerous processes to the host such as tissue 
damage. In order to provide a rapid response to 
these threats, the innate immune system has 
evolved mechanisms to recognize common “dan-
ger” signals occurring in nature from both self 
and non-self, a theory originally championed by 
Polly Matzinger that has gained traction amongst 
many in the trauma community. This “danger sig-
nal” model may offer key insights into entities 
such as the systemic inflammatory response syn-
drome (SIRS or “sterile sepsis”) often seen fol-
lowing severe trauma [50, 116, 117], where high 
levels of danger signals may be inadvertently 
released. Of particular interest in traumatic injury 
are the human damage-associated molecular pat-
terns, or DAMPs, including mitochondrial for-
mylated peptides and mitochondrial DNA 
(mtDNA), whose release is observed following 
traumatic injury and can activate the same 
G-protein-coupled formyl peptide receptor-1 
(FPR1) and TLR9 as their bacterial formylated 
peptide and DNA counterparts [50]. It has been 
shown that FPR1 and TLR9 are expressed on 
both neutrophils and endothelial cells, which 
supports the notion that human DAMPs play a 
significant role in the similarities of shock and 
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inflammation observed following trauma and 
sepsis [50–54]. Human trauma and femur frac-
ture patients have thousands-fold higher plasma 
mtDNA levels than healthy human controls, and 
mitochondrial products from trauma patients and 
femoral fracture reamings cause increased IL-8, 
MMP-8, and MMP-9 release in human PMN that 
can be inhibited by FPR1 blockade and addition-
ally show potent neutrophil chemotactic activity 
[50, 118]. Mice rapidly develop peritonitis in 
response to mitochondrial DAMPs (MTD), while 
rat models consistently demonstrate end-organ 
neutrophil infiltration and pro-inflammatory 
cytokine production in the liver and lungs as well 
as significant increases in plasma concentrations 
of TNF-α, IL-6, and IL-10 in response to MTDs 
with the implication of the p38 MAPK, p44/42 
MAPK, and NF-KB pathways through TLR9 and 
FPR1 signaling [50, 118, 119]. Importantly, these 
responses are absent in both nuclear DNA and 
vehicle controls. Trauma and hemorrhagic shock 
(T/HS) models of rats have provided additional 
evidence that significant amounts of mtDNA get 
released in states of shock, and there is some lim-
ited evidence that plasma mtDNA levels can help 
quantify inflammatory tissue injury and differen-
tiate sepsis from sterile SIRS in non-human pri-
mates [120, 121].

Another important DAMP in neutrophil func-
tion under increasing investigation is the high- 
mobility group box 1 protein (HMGB1), 
originally thought to function only as a nuclear 
protein responsible for transcription regulation 
by bending DNA to facilitate binding of other 
regulatory protein complexes, including those 
from the nuclear hormone receptor family, V(D)J 
recombinases, and p53-p73 transcriptional com-
plexes [122]. More recently, HMGB1 has been 
found to act as a prototypic DAMP when released 
into the extracellular compartment in response to 
cellular stress by immune cells, hepatocytes, 
platelets, and endothelial cells in addition to pas-
sive release by necrotic cells [123]. HMGB1 is 
now known to bind and activate the receptor for 
advanced glycation end products (RAGE) and 
several pattern recognition receptors including 
TLR2, TLR4, and TLR9 depending on the sce-

nario, with HMGB1 levels being significantly 
elevated in human trauma patients [123, 124]. In 
a murine hemorrhagic shock/resuscitation 
(HS/R) model HMGB1 has been shown to acti-
vate the neutrophil NADPH oxidase via TLR4 
signaling through both MyD88-IRAK4-p38 
MAPK and MyD88-IRAK4-Akt pathways with 
subsequent ROS production [125]. HMGB1 is 
also a potent neutrophil chemotactic agent in its 
reduced form when in a heterocomplex with 
CXCL12 via CXCR4 signaling [126–128]. 
Hemorrhagic shock in mice causes HMGB1 lev-
els to increase in plasma and lung tissue, with 
increased pulmonary sequestration of PMN and 
increased lung permeability observed [129]. 
Treatment with anti-HMGB1 antibodies prior to 
hemorrhage prevents neutrophil accumulation in 
the lungs and reduces lung permeability, demon-
strating a role for HMGB1 in neutrophil- mediated 
acute lung injury following hemorrhagic shock. 
Similarly, the effects of HMGB1-mediated gut 
barrier dysfunction in another in-vivo murine 
HS/R model could be abrogated with anti- 
HMGB1 antibody and showed a survival benefit, 
while a murine femur fracture model further 
demonstrated a critical role for HMGB1/TLR4 
signaling in systemic inflammation and remote 
end-organ (liver) injury in trauma, presumably 
through neutrophil-mediated effector mecha-
nisms [130, 131].

While primed and activated by DAMPs and 
inflammatory cytokines early following trau-
matic injury, the ability of neutrophils to con-
tinue responding appropriately to an insult by 
transmigrating to sites of injury or infection can 
be overwhelmed in states of ongoing systemic 
critical illness and injury with incipient immuno-
suppression. Underlying mechanisms of innate 
immunodysfunction include reduced adhesion 
molecule expression secondary to upregulation 
of iNOS, HO-1, and PPARγ, and desensitization 
to future priming and activation in a mechanism 
that depends on GPCR phosphorylation, CXCR2 
downregulation and desensitization by FPR1 
and TLR2/TLR4 agonism, ongoing CXC stimu-
lation (e.g. IL-8, GRO-α), and BLT1 (LTB4 
receptor) suppression amongst others [33, 50, 
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55, 132]. Neutrophils become “paralyzed” in 
such states, rendering them unable to adhere or 
efficiently chemotax toward sites of infection 
and injury with increased membrane rigidity and 
capillary sequestration [33, 49, 132]. In tandem, 
it has long been recognized that patients with 
severe trauma and sepsis develop suppressed 
adaptive immune responses including decreased 
antigen presentation, macrophage paralysis, 
diminished T-cell proliferation responses, 
increased lymphocyte and dendritic cell apopto-
sis, and a shift from TH1 to TH2 lymphocyte 
predominance [133]. While the original litera-
ture designated this response as a late “compen-
satory anti-inflammatory response syndrome,” 
or CARS, this paradigm has been challenged 
recently with increasing evidence to suggest that 
the adaptive immunosuppressive response 
occurs both early and simultaneously with 
increased innate immune inflammatory 
responses, a notion rooted in decades-earlier 
observations that critically ill ICU/trauma 
patients often demonstrate anergy that is strongly 
associated with sepsis-related mortality [134, 
135]. Genome-wide expression analysis of 
severe blunt trauma patient leukocytes has dem-
onstrated early simultaneous increased expres-
sion of systemic inflammatory response, innate 
immune response, and compensatory anti-
inflammatory response genes with concomitant 
suppression of adaptive immune genes [134]. In 
lieu of these and other similar observations, a 
new clinical entity termed “persistent inflamma-
tion, immunosuppression, and catabolism syn-
drome” (PICS) has been introduced that, in part, 
has resulted from improved surgical and critical 
care techniques with increased survival of 
patients early after trauma, sepsis, and organ 
failure [133]. Subsequent studies have seem-
ingly validated this entity, with genomic analy-
sis showing persistently elevated inflammatory 
gene expression and decreased adaptive immune 
gene expression in patients with complicated 
clinical trajectories following severe blunt 
trauma [136]. This gene expression data corre-

lated with clinical evidence of persistent inflam-
mation, immunosuppression, and protein 
depletion, supporting PICS as a predominant 
clinical phenotype in prolonged critical illness 
following trauma [136].

In summary, human DAMPs such as MTD’ 
and HMGB1 offer numerous explanations for the 
“septic” phenotype observed in non-infected 
trauma victims, with many of their downstream 
effects being executed by neutrophils and the 
innate immune system through recognition of 
these host “danger” signals. At the same time, 
adaptive immunity is suppressed and patients are 
at high risk for infectious complications and poor 
long-term outcomes. DAMPs and their down-
stream targets, especially neutrophils, are likely 
an excellent therapeutic target for novel pharma-
ceutical interventions in trauma and trauma- 
induced coagulopathy.

 Summary Conclusions

In keeping with a focus on traumatic coagulopa-
thy, one can envision from this brief review of neu-
trophil biology and its cross-talk with the 
coagulation system how a loss of regulation and 
negative feedback in neutrophil-mediated 
responses may play a critical role in propagating 
inflammation and coagulopathy following trau-
matic injury. Through DAMP release with subse-
quent priming, neutrophil activation with the 
release of toxic ROS and proteases, and NETosis, 
the neutrophil provides an array of mechanisms by 
which the innate immune inflammatory response 
and coagulation system can communicate and lead 
to unintended endothelial, tissue, and end-organ 
injury. With further endothelial and tissue injury 
come additional demands on the coagulation sys-
tem and further priming and activation of neutro-
phils. Without proper regulation and return to 
homeostasis, this positive feedback loop (Fig. 13.1) 
drives worsening coagulopathy and diffuse inflam-
matory injury that can have deadly consequences 
in trauma-induced coagulopathy.
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 Historical Perspective

Disseminated intravascular coagulation (DIC) was 
first described clinically in a case of sepsis follow-
ing trauma and was termed as “DIC syndromes” 
in 1961 [1]. On the basis of autopsy evidence, 
MacKay lists trauma as one of the most common 
causes of DIC and he discusses the pathogenesis 
of DIC based on a thorough understanding of the 
clinical courses of coagulation changes seen after 
trauma [2]. As early as the 1970s, Flute [3] pointed 
out that trauma stimulates blood coagulation and 
fibrinolysis concurrently and that fibrinolysis is 
the compensatory mechanism for fibrin formation 
in the blood. When this compensating mechanism 
fails, DIC causes microvascular thrombosis with 
bleeding and tissue necrosis resulting from a defi-
brination syndrome. The pathogenesis of DIC in 
trauma is considered to be due to the entry of 
thromboplastic materials, such as the products of 
tissue damage, into the circulation, which in turn 
lead to platelet aggregation, coagulation activa-
tion, and fibrin deposition. If sufficiently severe to 
induce the consumption of hemostatic compo-
nents, systemic intravascular coagulation results 
[2–4]. So, even by the early 1970s, the definition, 
pathogenesis, clinical aspects, and treatment of 
DIC as well as the clinical conditions associated 
with it, such as trauma, had already been described.

Until the early 1980s, whole blood was trans-
fused, which provided adequate amounts of most 
coagulation factors. As such, the dilution of coag-
ulation factors occurs long after thrombocytope-
nia develops [5]. Trauma specialists are well 
aware of the fact that injury and hemorrhagic 
shock, not hemodilution, induce the early coagu-
lopathy of trauma [6–10]. In 1985, Ordog et  al. 
clearly demonstrated that coagulation abnormali-
ties during hemorrhagic shock are attributable to 
the trauma itself, independent of fluid and blood 
replacement; this was reported to most likely be 
DIC [2, 6, 11]. In the late 1980s, the use of whole 
blood was almost completely replaced by packed 
red blood cells (PRBC), which have no coagula-
tion factors. Around a decade later, Hiippala [12] 
revealed that hypofibrinogenemia develops first 
and is followed by other coagulation factor defi-
cits and later by thrombocytopenia. Therefore, the 
use of plasma transfusion became the primary 
intervention for abnormal bleeding [12]. Despite 

these changes in transfusion strategies and the 
importance of Hiippala’s report, the incorrect 
notion that plasma should be transfused late in the 
resuscitation process continued to be advocated 
until the early 2000s [13]. This partly explains the 
prevailing notion of dilutional coagulopathy and 
the lack of acceptance of an endogenously 
induced DIC according to trauma or shock itself 
[14]. Based on this historical perspective, although 
multiple factors contribute to trauma-induced 
coagulopathy, it is DIC that is important pathoge-
netically, with dilution, hypothermia, and acidosis 
subsequently modifying the processes of DIC.

In 2001, the Scientific and Standardization 
Committee (SSC) on DIC of the International 
Society on Thrombosis and Haemostasis (ISTH) 
announced a definition of DIC based on its clini-
cal and pathological features, in which trauma 
was acknowledged as an important underlying 
conditions that evokes DIC [15]. Elucidation of 
the crosstalk between inflammation and coagula-
tion progressed substantially during the 2000s 
[16]. Based on the understanding of bidirectional 
interaction between innate immune inflammation 
and coagulation, the pathophysiology of DIC in 
trauma and traumatic shock has been extensively 
reviewed, resulting in the confident establish-
ment of the role of DIC in trauma [14].

 Definition and Diagnosis of DIC

The SSC on DIC of the ISTH defines DIC as an 
acquired syndrome characterized by the intravas-
cular activation of coagulation with loss of local-
ization arising from different causes. It can 
originate from and cause damage to the microvas-
culature, which, if sufficiently severe, can pro-
duce organ dysfunction [15]. The most important 
aspects of this definition are the “activation of 
coagulation with loss of localization” and “dam-
age to the microvasculature,” referring in turn to 
systemic thrombin generation in the circulation 
and to extensive damage to the microvascular 
endothelial cells that results in insufficient coagu-
lation control. Figure 14.1 shows the basic con-
cept of DIC in which circulating blood is 
hypercoagulable due to systemic thrombin gen-
eration because of insufficient anticoagulation 
mechanisms, but is hypocoagulable outside the 
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vessels, namely, at the site of injury, and clotting 
is difficult due to consumption coagulopathy [17].

The DIC diagnostic criteria of ISTH and the 
Japanese Association for Acute Medicine 
(JAAM) have been prospectively validated in 
critically ill patients, including those with 
trauma [18–20]. The JAAM DIC scoring sys-
tem has proven diagnostic validity for DIC in 
the early phase of trauma and has better diag-
nostic sensitivity than the ISTH scoring system. 
In addition, the JAAM DIC score on admission 
to the emergency department (ED) can inde-
pendently predict death and the need for mas-
sive transfusion in trauma patients [20–22]. 
These features of the JAAM diagnostic criteria 
may be dependent on the deletion of fibrinogen, 
inclusion of sensitive systemic inflammation 
criteria, and the addition of a dynamic compo-
nent such as decreasing rate of platelet count. 
The ISTH scoring system includes a table of 
the “clinical conditions that may be associated 
with DIC” as a mandatory clause and restricts 
the use of the scoring algorithm in patients 
without underlying diseases. JAAM presents 
the same table while also adding another table 
with the title of “clinical conditions that should 
be carefully ruled out” in order to increase the 
specificity of the scoring system. Tables 14.1a 
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No coagulation

Hypercoagulable Hypocoagulable
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Fig. 14.1 The properties of blood inside and outside the 
vessels under normal conditions and DIC. In DIC, circu-
lating blood (inside of the vessel) is hypercoagulable due 
to systemic thrombin generation in response to insuffi-
cient anticoagulation mechanisms, but is hypocoagulable 
outside the vessels, namely, at the site of injury, and clot-
ting is difficult due to consumption coagulopathy [17]. Be 
aware that situation is completely opposite between nor-
mal conditions and pathological DIC. DIC disseminated 
intravascular coagulation. (Reprinted with modifications, 
with permission from Clinics in DIC by Matsuda T; 
Shinkoh-Igaku Shuppan Co., Ltd., Tokyo, 1983)

Table 14.1a The scoring system for overt disseminated 
intravascular coagulation (DIC) proposed by the 
International Society on Thrombosis and Haemostasis 
(ISTH) 

Clinical conditions that may be associated with overt DIC
 Sepsis/severe infection (any microorganism)
  Trauma (e.g., polytrauma, neurotrauma, fat 

embolism)
Organ dysfunction (e.g., severe pancreatitis)
Malignancy
  Solid tumors
   Myeloproliferative/lymphoproliferative 

malignancies
Obstetric calamities
  Amniotic fluid embolism
  Abruptio placentae
Vascular abnormalities
  Kasabach–Merritt syndrome
  Large vascular aneurysms
Severe hepatic failure
Severe toxic or immunologic reactions
  Snakebite
  Recreational drugs
  Transfusion reactions
  Transplant rejection
1.  Risk assessment: Does the patient have an 

underlying disorder known to be associated with 
overt DIC?

  If yes, proceed; if no, do not use this algorithm
2.  Order global coagulation tests (platelet count, 

prothrombin time, soluble fibrin monomers, or 
fibrin degradation products)

3. Score global coagulation test results
Score

Platelet counts (109/L)
<50 2

≥50 < 100 1

≥100 0

Elevated fibrin-related marker (e.g., soluble fibrin 
monomers/fibrin degradation products)
Strong increase 3
Moderate increase 2
No increase 0
Prolonged prothrombin time (s)

≥6 2

≥3 < 6 1

<3 0
Fibrinogen level (g/mL)
<100 1

≥100 0

4. Calculate score
5. If >5: compatible with overt DIC; repeat scoring 
daily
  If <5: suggestive (not affirmative) for non-overt 

DIC; repeat next 1–2 days

Reprinted with permission [15]
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and 14.1b show the ISTH and JAAM DIC scor-
ing systems, respectively [15, 19].

 Phenotypes and Time Courses of DIC

DIC can be subdivided into the fibrinolytic and 
thrombotic phenotypes [14, 23, 24]. DIC with the 
fibrinolytic phenotype is defined as the coexis-

Table 14.1b The scoring system for disseminated intra-
vascular coagulation (DIC) by the Japanese Association 
for Acute Medicine (JAAM)

1.  Clinical conditions that may be associated with 
DIC

  (1) Sepsis/severe infection (any microorganism)
  (2) Trauma/burn/surgery
  (3) Vascular abnormalities
     Large vascular aneurysms
     Giant hemangioma
     Vasculitis
  (4) Severe toxic or immunological reactions
     Snakebite
     Recreational drugs
     Transfusion reactions
     Transplant rejection
  (5)  Malignancy (except bone marrow 

suppression)
  (6) Obstetric calamities
  (7) Conditions that may be associated with SIRS
     Organ destruction (e.g., severe pancreatitis)
     Severe hepatic failure
     Ischemia/hypoxia/shock
     Heat stroke/malignant syndrome
     Fat embolism
     Rhabdomyolysis
     Other
  (8) Other
2.  Clinical conditions that should be carefully ruled 

out
  A. Thrombocytopenia
   (1) Dilution and abnormal distribution
       Massive blood loss and transfusion, massive 

infusion
   (2) Increased platelet destruction
       ITP, TTP/HUS, HIT, drugs, viral infection, 

alloimmune destruction, APS, HELLP, 
extracorporeal circulation

   (3) Decreased platelet production
       Viral infection, drugs, radiation,  

nutritional deficiency (vitamin B12, folic 
acid), disorders of hematopoiesis, liver 
disease, HPS

   (4) Spurious decrease
       EDTA-dependent agglutinins, insufficient 

anticoagulation of blood samples
   (5) Other
       Hypothermia, artificial devices in the 

vessel
  B. Prolonged prothrombin time
     Anticoagulation therapy, anticoagulant in blood 

samples, vitamin K deficiency, liver cirrhosis, 
massive blood loss and transfusion

Table 14.1b (continued)

  C. Elevated FDP
      Thrombosis, hemostasis and wound healing, 

hematoma, pleural effusion, ascites, anticoagulant 
in blood samples, antifibrinolytic therapy

  D. Other
3. The diagnostic algorithm for SIRS
  (1) Temperature > 38 °C or < 36 °C
  (2) Heart rate > 90 beats/min
  (3)  Respiratory rate > 20 breaths/min or 

PaCO2 < 32 Torr (<4.3 kPa)
  (4)  White blood cell >12,000 cells/mm3, <4000 

cells/mm3, or 10% immature (band) forms
4. The diagnostic algorithm

Score
SIRS criteria

≥3 1

0–2 0
Platelet counts (109/L)
<80 or more than 50% decrease within 24 h 3

≥80 < 120 or more than 30% decrease within 
24 h

1

≥120 0

Prothrombin time (value of patient/normal value)

≥1.2 1

<1.2 0
Fibrin/fibrinogen degradation products (mg/L)

≥25 3

≥10 < 25 1

<10 0
Diagnosis
Four points or more DIC

Reprinted with permission [19]
SIRS systemic inflammatory response syndrome, ITP 
idiopathic thrombocytopenic purpura, TTP thrombotic 
thrombocytopenic purpura, HUS hemolytic uremic syn-
drome, HIT heparin-induced thrombocytopenia, APS 
antiphospholipid syndrome, HELLP hemolysis, elevated 
liver enzymes, and low platelet, HPS hemophagocytic 
syndrome, EDTA ethylenediaminetetraacetic acid, FDP 
fibrin/fibrinogen degradation products
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tence of DIC and systemic pathological 
hyperfibrin(ogen)olysis in the same insult due to 
tissue-type plasminogen activator (t-PA) release 
independent of fibrin clot formation [23, 25]. 
Both primary fibrinogenolysis independent of 
fibrin clot and secondary fibrinolysis due to DIC 
are observed in DIC with the fibrinolytic 
 phenotype. In contrast, the plasminogen activator 
inhibitor-1 (PAI-1)-mediated inhibition of fibrino-
lysis is considered to be the cause of DIC with the 
thrombotic phenotype [17, 24, 26]. The activation 
of coagulation and an insufficient anticoagulation 
system are always involved in both types of DIC 
despite changes in fibrinolysis (Fig.  14.2) [17, 

25]. DIC in the early phase of trauma shows the 
fibrinolytic phenotype, which contributes to ooz-
ing-type bleeding and is associated with a poor 
prognosis [14, 19]. DIC in the late phase of trauma 
has a thrombotic phenotype that also affects prog-
nosis as it leads to organ dysfunction [17, 24 26].

Use of the DIC diagnostic criteria clearly dis-
tinguishes the pathological reaction of DIC from 
physiological hemostasis and wound healing [14, 
17, 27]. Figure 14.3 (left) shows normal changes 
in hemostasis and wound healing, while Fig. 14.3 
(right) shows the abnormal hemostatic responses 
associated with DIC from immediately after 
trauma to the late phase of trauma [14, 17, 27]. 

Severe insults
Hypoperfusion
Hypoxia/Ischemia
Brain injury
Annexin IIEndothelial injurySystemic inflammation

Inhibition of
fibrinolysis

Activation of
coagulation

Tissue factor

Insufficient
anticoagulation

Systemic fibrin(ogen)olysis

TFPI
Antithrombin
Protein C
Thrombomodulin

t-PA
α2-plasmin inhibitor

Oozing-type bleeding

Consumption
coagulopathy

Microvascular
fibrin thrombosis

Organ dysfunction

DIC with the thrombotic phenotype DIC with the fibrinolytic phenotype

PAI-1

Fig. 14.2 The two phenotypes of DIC.  Although the 
activation of the tissue-factor-dependent pathway as the 
initial step of the coagulation cascade and the presence 
of insufficient anticoagulation systems are the same, 
DIC can be subdivided into the thrombotic (green line) 
and fibrinolytic (red line) phenotypes. In DIC with the 
fibrinolytic phenotype, DIC and systemic pathological 
hyprefibrin(ogen)olysis coexist. Shock-induced hypo-
perfusion and global hypoxia/ischemia cause the release 
of t-PA from endothelial Weibel–Palade bodies. 
Traumatic brain injury releases t-PA from neurons and 
other cell types within the central nervous system storing 

t-PA. Annexin II expression on the promyelocytes accel-
erates the t-PA activity on plasminogen. All of these con-
ditions produce massive amount of plasmin and consume 
α2-plasmin inhibitor, leading to hyprefibrin(ogen)olysis. 
The activation of coagulation and insufficient anticoagu-
lation systems are always involved in both types of 
DIC. DIC disseminated intravascular coagulation, PAI-1 
plasminogen activator inhibitor-1, TFPI tissue factor 
pathway inhibitor, t-PA tissue-type plasminogen activa-
tor. (Reprinted with modifications from reference [25] 
(Creative Commons Attribution International License))
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DIC with the fibrinolytic phenotype progresses to 
DIC with the thrombotic phenotype after a cou-
ple of hours.

 Pathogenesis of DIC

 Bidirectional Interplay Between 
Innate Immune Inflammation 
and Coagulation

The bidirectional interplay between innate 
immune inflammation and coagulation is well 
recognized [16, 28] and considered the main 
pathophysiology of DIC [15]. Neutrophil-formed 
neutrophil extracellular traps (NETs) and cell 
damage-released damage-associated molecular 
patterns (DAMPs), especially histones, synergis-

tically play pivotal roles in inflammation, platelet 
and coagulation activation, insufficient anticoag-
ulation, and inhibition of fibrinolysis, all of which 
act as main pathogenesis of DIC [29]. Trauma 
can induce systemic inflammatory response syn-
drome (SIRS), which is characterized by proin-
flammatory cytokine release and the activation of 
neutrophils and the endothelium, processes that 
are recognized as innate immune inflammation 
and give rise to the activation of coagulation 
associated with microvascular thrombosis, 
namely, DIC [14].

 Hemostasis at the Site of Injury

Innate immune cells have evolved cell-specific 
prothrombotic pathways that are activated after 
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Fig. 14.3 Schematic diagrams of the variations in throm-
bin activity (A, measured by fibrinopeptide A-FPA), plas-
min activity (B, fibrinopeptide B β15-42-FPBβ15-42), 
fibrin formation, and secondary fibrinolysis (C, D-dimer) 
from day 0 (in the emergency department) to day 4. Left, 
normal changes in hemostasis and wound healing. There 
are three phases of fibrinolysis: early activation, impair-
ment (D, PAI-1: fibrinolysis shutdown), and reactivation. 
Normally, both thrombin activity and PAI-1 are com-
pletely shut off by days 3–5 after trauma, followed by the 
reactivation of fibrinolysis. Right, pathological changes in 

DIC.  There is time delay between immediate t-PA- 
induced massive plasmin generation and the induction of 
PAI-1 mRNA, which causes systemic hyperfibrin(ogen)
olysis (* DIC with the fibrinolytic phenotype), followed 
by impairment of fibrinolysis due to persistent elevation 
of PAI-1 released from endothelial cells with transcription 
(** DIC with the thrombotic phenotype). Persistent and 
systemic thrombin generation always underlies these 
changes in fibrinolysis. DIC disseminated intravascular 
coagulation, PAI-1 plasminogen activator inhibitor-1. 
(Reprinted with modification with permission from [27])
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insults and operate in intact blood vessels to pro-
tect the host from nonself (pathogen-associated 
molecular patterns, PAMPs) and altered-self 
(DAMPs); this concept is referred to as immu-
nothrombosis [30]. During the responses to 
PAMPs and DAMPs, monocytes and their mic-
roparticles express tissue factor, which activates 
the extrinsic coagulation pathway [31, 32]. 
Neutrophils are recruited to the sites of inflam-
mation and are activated [33], and then release 
NETs, which are comprised of a matrix of DNA, 
histones, nucleosomes, and neutrophil elastase, 
thereby promoting thrombosis [34]. Histones 
induce platelet activation and also promote 
thrombin generation both by the recruitment of 
platelet and the impairment of thrombomodulin- 
dependent protein C activation [35–37]. NETs 
and DNA can also activate the intrinsic coagula-
tion pathway by activating FXII to form FXIIa 
[38], which then promotes the activation of com-

plement pathways. The generated C3a and C5a 
further promote thrombosis and platelet activa-
tion [39]. In addition, extracellular RNA derived 
from damaged cells constitutes a procoagulant 
cofactor for the activation of the FXII/FXI- 
induced coagulation pathway [40]. The neutro-
phil elastase that is present on NETs induces the 
degradation and inactivation of tissue factor path-
way inhibitor (TFPI) [41, 42] and the thrombo-
modulin expressed on the endothelium [43, 44]. 
These processes further promote thrombin gen-
eration. The normal hemostatic processes begin 
after the exposure of subendothelial tissue factor 
into the bloodstream. In addition to these pro-
cesses, immunothrombosis may also play a role 
in hemostasis at the site of injury.

Immunothrombosis and hemostatic thrombo-
sis at injury sites impede the dissemination and 
tissue invasion of thrombin, DAMPs, and dam-
aged cells themselves [30, 42]. In trauma, throm-
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Fig. 14.4 The pathophysiological processes of local hemo-
stasis, immunothrombosis, and systemic DIC. The aims of 
fibrin thrombosis at the local site of injury are both to stop 
bleeding and to impede the dissemination of DAMPs, pro-
tecting the host from DAMPs. DIC results when local 
hemostasis and immunothrombosis are no longer able to 
anchor thrombin or to restrict the spread of DAMPs at the 

injured site. Detailed descriptions are given in the text. 
DAMPS damage-associated molecular patterns, DIC dis-
seminated intravascular coagulation, NETs neutrophil 
extracellular traps, PAI-1 plasminogen activator inhibitor-1, 
SIRS systemic inflammatory response syndrome, TFPI tis-
sue factor pathway inhibitor. (Reprinted from reference 
[25] (Creative Commons Attribution International License))
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bin escaping into the circulation from the injury 
sites is controlled by antithrombin, TFPI, and 
thrombomodulin present in intact endothelial 
cells, as depicted in the cell-based model of 
hemostasis [45]. However, when systemic inflam-
mation caused by both extensive injury and shock 
overwhelms these control mechanisms that 
restrict hemostasis and inflammation locally, 
DIC ensues [45]. Figures 14.4 and 14.5 outline 
these processes [46].

 Systemic Activation of Coagulation

The major DAMPs released into the extracellular 
environment following tissue injury are histones, 
mitochondrial DNA, nucleosomes, and high 
mobility group box 1 (HMGB1) [47]. 
Mitochondrial DNA at levels thousand times 
higher than in healthy volunteers have been 
observed at a median 93 min after trauma [48]. 
Elevated levels of mitochondrial DNA have been 

Trauma and Traumatic Shock

DAMPs

Pattern Recognition Receptors

TLRs NLRs RLRs

MAVS
STING

ACS

SIRS/DIC
Tachycardia, Tachypnea, High Fever, Leucocytosis

Loal Inflammation/Hemostasis
Redness, Swelling. Heat, pain

Innate Immune-Inflammatory Responses
Cytokines, Chemokines

Vasodilation, Increased Permeability, Leucocytes Endothelial Cells Activation

MyD88
TRIF

Fibrin-Mediated Host Defense/Hemostasis

• Activation of Coagulation
• Impairment of Anticoagulation Pathways
• Suppression of Fibrinolysis

Microvascular Fibrin Thrombosis/MODS

• Activation of Coagulation
• Impairment of Anticoagulation Pathways
• Suppression of Fibrinolysis

Fig. 14.5 Trauma elicits nonspecific innate immune 
inflammatory responses that limit and repair tissue dam-
age after insults. The figure depicts a simplified sche-
matic representation of the engagement of pattern 
recognition receptors by DAMPs and their signaling 
through the adaptor proteins. This cascade promotes the 
transcription of several pro-inflammatory cytokines and 
chemokines, leading to local and systemic inflammatory 
responses. Local inflammation begins as an adaptive 
host response, serving to promote host defense and phys-
iologic hemostasis and wound healing. Spillover of the 
inflammatory cytokines into the circulation elicits SIRS, 
which activates systemic coagulation, suppresses fibri-
nolysis, and overwhelms the anticoagulant control 
mechanisms that restrict hemostasis locally, giving rise 

to DIC. Importantly, DAMPs themselves activate coagu-
lation and impair anticoagulation pathways through 
endothelial damage. ACS apoptosis-associated speck-
like protein containing caspase recruit domain, DAMPs 
damage-associated molecular patterns, DIC dissemi-
nated intravascular coagulation, MAVS mitochondrial 
antiviral signaling, MODS multiple organ dysfunction 
syndrome, MyD88 myeloid differentiation factor 88, 
NLRs nucleotide-binding oligomerization domain con-
taining receptors, RLRs retinoic acid inducible gene-I-
like receptors, SIRS systemic inflammatory response 
syndrome, STING stimulator of interferon gene, TRIF 
toll/IL-1 receptor homology domain-containing adaptor 
inducing interferon beta, TLRs toll-like receptors. 
(Reprinted with modification with permission from [46])
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shown to be associated with SIRS and organ dys-
functions and correlated with the Injury Severity 
Score (ISS) in trauma patients [48–50] . Elevated 
levels of histones and HMGB1 have been seen in 
severely injured trauma patients within 30 min of 
trauma or immediately after arrival at the ED 
[51–53]. Toxic levels of histones insult cells, 
leading to endothelial injury (elevation of soluble 
thrombomodulin), platelet aggregation, thrombin 
generation (increases in thrombin and antithrom-
bin complex (TAT)), interleukin-6 (IL-6) release, 
and NETs formation [29, 53]. NETs bear the 
exposed histones, and the histones in turn acti-
vate neutrophils to release NETs, thereby propa-
gating mutual interplay and leading to further 
thrombin generation and DIC [29]. These pro-
cesses result in edema, microvascular thrombo-
sis, and neutrophil congestion in the lungs. The 
HMGB1 released by damaged and inflammatory 
cells at the injury site promotes the development 
of microvascular thrombosis [54]. An important 
point is that HMGB1 inhibits the anticoagulant 
protein C pathway mediated by the thrombin-
thrombomodulin complex and stimulates tissue 
factor expression on monocytes. Histones also 
reduce the cofactor activity of both soluble and 
endothelial thrombomodulin and impair protein 
C activation, thereby stimulating plasma throm-
bin generation [37].

Tumor necrosis factor α (TNF-α) and IL-6 
are elevated immediately after histone infusion 
[53, 55]. In fact, TNF-α as well as IL-1β is 
increased on arrival at the ED in trauma patients 
with complicated DIC [56] and an IL-6 surge 
occurs within 2  h of trauma [57]. This early 
release of IL-6 suggests it was most likely 
released from presynthesized stores [53]. IL-6 is 
the most important driver of tissue factor expres-
sion on monocytes and endothelial cells [58]. 
TNF-α and IL-1 also have been shown to elicit 
tissue factor formation and expression on the 
surface of monocytes and endothelial cells [59]. 
These inflammatory cytokines subsequently 
block the protein C anticoagulant pathway by 
downregulating thrombomodulin and the 
 endothelial protein C receptor (EPCR) on the 
endothelium [59]. Furthermore, these inflam-

matory cytokines  activate neutrophils and endo-
thelial cells, and the activated neutrophils 
release neutrophil elastase, which can cleave 
thrombomodulin, leading to the release of solu-
ble thrombomodulin from the endothelium in a 
less active form [43, 44, 59, 60].

Although the mechanisms involved in mic-
roparticle formation in  vivo remain essentially 
unknown, blood contains microparticles derived 
from a variety of cell types, including platelets, 
monocytes, and endothelial cells [61]. All mic-
roparticles are procoagulant because they pro-
vide a membrane surface for assembly of 
coagulation protease cascades [62]. In severe 
trauma, activated platelets enhance the mic-
roparticle formation associated with platelet and 
leucocyte interaction [63]. Increased micropar-
ticle formation and thrombin generation are 
observed immediately after trauma and correlate 
with ISS [64].

These lines of evidence clearly indicate that 
activated neutrophil-released NETs, DAMPs 
from injured cells and tissues, the DAMP- 
induced release of inflammatory cytokines, and 
microparticle formation synergistically hamper 
the anticoagulation pathways and activate coagu-
lation, leading to SIRS and systemic thrombin 
generation, namely, DIC, immediately after 
trauma [29, 65].

 Impairment of Anticoagulation 
Pathways and Endothelial Injury

 TFPI
The highly activated tissue factor-dependent 
pathway is not sufficiently prevented by normal 
TFPI levels in DIC patients after trauma because 
neutrophil elastase cleaves TFPI within the 
polypeptide that links the first and second 
Kunitz domains [66]. This impairs the ability of 
TFPI to neutralize both FXa and the tissue fac-
tor/FVIIa complex. This finding suggests that 
tissue factor and tissue factor/FVIIa complex 
are continuously formed at a rate that normal 
TFPI inhibition cannot match in DIC patients 
after trauma [66, 67].
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 Thrombomodulin, Glycocalyx, 
and Endothelium
Increased levels of neutrophil elastase, a marker 
of neutrophil activation, and soluble thrombo-
modulin have been confirmed in patients with 
DIC and those with severe traumatic injuries [53, 
68, 69]. Increased levels of soluble intercellular 
adhesion molecule-1 (ICMA-1) and soluble vas-
cular cell adhesion molecule-1 (VCAM-1), 
markers of endothelial activation, in DIC patients 
compared with non-DIC patients after trauma 
have been also observed [70]. These results indi-
cate that neutrophil and endothelial activation 
followed by endothelial injury [69]. Soluble 
thrombomodulin can be formed by the limited 
proteolysis of endothelial cell membrane throm-
bomodulin by neutrophil elastase without any 
evidence of active secretion [43, 44]. The amount 
of soluble thrombomodulin correlates with the 
degree of endothelial injury [45]. Moreover, early 
elevation of TNF-α and IL-1β in DIC patients 
after trauma causes thrombomodulin downregu-
lation in the endothelium [44, 45, 56]. Traumatic 
shock-induced endothelial hypoxia leads to a 
reduction in thrombomodulin and the suppres-
sion of thrombomodulin mRNA in the endothe-
lium [71, 72]. Therefore, the high soluble 
thrombomodulin levels in DIC patients suggest a 
loss of functional endothelial thrombomodulin 
due to endothelial injury. In addition, soluble 
thrombomodulin has only 20% of the activity of 
normal endothelial thrombomodulin [73]. Taken 
together, these results suggest that endothelial 
injury and functional loss of both soluble and 
endothelial thrombomodulin occurs in DIC after 
trauma.

Capillary leak syndrome and an insufficient 
anticoagulation system are the main characteris-
tics of DIC [15]. Glycocalyx covering the endo-
thelial cell surface helps maintain the normal 
vascular physiology, including vascular permea-
bility and coagulation [74]. Glycocalyx consists 
of cell adhesion molecules (glycoproteins) and 
proteoglycans such as syndecan and glypican, 
which bind to the endothelial cells, with proteo-
glycans connecting to glycosaminoglycan. 
Glycocalyx perturbation and shedding increases 
vascular permeability and activates coagulation 

due to insufficient anticoagulation mechanisms, 
such as antithrombin, TFPI, and endothelial 
thrombomodulin [74, 75]. Trauma with SIRS is a 
major cause of glycocalyx perturbation [74, 76]. 
In patients with trauma, glycocalyx shedding and 
endothelial injury evaluated with soluble forms 
of syndecan-1 and thrombomodulin occur within 
minutes after injury [77]. These results suggest 
that disrupted glycocalyx and endothelium lead 
to increased vascular permeability and insuffi-
cient anticoagulation mechanisms in trauma 
patients [75, 78].

 Protein S and Protein C
Low levels of protein C activity have been repeat-
edly confirmed from the early to late phases of 
DIC after trauma [17, 19, 21, 68]. The thrombin- 
thrombomodulin complex activates protein C to 
generate activated protein C.  For activated pro-
tein C to function, it must form a complex with 
both protein S and EPCR.  The anticoagulant 
activity of protein S is neutralized by the forma-
tion of a complex with complement C4b binding 
protein (C4bBP). Increased levels of C4bBP as a 
consequence of the acute phase reaction follow-
ing inflammatory insults cause a relative protein 
S deficiency, which contributes to a procoagulant 
state and lethal DIC [79]. Lower levels of protein 
S activity associated with thrombin generation 
(prothrombin fragment 1+2, PF1+2) have been 
demonstrated in trauma patients immediately 
after arrival at the ED [9].

Activated protein C is immediately inactivated 
by protease inhibitors, such as the protein C 
inhibitors, α1-antitrypsin, α2- antiplasmin, and 
α2-macroglobulin. In cases of DIC due to trauma, 
lower protein C and protein S levels, relative pro-
tein S deficiency, impaired functions of both sol-
uble, and endothelial thrombomodulin are all 
implicated in the insufficient conversion of pro-
tein C to activated protein C and the inability of 
activated protein C to function normally. 
Increases in activated protein C levels do not 
indicate a shutoff of thrombin generation. In fact, 
the elevated activated protein C levels (~10 ng/
mL) did not reach a concentration sufficient to 
inhibit thrombin generation (70–80  ng/mL) in 
severely injured trauma patients with tissue 
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hypoperfusion [80, 81]. Neither a systematic 
review of clinical studies nor a review of an 
experimental trauma model showed a cause and 
effect relationship between activated protein C 
and the suppression of coagulation or increased 
fibrinolysis [82, 83].

 Antithrombin
Antithrombin inactivates thrombin and inhibits 
several proteases in both the extrinsic and intrin-
sic coagulation pathways, including FIXa, FXa, 
FXIa, and FXIIa. Thus, a reduction in antithrom-
bin can markedly influence the coagulation pro-
cesses and is a potential risk factor for thrombosis 
[84]. Insufficient levels of antithrombin, com-
pared with the potential for thrombin generation 
in the prothrombin complex concentrate, induced 
DIC in a pig model of coagulopathy with blunt 
liver injury [85]. The severity of injury and tissue 
hypoperfusion are major contributors to the 
reduction in antithrombin in trauma [86, 87]. 
Low antithrombin levels are a significant predic-
tor of thromboembolic complications, including 
deep vein thrombosis and DIC [88]. Extremely 

low levels have been observed in cases of trauma 
with DIC immediately after arrival at the ED [8, 
22] and for several days thereafter [8, 22, 89].

Two studies showed that a decreased ability to 
localize hemostasis at the wound site and subse-
quently generate thrombin systemically results 
from decreased antithrombin levels in patients 
with DIC and coagulopathy immediately after 
trauma [90, 91]. Similarly, a multiple regression 
analysis demonstrated that antithrombin levels 
are an independent determinant of high soluble 
fibrin levels, a marker of thrombin generation and 
activity, in DIC patients after trauma [89].

These findings clearly indicate that the avail-
ability of the TFPI, antithrombin/glycosamino-
glycan system, and thrombomodulin/protein C 
system is far too low for the regulation of throm-
bin generation in DIC patients. Furthermore, 
elevated soluble syndecan-1 and soluble throm-
bomodulin levels suggest the presence of exten-
sive damage to the microvasculature glycocalyx 
and endothelium. All of these changes give rise to 
systemic thrombin generation, leading to 
DIC. Figure 14.6 summarizes these changes.

Thrombin generation

Thrombin shutoff

• Acitvated protein C• Low TFPI
• Low antithrombin
• Low protein C
• Deficient protein S
• Loss of functional TM

Activation of coagulation

Fig. 14.6 The balance between thrombin generation and 
inhibition. DIC occurs when there is an imbalance 
between thrombin generation and inhibition. Insufficient 
coagulation control mechanisms contribute to massive 
thrombin generation in the circulation, which overwhelms 
activated protein C-mediated inhibition of thrombin gen-

eration. Namely, systemic thrombin generation associated 
with insufficient anticoagulation mechanisms gives rise to 
DIC.  DIC disseminated intravascular coagulation, TFPI 
tissue factor pathway inhibitor, TM thrombomodulin. 
(Reprinted from reference [25] (Creative Commons 
Attribution International License))
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 Thrombin Generation in the Systemic 
Circulation

Soluble fibrin and fibrinopeptide A are regarded 
as accurate markers of thrombin generation and 
activity because both are formed as a result of the 
direct action of thrombin on fibrinogen, which is 
followed by fibrin formation. Extremely elevated 
levels of fibrinopeptide A have been noted in 
trauma patients with DIC immediately after 
arrival at the ED [8]. In addition, higher levels of 
these molecular markers of thrombin generation 
in the early phase of trauma have been repeatedly 
confirmed [9, 14, 68]. In two studies, Dunbar and 
Chandler observed excessive non-wound-related 
thrombin generation in trauma patients with both 
DIC and acute coagulopathy of trauma immedi-
ately after arrival at the hospital [90, 91]. Their 
first study showed marked systemic thrombin 
generation due to circulating procoagulants that 
initiate thrombin generation systemically, as well 
as reduced ability to localize hemostasis at the 
wound site due to the loss of antithrombin. Their 
second study found that tissue factor activity 
accounted for approximately 80% of all proco-
agulant activity. Reports showing a significant 
correlation between tissue factor and the markers 
of thrombin generation and microparticle forma-
tion by activated platelets support these results 
[63, 92]. Furthermore, an experimental study 
completely reproduced the findings from the 
above two studies showing circulating procoagu-
lants and low levels of antithrombin inducing 
systemic thrombin generation [93].

The overall function of the thrombomodulin/
protein C anticoagulant pathway can be precisely 
evaluated by measuring prothrombinase activity 
[94]. Prothrombinase is a complex comprising 
FXa, FVa, phospholipids, and Ca2+ and it is the 
major determinant of thrombin generation from 
prothrombin. Prothrombinase activity, measured 
as the thrombin generation rate, decreases in pro-
portion to the amount of thrombin- 
thrombomodulin complex-induced formation of 
activated protein C and the subsequent inactiva-
tion of FVa [94, 95]. DIC patients after trauma 
have shown normal prothrombinase activity 
associated with higher levels of soluble fibrin 

[89]. These findings suggest that the inhibition of 
the prothrombinase activity caused by activated 
protein C-mediated anticoagulation does not 
overwhelm the activation of the tissue factor- 
induced systemic thrombin generation or its acti-
vation in trauma patients with DIC. This 
imbalance between thrombin generation (soluble 
fibrin) and its inhibition (prothrombinase activ-
ity) is due to insufficiency in the other anticoagu-
lant mechanisms, such as TFPI and antithrombin, 
and impaired thrombomodulin function due to 
endothelial injury [89].

 Consumption Coagulopathy

The consumptive processes in DIC reflect the 
multiple actions of thrombin. Increased thrombin 
generation accounts for decreases in platelets, 
fibrinogen, FII, FV, FVIII, and FXIII in acute 
consumption, and the rapid clearance of activated 
clotting factors in vivo accounts for decreases in 
other clotting factors such as FIX and FX [23]. 
Thrombin induces the release of t-PA from endo-
thelial cells, leading to plasmin generation. If 
plasmin is formed sufficiently in the circulation, 
it degrades fibrinogen, FV, and FVIII. These lines 
of evidence support the rapid consumption of 
thrombin-sensitive hemostatic factors, including 
platelets, fibrinogen, and factors V, VIII, and 
XIII.  In pre-DIC and DIC, sensitive and rapid 
decreases in the levels of FV and FVIII have been 
observed as a result of thrombin-mediated pro-
tein C activation [96, 97]. In DIC due to trauma, 
platelets are sometimes consumed slowly due to 
marginalization in blood vessels and release from 
storage in organs such as the spleen, liver, and 
lungs [12, 14, 17]. FVIII is known to paradoxi-
cally increase in response to clinical insults, 
including trauma, due to release of von Willebrand 
factor (VWF) from the endothelial Weibel–
Palade bodies [98] and the acute phase behavior 
of FVIII. VWF immediately interacts with FVIII, 
serving to prolong the plasma half-life of FVIII 
[99]. The consumption of coagulation factors 
prolongs both the prothrombin time (PT) and 
activated partial thromboplastin time (APTT); 
however, the APTT is sometimes normal or even 
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shortened because of the interactions between 
FVIII with VWF in spite of the prolonged PT in 
DIC patients.

In cases of trauma with DIC, prolonged PT 
reflects a decrease in FV, to a lesser extent 
decreases in factors II, VII, and X and decreases 
in fibrinogen levels immediately to several days 
after trauma [8, 14, 17, 19, 20, 56, 68, 89, 92]. 
Prolonged APTT, which reflects a decrease in 
factors V and VIII, and fibrinogen, has also been 
confirmed immediately after trauma in DIC 
patients [8]. FVII antigen has been demonstrated 
to be consumed at a relatively slow speed for 
about 8  h in a rabbit model of DIC [100]. 
Importantly, the FVIIa levels increased to 120% 
within 2 h after DIC induction, before declining 
thereafter. Furthermore, FXIII and α2- plasmin 
inhibitor levels showed marked decreases in DIC 
patients on arrival at the ED [101].

 Activation and Suppression 
of Fibrinolysis

 Early Phase
DIC and pathological systemic fibrin(ogen)olysis 
sometimes coexist following the same insult, 
such as trauma, and are referred to as DIC with 
the fibrinolytic phenotype [23, 25]. Hypoxia and 
thrombin are two major strong stimuli to induce 
the release of t-PA from endothelial Weibel–
Palade bodies in the endothelial cells [98]. 
Traumatic shock-induced tissue hypoperfusion 
causes t-PA to be released from the endothelial 
Weibel–Palade bodies due to endothelial hypoxia 
[98]. Massive thrombin generation immediately 
after trauma also releases t-PA from the endothe-
lial Weibel–Palade bodies [98]. Traumatic brain 
injury releases t-PA from neurons and other cell 
types within the central nervous system storing 
t-PA [17, 25, 102] (Fig. 14.2). These immediate 
t-PA releases generate massive plasmin and con-
sume α2-plasmin inhibitor, leading to systemic 
hyperfibrin(ogen)olysis in addition to DIC-
induced secondary fibrinolysis [23, 25, 98]. In 
the early phase of trauma, there is a few-hours’ 
time difference between the immediate release of 
t-PA from the endothelium and the later expres-

sion of PAI-1 mRNA, leading to an extreme 
imbalance in these molecules, which strengthens 
the systemic hyperfibrin(ogen)olysis [103–105]. 
In support of this imbalance, the levels of PAI-1 
antigen and activity were found to be almost 
identical in patients with and without DIC imme-
diately after trauma, while the levels of t-PA and 
plasmin and α2-plasmin inhibitor complex, a 
marker of plasmin generation, were significantly 
increased only in DIC patients [8, 17, 56, 89]. 
Figure 14.7 depicts the pathomechanisms of DIC 
with the fibrinolytic phenotype [17].

In addition to plasmin, neutrophil elastase- 
mediated fibrinolysis is also involved in the 
pathogenesis of fibrin(ogen)olysis in DIC with 
the fibrinolytic phenotype [68]. The lower levels 
of α2-plasmin inhibitor, FXIII, and fibronectin in 
DIC patients suggest that there is insufficient 
inhibition of plasmin, impaired crosslinking of 
fibrin, and delayed wound healing, leading to 
fragile fibrin formation associated with persistent 
bleeding [8, 101]. A study showing tissue factor- 
induced fibrin(ogen)olysis without tissue hypo-
perfusion suggests that secondary fibrinolysis 
caused by a massive amount of fibrin formation- 
induced t-PA release may also have a role in DIC 
with the fibrinolytic phenotype [106]. Importantly, 
thrombomodulin-mediated thrombin-activatable 
fibrinolysis inhibitor (TAFI) activation may not 
have an important role in the pathogenesis of 
fibrin(ogen)olysis immediately after trauma [68], 
which indirectly supports thrombomodulin/pro-
tein C pathway impairment.

Increased fibrinolysis, as well as the activation 
of coagulation in trauma, has long been recog-
nized [3, 107]. These changes were reconfirmed 
in a study demonstrating increased thrombin gen-
eration, and fibrinogen and antithrombin con-
sumption, as well as increased t-PA levels and 
plasmin generation along with α2-plasmin inhib-
itor consumption, all of which coincided with 
DIC with the fibrinolytic phenotype [108].

 Late Phase
Immediate t-PA-induced fibrinolysis is usually 
followed by PAI-1-induced suppression of fibri-
nolysis. After completion of hemostasis, the acti-
vation of coagulation and PAI-1 disappears 
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completely and fibrinolytic reactivation occurs to 
degrade excess fibrin clots in physiological wound 
healing [8, 14, 17, 27] (Fig. 14.3 (left). However, 
persistently high PAI-1 elevation continues until 
day 5 after injury in DIC patients, which is 
referred to as DIC with the thrombotic phenotype 
[8, 14, 17, 27, 56] (Fig. 14.3 (right). When uncon-
trolled, DIC with the fibrinolytic phenotype in the 
early phase of trauma continuously progresses to 
DIC with the thrombotic phenotype in the late 
phase of trauma [109]. DIC severity and the pres-
ence of organ dysfunction on the day of injury are 
involved in the pathogenesis of this continuous 
progression. During the thrombotic stage, 
increased fibrinolysis, observed as elevated 
D-dimer levels, cannot match the massive fibrin 
formation, leading to microvascular thrombosis-

induced hypoperfusion and impaired oxygen 
delivery, which in turn give rise to multiple organ 
dysfunction syndrome (MODS) [25, 104, 110]. 
Figure 14.3 illustrates these processes [27].

 Platelet Activation and Exhaustion

Activated platelet and vessel wall interactions 
contribute to monocyte-induced tissue factor 
expression, NETs-mediated activation of coagu-
lation, and impairment of anticoagulant mecha-
nisms, leading to microvascular clot formation in 
DIC [29, 30, 111]. Activation followed by the 
reduced function of platelets, which is associated 
with thrombocytopenia observed in DIC, has 
been attributed to platelet exhaustion due to 

Fig. 14.7 Mechanisms of DIC with the fibrinolytic phe-
notype. Left, there is a balance between activation of 
coagulation, anticoagulation, and fibrinolysis during 
physiological hemostasis; right, DIC with the fibrinolytic 
phenotype. Consumption induced decreases in protein C, 
antithrombin, and TFPI and functional loss of both solu-
ble and endothelial thrombomodulin severely impairs 
anticoagulation, enhancing systemic thrombin generation. 

Systemic thrombin generation and shock-induced hypo-
perfusion stimulate the release of t-PA from endothelial 
Weibel–Palade bodies. Disseminated fibrin thrombosis- 
induced endothelial hypoxia also releases t-PA from 
endothelial cells. TM thrombomodulin, sTM soluble TM, 
TF tissue factor, PC protein C, TFPI tissue factor pathway 
inhibitor. (Modified with permission [17])
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depletion of the storage pool [112, 113]. A sys-
tematic review confirmed robust evidence of 
increased activation of platelets in DIC patients 
compared with non-DIC patients [114]. Although 
the platelet counts need to be adjusted, a lower 
platelet aggregation function in DIC patients than 
non-DIC patients and healthy controls was also 
observed in a systematic review. Importantly, 
these results were consistent across different eti-
ologies of DIC, including trauma [114].

Thrombin and adrenaline have been well- 
known activators of platelets. Histones directly 
activate platelets by changing calcium transient 
followed by aggregation and consumption in 
both in  vivo and in  vitro studies [29, 35, 115]. 
Histone-associated thrombocytopenia in criti-
cally ill patients, including those with trauma, 
has also been confirmed [116]. High levels of 
thrombin, adrenalin, and histones have been 
confirmed in trauma patients, especially those 
associated with DIC [8, 52, 53, 89, 117]. Trauma 
patients associated with coagulopathy defined as 
prolonged PT ≥ 18 seconds showed platelet acti-
vation with an impaired function [118, 119]. 
Platelets showed dysfunction to multiple ago-
nists in trauma patients. In this study, soluble 
plasma factors, such as soluble fibrin, were sug-
gested to be the cause of dysfunction [118]. The 
dysfunctional ability to aggregate, while the nor-
mal α granule secretory function is preserved, 
suggests intrinsic platelet or integrin dysfunction 
in trauma [119].

Thrombin action on fibrinogen produces fibrin 
monomer, and a part of this monomer immedi-
ately binds to fibrinogen to form the complex 
“soluble fibrin,” an established maker of a DIC 
diagnosis. Extremely high levels of soluble fibrin 
in both trauma patients and experimental trau-
matic rat models associated with DIC have been 
observed [89, 93]. Soluble fibrin downregulates 
platelet glycoprotein VI (GPVI) and causes the 
acquisition a platelet GPVI signaling defect, 
leading to dysfunction of platelets [120]. The 
results indicate a significant association of 
thrombin- induced formation of soluble fibrin 
with platelet activation and dysfunction in trauma 
associated with DIC.

 DIC and Microvascular Thrombosis

 Trauma and Hemorrhagic Shock

Histological evidence of microvascular thrombo-
sis in DIC, especially in DIC with the thrombotic 
phenotype, has been reported by clinical, experi-
mental, and autopsy studies [110]. Evidence of 
DIC with the fibrinolytic phenotype is rarely 
available in humans and was extensively debated 
during the 1960s and 1970s [6]. These debates on 
the inconsistency of thrombus formation had 
come about because of the existence of 
hyperfibrin(ogen)olysis in the early phase of 
trauma and hemorrhagic shock. However, fibrin 
thrombosis [121], vein thrombi formation [122], 
platelet aggregation, and emboli formation [123, 
124] were repeatedly confirmed in hemorrhagic 
shock and trauma. Eeles and Sevitt confirmed the 
existence of disseminated microvascular throm-
bosis from immediately to 12–48 h after trauma 
and emphasized that microvascular thrombosis 
was quite frequent within 3 h of injury in severely 
injured patients [125]. Subsequently, platelet and 
fibrin thrombosis became more evident during 
antifibrinolytic therapy using tranexamic acid in a 
dog model of hemorrhagic shock [126]. It should 
be emphasized that the authors of a report express-
ing negative opinions about DIC did in fact con-
clude that some fibrin thrombi were observed in 
their histological study [127]. Importantly, signs 
of inflammation, microthrombus, and embolus 
formation have also been observed within 24 h of 
injury in human studies [128, 129].

 Isolated Traumatic Brain Injury

Publications have demonstrated that the coagu-
lopathy of isolated traumatic brain injury (iTBI) 
coincides with the definition of DIC proposed by 
the ISTH, namely, intravascular activation of 
coagulation, with loss of localization of coagula-
tion, and damage to the microvasculature [15, 
130, 131]. Therefore, if coagulofibrinolytic 
changes after iTBI are sufficiently severe, they 
give rise to DIC [132].
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Microthrombi are frequently present in the 
brains of iTBI patients who died within 24 h of 
injury and were found to be associated with 
marked changes in platelet count, coagulation, 
and fibrinolysis markers [130]. More impor-
tantly, systemic microthrombi were seen in the 
spinal cord, liver, lungs, kidneys, colon, and 
pituitary gland, indicating the presence of DIC 
in 88% of patients after autopsy [130]. Stein 
et al. examined brain tissue from several sources, 
including animal models and patients with con-
tused brain tissue removed during surgical 
decompression, and found a high correlation 
between the severity of coagulopathy and the 
presence of intravascular thrombosis, confirm-
ing the association between intravascular throm-
bosis and DIC [131, 133]. These investigators 
also demonstrated a strong link between intra-
vascular thrombosis and the area of ischemic 
changes and neuronal death [131, 134]. An ani-
mal experiment confirmed that the immediate 
posttraumatic decrease in peri- contusional 
blood flow is caused by platelet activation and 
subsequent microthrombosis in the cerebral cir-
culation [135]. These lines of evidence clearly 
indicate that a DIC processes occurring immedi-
ately after iTBI can contribute to secondary 
brain injury.

 Fat Embolism Syndrome

Fat embolism syndrome (FES) typically occurs 
12–36  h after long bone and pelvic fractures, 
although fulminant cases immediately after 
injury have also been reported. Several lines of 
evidence indicate the presence of DIC in patients 
with FES [136, 137].

Saldeen et  al. observed morphological 
changes in pulmonary, cerebral, and systemic 
fat emboli that are associated with pathophysi-
ological characteristics of DIC [138]. 
Furthermore, fibrin thrombosis in pulmonary 
vessels has been confirmed more often in 
patients with FES than in other post-traumatic 
cases, especially in those in whom FES was 

considered to be the only explanatory cause of 
death [139]. The presence of fibrin thrombi in 
lung vessels was also confirmed in patients 
with FES and acute respiratory distress syn-
drome [140]. Hyaline microvascular thrombo-
sis and aggregates of platelets, indicating fibrin 
thrombi and intravascular coagulation, have 
been reported in both the cerebral arteries and 
veins in post-traumatic FES patients [141]. 
Histopathological analysis of FES in a living 
body revealed intravascular thrombus forma-
tion, with the thrombus consisting of fibrin as 
well as erythrocytes and leukocytes with lipid 
granules [142].

 DIC and MODS

DIC in association with SIRS contributes to 
microvascular thrombosis and subsequent 
MODS leading to poor outcome [110, 111]. 
Inflammatory cytokine-mediated neutrophil-
endothelial cell interplay and crosstalk between 
inflammation and coagulation via protease-acti-
vated receptors play important roles in micro-
vascular fibrin thrombosis [110]. A reduction in 
oxygen delivery due to disseminated thrombosis 
and tissue dysoxia due to neutrophil activation-
induced endothelial injury contributes to the 
development of MODS [110]. Furthermore, evi-
dence suggests that DAMPs, especially his-
tones, and NETs are major mediators of MODS 
in patients with DIC [29, 111]. These mediators 
contribute to MODS through direct injury to 
cells in different organs and activation of both 
inflammation and coagulation. Circulating his-
tones are major mediators of MODS in critical 
illness. NETs formation independently predicts 
DIC development and has shown significant 
association with MODS and mortality in criti-
cally ill patients [143, 144].

Trauma-released mitochondrial DNA 
(DAMPs) causes SIRS associated with elevation 
of inflammatory cytokines and then activates 
neutrophils, leading to organ injury [48]. 
Increased histones immediately after trauma 

S. Gando and T. Wada



233

induce IL-6 release, NETs formation, platelet 
aggregation, systemic thrombin generation, and 
endothelial injury. These changes induce micro-
vascular thrombosis and capillary leakage lead-
ing to DIC followed by MODS [53]. DIC patients 
have repeatedly shown a higher prevalence of 
SIRS and MODS and worse outcome than 
 non- DIC patients after trauma [20, 56, 66, 69]. 
The combined activation of inflammation and 
coagulation plays an important role in MODS 
and poor outcome in association with neutrophil 
activation and endothelial injury in patients with 
DIC after trauma [70]. DIC-associated SIRS 
more than 3 three days after trauma is a strong 
determinant of MODS and a poor prognosis 
[145]. In this study, the likelihood ratio of DIC 
within 12 h after trauma predicting MODS was 
11.6. Importantly, DIC with the fibrinolytic and 
the thrombotic phenotypes equally contributes to 
MODS and a poor prognosis among trauma 
patients [20, 70].

 Animal Models of DIC

Noble–Collip drum shock-induced polytrauma 
without significant hemorrhage has been used 
to mimic lethal traumatic injury [146]. The 
model reproduces typical DIC with the fibrino-
lytic phenotype, with animals exhibiting a 
decreased platelet count, prolonged PT and 
APTT, decreased fibrinogen and antithrombin 
levels, and elevated fibrin/fibrinogen degrada-
tion product (FDP) levels [146–148]. 
Furthermore, elevated t-PA levels, shortened 
euglobulin lysis time, and decreased α2-plasmin 
inhibitor levels indicate immediate activation 
of the fibrinolytic system [147, 148]. Decreases 
in the levels of FXII, prekallikrein, and CH50 
suggest the activation of both the intrinsic 
coagulation pathway and the complement sys-
tem [148]. Immediately after Noble–Collip 
drum trauma, tissue factor increases in the cir-
culation, and its mRNA expression has been 
observed in various organs, indicating the acti-
vation of the extrinsic coagulation pathway 

[149]. The Noble–Collip drum model also 
exhibits a spontaneous thrombin burst mea-
sured by a thrombin generation assay due to the 
existence of circulating procoagulants. In addi-
tion, reduced levels of antithrombin result in 
systemic thrombin generation. These results 
therefore confirm the findings of the two previ-
ous clinical studies [90, 91]. Moreover, t-PA 
release driven by hypoperfusion of the endothe-
lium leads to hyperfibrin(ogen)olysis. 
Meanwhile, there was no evidence of activated 
protein C-mediated shutdown of thrombin gen-
eration in the systemic circulation [93].

The tissue factor-induced DIC model demon-
strated that a massive amount of tissue factor also 
induces DIC associated with fibrin(ogen)olysis 
without tissue hypoperfusion [106]. This sug-
gests that trauma itself can give rise to DIC with-
out tissue hypoperfusion, which supports the 
findings of a previous clinical study [68]. Tissue 
factor activation of coagulation leads to the gen-
eralized consumption of not only platelet and 
coagulation factors including fibrinogen but also 
the inhibitory feedback factors involved in con-
trolling coagulation and fibrinolysis, namely, 
antithrombin and α2-plasmin inhibitor, respec-
tively [90, 101, 106].

 Management of DIC

The cornerstone of DIC management is specific 
and vigorous treatment of the underlying disor-
der, that is, injury itself and hemorrhagic shock 
[111, 150]. There are clear differences in the 
treatment of DIC with the fibrinolytic phenotype 
in the early phase of trauma and DIC with the 
thrombotic phenotype in the late phase of trauma. 
Management of the latter DIC type is the same as 
for typical DIC; anticoagulants, platelet and 
plasma substitution, and coagulation inhibitor 
concentrates have been proposed [111, 150]. Our 
discussion will follow with the treatment of fibri-
nolytic phenotype DIC through a novel approach.

After careful deliberation of “one concept and 
six considerations” for hemostatic changes dur-
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ing the early phase of trauma proposed by the 
SSC on DIC of the ISTH [151], the initial care of 
the injured patient is essential, and guidelines on 
the management of major bleeding should be 
obeyed [152, 153]. DIC patients reach to the crit-
ical thresholds of platelet counts, PT, APTT, 
fibrinogen, and massive transfusion earlier than 
non-DIC patients. Furthermore, DIC patients are 
transfused with a higher volume of platelet con-
centrate, PRBC, fresh frozen plasma (FFP), and 
fibrinogen concentrate than non-DIC patients 
during the first 6 to 24 h after admission to the 
ED [154]. As such, substitution therapies with 
platelet concentrate, FFP, and fibrinogen concen-
trate are essential to maintain blood volume as 
well as normal platelet counts and function, ade-
quate levels of coagulation factors, and endoge-
nous anticoagulants including antithrombin and 
protein C [111]. Guidance for treatment of DIC 
published by the ISTH recommends the transfu-
sion of FFP, which includes anticoagulant factors 
such as protein C, protein S, and antithrombin 
[150]. The use of agents that are capable of 
restoring dysfunctional anticoagulant pathways 
in DIC patients with sepsis has been extensively 
studied. However, there has been no study on the 
use of anticoagulant factor concentrates such as 
recombinant human thrombomodulin and anti-
thrombin in trauma-induced DIC. Supranormal 
levels of anticoagulant factors foster bleeding. At 
present, FFP transfusion to maintain normal lev-
els of protein C and antithrombin may be a rea-
sonable strategy for treating DIC after trauma. 
We should be aware that anticoagulants are con-
traindicated for DIC with the fibrinolytic 
phenotype.

Tranexamic acid can reduce the risk of death 
in bleeding trauma patients [155] and should be 
given as early as possible because any delay in 
administration after trauma reduces its efficacy 
and may actually be harmful [156]. These studies 
provide the theoretical basis for antifibrinolytic 
therapy in DIC with the fibrinolytic phenotype in 
the early phase of trauma [111, 150]. Since the 
publication of the CRASH-2 results, however, 
there has been considerable discussion about 

how tranexamic acid should be used for bleeding 
patients in practice [157, 158]. Regarding the 
fibrinolytic spectrum, more discussion is needed 
in order to identify the real targets of tranexamic 
acid.

 Trauma-Induced Coagulopathy 
and DIC

Trauma-induced coagulopathy (TIC) consists of 
a trauma itself-evoked primary pathology and 
exogenously induced secondary pathologies, 
such as anemia-, hypothermia-, acidosis-, and 
dilution-induced coagulopathy [159] 
(Table 14.2). The core disease state of TIC is the 
trauma “itself”-evoked primary pathology, 
namely, DIC. Like sepsis-induced coagulopathy, 
the clinical deterioration of TIC leads to DIC 
[160]. The SSC on DIC of the ISTH published a 
communication noting that TIC includes DIC, 
and if trauma is sufficiently severe, TIC pro-
gresses to DIC [161]. This is a reasonable state-
ment and can be accepted. Figure 14.8 shows the 
relationships between DIC and TIC [161].

Table 14.2 Classification of trauma-induced 
coagulopathy

Trauma-induced coagulopathy
1. Physiological changes
  Hemostasis and wound healing
2. Pathological changes
  Trauma itself-induced primary pathology
   Disseminated intravascular coagulation (DIC)
     Activation of coagulation
     Insufficient anticoagulant mechanisms
     Increased fibrin(ogen)olysis (early phase)
     Suppression of fibrinolysis (late phase)
  Exogenously induced secondary pathologies that 

modify DIC
   Anemia-induced coagulopathy
   Dilutional coagulopathy
   Hypothermia-induced coagulopathy
   Acidosis-induced coagulopathy
   Others

Detailed description is given in the text. Modified with 
permission [159]
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 Conclusion

The main pathophysiological mechanism of 
TIC is considered to be DIC. DIC in the early 
phase of trauma presents itself as a fibrinolytic 
phenotype, is associated with hyperfibrin(ogen)
olysis and consumption coagulopathy, and con-
tributes to massive hemorrhage. This type of 
DIC progresses to DIC with the thrombotic phe-
notype during the late phase of trauma and 
drives multiple organ dysfunction, leading to a 
poor outcome. To understand the pathogenesis 
and appropriate management of DIC, deep 
insights are needed into the interplay between 
innate immunity, inflammation, and coagulation 
and fibrinolysis.
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 Introduction

Uncontrolled haemorrhage and complicating 
trauma-induced coagulopathy (TIC) remain the 
most common cause of preventable death after 
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trauma. Approximately one in every four bleed-
ing trauma patients arrives to the emergency 
department having already developed a clinically 
significant laboratory coagulopathy [1]. TIC 
aggravates major haemorrhage with significant 
blood loss. Trauma patients are also major con-
sumers of hospital blood product supplies: 
approximately 10% of severely injured patients 
receive at least one unit of blood product and 
trauma patients consume approximately 70% of 
blood products available to emergency depart-
ments [1, 2]. The highest mortality in patients 
who require massive transfusion (MT), which is 
most often defined as ≥10 units of blood  products 
within 24 hours, occurs in the first 6 hours after 
injury [3]. The high mortality associated with 
massive transfusion is likely due to the develop-
ment of coagulopathy and the subsequent occur-
rence of the ‘lethal triad’: coagulopathy, 
hypothermia and acidosis [4].

The best definition of massive transfusion is 
the topic of much discussion. The traditional def-
inition of ≥10  units of packed red blood cells 
(PRBCs) within 24  hours misses patients who 
required blood products but died before receiving 
10 units. An appropriate threshold for the number 
of units of blood products and the period of time 
in which they are administered is yet to be 
decided upon. The critical administration thresh-
old (CAT) is defined as ≥3 units of PRBCs within 
the first hour and resuscitation intensity (RI), the 
total number of units of blood products, crystal-
loids or colloids administered within the first 
30 minutes, of ≥4 are known alternatives to the 
conventional massive transfusion definition [5, 

6]. A comparison between several definitions of 
massive transfusion validated on 1245 patients 
from the PROMMTT database is shown in 
Table  15.1 [7]. While mortality was highest in 
patients who received ≥10 units within 24 hours, 
by far more patients received 4 units or more in 4 
hours, 6 units or more in 6 hours or   3 units or 
more in 1 hour and the mortality in these groups 
was almost as high. This corroborates the theory 
that the conventional definition is not sensitive 
enough to include all massively bleeding patients. 
RI and the CAT are limited by the possibility of 
missing patients in whom treatment with blood 
products is delayed due to misdiagnosis in the 
early phases of treatment or slow arrival of blood 
products. The alternate time frame options have a 
higher sensitivity for vulnerable exsanguinating 
patients at the expense of a lower specificity than 
the conventional definition.

Substantial progress has been made in reduc-
ing deaths due to trauma by instituting massive 
transfusion protocols (MTPs) at trauma centres 
[8]. MTPs give critical care physicians guidelines 
on the administration of blood products. The aim 
of an MTP is to have multiple units of blood 
products available quickly and in a safe and 
effective ratio, i.e. equal numbers of units of 
PRBC, fresh frozen plasma (FFP) and platelet 
concentrate [9]. Even with an MTP in place, any 
delay in the availability of blood products has 
dangerous consequences. The odds of mortality 
may increase by 5% for every minute spent wait-
ing for requested blood products to arrive. An 
increased interval between activation of an MTP 
and arrival of the first blood products worsens the 

Table 15.1 Definitions of massive transfusion

≥10 PRBCs in 
24 hours

≥4 PRBCs in 
4 hours

≥6 PRBCs in 
6 hours

≥3 PRBCs in 1 hour 
(CAT) RI ≥ 4

N (%) 297 (23.9%) 599 (48.1%) 395 (31.7%) 570 (45.8%) 264 
(21.2%)

PRBCs in 24 h 
(median [IQR])

16 [12–27] 8 [5–16] 12 [8–22] 9 [5–16] 8 [4–17]

24-hour mortality 
(n,%)

83 (27.9%) 119 (19.9%) 95 (24.1%) 130 (22.8%) 89 
(24.5%)

3-day mortality (n,%) 118 (39.7%) 179 (29.9%) 135 (34.2%) 176 (30.9%) 112 
(30.8%)

PRBC, packed red blood cells; IQR, interquartile range; CAT, critical administration threshold; RI, resuscitation 
intensity
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patient’s prognosis [8]. Similarly, a longer time 
period between the arrival of a traumatically 
injured patient and the decision to activate the 
MTP is associated with significantly higher mor-
tality. Typically, the decision to activate an MTP 
is made by a physician based on knowledge and 
experience [10]. Most trauma centres do not use 
a strict protocol or prediction model to guide acti-
vation of an MTP.

Earlier identification of the severely injured 
patient requiring a massive transfusion benefits 
the patient and reduces mortality. It allows clini-
cians to rapidly address factors causing or exac-
erbating haemorrhage, manage complications of 
major haemorrhage such as coagulopathy, hypo-
thermia and acidosis, activate an MTP prior to or 
shortly after arrival of the patient at the hospital, 
and mobilise resources to best manage the exsan-
guinating patient [1]. Accurate prediction of 
patients requiring massive transfusion can also 
reduce the volume of blood products that are ulti-
mately administered to the patient by allowing 
effective ratios to be given [10]. Early, aggressive 
administration of clotting factors, such as in FFP 
or cryoprecipitate, can reduce the effect of, or 
even prevent, TIC and thus increase survival [9, 
11, 12]. Early risk stratification of vulnerable 
patients allows the medical team to prepare for 
worst-case scenarios and provide appropriate and 
targeted treatment.

 Conventional Coagulation Tests 
for Diagnosing Trauma-Induced 
Coagulopathy and Predicting 
Massive Transfusion

Historically, trauma-induced coagulopathy has 
been identified and diagnosed using conventional 
coagulation tests such as prothrombin time (PT) 
or international normalised ratio (INR), activated 
partial thromboplastin time (aPTT) or fibrinogen 
level. A summary of results of conventional 
coagulation assays which may indicate coagu-
lopathy is providerd in Table  15.2.  These tests 
provide an overview of the functioning of a com-
plex pathway leading to clot formation. The INR 
or PT assesses the function of the extrinsic pathway 

and aPTT assesses the intrinsic pathway; these 
together lead to the initiation of thrombin forma-
tion. There is limited information in these tests 
regarding coagulation processes after thrombin is 
formed [13]. They are by no means a complete 
picture of the state of a patient’s coagulation and 
give insufficient details to guide specific treat-
ment in a severely injured patient [14].

There is a lack of consistency among pub-
lished studies as to the appropriate INR and aPTT 
threshold to diagnose TIC. Many studies define 
TIC as INR >1.2 [15, 16] while others state that 
significant coagulopathy only occurs at INR >1.5 
[17, 18]. INR may be more accurate than aPTT in 
identifying coagulation defects in vivo in trauma 
patients [19]. Other studies show that INR- and 
aPTT-based diagnosis is inferior to thromboelas-
tography (TEG)- or rotational thromboelastome-
try (ROTEM)-based diagnosis [20].

Table 15.2  Results of conventional coagulation assays 
and viscoelastic testing which may indicate coagulopathy

Assays Definition of coagulopathy
Conventional assays
  INR ≥1.2
  aPTT (sec) >6
  Platelets (×109/L) <100
  Fibrinogen (g/L) <150
ROTEM
  EXTEM CT (sec) >80
  EXTEM CFT (sec) >159
  EXTEM MCF (mm) <50
  INTEM CT (sec) >240
  INTEM CFT (sec) >110
  INTEM MCF (mm) <50
  FIBTEM MCF (mm) <9
TEG
  Rapid-TEG ACT (sec) >140
  R time (min) >10
  K time (min) >3

  α angle (degrees) <53

  MA (mm) <50
  LY30 (%) >3

INR, international normalised ratio; aPTT, activated par-
tial thromboplastin time; CT, clotting time; CFT, clot for-
mation time; MCF, maximum clot firmness; ACT, 
activated clotting time; R time, time to initial fibrin forma-
tion; K time, time to reach 20 mm clot strength; α angle, 
measure of speed of clot formation; MA, maximum ampli-
tude; LY30, clot lysis at 30 minutes after MA
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INR results do have some accuracy in identi-
fying requirement of MT. [21, 22] In retrospec-
tive cohort analyses, patients with deranged INR 
have been significantly more likely to receive an 
MT, and indeed INR >1.5 is often the most 
strongly correlated variable when multiple 
regression analysis is performed [23]. 
Unfortunately, the utility of implementing INR or 
aPTT as triggers for MTP activation is limited by 
the turnaround time of most conventional coagu-
lation tests. As the time to administering the first 
blood products is so critical in determining mor-
tality, it is not acceptable as common practice to 
delay activation of the MTP by 40–60  minutes 
while waiting for laboratory results to return. 
Point-of-care INR testing has been developed but 
currently may not correlate sufficiently well with 
conventional tests to be relied upon [24].

Other biochemical markers of bleeding and 
coagulopathy have also been associated with the 
requirement of massive transfusion. Base deficit 
correlates well with INR and aPTT results and is 
available much sooner as part of a blood gas anal-
ysis [25]. A base deficit of >2  in combination 
with systolic hypotension and a high injury sever-
ity score was strongly associated with coagulopa-
thy [26] and thus could be used to guide blood 
product transfusion including MT.  In the same 
trial, lactate was not significantly correlated with 
derangements in conventional coagulation tests 
or evidence of major haemorrhage, despite being 
a marker of blood loss.

 Predicting Trauma-Induced 
Coagulopathy and Massive 
Transfusion Using Viscoelastic 
Testing

Viscoelastic testing, which includes TEG and 
ROTEM, provides information on how quickly 
clot formation is initiated, the rate of clot growth, 
the strength of the clot and the process of clot 
breakdown [27]. Several studies have investi-
gated the efficacy of using viscoelastic tests to 
diagnose TIC and prompt the provision of blood 
products [28–30]. ROTEM results are typically 
available, at least in part, sooner than conven-

tional coagulation tests and also can guide the 
administration of selected blood products to rem-
edy specific coagulation defects [31]. A summary 
of results of viscoelastic testing assays (ROTEM 
and TEG) which may indicate coagulopathy is 
shown in Table 15.2.

TEG assays give several distinct pieces of 
information regarding coagulation: activated clot-
ting time (ACT) describes the time taken for clot 
formation to commence, in seconds; α angle is the 
rate of clot strength increase; K time is the time 
taken for a clot to reach 20 mm in size; maximum 
amplitude (MA) is the measurement of the clot at 
its maximum, in mm; and LY30 is the percentage 
of the clot which has undergone lysis 30 minutes 
after maximum clot strength [32]. Rapid TEG 
(r-TEG) involves the addition of tissue factor to 
the blood sample to expedite clot formation, lead-
ing to earlier results [33]. R-TEG performs well at 
quickly identifying patients who require massive 
transfusion [34, 35]. Each of the results suggests 
need for a particular treatment: patients with pro-
longed ACT require PRBCs; those with decreased 
α angle need cryoprecipitate and FFP; decreased 
MA is managed with platelet transfusion and 
increased LY30 may be treated with tranexamic 
acid [32]. On r-TEG, MA and α angle predict MT 
with AUCs of ≥0.80 [34, 36]. The addition of tis-
sue plasminogen activator (tPA) to blood samples 
before performing TEG assays aims to mimic the 
endogenous release of tPA which is thought to 
cause hyperfibrinolysis following trauma. LY30 
had an AUC of 0.86 for MT on this modified tPA-
TEG [37]. The time to availability of LY30 and 
MA results was decreased due to the addition of 
tPA, and MT was predicted accurately using sev-
eral different definitions [38].

Four assays are possible using ROTEM: 
EXTEM investigates the function of the extrinsic 
pathway; INTEM assesses the intrinsic pathway; 
FIBTEM describes the contribution of fibrinogen 
to clot formation; and APTEM evaluates for the 
presence of hyperfibrinolysis [39]. Derangements 
in INTEM maximum clot firmness (MCF) and 
EXTEM clot amplitude at 5  minutes (CA5) 
results have been most strongly correlated with a 
requirement of massive transfusion, as well as the 
presence of coagulopathy diagnosed on conven-
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tional coagulation tests [15]. FIBTEM MCF and 
clot firmness at 10  minutes (A10) were also 
highly predictive of MT, with AUCs of 0.84 and 
0.83, respectively [32, 40].

 Prediction Scores for Trauma- 
Induced Coagulopathy

Expediting the diagnosis of coagulopathy in the 
severely injured patient will help guide adminis-
tration of coagulopathy-targeted treatment, such 
as tranexamic acid (TXA), in addition to blood 
products including massive transfusion. 
Prediction models that combine clinical variables 
can produce a forecast of whether or not any indi-
vidual patient will be diagnosed with or suffer 
consequences of coagulopathy. Four prediction 
models  for TIC have been developed, some of 
which have been validated, but none are in wide-
spread use.

 The Coagulopathy of Severe Trauma 
(COAST) Score

The COAST score was developed and validated 
on a single centre Australian cohort of 2905 
patients in 2011 and uses five variables that are 
available before arrival at the hospital [18]. The 
variables are vehicular entrapment (associated 
with prolonged extrication time), prehospital sys-
tolic blood pressure, prehospital temperature, 
chest decompression and abdominal or pelvic 
injury (Table  15.3). The outcome, TIC, was 
defined as INR >1.5 or aPTT >60s. At a threshold 

of ≥3 points, the COAST score had a sensitivity 
of 60% and specificity of 96.4%. The score has 
been externally validated on a Belgian trauma 
cohort of 133 patients (with sensitivity 80% and 
specificity 96%) and on 15,370 patients from the 
TraumaRegister for the Deutsche Gesellschaft 
für Unfallchirurgie (TR-DGU) with sensitivity 
21.6% and specificity 94.2% [41, 42].

 The Bayesian Network Model

This complex prediction model was developed 
on the Activation of Coagulation and 
Inflammation in Trauma (ACIT) study cohort in 
the UK and validated in the UK and Germany 
[43]. It utilises 14 weighted variables identified 
through artificial intelligence modelling to pre-
dict the presence or absence of coagulopathy 
(Table  15.4). TIC was defined as prothrombin 
time ratio (INR) >1.2. The Bayesian network 
model requires input of the variables into an 
online calculator which gives a numerical likeli-
hood of developing TIC and also a dichotomous 
(yes/no) result so that the score may be clinically 
useful. At the cut-point chosen, sensitivity for 
laboratory-diagnosed TIC was 90% and specific-
ity was 92%. The area under the receiver operat-
ing characteristic (AUROC) curve was 0.964.

Table 15.3 The Coagulopathy of Severe Trauma Score 
[18]

Variable Value Points
Entrapment Yes 1
Systolic blood pressure <100 mmHg

<90 mmHg
1
2

Temperature <35 °C
<32 °C

1
2

Chest decompression Yes 1
Abdominal or pelvic content 
injury

Yes 1

Table 15.4 The Bayesian Network Model [43]

Variable Value
Heart rate  Online value
Systolic blood pressure  Online value
Temperature <34 °C or ≥ 34 °C
Haemothorax Yes
FAST scan Positive
Unstable pelvic fracture Suspected
Long bone fracture Suspected
Glasgow Coma Scale Online value
Lactate Online value
Base deficit Online value
pH Online value
Mechanism of injury Blunt or penetrating
Energy of injury High or low velocity
Volume of intravenous fluid 
administered

<500 mL
500–2000 mL
>2000 mL
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 The Trauma-Induced Coagulopathy 
Clinical Score (TICCS)

The TICCS is a simple score using three basic 
variables that was developed on a small Belgian 
cohort of 82 patients [44] and validated  externally 
on a 33,385 patients from the TR-DGU [45]. The 
score combines variables of triage destination, 
systolic blood pressure and distribution of inju-
ries to predict coagulopathy (Table  15.5). The 
maximum score is 18 points, although all patients 
registered on the TR-DGU are admitted to a 
resuscitation room, so all cases on the validation 
scored at least 2 points. The outcome investigated 
was coagulopathy based on 1) TEG/ROTEM 
results, 2) INR >1.3 or 3) fibrinogen <1.5  g/L, 
plus other signs of bleeding-related outcomes. In 
the development study, a cut-off of TICCS ≥10 
points was 100% sensitive and 96% specific. The 
validation study used any blood transfusion as 
outcome of interest, and a cut- off of TICCS ≥12 
points had a positive predictive value of 48.4% 
and negative predictive value of 89.1%.

 The Prediction of Acute 
Coagulopathy of Trauma (PACT) 
Score

The PACT score was developed on a prospective 
cohort study in Washington, USA, then subse-
quently externally validated on the Oregon Trauma 
Registry and substantially altered [46, 47]. The 

resulting score uses six weighted variables for pre-
dicting the presence of coagulopathy. A total of 
1963 patients were evaluated in the development 
study and TIC was defined as INR >1.5. A thresh-
old of ≥196 predicted TIC with 73.1% sensitivity 
and 73.8% specificity (Table 15.6).

Common themes between these four published 
prediction models in addition to reports describ-
ing individual associated variables are the pres-
ence of systolic hypotension (or high shock index) 
and evidence of high injury severity [17, 18, 43, 
44, 47]. Markers of severe injury included chest 
decompression, pelvic or long bone fracture, 
injury mechanism and energy, admission to the  
resuscitation room and a  high Injury Severity 
Score (ISS). These are effective predictive mea-
sures because they are intrinsically involved in the 
mechanism of the development of trauma- induced 
coagulopathy [48]. The volume of crystalloid 
fluid administered is also associated with the pres-
ence of coagulopathy, but likely represents a dilu-
tional coagulopathy occurring later rather than 
one developing as a direct result of the injury [17].

Most of the above TIC prediction scores have 
not been formally validated to predict MT. In the 
COAST score validation on the TR-DGU, MT 
was a secondary outcome and significantly more 
common among cases with positive COAST 
scores (15.3%) versus cases with negative 
COAST scores (1.6%) [42]. These scores were 
not designed to predict and prompt MT; rather, 
they were designed to guide other management 
techniques, such as the early administration of 
tranexamic acid or the initiation of damage con-
trol resuscitation [18, 44, 46]. Importantly, these 
scores were also designed to stratify patients for 
inclusion in clinical trials for treatments of TIC 

Table 15.5 The Trauma-Induced Coagulopathy Clinical 
Score [44]

Variable Value Points
Triage destination Resuscitation room

General emergency 
room

2
0

Systolic blood 
pressure

<90 mmHg
≥90 mmHg

5
0

Significant injuries Head/neck
Left upper extremity
Right upper extremity
Left lower extremity
Right lower extremity
Torso
Abdomen
Pelvis

1
1
1
1
1
2
2
2

Table 15.6 The Prediction of Acute Coagulopathy of 
Trauma Score [47]

Variable Value Points
Prehospital shock index >1 90
Age Years 1 point/year
Traffic mechanism No 50
Glasgow Coma Scale – Points below 15
Prehospital cardiopulmonary 
resuscitation

Yes 120

Prehospital intubation Yes 50
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that are not limited to massive transfusion [49, 
50]. For the specific prediction of massive trans-
fusion requirement, several predictive models 
have been developed. These are discussed below.

 Civilian Prediction Scores 
for Massive Transfusion

Many models have been developed to predict the 
requirement for massive transfusion in severely 
injured patients. MT is defined as ≥10 units of 
PRBCs within 24 hours unless stated otherwise. 
A suggested alternative definition is ≥5 units of 
PRBCs within 4 hours [48]. Population charac-
teristics differ between the score development 
and validation studies; thus there are different 
proportions of cohorts who receive MT.

 The Assessment of Blood 
Consumption (ABC) Score

The ABC score was developed for the prediction 
of massive transfusion requirement by Nunez in 
2009 [2]. It comprises four non-weighted vari-
ables available quickly upon arrival in the emer-
gency department: penetrating mechanism, 
positive focussed assessment and sonography in 
trauma (FAST), arrival systolic blood pressure 
and arrival heart rate (Table 15.7). Each variable 
is dichotomous, and patients are awarded 1 point 
for presence of the risk factor or 0 point for 
absence. On the development cohort of 596 
patients, of whom 74 (12.6%) had an MT, a score 
of 2 or greater was 75% sensitive and 86% spe-
cific for requiring MT.

Since its development, the ABC score has 
been tested and validated several times on a vari-
ety of cohorts. Sensitivity of the score ranged 

between 47% and 90% on various cohorts, and 
the area under the receiver operating characteris-
tic (AUROC) curve ranged from 0.68 to 0.86 
[51–58]. The score has also been analysed in con-
junction with blood lactate levels to evaluate their 
combined predictive ability. The ABC score 
alone had a sensitivity of 82% and specificity 
34% but combined with blood lactate >4 mmol/
dL the sensitivity and specificity rose to 92% and 
42%, respectively [56]. The ABC score appears 
to be less accurate among older patients than 
among younger, but this is consistent among two 
other scores that were tested on the same cohort 
[55]. The largest external validation of the ABC 
score to date was on 5147 patients from the 
TR-DGU. On this cohort, an ABC score of ≥2 
was 76.1% sensitive and 70.3% specific for MT 
requirement, with an AUROC of 0.763 [53].

A study published in 2018 compared the fre-
quency of MTP activation and the mortality rate 
among hypotensive trauma patients before and 
after implementation of the ABC score to trigger 
MTP activation [59]. The number of MTP activa-
tions increased sixfold (from 15 to 93), and bal-
anced, ratio-based blood product provision also 
increased dramatically. Mortality among hypo-
tensive patients decreased from 41.6% to 18.9% 
post-implementation. This successful implemen-
tation demonstrates the utility of a simple, quick 
and effective score to predict MT and thus trigger 
activation of the MTP. The major benefits of this 
score are the ease and speed with which it can be 
calculated, because of not relying on any labora-
tory tests or scans. Some of the limitations are 
that it usually cannot be calculated before arrival 
at the hospital, because of the FAST scan, and 
that the accuracy of the score is quite inconsistent 
among different populations. The ABC score 
remains the most thoroughly validated and most 
widely used massive transfusion prediction score.

 Trauma-Associated Severe 
Haemorrhage (TASH) Score

The TASH score was developed through multiple 
logistic regression of likely predictive variables on 
a cohort of 4527 patients from the TR-DGU and 

Table 15.7 The Assessment of Blood Consumption 
Score [2] 

Variable Value Points
Penetrating mechanism Yes 1
Systolic blood pressure ≤ 90 mmHg 1

Heart rate ≥ 120 bpm 1

FAST scan Positive 1

15 Grading Clinical Coagulopathy and Predicting Massive Transfusion



252

was published in 2006 [60]. It was internally vali-
dated on an equivalent cohort from the 
TR-DGU.  The resulting score comprises seven 
weighted variables which must be inserted into the 
formula: p = 1/[1 +  exp (4.9 − 0.3 ∗ TASH)] to 
calculate the probability of a patient requiring an 
MT (Table 15.8). At a threshold of TASH >16, MT 
was observed to occur 50% of patients. The vari-
ables involved in the score are haemoglobin, base 
excess, systolic blood pressure, heart rate, free 
intra-abdominal fluid (e.g. noted on FAST), injury 
to the extremities (i.e. clinically unstable pelvic 
fracture or open/displaced femur fracture) and 
male sex. A maximum score of 28 points is possi-
ble. The predicted rate of MT was 13.9% and the 
observed rate on the initial population was 14.1%.

The TASH score was revalidated over a four- 
year period of the TR-DGU and an updated logis-
tic function was published: p  =  1/
[1 +  exp (5.4 − 0.3 ∗ TASH)] in order to attain 
appropriate accuracy [61]. The threshold for 50% 
likelihood of MT was modified to 18 points. With 
the new formula, the score had an AUROC of 
0.905 and the predicted rate of MT (8.7%) closely 
resembled the observed rate (8.4%). Furthermore, 
an attempt was made to improve the score by 
including other variables such as INR, lactate, pH 
or mechanism of injury, which did not improve 
the accuracy of the TASH score.

The TASH score has since been externally 
validated and studied extensively. A further vali-
dation on the TR-DGU used a cut-off of ≥9 
points for MT and achieved a higher sensitivity 
of 84.4%, at the expense of the specificity which 
was decreased to 78.4% [53]. External valida-
tions performed at other trauma centres found an 
AUROC between 0.51 and 0.88 [54, 58, 62, 63]. 
The TACH score was found to be not predictive 
in a cohort of rural patients, with an AUROC of 
0.51 [62]. The performance of the TASH score 
was also evaluated on a cohort of obese and non-
obese patients, as MT is more common in obese 
patients [64]. The score performed similarly for 
obese and non- obese patients with an AUROC of 
0.93 and 0.94, respectively. The TASH score was 
found to be much more accurate on a cohort of 
young patients (sensitivity 81% and specificity 
80%) than on a cohort of older patients (sensitiv-
ity 56% and specificity 76%) [55].

The high overall accuracy and reliability of 
the TASH score is a major advantage. Four of the 
seven variables (systolic blood pressure, heart 
rate, gender and injuries) can be assessed imme-
diately upon arrival, while the other three (hae-
moglobin, base excess and free intra-abdominal 
fluid) require diagnostic tests. This factor and the 
fact that it cannot be easily remembered and cal-
culated on the go are downfalls of the score: a 
computer or chart is needed to calculate the 
TASH score. A possible benefit of the score is the 
flexibility with the threshold for MT; it would be 
possible for trauma centres to validate the score 
on their cohort, retrospectively or prospectively, 
and ascertain which threshold may be appropri-
ate locally for MTP activation.

 Prince of Wales (PWH)/Rainer Score

The PWH score was developed on 1891 patients 
at a trauma centre in Hong Kong and published in 
2011 by Rainer et al. [65]. The score uses eight 
weighted variables to predict the need for MT, 
defined as ≥10 units of PRBCs within 24 hours 
or ≥ 8 units within 12 hours. Ninety-two (4.9%) 
patients in this cohort received MT. The variables 
used are systolic blood pressure, Glasgow Coma 

Table 15.8 The Trauma-Associated Severe Haemorrhage 
Score [60]

Variable Value Points
Haemoglobin <7 g/dL

<9 g/dL
<10 g/dL
<11 g/dL
<12 g/dL

8
6
4
3
2

Base excess < −10 mmol/dL
< −6 mmol/dL
< −2 mmol/dL

4
3
1

Systolic blood 
pressure

<100 mmHg
<120 mmHg

4
1

Heart rate >120 bpm 2
FAST scan Free intra-abdominal 

fluid
3

Extremities Unstable pelvic fracture
Open/dislocated femur 
fracture

6
3

Male patient Yes 1
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Scale (GCS), heart rate, displaced pelvic fracture, 
CT or FAST evidence of intra-abdominal bleed-
ing, base deficit and haemoglobin (Table 15.9). A 
cut-off of ≥6 points was used to predict MT, and 
it was 31.5% sensitive and 99.7% specific. The 
PWH has a maximum of 10 points which can be 
attained with a positive result in each of the vari-
ables or with just a haemoglobin ≤7 g/dL, which 
scores 10 points.

The PWH score has undergone several large 
validations. A validation on a cohort of 5147 
patients on the TR-DGU demonstrated an 
AUROC of 0.86, sensitivity 80.6% and specific-
ity 77.7% [11]. The PWH score performed with 
sensitivity 36.9% and specificity 97.1% on an 
Australian cohort of 1234 patients [66]. More 
recently, the score was validated on a multicentre 
cohort from Hong Kong of 4991 patients and had 
a sensitivity of only 3.4% and specificity 99.1% 
[63]. When another validation utilised the most 
accurate cut point for predicting MT, PWH ≥2, 
sensitivity was 92.9% and specificity 59.8% [58]. 
Similarly to other scores which were validated on 
young and older populations, the PWH score was 
less accurate on an older cohort: the sensitivity 
decreased from 80% to 68% (at a cut-off of ≥2), 
while the specificity remained stable [55].

The low sensitivity of the PWH score mark-
edly affects its efficacy as physicians must main-
tain a high index of suspicion in patients who do 
not meet criteria for MTP activation [65]. A fur-
ther consideration is the weighting of haemoglo-
bin ≤7 g/dL which is able to trigger the MTP in 
isolation. This prediction model also requires 
some information which is only available upon 
arrival to the hospital, after blood tests and scans 
have been performed.

 The Vandromme Score

Vandromme et al. developed and internally vali-
dated a prediction model on a civilian cohort of 
6639 patients [67]. Of the included patients, 158 
(2.4%) received an MT. Five variables were iden-
tified which were included in the non-weighted 
prediction model. Blood lactate, heart rate, hae-
moglobin, systolic blood pressure and INR were 
included (Table 15.10). A good balance between 
sensitivity and specificity proved difficult to 
attain; the best results were with a threshold of 
≥3 points, which produced a sensitivity of 53.4% 
and specificity 97.6%. The AUROC was 0.9.

The Vandromme score was validated on a 
large cohort from the TR-DGU and had a cut-off 
of ≥2 points assigned, to achieve the best balance 
of sensitivity and specificity [11]. The AUROC 
was 0.84, the sensitivity 78.9% and the specific-
ity 76.2%. This model shares the limitation with 
a previously described score that INR takes time 
to measure and be made available. The other four 
variables are available quickly upon arrival with 
the use of point-of-care tests and clinical 
examination.

Seven predictive scores were validated simul-
taneously on the TR-DGU to compare their accu-
racy [1]. The TASH score, ABC score, Baker 
model, PWH score, Vandromme score, Schreiber 
score and Larson score were validated on 7042 
civilian patients. Their performance is  summa-
rized in Fig. 15.1.

 The Shock Index

The shock index (SI) is the ratio of heart rate to 
systolic blood pressure, which typically sits 
between 0.5 and 0.7  in healthy adults. This has Table 15.9 The Prince of Wales/Rainer Score  [65]

Variable Value Points
Systolic blood pressure <90 mmHg 3
Glasgow Coma Scale ≤8 1

Heart rate ≥120 bpm 1

Displaced pelvic fracture Yes 1
CT or FAST scan Positive 2
Base deficit >5 mmol/L 1
Haemoglobin ≤7 g/dL

7.1–10 g/dL
10
1

Table 15.10 The Vandromme Score [67]

Variable Value Points
Blood lactate ≥5 mmol/L 1

Heart rate >105 bpm 1
Haemoglobin ≤11 g/dL 1

INR >1.5 1
Systolic blood pressure <110 mmHg 1
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been considered to be a useful measure of hae-
modynamic stability, particularly as many trauma 
patients with solely internal bleeding maintain 
normotension initially after injury. Vandromme 
in 2011 was the first to assess the accuracy of SI 
for predicting MT in trauma patients [68]. Of the 
8111 included patients into the study, 276 (3.4%) 
required an MT.  Increases in SI, particularly 
>0.9, were proportionally associated with 
increased probability of MT. At SI >1.3, likeli-
hood of MT was >20%. Increasing SI was also 
associated with higher injury severity scores and 
higher mortality. A subsequent validation of SI 
on a cohort from the TR-DGU demonstrated a 
similar trend in increasing blood product transfu-
sion requirements as SI increases [69]. A com-
parison between prehospital SI and initial SI on 
arrival to a trauma centre demonstrated that pre-

hospital SI was more sensitive (57.8% vs 52.2%) 
but less specific (83.0% vs 93.1%) for MT. [70] 
Applying various formulae to combine and 
manipulate these numbers yielded few clinically 
useful results.

Several further validations have used different 
cut-offs to predict MT; however, each study had a 
threshold between SI ≥0.9 and SI ≥1.0. Using 
their individually determined thresholds, AUROC 
ranged from 0.76 to 0.83 [57, 58, 71–73]. 
Alternatives to the simple SI include the modified 
shock index (MSI): a ratio of heart rate to mean 
arterial pressure ([2  ∗  diastolic blood pres-
sure + systolic blood pressure]/3), pulse pressure 
to heart rate ratio (PP/HR) and age shock index 
(shock index multiplied by the patient’s age) [71, 
73]. The PP/HR predicted MT with an AUROC 
of 0.77 at a threshold of PP/HR <0.443 [73]. The 

Fig. 15.1 Results of a 
validation of seven 
massive transfusion 
prediction scores on 
7042 patients on the 
TR-DGU. The scores 
are compared based on 
the area under the 
receiver operating 
characteristic curve. 
(Modified from 
Maegele, et al. [1])
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MSI performed most accurately at a cut-off of 
MSI >1.15 with a sensitivity and specificity of 
61.5% and 82.3%, respectively. The age shock 
index at a threshold of >36.95 performed with 
sensitivity 54.2% and specificity 72.3% [71].

The shock index is certainly the simplest pre-
dictive method developed thus far: it requires 
only two variables which can be obtained before 
or immediately upon arrival with no special tests. 
The recommended threshold for deeming a 
patient ‘at risk’ for massive transfusion is SI 
≥0.9; however, this is not a very sensitive predic-
tor. A further limitation is that an increasing 
shock index may not be specific to traumatic 
haemorrhage.

Shock index
Heart rate bpm

Systolic blood pressure mmHg
=

( )
( )

 Emergency Room Transfusion Score 
(ETS)

The ETS was initially developed on a cohort of 
1103 patients from a trauma centre in Essen, 
Germany, to predict the need for any blood trans-
fusions [74]. On the development cohort, 116 
(10.5%) patients required blood transfusions. The 
score involves six weighted variables which are 
assigned points up to a maximum of 9.5 points 
(Table  15.11). The variables are age, admission 

(from scene or other hospital), trauma mechanism 
(traffic accident or fall from height > 3 m), sys-
tolic blood pressure, abdominal ultrasound result 
and stability of pelvis on clinical exam. An ETS 
>3 points puts a patient in the high-risk category, 
in which 34.6% of patients received an urgent 
blood transfusion. In the low- and intermediate-
risk groups, only 1.6% and 8.5%, respectively, of 
patients received transfusions. A subsequent 
internal validation on 481 patients demonstrated a 
sensitivity of 84.2% at the cut-off of >3 points and 
a specificity of 92.5% [75].

In 2019, the ETS was validated externally 
along with five other scores to assess its ability to 
predict MT [58]. The most effective cut-point for 
MT was found to be >5 points, with which a sen-
sitivity of 95% and specificity of 60.8% were 
attained. It had an AUROC of 0.85, which made 
it the most accurate score validated in this study. 
The ETS is a simple score that can be calculated 
quickly without the need for blood tests but 
requires clinical examination by a clinician and a 
FAST or CT scan upon arrival.

 Massive Transfusion Score (MTS)

The Prospective Observational Multicentre 
Major Trauma Transfusion (PROMMTT) study 
cohort was used to design and develop the MTS 
[22]. A total of 1245 patients were included in 
this development study and MT was adminis-
tered to 297 (23.9%). The variables involved in 
the score are INR, systolic blood pressure, hae-
moglobin, base deficit, heart rate, penetrating 
mechanism and positive FAST (Table 15.12). A 
derived result was produced for patients who did 
not have a FAST scan because they were in extre-

Table 15.11 The Emergency Room Transfusion Score 
[74] 

Variable Value Points
Age 0–20 years

20–60 years
>60 years

0
0.5
1.5

Admission From scene
From other hospital

1
0

Mechanism Traffic accident
Fall from 
height > 3 m

1
1

Systolic blood 
pressure

>120 mmHg
90–120 mmHg
0–90 mmHg

0
1.5
2.5

Abdominal ultrasound No free fluid
Free fluid

0
2

Pelvis on clinical 
exam

Stable
Unstable

0
1.5

Table 15.12 The Massive Transfusion Score [22]

Variable Value Points
INR >1.5 1
Systolic blood pressure <90 mmHg 1
Haemoglobin <11 g/dL 1
Base deficit ≥6 1

Heart rate ≤120 bpm 1

Penetrating injury Yes 1
Positive FAST scan Yes 1
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mis and went straight to the operating theatre for 
diagnostic  laparotomy– this was awarded equal 
points as a positive FAST if intra-abdominal fluid 
was found. The authors chose not to weight the 
variables. The Sensitivity was 85% and the speci-
ficity 41% when FAST was included in the score.

A secondary analysis was performed to pre-
dict MT at 6  hours (i.e. ≥10  units of PRBCs 
within 6 hours). Deranged INR, base deficit and 
haemoglobin were the most strongly correlated 
variables.

More recently, authors from the same institu-
tion published the Revised MTS, which did not 
include heart rate, positive FAST or penetrating 
mechanisms as predictors. This new score had a 
better AUROC: 0.72 vs 0.60 [76]. The authors 
supported removing these elements as FAST 
scans are dependent on the user and can be inac-
curate due to user error or inexperience; heart 
rate may no longer be a reliable measure in the 
aging trauma population, many of whom are tak-
ing medications and have pre-existing conditions 
which affect their heart rate; and penetrating inju-
ries are simply not very common among civilian 
trauma populations.

 The Traumatic Bleeding Severity 
Score (TBSS)

The TBSS was developed on 119 patients and 
internally validated on 113 patients from a sin-
gle trauma centre [77]. Of the included patients, 
62 (52.1%) received an MT. The score combines 
five weighted variables: patient’s age, systolic 
blood pressure after rapid infusion of 1000 mL 
normal saline, number of positive FAST regions, 
presence and type of pelvic fracture and blood 
lactate concentration (Table  15.13). A certain 
number of points is assigned to each variable 
and these numbers are added together to a maxi-
mum of 57 points. A cut-off of 15 points was 
correlated with MT with 97.4% sensitivity and 
96.2% specificity. The AUROC was 0.985. 
There was a subsequent internal validation on a 
later cohort with 32.2% MT rate [78]. The 
AUROC for this validation on 151 severely 
injured patients was 0.97.

The TBSS is more complex than some of the 
MT prediction scores discussed above; however, 
a smartphone application has been developed to 
speed up calculation and hence expedite appro-
priate activation of an MTP.  The cohort upon 
which the TBSS was developed had a markedly 
older mean age (57.6  years, compared with 
39.2 years in the TASH development cohort and 
40 years in the ABC development cohort); thus, 
the impact of age was recognised.

 Code Red

A ‘code red’ is the term used in the UK for send-
ing a prehospital request for the hospital to acti-
vate the MTP in preparation for the arrival of an 
exsanguinating patient [79]. Weaver et al. aimed 
to assess whether three criteria were accurate for 
predicting MT: suspicion or evidence of active 
haemorrhage (from clinical examination and 
findings alone), systolic blood pressure and fail-
ure to respond to a fluid bolus (Table  15.14). 
During this investigation, 126 code red activa-
tions occurred, of which 115 (91%) patients 
received blood products upon arrival. Of these 
patients, 46 (40%) received an MT. A subsequent 
multicentre validation included 53 code red 

Table 15.13 The Traumatic Bleeding Severity Score 
[77]

Variable Value Points
Age ≥60 years

<60 years
6
0

Systolic blood pressure <90 mmHg
90–100 mmHg
100–110 mmHg
≥110 mmHg

12
8
4
0

FAST scan Pericardium
Right thorax
Left thorax
Perihepatic
Perisplenic
Pelvic

3
3
3
3
3
3

Pelvic fracture Type A
Type B
Type C

3
6
9

Lactate concentration ≥7.5 mmol/L
5–7.5 mmol/L
2.5–5 mmol/L
<2.5 mmol/L

12
8
4
0
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 activations, 47 (89%) of whom received blood 
products while six (11%) received MT [80].

This model was not created to predict MT, but 
rather any blood product transfusion. The low 
specificity for MT compared with the high speci-
ficity for any blood transfusions speaks to this. 
Additionally, the non-specific criterion of ‘suspi-
cion or evidence of active haemorrhage’ does not 
lend itself well to widespread implementation of 
this score. One advantage of the score is the ability 
to calculate it quickly, prior to arrival at the hospi-
tal to expedite the provision of blood products.

 The Dynamic Massive Blood 
Transfusion (DMBT) Score

The DMBT score was established in response to 
the PWH score in Hong Kong [63]. A total of 
4991 patients were included in a multicentre 
development study and there were 166 (3.3%) 
patients requiring MT.  Predictor variables that 
were included in the score were systolic blood 
pressure, heart rate, haemoglobin with subse-
quent haemoglobin drop, INR, base deficit, 
unstable pelvic fracture and evidence of haemo-
peritoneum on FAST or CT (Table  15.15). 
Variables were weighted according to the OR 
conferred by them and the maximum score pos-
sible was 21. At a cut-off of ≥6, sensitivity was 
78.2% and specificity was 89.2%. The AUROC 
was 0.907.

 The Revised Assessment of Bleeding 
and Transfusion (RABT) Score

The RABT score follows and alters the ABC 
score in an attempt to improve on its sensitivity 
and specificity [81]. It utilises shock index (rather 

than heart rate and blood pressure as separate 
variables), positive FAST and penetrating mecha-
nism, as well as the new addition of pelvic 
 fracture (Table 15.16). The study cohort was 380 
patients, of whom 102 (26.8%) received MT. A 
threshold of ≥2 points was chosen for its sensi-
tivity of 84% and specificity of 77%, with the 
score attaining an AUROC of 0.828. The RABT 
was more accurate than the ABC score on this 
cohort; ABC had 39% sensitivity, 72% specificity 
and an AUROC of 0.617. This score has not been 
externally validated to date.

 The Baker Model

The Baker model was the first transfusion pre-
diction score, having been developed in a US 
level 1 trauma centre and published in 2001 [82]. 
This model utilises four clinical variables avail-
able upon arrival at the hospital: systolic blood 

Table 15.14 UK Code Red  [79]

Variable Value
Suspicion or evidence of active 
haemorrhage

Yes

Systolic blood pressure <90 mmHg
Failure to respond to fluid bolus Yes

Table 15.15 The Dynamic Massive Blood Transfusion 
Score [63]

Variable Value Points
Systolic blood pressure ≤90 mmHg 2

Heart rate ≥120 bpm 2

Haemoglobin (g/dL) Initially >10 and 
drop <2
Initially 8.1–10 
or drop 2–3.9
Initially ≤8 or 
drop ≥4

0
2
4

INR ≥1.3 2

Base deficit <5
5–9.9
≥10

0
2
5

Unstable pelvic fracture Yes 4
Evidence of 
haemoperitoneum on 
FAST/CT scan

Yes 2

Table 15.16 The Revised Assessment of Bleeding and 
Transfusion Score [81]

Variable Value Points
Penetrating injury Yes 1
FAST Positive 1
Shock index >1 1
Pelvic fracture Yes 1
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pressure, heart rate, GCS and ‘high-risk injury’, 
which included chest trauma, abdominal injuries 
with peritonism, death of a passenger in the same 
vehicle, ejection from a vehicle and penetrating 
injuries to the torso (Table 15.17). The presence 
of all four risk factors was associated with 
a  100% transfusion rate, while zero risk factor 
was associated with a 2% transfusion rate. This 
model does not look directly at predicting mas-
sive transfusion; however, a large proportion of 
the cohort did receive a massive transfusion. The 
rather vague and difficult to remember variable 
of ‘high-risk injury’ is a limitation to the imple-
mentation of this score.

 Military Prediction Scores 
for Massive Transfusion

 The Larson Score

The Larson score was developed in a cohort of 
1124 military combat patients, of whom 420 
(37%) had an MT. [83] The score uses admission 
systolic blood pressure, heart rate, haemoglobin 
and base deficit to predict MT (Table 15.18). The 
chosen threshold of ≥2 points gave a sensitivity 
of 69% and specificity of 65%; however, it must 
be considered that this population has an unusu-
ally high proportion of patients who receive an 
MT. Among patients who scored zero points on 
the Larson score, 16% received MT. An evalua-

tion of patients predicted not to require MT who 
did receive one suggested that severe thoracic 
and abdominal injuries were present, and thus the 
index of suspicion would remain higher for the 
clinician despite the negative score.

The Larson score was validated on a large 
cohort of the TR-DGU alongside other predictive 
models and performed with sensitivity 70.9%, 
specificity 80.4% and an AUROC of 0.823 [11]. 
This was the first validation of the score on a 
civilian database with a significantly lower pro-
portion patients requiring MT (5.6%). It was vali-
dated again on a civilian population of 392 
patients, with 9.2% receiving MT, and had a sen-
sitivity of 76.5% and specificity of 77% [58]. 
This later validation used results available in the 
prehospital setting to expedite the provision of 
blood products. This demonstrated the ease and 
speed with which the score can be calculated, if 
the necessary blood tests can be taken before 
arrival or indeed early upon arrival.

 The Schreiber Score

The Schreiber score was created at two combat 
support hospitals on military casualties. The 
development cohort comprised 558 patients, of 
whom 247 (44.3%) received MT. [84] Three vari-
ables were identified as increasing the odds ratio 
for MT: haemoglobin ≤11 g/dL, INR > 1.5, and 
penetrating mechanism (Table  15.18). The 
AUROC for these variables was 0.80 on the 
development cohort.

The Schreiber score was validated on a civil-
ian cohort from the TR-DGU with a rate of MT 
of 5.6% [11]. The threshold chosen in this valida-
tion was ≥1 point because it produced the most 
favourable combination of sensitivity and speci-

Table 15.17 The Baker Model  [82]

Variable Value Points
Systolic blood pressure <90 mmHg 1
Heart rate >120 bpm 1
Glasgow coma scale <9 1
‘High-risk injury’ Yes 1

Table 15.18 Military Massive Transfusion Prediction Scores [83–85]

The Larson Score The Schreiber Score The McLaughlin Score
Variable Value Variable Value Variable Value
Haemoglobin <11 g/dL Haemoglobin ≤11 g/dL Heart rate >105 bpm

Base deficit ≤ − 6 mmol/dL INR >1.5 SBP <110 mmHg

Heart rate >110 bpm Penetrating mechanism Yes pH <7.25
SBP <110 mmHg Haematocrit <32%

SBP, systolic blood pressure; INR, international normalised ratio
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ficity: 85.8% and 61.7%, respectively. The 
AUROC was 0.8.

The prominence of penetrating mechanism in 
this prediction model makes it difficult to use in 
the civilian trauma population, the vast majority 
of whom sustain blunt trauma. Of the patients in 
the TR-DGU validation, only 5% had a  penetrating 
mechanism, so very few cases would have scored 
three points. The presence of haemoglobin and 
INR is also a limitation: while haemoglobin can 
be very quickly measured, INR takes 40–60 min-
ute to return in a standard emergency department 
and would thus be considered too slow to be help-
ful in activating a massive transfusion protocol.

 The McLaughlin Score

The McLaughlin score was developed at a single 
combat support hospital on 302 military casual-
ties [85]. Of the included patients, 80 (26%) 
received MT.  Multivariate regression analysis 
was performed on several potentially predictive 
factors and four were found to be significantly 
correlated with MT: heart rate, systolic blood 
pressure, haematocrit and pH (Table  15.18). A 
formula is applied to the values for each variable 
to produce a likelihood of requiring MT:

log( . . . . .pl SBP HR Hct1 1 576 0 825 0 826 1 044 0 462−( ) = + ∗( ) + ∗( ) + ∗( ) +p ∗∗( )pH

The score was 59.4% sensitive and 77.4% spe-
cific on internal validation. When each variable 
was dichotomised, the likelihood of MT increased 
with the presence of increasing numbers of risk 
factors; however, even patients with zero of the 
criteria had an 11% chance of receiving MT.

An external validation of the McLaughlin 
score in a rural setting revealed a sensitivity 
15.8% and specificity 98% [62]. The authors 
used a threshold of all four variables, which was 
associated with an 80% incidence of MT, as their 
cut-point. The cumbersome formula required to 
produce a likelihood of MT is a limitation only 
in  as  much as it must be used initially, when 
implementing this score into a new trauma cen-
tre, to decide what is the appropriate threshold to 
activate the MTP based on the characteristics of 
the unique patient population.

 Conclusion

Early recognition of severely injured, bleeding 
trauma patients with complicating trauma- 
induced coagulopathy would allow timely, tar-
geted treatment aimed at stopping the bleeding 
and correcting lethal coagulation defects in these 
vulnerable patients. Massive transfusion of blood 
products is a potentially life-saving treatment in 
extreme cases and corresponding protocols, 

including logistics, need to be timely activated. 
The prompt activation of a massive transfusion 
protocol is crucial to its success: delays in the 
provision of blood products may dramatically 
decrease survival rates. Furthermore, massive 
transfusion protocols encourage the provision of 
blood products in ratios that closely resemble the 
composition of whole blood. Identification of 
patients who will receive a massive transfusion 
allows treating teams to aim for an ideal ratio. 
Patients can be identified as requiring massive 
transfusion using laboratory or point-of-care tests 
or through the use of prediction tools. The scores 
described and all summarized in Table 15.19 aim 
to predict the requirement of massive transfusion 
through physiological, biochemical or radiologi-
cal signs. While these scores have been thor-
oughly and carefully developed, none have been 
proven to be consistently or reliably accurate. 
Importantly, no large prospective trials have 
investigated massive transfusion prediction 
scores including validation. These scores are lim-
ited by their retrospective validations, reliance on 
slow laboratory tests, cumbersome formulae and 
low sensitivity and specificity. The balance 
between sensitivity and specificity has been dif-
ficult to assess: a high sensitivity is important 
because the harms of delaying blood transfusion 
due to a patient not being identified as needing 
one are great; however, a low specificity inflicts 
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the risk of potentially wasting valuable blood 
products. While there is no substitute for a clini-
cian’s gestalt, an effective massive transfusion 
trigger will increase efficiency and promote con-
sistently excellent care in the trauma environ-
ment. Further study is needed to identify scores 
which adequately predict coagulopathy and 
 massive transfusion to reduce mortality from 
traumatic injuries and haemorrhage.
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Prothrombin and Partial 
Thromboplastin Time

Elizabeth P. Crowe, Ruchika Goel, 
and Paul M. Ness

 General Description and Clinical 
Use of Basic Coagulation Tests – PT 
and PTT

Basic plasma coagulation function is readily 
assessed with a few simple in vitro laboratory 
tests: prothrombin time (PT), partial thrombo-
plastin time (PTT), thrombin time (TT), and 
quantitative fibrinogen determination. 
Traditionally, the PT and PTT assays were devel-
oped for diagnostic purposes unrelated to diag-
nosing or treating trauma patients. The PTT was 
originally used to identify subjects with hemo-
philia and subsequently to assay the level of anti-
hemophilic factor VIII in hemophilia A patients 
[1] or factor IX in hemophilia B patients. The PT 
was initially used to assay the prothrombin level 
[2, 3] and its principal clinical utility now is in 

monitoring the adequacy of warfarin anticoagu-
lation or providing an early diagnosis of patients 
with coagulopathy due to liver disease.

Figure 16.1 depicts the well-known “coagula-
tion cascade” culminating eventually in thrombin 
generation. This model of the coagulation pro-
cess was derived from the biochemical interac-
tions of the coagulation proteins and describes 
very well the mechanisms of the PT and PTT 
assays.

While the PTT assesses the intrinsic limb of the 
coagulation system (prekallikrein, high- molecular- 
weight kininogen, factors XII, XI, IX, VIII), the 
PT assesses the extrinsic or tissue factor- dependent 
pathway that consists of tissue factor and factor 
VII. Both tests also evaluate the common coagula-
tion pathway factors (prothrombin, V, X, and 
fibrinogen) involving all the reactions that occur 
after the activation of factor X (Fig.  16.1). 
Simultaneously drawn PT and PTT are needed to 
properly evaluate the coagulation system.

In PT, clotting is initiated by recalcifying 
citrated patient plasma in the presence of a throm-
boplastin (tissue factor) reagent. The PTT, on the 
other hand, is performed by recalcifying citrated 
plasma in the presence of a thromboplastic mate-
rial that “does not” have tissue factor activity 
(hence the term partial thromboplastin) and a 
negatively charged substance (e.g., celite, kaolin, 
silica), which results in contact factor activation, 
thereby initiating coagulation via the intrinsic 
clotting pathway. Both PTT and activated partial 
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thromboplastin time (aPTT) are used to test for 
the same functions; however, in aPTT, an activa-
tor is added that speeds up the clotting time and 
results in a narrower reference range. The aPTT 
is considered a more sensitive version of the PTT 
and is used to monitor the patient’s response to 
heparin therapy. The reference range of the aPTT 
is 30–40  s. The reference range of the PTT is 
60–70 s. The endpoint for the PT and PTT (and 
also thrombin time) is the time (in seconds) for 
the formation of a fibrin clot, which is detected 
by visual, optical, or electromechanical means.

A PT is expressed in seconds and/or as an 
international normalized ratio (INR). INR is the 
PT ratio that would result if the WHO reference 
thromboplastin had been used in performing the 
test. The PT/INR is most commonly used to mea-
sure the effect of warfarin and regulate its dosing 
as warfarin blocks the effect of vitamin K on 
hepatic production of extrinsic pathway factors. 

Utilizing the INR system of notation rather than 
the PT in seconds accounts for the variability of 
laboratory reagents used throughout the world 
and allows the effectiveness and dosing of warfa-
rin therapy to be assessed by different laborato-
ries with results that are consistent for patient 
care.

Prolongation of PT occurs with vitamin K 
deficiency (nutritional/antibiotic related), liver 
disease, DIC, deficiency of factors VII, II, and X, 
fibrinogen, oral direct thrombin, or Xa inhibitors. 
Prolongation of the PTT can occur with a defi-
ciency of, or an inhibitor to, any of the clotting 
factors except for factor VII. Medications that 
prolong the PTT include heparin, direct thrombin 
inhibitors, and direct factor Xa inhibitors. 
Notably, certain lupus anticoagulants, which are 
antibodies directed against plasma proteins 
bound to anionic phospholipids, cause PTT pro-
longation by interfering with the in vitro assem-
bly of the prothrombinase complex. These 
in vitro events are paradoxically associated with 
an increased risk of venous and arterial 
thrombosis.

It is important to note that the cascade concept 
of coagulation as depicted above has often incor-
rectly been interpreted as an “actual in  vivo 
model of coagulation” implying two parallel run-
ning systems. Although the cascade model 
remains useful to explain the mechanisms and 
utility of the PT and PTT, it does not explain the 
physiology of hemostasis or thrombosis very 
well. A “cell-based” model of hemostasis as pro-
posed by Hoffman et  al. recognizes the major 
contribution of platelets to the clotting process, is 
more physiological, and shows that the two path-
ways have different functions and are both needed 
for adequate hemostasis. For details, please refer 
to Dr. Hoffman’s description of the cell-based 
model of hemostasis [4, 5] in Chap. 3.

It is clear now that PTT and PT alone do not 
reflect the underlying physiology very well and 
furthermore they do not predict hemorrhagic or 
thrombotic predisposition. The absolute prolon-
gation of the PT/PTT is not always clinically rel-
evant. If the PT or PTT is abnormal, we can only 
determine the patient’s risk of bleeding if we 
know the reason that the test is abnormal [6]. 

Fig. 16.1 The waterfall/coagulation cascade model of 
coagulation: the model is outlined as a Y-shaped scheme, 
with distinct “intrinsic” and “extrinsic” pathways initiated 
by FXII and FVIIa/tissue factor, respectively, with conver-
gence of the two on a “common” pathway at the level of 
the FXa/FVa (prothrombinase) complex
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These screening tests are most useful in deter-
mining the cause of bleeding in a patient with 
hemorrhage, guiding the selection of other test-
ing to look for specific factor deficiencies, and in 
guiding which blood components to transfuse to 
bleeding patients [6]. For example, a patient with 
an elevated PTT due to FVIII deficiency (hemo-
philia A) has a high risk of bleeding compared to 
a patient with an elevated PTT due to FXII defi-
ciency who has no increased risk of bleeding and 
may actually be at risk for thrombosis. Likewise, 
a patient with a prolonged PTT due to the pres-
ence of a lupus anticoagulant usually does not 
have an increased risk of bleeding and may actu-
ally be at risk for thrombosis instead.

 Role of PT/PTT in Coagulation 
Assessment in Trauma-Induced 
Coagulopathy

PT/INR and PTT are the most readily obtainable 
coagulation tests and so they remain the current 
standard for establishing a diagnosis of coagu-
lopathy. While elevated PT is an integral part of 
the definition of early trauma-induced coagulop-
athy (ETIC) itself, PT and PTT have been used 
largely as an early indication of severity in 
trauma.

Hess et al. reported high prevalence of “abnor-
mal coagulation tests” in patients at the time of 
presentation to trauma centers, even in the 
absence of significant crystalloid resuscitation. In 
an analysis of records of all patients admitted to a 
large urban trauma center from 2000 to 2006, 
abnormal PT was increasingly frequent, with 
abnormal results occurring in 5–43% of all 
trauma service admissions as the injury severity 
scores (ISSs) increased from 5 to more than 45. 
Similar trends were noted for PTT [7].

MacLeod et  al. analyzed a trauma registry 
database of 7638 patients investigating PT, PTT, 
platelet count, age, ISS, presence of head injury, 
admission vital signs, and base deficit as predic-
tors of mortality [8]. This study reported that in 
univariate analysis, abnormal PT had an odds 
ratio (OR) of 3.6 (95% confidence interval [CI], 
3.15–4.08; p < 0.0001) for death with and an OR 

of 7.81 (95% CI, 6.65–9.17; p < 0.001) for deaths 
when combined with an abnormal PTT. In a mul-
tivariable regression model, PT and PTT 
remained independent predictors of mortality, 
whereas platelet count did not. The study con-
cluded that a prolonged PT independently pre-
dicted a 35% increase in the likelihood of 
mortality and a substantially greater risk of mor-
tality with a prolonged PTT as well [8].

Maegele et  al. reported data from a large 
German Trauma registry database. They defined 
coagulopathy upon ER admission as abnormal 
prothrombin time test and/or platelets <100,000/
μl. They detected evidence of ETIC in more than 
one third of patients (34.2%) upon presentation 
to ER. They noticed an increasing incidence of 
coagulopathy with increasing amounts of intra-
venous fluids administered prior to coagulation 
assessments. Coagulopathy was observed in 
>40% of patients with >2000 ml, in >50% with 
>3000 ml, and in >70% with >4000 ml of fluids 
administered [9].

Corroborating the data from German registry, 
Shaz et al. characterized the role of hemodilution 
in ETIC. They asserted that ETIC is associated 
with decreased factor activities without signifi-
cant differences in thrombin and fibrin genera-
tion, suggesting that despite these perturbations 
in the coagulation cascade, patients displayed a 
balanced hemostatic response to injury. The 
“lower factor activities” are likely secondary to 
hemodilution and coagulation factor depletion. 
Thus, decreasing the amount of crystalloid 
infused in the early phases following trauma and 
early administration of coagulation factors 
through plasma resuscitation may prevent the 
development of severe ATC [10]. The data sup-
port the evolving picture that more severe injury, 
as demonstrated by increased ISS with resultant 
hypotension, can result in increased amounts of 
crystalloid administration in transit to the emer-
gency department. This subsequent hemodilution 
results in a lower hematocrit and lower coagula-
tion factor activities, most importantly factor VII, 
leading to the prolonged PT, which defines 
ETIC. Recent clinical randomized controlled tri-
als investigating the efficacy of early prehospital 
plasma transfusion compared with standard of 
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care in trauma patients at risk for hemorrhagic 
shock have produced conflicting results [11, 12]. 
Whereas the PAMPer trial demonstrated a 30-day 
mortality benefit (23% vs 33%; p = 0.03) in the 
plasma-treated group, the COMBAT trial showed 
no difference in 28-day mortality (15% vs 10%; 
n.s.). Neither study reported clinically relevant 
improvements in standard assays of coagulation 
or viscoelastic testing following early plasma 
transfusion.

Other groups have corroborated these findings 
using different trauma registries. In a study of 
182 patients from sub-Saharan Africa, the preva-
lence of coagulopathy was 54% (98/182) and 
mortality was significantly higher in the ATC 
group (29 deaths compared to 9 deaths in the 
non-ATC group). Notably, this study reported 
PTT as a strong independent predictor of mortal-
ity. They reported a significant difference in 
probability of survival between patients with 
elevated PTT and those with normal PTT 
(p = 0.001). Most deaths related to elevated PTT 
occurred early in the hospital stay, with the prob-
ability of survival becoming parallel in the two 
groups as time went on [13]. Hess et al. have also 
reported abnormal PTT to be associated with 
excess mortality with PTT values that were 
abnormal but below the conventional PTT trans-
fusion triggers [7].

Isolated traumatic brain injury (TBI)-
associated coagulopathy defined as PTT >40  s 
and/or a PT/INR >1.2 and/or a platelet count 
<120,000/μl has also been shown to be strongly 
associated with an unfavorable outcome [14].

 Utility and Limitations of PT/PTT 
Measurements

While there are considerable benefits to PT/PTT 
assessments in trauma patients, there are also 
major limitations. While a prolonged PT remains 
a strong predictor of mortality and correlates 
with injury severity, it may not fully explain the 
mechanism of coagulopathy. It is very important 
to remember that these tests were originally 
designed to monitor oral anticoagulant therapy or 
diagnose hemophilia. The current testing proce-

dures are performed on platelet-poor plasma at 
37 °C and usually require 30–60 min to process 
by conventional methods [15], which may not be 
very helpful or timely in the management of 
acute trauma. Thus, for hemorrhaging trauma 
patients requiring acute interventions, these 
results may not be a contemporary and accurate 
reflection of coagulation function [5].

Nevertheless, currently available PT and PTT 
remain the most widely utilized and most cost- 
efficient first-line tests available for coagulopathy 
evaluation at most testing facilities especially so 
in resource-limited settings and smaller emer-
gency room settings that are independent of 
major trauma centers [13]. They may also serve 
as an early warning about the severity of injury in 
a patient who presents with elevated PT but who 
is not actively bleeding. PT/INR point-of-care 
testing on arterial or venous whole blood has 
shown potential to circumvent the delays associ-
ated with conventional PT assays while maintain-
ing the ability to detect ETIC during the initial 
assessment of trauma patients [16]; however, 
point-of-care coagulometers and laboratory- 
based PT/INR assays may show significant vari-
ability in this setting [17, 18].

 Alternative Tests for Coagulopathy 
Evaluation in ETIC

Thromboelastography (TEG, Haemonetics, 
Braintree, MA) or rotational thromboelastometry 
(ROTEM, TEM International, GmbH, Munich, 
Germany) tests measure viscoelastic properties 
of the clot and have gained traction as testing 
methods that can be performed on whole blood. 
Viscoelastic testing is increasingly performed as 
“point-of-care” assays in the emergency depart-
ment or perioperative settings providing quick 
turnaround times compared to testing performed 
in a centralized clinical laboratory [19–21].

A systematic review comparing the diagnostic 
accuracy of viscoelastic testing with the standard 
PT/INR for the diagnosis of TIC in adult trauma 
patients with bleeding found limited evidence to 
support the accuracy of either TEG or ROTEM 
and highlighted the need for further prospective, 
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randomized studies [22]. Since then to date, a 
single, randomized controlled trial in 111 adult 
trauma patients comparing goal-directed massive 
transfusion with either TEG or standard assays of 
coagulation (international normalized ratio, 
fibrinogen, platelet count) has been completed 
[23]. Compared with standard assays of coagula-
tion, TEG-guided massive transfusion trauma 
resuscitation improved 28-day survival and 
resulted in fewer plasma and platelet transfusions 
in the early resuscitation period. Viscoelastic test-
ing and applicability in ETIC will be addressed in 
more extensive detail in the ensuing chapters.

 Conclusions/Summary

Current guidelines for the management of bleed-
ing and coagulopathy in the adult trauma patient 
support early and repeated monitoring of coagu-
lation with either standard coagulation assays 
(e.g., PT, INR, aPTT, platelet count, Clauss 
fibrinogen) or point-of-care assays (PT/INR) or 
viscoelastic testing [24].

PT/INR and PTT are the most readily obtain-
able coagulation tests and retain clinical utility to 
provide an early diagnosis of coagulopathy due 
to trauma. These assays have traditionally been 
used to detect and monitor TIC in hemorrhaging 
adult trauma patients. While both PT and PTT 
have been shown to be highly predictive of sever-
ity and mortality risk in trauma patients, they 
may not provide an accurate and contemporary 
description of the coagulation dysfunction in a 
trauma patient being resuscitated and may not be 
predictive of the bleeding or thrombosis risk per 
se. The results of PT/PTT testing typically have 
inadequate turnaround time to be useful to man-
age concurrent patients, but they retain some util-
ity in assessing efficacy in treated patients as part 
of research protocols and ongoing databases.

Although the use of viscoelastic testing to 
monitor and guide transfusion in TIC continues 
to expand, there is currently limited evidence to 
support the superiority of viscoelastic testing 
compared with standard assays of coagulation for 
patient-centered outcomes [25]. Viscoelastic test-
ing may provide more rapid and comprehensive 

assessments of the hemostatic system in trauma. 
As better testing algorithms for diagnosing and 
treating hemorrhage and/or thrombosis are devel-
oped, clinicians should suspect and empirically 
treat acute coagulopathy in patients at risk. It is 
likely that ongoing development and validation 
of robust point-of-care tests of coagulation and 
thrombosis will ultimately permit better tailoring 
of resuscitation to the individualized needs of 
each trauma patient.
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Fibrinogen Assays

Christoph J. Schlimp and Herbert Schöchl

 General

Fibrinogen plays a crucial role in haemostasis. It 
is not only the precursor of fibrin but has also a 
high affinity to glycoprotein IIb/IIIa receptors, 
which are expressed on activated platelets. Thus, 
fibrinogen contributes to both platelet aggrega-
tion and the formation of a stable fibrin network. 
Importantly, fibrinogen seems to be the most vul-
nerable coagulation factor, reaching critically 
low levels earlier than any other coagulation pro-
tein in the course of severe bleeding [1–4]. A 
variety of reasons, such as major blood loss, dilu-

tion, consumption, hyperfibrinolysis, hypother-
mia and acidosis, are responsible for the rapid 
deterioration of the plasma fibrinogen concentra-
tion [5–7]. Importantly, low fibrinogen levels are 
strongly related to the amount of blood loss, the 
extent of shock and the severity of injury [8]. 
Recent guidelines recommend maintaining the 
plasma fibrinogen concentration above 1.5–2 g/L 
in bleeding trauma patients [9, 10]. Moreover, 
these guidelines strongly recommend early and 
repeated assessment of fibrinogen in trauma 
patients with substantial bleeding.

 Fibrinogen, Principles 
of Measurement

More than 60 different methods for measuring 
plasma fibrinogen concentration have been 
described. The number depends on the type of 
activation method and read-out [11]. The four 
major fibrinogen assay groups are chronometric 
(Clauss), derived (prothrombin time), immuno-
logical and clottable. Typical read-outs are 
mechanical or optical. Moreover numerous 
reagents may multiply the possibilities of mea-
surements [11].

Recently, in contrast to plasma fibrinogen 
measurements, whole blood fibrinogen measure-
ment methods have been introduced, potentially 
providing faster results than plasma-based tech-
niques [12–15].
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 Chronometric Clauss Fibrinogen 
Measurement

Most commonly the Clauss method, which is a 
modification of thrombin time, is used to deter-
mine fibrinogen plasma concentration. As a note, 
consistency in the nomenclature of the Clauss 
method should be a goal as in the past it has been 
erroneously referred to as the “von Clauss” 
method [16]. In the original publication in 
German [17], “von” is not part of the name (i.e. a 
title of nobility), but simply means “written by” 
A.  Clauss (Arnold Clauss). The Clauss method 
measures fibrinogen levels generated in a diluted, 
citrated platelet-poor plasma sample in the pres-
ence of an excess amount of thrombin (~100 U/
mL). The time of the coagulation process is 
determined and extrapolated into a measurement 
of the functional fibrinogen concentration using 
calibration standards [18, 19]. The clotting time 
is inversely proportional to the amount of fibrino-
gen in the sample. Several methods have been 
developed to detect the fibrin clot endpoint gen-
erated by the Clauss assay. Automated coagula-
tion analysers incorporating mechanical, 
electromechanical or photo-optical detection are 
commonly used. Mechanical devices detect the 
movement of a metal hook or the removal of a 
steel ball from a magnetic field upon clot forma-
tion. In contrast, electromechanical devices mea-
sure the effect of clot formation on the oscillation 
of a steel ball. The photo-optical techniques 
assess changes in light transmission [20]. 
Multiple commercially produced Clauss assays 
are available, with marked differences in throm-
bin concentration and source (e.g. bovine or 
human) and in the concentration of stabilisers, 
inhibitors and buffers [21]. In addition, a number 
of different reference plasmas are used as calibra-
tors with substantial differences in composition 
between these products [20].

 Derived Fibrinogen Measurement

Derived fibrinogen is based on the fact that the 
difference between baseline and maximum tur-
bidity during prothrombin time (PT) measure-

ment is proportional to the fibrinogen 
concentration between 0.5 and 16  g/L [22]. 
PT-derived fibrinogen measurement is estab-
lished in some countries such as the UK, but it is 
not recommended by guidelines on fibrinogen 
assays because of the potential for discrepancies 
versus the Clauss method [21].

 Whole Blood Fibrinogen 
Measurements

A new concept, which avoids prior centrifugation 
of the blood sample, is fibrinogen measurement 
in whole blood. Amukele et al. used an electro-
mechanical device for the determination of whole 
blood fibrinogen, with acceptable results for the 
lower fibrinogen range but higher variations in 
fibrinogen levels above 4 g/L [12].

Ogawa et al. reported the “dry reagent method” 
(dry haematology), which assesses thrombin- 
induced clot formation in an oscillating magnetic 
field [14]. This technique has been introduced for 
whole blood PT, activated partial thromboplastin 
time and activated clotting time measurements. 
After adjusting for haematocrit an excellent cor-
relation between whole blood fibrinogen mea-
surements and the Clauss method has been 
observed.

This finding is in alliance with recent studies 
by Schlimp et al. in which fibrinogen concentra-
tion was measured in whole blood using a stan-
dard Clauss assay and a steel ball coagulometer 
[13]. The feasibility of this approach was tested 
with a Clauss assay using multiple porcine fresh 
blood samples obtained during in vivo bleeding, 
haemodilution and after treatment with haemo-
static therapy. Two different Clauss assays were 
then tested using multiple human volunteers’ 
blood samples diluted in vitro and supplemented 
with fibrinogen concentrate. After adjustment of 
the measured whole blood fibrinogen concentra-
tion with a quickly measureable haemoglobin- 
derived haematocrit, regression and 
Bland-Altman analyses of derived “plasma- 
equivalent” fibrinogen and measured plasma 
fibrinogen concentration were excellent in por-
cine and human blood samples, especially in the 
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ranges relevant to traumatic or perioperative 
bleeding. Hayakawa et  al. also just reported 
whole blood coagulation analyser-measured 
fibrinogen levels within 2  min in critical care 
settings [15].

Fast whole blood fibrinogen measurements 
could be considered as an alternative to plasma 
fibrinogen measurement for acute bleeding man-
agement in trauma and perioperative care set-
tings. Further studies are needed to prove this 
concept and determine the turnaround times for 
its clinical application in emergency rooms and 
operating theatres.

 Immunologic and Clottable 
Fibrinogen Measurement

Immunologic and clottable fibrinogen measure-
ment are frequently applied for research purposes 
but hardly used in clinical routine. Compared to 
the Clauss method or PT-derived measurements, 
immunologic assays are expensive and/or inap-
propriate in terms of turnaround times for clinical 
routine.

Moreover, immunologic assays count the 
number of molecules to some extent independent 
of its functionality. Therefore in trauma and 
shock it must be taken into account that an immu-

nological assay shows total fibrinogen but not the 
actual functional fibrinogen concentration. 
However, from an experimental point of view the 
difference between an immunological and func-
tional assay could give a hint to fibrinogen degra-
dation occurring due to shock [23].

 Plasma Fibrinogen, Shortcomings

Unfortunately, the Clauss method is not stan-
dardised. Numerous variations in respect to the 
read-out method (photo-optical, mechanical or 
electromechanical), type of calibrators, analyser 
platforms and assay brands could deliver sub-
stantially different results for the same plasma 
sample. A variety of studies showed that the mea-
surement of plasma fibrinogen concentration can 
be affected by the type of device [24, 25], reagents 
[25], assay methods [26] and calibrators [27, 28] 
used. It has been shown recently that significant 
differences exist in the performance of assays for 
measuring plasma fibrinogen concentration, par-
ticularly between different laboratories ([16] and 
Fig. 17.1).

All of these variations have the potential to 
influence the result, especially in bleeding 
patients where further clinical variables (e.g. hae-
modilution, hydroxyethyl starch or the presence 

Fig. 17.1 Mean (standard deviation) values of fibrinogen 
concentration measurements obtained from the same set 
of plasma samples measure with seven different Clauss 
assays. Assays 1–5 represent assays with photo-optical 

read-out, assay 6 with an electromechanical (EM) read- 
out and assay 7 with a steel ball mechanical (SBM) read- 
out. Differences in the absolute fibrinogen concentration 
up to 82% have been observed [16]
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of fibrin/fibrinogen degradation products or lip-
ids) may amplify any differences between mea-
surement methods. It has been reported that the 
presence of artificial colloids (e.g. dextran or 
hydroxyethyl starch) significantly raises mea-
sured fibrinogen concentration above that pre-
dicted by the dilutional effect [29]. Thus, when 
high volumes of synthetic colloids are infused in 
the course of massive transfusion, hypofibrinoge-
naemia may potentially be overlooked. Adam 
et al. reported that photo-optical methods signifi-
cantly overestimate the fibrinogen concentration 
in blood diluted with hydroxyethyl starch [22, 
30]. Fibrinogen concentration was overrated by 
>80% and >110% with 30% and 50% dilution, 
respectively. Similar observations have been 
made by Fenger-Eriksen et al. [24].

The most important shortcoming of plasma- 
based fibrinogen measurements is the unaccept-
able long turnaround time. Davenport and 
co-workers reported a median turnaround time 
for standard coagulation assessment of 78  min 
with an interquartile range of 62–103 min [31]. 
This is in line with a French survey, which 
reported a corresponding median time of 88 min 
with a range of 29–295  min [32]. This signifi-
cantly limits the clinical value of PT-derived and 
Clauss measurements of fibrinogen. A much 
reduced turnaround time (14  min) has been 
reported and was achieved by rapid centrifuga-
tion, swift sample transport, optimal communica-
tions and an extended calibration range [33]. 
However, in most centres, it is doubtful whether 
this could be implemented in clinical routine.

 Fibrin-Based Viscoelastic Tests

Modern viscoelastic methods such as thrombo-
elastometry (ROTEM®, TEM International 
GmbH, Munich, Germany), viscoelastometry 
(ClotPro, enicor GmbH, Munich, Germany), 
thrombelastography/resonance method (TEG®, 
Haemonetics Corp., Braintree, MA, USA) or 
sonic estimation of elasticity via resonance 
sonorheometry (Quantra Hemostasis Analyzer, 
HemoSonics LLC, Charlottesville, VA) provide 
information on the speed of initiation of coagula-

tion, the kinetics of clot growth, the clot strength 
and the potential breakdown of the clot . Specific 
assays, such as the ROTEM FIBTEM, ClotPro 
FIB test, TEG functional fibrinogen (FF) and 
Quantra fibrinogen contribution (FCS), are 
designed to assess the fibrin polymerisation in 
whole blood by assessing clot strength in the 
presence of a platelet inhibition [34–37]. It allows 
specific evaluation of the fibrin component of the 
clot (Fig. 17.2). Fibrin clot strength is primarily 
(though not exclusively) dependent on fibrinogen 
and activated FXIII. Thus, any functional impair-

a Normal results

Fibrin/Fibrinogen deficit

Platelet deficit

Platelet component

Fibrin component

Platelet component

Platelet component

Fibrin component

Fibrin component

EXTEM
FIBTEM

EXTEM
FIBTEM

EXTEM
FIBTEM

b
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Fig. 17.2 EXTEM (extrinsically activated test) provides 
rapid information about the overall clot formation, 
whereas FIBTEM (extrinsically activated test plus cyto-
chalasin D) focuses within the same time frame on the 
fibrin polymerisation of the clot after platelet inhibition 
(a). Fibrinogen and platelets both contribute to overall 
clot firmness. However, by only performing the EXTEM 
assay, fibrin(ogen) deficit (b) and platelet deficit (c) can-
not be distinguished. With the supplementary platelet 
inhibition assay, the two coagulopathic conditions can be 
separated
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ment of fibrinogen (e.g. by colloids) will dimin-
ish the entire clot strength [38].

Data suggest that differences between FF and 
FIBTEM test results may be encountered, and 
therefore ROTEM and TEG results must not be 
used interchangeably [35, 39–44]. A new assay 
(ROTEM assay: FIBTEM PLUS), which has 
been studied experimentally and clinically, pro-
vides higher effectiveness to inhibit the platelet 
contribution to clot strength (Fig. 17.3). Thus, a 
combination of cytochalasin D and a glycopro-
tein IIb/IIIa blocker allows a complete inhibition 
of platelet contribution and therefore more accu-
rate information on the fibrin-based clot strength 
[39, 42]. The recently released ClotPro FIB-test 
already uses dual platelet inhibition with cyto-
chalasin D and a synthetic glycoprotein IIb/IIIa 
antagonist [37].

Recent studies raised the question to which 
extent haematocrit influences whole blood visco-
elastic test results [45–48]. It is important to keep 

in mind that the actual fibrin clot strength in whole 
blood only partially reflects plasma fibrinogen 
concentration, but gives a more comprehensive 
picture of fibrin polymerisation in whole blood. 
Moreover, it has been reported recently that 
fibrinogen interacts with erythrocytes [49, 50], 
and fibrinogen receptors on erythrocytes have 
been discovered [51, 52]. Binding of fibrinogen 
on these receptors might potentially interfere with 
clot strength. Although the amplitude of fibrin-
based viscoelastic tests can be used to guide 
fibrinogen supplementation, we strongly discour-
age the reporting of functional fibrinogen in the 
way of a directly derived and calculated concen-
tration (mg/dL) for the above-mentioned reasons 
[38]. However, when performed in platelet- free 
plasma an extrinsically activated thromboelasto-
metric measurement correlates highly with the 
actual fibrinogen concentration [13].

Clinically, it has also been shown that the 
FIBTEM assay may have potential for early pre-
diction of massive transfusion [53]. An important 
advantage of both the FIBTEM and FF assays is 
a short turnaround time. ROTEM and TEG analy-
ses are performed in whole blood, thus avoiding 
the need for prior centrifugation of the blood 
sample. For ROTEM, a mean manipulation (set-
 up) time of 2  min 51  s has been reported for 
trained physicians [54]. Therefore, the first 
ROTEM test results allowing to estimate fibrin 
base clot strength, such as the clot amplitude at 
5  min (A5), can be expected in around 8  min. 
Turnaround times for the FF assay have not been 
reported until now. Guidelines of the European 
Society of Anaesthesiology, and others, propose 
to use viscoelastic measurements in traumatic or 
perioperative bleeding patients [9, 10].

 Plasma Fibrinogen Estimation by 
Surrogate Parameters

Rapid estimation of plasma fibrinogen in major 
trauma patients upon emergency room admission 
has been recently proposed, based on the results 
of blood gas analysis including the measurement 
of haemoglobin (Hb) and base excess (BE) as 
well as calculation of the Injury Severity Score 

Fig. 17.3 Data from viscoelastic assays designed to 
assess the functional capacity of fibrinogen in whole 
blood. Graph shows the maximum clot firmness (median, 
interquartile range and range). All assays are activated 
extrinsically (tissue factor) and platelet function was 
inhibited either with a glycoprotein-IIb/IIIa receptor 
inhibitor (EXTEM  +  abciximab and functional fibrino-
gen), cytochalasin D (FIBTEM or FIBTEM-S) or a com-
bination of both (FIBTEM  +  abciximab and FIBTEM 
PLUS). Unless stated “ns” (not significant), maximum 
clot firmness from all assays resulted in significant 
between-test differences [39]
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[8] (Fig.  17.4). In a study of severely injured 
patients (n = 675) admitted with an Hb <12 g/dL, 
74% had low (<2  g/L) and 54% had critical 
(<1.5 g/L) plasma fibrinogen levels. Of patients 
admitted with Hb <10  g/dL, 89% had low and 
73% had critical plasma fibrinogen levels. These 
values increased to 93% and 89%, respectively, 
among patients with an admission Hb <8  g/
dL.  Sixty-six per cent of patients with only a 

weakly negative BE (<−2 mmol/L) showed low 
plasma fibrinogen levels. Of patients with BE 
<−6 mmol/L upon admission, 81% had low and 
63% had critical plasma fibrinogen levels. The 
corresponding values for BE <−10 mmol/L were 
89% and 78%, respectively (Table 17.1).

 Conclusion

Many different plasma fibrinogen measurement 
methods are available. However, most commonly 
the Clauss method is used in order to measure 
fibrinogen plasma concentration. Several factors, 
including type of device and reagent, have been 
shown to affect the results of fibrinogen concentra-
tion measurements by the Clauss method and clini-
cally significant differences exist between the 
performances of assays. Turnaround times for 
plasma fibrinogen in the clinical settings of a bleed-
ing patient may be considered too long. 
Measurement of whole blood fibrinogen in periop-
erative or traumatic bleeding may be a future option 
to rapidly determine fibrinogen concentrations and 
can be easily calculated for plasma values as well. 

a

b

c

Fig. 17.4 Plasma fibrinogen concentration (mg/dL) ver-
sus (a) haemoglobin (Hb, g/dL), (b) base excess (BE, 
mmol/L) and (c) Injury Severity Score (ISS). The fitted 
regression line (solid) is shown along with a correspond-
ing 95% confidence interval (dotted lines) [8]

Table 17.1 Percentage of patients with adequate, low 
and critical plasma fibrinogen levels (FIB) when combin-
ing the parameters of Hb (g/dL) and BE (mmol/L) of 
severe trauma patients on admission [8]

Adequate FIB 
(≥200 mg/dL)

Hb 
≥12.0

Hb 
11.9–
10.0

Hb 
9.9–8.0

Hb 
<8.0

BE ≥ −2 63% 73% 25% 50%

BE −2.1 to −6 57% 30% 24% 17%

BE −6.1 to −10 50% 21% 5% 3%

BE < −10 42% 0% 0% 4%

Low FIB 
(<200 mg/dL)

Hb 
≥12.0

Hb 
11.9–
10.0

Hb 
9.9–8.0

Hb 
<8.0

BE ≥ −2 37% 27% 75% 50

BE −2.1 to −6 43% 70% 76% 83%

BE −6.1 to −10 50% 79% 95% 97%

BE < −10 58% 100% 100% 96%

Critical FIB 
(<150 mg/dL)

Hb 
≥12.0

Hb 
11.9–
10.0

Hb 
9.9–8.0

Hb 
<8.0

BE ≥ −2 6% 11% 8% 50%

BE −2.1 to −6 18% 36% 56% 75%

BE −6.1 to −10 11% 68% 65% 93%

BE < −10 33% 67% 92% 93%
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Plasma fibrinogen estimation in trauma patients on 
admission by surrogate parameters has been pro-
posed. Viscoelastic tests estimating fibrin-based 
clot strength in whole blood are increasingly used 
to faster estimate the need for fibrinogen supple-
mentation in the bleeding trauma patient.
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Dedication This chapter is dedicated to my wife 
Dr. Anke Görlinger, who passed away much too 
early on December 27, 2019. Without her sup-
port, this work could not have been done.

 Thromboelastometry Basics

 The ROTEM® Device

Rotational thromboelastometry (ROTEM®, TEM 
Innovations GmbH, Munich, Germany and 
Instrumentation Laboratory, Bedford, MA, USA) 
is a whole blood viscoelastic hemostasis analyzer, 
which evolved from the original thromboelastog-
raphy (TEG) system, introduced by Helmut 

Hartert in 1948 and in the 1990s by Andreas 
Calatzis to the ROTEG® and later ROTEM® 
delta system [1, 2]. Although the TEG® (5000) 
and ROTEM® (delta) devices still share some 
similarities, there are several distinct differences 
with regard to measurement technique, assays, 
and measurement variables (Fig. 18.1) [3, 4].

The semiautomated ROTEM® delta device 
consists of a compact measurement unit with four 
temperature-adjusted independent measurement 
channels, a pre-warming plate, a reagent tray, and 
an integrated personal computer, allowing for 
remote viewing and LIS (laboratory information 
system) connection. An attached touchscreen and 
a software-assisted automatic pipette are used to 
control the device and the specific ROTEM® soft-
ware. This makes the device very user-friendly 
and reduces intra- and inter- operator variability of 
test results [5–7]. This allows for using the device 
in a multiuser environment, for example, in the 
emergency room, operating room, or at the inten-
sive care unit. Furthermore, the user is guided 
through the measurement process by the 
ROTEM® device with instructions and picto-
grams, displayed on the touchscreen, and a help 
menu can be activated if support in result interpre-
tation is desired. Of course, this does not substi-
tute for adequate education in hemostasis and 
decision-making by the attending physician.

The new ROTEM® sigma device, CE marked 
in Europe since August 2015 and FDA-approval 
study actually running (2019), is still using the 
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proven viscoelastic pin-and-cup technology but 
avoids any pipetting as a cartridge-based, fully 
automated ROTEM® device [8–10]. The 
ROTEM® sigma device is designed for the use 
at the point of care, reduces the hands-on time to 
about 2 min, and eliminates any potential pipet-
ting error and other user errors. ROTEM® sigma 
cartridges provide a panel of four ROTEM® 
assays. Actually, there are two different car-
tridges available: type 1 (complete) contains 
EXTEM, FIBTEM, INTEM, and APTEM for 
cases where the effect of an antifibrinolytic drug 
should be assessed; type 2 (complete + hep) con-

tains EXTEM, FIBTEM, INTEM, and HEPTEM 
for cases where a differentiation between coagu-
lation factor deficiencies and heparin or heparin- 
like effects might be necessary (see section 
“ROTEM® Assays”). Besides cardiovascular 
surgery and liver transplantation, this may apply 
for any cases with severe shock and endothelial/
glycocalyx damage such as in severe trauma and 
postpartum hemorrhage [11–13]. Cartridge- 
based assays are labeled by the suffix C (e.g., 
EXTEM C). This allows for identifying the 
device type used to generate the data stored in 
the database.

a

c

b

Fig. 18.1 (a) ROTEM® delta device (thromboelastome-
try) plus ROTEM® platelet module (whole blood imped-
ance aggregometry), (b) ROTEM® sigma device and (c). 

ROTEM® sigma cartridge. (Courtesy of Klaus Görlinger, 
Tem Innovations)
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 Measurement Technique

The four viscoelastic measurement channels of 
the ROTEM® devices allow for using a panel of 
specific assays. This improves the diagnostic per-
formance of the device compared to a mono- 
assay system activated by kaolin [14]. 
Accordingly, the ROTEM® device is not only 
suitable to detect a coagulopathy, timely, but also 
to differentiate between different coagulopathies, 
for example, between hypofibrinogenemia and 
thrombocytopenia, and is designed to guide 
hemostatic therapy in bleeding patients 
(Fig.  18.2). Each measurement channel in 
ROTEM® delta consists of a disposable cuvette 
fixed in a temperature-adjusted metal cup-holder 
and a disposable pin attached to a moving axis, 

stabilized by a ball bearing. In ROTEM® sigma, 
pins and cups, a metal mixing ball and lyophi-
lized reagent beads are integrated into the 
ROTEM® sigma cartridges. The ROTEM® axis 
is alternatingly rotating forth and back by 4.75° 
twelve times per minute. After starting the test by 
recalcifying the citrated whole blood in the cup 
and adding an activator (tissue factor or ellagic 
acid), clot strands between pin and cup-wall are 
increasingly impairing the pin rotation. These 
changes in the pin movement are detected by a 
LED light-mirror-light detector system, and the 
consequential signal is processed and trans-
formed by the computer into a thromboelasto-
metric curve (temogram) finally (Fig.  18.3). In 
addition, specific ROTEM® parameters are cal-
culated by the computer and displayed on the 

Fig. 18.2 ROTEM screenshot displaying four ROTEM® 
tests running simultaneously. EXTEM, FIBTEM (and 
APTEM, not displayed) contain polybrene and HEPTEM 
heparinase to eliminate a heparin effect. The test combi-
nation of EXTEM and FIBTEM allows for discrimination 

between thrombocytopenia and hypofibrinogenemia, and 
the test combination of INTEM and HEPTEM is used to 
detect a heparin effect. (Courtesy of Klaus Görlinger, Tem 
Innovations)
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touch screen in real time. These technical modifi-
cations make the ROTEM® device on the one 
hand less susceptible to vibrations and movement 
artifacts, and on the other hand, allow for a con-
tinuous electronic quality control of the pin 
movement. Therefore, quality control using the 
reagents ROTROL® N and P is necessary once a 
week only, compared to daily QCs required for 
other viscoelastic test devices. This reduces costs 
and workload significantly. Furthermore, the 
device can be used in a mobile way at the point of 
care (e.g., in the emergency room, the operating 
room, the intensive care unit, or a satellite lab) 
and can even be moved around with the patient 
on a customized trolley providing uninterrupted 
power supply (Table  18.1). Accordingly, 
ROTEM® devices have successfully been used 
in military settings and other outdoor environ-
ments (e.g., mountaineering in the Himalaya and 
the Andes) [15–20].

 ROTEM® Assays

Thromboelastometric assays use citrated whole 
blood (300  μL per assay), which is recalcified 

and activated by tissue factor (extrinsic pathway), 
ellagic acid (intrinsic pathway), or ecarin (direct 
prothrombin activation). Some assays contain 
further additives (Table 18.2). In contrast to the 
TEG system, all pipetting steps in ROTEM® 
delta are guided by the ROTEM® software and 
performed using an automated pipette. In 
ROTEM® sigma, the measuring process is fully 
automated. This allows for improved multiuser 
handling with lower intra- and inter-operator 
variability of the results when compared to other 
devices [5–7]. Besides the standard liquid 
reagents, lyophilized single-potion or single-use 
reagents (SUR) are available in Europe [21]. 
Since SURs contain all reagents needed for one 
assay, lyophilized in one vial, pipetting is mini-
mized to adding 300 μL of citrated whole blood 
to the reagent vial and transferring the activated 
blood 5 s later to the ROTEM® cup. SURs are 
labeled by the suffix S (e.g., EXTEM S). Notably, 
extrinsically activated SURs do not contain a 
heparin inhibitor and, therefore, must not be used 
in patients with therapeutic anticoagulation with 
unfractionated heparin, for example, in cardio-
vascular surgery, or in any patients who might 
present an endogenous heparin-like effect due to 

Oscillating axis (+- 4,75°) LED light source

Detector
Data processor

Sensor pin

Ball bearing

Counterforce spring

Mirror

Clot formation

Cuvette + sample

Temperature

controlled

cuvette holder

Fig. 18.3 Measuring 
principle of rotational 
thromboelastometry 
(ROTEM® delta and 
ROTEM® sigma). 
(Courtesy of Klaus 
Görlinger, Tem 
Innovations)
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Table 18.1 Technical improvement in thromboelastometry and its impact on device performance [3]

Technical improvements in thromboelastometry (ROTEM®) Device performance
Axis stabilized by a ball bearing Low sensitivity to agitation and 

movement artifacts enables mobile use 
(even in military settings)

Contactless detection of pin movements by a LED light-mirror-light 
detector system
ROTEM® trolley (with optional power supply)
Software-assisted automatic pipette (ROTEM® delta) and full 
automatization (ROTEM® sigma) result in low intra- and inter-
operator variability

User-friendly, higher precision and 
reproducibility of results; enables 
multiuser environment (bedside testing in 
the ER, OR, and ICU)

System-integrated personal computer and touchscreen User-friendly
Test procedure guided by instructions and pictograms on the 
touchscreen
Temogram overlays and help menu for support in result interpretation
Continuous electronic quality control of pin movements (QC with 
control reagents only once a week necessary)

User-friendly; reduced workload and QC 
costs

Four channels for viscoelastic testing (ROTEM® delta and ROTEM® 
sigma)

Improved diagnostic performance; 
enables guided therapy with allogeneic 
blood products and coagulation factor 
concentrates (“theranostic approach”; 
“precision medicine”)

Two channels for whole blood impedance aggregometry (ROTEM® 
platelet module)
Panel of 8 ROTEM® delta, 5 ROTEM® sigma and 3 ROTEM® 
platelet assays
Tissue factor activation (CT of 40–80 s compared to 4–8 min with 
kaolin activation)

Reduced turn-around- time (10–15 min) 
and short time-to-treat (in particular in 
combination with coagulation factor 
concentrates)

Early variables of clot firmness (A5, A10)

Remote viewing and LIS (laboratory information system) connection Real-time results at the bedside if the 
device is placed in the lab

Courtesy of Klaus Görlinger, Essen, Germany
ER emergency room, ICU intensive care unit, OR operating room, QC quality control

Table 18.2 ROTEM® delta/sigma and ROTEM® platelet assays

Assay Activators and additives Clinical comments
ROTEM ® delta/sigma assays
EXTEM CaCl2 + recombinant tissue 

factor + polybrene
Deficiency of factors of the extrinsic pathway; VKAs (coumadin/
warfarin) and DOACs; indication for PCC administration

FIBTEM CaCl2 + recombinant tissue 
factor + cytochalasin 
D + polybrene

Fibrin polymerization; dose calculation for fibrinogen concentrate 
or cryoprecipitate; hyperfibrinolysis; FXIII deficiency

APTEM CaCl2 + recombinant tissue 
factor + aprotinin/tranexamic 
acid + polybrene

Verifying the effect of antifibrinolytic drugs; differential diagnosis 
to platelet-mediated clot retraction and FXIII deficiency (in 
combination with EXTEM)

INTEM CaCl2 + ellagic acid Deficiency of factors of the intrinsic pathway; unfractionated 
heparin (UFH) and protamine effects (in combination with 
HEPTEM)

HEPTEM CaCl2 + ellagic 
acid + heparinase

Testing in patients with very high heparin plasma concentrations; 
UFH and protamine effects (in combination with INTEM)

(continued)
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endothelial glycocalyx degradation, for example, 
in patients with cirrhosis or severe shock [11–13, 
22]. The ROTEM® system provides various acti-
vated assays which in combination considerably 
improve the diagnostic performance of the device 
in comparison to a mono-assay system [14]. 
Here, extrinsically activated assays (EXTEM, 
FIBTEM, and APTEM), intrinsically activated 
assays (INTEM and HEPTEM), an ecarin- 
activated assay (ECATEM), and non-activated 
assays (NATEM and NA-HEPTEM) are avail-
able. Actually, a new ECATEM assay, based on 
beads reagent technology, is under development.

Similar to the prothrombin time, EXTEM 
assays are activated by recalcification (star-tem® 
reagent, containing 0.2  mol/L calcium chloride) 
and addition of tissue thromboplastin (r ex-tem® 
reagents, i.e., recombinant tissue factor and phos-
pholipids). Accordingly, since coagulation is initi-
ated through the extrinsic pathway, initial thrombin 
generation, and hence initial clotting, mainly 
depends on the activity of the coagulation factors 
VII, X, V, II, and fibrinogen in the EXTEM test. 

The FIBTEM assay consists of a modified 
EXTEM assay with the addition of a potent 
platelet inhibitor (cytochalasin D), which 
blocks platelet activation, shape change, and 
expression and activation of glycoprotein 
IIbIIIa (fibrinogen) receptors [23]. Thereby, 
platelet contribution to clot formation and clot 
strength is eliminated in this assay [24]. 
Accordingly, clot strength in FIBTEM is based 
on fibrinogen concentration and fibrin polymer-
ization, solely, whereas clot strength in EXTEM 
depends on platelet count, platelet function, 
fibrinogen concentration, and fibrin polymer-
ization. Therefore, the combination of EXTEM 
and FIBTEM allows for discrimination between 
thrombocytopenia and hypofibrinogenemia. 
The difference in clot strength between EXTEM 
and FIBTEM allows for estimation of the plate-
let part of clot firmness (referred to as PLTEM 
by some authors) [25].

A third extrinsically activated assay—the 
APTEM test—includes an antifibrinolytic drug 
(in the past aprotinin and nowadays tranexamic 

Assay Activators and additives Clinical comments
NATEM
NA-HEPTEM
ECATEM

CaCl2

CaCl2 + heparinase
CaCl2 + ecarin

Tissue factor-expression on circulating cells (e.g., monocytes or 
malignant cells); other anticoagulants (e.g., LMWH in 
combination with NA-HEPTEM)
Tissue factor-expression on circulating cells (e.g., monocytes or 
malignant cells) in blood samples with heparin or HLE; other 
anticoagulants (e.g., LMWH) (in combination with NATEM)
Direct thrombin inhibitors (e.g., hirudin, argatroban, bivalirudin, 
dabigatran); not sensitive to heparin; new preparation (reagent 
beads technology) under development

ROTEM ® platelet assays
ARATEM Arachidonic acid (AA) COX-1 (e.g., aspirin) and GPIIbIIIa receptor inhibitor effects; 

effects of CPB, extracorporeal assist devices, trauma and sepsis
ADPTEM Adenosine di-phosphate 

(ADP)
ADP (P2Y12) (e.g., clopidogrel and prasugrel) and GPIIbIIIa 
receptor inhibitor effects; effects of CPB, extracorporeal assist 
devices, trauma and sepsis

TRAPTEM Thrombin receptor-activating 
peptide-6 (TRAP-6) 

Thrombin (PAR-1) (e.g., vorapaxar) and GPIIbIIIa receptor 
inhibitor effects; effects of CPB, extracorporeal assist devices, 
trauma, and sepsis

Courtesy of Klaus Görlinger, Essen, Germany
COX-1 cyclooxygenase-inhibitor 1, CPB cardiopulmonary bypass, DOACs direct oral anticoagulants, HLE heparin-like 
effect, LMWH low molecular weight heparin, PAR-1 protease-activated receptor 1, PCC prothrombin complex concen-
trate, VKA vitamin K-antagonists

Table 18.2 (continued)
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acid (t ap-tem®)) allowing for in  vitro assess-
ment of an antifibrinolytic therapy.

All extrinsically activated liquid assays con-
tain polybrene, a heparin inhibitor which allows 
for the immediate elimination of heparin effects 
(up to 5  units unfractionated heparin per mL). 
This enables the use of these tests even in heparin- 
treated patients, for example, during cardiopul-
monary bypass [26].

INTEM assays are activated by recalcifica-
tion and addition of ellagic acid and phospholip-
ids. Due to the intrinsic activation, similar to the 
activated partial thromboplastin time, initial 
thrombin generation, and clot formation in 
INTEM, mainly depends on coagulation factors 
XII, XI, IX, VIII, X, V, II, and fibrinogen. As in 
EXTEM, clot firmness reflects both platelet and 
fibrin contribution to the clot. In contrast to all 
extrinsically activated assays, INTEM does not 
contain a heparin inhibitor in order to detect the 
effect of unfractionated heparin. However, a 
modified INTEM assay, containing additional 
heparinase (HEPTEM), can be used in combina-
tion with INTEM in order to reveal (residual) 
heparinization or protamine overdose. Here, the 
INTEM/HEPTEM CT ratio correlates well 
(r = 0.72) with the anti-Xa-activity [11].

The NATEM assay is activated by recalcifica-
tion (star-tem® reagent) only. Therefore, the test 
is very sensitive to any endogenous activator such 
as tissue factor-expression on circulating mono-
cytes in infection, sepsis, cirrhosis, and in patients 
treated with extracorporeal assist devices [27–
30]. Therefore, this assay may be helpful to detect 
a pathophysiological change from trauma- 
induced coagulopathy (TIC) to disseminated 
intravascular coagulopathy (DIC). The 
NA-HEPTEM assay contains in addition hepari-
nase in order to confirm a heparin or LMWH 
effect or to eliminate the interference of a 
heparin- like or LMWH effect in the detection of 
tissue factor expressing circulating cells.

Finally, the ECATEM assay uses the viper 
venom ecarin as an activator. Ecarin directly 

converts prothrombin to meizothrombin, which 
has already a low level of thrombin activity. 
Crucially, meizothrombin is inhibited by hiru-
din and other direct thrombin inhibitors (such 
as hirudin, argatroban, bivalirudin, and dabiga-
tran), but not by heparin [31–33]. Clotting time 
in ECATEM is also unaffected by other enzy-
matic coagulation factor deficiencies (except 
prothrombin deficiency), coumadin (warfarin), 
direct factor Xa inhibitors (such as rivaroxa-
ban, apixaban, and edoxaban), and the pres-
ence of phospholipid- dependent anticoagulants 
(such as lupus anticoagulant) [34]. A new 
ECATEM assay, using the reagent beads tech-
nology, is under development, providing better 
reagent stability, reproducibility, and user-
friendliness [35].

 ROTEM® Parameters

The ROTEM® test results are characterized by 
several ROTEM® parameters. Besides the stan-
dard ROTEM® parameters several other param-
eters are used for research only (Fig.  18.4, 
Table 18.3, and ROTEM® delta/sigma manual) 
[36–40]. ROTEM® delta reference ranges for the 
standard parameters are presented in Table 18.4 
[41]. ROTEM® reference ranges are age- and 
gender-dependent and can slightly vary from 
country to country (e.g., between Europe and the 
USA) and even from hospital to hospital, depen-
dent on the reference range population 
(Table 18.4) [8]. Therefore, these ROTEM® ref-
erence ranges are for orientation only, and it is 
recommended to establish hospital-specific refer-
ence ranges. Here, the reference range popula-
tion, age, gender, blood sampling vials and 
technique, sample transport, and other pre- 
analytic factors may affect the results. Notably, 
specific age-related reference ranges for neo-
nates, infants, children and trimester-related 
reference ranges for pregnant women have been 
published, too [42–47].
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Fig. 18.4 ROTEM® trace (“temogram”) displaying the clinically most important parameters and their informative 
value. FDPs = fibrin(ogen) split products. (Courtesy of Klaus Görlinger, Essen, Germany)

Table 18.3 ROTEM® delta parameters

Acronym Parameter Unit Definition
Coagulation activation and clot polymerization parameters
CT Coagulation time s Time from test start until a clot firmness amplitude of 2 mm is 

reached
CFT Clot formation 

time
s Time between 2 and 20 mm clot firmness amplitude is achieved

α Alpha-angle degree (°) Angle between the baseline and a tangent to the clotting curve 
through the 2 mm point

Clot firmness parameters
A5 Amplitude at 

5 min
mm Amplitude of clot firmness 5 min after CT

A10 Amplitude at 
10 min

mm Amplitude of clot firmness 10 min after CT

A20 Amplitude at 
20 min

mm Amplitude of clot firmness 20 min after CT

MCF Maximum clot 
firmness 

mm Maximum amplitude of clot firmness reached during the run time; 
*indicates that the final value is not reached, yet

Clot lysis parameters
ML Maximum lysis % Maximum lysis detected during the run time, described in % of 

MCF; * indicates that the final values is not reached, yet
LI30 Lysis index at 

30 min
% Residual clot firmness at 30 min after CT, described in % of MCF
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Acronym Parameter Unit Definition
LI60 Lysis index at 

60 min
% Residual clot firmness at 60 min after CT, described in % of MCF

LOT Lysis onset time s Time from CT until clot firmness is decreased by 15% as compared 
to the MCF

Research parameters
MCE Maximum clot 

elasticity
– MCE = 100 × MCF/(100−MCF)

G Shear elastic 
modulus strength

– G = 5000 × MCF/(100−MCF)

TPI Thrombodynamic 
potential index

s−1 TPI = MCE/CFT

LT Lysis time s Time from CT until the clot firmness is decreased to 10% as 
compared to the MCF

CLR Clot lysis rate degree (°) Angle between the baseline and the tangent to the declining clot 
firmness curve

Research parameters for the first derivative curve [36]
maxV Maximum 

velocity
mm/min Maximum of the first derivative of the curve

maxV-t Time to maximum 
velocity

s Time from test start until the maximum of the first derivative of the 
curve is reached

AUC Area under the 
curve

mm × min Area under the curve of the first derivative from test start until MCF 
is reached

Courtesy of Klaus Görlinger, Tem Innovations

Table 18.3 (continued)

Table 18.4 ROTEM® delta reference ranges for adults (non-US)

ROTEM® delta reference ranges for adults (non-US)
(reference ranges 2012-02 Ver0007; Tem Innovations GmbH; 2012-02-07)

Assay
CT (s) CFT (s) α angle (°) A10 (mm) A20 (mm) MCF 

(mm)
LI30 (%) ML (%) 

within 1 h
EXTEM 38–79 34–159 63–83 43–65 50–71 50–72 94–100 <15
FIBTEM – – – 7–23 8–24 9–25 – –
APTEM Comparison with EXTEM. A better clot formation in APTEM as compared to EXTEM demonstrate 

the in vitro effect of an antifibrinolytic drug (e.g., aprotinin or tranexamic acid) 
INTEM 100–240 30–110 70–83 44–66 50–71 50–72 94–100 <15
HEPTEM Comparison with INTEM. A better clot formation in HEPTEM as compared to INTEM indicates the 

presence of heparin or heparin-like substances in the blood sample
Disclaimer ROTEM® delta reference ranges can slightly vary from country to country (e.g., between Europe and 

the USA) and even from hospital to hospital. They are dependent on the respective reference 
population, age, the blood sampling vials and technique, sample transport, and other pre-analytic 
factors. Therefore, these reference ranges are for orientation only, and it is recommended to establish 
hospital-specific reference ranges

Courtesy of Klaus Görlinger, Tem Innovations

 Coagulation Activation and Clot 
Polymerization Parameters

The thromboelastometric coagulation time (CT) 
in seconds corresponds to the reaction time (r) of 
TEG® assays. In ROTEM® assays, CT is defined 

as the time from the test start until a clot firmness 
amplitude of 2  mm is reached. In tissue factor 
activated tests, the CT is usually achieved within 
about 1 min. The CT reflects the speed of throm-
bin generation and is mainly affected by the 
enzymatic activity of coagulation factors (extrin-
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sic or intrinsic, depending on the assay used), the 
concentration of anticoagulants and fibrin split 
products, as well as tissue factor expression on 
circulating cells (e.g., monocytes or malignant 
cells) [27–30]. Notably, CT in EXTEM, FIBTEM, 
and APTEM is often prolonged in blood samples 
with low fibrinogen. Therefore, CT prolonga-
tions have to be interpreted carefully if early 
FIBTEM clot firmness amplitude (A5 or A10) is 
low (see also Fig. 18.8a, b) [48].

The clot formation time (CFT) in seconds 
indicates the time between 2 and 20  mm clot 
firmness amplitude is achieved. The CFT corre-
sponds to the kinetic time (k) of TEG® assays 
and reflects the kinetics of clot formation. CFT 
mainly depends on thrombin generation, platelet 
count, and platelet function, as well as fibrinogen 
concentration and fibrin polymerization.

The alpha angle (α) in degree (°) reflects the 
kinetics of clot formation, too, and is defined as 
the angle between the baseline and a tangent to 
the clotting curve through the 2 mm point.

 Clot Firmness Parameters

One of the most important ROTEM® parameters 
is the maximum clot firmness (MCF) in millimeters 
which corresponds to the maximum amplitude 
(MA) of TEG® assays. MCF is defined as the 
maximum amplitude of clot firmness reached 
during the test. The clot amplitude reflects the 
mechanical strength of the clot and mainly 
depends on platelet count and platelet function, 
fibrin concentration, and fibrin polymerization, 
factor XIII activity, and colloids.

In order to speed up decision-making in severe 
bleeding, the amplitude of clot firmness 5 or 10 min 
after CT (A5 or A10, respectively) is increasingly 
being used. Actually, A5 is not yet available in the 
USA. A20 is used during quality control measure-
ments. A5 and A10 correlate very well with the 
MCF (Spearman’s coefficient of 0.91–0.98) and 
allow for decision-making within 10–15 min after 
starting the test [6, 17, 25, 49–51]. EXTEM and 
INTEM A5 and A10 correlate with platelet count 
and fibrinogen concentration, FIBTEM A5 and A10 
correlate well with plasma fibrinogen concentra-
tion, and PLTEM A5 and A10 (EXTEM A5 

(A10)—FIBTEM A5 (A10)) correlates well with 
platelet count [25, 51–53]. Furthermore, low clot 
firmness values have been demonstrated to be asso-
ciated with an increased incidence of hyperfibri-
nolysis. Here, an EXTEM A5 ≤ 35 mm can identify 
more than 90% of patients developing hyperfibri-
nolysis finally [54]. This is in line with the threshold 
of EXTEM A5 ≤  35 mm reported by Davenport 
et al. to identify trauma-induced coagulopathy on 
arrival in the emergency room [55].

 Clot Lysis Parameters

The clot lysis parameters maximum lysis (ML) 
and lysis indices 30 and 60 (LI30 and LI60) pro-
vide information about the activity of fibrinolytic 
enzymes, fibrinolytic inhibitors, and factor 
XIII. ML detected during run is described as the 
difference between MCF and the lowest ampli-
tude after MCF, displayed as % of MCF.  LI30 
and LI60 indicate the percentage of MCF still 
present 30 and 60 min after CT, respectively. In 
contrast, the TEG® lysis parameter LY30 and 
LY60 indicate the amount of lysis in the percent-
age of MA, 30 and 60 min after MA is achieved. 
The ROTEM® lysis onset time (LOT) in seconds 
is characterized by the time period from CT until 
15% of clot lysis is achieved [56]. FIBTEM has 
been shown to be the ROTEM assay most sensi-
tive and specific for fibrinolysis [57, 58].

 ROTEM® Limitations

A major limitation of standard viscoelastic test-
ing is its insensitivity to the effects of antiplatelet 
drugs (e.g., cyclooxygenase-1 (COX-1) inhibi-
tors, and ADP (P2Y12)-receptor inhibitors) [37, 
38]. This limitation is caused by the generation of 
high amounts of thrombin in viscoelastic test sys-
tems, which mask the effects of antiplatelet drugs 
by stimulating the platelets via the thrombin- 
receptor pathway (protease-activated receptor 
(PAR) 1 and 4) [59]. Since thrombin is the stron-
gest activator of platelets, the inhibition of other 
pathways (e.g., arachidonic acid- or ADP- 
pathway) does not affect viscoelastic test results 
in the presence of high amounts of thrombin.
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 ROTEM® Platelet Module

To overcome this limitation, ROTEM® delta can 
be combined with the ROTEM® platelet module, 
which is CE-marked in Europe since November 
2013. It provides two channels for whole blood 
impedance aggregometry in addition to the four 
viscoelastic channels of ROTEM® delta (Figs. 18.1 
and 18.5). Arachidonic acid (ARATEM), adenos-
ine di-phosphate (ADPTEM), and thrombin 
receptor-activating peptide-6 (TRAPTEM) can be 
used as activators in ROTEM® platelet. The cor-
responding reagents are designed as user-friendly 
lyophilized single-use reagents.

Whole blood impedance aggregometry has 
been shown to detect the effect of COX-1 inhibi-
tors and ADP-receptor inhibitors, effectively, and 
to predict stent thrombosis/ischemic events and 

bleeding/platelet transfusion in interventional 
cardiology and cardiac surgery, as well as mortal-
ity in severe trauma and sepsis [38, 60–76]. 
Furthermore, the effects of drugs, such as desmo-
pressin and tranexamic acid, on platelet function 
can be monitored by whole blood impedance 
aggregometry [77–79]. However, it is not clear 
whether platelet transfusion is beneficial or even 
harmful in patients with early platelet dysfunc-
tion in severe trauma and sepsis [80–85].

 Diagnosis of Trauma-Induced 
Coagulopathy

Davenport et al. demonstrated in 2011 that TIC is 
functionally characterized by a reduction in clot 
strength. Here, thromboelastometry could identify 

Fig. 18.5 Measuring principle of whole blood imped-
ance aggregometry (ROTEM® platelet). Activated plate-
lets are aggregating on the surface of the wires of the test 
cuvettes and, thereby, increasing the impedance between 
both wires. A magnetic stirrer prevents sedimentation of 
the blood cells during the 3  min incubation time. 
Arachidonic acid (ARATEM), adenosine diphosphate 
(ADPTEM), and thrombin receptor-activating peptide-6 
(TRAPTEM) can be used as an activator. The measuring 

time is fixed to 6  min and the impedance curve is dis-
played on the screen. The main parameters are the area 
under the aggregation curve (AUC in Ω × min), amplitude 
at 6 min (A6 in Ω), and a maximum slope of the aggrega-
tion curve (MS in Ω/min). Citrate, heparin, or hirudin can 
be used as an anticoagulant in the blood sampling vial. 
Different waiting times and reference ranges have to be 
considered dependent on the anticoagulant used. 
(Courtesy of Klaus Görlinger, Tem Innovations)
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TIC with a threshold of EXTEM A5 ≤ 35 mm on 
arrival in the emergency room [55]. Besides 
EXTEM A5 (A10), other thromboelastometric and 
aggregometric parameters, such as FIBTEM A5 
(A10), FIBTEM ML (LI60), EXTEM ML (LI60), 
EXTEM CT, INTEM/HEPTEM CT-ratio, and 
TRAPTEM AUC, can be helpful to characterize 
TIC and to guide hemostatic therapy (for details, 
see Fig.  18.6 and section “Thromboelastometry-
Guided Hemostatic Therapy”).

 Prediction of (Massive) Transfusion

Since plasma transfusion may improve outcome 
only in patients requiring massive transfusion, 
whereas plasma transfusion in patients not requir-
ing massive transfusion only shows an increased 
complication rate, early prediction of massive 
transfusion is crucial for decision-making to start 
plasma transfusion as a part of a massive hemor-

rhage protocol in severe trauma [86–91]. On the 
one hand, the need for massive transfusion can be 
predicted based on clinical scoring systems such 
as ABC and TASH score (ROC AUC, 0.779 and 
0.890, respectively), and, on the other hand, based 
on thromboelastometric results (EXTEM or 
FIBTEM A5, A10, or MCF, or TRAPTEM AUC) 
on arrival in the emergency room [55, 76, 92–99].

In a retrospective analysis of 53 trauma 
patients, Leemann et al. reported that a decreased 
INTEM MCF  <  50  mm (A10  <  44  mm) and a 
reduced hemoglobin level (≤10 g/dL) are inde-
pendent risk factors for massive transfusion in 
severely injured trauma patients with an adjusted 
odds ratio (95% CI) of 8.47 (1.19–62.50) and 
18.18 (2.73–125.00), respectively [95].

Davenport et al. found in a prospective, observa-
tional, single-center cohort study including 300 
patients with full trauma team activation that a 
reduced EXTEM A5 (≤35 mm) is more accurate in 
predicting massive transfusion than INR (>1.2) [55].

Fig. 18.6  Pathophysiology of trauma-induced coagu-
lopathy (TIC) or acute coagulopathy of trauma and shock 
(ACoTS) and its detection by ROTEM® tests. A5EX 
amplitude 5  min after CT in EXTEM, A5FIB amplitude 
5 min after CT in FIBTEM, AUCTRAP area under the curve 
in TRAPTEM (whole blood impedance aggregometry, 

assessed by ROTEM® platelet), CTEX coagulation time in 
EXTEM, CTHEP coagulation time in HEPTEM, CTIN 
coagulation time in INTEM, 5ML maximum lysis (within 
1  h run time), PAI-1 plasminogen activator inhibitor-1. 
(Courtesy of Klaus Görlinger, Essen, Germany)
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In a retrospective study on 323 trauma patients 
published by Schöchl et al., both FIBTEM MCF 
and A10 were reasonable predictors of massive 
transfusion requirements. Here, patients admitted 
with a FIBTEM A10 ≤ 4 mm (MCF ≤ 7 mm), 
84% received a massive transfusion (≥10 units of 
RBCs). None of the patients with an FIBTEM 
A10 ≥ 12 mm on admission received a massive 
transfusion finally [96].

These results have been confirmed by another 
prospective cohort study in 334 blunt trauma 
patients. Here, Tauber et  al. observed that a 
reduced FIBTEM MCF (<7 mm) on admission to 
the trauma center strongly correlated with the 
need for red blood cell transfusion [97].

The high predictive value of early EXTEM 
and FIBTEM clot firmness parameter (A5 and 
A10) to predict massive transfusion (ROC AUC, 
0.75–0.89) has been confirmed by two other large 
validation studies including overall 1954 trauma 
patients [98, 99].

Only trauma-induced platelet dysfunction in 
blood samples collected at the scene of injury or 
upon hospital arrival, characterized by an aggre-
gation AUC in ROTEM® platelet TRAPTEM 
<53 Ω·min or ADPTEM <43 Ω·min, was supe-
rior in predicting massive transfusion or death 
within 6 h after injury with a ROC AUC of 0.97 
and 0.95, respectively [76].

 Prediction of Thrombotic/
Thromboembolic Events

Three important mechanisms are involved in the 
pathophysiology of disseminated intravascular 
coagulation (DIC), microvascular thrombosis, 
and multiple organ failure: hypercoagulability, 
characterized by an increased clot firmness in 
EXTEM and INTEM, tissue factor (TF)-
expression on circulating monocytes, character-
ized by a shorting of CT in NA-HEPTEM despite 
prolonged PT and aPTT, and hypo fibrinolysis/
fibrinolysis shutdown, characterized by less than 
3% lysis within 1  h [27–29, 100]. This triad 
results in delocalization/dissemination of clot 
formation and microthrombosis and a simultane-
ous shutdown of the physiologic fibrinolytic 
cleaning system. Accordingly, it seems to be 

important to detect the time point when TIC 
shifts to DIC in trauma patients [101–103]. This 
may also be one reason why tranexamic acid 
increased mortality in the CRASH-2 study when 
given later than 3 h after injury [104–106].

 Clot Firmness in EXTEM, INTEM, 
and FIBTEM

In a prospective observational study in 69 patients 
with cardiovascular diseases, Dimitrova- 
Karamfilova et al. assessed the ability of routine 
coagulation tests (PT, aPTT, fibrinogen, and 
platelet count) and ROTEM® tests to identify 
patients with hypercoagulability and thrombotic 
complications. No statistically significant differ-
ence could be found for routine coagulation tests. 
In contrast, a significant difference in ROTEM® 
parameters could be observed in the 35 patients 
with thrombotic complications compared to the 
34 healthy controls. In particular, EXTEM and 
INTEM CFT and MCF were able to identify 
patients with thrombotic complications using an 
MCF cut-off value of >68 mm with a sensitivity 
and specificity of 94%. FIBTEM MCF, with a 
cut-off of >24  mm, achieved only a sensitivity 
and specificity of 77% and 88%, respectively. 
This suggests that an elevated fibrinogen level 
which compensates for a low platelet count seems 
not to increase the thrombotic risk. The EXTEM 
and INTEM thrombodynamic potential index 
(TPI  =  (100  ×  MCF/100−MCF)/CFT), with a 
cut-off value of >3.5, provided even sensitivity 
and specificity of 100% and 92%, respectively. In 
conclusion, ROTEM® analysis was definitively 
superior to routine coagulation tests in identify-
ing patients with thrombotic complications [107].

These results could be confirmed by another 
recently published prospective observational study 
in 318 noncardiac surgery patients. Here, Hincker 
et  al. evaluated preoperative routine coagulation 
tests (aPTT, INR, and platelet count) and 
ROTEM® tests to identify patients at increased 
risk for postoperative thromboembolic complica-
tions; 29% of the included patient population has 
been recruited from the orthopedic and spine 
department. Again, none of the routine coagula-
tion tests has been useful in predicting thrombo-
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embolic events, but preoperative EXTEM and 
INTEM CFT, alpha angle, A10, and MCF were 
predictive for thromboembolic complications. 
INTEM and EXTEM A10 were the best predictors 
with a cut-off value of 61.5 mm and a ROC area 
under the curve (AUC) of 0.75 and 0.72, respec-
tively. None of the FIBTEM parameters predicted 
thromboembolic complications,  confirming that 
elevated fibrinogen levels alone seem not to be an 
independent risk factor for thrombosis [108].

 Tissue Factor Expression 
on Monocytes

Stimulation with bacterial toxins, activation of 
purinergic (ADP) receptors (P2X7), activated 
platelets, contact with surfaces of extracorporeal 
assist devices (e.g., cardiopulmonary bypass, 
ECMO, VADs, dialysis), as well as ischemia/
reperfusion leads to TF-expression on circulating 
monocytes [28, 29, 109–115]. This TF-expression 
in the intravascular space results in delocaliza-
tion/dissemination of coagulation and is an early 
and important pathomechanism of DIC and 
thrombosis. TF-expression on circulating mono-
cytes can be detected very sensitively (in picomo-
lar concentrations) but not specifically by a 
reduction in CT in NATEM [27, 29, 110, 115, 
116]. Since heparinoids (e.g., by glycocalyx deg-
radation or therapeutic administration) can mask 
this effect, heparinase should be added to the 
blood sample or test system (NA-HEPTEM) to 
eliminate a potential heparin effect [27].

Notably, TF-expressing monocytes inhibit 
fibrinolysis through a thrombin-activatable fibri-
nolytic inhibitor (TAFI)-mediated mechanism, 
which is the next step to microthrombosis and 
multiple organ failure [117].

 Hypofibrinolysis/Fibrinolysis 
Shutdown

Physiologic fibrinolysis is shut down in the early 
phase of infection, sepsis, and thrombosis due to 
an upregulation of plasmin activator inhibitor 
type-1 (PAI-1) and activation of TAFI [30, 116–
119]. Notably, whether the thrombin–thrombo-

modulin complex results in activation of protein 
C—with subsequent downregulation of PAI-1 
and activation of fibrinolysis—or activation of 
TAFI—with subsequent shutdown of fibrinoly-
sis—is regulated by platelet factor 4 (PF4) and 
dependent on the consumption of protein C as 
well as genetic polymorphisms [120–122]. 
Adamzik et al. showed that the ROTEM® LI60 in 
NA-HEPTEM can discriminate between inten-
sive care patients suffering from severe sepsis 
(NA-HEPTEM LI60 ≥ 96.5% corresponding to 
an ML  ≤  3.5% within 1  h) and postoperative 
patients with systemic inflammatory response 
syndrome (SIRS) or healthy volunteers [27]. 
Furthermore, the LI60 (ROC AUC 0.901; 
P  <  0.001) proved to be more accurate in the 
detection of sepsis than classical laboratory 
parameters such as procalcitonin (ROC AUC 
0.75; P  <  0.001). Interleukin-6 and C-reactive 
protein were not able to differentiate between 
septic and postoperative patients. The same 
research group also found that ROTEM findings 
were a better predictor of 30-day survival in sep-
sis patients than established risk scores (SAPS II, 
SOFA) [123]. Furthermore, Schmitt et al. showed 
that fibrinolysis shutdown occurs early in septic 
shock and is associated with increased morbidity 
and mortality in sepsis [124].

Also in TIC, Moore et al. could demonstrate 
that there are three different fibrinolytic pheno-
types in trauma ad hospital admission [100, 125, 
126]. Hypofibrinolysis or fibrinolysis shutdown 
(EXTEM LI60 > 98%) occurs in about 20% of 
patients in the early phase of severe trauma and is 
associated with increased mortality due to organ 
failure [127–129]. Physiologic fibrinolysis 
(EXTEM LI60, 82–97.9%) is with 70% the most 
common phenotype in the early phase of severe 
trauma and has the lowest mortality. Here, it is 
still under debate whether these patients should 
be treated with tranexamic acid (TXA) or not 
[130, 131]. Hyperfibrinolysis (EXTEM 
LI60 < 82%) occurs in about 10% of patients in 
the early phase of severe trauma and is associated 
with a very high mortality due to exsanguina-
tion—even if treated with TXA or not. Therefore, 
the corresponding ROTEM®/TEG® trace of ful-
minat fibrinolysis is also called the “death dia-
mond” in trauma [132].
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In conclusion, both hyperfibrinolysis and 
hypofibrinolysis/fibrinolysis shutdown seem to 
play an important role in the pathophysiology of 
TIC and DIC, and viscoelastic testing may be 
helpful in differentiating between both patho-
physiologic entities and right decision-making 
regarding the appropriate use and timing of anti-
fibrinolytic drugs. Notably, FIBTEM is the most 
sensitive and specific viscoelastic assay to detect 
fibrinolysis [57, 58]. Since the incorporation of 
alpha 2-antiplasmin into the clot needs activat-
able platelets and factor XIII, the FIBTEM clot is 
more sensitive to a plasmin attack [133]. 
Furthermore, platelet-mediated clot retraction—
the differential diagnosis of low-grade fibrinoly-
sis—does not occur in FIBTEM since the 
platelets are blocked in this assay [134].

 Prediction of Mortality

Viscoelastic testing has been shown to be a good 
predictor of mortality in trauma [135]. Levrat 
et al. included 87 trauma patients in a prospective 
observational trial. Here, patients with hyperfi-
brinolysis who were more severely injured had 
greater coagulation abnormalities and a higher 
mortality rate (100% vs. 11%) [136]. Schöchl 
et al. identified in his database 33 patients with 
hyperfibrinolysis at hospital admission, retro-
spectively. They found hyperfibrinolysis to be a 
strong predictor for mortality (88%). Furthermore, 
it appeared that the earlier fibrinolysis could be 
detected by ROTEM®, the earlier the patient 
died, irrespective of appropriate treatment [137]. 
Theusinger et al. showed that in their patient pop-
ulation, mortality in the trauma hyperfibrinolysis 
group (77%), as diagnosed by ROTEM®, was 
significantly higher than in the non-trauma 
hyperfibrinolysis group (41%) and the matched 
trauma non-hyperfibrinolytic group (33%). 
Accordingly, hyperfibrinolysis was significantly 
(P = 0.017) associated with increased mortality 
in trauma [138].

In a prospective cohort study including 517 
trauma patients, Rourke et  al. found admission 
fibrinogen level to be an independent predictor of 
mortality at 24 h and 28 days. Hypofibrinogenemia 
could be detected early by FIBTEM A5 (A10), 

and administration of cryoprecipitate or fibrino-
gen concentrate could correct coagulopathy and 
improved survival [52]. Similar results were 
shown in a prospective cohort study in 334 blunt 
trauma patients performed by Tauber et al. They 
identified cut-off values of FIBTEM MCF < 7 mm, 
and EXTEM MCF  <  45  mm as predictors for 
increased mortality. EXTEM MCF was indepen-
dently associated with early mortality and hyper-
fibrinolysis increased fatality rates too [97].

Prolonged EXTEM CT and decreased 
EXTEM A10 (MCF) were associated with blood 
product transfusion, mortality, and disability at 
discharge in pediatric trauma patients too [139].

 Thromboelastometry-Guided 
Hemostatic Therapy

 Development 
of Thromboelastometry-Guided 
Algorithms

Pathophysiology of trauma-induced coagulopa-
thy is complex and cannot always be addressed 
adequately by hemostatic resuscitation (1:1:1 
concept) only (Fig. 18.6) [140–143]. In order to 
guide hemostatic therapy in bleeding patients, 
algorithms have been developed as a link between 
ROTEM® diagnostics and hemostatic therapy 
(“theranostic approach”) [48, 142, 144–150]. 
These algorithms are based on the highest evi-
dence actually available. The concept of a 
ROTEM®-guided bleeding management is to 
administer the right hemostatic drug/intervention, 
in the right dose, at the right time and the right 
sequence (“Precision Medicine”). Here, the high 
negative predictive value of ROTEM® is used to 
avoid any inappropriate blood transfusion or 
hemostatic intervention (“not-to-do” or “rule- out” 
algorithms) [48, 99]. Implementation of such 
algorithms has been shown to reduce transfusion 
requirements, complication rates, as well as mor-
bidity and mortality in particular in cardiovascu-
lar surgery [151–156]. Several cohort studies 
reported similar results in trauma [52, 103, 135, 
157–165], but RCTs are sparse in this field. 
However, Gonzalez et al. showed in a pragmatic 
RCT comparing viscoelastic to conventional 
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coagulation assays that utilization of a goal- 
directed, TEG-guided algorithm improved 28-day 
survival (19.6% versus 36.4%; P  =  0.049) and 
decreased transfusion requirements for plasma 
and platelets [166]. Furthermore, Innerhofer et al. 
demonstrated in another RCT in severe trauma 
(RETIC trial) that ROTEM-guided coagulation 
factor concentrate (CFC) administration is much 
more effective to treat TIC compared to the trans-
fusion of huge amounts of fresh frozen plasma 
(two times 15 mL per kg bodyweight) [167]. This 
study was terminated early for futility and safety 
reasons because of the high proportion of patients 
in the FFP group who required rescue therapy 
compared with those in the CFC group (52% in 
the FFP group vs 4% in the CFC group; odds ratio 
[OR] 25.34 [95% CI 5.47–240.03]; P < 0.0001) 

and increased need for massive transfusion (30% 
in the FFP group vs 12% in the CFC group; OR 
3.04 [0.95–10.87]; P = 0.042) in the FFP group. 
Another safety aspect was the decreased inci-
dence of multiple organ failure (50% versus 66%; 
P  =  0.15) and venous thrombosis (8% versus 
18%; P = 0.22) in the CFC group compared to the 
FFP group. Accordingly, Grottke and Rossaint 
mentioned in their comment that both, point-of-
care coagulation monitoring and coagulation fac-
tor concentrates, might be essential for optimal 
treatment of TIC [168]. Results from further 
RCTs in severe trauma (STAT trial and iTACTIC 
trial) can be expected soon [169, 170].

A ROTEM®-guided A5 and A10 algorithms 
for bleeding management in trauma are presented 
in Fig. 18.7a, b. Since the ROTEM® parameter 

a b

Fig. 18.7 A.  Evidence-based ROTEM® A5 and B. A10 
trauma algorithm. A5EX amplitude 5 min after CT in 
EXTEM, A10EX amplitude 10  min after CT in EXTEM, 
A5FIB amplitude 10 min after CT in FIBTEM, A10FIB ampli-
tude 10 min after CT in FIBTEM, BE base excess, CTEX 
coagulation time in EXTEM, CTFIB coagulation time in 
FIBTEM (CTFIB > 600  s reflects a flat-line in FIBTEM), 

CTHEP coagulation time in HEPTEM, CTIN coagulation 
time in INTEM, FFP fresh frozen plasma, Hb hemoglobin 
concentration, ISS injury severity score, ML maximum 
lysis (within 1 h run time), PCC prothrombin complex con-
centrate, TASH score trauma-associated severe hemorrhage 
score. (Courtesy of Klaus Görlinger, Essen, Germany)
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A5 is not yet FDA-approved, ROTEM®-
algorithms for the USA have to use A10, whereas 
A5 is used as a clot firmness parameter in the rest 
of the world in order to speed up decision- 
making. The difference between A10 and A5 for 
FIBTEM is 1  mm and for EXTEM, APTEM, 
INTEM, and HEPTEM 9–11  mm [49, 50]. 
Therefore, ROTEM® A5 and A10 algorithms can 
be transformed easily to each other. The charac-
teristic thromboelastometric traces are presented 
in Fig. 18.8.

 Clinical Assessment

Hemostatic interventions should be performed 
only in patients with diffuse bleeding and if blood 
transfusion is considered. The severity of trauma 
(ISS ≥ 25), clinical bleeding scores (e.g., TASH 
score  ≥  15), hypothermia (core tempera-

ture < 35 °C), and results of blood gas analysis 
(e.g., pH < 7.2, BE <−6 mmol/L, Hb < 10 g/dL, 
Cai++ < 1 mmol/L) should be considered, too, and 
may be associated with an increased risk of hyper-
fibrinolysis and hypofibrinogenemia [93, 171–
173]. However, decision-making for hemostatic 
interventions should not be based on ROTEM® 
results, solely, in the absence of clinically relevant 
bleeding (“Don’t treat numbers!”) [48].

 Management of Fibrinolysis

Hyperfibrinolysis (ML > 18% within 60 min cor-
responding to a LI60 < 82%) is associated with 
increased mortality (53% vs. 4%) due to bleeding 
in severe trauma compared to physiologic fibrino-
lysis (ML, 2–18% within 60 min corresponding to 
a LI60, 82–98%) [100, 126]. However, hypofibri-
nolysis/fibrinolytic shutdown (ML  <  2% within 

a b

Fig. 18.8 Characteristic thromboelastometry (ROTEM® 
delta/sigma) traces. The diagnostic performance is 
increased by test combinations, e.g., EXTEM and FIBTEM, 
EXTEM and APTEM, or INTEM and HEPTEM. 4F-PCC 

four-factor prothrombin complex concentrate, CPB cardio-
pulmonary bypass, OLT orthotopic liver transplantation, 
TXA tranexamic acid (or other antifibrinolytic drug). 
(Courtesy of Klaus Görlinger, Essen, Germany)
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60 min corresponding to a LI60 > 98%) is also 
associated with increased mortality (26% vs. 4%) 
due to organ failure in severe trauma [100, 126, 
174]. This is in line with the data published by 
Adamzik et al. and Schmitt et al. that fibrinolysis 
≤3.5% 1  h after CT (LI60  ≥  96.5%) at ICU 
admission is associated with increased mortality 
in sepsis [27, 123, 124]. Therefore, exogenous 
inhibition of the fibrinolysis system in severely 
injured patients requires careful selection, as it 
may have an adverse effect on survival, in particu-
lar if tranexamic acid is given later than 3 h after 
injury [104–106, 126, 130, 174–181]. In order to 
enable quick decision- making, early thrombo-
elastometric variables of clot firmness in EXTEM 
(A5 and A10) can be used to identify patients at 
risk for fibrinolysis. Here, an EXTEM A5 thresh-
old of <35 mm (EXTEM A10 < 45 mm) detects 
more than 90% of patients with hyperfibrinolysis 
[54]. Colloid infusion (HES > gelatin) results in 
reduced resistance of polymerized fibrin to plas-
min degradation [182]. In contrast, high factor 
XIII levels attenuate tissue plasminogen activator-
induced hyperfibrinolysis in human whole blood 
[133]. Furthermore, a flat-line in FIBTEM char-
acterized by a FIBTEM CT > 600 s seems to be 
associated with hyperfibrinolysis too.

 Management of Clot Firmness

Trauma-induced coagulopathy is functionally 
characterized by a reduced clot firmness in 
EXTEM with an A5 < 35 mm or an A10 < 45 mm, 
respectively, and predicts the need for massive 
transfusion [55, 98, 99, 150]. Here, reduced clot 
firmness can be based on hypofibrinogenemia, 
fibrin polymerization disorders (e.g., due to col-
loids), thrombocytopenia, and severe thrombocy-
topathy (reduced platelet aggregation due to 
activation of platelets’ thrombin receptors).

FIBTEM A5 (A10) can be used for rapid and 
correct discrimination between hypofibrino-
genemia and thrombocytopenia [25, 51–53, 
96]. Here, a FIBTEM A5  <  9  mm or an 
A10 < 10 mm is associated with an increased 
risk of massive transfusion and can be used as a 
trigger value for fibrinogen substitution [96, 98, 
150]. The optimum target value seems to be 
≥12  mm. However, some patients may even 
need a higher targeted value of 16 mm—in par-
ticular in patients with severe bleeding due to 
unstable pelvic fractures, liver injury, and trau-
matic brain injury [183, 184].

The fibrinogen dose can be calculated based 
on the targeted increase in FIBTEM A5 (A10):

Here, the correction factor (140–
160  mm  kg  g−1) depends on the actual plasma 
volume [52, 159, 171, 185–191]. Notably, the 
achieved increase may be lower than the calcu-
lated increase in severe bleeding due to ongoing 
fibrinogen consumption. Fibrinogen substitution 
can be done by fibrinogen concentrate adminis-
tration or cryoprecipitate transfusion, dependent 
on the local approval and availability. Table 18.5 
provides a quick overview of the fibrinogen dose 
needed to achieve the targeted increase in 
FIBTEM A5 (A10).

If clot firmness in EXTEM is reduced 
(A5 < 35 mm or A10 < 45 mm) but FIBTEM clot 
firmness is above the trigger value (A5 ≥ 9 mm 

or A10 ≥ 10 mm), platelet transfusion has to be 
considered in bleeding trauma patients. Notably, 
ROTEM® analysis has been shown to be supe-
rior to platelet count in the prediction of bleeding 
in patients with severe thrombocytopenia [192]. 
The expected increase in EXTEM A5 (A10) per 
transfused pooled or apheresis platelet concen-
trate is 5–10  mm in adult patients [193, 194]. 
Therefore, the number of transfused platelet con-
centrates can be calculated based on the targeted 
increase in EXTEM A5 (A10).

Notably, standard viscoelastic assays are not 
sensitive to the effects of antiplatelet drugs such 
as COX-inhibitors (e.g., aspirin) and ADP- 
receptor antagonists (e.g., clopidogrel, prasug-

Fibrinogen dose g targeted increase in FIBTEM A mm body ( ) = ( )×5 wweight kg( ) / 160

K. Görlinger et al.



297

rel, and ticagrelor) since high amounts of 
thrombin are generated in the test system which 
overcomes the effects of antiplatelet drugs. 
Therefore, platelet function analysis should be 
performed in patients with suspected platelet 
dysfunction. In the ROTEM system, this is real-
ized by the ROTEM® platelet module 
(CE-marked in Europe since November 2013), 
which provides two channels of whole blood 
impedance aggregometry in addition to the four 
viscoelastic channels of the ROTEM® delta 
device (Fig.  18.1). Whole blood impedance 
aggregometry provides rapid and reliable data 
about platelet function within 10 min (Fig. 18.9). 
Besides the detection of the effects of antiplate-
let drugs and other drugs with antiplatelet 
effects (e.g., analgetics, antidepressants, antibi-
otics, cardiovascular drugs), whole blood 
impedance aggregometry has been shown to 
detect early direct effects of trauma and sepsis 

Table 18.5 FIBTEM-guided fibrinogen substitution

Targeted 
increase in 
FIBTEM 
A5 (A10) 
(mm)

Fibrinogen 
dose (mg/kg 
bw)

fibrinogen 
concentrate 
(mL/kg bw)

Cryoprecipitate
(mL/kg bw)

2 12.5 0.6 [1 g per 
80 kg]

1 [5 U per 
80 kg]

4 25 1.2 [2 g per 
80 kg]

2 [10 U per 
80 kg]

6 37.5 1.9 [3 g per 
80 kg]

3 [15 U per 
80 kg]

8 50 2.5 [4 g per 
80 kg]

4 [20 U per 
80 kg]

10 62.5 3.1 [5 g per 
80 kg]

5 [25 U per 
80 kg]

12 75 3.8 [6 g per 
80 kg]

6 [30 U per 
80 kg]

Here, fibrinogen dose calculation is based on the targeted 
increase in FIBTEM A5 (A10) in mm. In case of severe 
bleeding, the achieved increase in FIBTEM A10 (A5) 
may be lower than the calculated increase. Courtesy of 
Klaus Görlinger, Essen, Germany

a

b

c

Fig. 18.9 Characteristic whole blood impedance 
aggregometry traces (ROTEM® platelet) achieved by 
activation with arachidonic acid (ARATEM; left column), 
ADP (ADPTEM; middle column), and TRAP-6 
(TRAPTEM; right column). Line A: normal platelet func-
tion; Line B: selective inhibition of the arachidonic acid 
pathway (e.g., by aspirin); Line C: selective inhibition of 
the ADP-receptor pathway (e.g., by clopidogrel or prasu-
grel); Line D: inhibition of the arachidonic acid and ADP- 

receptor pathway (e.g., dual antiplatelet therapy with 
aspirin and clopidogrel); Line E: selective inhibition of the 
thrombin-receptor pathway (e.g., by vorapaxar); Line F: 
general platelet dysfunction due to triple antiplatelet ther-
apy, GPIIbIIIa-receptor antagonists (e.g., abciximab, 
eptifibatide, or tirofiban), platelet receptor destruction 
(e.g., due to cardiopulmonary bypass, severe trauma, or 
sepsis), or severe thrombocytopenia. (Courtesy of Klaus 
Görlinger, Essen, Germany)
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on platelet function which is associated with 
increased mortality [38, 68, 71–74, 76, 85, 195–
197]. However, actually, it is not yet clear 
whether early trauma-induced platelet dysfunc-
tion should be treated with platelet transfusion 
or not [82, 198].

 Management of Coagulation Time 
(Thrombin Generation)

Coagulation times (CT) can be prolonged due to 
a deficiency of enzymatic coagulation factors or 
the presence of an anticoagulant, for example, 
warfarin, heparin, or direct oral anticoagulants 
(DOACs) [199, 200]. A CT prolongation in 
EXTEM solely indicates a deficiency of vitamin 
K-dependent coagulation factors (factor VII, X, 
II; extrinsic pathway) due to a therapy with vita-
min K-antagonists (warfarin) or hemodilution/
consumption. Usually, the activity of the vitamin 
K-dependent coagulation factors is decreased 
below 30% of their normal activity if CT in 
EXTEM exceeds 80s [159, 201, 202]. However, a 
severe fibrinogen deficiency can prolong CT in 
EXTEM too. Therefore, EXTEM CT can be used 
for guiding therapy with prothrombin complex 

concentrate (PCC) or fresh frozen plasma (FFP) 
only in case of a normal A5 (A10) in 
FIBTEM. Accordingly, management of clot firm-
ness precedes the management of coagulation 
time in the ROTEM algorithm. Here, the use of 
three- or four-factor PCCs or FFP is dependent 
on the local approval and availability in the 
respective countries. Notably, four-factor PCCs 
(Beriplex® and Octaplex®) are approved in 
Europe for prophylaxis and therapy of bleeding 
in patients with hereditary and acquired deficien-
cies of vitamin K-dependent factors, whereas 
four-factor PCC (Kcentra®) in the USA is FDA- 
approved for urgent reversal of vitamin-K antag-
onists only. Four-factor PCCs have the advantage 
of being a standardized product enabling a rapid 
and calculated increase in coagulation factor 
activity and avoiding transfusion-associated cir-
culatory overload (TACO), transfusion-related 
lung injury (TRALI), and transfusion-related 
immunomodulation (TRIM) which are typical 
and serious complications of FFP transfusion 
[86, 157–159, 203–210]. Notably, direct throm-
bin inhibitors such as dabigatran can result in a 
marked increase in EXTEM and INTEM CT as 
well as in ECATEM CT [33, 34, 199, 200, 210–
212]. Here, the ecarin-based ROTEM assay 

d

e

f

Fig. 18.9 (continued)
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ECATEM is specific for direct thrombin inhibi-
tors such as hirudin, argatroban, bivalirudin, and 
dabigatran [31–33, 213].

Due to the high risk of arterial thromboem-
bolic events, the off-label administration of 
rFVIIa should be restricted to bleeding not 
responding to comprehensive coagulation ther-
apy [214, 215]. Activated PCCs (Factor Eight 
Inhibitor Bypassing Agent  =  FEIBA) are not 
indicated in trauma-induced coagulopathy too. 
The implementation of thromboelastometry- 
guided bleeding management algorithms usually 
eliminates the need for rFVIIa administration as 
a rescue therapy [151, 152, 216, 217].

A prolongation of INTEM CT can be based on 
a heparin effect or a deficiency of coagulation 
factors of the intrinsic pathway. A clinically rele-
vant heparin effect, for example, due to endothe-
lial glycocalyx degradation or re-transfusion of 
heparin by using a cell-saver in the emergency 
modus, can be confirmed by an INTEM/HEPTEM 
CT-ratio ≥  1.25 [11, 22, 218]. Here, protamine 
administration can be considered. In case of pro-
longation of CT in INTEM and HEPTEM, FFP 
transfusion can be considered in bleeding trauma 
patients. 

 Clinical and ROTEM® Reassessment

Finally, clinical bleeding has to be reassessed 
after running through the algorithm. In case of 
ongoing bleeding, ROTEM® has to be reassessed 
with a new blood sample and the algorithm has to 
be started again. In the RETIC trial, hemostatic 
could be achieved after two rounds of the 
ROTEM-guided algorithm in 96% of the trauma 
patients [167].

 Thromboelastometry-Guided 
Bleeding Management 
Algorithms—Impact on Outcome

Implementation of ROTEM®-guided bleeding 
management algorithms reduced bleeding and 
transfusion requirements in several clinical set-
tings including severe trauma [135, 153, 155, 162].

Görlinger, Fries, and Schöchl reported in their 
retrospective analysis that implementation of a 
ROTEM®-guided therapy with coagulation fac-
tor concentrates reduced transfusion require-
ments for FFP by 88–94% in their institutions in 
different perioperative settings (trauma, visceral, 
and transplant surgery and cardiovascular sur-
gery). At the same time, the incidence of intraop-
erative massive transfusion (≥10 units of RBCs) 
could more than halved (1% vs. 2.5%; P < 0.001), 
and RBC and platelet transfusion requirements 
could be reduced significantly by 8–62% and 
21–72%, respectively [159].

Schöchl et  al. analyzed transfusion incidence 
for RBCs and platelets in the emergency room and 
during primary surgery in a retrospective study 
including 80 trauma patients treated at the trauma 
hospital AUVA in Salzburg, Austria, with a throm-
boelastometry-guided coagulation factor concen-
trate group versus 601 patients from the Trauma 
Register DGU, Germany, with standard FFP-based 
therapy (≥2 units FFP; median 6 units FFP; range 
2–51). Here, the transfusion incidence for RBCs 
(71% vs. 97%; P < 0.001) and platelets (9% vs. 
44%; P  <  0.001) was significantly lower in the 
thromboelastometry/factor concentrate group 
compared to the standard FFP group [158].

Nienaber et al. analyzed the incidence of mul-
tiple organ failure (MOF) in a matched-pair anal-
ysis including 18 severely injured and bleeding 
trauma patients from the Innsbruck Trauma 
Database (ITB), Austria, treated according to a 
ROTEM®-guided coagulation factor concentrate 
protocol without FFP and 18 patients from the 
Trauma Register DGU, Germany, treated with an 
FFP protocol without coagulation factor concen-
trates. Here, the incidence of MOF was signifi-
cantly lower in the ROTEM®/factor concentrate 
group compared to the FFP group (16.7% vs. 
61.1%; P = 0.015) [220].

In a prospective cohort study including 517 
trauma patients, Rourke et al. found that hypofi-
brinogenemia could be detected early by 
FIBTEM A5 (A10), and administration of cryo-
precipitate or fibrinogen concentrate could cor-
rect coagulopathy and improved survival [52].

Schöchl et al. performed a retrospective analy-
sis including 131 trauma patients who received 
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≥5 units of RBC concentrates within 24 h, and 
TIC was managed by ROTEM®-guided treat-
ment with coagulation factor concentrates. After 
excluding 17 patients with traumatic brain injury, 
the mortality observed in this study was signifi-
cantly lower (14%) than predicted by the trauma 
injury severity score (TRISS; 27.8%; P = 0.002) 
and the revised injury severity classification score 
(RISC ; 24.3; P = 0.014) [157].

Lendemans et  al. reported in a retrospective 
study before and after implementation of a 
ROTEM-guided algorithm in 172 trauma patients 
with an ISS > 16 a significant reduction in mul-
tiple organ failure (36.3% vs. 66.7%; P = 0.0001) 
and in-hospital mortality (20.9% vs. 38.3%; 
P = 0.012). In this study, performed in coopera-
tion with the Trauma Register of the German 
Trauma Society (DGU) and supported by the 
German Interdisciplinary Association of Critical 
Care and Emergency Medicine (DIVI), 24 h mor-
tality was reduced by 50% (9.9% vs. 19.8%), too, 
but did not reach statistical significance [161].

Stein et al. demonstrated that the implementa-
tion of a ROTEM®-guided coagulation manage-
ment in 731 major trauma patients was associated 
with a reduced incidence in massive transfusion 
(4% vs. 12%; P < 0.001), FFP transfusion in the 
emergency department (5% vs. 31%; P < 0.001), 
and overall mortality (22% vs. 33%; (P < 0.001). 
In bleeding trauma patients, it is essential that the 
initial ROTEM® analysis is performed in the 
emergency department as soon as the patient 
arrives [10, 163, 219].

Besides reduction in transfusion requirements, 
ROTEM®-guided bleeding management in par-
ticular in cardiovascular surgery has been shown 
to reduce complication rates as well as morbidity 
and mortality in cohort studies and RCTs [151–
153, 155, 159]. As shown above (see also section 
“Development of Thromboelastometry-Guided 
Algorithms”), several cohort studies and one RCT 
(RETIC trial) reported similar results in trauma, 
but data from RCTs are still sparse in trauma [52, 
97, 135, 157–163, 167, 220]. However, results 
from the STAT trial and iTACTIC trial can be 
expected soon [169, 170].

 Therapeutic Window Concept

The algorithms presented here are based on the 
“therapeutic window concept.” This concept has 
been developed for guiding antiplatelet therapy 
in patients undergoing percutaneous coronary 
interventions (PCIs) in order to minimize the risk 
of ischemia (stent thrombosis) and bleeding [221, 
222]. Accordingly, bleeding management algo-
rithms guided by thromboelastometry and whole 
blood impedance aggregometry are designed to 
minimize the risk of both bleeding and thrombo-
sis by an individualized therapy. Here, the right 
therapeutic intervention, in the right dose and the 
right sequence, is defining the framework of the 
therapeutic window, for example:

• EXTEM A5 (A10): 35–45 mm (45–55 mm)
• FIBTEM A5 (A10): 9–15 mm (10–16 mm)
• EXTEM CT: 60–80 s
• ADPTEM AUC: 40–120 Ω·min
• TRAPTEM AUC: 50–150 Ω· min

Using this concept in cardiovascular surgery, 
it was possible to reduce both transfusion require-
ments and thrombotic/thromboembolic compli-
cations significantly [151, 152, 154, 223].

Accordingly, ROTEM®-guided coagulation 
factor concentrate (CFC) administration in the 
RETIC RCT resulted, on the one hand, in a signifi-
cant decrease in the needed for massive transfusion 
(12% in the CFC group vs. 30% in the FFP group; 
OR 3.04 [0.95–10.87] P = 0.042) and, on the other 
hand, in a decrease in the incidence of venous 
thrombosis (8% versus 18%; P = 0.22) [167].

 Guidelines, Health Technology 
Assessments, Knowledge 
Translation, and Implementation

Based on the actually available evidence, the 
implementation of ROTEM®-guided algorithms 
is highly recommended (Grade 1B) by the updated 
guidelines for the management of severe periop-
erative bleeding from the European Society of 
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Anesthesiology (ESA) and the updated European 
guideline for the management of bleeding and 
coagulopathy following major trauma [224, 225]. 
In particular, therapy with coagulation factor con-
centrates, such as fibrinogen concentrate and pro-
thrombin complex concentrate (PCC), should be 
guided by thromboelastometry (Grade 1C). 
Furthermore, it is stated that the implementation 
of transfusion and coagulation management algo-
rithms (based on ROTEM®/TEG®) can reduce 
transfusion-associated costs in trauma, cardiac 
surgery and liver transplantation (Grade B), and 
that targeted therapy with fibrinogen and/or PCC 
guided by ROTEM®/TEG® is not associated 
with an increased incidence of thromboembolic 
events (Grade C) [224].

 The cost-effectiveness of ROTEM®-guided 
bleeding management has also been proven by 
several health technology assessments and 
pharmaco- economic analyses [226–233]. 
However, guidelines and heath technology 
assessments can only change practice and 
improve patients’ outcomes in combination with 
knowledge translation and implementation [230–
233]. Therefore, the ‘STOP Bleeding Campaign’ 
was set up in 2013 [234].

Dedication This chapter is dedicated to my wife Dr. 
Anke Görlinger, who passed away much too early on 
December 27, 2019. Without her support, this work could 
not have been done.
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Thromboelastography (TEG® 5000 
and TEG® 6s Hemostasis Analyzers 
with TEG Manager® Software)
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Abbreviations

AA Arachidonic acid
ACT Activated clotting time
ADP Adenosine diphosphate
aPTT Activated partial thromboplastin time
CABG Coronary artery bypass grafting
CCT Conventional coagulation test
CFF Citrated functional fibrinogen
CK Citrated kaolin
CRT Citrated RapidTEG™
DOACs Direct-acting oral anticoagulants
FDP Fibrin degradation product
FF Functional fibrinogen
FLEV Level of fibrinogen in the plasma
INR International normalized ratio
K-time Coagulation time
LY30 Percent lysis 30  minutes after maxi-

mum amplitude
MA Maximum amplitude
PCI Percutaneous coronary intervention
POCT Point-of-care test
PPH Postpartum hemorrhage

PT Prothrombin time
R-time Reaction time
TAVR Transcatheter aortic valve repair/

replacement
TT Thrombin time
TXA Tranexamic acid
VHA Viscoelastic hemostatic assays

 Introduction

 Analyzer Methodology

Many technicians and physicians are familiar with 
using the TEG® 5000 system for performing 
thromboelastography. Whole blood (sample vol-
ume ~ 360 μL; temperature 37 °C) is transferred to 
a cylindrical cup inserted into the device along with 
reagents for the assay to be performed. A stationary 
pin is immersed into the blood, and an oscillating 
rotational movement is introduced whereby the 
cup is rotated through an angle of 4° 45′ with a 
cycle duration of 10 seconds [1]. These conditions 
are designed to reflect venous blood flow.

At the outset, the blood is a liquid with low 
viscosity; there is no measurable rotational force 
on the pin and the read-out on the TEG® 5000 
device is zero. As the process of coagulation 
begins, fibrin fibers begin to form within the 
blood; these adhere to the pin and the cup while 
increasing the viscosity of the blood. As a result, 
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the rotation of the cup begins to exert a rotational 
force on the pin. The TEG® 5000 device registers 
values that represent the extent of the pin’s rota-
tional movement (i.e., the amplitude), which 
increases with the rotational force. The amplitude 
increases over time until a maximum is reached, 
and a value for maximum amplitude (MA) is 
obtained. Subsequently, the amplitude decreases 
gradually as the natural process of clot lysis takes 
place [1].

The results of a thromboelastography analysis 
are presented both as specific values (e.g., reac-
tion time, MA [see below for details of the vari-
ables that are measured]) and as a graph of 
amplitude (in millimeters; y-axis) against time 
(in minutes; x-axis). A blood sample from a 
healthy individual will yield a graph (tracing) 
that has a profile similar to a cognac glass on its 
side, as coagulation proceeds more quickly than 
clot lysis.

The TEG® 6s system was designed to 
advance the ease and precision of thromboelas-
tography, and is increasingly being used in place 
of the TEG® 5000. Both devices are shown in 
Fig. 19.1. The TEG® 6s device is used with dis-
posable cartridges that contain all of the assay 
reagents, avoiding the need for reagents to be 
pipetted manually. A sample of citrated blood 
(~340 μL) is pipetted into the cartridge, trigger-
ing an automated process that mixes the assay 
reagents with the blood and transfers them to the 
test chamber within the device. While similar 
parameters are measured as with the TEG® 5000 

device, a different method is used to assess coag-
ulation: instead of rotating a cup and measuring 
the forces involved, the sample is exposed to 
vibrations of different frequencies to identify the 
resonant frequency. Viscoelastic properties (and 
therefore clot strength) affect the resonant fre-
quency in a predictable manner, enabling the 
same parameters and tracing of the TEG® 5000 
device to be reproduced. TEG® 6s analyzer 
results are therefore interpreted clinically in the 
same way as TEG® 5000 data. Importantly, the 
increased automation with TEG® 6s limits the 
potential for operator-dependent variability 
while minimizing the time taken for results to 
become available [1].

The software used with TEG® 6s Hemostasis 
Analyzer is called TEG Manager®, and is 
another area where advances have been made. 
The results of each TEG® 6s analysis are 
uploaded to a server-based Web portal. 
Physicians can review their current and histori-
cal data from anywhere within the hospital net-
work at any time, and hospital administrators as 
well as laboratory managers and directors can 
monitor all the devices within their jurisdiction 
to facilitate managerial decisions. Password pro-
tection ensures data safety and that the software 
is fully compliant with the Health Insurance 
Portability and Accountability Act [1]. A sepa-
rate interpretation guidance module allows for 
institutions to define and set their own cut-offs 
and algorithms, which can facilitate a more 
aligned approach across larger teams of provid-
ers (Fig. 19.2).

 TEG® Tracing and Variables Measured

A number of different thromboelastography vari-
ables are used to assess the clotting process, all of 
which are based on changes in clot strength over 
time. Details of the variables most likely to be 
used in clinical practice are described below.

 R-Time
The reaction time (R) is the time it takes for the 
amplitude of the clot tracing to reach 2 mm. It 
reflects the process of thrombin generation and 

Fig. 19.1 The TEG® 5000 (left) and TEG® 6s (right) 
devices. TEG® Hemostasis Analyzer Operator tracings 
and images used by permission of Haemonetics 
Corporation
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the initial formation of fibrin fibers. Conditions 
that can increase the value of R-time are those 
associated with hypocoagulability, such as clot-
ting factor deficiencies or treatment with antico-
agulants (e.g., heparin) [1, 2]. Conversely, 
hypercoagulability may cause a low value for 
R-time. Nielsen et  al. [3] studied the effects of 
specific coagulation factor deficiencies (II, VII, 
X, XII) on thromboelastography results, and 
reported that R-time was the variable most 
affected by these deficiencies. Also, in patients 
with hemophilia, R-time has shown a strong cor-
relation with factor VIII activity (R  =  −0.81, 
p = 0.001) [4].

 K-Time
The coagulation time (K) is defined as the time 
interval between the tracing reaching amplitudes 
of 2 and 20 mm. This variable represents the pro-
cess of clot strengthening, which is mainly 
dependent on the cleavage of fibrinogen and sub-
sequent polymerization of fibrin. As with R-time, 
a prolonged value for K-time is often encoun-
tered under conditions of hypocoagulability, 
while hypercoagulability can shorten K-time [1]. 
Severe coagulopathy may prevent the tracing 
amplitude from reaching 20 mm, meaning that no 
value for K-time is produced. Consequently, 
K-time is used less in clinical practice than the 
other variables described here, particularly as the 

functional fibrinogen assay is included in the 
TEG® 6s device.

 Angle
The angle (α) is the tangent line of the tracing 
that starts as the tracing diverges from the base-
line. This variable reflects the speed of clotting 
and depends on coagulation factors including 
fibrinogen. An angle that is smaller than the ref-
erence range suggests that the patient is in a 
hypocoagulable state, while a larger angle is 
likely to be encountered in hypercoagulable 
patients. Angle is used in some clinical algo-
rithms to determine a patient’s need for fibrino-
gen supplementation, on the basis that it correlates 
well with functional fibrinogen concentrations 
(R = 0.7, p < 0.0001) [5]. However, amplitude in 
the Functional Fibrinogen TEG (TEG-FF) assay 
may be preferable for such assessment, as plate-
let aggregation is inhibited in the TEG-FF assay.

 Maximum Amplitude (MA)
The maximum amplitude (MA) is the most diver-
gent point of the tracing, representing the maxi-
mum strength of the clot. This depends largely on 
the concentrations and functionality of platelets 
and fibrin. Thus, MA has been shown to correlate 
with both platelet count (r = 0.59, p < 0.001) and 
fibrinogen level (r  =  0.64, p  <  0.001) [6]. The 
amplitude at 10 minutes has been suggested as a 

R

Hypercoagulable

↓ R (min)
↑ factor activity

↑ MA (mm)
↑ platelet &/or fibrin

↓↓ LY30 (%)
Fibrinolysis shutdown

Hypocoagulable
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A/C or ↓ factors
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↑ fibrinolytic activity
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Fig. 19.2 Examples of TEG® traces for normal hemo-
stasis, hemorrhagic, thrombotic, or fibrinolytic states. A/C 
anticoagulant, LY30 percent lysis 30 minutes after MA, 

MA maximum amplitude, R reaction time. TEG® 
Hemostasis Analyzer Operator tracings and images used 
by permission of Haemonetics Corporation
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parameter to provide an early indication of MA, 
but it is currently only available outside the 
United States [7].

 LY30
The LY30 parameter describes the percentage 
reduction in the area under the TEG® tracing at 
30 minutes after the MA was achieved, compared 
with the area under a hypothetical constant trac-
ing from the time of MA. LY30 is an assessment 
of clot stability, and shows the speed and extent 
of fibrinolysis (high values are associated with 
hyperfibrinolysis). In a study of trauma patients, 
LY30 values ≥3% as opposed to <3% were asso-
ciated with a significantly higher likelihood of 
needing massive transfusion (90.9% vs. 30.5%, 
p = 0.0008) and an increased risk of death due to 
bleeding (45.5% vs. 4.8%, p = 0.0014), particu-
larly in patients with a short time to maximum 
amplitude (TMA) [8].

 Reference Ranges
Reference ranges for TEG® measurements most 
likely to be used in clinical practice are shown in 
Table 19.1. The values shown are based on tests of 
citrated whole blood from healthy donors repre-
sentative of normal population distributions of 
age, gender, and race. The donors had no known 
coagulopathies and were not taking any drugs that 
would potentially affect hemostasis. A recent 
method comparison study found a strong correla-
tion between TEG® 5000 and TEG® 6s measure-
ments, with very similar reference ranges [9].

 Clinical Interpretation of TEG® Results
The interpretation of TEG® results requires expe-
rience because of the number of variables 
involved (due to both user variability and sample 
variability), and the fact that most of the relevant 
variables can be affected by more than one aspect 
of coagulation. Table  19.2 shows TEG® results 
likely to be observed in the clinic, and how these 
results may be interpreted. The guidance shown 
is based on in vitro studies where specific adjust-
ments could be made (e.g., inhibition of platelet 
function) and the effects on TEG® results 
observed.

 Channels and Reagents

Thromboelastography can be performed using a 
number of assays with different reagents, 
enabling different aspects of coagulation to be 
assessed. The TEG® 5000 device provided two 
channels, allowing two assays to be performed 
simultaneously; with the TEG® 6s, the number of 
channels has been increased to four, so that four 
assays can be run simultaneously without the 
need for reagent preparation. Details of the prin-
cipal TEG® assays are detailed below and sum-
marized in Table 19.3.

 Native
This assay is performed without any additional 
reagents and therefore characterizes the coagula-
tion process by contact activation. This assay is 
more likely to be used for research purposes than 
in routine clinical practice, because, in the 
absence of a coagulation activator, the clotting 
process is relatively slow and results are not 
available quickly.

 RapidTEG™
Two coagulation activators are used in this assay: 
kaolin and human recombinant tissue factor. 
These two reagents have complementary modes 
of action; kaolin stimulates coagulation via the 
intrinsic pathway while tissue factor activates the 
extrinsic coagulation cascade. For RapidTEG, 
activated clotting time (ACT) measures the speed 
of the early phase of coagulation and serves as a 

Table 19.1 Reference ranges for TEG® 6s Hemostasis 
Analyzer parameters

Reagent and 
variable

Reference range: 
lower boundary

Reference range: 
upper boundary

CK R 
(minutes)

4.6 9.1

CK LY30 
(%)

0.0 2.6

CRT MA 
(mm)

52 70

CFF MA 
(mm)

15 32

CFF citrated functional fibrinogen, CK citrated kaolin, 
CRT Citrated RapidTEG®, MA maximum amplitude, R 
reaction time
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replacement for R-time. A value for ACT is pro-
duced as early as 3 minutes after beginning the 
assay, enabling key treatment decisions to be 
made early. MA and Angle are available within 
~15 minutes.

 Kaolin
The Kaolin assay is widely used in clinical set-
tings where the speed offered by Rapid TEG™ 
is  not required. Kaolin is the sole activator of 
coagulation in this assay. It is sometimes regarded 
as the ‘standard’ TEG® assay, serving as a base-
line for comparison with assays with additional 
reagents. The Kaolin assay is usually performed 
using citrated whole blood, as this prevents the 
blood from clotting prematurely.

 Heparinase
The Heparinase assay is performed to determine 
whether clinically relevant levels of heparin are 
present in the patient’s blood. Most commonly, 
the results of a kaolin–heparinase assay are com-
pared with those of the Kaolin assay. Typically, 
users compare R-times to determine if heparin is 
present, and if present, use the MA on the citrated 
kaolin with heparinase channel. In addition to the 
Kaolin assay, the effect of heparinase can be 
measured using the native, citrated functional 
fibrinogen (CFF) and Rapid TEG™ assays (i.e., 
these two assays can also be performed with 
 versus without heparinase).

 Functional Fibrinogen (FF)
The contribution of fibrinogen to the strength of 
the clot can be measured using the Functional 
Fibrinogen (FF) assay. The overall clot strength 
is derived from two sources: platelets and fibrin, 
the latter being derived from fibrinogen. The FF 
assay is performed with a platelet glycoprotein 
IIb/IIIa receptor antagonist, which prevents 
platelets from binding and contributing to the clot 
formation. Consequently, the clot that forms is 
based almost exclusively on fibrin activity. The 
level of fibrinogen is estimated from the MA of 
the FF assay. The contribution of platelets to the 
clot strength can be directionally estimated from 
the difference in MA between the FF assay and 
the Kaolin assay, or through comparison with the 
RapidTEG™. The FF assay is usually performed 
using citrated whole blood.

Table 19.2 Interpretation guidance for TEG® 6s Hemostasis Analyzer results

Assay Variable
Observed TEG 
result

Hemostatic 
significance Interpretation

CK R (min) CK R > RR Hypocoagulable Low coagulation factor activity and/or presence of 
heparin

CK R < RR Hypercoagulable
LY30 
(%)

CK LY30 > RR Hypocoagulable Hyperfibrinolysis

CRT MA 
(mm)

CRT MA < RR Hypocoagulable Low fibrinogen level or low platelet contribution
CRT MA > RR Hypercoagulable High platelet contribution

CFF MA 
(mm)

CFF MA < RR Hypocoagulable Low fibrinogen level
CFF MA > RR Hypercoagulable High fibrinogen level

CFF citrated functional fibrinogen, CK citrated kaolin, CRT Citrated RapidTEG, MA maximum amplitude, R reaction 
time

Table 19.3 Key assays and reagents for TEG® 5000 and 
TEG® 6s Hemostasis Analyzers

Assay Reagents
Native No additional reagents
RapidTEG TF, kaolin and CaCl2

Kaolin Kaolin and CaCl2

Heparinase Kaolin, CaCl2, and heparinase
FF Abciximab, tissue factor, and CaCl2

Platelet 
mapping

Four separate assays:
Kaolin assay – as above
ActivatorF assay – heparin, reptilase, 
and factor XIIIa
AA plus ActivatorF assay – heparin, 
reptilase, factor XIIIa, and AA
ADP plus ActivatorF assay – heparin, 
reptilase, factor XIIIa, and ADP

AA arachidonic acid, ADP adenosine diphosphate, FF 
functional fibrinogen, TF tissue factor
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 PlateletMapping® Assays
TEG® PlateletMapping® assay for platelet func-
tion testing is performed using four separate 
assays as follows: (1) Kaolin assay (see above for 
details); (2) ActivatorF assay (includes heparin, 
reptilase, and factor XIIIa, resulting in a 
 thrombin- independent, fibrin-based clot); (3) 
Arachidonic acid (AA) plus ActivatorF assay 
(generates a thrombin-independent, fibrin-based 
clot with additional contribution from platelets 
based on activation of the AA pathway); (4) 
Adenosine diphosphate (ADP) plus ActivatorF 
assay (generates a thrombin-independent, fibrin-
based clot with additional contribution from 
platelets based on activation of the ADP path-
way). PlateletMapping can be used to measure the 
effects of antiplatelet medication (e.g., ticagrelor, 
clopidogrel) or aspirin or to assess platelet func-
tion after a patient has experienced an injury [10].

 Comparison with Standard 
Coagulation Tests

Standard laboratory tests of coagulation include 
activated partial thromboplastin time (aPTT), 
prothrombin time (PT), international normalized 
ratio (INR), and thrombin time (TT). In addition, 
levels of key blood constituents can be measured 
in the laboratory (e.g., platelets, red blood cells, 
Polymorphonuclear (cells) (PMNs), and coagula-
tion factors such as fibrinogen). Figure 19.3 gives 
an overview of the in vitro coagulation process as 
measured through conventional coagulation tests. 

The method of assessment with thromboelastog-
raphy differs markedly from the methods of stan-
dard laboratory tests. Using whole blood, 
thromboelastography provides a range of results 
that characterize the entire coagulation process, 
from initial clot formation to lysis [1]. By includ-
ing blood constituents such as platelets and red 
blood cells, the conditions for coagulation in the 
TEG® analyzer reflect those found in vivo. In 
contrast, standard laboratory tests are performed 
using platelet-poor plasma and they are stopped 
when the first fibrin strands are formed, meaning 
that they only assess the beginning of clot forma-
tion. Also, viscoelastic properties of the blood 
clot are not measured in any of the standard coag-
ulation tests. These fundamental differences 
mean that no thromboelastography measurement 
should be considered as equivalent to a standard 
laboratory-based coagulation test. Instead, the 
two sources of data should be considered as com-
plementary. However, some correlations have 
been observed, such as between FF-MA and the 
plasma fibrinogen level [5, 12].

Unlike most standard coagulation tests, 
thromboelastography can be undertaken at the 
site-of-care. In addition, only minimal training is 
needed in order to use the current TEG® 6s 
device [13] meaning that there is no need to rely 
on specific staff with extensive technical exper-
tise. Moreover, early results from TEG® assays 
are available within ~15 minutes. Therefore, the 
turnaround time for obtaining TEG® results can 
be kept short, and it is generally accepted that 
TEG® is likely to enable treatment decisions to be 

Maximum clot forms

Clot degradation
takes over

Clot dissolved
Damage repaired

Clot grows

Platelet plug forms
Fibrin strands form

Initiation

PT/INR
PTT

Fibrinogen
level

Clauss
assay

Platelet
Count

Bleeding
time

D-dimer
FDP

Hemostatic
status

Fig. 19.3 The role of 
conventional coagulation 
tests in measuring 
hemostatic status. 
(Figure adapted from 
Agarwal et al. [11]). 
CCT conventional 
coagulation test, FDP 
fibrin degradation 
product, INR 
international normalized 
ratio, PT prothrombin 
time, PTT partial 
thromboplastin time
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made earlier than with standard coagulation tests 
[14–16]. Furthermore, TEG® testing provides 
indications for specific blood components. This 
may be a crucial benefit, for example, when a 
patient has life-threatening bleeding, and there is 
an urgent need to understand what treatment is 
needed to achieve hemostasis.

 Limitations

Variability between users has historically been an 
important limitation of thromboelastography 
testing [1, 17]. The main reasons for such vari-
ability were related to the methods for using the 
TEG® 5000, such as the need for manual pipet-
ting and the requirements for calibration. The 
extent of variability is greatly reduced with the 
TEG® 6s device because the analysis procedure 
with this device is almost fully automated [9].

Another limitation of TEG technology is that 
the in vivo clotting conditions are not fully repre-
sented. The biology and physiology of the blood 
vessel are not replicated. Endothelial cells are 
believed to influence the coagulation process 
in  vivo, but are not currently represented in 
thromboelastography. In addition, the physical 
effects of blood flow are not accurately reflected, 
particularly with the TEG® 6s methodology, and 
it may also be argued that the rotation of TEG® 
5000 device does not accurately represent blood 
flow. Additionally, thromboelastography is lim-
ited in its ability to accurately detect certain defi-
ciencies, such as von Willebrand disease.

 Clinical Use

 Thromboelastography in Trauma

The diagnostic utility of TEG® viscoelastic test-
ing in the care of trauma patients has been exten-
sively described in original research as well as in 
numerous recent review articles [18–24]. Many 
of the studies demonstrate the early diagnostic 
value of testing with TEG® technology in 
 informing the right therapeutic strategy as well as 
in predicting short-term (e.g., need for massive 

transfusion) and midterm outcomes (e.g., mortal-
ity) [25–30]. Many studies suggest a higher diag-
nostic value of TEG® testing compared to 
standard coagulation tests (aPTT and PT/INR), 
and not just because of the faster turnaround of 
results [31–33]. Some have suggested that at 
admission TEG® testing can replace standard 
coagulation test in the trauma setting [14]. 
Multiple studies have used the TEG® technology 
to show hyper- or hypocoagulability in certain 
patient populations, for example, male versus 
female [34].

Multiple clinical trials have demonstrated the 
clinical benefits of TEG® testing in the treatment 
of trauma-induced coagulopathy, as well as of 
TEG®-guided resuscitation and massive transfu-
sion protocols. Benefits of TEG® testing include 
reduced mortality and improved blood product 
and other resource utilization [35–39]. Multiple 
groups from Europe and the United States have 
developed and published TEG®-based transfu-
sion algorithms for use in trauma [20, 40, 41].

A pragmatic, randomized clinical trial was 
performed to compare the outcomes in trauma 
patients treated using the TEG®-based algorithm 
shown in Fig.  19.4 versus an equivalent algo-
rithm with guidance from conventional coagula-
tion tests [42]. The study included 111 patients 
with a median injury severity score (ISS) of 30. 
Patients treated with the TEG®-guided algorithm 
showed significantly reduced mortality compared 
with those in whom conventional tests were used: 
20% versus 36% (p = 0.049). The quantities of 
plasma and platelet administered during the first 
2 hours after injury were higher among patients 
treated according to conventional tests, and the 
authors suggested that TEG® guidance facilitated 
the administration of appropriate treatment at an 
earlier time.

Another benefit of thromboelastography is the 
ability to characterize different stages or subtypes 
of trauma-induced coagulopathy, which allows 
for a more tailored, individual approach to the 
treatment of each patient. Using principal com-
ponent analysis methodology, multiple groups 
were able to establish different phenotypes of 
trauma-induced coagulopathies; these include 
global coagulopathies with depletion of platelets 
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and fibrinogen or depletion of clotting factors, as 
well as (hyper-)fibrinolysis with or without acti-
vation of protein C [43–45].

Several studies have suggested that fibrinoly-
sis plays an important role, particularly in high 
bleeding and high mortality trauma cases [27, 
46–48]. As a result, the treatment of fibrinolysis 
with antifibrinolytic medications, such as 
tranexamic acid (TXA), has been suggested. In 
the CRASH-2 trial, a 1.5% mortality benefit was 
observed when TXA was administered to all 
trauma patients [49]. However, there were several 
shortcomings in the design of this trial [50], and 
questions were raised if antifibrinolytic therapy 
should only be given to patients who have con-
firmed increased fibrinolysis.

Viscoelastic tests are a reliable method to rap-
idly detect hyperfibrinolysis and the TEG® 6s 
Hemostasis Analyzer is (as of June 2020) the 
only FDA-cleared cartridge-based test that can 
detect hyperfibrinolysis in a trauma setting at the 
site-of-care. The FDA clearance was granted 
based on a clinical method comparison study 
with the TEG® 5000 analyzer that enrolled nearly 
500 trauma patients [9, 51].

Hyperfibrinolysis identified by the TEG® 
LY30 parameter has been shown by several stud-
ies to be associated with increased mortality, 
increased need for massive transfusion and 
increased use of overall resource utilization [47, 
52–54], suggesting goal-directed treatment with 
antifibrinolytic medications, for example, in 
patients with LY30 > 3% [8]. Conversely, patients 
without hyperfibrinolysis or with fibrinolytic 
shutdown do not seem to get a benefit from anti-
fibrinolytics, or could even be harmed [55–57].

 Other Clinical Applications

 Liver Transplantation
Liver transplantation was among one of the first 
broadly adopted clinical areas of use of throm-
boelastography, beginning in the early 1960s 
[58]. Starzl et al. at the University of Colorado 
first suggested the selective use of antifibrinol-
ytics based on an increased risk of pulmonary 
embolism. The combination of patients with 
severe underlying coagulopathy [59], paired 
with an intervention exposing them to a very 
high bleeding risk, created a significant unmet 
clinical need for holistic and timely hemostatic 
information.

Kang and his team in Pittsburgh further estab-
lished the use of thromboelastography in liver 
transplantation and demonstrated the ability to 
identify specific coagulation disorders with 
thromboelastography that developed through the 
course of the procedure. They also demonstrated 
a reduction in transfusion volume by a third when 
using TEG® testing and published seminal papers 
on the role of hyperfibrinolysis as detected by 
thromboelastography [6, 60].

Today, thromboelastography remains a key 
component of intra- and perioperative hemostasis 
management in liver transplant patients, particu-
larly for the assessment of coagulation factor 
deficiencies, platelet disorders, hyperfibrinolysis, 
and hypofibrinogenemia [61–65]. In addition, 
valuable information can be derived to differenti-
ate heparin-induced bleeding from other intrinsic 
sources of bleeding [66]. Multiple algorithms 
have been proposed to optimize the workflow and 
utility of TEG technology, and to improve blood 

Once MTP activated and standard of 4U RBC and 2U FFP given, continue to component
transfusion based on TEG® results (rapidTEGTM)

Act > 128 sec

2 units FFP

Angle <65º

10 units
cryo

MA <55 mm

1 unit
platelets

LY30 ≥5%

1g IV TXA

Reassess
using citrated
rapidTEGTM

If patient is
bleeding

Fig. 19.4 TEG®-based algorithm developed for the treatment of trauma by massive transfusion protocol, modified 
after Gonzales et al. [42]
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component utilization in cirrhotic patients; an 
example algorithm is shown in Fig. 19.5 [67].

 Cardiac Surgery
The utility of thromboelastography with the 
TEG® analyzer, ranges from presurgery assess-
ment, throughout the surgery itself (coronary 
artery bypass grafting [CABG] is the most fre-
quent procedure) and eventually to the postopera-
tive period. At each stage, thromboelastography 
can provide critically important information to 
improve the individual care for the patient and to 
use resources more effectively [69, 70].

In the preoperative assessment, thromboelas-
tography can provide useful insight into the coag-
ulation status of the patient. Many CABG patients 
are on antiplatelet therapy (e.g., P2Y12 receptor 
blockers, aspirin) and some may also take antico-
agulants, such as warfarin or more recently 
direct-acting oral anticoagulants (DOACs; either 

direct thrombin inhibitors or Factor Xa inhibi-
tors). It is therefore important to test for any 
residual drug effects [71]. Furthermore, when 
faced with a dilemma between timely interven-
tion and remaining bleeding risk, for instance, in 
less critical or time-sensitive emergency cases, 
thromboelastography has been used to provide 
guidance and weigh the benefit/risk ratio. In 
doing so, damage caused by early interventions 
with high bleeding results can be prevented, and 
it can also help patients receive definitive care 
sooner, and reduce the overall length of stay [72–
74]. Thromboelastography has been shown to 
identify manifest bleeding disorders preopera-
tively, and has good negative predictive value for 
intra- and postoperative bleeding [75].

Surgery requiring cardiovascular bypass (such 
as CABG and valve repair) can cause dilutional 
coagulopathy (similar to trauma). Moreover, the 
extensive contact with artificial surfaces (pump, 

Uncontrollable
Bleeding

FFP, 2U
Platlets, 1U

TEG

R time < 15 minutes
Angle < 45 degrees

R time ³ 15 minutes

FFP, 2U Cryoprecipitate, 6U

MA ³ 40 mm MA < 40 mm

Platelets, 1U
Continued uncontrollable

bleeding?
Standard of

care

NO
YES

Fig. 19.5 TEG®-based algorithm developed for the treatment of bleeding during liver transplantation surgery, modi-
fied after Wang et al. [67, 68]
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etc.) can lead to aggravating consumptive coagu-
lopathy. Thromboelastography has been used 
extensively to monitor the coagulation status of 
these patients. In some institutions, a specific 
TEG® test, the heparinase test, is performed to 
counteract the heparin effect observed during car-
diovascular bypass surgery, and to allow the physi-
cian to “see through” and to assess the underlying 
coagulation status of the patient. Protamine is 
administered to reverse the heparin effect after full 
rewarming. This is a critical time as it is during this 
period that any coagulopathies would manifest 
further. It is also helpful at this stage to distinguish 
inherent from surgical bleeding [70, 73, 76].

In the postoperative period, thromboelastogra-
phy remains a key diagnostic tool to assess the 
coagulation status of the patient and to manage 
hemostasis. Particularly, in cases of unexplained 
oozing or other manifest bleeding, thromboelas-
tography can provide valuable information to get 
to the root cause of the bleeding, and can help 
inform the decision to re-explore a patient surgi-
cally  [77].

Since the pioneering work in cardiovascular 
surgery in the 1980s and 1990s, multiple updated 
treatment algorithms have been proposed [70, 
78–83]. One example, developed in the United 

Kingdom (Fig. 19.6), included the use of platelet 
function testing (both multiple electrode 
aggregometry and PlateletMapping®) before 
implementing cardiopulmonary bypass surgery, 
to determine the patient’s anticipated post-bypass 
requirement for platelet transfusions [71]. A 
recent meta-analysis summarized the clinical 
benefits of using TEG® technology to guide 
bleeding and hemostasis management in patients 
undergoing cardiovascular surgery [75].

 Obstetrics
As in trauma, hemorrhage is a major contributor 
to mortality in the obstetric setting, and an accu-
rate holistic assessment of the coagulation status 
with thromboelastography provides additional 
diagnostic insight and can inform an individually 
optimized hemostatic therapy [84–86]. Given the 
general changes to the coagulation system during 
pregnancy, it is important to identify specific trig-
ger points and to develop targeted algorithms for 
hemostatic intervention [87, 88]. Particularly for 
postpartum hemorrhage, thromboelastography 
has been recommended to be included in treat-
ment algorithms [88–91]. Figure 19.7 shows an 
example algorithm for the use of thromboelas-
tography in obstetrics [92].

Pre-bypass PlateletMapping®

Pre-bypass Kaolin TEG®

Pre-bypass CFF

Operative Procedure

Post-protamine Kaolin and Heparinase TEG®

Post-protamine CFF

YES

YES YES YES YES YES YES YES

YES

NOIs the patient suffering from
post-operative micro-vascular bleeding?

Resume Standard
Care

NO

NONONONONONONO

FLEV <1 g/I?CFFCK-R/CKH-R and CK-MAPlateletMapping®

PM ADP inhibition
>60%?

Transfuse
1 pool platelets

PM ADP inhibition
>70%?

Transfuse
2 pools platelets

Kaolin R time > 2
Heparinase R

time?

Administer
50 mg Protamine

R time ≥10 and
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Transfuse
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consider

resternotomy

Is MA <40 and
≥25 min?

Transfuse
1 pool platelets*

Transfuse
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Is MA <25 mm?

Transfuse 10 units
cryoprecipitate

Fig. 19.6 TEG®-based treatment algorithm developed 
for use in patients undergoing coronary artery bypass sur-
gery modified after Agarwal et  al. [71]. *If not already 
receiving platelet transfusion from MEA/PM; ADP ade-

nosine diphosphate, CFF citrated functional fibrinogen, 
FLEV level of fibrinogen in the plasma, MA maximum 
amplitude, R-time reaction time
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 Interventional Cardiology
While the immediate bleeding risk for patients 
undergoing percutaneous coronary intervention 
(PCI) has been significantly reduced, the risk of 
bleeding due to post-interventional antiplatelet 
therapy (and sometimes anticoagulation), as well 
as the increased thrombotic risk (e.g., restenosis), 
remain. Thromboelastography not only offers a 
unique holistic view including information on 
platelet function (similar to other platelet func-
tion tests, such as VerifyNow® or Multiplate®) but 
also on general coagulation pattern [93].

Platelet function testing is essential to assess 
the patient’s risk profile [74, 93], and thrombo-
elastography has been shown in various settings 
to be a valuable and reliable test for this purpose 
[10, 94–96]. Consequently, thromboelastography 
has been used in various studies to successfully 
risk stratify patients or to even predict their risk 
for an event [94, 97, 98]. With the clearance of 
the cartridge-based TEG® 6s Hemostasis 
Analyzer, a lot of these tests can now be per-
formed at the site-of-care. The new generation 
device has been validated in the cardiology set-
ting by multiple teams [99, 100]. With the new 
guidelines recommending guided de-escalation 
therapy after percutaneous coronary intervention 
(PCI) based on the TROPICAL-ACS trial [101], 

platelet testing with the TEG® analyzer has 
gained renewed momentum. Other areas that 
could be explored are the use of TEG for patients 
undergoing transcatheter aortic valve repair/
replacement (TAVR) [102, 103] or left atrial 
appendage closure (LAAC), e.g., with a 
Watchman® procedure.

 Stroke
In stroke patients, thromboelastography can pro-
vide a holistic view of the coagulation status of the 
patient providing important clinical insights regard-
ing acute and long-term bleeding or thrombotic 
risks. In patients with intracranial hemorrhage, 
resulting hypercoagulability has been described as 
measured by shortened R time and increased MA 
in the thromboelastography assay [104]. Likewise, 
studies with thromboelastography in acute isch-
emic stroke patients showed faster clotting as mea-
sured by a significantly reduced R time [105]. 
Thromboelastography has also been suggested as a 
potential individualized diagnostic for targeted sec-
ondary stroke prevention [106].

 Congenital Bleeding Disorders
Thromboelastography has been successfully 
introduced into the clinical management of 
patients with congenital bleeding disorders, 

Estimated blood loss approaching 500 ml (vaginal delivery) or 1000 ml (caesarean section)

Baseline:
Full blood count, coagulation screen (PT, INR, fibrinogen, D-dimers), biochemistry, arterial

blood gases

Consider using site-of-care TEG to monitor coagulation/fibrinolysis

Evidence for a Major PPH?
Blood loss >1500 ml
Two units PRBS transfused
HR >100, BP <85/45, SpO2 <95%, DIC

Activate massive transfusion protocol

Reassess evidence for Major PPH and perform serial TEGs
to assist with assessing coagulation/fibrinolysis until
bleeding is controlled

TEG interpretation:
Consider FFP
•   If kaolin R >8.3 min
•   If kaolin K >2.0 min
•   If RapidTEG R >1.7 min
•   If RapidTEG K >1.9 min
Consider cryoprecipitate
•   If kaolin angle <63.8°
•   If RapidTEG angle <65.7°
Consider platelets
•   If kaolin MA <69.4 mm
•   If RapidTEG MA <67.1 mm
Consider hyperfibrinolysis
•   Progressive narrowing of
    TEG profiles

Fig. 19.7 TEG®-based treatment algorithm developed for use in obstetrics, modified after Hill et al.  [92]
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particularly for hemophilia patients [107]. 
Thromboelastography has been used to capture 
and describe the phenotypical heterogeneity of 
individual patients, and in some cases to predict 
the varying clinical outcomes in patients with 
otherwise comparable standard coagulation 
tests or factor level results. Moreover, 
 thromboelastography is used for guiding of 
routine prophylaxis as well as for determining 
the response to bypassing agents [108]. Some 
studies have used thromboelastography in peri-
operative bleeding management for hemophilia 
patients [109, 110]. With new therapeutic 
options like emicizumab (Hemlibra®, Roche) 
available, in which standard coagulation tests 
do not render reliable or actionable results, 
thromboelastography has been proposed as an 
alternative for effective monitoring [111].

 DOAC Detection
The increasing use of DOACs, such as Factor Xa 
inhibitors (rivaroxaban, apixaban, edoxaban, and 
betrixaban) and direct thrombin inhibitors (dabi-
gatran), as well as the availability of reversal 
agents for both classes of DOACs (andexanet 
alfa, idarucizumab), has increased the need to 
reliably detect and classify DOACs and to quan-
tify their therapeutic effect and demonstrate the 
effect of reversal agents. Factor Xa chromogenic 
anti-Xa assays are reliable laboratory test, but 
they take a long time, and do not provide a func-
tional readout. Furthermore, the chromogenic 
assay may not be available in many hospitals. A 
point-of-care urine test (DOAC dipstick) is avail-
able commercially outside the United States and 
has its own limitations. To date, the use of point- 
of- care viscoelastic testing has not been validated 
sufficiently in terms of sensitivity to relevant 
plasma levels of DOACs. However, recent devel-
opments of TEG® testing in this setting have 
shown promising results [112–114]. For exam-
ple, a recent multicenter proof of concept trial has 
shown excellent results for DOAC detection and 
classification in an experimental setting using a 

modified TEG® 6s cartridge containing ecarin 
and human factor Xa as activators [115].

 Site-of-Care Use
The TEG® 5000 analyzer is sensitive to vibra-
tion,  not easily portable, and requires multiple 
pipetting steps to perform each assay. This has 
limited its use at the site-of-care significantly. 
While some hospitals have placed TEG® 5000 
analyzers close to the emergency department 
(ED) or operating room (OR), the majority of 
hospitals have it in the central lab, preventing 
site-of-care use. The next generation, cartridge- 
based TEG® 6s Hemostasis Analyzer is much 
less sensitive to vibration and conveniently por-
table, opening up opportunities for use in site-of- 
care settings. These include remote areas and 
austere settings in the military context as well as 
uses during land (ambulance, evacuation, and 
mobile stroke unit) or air (helicopter, airplane) 
transport [116–118].

 Guidelines

The use of thromboelastography is recom-
mended in the guidelines of several scientific 
societies. Testing with TEG® Hemostasis 
Analyzers is recommended in trauma guidelines 
for assessing coagulopathy and guiding hemo-
static treatment. Viscoelastic monitoring is also 
recommended in guidelines for the monitoring 
and managing of hemostasis in cardiac surgery, 
for platelet function testing in high-risk patients 
undergoing percutaneous coronary intervention, 
in liver transplant surgery, and in postpartum 
hemorrhage. Guidelines are summarized in 
Table 19.4.

Thromboelastography has demonstrated 
broad clinical, diagnostic utility across a variety 
of clinical indications. The introduction of a 
newer, more user-friendly device (TEG® 6s 
Hemostasis Analyzer) will likely support further 
adoption of this technology.
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Table 19.4 Guidelines recommending the use of TEG® technology or viscoelastic monitoring in different clinical 
settings

Clinical 
area Society/Organization/Institution Recommendations and references
Trauma Task Force for Advanced 

Bleeding Care in Trauma
European guideline on management of major bleeding and 
coagulopathy following trauma (2016): [119]
  Early and repeated coagulation monitoring using traditional 

coagulation tests (Grade 1A) and/or viscoelastic methods 
(Grade 1C)

  Treatment with fibrinogen concentrate or cryoprecipitate if 
significant bleeding is accompanied by viscoelastic signs of 
a functional fibrinogen deficit or a plasma fibrinogen level 
of less than 1.5–2.0 g/L (Grade 1C)

  Repeat doses of fibrinogen must be guided by viscoelastic 
monitoring and laboratory assessment of fibrinogen levels 
(Grade 2C)

American College of Surgeons 
(ACS) Trauma Quality 
Improvement Program (TQIP)

The ACS Massive Transfusions in Trauma Guidelines: [120]
  POC-based transfusion protocol once major bleeding has 

been controlled
  TEG cut-off values for ICU transfusion of plasma, 

cryoprecipitate, fibrinogen concentrate, platelets, and 
antifibrinolytics

SFAR (Société Française 
d’Anesthésie et de Réanimation)

The French Working Group on Perioperative Haemostasis: [121]
  Viscoelastic tests should be used to indicate hemostatic 

treatment and to make clinical staff more aware of the 
severity of trauma

Cardiac 
surgery

NICE (National Institute for 
Health and Care Excellence)

TEG® systems are recommended to help monitor blood 
clotting during and after heart surgery [122]

ESA (European Society for 
Anaesthesiology)

Recommend the use of standardized VHA-guided hemostatic 
algorithms with predefined intervention triggers [123]

American Society for 
Anesthesiologists

If coagulopathy is suspected (intra- or postoperatively), obtain 
standard coagulation tests or VHAs (e.g., TEG® and 
ROTEM® analyzers), if available [124]

National Blood Authority 
Australia

In adult patients undergoing cardiac surgery, use of 
thromboelastography should be considered [125]

SFAR (Société Française 
d’Anesthésie et de Réanimation)

The French Working Group on Perioperative Haemostasis: [121]
  VHAs should be used in the event of hemorrhage at the end 

of surgery and postoperatively
  VHAs should be included in algorithms

EACTS (European Association 
for Cardio-Thoracic Surgery)
and
EACTA (European Association 
for Cardiothoracic 
Anaesthesiology)

Perioperative treatment algorithms for the bleeding patient 
based on viscoelastic POC tests should be considered to 
reduce the number of transfusions [126]

Platelet 
function 
testing

American College of Cardiology
and
American Heart Association
and
SCAI (The Society for 
Cardiovascular Angiography and 
Interventions)

Guideline for Percutaneous Coronary Intervention:
  Platelet function testing may be considered in patients at 

high risk for poor clinical outcomes [127]

European Society of Cardiology
and
EACTS (European Association 
for Cardio-Thoracic Surgery)

Guidelines on Myocardial Revascularisation: [128]
  Platelet function testing may be considered to monitor 

antiplatelet therapy in specific high-risk situations (e.g., 
history of stent thrombosis; compliance issue; suspicion of 
resistance; high bleeding risk)

(continued)
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TEG® Hemostasis Analyzer Operator tracings 
and images used by permission of Haemonetics 
Corporation
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Clinical 
area Society/Organization/Institution Recommendations and references
Liver 
transplant 
surgery

SFAR (Société Française 
d’Anesthésie et de Réanimation)

The French Working Group on Perioperative Haemostasis on 
viscoelastic tests: [121]
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aPTT activated partial thromboplastin time, POCT point-of-care test, PPH postpartum hemorrhage, PT prothrombin 
time, VHA viscoelastic hemostatic assays
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Red Blood Cell Transfusion

Anne M. Winkler

 Blood Collection and Transfusion- 
Service Related Activities

 Blood Collection and Manufacturing

Transfusion medicine is a highly regulated disci-
pline. In the United States (US), the Food and 
Drug Administration (FDA) provides oversight 
for blood and blood components to ensure pro-
tection of transfusion recipients [1]. Throughout 
this chapter, references are made to the Circular 
of Information for the Use of Human Blood and 
Blood Components, a publication of the AABB 
(formerly the American Association of Blood 
Banks), the American Red Cross, America’s 
Blood Centers, and the Armed Services Blood 
Program; this Circular was designed as an exten-
sion of container labeling to provide specific 
instructions for the administration and use of 
blood and blood components intended for trans-
fusion and can be a useful guide to prescribing 
clinicians [2].

In the US, blood donation, distribution, and 
transfusion services operate within a network of 
community and hospital-based blood collection 
centers, and transfusing facilities, which provide 
red blood cells (RBC), platelets (PLT), and 
plasma, derived from whole blood or apheresis 

donation. Allogeneic blood donation is voluntary, 
nonremunerated and donor screening includes a 
focused physical examination, hemoglobin (Hb) 
or hematocrit measurement, completion of a 
questionnaire about specific risk behaviors, 
travel, medications, and other factors that could 
affect the transfusion recipient or donor safety. 
Following successful eligibility and consent, 
whole blood is collected through a large gauge 
needle by gravity flow from the donor’s antecubi-
tal fossa and into the primary bag of a sterile, dis-
posable, plastic bag set, containing an 
anticoagulant-preservative solution to prevent 
clotting. After collection, whole blood is sepa-
rated into individual components by centrifuga-
tion and further processed into RBC, plasma, and 
PLT destined to become pooled units. In com-
parison, apheresis blood collection uses special-
ized bag sets and automated instruments that are 
designed to continuously draw and centrifuge 
small volumes of blood, remove the desired 
component(s) (e.g., RBC, plasma, single donor 
PLT, and granulocytes), and return the remainder, 
with minimal impact to the donor’s fluid balance. 
Other types of blood donation include those col-
lected for exceptional medical need, directed, 
and autologous donation.

The volume of an allogeneic whole blood 
collection ranges from 450  mL (±10%) to 
500  mL (±10%), depending on the collection 
system used [2]. RBC are collected into 
anticoagulant- preservative solutions contain-
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ing the following solution combinations: 
citrate–phosphate–dextrose (CPD), citrate–
phosphate–dextrose–dextrose (CP2D), and 
citrate–phosphate–dextrose–adenine (CPDA-
1) [2]. Citrate chelates ionized calcium in the 
donor’s blood to inhibit coagulation. Phosphate 
and dextrose directly provide nutrients to the 
red cells. Adenine is a nucleic building block 
that is added to some RBC solutions (CPDA-1) 
and additive solutions (AS), allowing the RBC 
shelf life to exceed 3 weeks [2]. RBC collected 
in CPD and CP2D have a shelf life of 21 days, 
and those collected in CDPA-1 have a shelf life 
of 35  days. The volumes of RBC units vary 
between 225 and 350  mL with a hematocrit 
ranging from 65% to 80% [2].

AS contain combinations of phosphate, ade-
nine, mannitol, dextrose (glucose), and additional 
citrate to provide nutrients and stabilize RBC 
membranes, allowing for increased storage times. 
As a result, AS (e.g., AS-1, AS-3, AS-5, and 
AS-7) are commonly added to the RBC unit to 
enable extension of the RBC shelf life to 42 days. 
These solutions add an additional 100 or 110 mL 
of fluid postcollection, which reduces the hema-
tocrit to 55–60% with an increased volume of 
approximately 300–400 mL [2].

All donors are tested for blood type, RBC 
antibodies, and infectious disease markers; PLT 
are also tested for bacterial contamination 
before they are released [3]. The most recent 
National Blood Collection Utilization and 
Survey (NBCUS) reports that 12,591,000 
whole blood and apheresis RBC units were col-
lected in the US in 2015 [3]. Of those, 
11,349,000 RBC units were transfused at US 
acute care hospitals, constituting a 13.9% 
decline since 2013 [3]. Nonetheless, the US 
continues to transfuse RBC at a greater rate 
than many other countries, with 35.3 transfu-
sions per 1000 population [3].

 ABO/Rh and Compatibility

The ABO blood group system was identified in 
1900 by Landsteiner and colleagues and remains 
one of the most important medical discoveries, as 

prior to this time, there were deaths due to trans-
fusion incompatibility [4, 5].

Codominant Mendelian inheritance of an A 
or B allele on chromosome 9q34 predicts blood 
type [6]. The A and B alleles each encode a gly-
cosyltransferase which adds a sugar to the H 
antigen (FUT1, chromosome 19q13.3), an oli-
gosaccharide chain that extends beyond the 
RBC surface [7]. Addition of a specific sugar, 
N-acetylgalactosamine or α-1, 3-galactose, 
results in the formation of an A or B antigen, 
respectively [7]. Type O results from homozy-
gous inheritance of a nonfunctional allele most 
commonly caused by a frameshift mutation, 
resulting in no glycosyltransferase being pro-
duced, thereby leaving the H antigen unaltered 
[7].

Type A red cells express A surface antigen, 
and naturally occurring anti-B is found in plasma 
[8]. Conversely, type B red cells express B anti-
gen and anti-A is present in plasma. Type O red 
cells lack A or B antigens and have anti-A and 
anti-B in the plasma. Finally, type AB red cells 
express both A and B antigens and lack naturally 
occurring anti-A and anti-B [8]. Naturally occur-
ring blood group antibodies, also called isohem-
agglutinins, are not present in the newborn (apart 
from antibodies present due to passive maternal 
transmission) but develop around 4–6 months of 
age by a thymus-independent mechanism follow-
ing exposure to carbohydrate epitopes on gut 
bacteria and food [8]. A and B antigens are also 
found on cardiac, gut, and renal endothelium 
(and other organs) and exist in a soluble form in 
secretions; for this reason, they are also known as 
“histo-blood group antigens” and as such are an 
important consideration in solid organ transplant 
[7] (Table 20.1).

ABO compatibility is fundamental to avoid a 
hemolytic transfusion reaction which may occur 
within minutes of the start of an RBC transfu-
sion and possibly with fatal results. ABO anti-
bodies are primarily IgM, which fix complement 
well, and can cause acute, intravascular hemoly-
sis. ABO antibodies of the IgG subtype may 
cause a delayed, extravascular hemolysis. IgG 
subtypes may also cross the placenta from the 
maternal circulation to cause hemolytic disease 
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of the newborn (HDN) [11]. Only one fatality 
resulting from ABO-mismatched RBCs was 
reported to FDA in 2017, accounting for 3% of 
the total fatalities reported in that year [12]. 
Undoubtedly, many more ABO-mismatching 
events transpire without resulting in fatality. 
While the ABO blood group system is best 
known, there are 36 blood group systems cur-
rently recognized by the International Society of 
Blood Transfusion. Antibodies can develop to 
any of these blood group antigens, some of 
which have been implicated in hemolytic trans-
fusion reactions and HDN. In 2017, six fatalities 
were attributed to non-ABO hemolytic transfu-
sion reactions [12]. Variations or subtypes of 
common blood types are occasionally seen and 
may present challenges to the laboratory such 
that even routine blood orders require extra time 
to fulfill.

 Pretransfusion Testing and Selection 
of RBC for Transfusion

 Type, Screen, and Crossmatch
Persons with type O blood are often called the 
“universal donor” since their red cells are com-
patible with all recipients. Type O RBC is also 
the first choice of blood in emergency transfusion 
or trauma situations. Persons with A blood may 
receive type A or type O RBC; persons with type 
B blood may receive type B or type O 
RBC. Persons with type AB RBC may be given 
any blood type and are sometimes referred to as 
being the “universal recipient” (Table 20.2).

The Rh blood group system is composed of 
two genes that account for expression of 54 anti-

gens. The D antigen is the most recognized Rh 
antigen and the presence or absence of the D anti-
gen on the red cell is still commonly referred to 
as Rh-positive or Rh-negative, respectively. D 
antigen expression varies among ethnic groups 
(Table 20.1). With respect to transfusion, the D 
antigen is second in importance to the ABO blood 
group system. For routine RBC transfusion, 
every effort is made to match the ABO/Rh of the 
unit to the recipient. For example, a patient typ-
ing B-negative should ideally receive RBC from 
a donor who is B-negative (type B,  RhD- negative), 
but O-negative RBC would also be compatible.

Anti-A and anti-B are naturally occurring 
antibodies and are present depending on blood 
type (Table 20.1). Non-ABO red cell antibodies 
are sometimes found in a patient’s sample and are 
called “unexpected” alloantibodies. About 5% of 
patients have unexpected alloantibodies. These 
antibodies have formed following exposure to 
red cells possessing antigens foreign to the recip-
ient usually from transfusion or pregnancy but 
possibly from other blood exposure. Antibodies 
differ in their clinical significance or in their abil-
ity to cause hemolysis and/or HDN. Extra time 
may be needed by the transfusion service to 
locate RBC for patients with rare or multiple 
alloantibodies.

Table 20.1 Frequency of ABO and Rh (D) type and expected plasma antibodies [4, 9, 10]

ABO and RhD type by ethnicity and approximate percentages Red cell antigen Plasma antibody
Caucasian African–American Hispanic Asian

O 44 49 55 43 None Anti-A and 
Anti-B

A 43 27 28 27 A Anti-B
B 9 20 13 25 B Anti-A
AB 4 4 4 5 A and B None
RhD Pos. 83 93 93 98
RhD Neg. 17 7 7 2

Table 20.2 Red cell type and compatibility

Recipient blood 
type

Compatible red cells for 
transfusion

O O only
A A or O
B B or O
AB O or A or B or AB

20 Red Blood Cell Transfusion
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If a “type and screen” is ordered, the “type” is 
the determination of the patient’s ABO and RhD 
type and the “screen” detects unexpected alloan-
tibodies in the patient’s sample, such as anti-K 
(of the Kell blood group system), anti-Fya (of the 
Duffy blood group system) and so on. Multiple 
blood group systems are represented on screen-
ing and extended reagent red cell panels to 
improve the chances of detecting clinically sig-
nificant alloantibodies. Once a person has formed 
an alloantibody, RBC negative for the offending 
antigen should be provided if possible, whether 
the alloantibody is detectable. If a “crossmatch” 
is ordered, this is the testing of patient plasma 
against the intended donor red cells and it is the 
last check of compatibility prior to issue. If there 
is agglutination or hemolysis, the unit is incom-
patible. Crossmatched RBC units may be 
reserved for a designated time, depending on the 
institution’s policies. Emergency-release RBC 
are usually O-negative or O-positive and are not 
crossmatched. As a result, the release of these 
RBC units requires a physician’s signature to 
approve the product, either prior to or in a speci-
fied timeframe following release. Uncrossmatched 
blood is not necessarily incompatible.

 Selection of RBC for Transfusion
The first choice of RBC in a patient with an 
unknown blood type is O, since blood type O 
individuals possess no A or B red cell surface 
antigens and are therefore more likely to be com-
patible with any recipient. Upon receiving an 
alert of an incoming trauma or for emergency 
RBC needs, most hospitals automatically issue O 
RBC units, unless the patient’s blood type is 
already known. In most emergency release proto-
cols, women of childbearing potential (or age) 
receive O-negative RBC until their blood type is 
known. What constitutes childbearing age is 
determined by each institution but is generally 
accepted to be females under the age of 45 or 50. 
If a woman of childbearing age is confirmed as 
O-negative, she should continue to receive 
O-negative RBC to decrease her risk of forming 
anti-D that is capable of crossing the placenta 
which can result in HDN.  Another group that 

may automatically receive O-negative RBC is 
patients under 18  years of age. For women 
beyond childbearing potential and all males 
greater than 18  years, O-positive RBC may be 
issued before pretransfusion testing is complete. 
This approach has been adopted in many large, 
urban institutions as the need for emergency 
release RBC could never be sustained if only 
O-negative RBC were used. Once the patient’s 
blood type is known, type-specific or compatible 
RBC may be given.

 RBC Transfusion Indications 
and Administration

 Indications

RBC transfusion is used to increase oxygen car-
rying capacity in patients with anemia in whom 
physiologic compensation is inadequate to main-
tain tissue oxygenation. Patients may require 
RBC transfusion in situations including hemor-
rhagic shock, other blood loss such as that from 
surgery and symptomatic anemia. Signs and 
symptoms of anemia that may prompt RBC 
transfusion include hemodynamic instability, 
chest pain, shortness of breath, and tachycardia at 
rest. In nonbleeding patients, Hb levels are typi-
cally used to guide transfusion decisions. 
Unfortunately, Hb concentration alone is a poor 
measure of circulating RBC mass because of the 
physiologic compensatory mechanisms that pre-
serve oxygen transport such as reduced blood 
viscosity to increase blood flow to tissues, redis-
tribution of blood flow, increased unloading of 
oxygen to tissues, and maintenance of blood vol-
ume due to expansion of plasma volume. Because 
of this and observations made in Jehovah’s 
Witness patients who decline transfusion based 
on religious beliefs and in underdeveloped coun-
tries where RBC were unavailable or limited, 
readjustment of transfusion practice to a lower 
Hb threshold has been investigated [13–18]. In 
2012, a Cochrane systematic review of prospec-
tive randomized trials compared restrictive ver-
sus liberal transfusion strategies in 19 trials 
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including 6264 patients [19]. The authors found 
that a restrictive transfusion strategy reduced the 
risk of receiving an RBC transfusion by 39% 
without an increase in adverse events, intensive 
care unit or hospital length of stay, and 30-day 
mortality. The authors concluded that the existing 
evidence supported the use of restrictive transfu-
sion triggers in most patients. For RBC transfu-
sion, multiple prospective randomized trials have 
been conducted to investigate restrictive versus 
liberal transfusion thresholds in adult patients in 
critical care, cardiac surgery, hip fracture repair, 
acute upper gastrointestinal bleeding, and septic 
shock, and the results have been summarized in 
Table 20.3 The seminal Transfusion Requirements 
in Critical Care or TRICC trial was the first study 
to demonstrate that in critically ill, euvolemic 
patients, a restrictive RBC transfusion approach 
(Hb threshold of 7 g/dL and maintenance between 
7 and 9 g/dL) was at least as effective and possi-
bly superior to a liberal strategy (maintenance Hb 
concentration of 10–12  g/dL). In addition, the 
restrictive strategy (threshold 7 g/dL) resulted in 
a 54% decrease in RBC transfusions and a decline 
of 33% in RBC exposure. As a result of these 
findings, clinical practice guidelines have adopted 
recommendation of a restrictive transfusion strat-
egy using a Hb threshold of 7–8 g/dL; however, 
these recommendations may not be safe for all 
patients including patients with acute coronary 
syndrome.

 Transfusion Administration

Safe administration of a blood transfusion 
requires multidisciplinary collaboration between 
healthcare providers. Informed consent must be 
provided and signed prior to transfusion of any 
blood product, by the patient receiving the trans-
fusion or by a legally authorized representative or 
surrogate depending on state and local laws. If no 
one is available to provide consent and the trans-
fusion is considered a medical emergency, it can 
be administered based upon the doctrine of 
implied consent; however, requirements may 
vary, and the emergent need must be documented 

in the medical record. Before a transfusion com-
mences, a “time-out” should be performed by 
staff administering the transfusion to ensure the 
right patient is being transfused the correct blood 
product. Every hospital should have policies, 
processes, procedures, and training in place for 
all personnel involved in administering a transfu-
sion. Certain religious faiths may decline blood 
product transfusion and their refusal should be 
respectfully honored and carefully documented 
according to hospital policy and applicable laws.

Blood components must be administered 
through special blood infusion filter sets, which 
typically have 150–260  μm filters to trap clots 
and particulate aggregates, but still allow blood 
cells to pass through [2]. No medications other 
than 0.9% sodium chloride should be adminis-
tered through the same tubing at the same time.

Routine transfusions should be administered 
slowly (approximately 2 mL/min), especially in 
the first 15  minutes, to observe for signs and 
symptoms of a transfusion reaction. Vital signs 
should be taken prior to the transfusion and then 
according to institutional policy. After the first 
15  minutes, the rate of transfusion should be 
increased to ensure the unit is transfused within 
4 hours. Rapid infusion, unless medically neces-
sary, should be avoided to mitigate the risk for 
transfusion-associated circulatory overload 
(TACO) especially in recipients with cardiac and/
or respiratory compromise.

If a transfusion reaction is suspected, the 
transfusion should be stopped, patency of the 
intravenous line maintained, and health care 
 provider notified. In addition, the transfusion ser-
vice should be notified as soon as possible.

 Intraoperative Blood Salvage

Specialized devices or “cell savers” may be used 
during planned or emergency surgery in which 
blood loss is excessive (equal to or greater than 
20% total blood volume), for patients with reli-
gious objections to receiving allogeneic transfu-
sion or for patients with multiple alloantibodies 
or rare blood types.

20 Red Blood Cell Transfusion
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Various commercially-available devices func-
tion in essentially the same manner: intraopera-
tively shed blood is gently suctioned to preserve 
red cell morphology and function, washed with 
isotonic solution, filtered, and reinfused either 
intraoperatively or postoperatively. Sponges used 
intraoperatively may also be washed and rinsed 
and that fluid can be added into the circuit. 
Abdominal, thoracotomy, and drain blood from 
other surgical sites may be processed. 
Extracorporeal anticoagulation is achieved with 
heparin (up to 30,000  units per liter of normal 
saline) or citrate solutions (often ACD-A) or a 
combination of the two. The filters used have 
fairly large pore sizes (40–120  μm) to remove 
debris such as bony spicules or cement and large 
cellular aggregates. Due to washing, very little 
plasma or its solutes (e.g., free Hb, interleukins, 
and coagulation factors) remain in the final 
product.

Depending on the processing, the final prod-
uct may be kept at room temperature for up to 4 
or 6 hours, or at 1–6 °C for up to 24 hours in a 
monitored refrigerator [26, 27]. Since the whole 
blood product is freshly obtained from the patient 
and washed, some transfusion reaction risks are 
reduced, but reactions may still occur, such as 
from fluid overload or bacterial contamination 
[28]. The final red cell product is of high quality, 
with a hematocrit between 40% and 80% depend-
ing on the device and method used and is sus-
pended in a small amount of isotonic solution 
with very little remaining anticoagulant. It has 
been shown that red cell survival of cell saver 
units obtained during cardiopulmonary bypass is 
comparable to circulating venous blood after 24 
hours [29].

The literature is not abundant regarding the 
consistent use of autologous salvaged blood or 
autotransfusion in the setting of trauma, specifi-
cally regarding the quality of shed hemothorax 
blood as most current autotransfusion data are 
obtained from scheduled cardiac surgeries. A 
recent prospective observational study of 
unwashed hemothorax shed blood from 62 sub-
jects at a large trauma center found significantly 
elevated cytokine levels as compared to normal 
controls, suggesting the potential for deleterious 
effects from autotransfusion in trauma [30]. 

Moreover, a second study demonstrated plasma 
hypercoagulability and platelet dysfunction 
induced by hemothorax frozen plasma from 17 
adult trauma patients [31]. As a result, more stud-
ies including randomized trials are needed to 
determine the safety and efficacy of autotransfu-
sion in trauma patients.

 RBC Product Modifications

Clinical indications for modified components 
vary and it may be advantageous to consult with 
the transfusion service prior to ordering these 
products. Not all products are readily available 
and considerable time may be required to manu-
facture or obtain these modified RBC units.

 Leukocyte Reduction and Provision 
of CMV-Negative RBC

Leukocyte reduction or leukoreduction (LR) of 
RBC is widely performed. Prestorage LR is done 
during automated apheresis collections or after 
whole blood collection. Bedside LR or poststor-
age LR remains an alternate but infrequently 
used. The FDA requires the residual white cell 
count to be less than 5 × 106 per RBC unit. LR of 
RBC decreases the incidence of febrile nonhemo-
lytic transfusion reactions, human leukocyte anti-
gen (HLA) and platelet alloimmunization, and the 
amount of biologic response modifiers (BRM), 
which accumulate during storage [32–34].

The equivalency of LR to Cytomegalovirus 
(CMV)-negative products continues to be 
debated. Some physicians consider LR RBC to 
be adequate and essentially equivalent to LR 
RBC from cytomegalovirus CMV-seronegative 
donors. The rationale is that CMV resides within 
white cells, and with the efficiency of modern LR 
filters, any risk of CMV would be exceptionally 
low [35–37]. For CMV-seronegative patients, 
especially those who are peri- or post-transplant, 
or low-birth-weight infants, many clinicians 
request CMV-negative products and accept 
LR-only products if CMV-negative LR RBC are 
unavailable. In addition, CMV-seronegative 
donors who test “negative for CMV” on their 
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most recent donation by antibody testing carry a 
small but real risk of transmitting CMV to a 
recipient, if the donor happens to be newly 
infected and is in the window period (the time 
between infection and the time at which the 
infection can be detected by testing). Nucleic 
acid testing (NAT) testing for CMV DNA to 
reduce this window period is available but is not 
routinely used for donor screening. Indications 
for CMV-negative blood include low-birth- 
weight infants born to CMV-seronegative moth-
ers and hematopoietic stem cell or solid organ 
transplant recipients [2, 38].

 Washing

Washed RBC are indicated in cases of an IgA- 
deficient recipient or in the rare case of an ana-
phylactoid/anaphylactic transfusion reaction [2]. 
Washed cellular products may also be requested 
for pediatric patients with renal impairment, ele-
vated potassium, and related issues, to remove 
excess potassium in the blood product [39, 40]. 
However, for the vast majority of patients, the 
amount of potassium in the plasma should not 
have any untoward effects on the recipient even if 
the RBC are irradiated and near the outdate, if 
infusions are given slowly, over 2–4 hours.

Frozen RBC must also be washed prior to infu-
sion, to remove glycerol in which they are stored 
[2]. RBC are washed by specialized, automated 
instruments that progressively wash a single unit in 
normal saline, and sometimes dextrose, to create a 
final product that is essentially devoid of plasma 
and which contains a minimal amount of saline. A 
small percentage of the product is normally lost 
during the washing process [2]. Washing reduces 
the RBC expiration date to 24 hours or the original 
expiration date and time, whichever comes first [2]. 
As a result, it is important to communicate to the 
transfusion service, the time frame in which the 
product will be needed.

 Irradiation

Cellular blood products may be irradiated to pre-
clude the development of transfusion-associated 

graft-versus-host disease (TA-GVHD), which is 
donor T-cell-mediated destruction of the recipi-
ent’s immune system. TA-GVHD is most com-
monly caused by infusion of competent donor 
T-lymphocytes into an immunocompromised 
recipient, though there have been cases involving 
immunocompetent recipients [41]. TA-GVHD is 
similar to post-transplant GVHD, affecting HLA 
antigen dense tissues such as the skin, gastroin-
testinal tract, and liver. There are, however, two 
findings seen with TA-GVHD: bone marrow 
aplasia and earlier onset, usually between day 2 
and 50 following transfusion, which distinguishes 
it from post-transplant GVHD.

Irradiation of cellular blood products is accom-
plished by X-ray or gamma-ray irradiators spe-
cifically manufactured for blood establishments, 
or by linear accelerators used in the field of radia-
tion oncology [42]. Whatever energy source is 
used, irradiation renders residual allogeneic 
T-lymphocytes incapable of replication by render-
ing the leukocyte DNA inactive to a level greater 
than 5 logs. Irradiation causes damage to the red 
cell membrane and escape of intracellular potas-
sium, which increases with the age of the red cell 
and over storage, but is usually not harmful to the 
recipient [39, 40]. Red cells outdate at 28  days 
from the date of irradiation or keep the original 
expiration date, whichever comes first [2].

Irradiated RBC are indicated for use in patient 
groups at risk for TA-GVHD including intrauter-
ine transfusion, recipients of a cellular blood 
component from a blood relative, HLA-matched 
products, patients who have received a bone mar-
row or hematopoietic stem cell transplant, or 
patients on nucleoside (purine) analogs or T-cell 
function altering drugs (e.g., fludarabine, clofara-
bine, and alemtuzumab) [2].

 Adverse Events Related 
to Transfusion

Transfusion complications or transfusion reac-
tions, may be broadly divided into infectious and 
noninfectious serious hazards of transfusion. To 
decrease transfusion-transmitted infection, the 
FDA requires donor screening, which includes 
testing for human immunodeficiency virus (HIV) 
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types 1 and 2, hepatitis B and C virus, human 
T-cell lymphotropic virus (HTLV) types I and II, 
Treponema pallidum (the organism that causes 
syphilis), West Nile Virus (WNV), and Zika 
Virus. Recently, the FDA called for regional test-
ing for Babesi microti or pathogen reduction in 
Babesia-risk states. Donors must be negative for 
antibodies to the parasite Trypanosoma cruzi, 
which causes Chagas disease, once in their dona-
tion lifetime. In regard to other infectious dis-
eases, the donor questionnaire is written in a way 
such that donors with the possible risk of trans-
mitting diseases such as malaria or hepatitis A are 
deferred from donation. Testing for CMV and 
HLA antibodies may be additionally performed. 
Donors may be temporarily, indefinitely, or per-
manently deferred based on the criteria set by 
FDA or AABB [43].

Much of the infectious disease testing is 
antibody- based and detects the donor’s immune 
response to the offending agent. Adequate time, 
days to weeks, must pass until antibodies form; 
this also known as the window period. NAT 
detects viral nucleic acid particles and has greatly 
reduced the window period to just days. For 
example, prior to NAT testing for HIV-1, the win-
dow period for detection of antibody formation, 
even with third-generation tests, was 21–24 days 
after infection; in contrast, NAT testing reduces 
the window period to less than 10 days [44, 45] 
(Table 20.4).

With current screening and testing measures 
and the relatively low risk of transfusion- 
transmitted infection, the focus has shifted to 
noninfectious serious hazards of transfusion. The 
rate of these adverse reactions, commonly termed 
transfusion reactions, has been reported as 660 
per 100,000 individuals from an international 
registry [51]. More specifically, in the US, there 
were 239.5 adverse reactions reported per 
100,000 units transfused. A summary of the prev-
alence, signs and symptoms, and management of 
transfusion adverse reactions is presented in 
Table 20.5. Transfusion-related acute lung injury 
(TRALI), and TACO are discussed in detail.

 Transfusion-Related Acute Lung 
Injury

TRALI continues to be a significant and under- 
reported cause of transfusion-related morbidity 
and mortality in the US. TRALI has previously 
been reported as occurring as frequently as 1 in 
3000 to 1 in 5000 transfusions, but the true inci-
dence of TRALI is unknown as transfusion reac-
tion reporting is voluntary [53]. Critically ill 
patients have up to an 8% incidence of TRALI, 
and has been reported in as high as 15% in 
patients with gastrointestinal bleeding and 30% 
in patients with end-stage liver disease [54, 55]. 
While TRALI can be fatal, the vast majority of 
patients recover within 96 hours, with aggressive, 
supportive treatment [56]. Nine TRALI-related 
deaths were reported in the US in 2017 [12].

Post-transfusion reactions consistent with 
what would now be described as TRALI were 
first reported in the 1950s; however, the term 
“TRALI” was coined by Popovsky and Moore in 
the mid-1980s and the constellation of findings 
and symptoms temporally related to transfusion 
were unified under one diagnosis [57]. The diag-
nosis of TRALI begins with the recognition of 
acute lung injury (ALI), defined as SpO2 < 90% 
or PaO2/FiO2 > 300 mmHg on room air or other 
demonstration of hypoxemia and bilateral pul-
monary edema seen as lung infiltrates by frontal 
chest radiograph [58]. A combined definition of 

Table 20.4 US blood donor screening and risk of recipi-
ent infection [46–50]

Infectious agent
Risk of infection per number of 
transfused units

HBV 1:800,000 to 1:1,200,000
HCV 1:1,100,000
HIV 1:1,500,000
WNV Very rare; two cases reported 

2008–2014
HTLV 1:641,000
Chagas Very low, no cases since 

screening has been 
implemented (FDA 2010)

Syphilis Very low, no cases in the past 
40 years

Bacterial 
contamination of 
platelets

1:3000
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TRALI, as defined by the National Heart, Lung 
and Blood Institute (NHLBI) Working Group and 
the Canadian Consensus Conference is an acute, 
noncardiogenic lung injury occurring within 
6 hours of transfusion with respiratory symptoms 
of tachypnea, dyspnea, and pulmonary edema 
which may be mild to severe and sometimes seen 
as complete “white-out” on frontal chest X-ray 
[59]. Frothy secretions are sometimes seen com-
ing from the patient’s mouth or endotracheal 
tube. If measured, the pulmonary artery wedge 
pressure should be less than 18 mmHg and there 

must not be any new, abnormal cardiac function 
[59]. Per this definition, TRALI may also be 
diagnosed in a patient with worsening preexist-
ing pulmonary insufficiency (unique to the 
NHLBI definition), such as chronic obstructive 
pulmonary disease or pulmonary fibrosis [59]. A 
diagnosis of possible TRALI may apply to 
patients with preexisting clinical risk factors for 
ALI, such as recent surgery, burn injury, coagu-
lopathy, chronic alcoholism, sepsis, and carci-
noma [59]. Hypotension, fever, chills, 
nonproductive cough, and transient decreases in 

Table 20.5 Adverse reactions to transfusion [52]

Reaction

Prevalence (per 
100,000 units 
transfused) Signs and symptoms Management

Allergic transfusion 
reaction

112.2 Urticaria, rash, skin itching, and 
swelling (throat, eye, tongue, etc.)

Antihistamines

Anaphylactic 
transfusion reaction

8 Bronchospasm, dyspnea, 
angioedema, hypotension, and 
tachycardia

Epinephrine, corticosteroids, 
antihistamines, fluid bolus

Acute hemolytic 
transfusion reaction

2.5–7.0 Fever, chills, dyspnea, hypotension, 
tachycardia, back pain, nausea, 
vomiting, oliguria/anuria, 
hemoglobinuria, and positive direct 
antiglobulin test (DAT)

Symptomatic treatment, diuretics 
and fluid administration
For future transfusion, antigen 
negative RBC will be provided

Delayed hemolytic 
transfusion reaction

40 Occurs 2–14 days after transfusion; 
jaundice, anemia, elevated 
billirubin, reticulocytosis, 
spherocytosis, increased lactate 
dehydrogenase, positive antibody 
screen, and positive DAT

Symptomatic treatment
For future transfusion, antigen 
negative RBC will be provided

Delayed serologic 
transfusion reaction

48.9–75.7 Occurs 2–14 days after transfusion; 
positive antibody screen, and 
positive DAT

Symptomatic treatment
For future transfusion, antigen 
negative RBC will be provided

Febrile 
nonhemolytic 
transfusion reaction

1000–3000 Occurs within 4 hours of 
transfusion; temperature of 100.4 °F 
(38 °C) or increase of 1.8 °F (1 °C) 
from pretransfusion value with or 
without chills and rigors

Antipyretic or close observation

Post-transfusion 
purpura

Unknown (varies 
by component)

Occurs 2–14 days after transfusion; 
severe thrombocytopenia, petechiae, 
purpura, and identification of 
platelet antibodies

Self-limiting, intravenous 
immunoglobulin with or without 
corticosteroids
For future transfusion, antigen 
negative platelets will be 
provided

Septic transfusion 
reaction

0.03–3.3 Fever, chills, hypotension, 
tachycardia

Antipyretic, empiric, antibiotics
Culture blood product

Transfusion- 
associated 
circulatory overload

10.9 Occurs within 2 hours of 
transfusion; dyspnea, tachycardia, 
hypertension, headache, and jugular 
venous distension

Diuretic administration, reduce 
fluid intake
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white cell counts, especially neutrophils may also 
occur [59–61].

TRALI is a diagnosis of exclusion and septic 
transfusion reaction, volume overload, severe 
anaphylaxis, or a newly manifesting problem are 
often in the differential. If TRALI is suspected 
during the infusion of multiple consecutive prod-
ucts, all products given within a 6hour time frame 
are implicated. All routinely transfused blood 
products (whole blood, RBC, PLT, plasma, and 
cryoprecipitate) have been implicated in cases of 
TRALI [53].

The pathophysiology of TRALI is attributed 
to factors present in both the recipient and the 
transfused blood product. Up to 85% of TRALI 
cases may be explained by the infusion of donor 
antibodies as demonstrated in an ex vivo animal 
model using isolated perfused rabbit lungs [62]. 
In these studies, antibodies against HLA or 
human neutrophil antigens (HNA) had the ability 
to bind to neutrophils which expressed the cog-
nate antigen and induced pulmonary edema. 
However, the antibody, the cognate antigen on 
the leukocyte surface, and the source of comple-
ment had to be present in order for ALI to occur 
and if any component was omitted, lung damage 
was obviated [62]. This model has been refined 
and demonstrated; a minimum number of antigen 
sites are needed to be present on neutrophils such 
that antibody binding must reach a threshold 
before ALI occurs [63]. This work was also rele-
vant in showing that priming with N-formyl- 
methionine-leucine-phenylalanine, a component 
of bacterial cell walls allowed anti-HNA antibod-
ies to directly activate neutrophils in the absence 
of complement [63].

In vivo TRALI models have demonstrated that 
a specific monoclonal antibody could cause ALI 
at a concentration seemingly similar to relatively 
well patients who receive a transfusion and 
develop TRALI [64]. However, in an animal 
model, when mice were housed in a pathogen- 
free environment TRALI was not demonstrated 
indicating a likely two-event model [64, 65]. 
Such an in vivo two-event pathogenesis was con-
firmed in a rat model which also demonstrated 
that lipids and other BRM could cause TRALI in 
older, stored RBC irrespective of LR [66]. Both 
antibodies to major-histocompatibility-complex 

(MHC) class I and the lipids from stored RBC 
were capable of priming quiescent neutrophils 
(PMN), activating primed PMN, and inducing 
ALI [66]. Specifically, rats that were infused with 
endotoxin (lipopolysaccharide, or LPS) alone did 
not develop ALI; however, those rats that received 
LPS and then a lipid extraction from 42dayold 
RBC did develop ALI [66]. Importantly, extrac-
tions from fresh RBC or plasma did not result in 
ALI [66]. In addition, antibodies to common 
MHC class I or even class II antibodies caused 
ALI as the second event in this animal model of 
TRALI, indicating that TRALI, whether caused 
by antibodies to specific leukocyte antigens or 
due to BRM that directly prime PMN, appears to 
be the result of two distinct events [66]. The first 
event is the clinical condition of the patient, 
which predisposes to TRALI and the second 
event is the infusion of the specific antibody or 
BRM into the patient which activates the seques-
tered PMN inducing damage to the vascular 
endothelium, resulting in capillary leak and ALI 
[53, 66].

TRALI mitigation strategies are vital to reduc-
ing morbidity and mortality related to this transfu-
sion complication. During the 1990s, the UK 
National Blood Service created a voluntary hemo-
vigilance program and was the first to collect 
plasma from donors, after noting that TRALI or 
probable TRALI was seen almost seven times 
more frequently with plasma transfusion and 
about eight times more frequently with PLT trans-
fusion when these products were collected from 
female donors [67]. Their efforts were rewarded 
following the adoption of this collection strategy 
for PLT and plasma, and reports of TRALI from 
plasma transfusion fell from 15.5 cases per mil-
lion units transfused (1999–2004) to 3 per million 
(2005–2006) for plasma and from 14 cases per 
million to just under six cases per million for PLT 
products [67]. Densmore and colleagues also 
showed that HLA antibody formation increased 
with pregnancy, with about 8% of never-pregnant 
females showing sensitization, increasing to 15% 
after one pregnancy, and to about 26% after three 
pregnancies [68]. Never- transfused men and 
never-pregnant women have a 1.7% prevalence of 
HLA antibodies [69]. The American Red Cross 
also examined hemovigilance data and subse-
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quently adopted a similar strategy of collecting 
plasma from predominantly male donors (95%) 
and saw a significant (80%) decrease in TRALI 
cases related to plasma infusion [70].

Effective April 2014, AABB Standards state 
that the collection of plasma and whole blood for 
allogeneic donation must be from males, never- 
pregnant females, or females with a history of 
pregnancy only if they have been tested for HLA 
antibodies since their last pregnancy and are 
found to be negative.

Additional mitigation strategies include the 
use of licensed, pooled, and solvent-detergent- 
treated plasma products (Octaplas™ Pooled 
Plasma (Human) Solvent/Detergent Treated; 
OctaPharma, Lachen, Switzerland). European 
hemovigilance systems have not yielded any 
TRALI cases after using these products for 
10–20 years’ time. This may be explained because 
the pooling of numerous units dilutes the concen-
tration of antibody and by the presence of soluble 
HLA antigen which is able to bind free antibody.

 Transfusion-Associated Circulatory 
Overload

TACO is an acute, hydrostatic pulmonary edema 
which occurs in the setting of transfusion. 
Especially vulnerable populations include the very 
young, older patients (over 70 years of age), and 
those with compromised vascular systems or renal 
failure. TACO closely followed TRALI in the num-
ber of FDA-reported transfusion-related deaths, 
with 11 confirmed cases in the fiscal year 2017, 
comprising 30% of transfusion-related deaths [12].

There are several distinguishing factors 
between TRALI and TACO (Table  20.6). 
Pulmonary wedge pressure is an invasive mea-
surement to determine the backpressure from the 
heart, or filling (“wedge”) pressure of the left 
atrium, by a catheter in the pulmonary artery, and 
unless the patient already has a Swan-Ganz cath-
eter in place it is not likely to be performed. Brain 
natriuretic peptide (BNP) is a 32 amino acid 
polypeptide secreted in response to stretched car-
diac ventricles, to counteract the renin–angioten-

sin–aldosterone system. Baseline BNP is not 
likely to be measured unless the patient is already 
being monitored for heart failure and may not be 
useful unless the differences are marked. In gen-
eral, two of the most helpful distinguishing fea-
tures are that TACO responds quickly to diuresis, 
whereas this approach should be avoided in 
TRALI unless the patient is also fluid overloaded, 
and, though fever may or may not be seen with 
TRALI, it is never a feature of TACO. It may be 
helpful to make the patient sit upright; oxygen 
should be given as needed. It is possible that 
TRALI and TACO may occur together.

 Red Cell Storage

RBC anticoagulant-preservative solutions are 
approved for use by the FDA based upon testing 
to demonstrate a minimum RBC recovery of 
75%, 24 hours after transfusion and less than 1% 
hemolysis in the RBC unit. However, there is no 
requirement to assess the clinical efficacy of an 
RBC transfusion. As a result, hospitals typically 
transfuse the “oldest” units in inventory first as 
not to outdate an expensive, often limited 
resource. Throughout storage, red cells acquire 

Table 20.6 Some distinguishing features between 
TRALI and TACO [2, 71]

TRALI TACO
Pulmonary 
edema, bilateral

Yes Yes

Fever Possibly No
Tachypnea, 
dyspnea

Yes Yes

Leukopenia Possibly No
PWP (pulmonary 
wedge pressure)

Normal Increased

BNP (brain 
natriuretic 
peptide)

<200 pg/mL Greatly 
elevated

Blood pressure Usually 
hypotension

Usually 
hypertension

Increased vascular 
congestion/heart 
size

No Yes

Diuresis Hypoperfusion Resolution of 
symptoms
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deleterious metabolic and structural changes 
which include increased levels of lactate, pH less 
than 6.5, reduced adenosine triphosphate and 
nicotinamide adenine dinucleotide levels, deple-
tion of 2,3-diphosphoglycerate, impairment of 
sodium and potassium exchange, increased oxi-
dative stress by oxidation of Hb to methemoglo-
bin, disruption of the RBC cytoskeletal 
membrane, and microvesicle formation [72]. 
However, the association of this red cell storage 
lesion with clinical outcomes remains controver-
sial. Initial observational studies have demon-

strated associations of the age of RBC with risk 
for infection, thromboembolic events, multi- 
organ failure, increased ventilator time, increased 
ICU and hospital length of stay, and increased 
mortality [73]. Unfortunately, most of these stud-
ies were fraught with bias and confounding. As a 
result, several large, randomized, controlled clin-
ical trials have been completed [74–78]. The 
results of the completed studies are summarized 
in Table 20.7, but none have found a difference in 
clinical outcomes following transfusion of fresh 
or old RBC across a variety of clinical settings.

Table 20.7 Key randomized, controlled clinical trials investigating clinical outcomes with red cell storage

Study

Number of 
subjects 
randomized Study population

RBC 
randomization

Mean age of 
blood
(fresh vs 
standard)

Percent 
nonconformance 
to RBC group Primary outcome

Fergusson 
et al. [74]

377 Premature infants 
with a birth 
weight less than 
1250 grams and 
required one or 
more RBC 
transfusions

7 days or less 
vs standard 
practice 
(dedicated 
donor unit per 
patient up to 
the expiration 
of the unit)

5.1 days
vs
14.6 days

15.2% in fresh 
group, 0% in 
standard

52.7% of infants 
in the fresh RBC 
group compared 
to 52.9% in the 
standard RBC 
group 
experienced 
composite 
primary 
outcome 
(mortality and 
major neonatal 
morbidities 
associated with 
acute organ 
dysfunction or 
failure)

Steiner 
et al. [75]

1481 Individuals 
12 years of age 
or older, weight 
40 kg or more 
undergoing 
complex cardiac 
surgery with 
median 
sternotomy; 
patients 18 and 
older were 
required to have a 
likelihood of 
receiving a RBC 
transfusion of 
60% or more 
during or within 
24 hours of 
surgery

10 days or 
less vs 
21 days or 
more

7.8 days
vs
28.3 days

11% in the 
fresh group 
and 13% in the 
standard group

No difference in 
MODS or 
mortality

(contnued)
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Study

Number of 
subjects 
randomized Study population

RBC 
randomization

Mean age of 
blood
(fresh vs 
standard)

Percent 
nonconformance 
to RBC group Primary outcome

Lacroix 
et al. [76]

2510 Critically ill 
adults who had a 
RBC transfusion 
ordered within 
7 days of ICU 
admission and 
were expected to 
require 
mechanical 
ventilation for at 
least 48 hours

8 days vs 
standard issue

6.1 days
vs
22 days
(p < 0.001)

16% in the 
fresh group, 
0% in standard

No difference in 
90-day mortality 
between fresh 
(37%) and 
standard 
(35.3%) RBC 
transfusion

Heddle 
et al. [77]

31,497 Adult 
hospitalized 
patients
who required a 
RBC transfusion

Freshest RBC
vs oldest 
RBC 
available

13.0 days
vs
23.6 days
(p < 0.001)

protocol 
required a 
minimum 
10-day 
difference in 
mean red cell 
storage 
duration 
between 
treatment 
groups

No difference in 
in-hospital 
mortality 
between 
short-term 
(9.1%) and 
long-term 
(8.7%) stored 
RBC

Cooper 
et al. [78]

4994 Critically ill 
adults who had 
an anticipated 
ICU stay of at 
least 24 hours, 
and in whom the 
medical staff had 
decided to 
transfuse one or 
more RBC

Freshest, 
compatible, 
allogeneic 
RBC
vs the oldest, 
compatible 
RBC

11.8 days
vs
22.4 days
(p < 0.001)

1.5% in the 
short-term, 
0.5% in the 
long-term 
group

No differences 
in 90-day 
mortality 
between 
short-term 
(24.8%) and 
long-term 
(24.1%) stored 
RBC

RBC red blood cell, MODS multiple organ dysfunction syndrome

Table 20.7 (continued)

 Summary

Transfusion is one of the most commonly per-
formed procedures in hospitalized patients and a 
basic understanding of RBC transfusion is impor-
tant for all ordering clinicians. This chapter 
reviewed blood product collection, manufactur-
ing, storage, pretransfusion testing, and selection 
of appropriate RBC for transfusion including 
RBC modifications. Transfusion-related adverse 
events are not infrequent and clinicians should be 
aware of the noninfectious hazards of transfu-
sion, especially TRALI and TACO.  Last, this 
chapter which addressed two ongoing controver-

sies regarding RBC transfusion thresholds and 
clinical outcomes associated with red cell storage 
were reviewed. Transfusing in the setting of hem-
orrhagic blood loss adds additional challenges 
including the utility of whole blood transfusion 
and optimum transfusion ratios, which are dis-
cussed in Chaps. 25 and 28, respectively.
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 Introduction

Early administration of plasma to the massively 
hemorrhaging patient combats trauma-induced 
coagulopathy, decreases total blood product 
usage, and improves survival rates. Uncontrolled 
hemorrhage still accounts for approximately 40% 
of trauma-related deaths, in addition to 20–40% 
of deaths following hospital admission [1, 2]. As 
hemorrhage continues, patients develop hypovo-
lemic shock in addition to multiple systemic 
changes resulting in trauma-induced coagulopa-
thy (TIC). TIC is strongly associated with mor-
tality in the trauma population [3–6], but 
prevention is possible with early plasma-directed 
therapy. This approach also decreases total trans-
fusion requirements, as hemostasis and thus 
homeostasis are more readily achieved. Similarly, 
endotheliopathy of injury can be reversed or pre-
vented with early plasma administration [7]. 
Plasma also appears to have neuroprotective 
effects [8]. In this chapter, we discuss the role of 
plasma in the resuscitation of the traumatically 
injured patient.

 Demographics and Usage

The most recent nationwide data regarding blood 
products in the United States are derived from the 
2017 National Blood Collection and Utilization 
Survey (NBCUS). The survey has been con-
ducted biennially since 1997 by the Centers for 
Disease Control and the Department of Health 
and Human Services. In the 2017 report, a total 
of 3,210,000 units of plasma were distributed and 
2,318,000 transfused. This represents a 13.8% 
decrease from the previous NBCUS, a trend that 
has continued since 2011 [9, 10]. Improved utili-
zation of the blood supply and more exacting 
guidelines regarding its use have been proposed 
as causes of this shift, a reversal of steady 
increases since the origination of the survey. The 
overwhelming majority of units were collected 
and produced by blood centers with less than 7% 
derived from hospitals. The median cost of a unit 
of plasma was $50–51, figures that are also 
declining [11].

 Types of Plasma

Plasma is the aqueous portion of blood that con-
tains coagulation factors, fibrinolytic proteins, 
albumin, immunoglobulins, and up to 6000 indi-
vidual proteins. It is derived from whole blood or 
apheresis collection. Once collected, plasma can 
be frozen for storage or kept nonfrozen for 
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 immediate use. If frozen within 8 hours of phle-
botomy, the product is labeled as fresh frozen 
plasma (FFP). If frozen after 8 hours from the time 
of phlebotomy but within 24 hours, it is labeled as 
plasma frozen within 24 hours (FP24). When FFP 
and FP24 are mobilized from the blood bank, they 
are thawed in a water bath to create thawed plasma 
(TP), which can be stored in liquid form for up to 
5 days prior to transfusion. Liquid plasma (LQP) 
is derived from whole blood and is never frozen. 
The concentration of labile coagulation factors, 
namely, factors V, VII, and VIII, is affected by 
these various storage techniques, which will be 
further described in the next section.

Less commonly available products include 
“plasma, cryoprecipitate reduced” and “plasma 
frozen within 24 hours after phlebotomy held at 
room temperature up to 24 hours after phlebot-
omy.” Plasma, cryoprecipitate reduced is the 
supernatant plasma remaining after the removal 
of cryoprecipitate from thawed FFP, but this is 
generally used for transfusion or plasma exchange 
in cases of thrombotic thrombocytopenic pur-
pura. These forms are mentioned here only for 
completeness. Dried plasma, typically lyophi-
lized or freeze-dried from FFP and later reconsti-
tuted for transfusion, is not currently approved 
for use in the United States, although several 
products are available elsewhere in the world. 
The characteristics of the different plasma prepa-
rations typically available for transfusion are 
summarized in Table 21.1.

A 2013 survey on transfusion practices at 
Level I and II trauma centers using data from the 
American College of Surgeons Trauma Quality 
Improvement Program reported that the types of 
plasma used at 90 centers were as follows: 78% 
thawed FFP or FP24, 16% thawed FFP/FP24 or 
LQP, and 7% LQP [12].

 Fresh Frozen Plasma

FFP is prepared either by separating the red 
blood cells and platelets from whole blood with 
centrifugation or by apheresis. The plasma is 
then frozen at −18 °C or colder and stored until 
needed for transfusion. The freezing process 
must occur within 8 hours of donor phlebot-
omy. FFP contains high levels of all coagula-
tion factors including the labile factors V and 
VIII.  Whole blood yields approximately 200–
250  mL of FFP, whereas apheresis collection 
yields 400–600  mL.  The components are 
diluted approximately 8–20% by the anticoagu-
lant, a mixture of citrate, phosphate buffer, and 
dextrose [13, 14]. Normal levels of factors V 
and VIII are found in FFP [15]. However, dif-
ferent blood groups yield different concentra-
tions of coagulation factors, confounding 
efforts to standardize therapy. This variance is 
greatest in blood group O, which provides 30% 
less factor VIII and von Willebrand factor than 
other blood groups [14].

Table 21.1 Characteristics of differing forms of plasma for transfusion

Derivation Yield Storage Preparation time
Fresh frozen 
plasma

Centrifugation of 
whole blood or 
apheresis

Centrifugation—200–250 mL
Apheresis—400–600 mL

Frozen at −18 °C 
within 8 hours of 
phlebotomy

20–40 min 
water bath thaw

Plasma 
frozen 
within 
24 hours

Centrifugation of 
whole blood or 
apheresis

Centrifugation—200–250 mL 
Apheresis—400–600 mL

Frozen at −18 °C 
between 8 and 
24 hours of 
phlebotomy

20–40 min 
water bath thaw

Thawed 
plasma

FFP or FP24 thawed 
and not transfused 
within 24 hours

Centrifugation—200–250 mL
Apheresis—400–600 mL

1–6 °C for 4 days 
following thaw

Immediately 
available

Liquid 
plasma

Centrifugation of 
whole blood

n/a 1–6 °C for up to 
30 days

Immediately 
available

Dried 
plasma

Lyophilization or 
freeze-drying

200 mL Sterile container 2–10 min 
reconstitution
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FFP must be thawed in a water bath between 
30 and 37  °C prior to transfusion, a process 
requiring 20–40 minutes. Furthermore, breakage 
of bags occurs in the water bath in approximately 
10% of cases, further delaying delivery to the 
bedside [16]. This can lead to a hazardous delay 
in transfusing a patient in extremis. Once thawed, 
FFP must be transfused within 24 hours or else 
relabeled as TP.

American Association of Blood Banks 
(AABB) indications for FFP transfusion 
include: [15]

 1. Preoperative or bleeding patients with multi-
ple coagulation factor deficiencies

 2. Massive transfusion with clinically significant 
coagulopathy

 3. Reversal of warfarin effects in patients who 
are bleeding or undergoing a procedure with-
out enough time for vitamin K reversal or in 
patients needing transient reversal

 4. Thrombotic thrombocytopenic purpura trans-
fusion or plasma exchange

 5. Selected coagulation factor deficiencies for 
which no specific concentrate is available

 6. Rare specific plasma protein deficiencies 
when recombinant products are not available

The AABB also recommends against the utili-
zation of FFP when a coagulopathy can be cor-
rected by a more specific therapy, such as vitamin 
K, prothrombin complex, or specific coagulation 
factors. FFP is not the optimal therapy when 
complete reversal of warfarin is desired and 
should not be used when other volume expanders 
would suffice.

 Plasma Frozen Within 24 Hours

Plasma collected via phlebotomy or apheresis 
and frozen between 8 and 24 hours following col-
lection becomes FP24. When derived from whole 
blood, a unit of FP24 yields a volume of 200–
250 mL. An apheresis unit of FP24 yields 400–
600  mL.  FP24 contains high levels of stable 
coagulation factors and slightly diminished lev-

els of the labile factors V, VIII, and protein C due 
to the delay in freezing from donor collection 
time [15]. FP24 undergoes the same thawing pro-
cess as FFP and also must be transfused within 
24 hours of returning to the liquid state. As with 
FFP, if not transfused by that time, FP24 can then 
be relabeled as TP. The indications and contrain-
dications for FP24 utilization are identical to FFP 
(see the section above). FP24 should not be used 
when the sole replacement of factors V and/or 
VIII is necessary [16].

 Thawed Plasma

TP is the liquid form of FFP or FP24 following 
a thaw at 30–37 °C if the unit is not used within 
24 hours of thaw time. It is then stored at 1–6 °C 
to be used for up to 4 days following the initial 
24 hours post-thaw period. The levels of stable 
factors remain close to those of FFP and FP24 
even at the 5-day point after the time of thaw. 
However, there is a decline in the levels of 
labile factors, most significantly factor VIII 
[13]. Viscoelastic testing also indicates slower 
thrombin generation after 5 days of storage 
[17]. AABB indications for transfusion of TP 
differ slightly from those of FFP and FP24, 
including [15]:

 1. Preoperative or bleeding patients with multi-
ple coagulation factor deficiencies

 2. Initial treatment in patients undergoing mas-
sive transfusion with clinically significant 
coagulopathy

 3. Reversal of warfarin effects in patients who 
are bleeding or undergoing a procedure with-
out enough time for vitamin K reversal or in 
whom only transient reversal is needed

 4. Thrombotic thrombocytopenic purpura trans-
fusion or plasma exchange.

Because labile factor concentration is vari-
able, TP is not recommended for the manage-
ment of isolated or specific coagulation factor 
deficiencies for which other products containing 
higher concentrations are available.
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 Liquid Plasma

LQP is produced from whole blood no later than 
5 days after the 21-day expiration period of whole 
blood. It cannot be frozen. LQP is refrigerated at 
1–6 °C for up to 30 days. The primary indication 
for LQP is massive transfusion, as the thawing 
time is inherently absent. Vitamin-K-dependent 
factors (factors II, VII, IX, and X) are relatively 
stable under approved storage conditions. 
Therefore, LQP is currently indicated in patients 
on warfarin therapy who are suffering massive 
hemorrhage. The labile factors (V and VIII) 
deplete over time during storage, making LQP 
less effective in patients with these specific defi-
ciencies [14, 15].

The hemostatic profile of LQP, as determined 
by thrombelastography, calibrated thrombogram, 
and clotting factor activity, is better than FFP or 
TP. Furthermore, the levels of coagulation factors 
remain ≥88% of original levels out to 26 days, 
except for factors V and VIII [18]. LQP’s supe-
rior capacity to generate thrombin and form clot 
may be explained by the presence of platelet mic-
roparticles in LQP not present frozen plasma, 
cold activation of coagulation proteins, the 
decline in protein S activity, or a combination 
thereof. It is known that the freeze-thaw process 
required for FFP and FP24 degrades proteins; 
however, it is not understood why certain factors 
are less tolerant than others.

 Dried Plasma

Although no dried plasma product is currently 
approved by the Federal Drug Administration for 
use in the United States [19–21], the earliest 
report of treating shock with dried plasma dates 
back to 1938 [22]. By the time of the United 
States’ entry into World War II, freeze-dried 
plasma was approved for use by the Council on 
Pharmacy and Chemistry of the American 
Medical Association. The kit designed for recon-
stitution contained the packages of dried plasma 
with bottles of sterile water [23]. Eventually, sev-
eral million units were produced by the American 
Red Cross for distribution to Allied Forces. This 

method served as the standard for the resuscita-
tion of war casualties through the war, until hepa-
titis transmission from the pooled transfusions 
was recognized [23, 24]. By the 1950s, the United 
States discontinued use, although the French 
Military Blood Institute (Centre de transfusion 
sanguine des armées (CTSA)) and German Red 
Cross (Deutsches Rotes Kreuz (DRK)) still pro-
duce dried plasma products. Numerous studies 
are underway to develop and approve a product 
for US military and civilian use, discussed at the 
end of this chapter.

In general, dried plasma is produced either by 
freeze-drying, also known as lyophilization, or 
by spray-drying. Lyophilization involves cryo-
desiccation, freezing the plasma under a vacuum 
to decrease the water content to 1–2%. In the 
French method (French lyophilized plasma, or 
FLyP), apheresis plasma from a maximum of 10 
donors is pooled and leukoreduced. After photo-
chemical viroinactivation, three liters of product 
is distributed into individual flasks, which are 
freeze-dried for 4 days [25, 26]. This process 
removes much of the bicarbonate in the solution. 
Lyophilized plasma is therefore alkalotic with a 
pH near 8, causing issues in animal studies but 
appearing well tolerated in humans [25, 27]. The 
German method of lyophilization licensed as 
LyoPlas N-w (German Red Cross Blood Service, 
West Hagen, Germany) sources plasma only 
from single donors, a change made in 2006 due to 
concerns over Creutzfeldt-Jakob disease trans-
mission [28]. The other general method of pro-
duction, spray-drying, atomizes LQP by using 
pressurized droplets exposed to heated gas in a 
drying chamber, followed by rapid cooling [29].

Although safety concerns led to the discon-
tinuation of dried plasma in the United States 
after the Korean War, newer methods of viral 
detection and inactivation have vastly improved 
the safety profile of the donor pool. Transmission 
of the human immunodeficiency virus (HIV) and 
hepatitis C virus (HCV) is calculated at one in 
two million units [30]. Solvent/detergent treat-
ments bind lipid-enveloped viruses, and photo-
chemical processes bind and inactivate 
non-enveloped viruses with any other free nucleic 
acids. A treatment including a prion reduction 
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step, Octaplas LG (Octapharma, Lachen, 
Switzerland), now has FDA clearance [31]. These 
processes are examined in more depth in the sec-
tion “Infectious Disease Transmission.”

Dried plasma possesses similar coagulation 
parameters as LQP and thawed FFP. In an animal 
model, Shuja et al. found an insignificant decrease 
in the activity of factors II, VII, and IX [26]. The 
German Red Cross Blood Service has reported 
minimal degradation of coagulation factor activ-
ity for factor V, factor XI, fibrinogen, protein S, 
antithrombin, and plasminogen. Only factor VIII 
and von Willebrand factor lost more than 10% 
activity, with the latter particularly affected by 
prolonged storage at room temperature. Cold 
storage for 24 months also showed retained coag-
ulation factor activity with the same factor VIII 
and von Willebrand factor reduction of 20–25% 
[32]. While standard solvent/detergent processes 
can degrade coagulation factors significantly, 
newer methods preserve factor activity [31]. 
Additionally, minimal effect was seen with the 
reconstitution of dried plasma with acidic buffers 
to counteract the alkalotic dried form [27].

 Current Practices in Civilian Trauma 
Centers

Patients in hemorrhagic shock suffer from a mul-
titude of physiologic derangements. The early 
administration of blood products has been shown 
beneficial throughout the literature. However, the 
reasoning behind plasma transfusion is not as 
simple as previously thought. Trauma patients 
lose whole blood; therefore, giving whole blood 
or its components back makes sense. However, 
reaching for packed red blood cells (RBCs) first 
does not necessarily accomplish the goal that the 
trauma community is trying to achieve: restora-
tion of circulating volume. The transfusion of 
plasma does restore circulating blood volume 
while delivering coagulation factors to bleeding 
patients actively consuming those factors. Early 
administration of plasma, in the prehospital set-
ting as well as in the emergency center, has been 
shown to improve acid-base status upon admis-
sion, decrease transfusion requirements follow-

ing admission, and reduce mortality risk [33–35]. 
These protective benefits can be synergistic with 
other therapies. When used to correct traumatic 
coagulopathy, combinations of FFP with 
tranexamic acid or prothrombin complex concen-
trate are superior in improving acidosis and coag-
ulopathy than when these agents are given 
without plasma [36].

Restoration of circulating coagulation factors is 
not the sole purpose for the transfusion of plasma 
in patients with hemorrhagic shock. With increas-
ing understanding of systemic endothelial injury 
associated with massive trauma, treating the endo-
theliopathy of trauma has also become a goal for 
plasma transfusion [37]. This evolution of thought 
has been derived from insights into how hemor-
rhagic shock systemically affects physiology.

 Endotheliopathy of Trauma

The endotheliopathy of trauma refers to the 
breakdown of the endothelial glycocalyx on the 
endoluminal surface of blood vessels, increasing 
permeability and decreasing their integrity. 
Multiple proteoglycans and glycoproteins com-
prise this endoluminal network, providing sur-
faces for interactions with glycosaminoglycans, 
neutrophils, and a host of other particles. The 
glycocalyx normally allows the plasma compo-
nent of blood to interact with the vessel wall 
while maintaining a barrier to erythrocytes and 
leukocytes [38]. It has been hypothesized that 
injury to the endothelial glycocalyx leads to 
interstitial edema, inflammation, and tissue 
hypoxia [39, 40]. Kozar et al. demonstrated that 
the endothelial glycocalyx is systemically injured 
during hemorrhagic shock, manifested by shed-
ding of syndecan-1, one of the endothelial glyco-
calyx’s proteoglycans [41]. Patients arriving at 
trauma centers in hemorrhagic shock express 
elevated level of syndecan-1. Johansson et  al. 
found an elevated admission syndecan-1 level in 
severely injured patients to be associated with 
inflammation, coagulopathy, and increased mor-
tality [42].

These effects, fortunately, are reversible. The 
injured glycocalyx is partially repaired with the 
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transfusion of plasma, an effect not seen with 
crystalloid solution [38, 41, 43]. Animal data 
suggests a decrease in inflammation with trans-
fusion of plasma when compared to infusion of 
albumin, artificial colloid, and crystalloid in a 
hemorrhage shock model [44–48]. Increases in 
alveolar thickness, capillary congestion, and 
cellularity were seen in a shock model compared 
to sham; the infusion of crystalloid worsened 
all three parameters, while the plasma transfu-
sion group demonstrated improvement, sug-
gesting attenuation of lung injury [49]. Shown 
in Fig. 21.1 are electron microscopy images of 
mesenteric venules showing the effects of shock 
and resuscitation on the endothelial glycocalyx. 
TP, even when stored at 4  °C for 5 days after 

thawing, remained superior to crystalloid infu-
sion with respect to reparative capacity in an 
animal model [7]. LQP also blocks endothelial 
permeability as effectively as thawed FFP [50]. 
This indicates that a component of plasma, in 
soluble form, interacts with the endothelial 
membrane to restore the endothelial glyco-
calyx. Figure  21.2 shows the vascular injury 
caused by hemorrhagic shock through hypoxia 
leading to cell contraction and increased vas-
cular permeability. Resuscitation with plasma 
decreases the inflammatory response, promotes 
endothelial repair, and leads to normalization 
of the endothelium. This leads to a decrease in 
vascular permeability, clinically seen as less 
edema.

a

b

Fig. 21.1 Electron microscopy of mesenteric venules stained to reveal endothelial glycocalyx following hemorrhagic 
insult and resuscitation
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 Neuroprotective Benefits

Through the prevention and repair of endotheli-
opathy, in addition to other mechanisms still 
under study, plasma also confers neuroprotective 
effects in both animal models and human cohort 
studies. Transfusion of FFP in animal models of 
traumatic brain injury and hemorrhagic shock 
lessened the severity of injury based on the level 
of neurologic impairment and time to recovery. 
The purported mechanisms include improved 
cerebral perfusion, decreased excitotoxicity, and 
decreased mitochondrial dysfunction [51, 52]. 
Other porcine models demonstrated a reduction 
in the size of hemorrhagic lesions and intracra-
nial swelling with plasma [8, 53]. Initial results 
from animal models using lyophilized plasma 
also show similar neuroprotection compared with 
FFP [54]. In humans, subgroup analysis of a 
large retrospective cohort found that early admin-

istration of plasma was associated with a survival 
benefit in patients with multifocal intracranial 
hemorrhage [55]. In another retrospective review, 
patients receiving prehospital TP had clinically 
significant improvement in neurologic outcomes 
versus patients receiving RBCs, based on 
Glasgow Outcome Scale-Extended and Disability 
Rating Score. The improvements extended to a 
median follow-up of 6 months [56].

 The Underappreciated Benefits 
of Plasma

While attenuating or correcting trauma-induced 
coagulopathy through the restoration of clotting 
factors and endothelial protection are now con-
sidered primary mechanisms of action of 
plasma, it has other critical benefits. A single 
unit of plasma contains more than 400  mg of 

Fig. 21.2 Working biological model of the mechanism of action of fresh frozen plasma
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fibrinogen, helping to address hypofibrinogen-
emia and fibrinogen dysfunction during the 
resuscitation of hemorrhage. In addition, 
plasma, likely through its high citrate content, 
serves as a tremendous acid-base buffer in hem-
orrhagic shock patients with severe acidosis. 
Traverso and colleagues demonstrated to be the 
best buffer available for resuscitation, with a 
buffering capacity 50 times that of standard 
crystalloid products [57]. Finally, these patients 
have also lost tremendous circulating blood vol-
ume, and plasma acts as a volume expander with 
high oncotic pressures.

 Massive Transfusion Protocols

The institution of exsanguination protocols at 
major trauma centers has been shown to improve 
survival [58, 59]. Notably, early investigations 
did not specifically involve a balanced ratio 
resuscitation. Simply by initiating a protocol for 
the delivery of blood products to the emergency 
center for an exsanguinating patient, mortality 
improved. The activation of a “massive trauma 
protocol” delivered blood component therapy to 
the emergency center without the request of spe-
cific components by the trauma team. This was 
also demonstrated in the military environment 
with improved survival in both Iraq and 
Afghanistan [60, 61]. Furthermore, a decrease in 
the total amount of blood products transfused 
was seen [58, 59, 62, 63].

The majority of trauma centers store uncross-
matched RBCs in the emergency center. However, 
plasma often remains in the blood bank awaiting 
the activation of the massive transfusion protocol 
or a direct order from a physician. The lack of 
readily available plasma makes it difficult to 
achieve a high plasma-RBC ratio in an expedited 
fashion, which has been shown in multiple stud-
ies to decrease mortality [64, 65]. At one center, 
storing 4 units of thawed AB plasma next to the 
trauma bays, the time to first plasma transfusion 
was improved by 46  min. The study showed a 
decrease in the 24-hour transfusion of RBCs, 
plasma, and platelets and a significant decrease in 
mortality. Furthermore, a decrease in the fre-

quency of activation of the massive transfusion 
protocol was seen following the implementation 
of TP in the emergency center [35]. Early admin-
istration of plasma in a massive transfusion pro-
tocol attains increased plasma-RBC ratios, which 
may reduce requirements for massive transfusion 
as currently defined [66].

 Sourcing

While type AB plasma is traditionally considered 
the “universal donor,” type A plasma has been 
used with increasing frequency as a safe alterna-
tive. Type A is more widely available, comprising 
40% of the American population, as opposed to 
AB at 4%. This translates into 85% of trauma 
patients, those with A or O types, being able to 
receive A plasma with no additional risk [67]. In 
the remaining 15% of patients with type B and 
type AB, the risk of hemolytic reaction is limited 
by the generally low levels of secreted anti-B 
antibodies in most donors, especially in the 
United States [68]. To this end, some centers 
have started selecting for donors with low titers 
of anti-B antibody. This approach has been pub-
lished with excellent safety records and no 
changes in mortality compared to AB plasma [67, 
69–72].

 Key Studies Involving Plasma

 PROMMTT

The Prospective Observational Multicenter 
Major Trauma Transfusion (PROMMTT) study 
demonstrated that earlier transfusion of plasma, 
ideally within minutes of identification of hemor-
rhagic shock, achieved high plasma-RBC ratios 
and decreased 24-hour and 30-day mortality. 
This was evidenced by the three- to fourfold 
increased mortality risk associated with plasma- 
RBC ratios <1:2 [37, 73, 74]. Furthermore, grad-
ual achievement of balanced transfusion ratios 
may not be as beneficial as early plasma transfu-
sion. Initiating plasma transfusion early also led 
to a decrease in the total amount of RBCs trans-
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fused during the initial 24  hours following 
 admission [74]. PROMMTT clearly showed that 
earlier plasma was associated with improved sur-
vival; however, few patients received consistent 
ratios. There was significant concern that higher 
ratios would lead to increased hypoxia, acute 
respiratory distress syndrome (ARDS), and 
transfusion- related acute lung injury (TRALI). 
However, Robinson et  al. showed that hypoxia 
was actually associated with excessive crystal-
loid infusion rather than plasma [75].

 PROPPR

The PROMMTT study was followed by the 
Pragmatic Randomized Optimal Platelet and 
Plasma Ratios (PROPPR) study, which evaluated 
the effectiveness and safety of two transfusion 
strategies in patients with major trauma and 
severe bleeding. The PROPPR study was the first 
multicenter randomized trial comparing transfu-
sion strategies with mortality as the primary end-
point. It provided evidence for the commonly 
held belief that balanced transfusion protocols 
were beneficial to severely injured patients in 
hemorrhagic shock. Although no significant dif-
ferences in 24-hour and 30-day mortality were 
found between the two transfusion ratios investi-
gated (plasma-platelet-RBC ratio of 1:1:1 versus 
1:1:2), the early availability of blood products 
transfused within minutes of arrival in a balanced 
(1:1:1) ratio achieved hemostasis more often and 
decreased hemorrhage-related deaths within the 
first 24  hours following admission [76]. 
Furthermore, while the balanced transfusion 
group received significantly more plasma and 
platelets within the first 24 hours, no difference 
was found in the rate of 23 prespecified compli-
cations including ARDS, transfusion-associated 
circulatory overload (TACO), TRALI, and aller-
gic reactions. Consistent with the biology of 
bleeding patients, the median time to hemor-
rhagic death in PROPPR was 2.3 hours. In a post 
hoc analysis, at 3  hours after admission, there 
was a significant mortality difference between 
the two groups. There was also lower hemorrhage- 
related mortality in the 1:1:1 group.

 PAMPer

The Prehospital Air Medical Plasma (PAMPer) 
trial compared prehospital plasma resuscitation 
with standard care (i.e., no prehospital plasma 
transfusion) in 501 patients from 2014 to 2017 
across nine trauma centers. Also designed as a 
multicenter randomized trial, two units of TP 
(either group AB or group A with a low anti-B 
antibody titer) were carried by participating air 
transport teams. As with PROPPR, a mortality 
separation developed at the three-hour mark [77]. 
The plasma group exhibited lower mortality, and 
this effect persisted to 30 days (23.2% vs 33%). 
Only five patients experienced transfusion- 
related adverse events labeled as possibly related 
to the trial treatment, all of which were minor 
allergic or other reactions. PAMPer serves as the 
first randomized trial to show the benefits of 
plasma in a prehospital setting with no increase 
in multiorgan failure, TRALI, nosocomial infec-
tion, or transfusion-related reactions.

 COMBAT

Published concurrent with PAMPer, the Control 
of Major Bleeding After Trauma (COMBAT) 
trial also compared prehospital plasma resuscita-
tion to standard care. Notable differences include 
a single-center design at the Denver Health 
Medical Center using all ground-based paramed-
ics, as well as the transfusion of FP24 rather than 
TP.  Sixty-five patients transfused two units of 
thawed FP24 were compared to 60 patients 
receiving saline, which was dosed according to 
the perceived need for resuscitation. No differ-
ences were seen in mortality at 28  days or in 
safety outcomes [78]. The authors suggested that 
in a nonurban setting with longer transport times 
than in Denver, plasma may have benefits that 
were not demonstrated in their setting. Concerns 
have been raised regarding the confounding 
effects of time needed to thaw frozen plasma en 
route, when median transport times were only 
16–19 minutes [79]. In COMBAT, only 32% of 
the plasma group actually received the proto-
coled two units during transport, as opposed to 
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PAMPer, in which the plasma infusion was com-
pleted during air transport in 84.4% of the plasma 
patients with 89.1% receiving the planned two 
units. A combination of the COMBAT and 
PAMPer data later revealed that prehospital 
transport times do in fact have a significant effect 
on overall survival [80]. Pooling the data sets of 
the 626 patients between the two trials showed 
that while patients receiving standard care had 
increased mortality in transports longer than 
20 minutes, the plasma group did not share this 
increased mortality. The post hoc analysis con-
cluded that prehospital plasma was associated 
with reduced mortality when transport times are 
prolonged, with the primary benefit being 
observed in blunt trauma patients.

 A Clinical Protocol of Plasma-Focused 
Resuscitation

The concept used at the Red Duke Trauma 
Institute at Memorial Hermann Hospital in 
Houston has been derived from the experiences 
gained on the battlefield, supported by military 
and civilian studies. The aggressiveness of 
plasma use in Houston was further driven by their 
experience with TRALI being increasingly rare 
and more likely associated with excessive crys-
talloid use [81]. In the prehospital setting, empha-
sis centers on the cessation of accessible bleeding. 
This occurs in parallel with hypotensive resusci-
tation utilizing whole blood or 1:1 ratio plasma- 
RBC units (with plasma being given first). 
Patients are identified as requiring a prehospital 
transfusion based upon the assessment of blood 
consumption (ABC) score [82]. Patients receiv-
ing blood in the prehospital setting have auto-
matic activation of the institution’s massive 
transfusion protocol (which often arrives at the 
trauma bay before the patient). In patients that 
have an ABC score <2 (1 point each for penetrat-
ing mechanism, systolic blood pressure 
<90  mmHg, heart rate >120 beats/min, and a 
positive focused abdominal assessment with 
sonography for trauma), rapid thrombelastogra-
phy (rTEG) is used to guide blood product resus-
citation on arrival to the trauma bay. Patients 

demonstrating shock, profound hypotension, 
and/or ABC scores ≥2 are started on the massive 
transfusion protocol and receive initially whole 
blood and then 1:1:1 ratio-driven resuscitation 
with early administration of LQP.  The patient 
then proceeds to either the operating room or 
interventional radiology as indicated. Once surgi-
cal bleeding is controlled, the resuscitation con-
verts to a guided, non-fixed-ratio approach 
utilizing rTEG and clinical response [83].

 Adverse Effects and Events

Of all transfusable blood products, plasma, spe-
cifically FFP, is considered the most hazardous 
according to multiple studies into the mid-2000s. 
However, the overall risk remains low. The major 
risks include TRALI, TACO, infectious disease 
transmission, acute transfusion reactions, and 
leukocyte-associated reactions. It should be noted 
that RBCs, platelets, colloids, and crystalloids 
also carry well-described deleterious effects.

 Transfusion-Related Acute Lung 
Injury

TRALI manifests as hypoxia, pulmonary edema, 
pulmonary infiltrates with radiographic changes, 
fevers, and possibly hypotension within 6 hours 
of transfusion. The presentation is similar to 
ARDS; however, >80% of patients typically 
recover within a few days of symptom onset, and 
treatment is mainly supportive [84]. A consensus 
panel update in 2019 updated the 2004 definition 
and introduced the terms TRALI Type I (without 
an ARDS risk factor) and TRALI Type II (with 
an ARDS risk factor or with mild existing ARDS) 
[85]. TRALI remains a clinical diagnosis, though 
serologic testing is available.

TRALI is significantly associated with leuko-
cyte alloantibodies found in donor plasma. These 
specific antibodies are found almost exclusively in 
postpartum female plasma and in donors who have 
previously received a transfusion. Some authors 
believe TRALI to develop in two steps. A predis-
posing condition must be present that incites the 
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release of cytokines leading to the attachment of 
neutrophils to the pulmonary capillary endothe-
lium. The second step occurs with neutrophil 
priming, activation, and pulmonary injury [86]. In 
2008, Eder et al. reported a reduction in the inci-
dence of TRALI with the conversion to male-pre-
dominant plasma for transfusion [87].

While it is the most common cause of death 
from transfusion and the most frequent serious 
complication of FFP transfusion, the absolute 
risk of TRALI remains low [88]. The UK hemo-
vigilance Serious Hazards of Transfusion (SHOT) 
report included a single case of TRALI in the 
entire country in 2018 [89]. The estimated risk is 
approximately 1 in 64,000 transfused units. The 
FDA reported that the 56 reported cases of 
TRALI in the United States represented 30% of 
all fatalities secondary to blood transfusions from 
fiscal years 2013 to 2017. Plasma was implicated 
in four cases and a plasma product may have 
been implicated in 16 other cases that received 
multiple transfusions. No plasma-associated 
cases were reported for 2016 or 2017. The num-
ber of cases of TRALI has significantly decreased 
following voluntary measures taken by the trans-
fusion community [90]. These measures include 
rigorous testing and safety procedures performed 
by the blood-banking community, as well as con-
version to male-predominant plasma donors. At 
the caregiver level, the dramatic decrease in crys-
talloid use during the initial 24 hours of resuscita-
tion of hemorrhage has been associated with 
marked reductions in its occurrence [75, 81].

 Transfusion-Associated Circulatory 
Overload

TACO occurs secondary to increased hydrostatic 
pressure resulting in pulmonary edema. This pro-
cess can be indistinguishable from TRALI, and 
the two entities may in fact coexist [91]. The FDA 
reported that TACO represented 18% of transfu-
sion-related mortalities for the fiscal year 2017. 
There has been an uptrend in mortality related to 
TACO over time. It is difficult to determine 
whether the uptrend is secondary to improved 
diagnostics or actual increase in incidence [90].

The incidence of TACO is not well described 
in the literature. Multiple retrospective reviews 
have reported an incidence of TACO from <1% 
to 11% [91, 92]. In Fig. 21.3, Gajic et al. designed 
an algorithm to determine the etiology of post-
transfusion acute pulmonary edema [91]. The 
algorithm is based on the European-American 
ARDS Consensus Conference definitions of 
TRALI and integrates specific laboratory values 
into the decision-making process. Frequently, 
TACO is a post hoc diagnosis made once a patient 
responds to a specific therapy [92].

 Infectious Disease Transmission

The transmission of infectious diseases has dra-
matically decreased with extensive donor screen-
ing and infectious disease testing. Nucleic acid 
testing sensitivity has improved leading to a 
decrease in transmission risk. This has led to an 
estimated risk of 1:1,467,000 for acquiring HIV, 
1:1,149,000 for HCV, and 1:280,000 donations 
for hepatitis B virus [88, 93, 94].

Outside the United States, many blood centers 
utilize donor-retested plasma, pathogen- 
inactivated plasma, and pathogen-reduced plasma 
[95]. Donor-retested plasma are units that are 
quarantined until the donor submits a subsequent 
donation which tests negative for infectious dis-
ease. Pathogen-inactivated and pathogen-reduced 
plasma are prepared via the addition of chemicals 
(solvent/detergent, methylene blue, amotosalen, 
riboflavin, and UV light) to prevent the transmis-
sion of lipid-enveloped viruses [96, 97]. Two 
companies leading this technology are Terumo 
Medical Corp. (Somerset, NJ) and Cerus Europe 
B.V. (Amersfoort, Netherlands). The Cerus pro-
cess was FDA approved in 2015.

The freezing process during preparation of 
plasma inactivates bacteria. Furthermore, bacte-
rial contamination with the production of endo-
toxin prior to freezing is unlikely [88]. The most 
recent annual FDA report describes no bacterial 
infection transmitted through plasma transfu-
sions [90]. The process of removing cellular 
components via filters also removes cell- 
associated bacteria, most protozoa, and cell- 
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associated viruses including malaria, 
cytomegalovirus, and human T- cell leukemia 
virus. Freezing does not remove the free viruses, 
including hepatitis A, B, and C, HIV 1 and 2, and 
parvovirus B19 [16].

Currently, no screening protocol exists for the 
detection of prion diseases, although techniques 
are being developed, such as protein misfolding 
cyclic amplification [98, 99]. Modern techniques 
of decreasing infectious transmission are ineffec-
tive against prion diseases. In the United 
Kingdom, three possible cases of variant 
Creutzfeldt-Jakob disease have been reported. 
Each case involved the transfusion of non- 
leukocyte- reduced RBCs [100]. There have been 
no reported cases of prion disease transmission 
following plasma transfusion; however, animal 
studies have shown it remains a possibility [101].

 Febrile and Allergic Reactions

The 2018 SHOT Report documented 235 aller-
gic, hypotensive, and severe febrile reactions. 
Only 11 cases were associated with plasma and/

or cryoprecipitate, which were reported as a sum. 
These figures included five anaphylactic reac-
tions. No deaths were related to any febrile or 
allergic reaction [89]. Moderate allergic reactions 
present with an urticarial rash, wheezing, and 
other symptoms not severe enough to be termed 
anaphylactic, and they occur in 1–3% of transfu-
sions. Anaphylaxis includes bronchospasm, 
angioedema, severe hypotension, and cardiovas-
cular collapse, a very rare occurrence [15, 89, 90, 
92, 96].

Other than human immunoglobulin A (IgA) 
and haptoglobin, the proteins involved in acute 
transfusion reactions are unknown and generally 
unpredictable. For patients known to have an IgA 
sensitivity, plasma obtained from patients with 
IgA deficiency is available for transfusion [102].

 Leukocyte-Associated Reactions

Leukocyte-associated reactions following plasma 
transfusion are also rare. The freeze-thaw process 
yields a small percentage of viable leukocytes 
prior to transfusion [103, 104]. The presence of 

Fig. 21.3 Approach to posttransfusion pulmonary edema

J. B. Brill et al.



365

leukocytes leads to febrile nonhemolytic transfu-
sion reactions, transfusion-associated graft- 
versus- host disease, and transmission of 
leukocyte viruses [96]. Following the freeze- 
thaw process, nonviable leukocytes release medi-
ators that may contribute to febrile nonhemolytic 
transfusion reactions. These reactions are gener-
ally clinically insignificant and resolve quickly 
with supportive therapy [89, 96]. Graft-versus- 
host disease requires viable leukocytes to be 
transfused and then engraft and proliferate in the 
host patient. This is a rare transfusion reaction 
among all blood components transfused and has 
yet to be reported with FFP transfusion. 
Therefore, irradiation of FFP is not currently rec-
ommended [15].

 Future Endeavors in Plasma 
Resuscitation and Research

The utilization of plasma as the primary resusci-
tation fluid has been the subject of multiple retro-
spective studies, a large prospective observational 
study, a recent randomized trial, and numerous 
other cohort studies. The benefits of balanced 
transfusion with respect to hemorrhagic mortality 
in the trauma population have been reported. 
Current randomized studies are evaluating the 
utility of plasma in the prehospital arena. Future 
research may yield an approved dried plasma 
product that eliminates the logistic constraints of 
frozen and liquid plasma.

 Rationale

In order to achieve a more balanced transfusion 
goal set forth by multiple military and civilian 
studies, an immediate and plentiful supply of 
plasma is necessary. This becomes difficult in 
centers where TP is unavailable and in austere 
environments where cold chain storage and trans-
portation is a limiting factor. As a result, much 
research and development have gone into the pro-
duction and distribution of alternative plasma 
products suitable for human transfusion. 
Achieving the goal of 1:1:1 balanced resuscita-

tion is often difficult in environments where a 
large and rapidly accessible supply of plasma is 
not available [105]. As described previously, FFP 
and FP24 require frozen storage and rewarming 
under very controlled conditions. TP and LQP 
require storage under refrigerated conditions 
with relatively short shelf lives. This makes the 
rapid (within minutes of requirement) adminis-
tration of plasma difficult at most civilian institu-
tions and sometimes impossible for military 
personnel.

 Recent and Ongoing Studies Using 
Dried Plasma

These factors have led to the recent redevelop-
ment of dried human plasma. As previously men-
tioned, lyophilized plasma is not a new concept, 
as it was first developed and introduced into prac-
tice during World War II. The French military has 
utilized lyophilized plasma with a well- 
documented hemovigilance program since 1994. 
No adverse effects of infectious transmissions 
have been reported with the transfusion of more 
than 1100  units [25]. In 2011, Martinaud et  al. 
described the utilization of French lyophilized 
plasma intensive care units in Afghanistan while 
caring for casualties from coalition forces [106]. 
The product was described as easy to use, recon-
stituting within 10 minutes to provide 210 mL of 
fluid with hemostatic and volume expansive 
properties. A total of 236  units were delivered 
without a single adverse event reported. Israeli 
Defense Forces also utilize German LyoPlas N-w 
as a protocolized resuscitation fluid in the mili-
tary prehospital setting. Using these dried prod-
ucts facilitates balanced transfusion from the 
point of initial resuscitation without playing 
“catch-up” after FFP thaws [107–109]. British 
helicopter transport has also shown decreased 
time to transfusion and the need for RBC transfu-
sion in units carrying LyoPlas N-w [110].

French lyophilized plasma is approved by the 
Department of Defense, FDA, and White House 
for selected units of US Special Forces. In addi-
tion to the French, German, and Israeli militaries, 
dried plasma products are utilized in South Africa 
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and by the Norwegian military and civilian aero-
medical services [107]. Further investigation for 
utilization in US civilian emergencies and ABO 
group universality are necessary, which may 
allow plasma resuscitation to occur in environ-
ments not conducive to current plasma storage 
[19, 20, 33].

Multiple products are under development 
in the United States with this goal in mind. 
HemCon Medical Technologies, Inc. (Portland, 
OR) started development in 2008 of lyophilized 
plasma sourced from single donor FFP under 
contract from the US Army Medical Materiel 
Development Activity (USAMMDA) and US 
Army Special Operations Command [111]. At 
the same time, the Office of Naval Research 
funded Entegrion, Inc. (Research Triangle Park, 
NC) with the goal of producing a pooled AB 
spray-dried plasma product named Resusix. This 
product uses a solvent/detergent process from 
Octapharma (Lachen, Switzerland) that not only 
controls lipid-enveloped viruses but also removes 
immunogenic lipids, cellular debris, and proin-
flammatory microparticles. Resusix is currently 
in Phase II clinical trial development [112, 113]. 
In 2012, the Biomedical Advanced Research 
and Development Authority funded the devel-
opment of spray-drying technology with Velico 
Medical Technologies (Beverly, MA). The prod-
uct called FrontlineODP (OnDemandPlasma) 
employs a decentralized manufacturing model, 
which would allow greater flexibility in indi-
vidual blood centers quickly preparing dried 
plasma [56]. In 2014, Vascular Solutions, a sub-
sidiary of Teleflex Corp (Limerick, PA), was 
awarded the USAMMDA Cooperative Research 
and Development Agreement previously with 
HemCon. Their product, RePlas, started Phase 
I clinical trials in 2017 [31, 114]. Terumo BCT, 
Inc. (Lakewood, CO) is developing another 
decentralized lyophilized plasma production 
process [115].

Further efforts may yield a plasma product 
with all the advantages of early plasma transfu-
sion in trauma without the logistic difficulties of 
frozen storage and transport, thawing delay, and 
short shelf lives after thawing. Dried plasma 
development, while currently focused on military 

and austere environments, may progress to 
replace FFP in a multitude of settings such as 
prehospital transport, smaller hospitals, and mass 
casualty responses.
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Cryoprecipitate/Fibrinogen 
Concentrate Transfusions

Ross A. Davenport, Laura Green, and Karim Brohi

 Rationale for Fibrinogen 
Supplementation in Trauma 
Hemorrhage

Fibrinogen is the key procoagulant factor needed 
for stable clot formation and effective hemostasis 
but falls rapidly and significantly during trauma 
hemorrhage [1] in association with increased 
fibrinolysis [2]. Fibrinogen metabolism is altered 
in trauma-induced coagulopathy with hypother-
mia and acidosis producing differential effects on 
fibrinogen synthesis and breakdown rate [3]. As 
the primary substrate of blood clots, some will be 
consumed during clot formation with some lost 
via direct fibrinogenolysis. Low fibrinogen levels 
at hospital admission are independently associ-
ated with in-hospital, 24-hour and 28-day mortal-
ity [4–6]. Patients have a greater than threefold 
increase in the odds of dying with a fibrinogen 

level less than <1 g/L compared to those with a 
normal fibrinogen concentration (1.5–3.5  g/L) 
[6]. Despite massive hemorrhage protocols 
(MHPs), there are often significant delays in the 
administration of the principal source of fibrino-
gen replacement which in the United Kingdom, 
North America, Australia, and many other coun-
tries is the frozen blood component  – cryopre-
cipitate. Death from hemorrhage typically occurs 
early with a median time to death of 1.65 h [7], 
and therefore, many patients may die before 
receiving a concentrated fibrinogen product 
unless the trauma system has a license for use of 
an alternative fibrinogen replacement product, 
i.e., fibrinogen concentrate.

Although low fibrinogen levels are associated 
with poor outcomes, the threshold considered as 
critically low is not well-established. 
Traditionally, a cut-off of <1.0 g/L was used as 
the critical threshold. A nonlinear relationship 
has been shown between the plasma fibrinogen 
level and mortality, and an inflection point for 
increased mortality occurs at 2.3  g/L [1]. This 
level is markedly higher than previously acknowl-
edged and suggests fibrinogen should be replaced 
earlier and more readily during bleeding. 
Precisely what threshold should be used to trig-
ger fibrinogen replacement is yet to be conclu-
sively defined and as such guidelines vary 
internationally (see Guidelines section 
“Guidelines & Thresholds for Triggering 
Fibrinogen Replacement”). Clinical data from 
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uncontrolled observational studies suggest that 
fibrinogen supplementation may improve out-
comes for trauma hemorrhage, by improving clot 
strength and reducing blood loss, which is associ-
ated with increased survival in both military and 
civilian settings [8]. To date, clinical trials of 
fibrinogen supplementation in trauma have been 
limited to relatively small feasibility or pilot ran-
domized control trials (RCT), with none powered 
for a primary mortality end point, although the 
large, international CRYOSTAT-2 RCT 
(ISRCTN14998314 – see below) that is in prog-
ress is designed to answer the question of whether 
early high-dose fibrinogen supplementation 
improves survival from trauma hemorrhage 
(www.cryostat2.co.uk).

 Product Details: Cryoprecipitate 
and Fibrinogen Concentrate

Cryoprecipitate is manufactured by slowly thaw-
ing fresh frozen plasma at 1–6 °C which precipi-
tates out cryoproteins: FVIII, fibrinogen, FXIII, 
fibronectin, and von Willebrand factor. The cryo-
proteins are then centrifuged and resuspended in 
a reduced volume of plasma (20–60 mL) to form 
a unit that is stored at freezing temperatures (see 
Fig.  22.1). The shelf life while frozen varies 

between countries but is usually ~24 months and 
when thawed is 4 h. The starting plasma can be 
from either a whole blood donation or an apher-
esis collection. There is a considerable range per 
unit, approximately 200–1500 mg fibrinogen per 
bag due to donor variability, which is the primary 
reason for pooling units to reduce variation in 
fibrinogen content of cryoprecipitate. 
Standardization of cryoprecipitate as a blood 
product varies widely between national blood 
services [9], but as an example, the UK cryopre-
cipitate specification states that 75% of units con-
tain at least 140 mg of fibrinogen and 70 iu of 
FVIII [10]. The cryoprecipitate is either distrib-
uted to hospitals pooled (usually 5–6 units) for 
immediate use after thawing or individual units 
are pooled prior to use in hospital. The prepara-
tion time for the product is 20–30 min for thaw-
ing and labeling. The final volume of an adult 
dose of two pools (10–12 units) is approximately 
400 mL [10] and on average 4 g of administered 
fibrinogen raises the fibrinogen plasma level by 
1.0 g/L [11].

Cryoprecipitate contains in addition to fibrin-
ogen a number of other key coagulation factors – 
factor VIII, von Willebrand factor, factor XIII, 
and fibronectin as well as platelet microparticles 
(see Table  22.1). It is unclear what role these 
additional coagulation factors play in overall 

Fig. 22.1 Illustration of the production process for cryoprecipitate
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hemostatic potential or indeed whether the pres-
ence of anticoagulant factors (antithrombin) or 
antifibrinolytic factors (alpha-2 antiplasmin) play 
an additional role, perhaps by “balancing” hemo-
static and thrombotic processes. Fibrinogen is 
found in a number of blood components – plasma, 
platelet, and whole blood units – and therefore, 
patients will receive additional fibrinogen sup-
plementation throughout hemostatic resuscita-
tion if these are transfused. One unit of 250 mL 
of plasma contains approximately 400–900  mg 
of fibrinogen or 2.5–3.0 g per 1000 mL.

 Pathogen-Inactivated 
Cryoprecipitate

There are three pathogen inactivation (PI) sys-
tems for plasma: methylene blue (Theraflex), 
amotosalen (Intercept), and riboflavin (Mirasol). 
All these systems are based on the addition of a 
photosensitizer to plasma followed by exposure to 
ultraviolet light and then the removal of the pho-
tosensitizer (except for Mirasol). All PI systems 
reduce the level of coagulation factors in cryopre-
cipitate  – in general, the losses for FVIII and 
fibrinogen are approximately 30%. As a result of 

the loss in fibrinogen, the pooling process in some 
countries is increased from five to six donor units 
in order to meet the specifications [10].

 Fibrinogen Concentrate

Cryoprecipitate has been discontinued in some 
countries and replaced with virally inactivated 
fibrinogen concentrates due to concerns  regarding 
viral transmission and other blood transfusion- 
related side effects such as allergic reaction, fluid 
overload, and TRALI (transfusion-related acute 
lung injury) among others. Fibrinogen concen-
trate is a heat-treated, lyophilized fibrinogen 
powder made from pooled human plasma. It is a 
standardized product and has been available for 
use for over 50  years. RiaSTAP™ is the most 
commonly available product has been used for 
many years in several European countries under 
the name Haemocomplettan® P. Each vial con-
tains between 900 and 1300 mg fibrinogen, 400 
and 700 mg human albumin, and other constitu-
ents which aid the dissolution of the powdered 
fibrinogen into the solvent. It is reconstituted 
immediately before use with 50 ml of water for 
injections containing approximately 20  mg/ml 

Table 22.1 Content and roles of each of the components of cryoprecipitate

Substance Specifics
Fibrinogen This glycoprotein is synthesized by the hepatocytes and has a long half-life in the plasma of 

approximately 4 days. In contrast to factor VIII, fibrinogen activity remains stable with recovery 
of fibrinogen at 87% after 24 h of liquid storage, when compared to original content at the time 
of thawing

Factor VIII and 
von Willebrand 
factor (vWF)

Factor VIII and vWF represent approximately 5% of the total protein in cryoprecipitate. vWF 
performs two major functions in primary hemostasis: it mediates the adhesion of platelets to 
exposed subendothelium, and it stabilizes coagulation factor VIII in the plasma

Factor XIII Factor XIII promotes clot stability by forming covalent bonds between fibrin monomers to 
enhance the mechanical strength of the fibrin clot and protect the clot from proteolytic 
degradation. Cryoprecipitate contains approximately 20%–30% of the original factor XIII of 
plasma

Fibronectin Fibronectin is a dimeric α2-glycoprotein present at a concentration of 300 μg/mL in human 
plasma. It is thought to have opsonic activity assisting with the phagocytosis of particulate debris 
by the reticuloendothelial system. Cryoprecipitate is a rich potential source of fibronectin at 
1500 μg/mL

Platelet 
microparticles

The process of preparing cryoprecipitate concentrates the platelet membrane microparticle 
content. The platelet membrane microparticle concentration of cryoprecipitate is 29-fold greater 
than the cryosupernatant plasma and 265-fold greater than the original plasma. Each clinical 
dose of cryoprecipitate (10 units) contains approximately 4 × 109 platelets in microparticle form. 
Microparticles can play active roles in thrombosis, inflammation, and vascular reactivity
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human fibrinogen. RiaSTAP® is indicated for the 
treatment of acute bleeding episodes in patients 
with congenital fibrinogen deficiency, including 
afibrinogenemia and hypofibrinogenemia, but it 
is the first-line agent for fibrinogen replacement 
therapy in trauma hemorrhage in many European 
countries. It is contraindicated in patients with 
known anaphylactic or severe systemic reactions 
to human plasma-derived products.

 Proportion of Cryoprecipitate 
Issued to Hospitals in Trauma

Several audits on the appropriateness of cryopre-
cipitate use have been published. Canada audited 
the cryoprecipitate use at 25 hospitals including 
603 orders for 4370 units of cryoprecipitate [12]. 
Overall, 12.3% were used for trauma resuscitation 
with a rise in fibrinogen from a median of 1.3–
1.9 g/L. Similarly, an audit in 39 hospitals in the 
United Kingdom (423 episodes of cryoprecipitate 
infusion) found that 12% of adults and 6% of pedi-
atric orders were for trauma care. The median dose 
in adults was 10 units, and the rise in fibrinogen 
observed in adults was 0.8  g/L and in children 
0.9 g/L [13]. Lastly, an audit in Australia of 460 
episodes of cryoprecipitate infusions at 23 hospi-
tals found 9% of all cryoprecipitate used was for 
trauma resuscitation [14]. A report from 2011, 
again from Australia, noted a rising rate of cryo-
precipitate use at a single trauma center study [15]. 
The rate increased from 0.03 units per patient in 
1998 to 1.3 units per patient in 2008 for patients 
undergoing a massive transfusion (10  units in 
24 h), of which 26% were trauma-related hemor-
rhages. The reason for the rise in cryoprecipitate 
use was not determined by the authors, although 
they speculated that  thromboelastography (TEG)-
guided hemostatic management may have been a 
contributing factor.

 Clinical Use of Cryoprecipitate 
Transfusion in Trauma

The British Society of Hematology [16] recom-
mends transfusion of two pools of cryoprecipi-
tate if fibrinogen level is below 1.5  g/L, and 

current European guidelines [17] state a thresh-
old of 1.5–2.0 g/L or viscoelastic signs of a func-
tional fibrinogen deficit to trigger fibrinogen 
replacement therapy. The precise timing and 
ratio of fibrinogen replacement therapy to other 
blood components continue to vary widely 
between MHPs as highlighted in a 2018 national 
audit from the United Kingdom [18]. Two earlier 
large observational studies from the United 
States and the United Kingdom found similar 
and significant delays in the timing of cryopre-
cipitate during transfusion for major hemorrhage 
in trauma. In the UK study conducted at 22 hos-
pitals, bleeding trauma patients waited for an 
average of 3 h for the first transfusion of cryo-
precipitate [19], and in massive hemorrhage 
cases (RBC 10+ units), only half of the patients 
received any cryoprecipitate. The PRospective 
Observational Multicenter Major Trauma 
(PROMMTT) study group prospectively col-
lected data on 1245 traumas patients in ten US 
level I trauma centers and were able to examine 
cryoprecipitate use [20]. To be enrolled in this 
study, the patients had to survive at least 30 min 
after injury, receive at least 1 red blood cell 
(RBC) unit, and have at least 3 units of hemo-
static blood components within 24 h. Great vari-
ability in cryoprecipitate utilization was observed 
per center ranging from 7% to 82% of patients. 
The authors hypothesized that early and 
increased use of cryoprecipitate would save 
lives, but unfortunately, they could not detect 
any signal to support their primary study objec-
tive. Overall, 359 patients (29%) were adminis-
tered cryoprecipitate in the first 24  h. The 
patients who were transfused cryoprecipitate 
were more severely injured and received more of 
every blood component type. Only the admis-
sion fibrinogen level was recorded which was 
below 1.5 g/L in 30% of cryoprecipitate trans-
fused patients and 17% in non-transfused 
patients  – the pre-transfusion fibrinogen levels 
were not recorded. Predictors of cryoprecipitate 
use were admission fibrinogen level under 
1.0 g/L, lower hemoglobin, and pelvic bleeding.

In the PROMMTT study, the median number 
of cryoprecipitate units transfused was 10, and 
on average, this was administered 2.8  h (inter-
quartile range 1.7–4.5  h) from arrival. On 
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 average, eight RBC units (with a very wide inter-
quartile range of 4–16  units) were transfused 
before the first dose of cryoprecipitate. Only 1% 
of patients were transfused cryoprecipitate 
before any plasma or platelets. In either study, it 
is unclear whether the long time to cryoprecipi-
tate and the fact that no cryoprecipitate was 
given to many patients with hypofibrinogenemia 
was due to early death before infusion, an inten-
tional clinician decision due to non-survivable 
injuries, or a long time delay in product prepara-
tion. In PROMMTT, cryoprecipitate use did not 
appear to increase, or decrease, survival; 
although perhaps used as a “last-ditch” as 
described at these trauma centers, it is not the 
optimal transfusion strategy. In summary, the 
findings from this and the UK studies demon-
strate ongoing highly variable practice across 
major trauma centers of when to commence con-
centrated fibrinogen replacement therapy in 
bleeding patients and that prospective, random-
ized trials are required to inform decisions on the 
timing of cryoprecipitate administration during 
an MHP.

 Clinical Use of Fibrinogen 
Concentrate (FC)

Retrospective data from small observational 
studies in Europe have reported improved out-
comes and coagulation profiles with fibrinogen 
concentrate, used alone or in combination with 
prothrombin complex concentrates, and on the 
most part guided by viscoelastic coagulation 
tests, e.g., ROTEM or TEG. Fibrinogen concen-
trate lends itself for use in goal-directed therapy 
as it has a defined concentration, does not need to 
be stored in a blood bank, and can be adminis-
tered quickly. To date, the only validated algo-
rithm for coagulation management utilizing 
ROTEM or TEG in trauma hemorrhage [21] is 
that developed for the multicenter implementing 
Treatment Algorithms for the Correction of 
Trauma-Induced Coagulopathy (iTACTIC) clini-
cal trial (NCT02593877). However, in centers 
that routinely use ROTEM or TEG and have 
access to fibrinogen concentrate, it is typically 
considered as first-line therapy in patients with 

impaired fibrin polymerization, i.e., a clot ampli-
tude of <7 mm at 10 min after clotting time mea-
surement in the FIBTEM assay (target FIBTEM 
CA10: 10–12 mm) [22] or equivalent parameters 
on the functional fibrinogen assay for TEG.

A matched pairs registry study from 
Germany of nearly 600 trauma patients found 
that the early use of fibrinogen concentrate was 
associated with a significantly lower 6-h mor-
tality and an increased time to death but no 
reduction of overall hospital mortality [23]. In a 
96-patient study from Ponschab et al. compar-
ing pre- and post- administration of (4 g) fibrin-
ogen concentrate, significant improvements in 
fibrin polymerization and overall clot function 
were measured by an increase in clotting time, 
alpha angle, and maximum clot firmness on 
ROTEM [22]. Clotting time is dependent not 
only on thrombin generation but also on the 
availability of substrate (fibrinogen) and, there-
fore, accelerated fibrin polymerization rate 
results in earlier clot formation. The same 
group from Austria has previously published 
data comparing FFP vs factor concentrate 
(including fibrinogen) therapy using a ROTEM-
guided algorithm in trauma hemorrhage [24] 
compared to national registry data. In the 80 
patients who received fibrinogen concentrate 
from their institution vs the 601 patients who 
received FFP in the national registry, they found 
similar mortality rates, but RBC transfusion 
was avoided in 29% of patients in the fibrino-
gen-PCC group vs 3% in the FFP group. 
Transfusion of platelet concentrate was avoided 
in 91% of patients in the fibrinogen-PCC group 
vs 56% in the FFP group. One possible expla-
nation postulated by the authors for this avoid-
ance in allogeneic blood products is the speed 
of correcting TIC with a product stored at room 
temperature in the ED vs a frozen product that 
requires thawing and portering from the blood 
bank. The average dose of fibrinogen concen-
trate administered was 6  g, and in an earlier 
study [24], the authors found that despite high 
doses of fibrinogen replacement, plasma levels 
were low normal at 24  h and only became 
supranormal (>4.5 g/L) at 72 h which is consis-
tent with the acute inflammatory response after 
injury.

22 Cryoprecipitate/Fibrinogen Concentrate Transfusions



378

 Impact of Fibrinogen 
Supplementation on Outcomes 
from Trauma Hemorrhage

 Cryoprecipitate Transfusion

As yet, there are no large RCTs comparing fibrin-
ogen replacement with cryoprecipitate vs pla-
cebo in trauma patients to determine the impact 
of more high-dose fibrinogen supplementation on 
clinical outcomes (CRYOSTAT-2 is scheduled to 
finish recruitment end of 2020 – see the section 
below). One small pilot RCT and five retrospec-
tive reports have attempted to determine the 
impact of more aggressive fibrinogen replace-
ment on outcomes in pediatric and adult trauma, 
and these studies are described below. One limi-
tation of all the retrospective studies is the issue 
of survivor bias in determining the true effect of 
higher volumes of cryoprecipitate when evaluat-
ing the outcome. Both plasma and cryoprecipi-
tate require substantial time for preparation and, 
therefore, some patients may have died before 
having the opportunity to receive these frozen 
components. CRYOSTAT-1 was a pilot RCT in 
trauma hemorrhage [25] and demonstrated that it 
was feasible to deliver cryoprecipitate within 
90  min of admission. The primary finding was 
that early cryoprecipitate therapy maintained 
blood fibrinogen levels above 1.8  g/L during 
resuscitation with a signal for reduced mortality 
(29% vs 10%) and has provided pilot data for the 
larger CRYOSTAT-2 trial (see the section below). 
Summary data from clinical trials in which cryo-
precipitate was used for fibrinogen supplementa-
tion is available in Table 22.2.

The first retrospective report was published in 
2008 by Stinger et al. [26]. The authors analyzed 
data from the US Joint Trauma Registry which 
included patients from two combat hospitals in 
Iraq between 2004 and 2005. Only patients who 
received ten or more RBC units or whole blood in 
the first 24  h were included (n  =  252 of 5586 
injured patients). They calculated the fibrinogen 
to RBC ratio, considering fibrinogen content 
from all blood components, including cryopre-
cipitate; unfortunately, they used 2.5  g per 
10  units of cryoprecipitate, when probably the 

true content was double this estimate. Patients 
who received less than 0.2  g per RBC had an 
increased risk of death, but patients who received 
higher ratios of fibrinogen to RBC units did not 
improved survival (i.e., no dosage effect 
observed). The mortality rate was 52% in the 
lowest quartile compared to 24% in the highest 
quartile (p < 0.001).

The second report from Emory University 
[27] reviewed trauma patients who had received 
ten or more RBC units in the first 24  h. They 
assessed patients in two time periods (pre- and 
post-MHP implementation) with cryoprecipitate 
administered at the discretion of the clinical team 
in the pre-MHP era. In the post-MHP period, the 
hemorrhage protocol provided plasma in a 1:1 
ratio with RBC units, with cryoprecipitate 
(20 units) provided in a pack of three units and 
then 10 units of cryoprecipitate with every other 
pack of six RBC units. Interestingly, cryoprecipi-
tate use overall was the same in both cohorts, and 
they found no difference in mortality at 24 h and 
30 days. They then pooled both time periods of 
patients and looked at the association between 
high cryoprecipitate ratio (≥1 unit per RBC unit), 
compared to a lower ratio, and mortality. A high 
ratio was associated with better 24  h (84% vs. 
57%) and 30-day (66% vs. 41%) mortality, com-
pared to a lower ratio.

The third report by Rourke et al. [4] reviewed 
the fibrinogen levels of all trauma patients between 
2008 and 2010 (n = 517). The admission fibrino-
gen was greater than 1.5 in 78%, less than 1.5 g/L 
in 14%, less than 1.0  g/L in 5%, and less than 
0.5 g/L in 3%. A low admission fibrinogen level 
was associated with a higher Injury Severity Score 
(ISS) and a greater degree of shock. Cryoprecipitate 
was administered at a median of 103 min (inter-
quartile range 78–134 min) from arrival in the 39 
(7.5%) patients who were administered cryopre-
cipitate. Fibrinogen levels were higher in survivors 
compared to non-survivors, but there was no dif-
ference in mortality for those given cryoprecipitate 
versus no cryoprecipitate at 24  h or 28  days. In 
multivariate analysis, fibrinogen at baseline was an 
independent predictor of mortality at both 24 h and 
28 days; the odds of death was reduced by 0.22 
during the first 28 days for every 1 g/L rise in base-
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line fibrinogen. In an analysis of the fibrinogen-to-
RBC-unit ratio, the odds of death during the first 
28  days (conditional on survival to 12  h) was 
decreased by a factor of 0.91 for every 1 g increase 
in ratio over the first 12 h, with the fibrinogen dose 
calculated for all components transfused (not just 
the cryoprecipitate).

In the sole pediatric study, Hendrickson et al. 
from Emory University [28] reviewed 102 trauma 
patients between 2006 and 2010 who were trans-
fused with at least one blood component in the 
first 24 h. Overall, 52% of patients had an abnor-
mal fibrinogen level, 21% greater than 1.0 g/L, 
20% less than 1.0  g/L, and 11% undetectable 
(48% had normal levels). In total, 25% of patients 
received cryoprecipitate. In multivariate analysis, 
the fibrinogen level was not statistically signifi-
cant in predicting outcomes; only initial pro-
thrombin time (PT), partial thromboplastin time 
(PTT), and platelet count remained significant in 
their model.

Lastly, the Military Application of Tranexamic 
acid in Trauma Emergency Resuscitation 
(MATTERs) II Study [29] reported data from the 
US and UK Joint Trauma registries for patients 
injured from 2006 to 2011 in Afghanistan. They 
included patients who had received at least 1 
RBC unit in this retrospective analysis. The use 
of cryoprecipitate (and tranexamic acid (TXA)) 
was left to the judgment of the individual physi-
cians. The dose administered was 10  units at a 
time. Overall, 1332 patients received at least 1 
RBC unit, of whom 168 (12.6%) received cryo-
precipitate. Due to its retrospective design, 
numerous imbalances were observed between 
their four groups (no TXA or cryoprecipitate, 
only TXA, only cryoprecipitate, or both); the 
most severely injured group (ISS) was the cryo-
precipitate only group, and the cryoprecipitate/
TXA group required four times the amount of 
RBC, plasma, and platelet units. The median 
dose administered was 2.1 and 2.3  units per 
patient for cryoprecipitate only vs. cryoprecipi-
tate/TXA (1 unit in this report was a 5-unit pool). 
Surprisingly, mortality was lowest in the cryopre-
cipitate/TXA group (11.6%) compared to no 
cryoprecipitate/TXA (23.6%). The administra-
tion of cryoprecipitate was associated with OR 

for death of 0.61 (95% CI 0.42–0.89), with the 
cryoprecipitate/TXA combination being associ-
ated with a substantial reduction in the risk of 
death (OR 0.34, 95% CI 0.20–0.58).

 Fibrinogen Concentrate

Several small trials both (see Table 22.2) in pre-
hospital and in-hospital, all with <100 patients 
per study, have used fibrinogen concentrate as 
replacement therapy for fibrinogen, with coagu-
lation results either conventional or ROTEM/
TEG used as the primary end points. FiiRST 
[30], RETIC [31], and EFIT-1 [32] all demon-
strated feasibility of early infusion of supplemen-
tal fibrinogen for the majority of patients with an 
associated rapid rise in plasma fibrinogen con-
centration. The RETIC study comparing FFP 
with fibrinogen and prothrombin complex con-
centrates was terminated early for safety reasons 
because of the high proportion of patients in the 
comparator arm (FFP group) who required res-
cue for correction of trauma induced coagulopa-
thy (TIC) compared with those in the fibrinogen 
concentrate group. The European prehospital 
trial FIinTIC (NCT01475344) found physicians 
were able to administer fibrinogen concentrate in 
the field with an improved coagulation profile on 
arrival at hospital [33]. Finally, both FEISTY 
(NCT02745041) [34] and ProoF-iTH 
(NCT02344069) [35] have completed recruit-
ment with results awaited. Of note, a 120-patient 
RCT using targeted fibrinogen concentrate infu-
sion vs placebo in high-risk cardiac surgery 
patients found no difference in intraoperative 
blood loss [36]. Interestingly, more adverse 
events within 30 days were observed in the fibrin-
ogen group (including stroke and transient isch-
emic attack, MI, and deaths) although there were 
some imbalances between groups. The relevance 
of this finding to trauma is unclear as supranor-
mal plasma levels of fibrinogen after supplemen-
tation in observational studies, and small clinical 
trials do not appear to be associated with any 
adverse outcomes [32, 37].

In summary, hypofibrinogenemia is common 
in the retrospective reports detailed above and is 
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associated with worse survival. The administra-
tion of a high ratio of fibrinogen to each RBC unit 
is associated with improved outcomes, with some 
suggestive evidence of clinical efficacy from 
small prospective studies of cryoprecipitate and 
fibrinogen concentrate. The strongest evidence to 
support the use of cryoprecipitate, albeit non- 
randomized data, comes from the MATTERs II 
Study. Before adoption of early and aggressive 
use of fibrinogen replacement, the results of 
CRYOSTAT-2 are required to assess the impact 
of this change in transfusion priorities on survival 
from major bleeding in trauma.

 Cryoprecipitate vs Fibrinogen 
Concentrate: Which Is Best?

Of the two therapeutic options available for 
fibrinogen replacement, only cryoprecipitate is 
recommended for management of acquired 
bleeding disorders in the United Kingdom, North 
America, and Australia. However, increasing 
numbers of blood transfusion services particu-
larly in Europe are replacing cryoprecipitate with 
fibrinogen concentrate. A systematic review 
comparing the efficacy of cryoprecipitate and 
fibrinogen concentrate found very little high- 
quality data to draw meaningful conclusions 
[38]. Across the four studies that were included 
in this review, there was no difference in fibrino-
gen increment, transfusion requirement, throm-
boembolic events, or bleeding. In vitro and 
ex  vivo work have shown that these two blood 
products lead to similar improvements in coagu-
lopathy during trauma hemorrhage and the effects 
are dependent on fibrinogen concentration rather 
than formulation [4]. Interestingly, cryoprecipi-
tate in one study did appear to provide additional 
benefit on the reversal of fibrinolysis compared to 
fibrinogen concentrate [39]. In citrate blood spec-
imens from healthy subjects spiked with tissue 
plasminogen activator (t-PA) and subsequently 
supplemented with cryoprecipitate, FXIII, fibrin-
ogen concentrate, and E-aminocaproic acid 
(EACA), hyperfibrinolysis was assessed using 
the clot lysis index at 60  min on 
ROTEM. Fibrinolysis was attenuated after cryo-
precipitate supplementation compared to t-PA 

alone and compared to FXIII and fibrinogen con-
centrate. The additional plasma components in 
cryoprecipitate (VWF, FVIII, FXIII, and fibro-
nectin) not present in fibrinogen concentrate may 
therefore have a role in mitigating hyperfibri-
nolysis although this has not been tested in the 
in vivo models or observed in human subjects.

In a number of European countries, fibrinogen 
concentrate is the main product for replacing 
fibrinogen due to its increased viral safety profile, 
standardized concentration of fibrinogen, free-
dom from blood incompatibility issues, and the 
benefits of accessing a lyophilized product 
quickly. However, it is important to emphasize 
that the two products are different not only on 
their contents but also on cost. Several factors 
contribute to a calculation of the cost of not only 
the product itself but also processing, storage, 
administration, geographical location, and type 
of product used with some reporting the unit cost 
of cryoprecipitate to be one-quarter of the cost 
per gram of fibrinogen concentrate [40]. An eco-
nomic evaluation from the United States con-
firmed that even after cryoprecipitate wastage, 
fibrinogen concentrate is at least twice as expen-
sive [41].

No study has yet been of sufficient size to 
assess the comparative clinical efficacy of the 
two formulations in trauma although results are 
awaited from the larger FEISTY trial 
(NCT02745041) in trauma with time to fibrino-
gen supplementation as the primary end point. 
Interestingly in the United Kingdom-based 
EFIT-1 trial [32], the median time to administra-
tion of fibrinogen concentrate was 40  min and 
therefore comparable to timelines for thawing 
and delivering cryoprecipitate although this is 
likely to reflect a learning curve effect. FIBRES 
is a non-inferiority trial conducted in 11 hospi-
tals in Canada that compared cryoprecipitate 
with fibrinogen concentrate in cardiac surgery 
[42]. In patients who develop clinically signifi-
cant bleeding and hypofibrinogenemia after car-
diopulmonary bypass, fibrinogen concentrate 
was found to be noninferior to cryoprecipitate 
with regard to the number of blood components 
transfused in a 24-hour period post bypass. How 
this translates to uncontrolled hemorrhage in 
trauma is unclear, and until conclusive evidence 
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is provided for survival benefit or cost savings, 
cryoprecipitate looks set to remain the primary 
source of fibrinogen therapy across the majority 
of trauma systems. However, the portability and 
ease of storage of a lyophilized product such as 
fibrinogen concentrate may be well suited to 
austere environments such combat casualty care 
or civilian EMS which have a prehospital physi-
cian capability of administering blood compo-
nent therapy.

Currently, there exists clinical equipoise for 
which product is the most effective for replen-
ishing fibrinogen stores, supporting hemostasis 
during traumatic coagulopathy and impacting 
survival. Aside from the possible outcome bene-
fits of early fibrinogen replacement, there are 
risks to consider with the administration of any 
blood component as well as the potential throm-
botic complications of all procoagulant thera-
pies. Finally, there is the wider cost analysis 
which relates not only to the product itself but 
also to blood bank logistics, wastage, and 
administration.

 Guidelines and Thresholds 
for Triggering Fibrinogen 
Replacement

Despite the lack of evidence from randomized 
controlled trials, guidelines have recommended 
replacement during hemorrhage if the fibrinogen 
level falls below 1.0 g/L. This recommendation is 
based on expert opinion and a single non- 
randomized report of 36 patients [43]. This report 
detailed the bleeding outcomes of 36 patients 
transfused modified whole blood (RBCs in cryo-
supernatant) who had their fibrinogen levels mea-
sured for every 12 RBC units given. Four patients 
dropped their fibrinogen below 0.5 g/L, and all 
four were classified as having “nonsurgical” or 
coagulopathic bleeding. In addition, of the ten 
patients who had fibrinogen levels drop between 
0.5 and 1.0 g/L, two had coagulopathic bleeding. 
Based on this very small report, numerous guide-
lines recommended maintaining the fibrinogen 
level in excess of 1.0 g/L. More recently, the use 
of viscoelastic coagulation tests, e.g., ROTEM 
and TEG, have been recommended in the UK 

[44] and European guidelines [45] as a valid 
assessment of fibrinogen concentration to guide 
fibrinogen replacement.

The British Committee for Standards in 
Hematology recommends fibrinogen replace-
ment if the level drops below 1.5  g/L in their 
2015 guidelines and to consider empiric 
 cryoprecipitate after the first four units of RBC 
and FFP [16]. In comparison, the American 
Society of Anesthesiologists (ASA) for periop-
erative blood transfusion recommends a lower 
replacement threshold of 0.8–1.0 g/L [46]. The 
most recent European Guidelines on Bleeding 
in Trauma (2019) are more specific and recom-
mend treatment with fibrinogen concentrate or 
cryoprecipitate if major bleeding is accompa-
nied by hypofibrinogenemia defined as either 
viscoelastic signs (ROTEM, TEG) of a func-
tional fibrinogen deficit or a plasma fibrinogen 
level ≤1.5  g/L [45]. They suggest an initial 
fibrinogen supplementation dose of 3–4 g either 
with cryoprecipitate (15–20 single-donor units) 
or with FC (3–4 g), and repeated doses should 
be guided by viscoelastic monitoring and labo-
ratory assays. It remains unclear what an appro-
priate replacement threshold should be in a 
bleeding trauma patient, but maintaining a 
plasma fibrinogen level or functional assay 
within the normal range (>1.5  g/L) during 
bleeding appears a reasonable target for trigger-
ing fibrinogen replacement treatment. Empiric 
therapy of cryoprecipitate during MHP remains 
an area of debate, but it is the first clotting factor 
to fall to critical levels and, therefore, early 
replacement in the initial transfusion packs may 
be appropriate. Some centers that routinely uti-
lize fibrinogen concentrate and ROTEM or TEG 
have moved to goal-directed algorithms that pri-
oritize replacement for functional deficits in 
fibrinogen although to date none have been vali-
dated widely [47].

 Dosage and Infusion

ABO nonidentical cryoprecipitate is acceptable 
as long as it has low titer “anti-A” and “anti-B” 
activity. However, group O cryoprecipitate 
should only be given to group O patients to avoid 
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the potential risk of hemolysis. Specifications for 
national transfusion services vary, but each pool 
of cryoprecipitate contains 1.67  ±  0.27  g of 
fibrinogen and, therefore, a standard adult dose 
of 2 pools (10 single units) would provide 
approximately 3.3–3.6  g of fibrinogen. Once 
thawed, cryoprecipitate must be kept at room 
temperature and used within 4 h. The product is 
infused through a 170–260 μm filter, similar to 
all other blood components. The dose of cryopre-
cipitate is often listed at 1 unit per 5–10  kg of 
body weight, although no dosing studies have 
been performed to support this dosing recom-
mendation. In a large Canadian study, the use of 
cryoprecipitate was evaluated in 1004 patients 
[48] of whom 31% were trauma patients. A 
median dose of 8.7 units resulted in a fibrinogen 
rise of 0.55 g/L (0.83–1.38 g/L) for patients who 
received only cryoprecipitate between the two 
measurements (n = 83 events) or 0.07 g/L rise per 
unit of cryoprecipitate. In both ex vivo data [4] 
and the CRYOSTAT-1 trial [32], a 6  g dose of 
fibrinogen, as cryoprecipitate or fibrinogen con-
centrate, results in significant increases in 
ROTEM clot strength values with a signal to 
improved survival, suggestive of clinical 
efficacy.

 Adverse Reactions

In terms of the risk of viral transmission per unit 
transfused, each unit of cryoprecipitate has a sim-
ilar risk to each RBC unit transfused, although 
there is a much larger donor exposure per pool 
(usually ten donors). Fibrinogen concentrate is 
made from pooled plasma utilizing many thou-
sands of donations, thus increasing donor number 
exposure for any recipients of this treatment 
which may be an important consideration for 
emerging pathogens. However, the concern 
regarding the risk of viral and other infectious 
agents was one of the drivers prompting many 
European countries to switch from cryoprecipi-
tate to fibrinogen concentrates.

Data from the UK hemovigilance scheme, 
Serious Hazards of Transfusion (SHOT) (1996–
2014) found no cryoprecipitate-related cases of 

viral transmission were reported [49] until the 
2015 SHOT report where one case of cryopre-
cipitate implicated HEV transmission was 
recorded. For comparison, over this same time 
period, there were five cases of viral transmission 
with FFP (three HEV, one HIV, and one HBV). 
The adverse events reported from cryoprecipitate 
include very rare reports of acute hemolysis from 
anti-A/B, minor febrile and allergic reactions, 
respiratory distress, and thrombosis. Readers 
interested in reviewing these rare risks are 
directed to a review of cryoprecipitate [50]. In 
general, there are few transfusion-related adverse 
events attributable to cryoprecipitate, and in the 
UK SHOT report for 2014, only 1 of the 43 acute 
transfusion reactions was attributed to cryopre-
cipitate, and cryoprecipitate was issued over 
43,150 times that year [49].

High fibrinogen levels are a risk factor for 
thrombosis, and both trauma and shock are risk 
factors for thrombotic events. Few data exist on 
risks of cryoprecipitate, but results from a 
hemovigilance scheme in Quebec reported 6.57 
events per 10,000 units of cryoprecipitate (from 
a total of 13,692 units administered) across all 
patient groups. In post-surveillance monitoring, 
one thrombotic event per 23,300 doses of 
fibrinogen concentrate was reported from data 
covering a 27-year period across all patient 
groups with fibrinogen deficiency [51]. In 
patients who have received fibrinogen concen-
trate therapy for major bleeding, no concerns 
have been raised around thrombotic risk or 
safety [52].

 Ongoing Trials

CRYOSTAT-2 (ISRCTN 14998314) is the first 
RCT to evaluate whether early administration of 
high-dose cryoprecipitate, in addition to stan-
dard major hemorrhage therapy, improves sur-
vival from traumatic bleeding. The clinical trial 
will be the largest in trauma transfusion ever 
conducted and is a unique international collabo-
ration between the Centre for Trauma Sciences 
(Queen Mary, University of London), UK NHS 
Blood and Transplant Clinical Trials Unit, and 
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University of Texas, Houston, to enable recruit-
ment of all 25 UK major trauma centers and a 
number of Level 1 centers in the United States. 
The primary end point is all-cause mortality at 
28  days with secondary end points evaluating 
early deaths (6 and 24  h), late deaths (6 and 
12  months), transfusion requirements, hospital 
resource use, quality-of-life measures, safety 
outcomes for arterial and venous thrombotic 
events, and discharge destination. The trial 
intervention consists of early fibrinogen supple-
mentation in the form of three pools of cryopre-
cipitate, providing approximately 6  g of 
fibrinogen, within 90 min of admission in addi-
tion to standard (local) MHP.  The comparator 
arm is the standard (local) MHP alone. Overall 
trial recruitment will be 1568 patients and is 
powered to detect a mortality difference of 7% 
between the two groups assuming a baseline 
mortality of 26%. Dosing of fibrinogen for the 
trial was chosen using results from ex  vivo 
coagulation testing and CRYOSTAT-1 pilot data 
with the aim of increasing blood fibrinogen lev-
els by 1–1.5  g/L and to maintain levels above 
2 g/L during bleeding [4].

 Future Developments

It is likely that in the near future, the speed of 
delivering cryoprecipitate will be improved, 
and one option could be extending the shelf life 
of thawed cryoprecipitate (like FFP), making it 
readily available. Alternatively, some pharma-
ceutical companies are already looking at 
developing freeze-dry cryoprecipitate that can 
be made available quickly to patients with the 
preservation of the additional coagulation fac-
tors normally found in the standard product. 
Blood services have already begun to investi-
gate extending post-thaw shelf life, both to 24 h 
[53] and 72  h [54], and no significant reduc-
tions in fibrinogen, FVIII, FXIII, or VWF were 
found after storage at 20–24 °C at either time 
point and preserved hemostatic function as 
measured by ROTEM parameters at 72  h. 
Extended thaw times with cryoprecipitate 
located in ED or carried by prehospital care 

providers may in theory make it even quicker 
than concentrate administration and thus pro-
vide an even more attractive therapeutic for 
major hemorrhage.

 Summary

Fibrinogen is a key part of the hemostatic sys-
tem. Despite the availability of cryoprecipitate 
since 1964, its role in the management of the 
bleeding trauma patient remains unclear. 
Hypofibrinogenemia is common in adult (less 
than <1.5  g/L in 14%, <1.0  g/L in 5%, and 
<0.5  g/L in 3%) and pediatric trauma patients 
(52% <2.0 g/L, 20% <1.0 g/L, and 11% undetect-
able). A preserved fibrinogen level on arrival to 
the hospital is associated with substantially better 
outcomes (odds of death reduced by 0.22 during 
the first 28 days for every 1 g/L rise in baseline 
fibrinogen). Worldwide, approximately 10% of 
cryoprecipitate distributed to hospitals is trans-
fused to trauma patients. Adult trauma patients in 
the United States and the United Kingdom on 
average receive a dose of approximately 10 units 
of cryoprecipitate at about 3 h after arrival to hos-
pital (at about the eighth unit of red cells), yield-
ing a rise in fibrinogen level of 0.5–0.9  g/L 
posttransfusion. Several retrospective studies and 
small prospective trials in adult and pediatric, 
civilian and military, trauma settings suggest that 
more aggressive use of fibrinogen replacement 
may improve outcomes. It is unclear what should 
be the appropriate dose, threshold for administra-
tion, or hemostatic target level. Studies from the 
settings of cardiac surgery and postpartum hem-
orrhage suggest that the target of 1.0 g/L in some 
guidelines may be inadequate for some patients 
and that a higher target may be necessary (>1.5–
2.0 g/L). While we await the completion of the 
large CRYOSTAT-2 RCT, it is reasonable to 
administer cryoprecipitate if the fibrinogen is 
under 2 g/L and/or within the early transfusion 
packs if the patient has serious ongoing hemor-
rhage requiring activation of an MHP. A dose of 
10  units or 4  g of fibrinogen concentrate (or 
50 mg/kg of fibrinogen in pediatrics) is a reason-
able starting dose for adult trauma patients, but 
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additional and ongoing replacement may be 
required as guided by the results of laboratory 
assays or point of care viscoelastic coagulation 
monitoring.
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Platelet Transfusion
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 Objective of Chapter

To review the biology of platelets as a blood 
product, to provide the clinician with a practical 
guide for their optimal use, and to serve as a 
knowledge platform for those interested in plate-
let transfusion research. The use of whole blood 
as a platelet containing product for the use in 
bleeding patients is also reviewed.

 The Evolving Role of Platelets 
in Trauma Care

Platelet (PLT) biology is deceptively compli-
cated. From a morphological aspect, the elegant 
discoid shape of the resting platelet belies the 

intricate cytoskeleton and convoluted tubular 
systems that enable spectacular shape change 
upon activation. The evolution of platelet prod-
ucts and their use in transfusion is similarly con-
voluted and requires an immersion in history to 
understand. As described below, the current 
state of the art in platelet transfusion rests on 
surprisingly little robust clinical data, minimal 
efforts to tailor product characteristics to patient 
needs, and a regulatory framework that supports 
the inadequate status quo. Development of new 
platelet- containing products and optimal trans-
fusion strategies for bleeding patients represent 
opportunities for major advances in the care of 
bleeding patients or those at high risk of 
bleeding.

 The Origins and Evolution 
of Clinical Blood Banking 
and Platelet Component Use

The first description of platelets is generally 
credited to Alfred Donné, a nineteenth-century 
French public health physician and microscopist, 
who published his drawings in 1842 [1, 2]. Prat 
published a primitive methodology for platelet 
counting in 1905, which was much improved 
upon by Wright in 1910–1911 [3, 4]. A more 
accurate manual counting method was not devel-
oped until the 1950s [5]. Duke, working with 
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Wright at the Massachusetts General Hospital in 
1910, published a seminal paper that described 
the spontaneous bleeding tendency resulting 
from thrombocytopenia and a method for testing 
platelet function that would become known as the 
Duke bleeding time (BT) [6]. In that paper, Duke 
showed that transfusion of fresh whole blood 
(WB) could raise a patient’s platelet count and 
reduce both the BT and clinical bleeding, as evi-
denced by the resolution of epistaxis, melena, 
and other mucocutaneous bleeding. Based on the 
experience from the 30 cases presented in this 
paper and from experimental work on an unspec-
ified number of dogs and rabbits, Duke concluded 
that a bleeding diathesis from thrombocytopenia 
was only likely when platelet counts dropped 
below 50,000/μL. Although his conclusions have 
not been thoroughly tested in the many clinical 
settings in which platelets are used, this transfu-
sion threshold continues to inform guidelines to 
this day.

As the light faded on the last days of World 
War II (WWII), a new era in medicine began. 
Building on the experience of pioneers of the 
field in WWI, US and British physicians in WWII 
conclusively established the vital importance of 
whole blood transfusion as a life-sustaining ther-
apy for traumatic hemorrhage, providing not only 
oxygen delivery but also hemostatic potential. 
Red cells, platelets, and plasma were delivered as 
fresh whole blood from a “walking blood bank,” 
stored whole blood or freeze-dried plasma in 
WWII [7, 8]. Edwin Cohn pioneered the concept 
of blood fractionation in his work on plasma pro-
tein separation and the introduction of albumin as 
a resuscitative product in the 1940s [9, 10]. The 
therapeutic effects of donated blood would then 
be multiplied across the spectrum of human dis-
ease by the advances that led to modern blood 
banking and the adoption of component therapy, 
beginning in earnest in the 1950s with the early 
developments in blood apheresis. This revolution 
promised to meet the demands of the “right prod-
uct, right patient, right time” [11, 12]. Researchers 
shared a vision of an era in which whole blood 
would no longer be required to meet the needs of 

patients with a critical deficiency in a single 
blood cell line.

The major impetus for the development of 
blood banking, in general, and platelet compo-
nent transfusion, in particular, was the harnessing 
of cytotoxic chemotherapy and radiation in the 
treatment of cancer. These advances were pre-
ceded by observations in the aftermath of the 
1943 US Navy ship bombings in Bari, Italy, that 
sailors exposed to alkylating mustard agents 
exhibited myelosuppressive effects, including 
thrombocytopenia. By the early 1950s, civilian 
and military research had converged to build the 
foundations of clinical oncology, and patients 
were experiencing the infectious and hemor-
rhagic complications of increasingly effective 
cancer care [13].

From its beginning, platelet transfusion was 
focused on treating thrombocytopenia, mostly 
in the context of bone marrow suppression 
caused by chemotherapy. Early studies in this 
area identified the difficulties in isolating and 
storing platelets without activating them, in 
addressing the immunogenicity of platelets, and 
the potential for alloimmunization and platelet 
refractoriness in chronically transfused patients 
[14]. Early key improvements included the tran-
sition from open to closed and glass to plastic 
storage systems that decreased risks of bacterial 
contamination and platelet activation during 
storage, respectively [15]. Through all of this 
work, the sine qua non of success in platelet 
transfusion was defined by the ability to raise 
platelet counts and maintain these gains for as 
long as possible, thus decreasing the risk of 
alloimmunization and platelet refractoriness in 
frequently transfused chemotherapy patients 
[16]. Indeed, “platelet viability” was defined in 
these terms, and platelet blood banking evolved 
along lines that optimized posttransfusion 
recovery and duration of platelet circulation or 
survival over several days, in vivo [17–19]. An 
early observation was that refrigeration of plate-
lets or whole blood caused a drop in platelet 
count in the stored product and more rapid 
clearance of the stored platelets from circulation 
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over 2 days compared to fresh platelets, and as a 
result, the obvious benefits of refrigeration such 
as reduced metabolic stress and risk of bacterial 
growth were discounted [17, 20]. Room-
temperature (RT) storage was adopted after 
studies showed increased in vivo recovery and 
survival (“viability”) compared with refriger-
ated storage (4 °C) [20]. Generations of physi-
cians have thus been misled by the confusion 
caused by this use of the term “viability” and 
the underlying assumption that because refrig-
erated platelets do not circulate as long as fresh 
platelets, they are therefore dead or nonfunc-
tional [21, 22]. “Viability” when defined in 
terms of recovery and survival of stored plate-
lets does not correlate with hemostatic efficacy 
or measures of metabolic function, and there 
have been very few studies that have rigorously 
studied platelet dose- response [23–25]. In fact, 
a more clinically relevant understanding of 
platelet function, encompassing hemostatic, tro-
phic, and immune functions, might place greater 
weight on measures of platelet function that cor-
respond to desired transfusion outcomes such as 
acute hemostasis [26].

An example of how the focus on “viability,” 
or in vivo survival time, has obscured clinically 
relevant metrics of platelet product function can 
be found in the Korean War experience. Wounded 
soldiers in this conflict, as in WWII, were trans-
fused cold-stored whole blood, which was 
widely assumed to contain nonviable platelets. 
Detailed studies of hemostasis in Korean War 
casualties, however, describe normal postopera-
tive platelet counts despite massive transfusion 
(>20 pints) with cold-stored whole blood and 
only rare coagulopathic bleeding [27]. Such 
results belie the notion that cold-stored platelets 
are truly nonviable. These platelets were clearly 
able to support acute hemostasis during surgery 
and in the immediate postoperative period 
despite relatively accelerated clearance. The few 
cases of coagulopathic bleeding can be under-
stood if one takes into consideration that at this 
time, as in WWII, blood was transfused cold, at 
its storage temperature (4 °C), to simplify admin-

istration and avoid the perceived risk of hemoly-
sis during rewarming [28]. Massive transfusion 
patients of this era thus faced a major risk of 
hypothermia with resulting coagulopathic bleed-
ing and, indeed, researchers at the time did not 
attribute occasional bleeding tendencies to a 
defect in stored platelets [27]. It was not until the 
mid-1960s that warming blood from refrigerator 
temperature to body temperature was identified 
as a critically important step in transfusion prac-
tice [29]. From WWII to the Vietnam conflict, 
blood transfusions were composed of mostly 
stored, but also fresh, whole blood. During this 
time, the Korean War experience seemed to con-
firm Duke’s assertion that a platelet count of 
50,000 was the critical level below which disor-
ders of hemostasis would result, because the 
whole blood contained effective platelets able to 
participate in acute hemostasis, and platelet 
counts rarely fell below that threshold [27, 30]. 
During the Vietnam experience, the transfusion 
of 8- to 20-day-old acid citrate dextrose (ACD) 
preserved whole blood was thought to cause 
dilutional thrombocytopenia due to nonviable 
platelets in the blood with ensuing coagulopathy 
after 20 units and a platelet count of 50,000. In 
reality, a close examination of the data reveals 
that posttransfusion platelet counts exceeded 
predicted values by a significant margin, and 
platelet counts dropped to critical levels only 
after transfusion of about 30 units with simulta-
neous large-volume crystalloid resuscitation 
[31]. It is not surprising that coagulation disor-
ders encountered under such circumstances were 
corrected with warm fresh whole blood, but it 
does explain why the surgical community was 
lulled into thinking that platelets mattered only 
when they were severely depleted—the condi-
tion was rarely encountered in the age of whole 
blood use [32]. As a result, the importance of 
platelets in the treatment of surgical bleeding 
and trauma went unrecognized, and research in 
this field was stifled until brought to the fore by 
the difficulty in supplying platelet components 
during the wars in Iraq and Afghanistan in the 
twenty-first century.
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 Clinical Evaluation of In Vivo 
Platelets and Platelet Components

The evolution of assays to assess the clinical 
efficacy of platelet transfusion is a metaphor for 
this inability to appreciate its vital role in rees-
tablishing hemostatic function in trauma 
patients with hemorrhagic shock. Between 1910 
and the late 1980s, simple platelet counts and 
Duke’s BT method were the only assays rou-
tinely used. The latter, which was modified from 
an earlobe incision to one on the underside of 
the forearm while inflating a sphygmomanome-
ter to 40  mmHg (the Ivy BT), was frequently 
unreliable as a platelet function test, as results 
were dependent on skin structure, blood vessel 
structure and integrity, hematocrit, temperature, 
fibrinogen, and Factor VIII (FVIII) and von 
Willebrand Factor (vWF) levels, as well as 
platelet count, size, and function [33–35]. Over 
the past 30 years, BT has been abandoned due to 
its imprecision, poor reproducibility, and dis-
comfort for the patient. Platelet aggregometry, 
which measures platelet aggregation response to 
physiologic agonists like thrombin, collagen, 
and adenosine diphosphate (ADP), was devel-
oped in the 1960s and eventually became a 
“gold standard” but was never widely adopted 
in clinical practice, particularly in surgical set-
tings, because the relative technical complexity 
of performing and interpreting the assay was 
never addressed by manufacturers due to the 
lack of emphasis on platelet function [33, 36]. 
Similarly, flow cytometry can be used to charac-
terize platelet function, but this method, like 
aggregometry, has mostly been applied in 
research settings [37]. Unlike in the field of 
trauma, cardiologists and cardiovascular sur-
geons were much more aware of platelet effects 
in acute coronary syndromes; thus, modifica-
tions of aggregometry and viscoelastic testing 
(thromboelastography, TEG; rotational throm-
boelastometry, ROTEM) have been developed 
to support the management of platelet inhibition 
therapy [38]. The aforementioned technologies 
predict bleeding risk and platelet transfusion in 
surgery, but, in keeping with the general disre-

gard of platelet efficacy, so far, are not required 
by regulatory guidelines in the evaluation of 
platelet products for the treatment of hemor-
rhage [39, 40]. In short, reliance on BT and fail-
ure to adopt other standards suggests that, until 
recently, measurement of platelet function after 
transfusion has not been a priority for trauma 
surgeons and critical care physicians, platelet 
transfusion researchers, or regulatory agencies. 
In summary, the focus of posttransfusion evalu-
ation has been on raising platelet counts in 
chemotherapy patients, with the underlying 
assumption that platelets that circulate must be 
functional [41].

The relative lack of emphasis on platelet 
transfusion for treating surgical hemorrhage and 
trauma should be surprising, given the Vietnam 
War-era evidence demonstrating that platelet 
dysfunction plays a role in trauma-induced 
coagulopathy, but awareness of the data’s import 
was not evident in the writing of the time [42]. 
As noted, cardiothoracic surgery has since 
become the exception, but even there, interest is 
narrowly focused on correcting bypass circuit-
induced thrombocytopenia. Prior to the twenty-
first century, the relatively few studies that 
examined platelets as part of trauma care and 
massive transfusion did record the development 
of thrombocytopenia and evidence of platelet 
dysfunction [43–45]. Unfortunately, these 
observations were dismissed as irrelevant due to 
the infrequency of clinically apparent “medical 
bleeding”—oozing, petechiae, and purpura, as 
commonly observed in severe hypoproliferative 
thrombocytopenia or consumptive conditions 
like disseminated intravascular coagulation 
(DIC) [43, 44]. In contrast, Counts et al. noted 
that non-platelet-containing products such as 
red blood cell (RBC) concentrates resulted in 
hemodilution during massive transfusion and 
provided one of the few studies to suggest a role 
for platelets in preventing dangerous thrombo-
cytopenia [46]. Nevertheless, even Counts et al. 
narrowly advocated platelet transfusion for the 
treatment of an established dilutional thrombo-
cytopenia and platelet dysfunction. Their criti-
cal role in primary hemostasis, known for much 
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of the twentieth century, of plugging holes in the 
vasculature, catalyzing the generation of throm-
bin to form the clot-stabilizing fibrin mesh, and 
then retracting the clot in concert with blood 
vessel vasoconstriction was little considered. 
Investigators did not appear to see the need to 
support these functions by proactively replacing 
the platelets lost to severely traumatic or surgi-
cal hemorrhage. The link between thrombocyto-
penia and microvascular bleeding in oncology 
patients was much discussed, while the larger 
role platelets play in overall hemostasis and the 
response to injury, whether surgical or trau-
matic, was largely ignored.

Beginning in the late 1960s, platelet- 
containing stored and fresh whole blood prod-
ucts gradually disappeared from most hospitals 
as component therapy became widely available 
and the economics of blood banking favored 
fractionation of whole blood [46]. The growing 
threat of transfusion-transmitted disease virtu-
ally eliminated walking blood banks by the 
early 1980s. Surgeons in this era were using 
modified whole blood (generally meaning that 
platelets and cryoprecipitate had been removed), 
RBC concentrates, and saline, with limited 
amounts of plasma and platelets [31]. When 
massive hemorrhage from penetrating injuries 
became more common during the drug wars of 
the 1980s and early 1990s, interest in trauma-
induced coagulopathy resurfaced, and with it, 
an appreciation that surgical bleeding outcomes 
were adversely affected because, with whole 
blood largely unavailable, RBC-focused resus-
citation created iatrogenic deficits in plasma and 
platelets [47–49].

Newer point-of-care tests to rapidly assess 
coagulation, evaluating functions such as clot 
contraction, are currently in development [50]. 
Platelet contraction is an energy-dependent 
biologic process reflective of hemostatic poten-
tial that also serves as an indicator for systemic 
metabolism [51]. The platelet contraction 
assay may be more successful at determining 
the efficacy of antiplatelet drugs or optimizing 
anticoagulation where antiplatelet therapy is 
indicated [50].

 Transfusion Products 
for Trauma Care

It is important to recognize that the current state 
of platelet transfusion science is inadequate to 
guide optimal resuscitation therapy, even if data- 
driven guidelines covering timing and quantity 
were available. The regulatory framework cur-
rently in place throughout the world evolved with 
the development of platelet products optimized 
for recovery and survival, and does not ade-
quately address the hemostatic, trophic, or 
immune functions of platelets. While the US 
Food and Drug Administration (FDA) issued a 
draft “guidance to industry” document on platelet 
function testing in 1999, it does not appear to 
have been formally adopted or enforced and thus 
current standards assume functional integrity 
based on morphological appearance and 
responses [41]. Perhaps, the most important 
innovation in platelet transfusion was the adop-
tion of apheresis over the preparation of platelet 
concentrates from whole blood donations (pooled 
platelets) [52]. Use of apheresis units reduces 
donor exposure; simplifies leukoreduction and 
thus prevents complications such as nonhemo-
lytic febrile transfusion reactions; and allows 
human leukocyte antigen (HLA)-type and cyto-
megalovirus (CMV) seropositivity matching. 
While these are genuine advantages in the setting 
of hematopoietic stem cell transplantation, use of 
apheresis platelets confers no advantage with 
respect to hemostatic function. The practice of 
RT storage (22–25 °C) of platelets thus persisted 
despite profound functional deficits and the 
increased risk of bacterial growth compared to 
refrigerated or frozen blood products [26]. As 
noted previously, the recognition that refrigera-
tion leads to rapid clearance of stored (over 
2 days) compared to fresh (over 7 days) platelets 
is well established. While circulation time is crit-
ical for some, however, most patients typically 
have normal megakaryocyte function and thus 
require functional platelets to support hemostasis 
during active bleeding, after which they are able 
to replace depleted stores. Refrigerated platelets 
may be the ideal product for this population, 
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because they have enhanced ability to participate 
in coagulation and thus may control bleeding 
more quickly [53]. In both platelet concentrate 
and whole blood studies, cold platelets perform 
better with regard to platelet aggregation (colla-
gen, ADP), viscoelastic testing (TEG and 
ROTEM), and other functional measures com-
pared to those stored at RT [21, 22, 26, 53–56]. 
The RT platelet storage lesion results in increased 
levels of soluble CD40 ligand (sCD40L), a potent 
immune-stimulatory molecule, which reflects 
platelet degranulation and is thus considered a 
marker of platelet functional loss. Stored RT 
platelets accumulate more sCD40L over time 
compared to those stored at 4 °C [21, 57], provid-
ing indirect evidence that cold-stored platelets 
may enhance hemostasis due to improved func-
tion. Life-threatening bleeding is typically con-
trolled within 6  h of onset, during which time 
4 °C refrigerated platelets circulate at high con-
centrations that are comparable to those stored at 
room temperature. On the other hand, room- 
temperature platelets rapidly accumulate func-
tional defects during storage, losing their ability 
to aggregate in response to arachidonic acid, col-
lagen, and ADP [21, 58–61]. Furthermore, 
Becker et  al. and, in a separate study, Valeri 
showed that cold-stored platelets control bleed-
ing more effectively in aspirin-treated volunteers 
compared to RT-stored [53, 62, 63]. Becker fur-
ther demonstrated that cold-stored platelets are 
effective in treating bleeding thrombocytopenic 
patients. Conversely, RT-stored platelets may be 
ineffective in reversing the increased risk of sur-
gical bleeding in patients taking aspirin and/or 
clopidogrel unless large doses (2 apheresis units) 
are given preoperatively [64–66]. Unfortunately, 
platelets stored at 4 °C were never compared to 
platelets stored at RT for the treatment of medi-
cal, surgical, or traumatic etiologies of hemor-
rhage and, indeed, no randomized controlled 
trials of platelet- versus non-platelet-containing 
transfusion strategies are published. Platelet 
refrigeration was abandoned by a transfusion 
medicine community focused on the needs of 
oncology patients who were thought to benefit 
from prophylactic transfusions of platelets with 
longer circulation times. Other approaches to 

platelet preservation, motivated mainly by the 
need to expand available inventories, were 
attempted. For example, cryopreserved platelets 
(CPP) frozen in the cryoprotectant, dimethyl 
sulfoxide (DMSO), were developed by Valeri as 
early as the 1970s, and Crowe pioneered the use 
of trehalose in platelet lyophilization [67, 68]. 
Since neither of these approaches yielded prod-
ucts that improved platelet counts in a sustained 
manner, their development stalled. Valeri con-
ducted a small randomized controlled trial (RCT) 
comparing RT platelets to CPP in cardiothoracic 
surgery bypass-induced thrombocytopenia and 
showed that CPP were more efficacious than RT 
platelets and likely safe [69]. The available data 
thus indicate that 4 °C and CPP are superior to 
RT platelets in treating bleeding patients in some 
settings; nevertheless, comprehensive RCT eval-
uations of different platelet-containing products, 
namely, fresh whole blood (FWB), stored whole 
blood (SWB), RT-stored platelets, 4  °C-stored 
platelets, and CPP, are lacking.

The resulting shortages in platelet inventories 
ensure that platelet transfusion is largely reserved 
to treat the most severe thrombocytopenias, pri-
marily in oncology patients. Ironically, three large, 
multicenter RCTs in North America and Europe 
have recently demonstrated that prophylactic 
platelet transfusion in the oncology setting is of 
questionable efficacy, and no dose of RT platelets 
was identified as effective in reducing blood loss 
[24, 70, 71]. The notable exception to this finding 
is prophylactic platelet transfusion for patients 
undergoing induction chemotherapy or allogeneic 
stem cell transplantation for acute myelogenous 
leukemia (AML).  These patients suffer profound 
and long-lasting thrombocytopenia, as well as 
treatment-related toxicity. Prophylactic platelet 
transfusion in this cohort reduces intracranial 
hemorrhage and mortality and should be contin-
ued, but many oncology patients currently receiv-
ing prophylactic transfusions do not fall into this 
category. As these data are incorporated into cur-
rent guidelines, the proportion of transfusions for 
prophylactically maintaining an arbitrary platelet 
count is likely to decrease, and therapeutic transfu-
sion for severe, acute hemorrhage may become the 
most common indication for platelet use.
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Investigators in Bergen, Norway, have recently 
completed a pilot RCT of 4 °C platelets stored in 
platelet additive solution (PAS) versus room- 
temperature- stored platelets in plasma. At the 
time of this writing, the results of the above trial 
have been presented, but not published. The 
results indicate it is feasible to perform an RCT 
and there is potential for reduced bleeding with 
the use of platelets stored cold for up to 14 days. 
There was also no increase in adverse events in 
the cold-stored group. These findings have sup-
ported the development of a multicenter RCT 
that will use an adaptive trial design to determine 
if cold-stored platelets reduce bleeding in cardiac 
surgery patients compared to the use of room- 
temperature- stored platelets. The Chilled Platelet 
Study (CHIPS) intends to enroll up to 1000 
patients and is planned to start in late 2020.

These recent results show that, despite over 
six decades of research on platelet transfusion, 
the use of RT platelets for bleeding patients is not 
optimal; they suffer major functional deficiencies 
and may pose unnecessary risks of bacterial con-
tamination. The neglect of platelet function and 
insistence on RT storage to maximize circulation 
time restrict shelf life to 5 days in order to reduce 
risks of bacterial growth. The current rate of sep-
tic transfusion reactions remains highest in plate-
let transfusions despite numerous safety 
measures. In response, additional guidance has 
been issued by the FDA regarding bacterial test-
ing of platelets stored at room temperature (21 
CFR 606.145a). The FDA will now require addi-
tional safety measures beyond a primary bacte-
rial culture for room-temperature-stored platelets. 
Platelets collected by apheresis or prestorage 
whole blood-derived pools may be pathogen 
reduced or undergo either secondary culture or 
secondary rapid testing after the primary culture. 
In addition, revisions were made to clarify rec-
ommendations related to dating periods, labeling, 
inventory management, and culture incubation 
periods.

Cold storage of platelets has the potential to 
overcome many of the abovementioned short-
comings associated with RT platelet storage. 
Currently, the FDA allows for cold storage of 
platelets at 1–6  °C without agitation for up to 

3 days for trauma patients (21 CFR 640.24 and 
640.25). In 2015, the Mayo Clinic successfully 
implemented the use of such 3-day platelets for 
trauma patients. The military, after significant 
research and data collection, submitted a vari-
ance request to the FDA.  This variance was 
approved by the FDA in August 2019 allowing 
storage of apheresis platelets at 1–6 °C for up to 
14 days without agitation [72]. The cold-stored 
platelet products will be used to treat actively 
bleeding patients when conventional platelet 
products are not available or their use is not prac-
tical. This variance may enable further reemer-
gence of cold-stored platelet use by more 
facilities in the very near future and serve as a 
critical first step in delivering platelets to the bat-
tlefield in order to decrease life-threatening 
bleeding due to trauma.

 Evidence from the Wars in Iraq, 
Afghanistan, and Beyond: A New 
Direction for Platelet Transfusion 
Medicine?

The relative unavailability of platelets and the iat-
rogenic deficits in plasma and platelets noted 
above essentially describe the state of affairs 
when the United States embarked on the recent 
conflicts in Iraq and Afghanistan, beginning in 
2001. Civil unrest and insurgent activity height-
ened the conflict in 2004–2005, and the casualty 
rate rose, giving military physicians sufficient 
experience to realize that resuscitation with RBC 
concentrates and crystalloid was ineffective in 
managing combat trauma-related massive hem-
orrhage. Platelets and plasma were needed, but 
platelet concentrates were not available because 
of the 5-day shelf life and requirement to only 
use platelets collected in the United States. The 
lack of platelet availability was one reason that 
prompted emergency warm fresh whole blood 
collections as a platelet-containing alternative, 
and in dramatic fashion, a new generation of phy-
sicians rediscovered the importance of providing 
whole blood functionality to the shocked, hemor-
rhaging patient [73, 74]. The military transfusion 
medicine community resisted this return to warm 
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fresh whole blood due to concerns regarding 
infectious disease risk and streamlined transport 
systems to provide timely delivery of plasma, 
platelets, and cryoprecipitate which were recon-
stituted into a whole blood-like cocktail [75, 76]. 
Retrospective analyses of this experience 
revealed that fresh whole blood was at least as 
effective if not more so than component therapy 
and that the effectiveness of component therapy 
was dramatically enhanced when plasma and 
platelets were included early to reapproximate 
whole blood function at the outset of resuscita-
tion [73, 77–79]. These observations gave rise to 
the “1:1:1” ratio-based massive transfusion pro-
tocol, which was subsequently validated in large 
retrospective civilian trauma studies. Recently, 
investigators funded by the US Department of 
Defense and the National Institutes of Health 
conducted the Pragmatic Randomized Optimal 
Platelet and Plasma Ratios (PROPPR trial) trial, a 
large prospective randomized trial comparing a 
1:1:1 ratio versus 1:1:2 in which the latter group 
received fewer platelets given later in resuscita-
tion [80]. The study was limited by the similarity 
of the treatment arms due to ethical consider-
ations, which may be the reason that there was no 
difference in the primary outcome of all-cause 
mortality. Further analysis, however, demon-
strated a difference in secondary outcomes, 
including superior early hemostasis in the 1:1:1 
group and fewer deaths due to exsanguination by 
24 h. These results provided higher-quality evi-
dence to support equal ratio component use, but 
importantly, the PROPPR trial could not differen-
tiate between platelet and plasma effects and was 
not designed to evaluate platelet transfusion effi-
cacy. The intriguing finding of Stansbury et  al. 
that trauma mortality outcomes are directly pro-
portional to admission platelet count, including 
counts well above the 50,000 platelet per micro-
liter accepted minimum threshold [81], does sug-
gest that some of the 1:1:1 benefit is likely due to 
platelet effects and is corroborated by retrospec-
tive data from the recent conflicts in Southwest 
Asia [77–79, 82]. Stanbury also noted that as 
admission platelet count increased across the 
entire normal range, outcomes improved [81]. 
The link between platelets and outcome has been 

further reinforced by others who described the 
onset of a trauma-induced platelet dysfunction 
occurring prior to iatrogenic hemodilution and 
other interventions and illustrated that surgical 
hemostasis is a function of platelet activity as 
well as count [43, 44, 83–85]. After more than 
60  years of platelet transfusion history, this 
poorly understood anucleate blood cell has 
attained recognition as a critical component of 
transfusion therapy in trauma and surgical 
resuscitation.

 Transfusion-Related Platelet 
Biology

 Non-hemostatic Effects of Platelets

The vascular space is home to many different 
cell types with various effector functions, plate-
lets not excluded, as well as four proteolytic cas-
cade systems. While traditionally thought solely 
to participate in hemostasis and thrombosis, 
platelets have been shown to play important 
roles in modulating inflammation and immunity 
through interactions with leukocytes, the vascu-
lar endothelium [86], and the complement sys-
tem [87]. During homeostasis, endothelial cells 
secrete various factors (e.g., nitric oxide, prosta-
cyclins) which promote platelet quiescence and 
maintain vascular flow. Upon biological, chemi-
cal, or mechanical insult, endothelial cells can 
become injured or activated. In the case of the 
former, damage to the endothelium results in the 
exposure of the subendothelial matrix, allowing 
for platelet binding to collagen and tissue factor, 
thereby initiating hemostasis  – the traditional 
thrombocyte role. Alternatively, during activa-
tion in response to inflammatory signals, endo-
thelial cells release vWF and platelet agonists, 
such as thromboxane; they also mobilize 
P-selectin to the endothelial surface. These fac-
tors promote platelet adherence and binding to 
the endothelium and subsequent platelet activa-
tion, resulting in platelet secretion and produc-
tion of multiple cytokines and chemokines with 
various pro-inflammatory and chemotactic 
effects, including IL1-b, IL-6, IL-8, IL-12, 
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CCL2 (MCP-1), CCL4 (MIP-1β), and TNFα 
[88]. Moreover, activated platelets not only 
secrete chemokines to recruit leukocytes but also 
serve as additional platforms for leukocyte bind-
ing and engagement. Platelets express adhesion 
molecules, such as CD40L, P-selectin, PECAM-
1, and GPIbα, which then directly interact with 
their cognate receptors expressed by leukocytes 
(CD40, PSGL-1, PECAM-1, and Mac-1 (integ-
rin αMβ2 or CD11b/CD18)). Activated platelets 
thus play an important role in potentiation of the 
inflammatory process via leukocyte recruitment, 
activation, and endothelial cell activation, all at 
the site of vascular injury.

While platelets have been shown to modulate 
both innate and adaptive immune functions [89, 
90], how platelet transfusion alters these known 
immune-modulating functions is not quite so 
clear. With respect to complement-platelet inter-
actions, the platelet itself provides a surface for 
local complement activation, inducing not only a 
procoagulant platelet [91] but also the release of 
anaphylatoxins C3a and C5a, which are potent 
chemoattractants and stimulators of leukocytes 
[92]. Endogenous complement levels can exacer-
bate refractoriness in allo-sensitized patients 
receiving platelet transfusions through HLA 
antibody- mediated complement activation [93]. 
Of note, complement activation was shown to 
increase over time during platelet storage [94]. 
From work in other fields, complement activation 
has also been shown to modulate T-cell effector 
functions [95]. More detailed studies are needed 
to determine if platelet transfusion-mediated 
complement activation can play a role in altering 
lymphocyte function.

Limited work exists chronicling the mecha-
nistic effects of platelet transfusion on endothe-
lial function and permeability. Baimukanova 
et al. reported that platelet storage duration, both 
at 4 and 22  °C, led to decreases in platelet- 
mediated activation and the ability to reduce the 
permeability of endothelial monolayers [96, 97]. 
They also showed that both 4- and 22-°C- stored 
platelets reduced vascular leak but that 
22-°C-stored platelets had superior efficacy 
in  vivo in a mouse model of the vascular leak 
[97]. Lastly, platelet-derived extracellular vesi-

cles were shown to be as efficacious as platelets 
themselves in restoring vascular permeability in a 
murine model. While these studies start to eluci-
date the interactions between platelet transfusion 
and endothelial function, much work remains to 
be done.

 Platelet Storage Lesion

The platelet storage lesion is defined as deleteri-
ous alterations in platelet quality from the time of 
collection until transfusion. Numerous complex 
factors contribute to the storage lesion and lead to 
changes in platelet structure, biochemical pro-
cesses, and metabolic parameters due to collec-
tion technique, preparation, and storage 
conditions [98]. Factors that influence platelet 
quality include time, temperature, pH, lactate 
levels, suspension medias such as platelet addi-
tive solutions, the presence or absence of leuko-
cytes, storage bag materials, and shear forces [58, 
59, 98, 99]. These conditions affect the biology 
of stored platelets and modify their functional 
responses and circulating times. Understanding 
the metabolic, structural, biochemical, and func-
tional changes will likely permit future improve-
ments in the storage and transfusion of platelet 
products.

 Metabolic Indicators

Proper oxygenation of stored platelet concen-
trates (PC) is important as hypoxia induces a 
switch to anaerobic glycolysis leading to lactic 
acid accumulation, reduced pH, and platelet 
impairment [58]. Studies demonstrating that PCs 
have an oxygen consumption rate of approxi-
mately 1.10 nmol/min/109 following 24 h at room 
temperature led to the recognition of the impor-
tance of oxygen exchange during storage and to 
the development of novel bag materials and plas-
ticizers to optimize gas exchange [100]. In the 
presence of adequate oxygen, PC bicarbonate 
levels drop, and glucose consumption to lactate 
production occurs at a rate of approximately 1:2 
moles, respectively [100].
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Identification of the changes in platelet meta-
bolic parameters during storage thus led to strate-
gies for preserving and supporting the metabolic 
rate, such as refrigeration or the formulation of 
platelet additive solutions   [59, 101]. As refrig-
eration slows metabolic rate, glucose consump-
tion and lactate production decrease, whereas 
changes in bicarbonate levels and pH are mini-
mized compared to 22  °C controls [21]. While 
the benefits associated with reduced metabolic 
demand are considerable, these come at the cost 
of a progressive drop in platelet count over time, 
suggesting that aggregate formation, adhesion, or 
cell death might be occurring in PC stored at 4 °C 
[21]. Furthermore, cold-stored platelets have 
reduced circulation times which may not be ideal 
for prophylactic platelet transfusion to treat 
thrombocytopenia in the setting of [20, 102].

The decision to store platelets at 22  °C for 
clinical use led to the development of platelet 
additive solutions (PAS) to address adverse 
effects on energy metabolism and to minimize 
platelet activation during storage [101]. All PAS 
have some basic components in common: sodium 
chloride (NaCl), a fuel source such as Na acetate 
or glucose, and Na citrate as an anticoagulant. 
Proprietary versions differ in composition with 
components such as sodium bicarbonate 
(NaHCO3) or phosphate (PO4

3−) to aid in buffer-
ing and/or magnesium chloride (MgCl) and 
potassium chloride (KCl) to limit platelet activa-
tion [103]. Despite continued efforts to optimize 
the storage environment, studies have yet to dem-
onstrate that PAS confer sufficiently substantial 
improvements in maintaining platelet viability 
that would justify the added expense compared to 
plasma storage [104, 105].

Severe trauma and hemorrhage significantly 
alter platelet aggregatory function to agonists 
such as ADP, thrombin, and collagen [106–108] 
and subsequently reduce clot strength [109]. 
While this platelet dysfunction is likely a multi-
factorial response, recent evidence suggests that 
stimulation of adenylate cyclase causes a rise in 
an intracellular second messenger associated 
with inhibitory signaling; there is also a drop in 
high-energy phosphates, ATP and GTP [85], sug-
gesting metabolic exhaustion of platelets.

 Structural Changes

Platelets circulate in an inactive discoid shape 
and, upon stimulation, undergo responses includ-
ing shape change, filopodia and lamellipodia for-
mation, granule secretion, and aggregation. 
Platelets in the resting state have a macroscopic 
swirling appearance when a manual “swirling 
test” is performed, which, in room-temperature- 
stored samples, correlates well with the preserva-
tion of the discoid shape and in vivo circulation 
after transfusion [110]. Studies examining the 
cytoskeletal properties of platelets following 
chilling or activation identified the importance of 
the circumferential band of microtubules in sup-
porting and maintaining the discoid shape [111, 
112]. Once platelets are chilled below 15 °C, they 
undergo cold-induced shape change, which is 
characterized by depolymerization and collapse 
of the microtubule ring, increased cytosolic cal-
cium levels, and actin assembly [111, 113–116]. 
As the temperature drops, platelets lose their 
swirling phenotype associated with discoid shape 
and, upon transfusion, are cleared from circula-
tion within 2 days, compared to 4–5 days if stored 
at room temperature [20]. Reports indicate that 
brief periods of rewarming prevent or reverse the 
cytoskeletal changes if the exposure to the cold is 
less than 18  h [117]. Temperature cycling has 
been observed to improve microtubule reassem-
bly, preserve platelet shape, improve aggregation 
responses, and increase circulation times com-
pared to platelets continuously maintained in the 
cold [117, 118]. These results require confirma-
tion, and thermocycled platelets have not yet 
been assessed in bleeding patients. Further 
research is required to confirm the clinical feasi-
bility and utility of thermocycled platelets.

Following severe injury and hemorrhagic 
shock, platelets undergo morphological transfor-
mation into a highly procoagulant balloon shape 
[119, 120]. Severe trauma and hemorrhage lead 
to the release of histone H4 into the circulation, 
causing a sustained rise in platelet intracellular 
calcium, and driving platelet balloon formation 
[121]. Balloon formation has also been reported 
to occur in the in vitro setting in response to high 
concentrations of collagen and thrombin [122]. 
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Platelet ballooning is considered to be a pivotal 
trait of platelets in hemostasis as it maximizes the 
surface area available for the assembly of proco-
agulant enzyme complexes.

 Activation Markers and Granule 
Contents

Platelet granule secretion is important for the 
amplification of aggregation, recruitment of leu-
kocytes, and vascular remodeling. P-selectin, an 
adhesion molecule found in the platelet 
α-granules, is rapidly expressed on the plasma 
membrane following activation [123]. Platelet 
storage studies indicate that P-selectin expression 
increases with time at room temperature and to 
an even greater degree when stored at 4 °C [21, 
124, 125]. Additionally, α-granule constituents 
such as β-thromboglobulin and platelet factor 4 
increase over time in the storage media, indicat-
ing that partial degranulation has occurred [126–
128]. While P-selectin is a sensitive marker for 
platelet activation, it is unlikely to have a signifi-
cant role in clearance and may be an unreliable 
predictor of posttransfusion platelet function 
[127, 129–132].

 Microparticles/Phosphatidylserine 
Exposure

Phosphatidylserine (PS) is an anionic phospho-
lipid expressed on the inner leaflet of the plasma 
membrane and is externalized after necrotic or 
apoptotic pathways are triggered in platelets 
[122]. The exposure of PS on the platelet surface 
helps support primary hemostasis by promoting 
thrombin generation through the assembly of the 
coagulation factors activated factor five (FVa) 
and activated factor ten (FXa) [133]. The con-
stant metabolic demand during platelet storage is 
associated with the loss of mitochondrial mem-
brane potential and PS exposure [134, 135]. 
Many of the necrotic and apoptotic features such 
as membrane fragmentation, cytoskeletal disrup-
tion, caspase activation, PS exposure, and mic-
roparticle (MP) formation have been observed 

following platelet storage [59, 122]. The clinical 
relevance of transfusing products containing MP 
and PS warrants further investigation. While 
platelet-derived MP may aid in the hemostatic 
process by accumulating at the site of injury and 
supporting fibrin formation, transfusion of proco-
agulant MP may enhance or promote systemic 
coagulation in susceptible patient populations 
[136–138], but the clinical significance of these 
functions remains to be fully defined.

 Surface Receptors

Glycoprotein Ib-IX-V (GPIb-IX-V) mediates 
primary hemostasis through its interaction with 
activated von Willebrand factor and plays an 
essential role in clearing platelets from circula-
tion [139]. Storage studies demonstrated that a 
GPIb-IX-V subunit, GPIbα, is shed from the 
platelet surface in response to the ADAM metal-
loproteinase domain 17 (ADAM17), also known 
as TNF-α-converting enzyme (TACE)  [140, 
141]. Inhibition of ADAM17 activity during 
room-temperature storage improves platelet sur-
vival and recovery, illustrating the importance of 
this receptor in platelet clearance [140, 142]. 
Other studies investigating the mechanism of 
cold-stored platelet clearance have identified two 
distinct modifications of GPIbα which mediate 
their removal from circulation [143]. Short-term 
chilling of platelets leads to the clustering of 
exposed β-N-acetylglucosamine (bGlcNAc) on 
GPIbα which is recognized by hepatic macro-
phage αM-lectin receptors [144]. The fact that 
bGlcNAc glycosylation with UDP galactose, a 
method to prevent hepatic recognition, fails to 
improve platelet clearance after prolonged stor-
age at 4 °C suggests the existence of other plate-
let clearance mechanisms. Follow-up studies 
demonstrated that refrigeration causes the release 
of platelet sialidases, resulting in desialylation of 
GPIbα and thus platelets with reduced α2,3- 
linked sialic acid are removed from circulation 
by hepatic lectins, Ashwell-Morell receptors, 
through the binding of exposed βGal and GalNAc 
[145–147]. Furthermore, a recent finding sug-
gests that clearance of desialylated platelets by 
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Ashwell-Morell receptors upregulates compen-
satory new platelet production by stimulating the 
expression of thrombopoietin [148].

 Efficacy and Safety of Platelets Stored 
in Additive Solutions

Extensive research has been executed over the 
past several decades in order to understand how 
best to store blood components. Bag materials, 
storage solutions, and temperature have been 
major areas of focus for extending the shelf life, 
functionality, and in vivo recovery and survival 
times for blood components [21, 53, 103, 149]. 
Interestingly, differences in manufacturing pro-
cedures (collection platform, storage solution, or 
storage temperature) have yielded different 
in vitro characteristics and recovery and survival 
times [150, 151], demonstrating the importance 
of understanding the effects of each manufactur-
ing change.

Platelet refrigeration results in partial cellular 
activation and therefore has raised concerns for 
increased thrombotic risk in the transfused recip-
ient [21], although increasingly data have begun 
to suggest otherwise. In vitro results have shown 
that cold-stored platelets respond to physiologic 
inhibitors such as prostacyclin and nitric oxide 
[152]. Furthermore, the more rapid clearance of 
cold-stored platelets may enhance their safety by 
reducing exposure time. Therefore, there is a 
potentially lower risk for inducing thrombosis 
with cold-stored platelets.

Much of the research investigating PAS has 
been aimed at improving the quality of room 
temperature platelets [153]. Thus, there is most 
likely room for optimization of PAS for cold- 
stored platelets. Studies have demonstrated that 
platelets stored in plasma at 4 °C have a tendency 
to aggregate and that storage in PAS may miti-
gate these effects by dilution of plasma fibrino-
gen [154]. Reducing the citrate concentration in 
PAS has also shown to have favorable in  vitro 
benefits [155]. Interestingly, no in vitro charac-
teristics for stored platelets appear to accurately 
predict in vivo recovery and survival times. For 
example, the in  vitro functional responses to 

stimuli for cold-stored platelets in plasma or PAS 
are comparable, but platelets stored in plasma 
elicited higher in  vivo recovery compared to 
platelets stored in InterSol or Isoplate additive 
solutions [151]. Despite the lack of correlation 
between platelet in  vitro characteristics and 
in vivo survival and recovery, it is worth mention-
ing that no data exist on what the radiolabeling 
procedure does directly to the surface character-
istics and cellular function of radiolabeled plate-
lets prior to transfusion for recovery and survival 
studies. Future optimization of PAS formulations 
for cold-stored platelets will require rigorous 
characterization to determent their impact on 
safety and efficacy.

 Translating Platelet Research 
Findings into Artificial Platelet 
Products

As the preceding sections of this chapter make 
clear, platelet transfusion has had a complicated 
history, and currently, available platelet products 
leave much to be desired. As platelet research 
moves forward in earnest to fully describe struc-
ture, function, and diverse roles, creation of arti-
ficial platelet substitutes may become possible 
and would reduce the hazards of infectious dis-
ease transmission, alloimmunization, short shelf 
life, and complicated storage conditions. It is 
possible to envision that a standardized product 
could even allow for reliable dose-response 
hemostatic properties delivered with predictable 
pharmacokinetics, unlike current platelet concen-
trates whose properties are as individual as the 
donors themselves. Enterprising scientists have 
sought since the 1950s to develop artificial plate-
let products along two major lines of effort: 
platelet-derived hemostatic agents (PDHAs)  and 
artificial hemostatic platelet substitutes [156]. 
The immune and trophic aspects have been less 
emphasized as these functions remain poorly 
understood, and because the challenges of merely 
delivering hemostatic function have been over-
whelming. Nevertheless, applications of PDHAs 
in the promotion of wound healing are already 
being explored [157].
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PDHAs are made by simple lyophilization; by 
platelet fixation and lyophilization; by using tre-
halose, a sugar made by desiccation-resistant 
organisms to stabilize platelet membranes prior 
to lyophilization; or by various attempts at gener-
ating thrombogenic platelet fragments including 
membrane preparations [158–160]. To varying 
degrees, these development efforts have suc-
ceeded in addressing the logistical challenges of 
providing platelet hemostatic activity to patients, 
mainly by increasing shelf life and simplifying 
storage. The most promising development proj-
ects to date have been Cellphire’s 
Thrombosomes® (trehalose-loaded lyophilized 
platelets) and Entegrion’s Stasix® products 
(glutaraldehyde- fixed, lyophilized platelets), 
funded by the US Department of Defense and the 
Department of Health and Human Services. The 
distinguishing in vivo features of products made 
by these approaches are rapid clearance, ability 
to support thrombin generation, variable adhe-
sion to collagen, and reduced aggregation perfor-
mance [161–163]. Animal model studies suggest 
safety and some ability to support hemostasis and 
reduce blood loss in thrombocytopenic models 
[164, 165]. These preclinical studies supported 
an investigational new drug (IND) filing and the 
first in human safety dose-escalation trial utiliz-
ing Thrombosomes collected from autologous 
sources via apheresis in normal subjects [166]. 
The trial identified that no serious adverse events 
(AEs) were related to the transfusion of autolo-
gous freeze-dried platelets. A future Phase II 
study will need to be conducted to determine fur-
ther safety and efficacy of lyophilized platelets.

Artificial hemostatic platelet substitutes have 
proven more difficult to develop. Numerous 
fibrinogen- and vWF-binding platforms have 
been evaluated, including modified RBCs, albu-
min microparticles, liposomes, and hydrogels 
[167–169]. One of the more promising artificial 
hemostatic platelet substitutes is Haima 
Therapeutics’s SynthoPlate™. The synthetic 
platelet surrogate utilizes a liposomal platform 
with surface decorations including von 
Willebrand factor-binding peptide, collagen- 
binding peptide, and an activated fibrinogen 
receptor-mimetic peptide [170, 171]. SynthoPlate 

preclinical data demonstrated a safety profile and 
showed signals of efficacy in a thrombocytopenic 
murine tail-transection model, murine liver injury 
model, and porcine femoral artery injury model 
[172–174]. While the in vitro and animal model 
results of some of these technologies are promis-
ing, advanced preclinical and clinical develop-
ment will be required. The limited shelf life of 
currently approved platelet concentrates contin-
ues to create unmet needs and generate opportu-
nities for further development of these 
technologies.

 Clinical Platelet Transfusion 
Medicine

 Transfusion Volume and Anticipated 
Change in Platelet Count

The measurement of platelet transfusion efficacy 
is complex due to the multiplicity of variables 
that can affect platelet participation in clot forma-
tion. Traditionally, simple platelet counts were 
used; however, this approach does not account 
for the volume of distribution, degree of throm-
bocytopenia, or the effect of chronic disease, 
among other factors. Platelet viability, pharmaco-
logic agents, and medical conditions such as 
hypersplenism, hepatomegaly, and bone marrow 
transplantation can dramatically alter recovery 
[175–177].

The established research tool for determining 
platelet transfusion effect, a recovery and sur-
vival study, starts with the infusion of a radiola-
beled platelet dose, followed by serial blood 
sampling to determine the percent of the original 
dose available for measurement (recovery), as 
well as the length of time, typically measured in 
days, over which the radiolabeled platelets are 
detectable (survival; see Fig.  23.1) [178]. 
Although higher values have been reported, 
approximately 66  ±  8% of the platelet dose is 
recovered on average immediately after transfu-
sion in healthy subjects, a number that is slightly 
lower (approximately 60 ± 15%) in the setting of 
thrombocytopenia [179]. As investigators recog-
nized that simply reporting percentages ignores 
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the influence of multiple patient and donor fac-
tors, methods such as corrected count increment 
(CCI) [180] and percent platelet recovery (PPR) 
[175, 179] were developed, followed by platelet 
count increment regression analysis to reduce 
result variability (Fig. 23.2) [175, 177].

Platelet refractory response is defined by two 
measurements in which 1-h CCI and PPR values 
are less than 7500 platelets/μL/m2 and 30% and 
20-h values are less than 4500 platelets/μL/m2 
and 20%, respectively [177]. Although platelet 
counts are higher after transfusion of apheresis 
platelets compared to pooled preparations, effi-
cacy of transfusion as measured by CCI and PPR 
appears to be equal regardless of the method used 
to obtain platelets [177]. Expected count 
increases in an average-sized adult, as estimated 
by one group of investigators, are in the range of 
30,000–60,000/μL for each apheresis component 
containing approximately 3 × 1011 platelets and 
5000–10,000/μL for random donor components 
with an average of 7 × 1010 platelets [177]. While 
a “standard” platelet dose has not been defined, a 
reasonable estimate is the transfusion of one 
platelet concentrate per 10 kg of body weight and 
can be expected to cause a 40,000/l elevation in 
platelet count [177].

Fig. 23.1 Survival of autologous “citrate platelets” after 
transfusion to a normal subject demonstrates that approxi-
mately 75% of labeled platelets were recovered in the cir-
culation immediately after being transfused. The red area 
denotes the range of blood platelet radioactivity after the 

injection of Cr51-labeled “EDTA platelets” on ten occa-
sions in seven normal subjects, demonstrating that the 
maximum recovery was <40% with lower survival, due to 
EDTA-induced structural changes leading to more rapid 
clearance in the liver. (Modified from Ref. [178])

Fig. 23.2 Formulas for calculating platelet recovery, cor-
rected count increment (CCI), and platelet survival post-
transfusion. (Modified from Ref. [175])
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 Average In Vivo Life Span 
of Transfused Platelets

In vivo platelet circulation is determined by the 
rate of utilization, as well as by random and senes-
cent mechanisms of clearance [18, 181–190]. 
Radioisotope-labeled platelet deposition is pri-
marily in the spleen and liver [190], with splenic 
uptake occurring early, consistent with sequestra-
tion in the splenic platelet pool, whereas liver 
uptake occurs late and increases over time [181]. 
Survival studies demonstrate that platelets circu-
late for approximately 5–7 days and their numbers 
decline over time, with only about 5% remaining 
in circulation by day 8 [181, 191–193].

 Overview of Platelet Transfusion 
Refractoriness

Thrombocytopenic patients can develop a clini-
cal syndrome characterized by rapid posttransfu-
sion platelet clearance, posing a considerable 
challenge if hemorrhage develops and requires 
treatment. While the etiology is diverse, the most 
common cause is alloimmunization due to fre-
quent platelet transfusions. Platelet transfusion 
refractoriness is defined as an inappropriate post-
transfusion rise in 1-h CCI and/or PPR (two or 
more consecutive CCIs of <5–10 × 109/l and/or 
two or more consecutive PPRs less than 20%, 
when measured at 1 h after transfusion of com-
patible platelet concentrates that are within 
3 days of storage) [194–196]. A large prospective 
platelet transfusion study titled the Trial to 
Reduce Alloimmunization to Platelets, or the 
TRAP trial, was analyzed for factors implicated 
in platelet refractoriness. The authors found that 
the clinically important variables included lym-
phocytotoxic antibody positivity, females with at 
least two pregnancies, heparin administration, 
bleeding, palpable spleen, fever, amphotericin, 
and disseminated intravascular coagulation 
(DIC) [195–197].

Immune causes of refractoriness can be 
broadly described as those related to human 
leukocyte antigens (HLA) and those acquired 

against platelets, involving the human plate-
let antigen (HPA) system [194]. HPA-related 
platelet refractoriness is not only less com-
mon, less severe, and typically transient but 
also less preventable with leukoreduction [197]. 
Nonimmune causes include prior antigen expo-
sure in multiparous females, enlarged spleen, 
DIC, medications [198], bleeding, fever, sep-
sis, veno-occlusive disease (VOD), and trans-
fusion-associated graft- versus- host disease 
(TA-GVHD)  [195, 199]. Component-related 
factors that can influence refractoriness include 
gamma irradiation, storage duration, and ABO 
compatibility [195].

Management strategies to address refractori-
ness start with antibody tests to differentiate 
between the possible immune-mediated causes 
(Table 23.1) [197]. If immune causes are found, 
HLA-matched, crossmatched, or antibody- 
specific platelet components are indicated. HLA- 
matches are categorized as A, BU, BX, C, or D, 
and efficacy is assessed by establishing the 
degree of improvement in posttransfusion CCI 
[200]. Crossmatching improves platelet survival 
[201] and, possibly, posttransfusion increments. 
Provision of platelets lacking the specific HLA 
antigens determined to cause platelet refractori-
ness is another method that improves posttransfu-
sion platelet recovery and can be used if 
HLA-matched or crossmatched donors are not 
available [202]. Management for patients with 
nonimmune etiologies is aimed at treating the 
underlying causes, if possible; however, splenec-
tomy has not proven useful when splenic enlarge-
ment is present.

Table 23.1 Laboratory tests commonly used to detect 
anti-HLA or platelet-specific antibodies [197]

Lymphocytotoxicity test (LCT)
Platelet immunofluorescence test (PIFT)
Lymphocyte immunofluorescence test (LIFT)
Enzyme-linked immunosorbent assay (ELISA)
Antigen capture ELISA (ACE)
Monoclonal antibody-specific immobilization of 
platelet antigens (MAIPA)
Solid-phase red cell agglutination test (SPRCA)
Multiplex flow cytometric bead assays
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 ABO/D Compatibility for Platelet 
Transfusions

Accidental transfusion of ABO-incompatible red 
blood cells results in a severe hemolytic reaction, 
often leading to shock and death. The inadvis-
ability of transfusing ABO-incompatible plate-
lets is less clear; however, unmatched platelets 
are often used in clinical practice. While adverse 
consequences such as low posttransfusion plate-
let counts, acute hemolysis, fever, inflammatory 
changes, the development of refractoriness, and 
even death [203–213] can occur, particularly 
with major incompatibility, maintaining a strict 
policy of requiring crossmatched platelets can 
also lead to waste and platelet shortages and, in 
emergency cases, could also contribute to death 
[204]. Given the lack of clarity and the compet-
ing risks, the American Association of Blood 
Banks (AABB) and other regulatory bodies 
require blood banks and hospitals to have written 
policies regarding incompatible transfusion, but 

do not prohibit the practice [203, 204, 214]. A 
recent study [203] examined the data from the 
platelet-dose trial (PLADO) by Slichter et  al. 
with regard to transfusion of ABO-incompatible 
platelets and found that, while major ABO 
incompatibility resulted in lower posttransfusion 
increments, it did not have a measurable effect on 
clinically significant bleeding (Fig. 23.3) [208]. 
Additionally, a recent study [215] in critically ill 
children (including organ failure, trauma, and 
hemorrhagic shock patients) showed no differ-
ences in posttransfusion platelet count between 
ABO compatible donors and those with either 
minor or major incompatibility. Expanding the 
usage of PAS would also have a positive impact 
on the transfusion of group O platelets to incom-
patible donors as anti-A and anti-B titers are fur-
ther diluted [216].

Although platelets do not express Rh(D) anti-
gen, contaminating red cells and red cell mic-
roparticles can potentially lead to 
alloimmunization of D− patients after D+ platelet 

Fig. 23.3 Kaplan-Meier plots of time from platelet trans-
fusion to first >grade 2 bleeding for time from first platelet 
transfusion to first grade 2 or higher bleeding by ABO 
matching status. Time to bleeding was censored at the first 
date that any of the following occurred: transfusion of a 
platelet dose with a different ABO matching status from 
the patient’s initial platelet transfusion or missing data on 

ABO matching status, missing data on whether grade 2 
bleeding occurred, or end of the study. Divergence of the 
curves after 15  days is probably the result of the small 
number of patients still at risk by that time. ABO match-
ing status was not a significant predictor of time to grade 
2 bleeding (p = 0.33). (Modified from Ref. [208])
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transfusion at rates varying from 19% to, most 
recently, 1.4% [217, 218]. While D− platelets and 
Rh immune globulin (RhIG) are recommended 
for D− patients of childbearing age [219, 220], 
the recommendations are not based on high-qual-
ity data [218, 221]. Studies in 2009 and 2015 fol-
lowed D alloimmunization after D+ platelet 
transfusion in D− patients and reported zero or a 
low percentage of study subjects who developed 
anti-D antibodies. The authors concluded that this 
should be considered when determining whether 
to give RhIG [218, 222]. It has been suggested that 
ABO-incompatible platelet transfusion may actu-
ally decrease the rate of D sensitization because 
the residual ABO- incompatible RBCs provoke a 
rapid destructive response that occurs prior to the 
production of antibodies [223]. However, several 
studies [224–228] in which patients were given 
platelets collected by apheresis, which have the 
lowest RBC levels, demonstrated no alloimmuni-
zation indicating, perhaps, that a narrow window 
of RBC concentrations exists to produce this 
effect. Several reports have indicated that using 
D+ platelets is prudent in light of minimal risks 
and shortages of D− platelets [227, 229, 230], 
even in women of childbearing age [231]. 
However, for certain conditions such as chronic 
liver disease [232] and solid organ transplantation 
[233, 234], the risks may be higher.

Only a limited amount of research has been 
conducted on alloimmunization against other Rh 
antigens [235, 236], and further work is required 
to determine the clinical impact of those 
mismatches.

 Practices in Leukoreduction 
for Platelet Units

Leukoreduction (LR) is currently the standard of 
care in many blood donation centers, blood 
banks, and medical centers due to proven and 
hypothesized clinical benefits (Table 23.2) [237, 
238]. LR of platelet products can be accom-
plished in many ways, including prestorage 
platelet leukocyte filters, pre-transfusion platelet 
leukocyte filters, platelet-sparing whole blood 
leukoreduction, or direct leukoreduction during 

apheresis [239–241]. In 2013, 92.4% of all plate-
let units distributed in the United States were 
derived from single-donor platelet apheresis 
[242], suggesting that the majority of platelet 
products are leukoreduced directly during apher-
esis. With respect to the modulation of adverse 
events, leukoreduction has clear and obvious 
benefits associated with reduced alloimmuniza-
tion, febrile nonhemolytic transfusion reactions, 
and CMV transmission [243–245] (Table 23.2). 
However, with respect to infectious agents, leu-
koreduction does not completely protect from 
TTIs, such as vCJD and Pseudomonas, 
Staphylococcus, and Acinetobacter infections 
[246, 247]. Other infectious agents, such as 
HTLVI/HTLVII and EBV, have little to no avail-
able data regarding transmission due to platelet 
transfusion [248, 249]. With respect to platelet 
refractoriness, the efficacy of leukoreduction was 
compared to gamma irradiation in a large, pro-
spective, randomized trial and found to be equiv-
alent in preventing alloantibody-mediated 
refractoriness [196]. In contrast, TA-GVHD, a 

Table 23.2 Putative clinical benefits of leukocyte 
reduction

A. Proven relevant clinically:
  1. Reduced frequency and severity of NHFTRs
  2. Reduced risk of CMV transmission
  3. Reduced risk of HLA alloimmunization and 

platelet refractoriness
B. Likely clinically relevant:
  4.  Reduced infectious risk associated with 

immunomodulation (TRIM)
  5. Reduced organ dysfunction and mortality
  6.  Reduced direct risk of transfusion-transmission 

bacteria
C. Unproven clinically:
  7. Avoidance of vCJD transmission
  8. Avoidance of HTLVI/HTLVII, EBV, etc.
  9. Reduced risk of GVHD
  10. Reduced risk of TRALI

Putative clinical benefits of leukocyte reduction subdi-
vided as to whether each benefit has been proven by 
evidence- based guidelines to be relevant clinically, likely 
relevant clinically, or are unproven to be clinically rele-
vant [237]
NHFTRs nonhemolytic febrile transfusion reactions, 
CMV cytomegalovirus, vCJD variant Creutzfeldt–Jacob 
disease, GVHD graft-versus-host disease, TRALI 
transfusion- associated acute lung injury
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clinical entity associated with high morbidity and 
mortality, is not preventable by leukoreduction as 
determined by a systematic review [250], 
although this data was extrapolated from older- 
generation filtration practices.

Pathogen reduction (PR) is an alternative 
method of neutralizing white blood cell (WBC) 
transfusion effects [251–257]. PR is effective at 
mitigating many newly emerging diseases [258–
266], but there are still rare incidences of patho-
gen transmission after PR, including parvovirus 
B19 [267] and hepatitis E virus [268] transmis-
sion. In addition to pathogen inactivation, PR also 
reduces refractoriness compared to conventional 
platelets (no leukoreduction, irradiation, bacterial 
testing) [269]. While one study with a small num-
ber of patients (n = 64) [269] reported no differ-
ences in the incidence of TA-GVHD between PR 
vs conventional platelets, a review of the European 
experience demonstrated no cases of TA-GVHD 
after the transfusion of ~2 million PR 
(INTERCEPT®) platelets to ~300,000 patients 
[270]. Multiple trials of PR platelets are underway 
or completed: the PREPAReS  randomized control 
trial (NCT02783313) [271], a retrospective trial 
of PR platelet use in children with cancer [272], a 
retrospective study of PR platelet use in MTP 
patients [273], and the EFFIPAP trial 
(NCT01789762) [274]. Interestingly, the 
PREPAReS trial demonstrated that PR does not 
prevent alloimmunization and that PR was inde-
pendently associated with the development of de 
novo donor-specific antibodies to human leuko-
cyte antigens, class I [275]. There is little data to 
provide insight into the incidence of TRIM in 
response to PR platelets. A retrospective analysis 
of the literature (mostly hematological/oncologi-
cal patients) demonstrated that there is likely no 
difference in all-cause mortality when using PR 
platelets compared to conventional platelets but 
that PR platelets did lead to an increase in platelet 
refractoriness [276].

 Adverse Effects of Platelet 
Transfusion

Bacterial contamination is a recognized risk of 
platelet transfusion due to room-temperature 
storage [277–280]. Pooled platelet components 

were ten times more likely to be contaminated 
compared to refrigerated RBC components 
[281], and recognition of increased adverse 
events led the FDA to reverse their decision to 
extend storage time beyond 5 days [282]. Within 
the last decade, blood banks and hospitals have 
implemented numerous advances in how plate-
lets are collected, processed, and tested during 
storage, and these changes have resulted in 
reduced morbidity and mortality [279, 280, 283, 
284]. Changes include improved methods of 
skin preparation, addition of diversion pouches 
to transfusion kits that reduce exposure to the 
potentially contaminated initial blood sample, 
and routine bacterial testing [285], a require-
ment adopted by the AABB in 2004. Adoption 
by many centers of single-donor apheresis 
platelets, which are collected in a more sterile 
manner, and reduced use of multiple-donor 
pooled platelets have also had a measurable 
effect on septic platelet transfusion reactions. 
After one center increased its use of apheresis-
derived platelet concentrates from 51.7% to 
99.4%, the incidence decreased by a factor of 3 
[286], although a randomized controlled trial 
failed to document higher bacterial contamina-
tion in pooled buffy coat platelets [287]. Pooled 
platelet contamination risk is approximately 
1 in 400; thus, the risk to a trauma patient receiv-
ing massive transfusion can surpass 1  in 100 
[288]. In response to concerns about bacterial 
contamination, the use of apheresis platelets 
continues to grow (p < 0.05) and now accounts 
for 67% of platelet concentrates administered to 
patients according to the 2011 National Blood 
Collection and Utilization Survey Report [289]. 
Similarly, apheresis platelets are now com-
monly transfused in US military field hospitals, 
although this is primarily due to logistic consid-
erations [75]. Despite advances in platelet col-
lection, bacterial contamination remains a 
significant problem [277–279, 290, 291], result-
ing in related cases of bacterial sepsis and death 
[157, 279, 280, 292], which continue to be more 
common than human immunodeficiency virus 
(HIV), hepatitis B virus (HBV), or hepatitis C 
virus (HCV) transmission [293].

Due to rigorous screening and testing of blood 
product donors, blood product contamination 
with these viruses is very low, but now, attention 
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has turned to newly discovered threats to blood 
safety, with up to 5.3 previously unrecognized 
viruses emerging per year [294]. Examples from 
recent decades that have captured global atten-
tion include the variant Creutzfeldt-Jakob prion 
[295], West Nile virus [296], dengue viruses 
[297], hepatitis E [298], and Ebola viruses [299], 
as well as nonviral agents such as Babesia microti 
[300], Trypanosoma cruzi [301], and Leishmania 
donovani [302]. In response, nonspecific patho-
gen reduction (PR) systems were developed to 
address the increasing risks and costs associated 
with emerging pathogens and are already in use 
outside the United States [303]. These technolo-
gies promise to increase blood safety and reason-
ably preserve platelet function both in treated 
whole blood [22] and platelet concentrates [254]. 
The Intercept PR system (Cerus Corporation, 
Concord, CA) has gained FDA approval for treat-
ment of platelets in 100% plasma and InterSol 
platelet additive solution, while a phase III clini-
cal trial for Mirasol PR (TerumoBCT, Lakewood, 
CO) treatment of whole blood is currently 
underway.

As mentioned above, despite advances in the 
prevention of transfusion-related viral transmis-
sion, concerns over contamination of platelet 
products with infectious bacterial agents remain 
due to room temperature storage, and increas-
ingly, the noninfectious sequelae of blood prod-
uct transfusion are also recognized as important 
and commonly occurring entities. These are cat-
egorized as acute (within 24 h) and delayed (after 
24 h). The most common acute transfusion reac-
tions include febrile and allergic nonhemolytic 
transfusion reactions (NHTR) [304–309] and 
hemolytic transfusion reactions, which are the 
serious, life-threatening consequence of blood 
type misidentification. Febrile NHTR occur in 
response to anti-leukocyte antibodies, are typi-
cally self-limiting, can be minimized with leuko-
reduction, and occur most commonly in response 
to platelet transfusion [238, 310–312]. Allergic 
NHTR are distinguished by the absence of fever 
and presence of urticarial symptoms and can be 
minimized by pretreating the transfusion recipi-
ent with antihistamines [313]. Although gener-
ally mild, anaphylaxis is possible; thus, treatment 

often begins with halting the transfusion and 
monitoring the patient for development of more 
serious signs [314]. That said, the evidence for 
this strategy is not definitive [315]; thus, in the 
absence of a randomized controlled trial, pre-
treatment is relegated to physician discretion. 
The highest cause of death is attributed to 
transfusion- related acute lung injury (TRALI; 
Fig. 23.4) [316], defined by acute onset (≤6 h), 
PaO2/FiO2  <  300  mmHg, bilateral pulmonary 
infiltrates, and the absence of pulmonary edema 
from other causes [317]. Risk of TRALI is asso-
ciated with transfusion quantity [318–320], 
transfusion of plasma or whole blood (particu-
larly from female donors) [319–321], and high 
anti-HLA or other potentially causative antibody 
titers in the transfusion product [322, 323]. 
Platelet transfusion is not independently associ-
ated with TRALI according to several recent 
studies [319, 321, 322] and, according to older 
reports of an association with pooled platelets, 
may be due to the presence of plasma from sev-

Fig. 23.4 Causes of allogeneic blood transfusion-related 
deaths as a percentage of all deaths reported to the SHOT 
(1996–2007) or the FDA (2005–2007). (Modified from 
Ref. [316])
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eral donors [324], particularly if leukocytes and/
or high antibody titers are present. The etiology is 
predominantly due to a combination of activated 
pulmonary endothelium and recruitment of poly-
morphonuclear leukocytes (PMNs) due to trauma 
or critical illness, followed by the transfusion of 
leukocyte-containing blood products [325]. Up to 
40% of patients with TRALI have only been 
exposed to leukoreduced blood products, and 
thus, other etiologies occur that have yet to be 
fully described.

Late complications of transfusions include 
posttransfusion purpura (PTP) and transfusion- 
associated GVHD. PTP is a rare, but serious, 
entity typically due to anti-HPA-1a (an antibody 
against a platelet-specific antigen) [326], is most 
common in parous women who have been sensi-
tized to platelets during pregnancy, and is treated 
with high dose intravenous immunoglobulin. 
TA-GVHD is characterized by rash, fever, pan-
cytopenia, and liver dysfunction [327]. Multiple 
etiologies for TA-GVHD, which is associated 
with greater than 90% mortality, have been 
described, involving immunocompromised and 
immunocompetent patients. Risk factors associ-
ated with this life-threatening syndrome include 
immunocompromise, transfusion of HLA homo-
zygous blood into heterozygous patients, intra-
uterine transfusion, advanced recipient age, and 
short RBC (<11–14  days) storage times, thus 
greater probability of containing active lympho-
cytes [327, 328]. When immunocompetent 
patients develop TA-GVHD, reactions are more 
likely to involve an incomplete mismatch that 
allows the persistence of donor lymphocytes 
[328, 329]. Common symptoms are fever, ery-
thema, and leukocytopenia [328]. Therapeutic 
intervention is primarily focused on prevention, 
which is primarily accomplished by gamma irra-
diation of transfused products to inactivate T 
lymphocytes, due to the difficulty of reversing 
the disorder once bone marrow is compromised 
and to the high mortality associated with this 
syndrome [329, 330]. Incidence markedly 
declined once widespread irradiation of trans-
fused components was widely adopted for 
patients at risk [328].

 Indications and Dosing for Platelet 
Transfusion in Injured Patients

Although physicians agree that platelet transfu-
sion is lifesaving for profoundly thrombocytope-
nic bleeding trauma patients, there is no 
high-quality data to guide resuscitation, nor con-
sensus regarding the timing of transfusion for 
nonthrombocytopenic patients with massive hem-
orrhage. Evidence-based guidelines are needed to 
establish transfusion thresholds and dosing strate-
gies. Research gaps are due to the ethical issues 
which proscribe studies comparing platelet unit 
transfusion to placebo, as well as the technically 
challenging nature of prospective platelet dosing 
studies. Platelet functional deficits are recognized, 
but the degree of dysfunction is highly variable, 
and in vivo methods of measurement are not vali-
dated in trauma patients. As mentioned above, 
commonly accepted indications for platelet unit 
transfusions include the treatment of active bleed-
ing with thrombocytopenia (<50,000/μL 
or  <  100,000  in the presence of disseminated 
intravascular coagulation (DIC) or central ner-
vous system bleeding), in preparation for an inva-
sive procedure in a thrombocytopenic patient and 
for prevention of spontaneous bleeding in high-
risk patients with thrombocytopenia [331]. 
Although there are theoretical benefits, these 
thresholds are not based on evidence of efficacy in 
improving outcomes or reducing blood loss or 
blood product utilization. Until recently, actively 
bleeding trauma patients received platelet transfu-
sions only after thrombocytopenia was docu-
mented, but this strategy is currently being 
challenged by physicians who have reason to 
believe that severe traumatic life- threatening 
bleeding could rapidly lead to death in this vul-
nerable population. As noted above, recent studies 
suggest that platelet function can be compromised 
in response to trauma despite platelet counts 
above classic target thresholds for transfusion 
[332] and that early empiric use of platelets is 
associated with improved outcomes [78, 82, 333, 
334]. For all these reasons, empiric platelet trans-
fusions are becoming standard practice in address-
ing traumatic hemorrhage [80, 335].
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As previously discussed, military clinicians 
treating casualties of the recent conflicts in Iraq 
and Afghanistan were faced with a degree of 
injury and number of cases rarely if ever equaled 
in civilian trauma centers. In response to their 
experience with mass casualty activations, they 
noted that outcomes improved when patients 
with traumatic hemorrhage received platelet 
replacement during the initial resuscitation. 
Perkins et al. reported in a cohort of 464 patients 
with combat-related trauma that the use of plate-
lets was independently associated with improved 
30-day survival [78]. Brasel et al. published that 
increased platelet-to-RBC-unit ratios were asso-
ciated with survival in patients with and without 
severe traumatic brain injury in a civilian cohort 
of patients [333]. An increased ratio of platelet to 
RBC units transfused was associated with 
increased survival in a 10-year review of patients 
with combat-related injuries by Pidcoke et  al. 
and in civilian cohorts by Holcomb et  al. [82, 
334]. One small prospective RCT of 33 mas-
sively bleeding trauma patients compared trans-
fusion of 6 units of random donor unit platelets 
to 2 units of fresh frozen plasma (FFP) adminis-
tered with every 12  units of modified whole 
blood [336]. In this study, there was no differ-
ence in the incidence of microvascular bleeding 
between the two study groups, but results from 
the PROPPR trial demonstrated that hemostasis 
was achieved in more patients treated with the 
higher ratio of platelets and fewer expired due to 
exsanguination [80].

The use of platelet units for patients without 
life-threatening bleeding is not well studied; 
however, a retrospective analysis of 1788 trans-
fused trauma patients treated with resuscitations 
that did not meet massive transfusion criteria 
(<10 units of RBCs in 24 h) reported that higher 
platelet (or plasma)-to-RBC-unit ratios were not 
associated with increased survival but rather with 
increased morbidity represented by reduced 
intensive care unit (ICU)-free and mechanical 
ventilator-free days [337]. The degree to which 
these observations are attributable to specific 
platelet effects versus overall transfusion volume 
is difficult to ascertain and suggest the need for 
further exploration in randomized clinical trials.

The optimal dose of platelets to treat patients 
with life-threatening traumatic injury is unknown. 
It is unlikely that a single dose can be identified 
since the degree of thrombocytopenia and 
reduced platelet function are highly variable due 
to the heterogeneity of traumatic injuries and 
wide variation in time from injury to the presen-
tation at a treatment facility with platelet units 
available. Platelet transfusion is based upon clini-
cal response and typically given at a ratio of 1:1 
to 1:2 platelets to RBC units. A recent survey of 
132 US trauma centers indicated that 79% of cen-
ters target a platelet-to-RBC-unit ratio greater 
than or equal to 1:2 for patients that require mas-
sive transfusion protocol activation [335].

In opposition to those who advocate empiric 
platelet transfusion, a growing body of literature 
supports the so-called “goal-directed” hemostatic 
resuscitation based upon measures of platelet 
function, which can be measured by viscoelastic 
tests or platelet aggregometry [338]. Multiple 
platelet transfusion algorithms in patients with 
traumatic injury have been published. Some are 
applicable to patients with traumatic injury, but 
thresholds and therapeutic targets have not been 
formally validated [339]. While the use of func-
tional platelet measures to drive goal-directed 
hemostatic resuscitation based on therapeutic tar-
gets appears more rational than merely targeting 
an arbitrary number of platelets, particularly in 
the light of recent data describing early platelet 
inhibition after severe traumatic injury, the evi-
dence supporting this strategy remains 
inconclusive.

 Whole Blood as a Source 
of Platelets

Whole blood, a product licensed by the FDA for 
up to 21 days of storage at 4 °C in citrate phos-
phate dextrose (CPD) or 35 days in citrate phos-
phate dextrose-adenine 1 (CPDA-1), is another, 
potentially more optimal, source of platelets for 
patients with traumatic hemorrhagic shock. A 
whole blood unit is less dilute compared to a 
comparable unit of reconstituted whole blood 
made from individual components of RBCs, 
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plasma, and platelets, and it has the advantage of 
being simple to administer and rapidly available 
while allowing for the simultaneous treatment of 
both coagulopathy and shock [340].

Until recently, the clinical availability of 
whole blood had been limited since the 1970s 
due to three main concerns. Whole blood had to 
be ABO-specific, and maintaining sufficient 
inventory to ensure a ready supply of every ABO 
type would result in significant cost and waste. 
The second reason stemmed from the mispercep-
tion that whole blood cannot be leukocyte- 
reduced, a process that typically removed 
platelets with the leukocytes and thus cannot be 
considered a platelet-containing product. The 
FDA has now approved a WB leukoreduction fil-
ter that is platelet-sparing, paving the way for 
leukoreduced WB as a platelet-containing prod-
uct. A final concern was that the platelets in 
whole blood stored at 4 °C are not functional or 
viable, once again calling into question whether 
WB is truly a platelet-containing product. As 
reviewed earlier in this chapter, this misconcep-
tion stemmed from the spurious assumption that 
spherical platelets are nonfunctional. Cold-stored 
platelets, despite irreversible shape change, 
aggregate better, are able to form a thrombus, and 
are associated with stronger clot formation when 
compared to the current standard of RT-stored 
platelet concentrates [21, 22, 55]. Due to 4  °C 
storage, platelets in whole blood are more hemo-
statically active compared to standard-of-care 
(22  °C) platelet components. However, while 
ABO-specific fresh whole blood has been used at 
some children’s hospitals for over a decade [341], 
it has not been routinely available for adults until 
recently in the form of low-titer group O whole 
blood.

With respect to the treatment of trauma and 
hemorrhagic shock, much evidence has been 
gathered in since 2015 to show that whole blood 
may, in fact, be the best choice for resuscitation 
in terms of safety, efficacy, and ease of use, espe-
cially in the prehospital setting [342, 343]. The 
AABB standards for ABO specificity were modi-
fied in 2018 to allow for whole blood usage with 
only RBC compatibility required [344], and sev-
eral in vitro studies [345–348] have shown that 

stored whole blood platelets retain aggregation, 
thrombus adhesion, clot formation, and thrombin 
generation functions despite the decline in plate-
let count and coagulation factor performance 
over storage duration. Additionally, several clini-
cal efforts have been completed or are underway 
demonstrating the utility of whole blood [349–
352]. Because of these data, whole blood is now 
being used in at least 70 trauma centers in the 
United States.

Due to the concern of immunomodulation 
with non-leukocyte-reduced products and regula-
tions in many countries that require it, the use of 
leukoreduction with a platelet sparing filter is 
performed in some US trauma centers. To date, 
there have been no clinical trials assessing the 
safety and efficacy of leukoreduced whole blood 
compared to non-leukoreduced whole blood. 
However, there have been a handful of studies 
assessing the hemostatic efficacy of leukore-
duced whole blood. The consensus of these pub-
lications is that the platelet sparing filter used 
during the leukoreduction process causes an 
immediate decrease in platelet aggregation and a 
more gradual decline in hemostatic function 
(assessed by viscoelastic measurements) [353–
356]. Leukoreduced whole blood was also found 
to have preserved fibrin polymerization [357], as 
well as decreased accumulation of lysophospha-
tidylserine and increases sphingosine-1- 
phosphate [358].

 Type-Specific Versus O-Negative 
and O-Positive Low-Titer Whole 
Blood

Transfusion of low-titer group O whole blood 
(LTO-WB) is an alternative solution to type- 
specific whole blood (TSWB), but despite being 
the standard of care for treating hemorrhagic 
shock up to and during the Vietnam War [359], it 
was not permitted by AABB standards prior to 
2018 [360]. The rationale for this prohibition was 
difficult to understand since hundreds of thou-
sands of units of type O whole blood, with low 
anti-A and anti-B titers to reduce the risk of 
plasma incompatible ABO reactions, were used 
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during both World Wars, the Korean War, and the 
war in Vietnam [359, 361, 362]. The threshold for 
low-titer set by the US military in the Korean War 
was <1:256 [363]. A report by Nessen et al. indi-
cated that, at US military forward surgical bases, 
the use of type O whole blood was associated 
with improved outcomes when compared to 
RBCs and plasma alone [364]. In addition to 
decades of use with few reports of adverse com-
plications, there are multiple reasons to suppose 
that LTO-WB is safer than TSWB. While a small 
risk of severe hemolytic reaction to LTO-WB 
does exist, it is similar to that of transfusing type 
O RBCs, which are currently available for emer-
gency release at major trauma centers. It is the 
plasma contained in the blood that causes the 
greatest concern for ABO incompatibility, but the 
associated hemolytic reaction is typically mild to 
moderate, and the incidence, only 1:120,000 
transfusions in the United Kingdom’s Serious 
Hazards of Transfusion (UK SHOT) database, is 
low [365]. In contrast to this nonfatal risk, type- 
specific WB transfusion carries a higher risk 
(1:80,000) of severe hemolytic reaction, mainly 
due to human error [365].

Given the prevalence of type O (and especially 
O+) donors, LTO-WB and LTO + WB are viable 
alternatives to type-specific WB, but to date, 
these continued to be largely unavailable. 
Implementation of LTOWB requires a method 
for determining titers, but multiple assays are 
available with a lack of evidence-based stan-
dards. In addition, a commonly accepted, data- 
driven threshold that defines “low titer” anti-A 
and anti-B immunoglobulin M (IgM) and IgG is 
needed to replace the arbitrary values used in pre-
vious military conflicts. There has been no stan-
dardization of measurement methodologies or 
threshold definitions [366, 367] although recent 
efforts have attempted to determine best practices 
[368] and, therefore, the AABB has allowed each 
institution to make its own determination of the 
definition of “low titer,” so long as such a deter-
mination is made. However, repeat testing in 
identified “low titer” donors has shown that their 
titer levels do not increase over time [369]. In the 
report by Nessen et  al. described above, the 
authors also found that use of untitered type O 

whole blood was not associated with increased 
adverse events [364], but outside of emergent 
cases or very austere environments, few would 
advocate this strategy given the small sample size 
and the relatively low cost of establishing titers.

In considering the advantages and disadvan-
tages of the whole blood products discussed, it is 
clear that type-specific WB, originally chosen by 
regulatory bodies for its apparent safety, in actu-
ality, carries the highest risk because of the inci-
dence of human error and is the least cost-effective 
of the three. The challenges associated with 
maintaining a large inventory of every blood 
type, and the inevitable waste, relegate this option 
to a minor role at best for the treatment of hemor-
rhagic shock. Similarly, continued use of blood 
components for severely bleeding trauma patients 
should undergo reevaluation due to the possibly 
unnecessary financial burden of fractionation, the 
poor quality of platelet function, the added 
encumbrance of bacterial testing required for 
platelets stored at 22 °C, and the cost of frozen 
plasma wasted due to packaging fractures during 
the thawing process. In contrast, the cost of whole 
blood expiring before it can be used to treat hem-
orrhagic shock may compare favorably, even 
after factoring in the cost of establishing titers.

According to a 2015 survey of 132 trauma 
centers, prehospital blood products were only 
used for resuscitation by 34% of first responders 
[335]. A smaller minority were carrying both 
RBCs and plasma and very few, if any, carried 
platelets, although multiple studies demonstrate 
that they are important for hemostasis. More 
recently, LTOWB usage has increased in the pre-
hospital realm, with documented illustrations of 
the safety as well as the benefits of this product 
[370–372]. The use of blood products to resusci-
tate patients in the prehospital phase has the 
potential to reduce the large risk of death from 
hemorrhagic shock prior to hospital admission. 
Military data indicates that 90% of potentially 
survivable deaths occur from hemorrhagic shock 
[373]. Improved control of bleeding and early 
blood product use are required to reduce this toll. 
The logistical constraints of prehospital trans-
porting RBCs, plasma, and platelets are consider-
able. In addition to the extra weight and 

23 Platelet Transfusion



414

complexity of transfusing products from multiple 
bags, intravenous or intraosseous catheters have a 
limited number of access ports. The use of whole 
blood at 4 °C stored for less than 10–14 days dra-
matically reduces the logistical burden compared 
to the current approach, which too often provides 
the oldest component products in the inventory. 
Storage lesions can include fragile RBCs prone 
to hemolysis, thawed plasma with attenuated 
thrombin generation potential, and RT platelets 
with the deficits more fully described above. 
LTOWB, in addition to being safer, lighter, and 
logistically supportable, may also be more effica-
cious in providing hemostatic function. In sum-
mary, for patients with traumatic injury and 
hemorrhagic shock, the current component prod-
ucts may not be optimal, but until further research 
leads to changes in regulations and guidelines, 
preemptive transfusion of RT-stored platelets in 
massively bleeding patients, in advance of throm-
bocytopenia, is associated with better outcomes. 
Refrigerated platelets may improve safety, and 
stored whole blood is an underutilized potential 
source of platelets, plasma, and RBCs that may 
be more logistically feasible both in the hospital 
and, recognizing the increased use of blood prod-
ucts during transport, in the prehospital setting. 
Due to safety, logistical, and cost considerations, 
type-specific WB is not a feasible option for 
widespread deployment; thus, adoption of 
LTOWB (and particularly, LTO+WB) as the pri-
mary resuscitative fluid for massive hemorrhage 
would require a change in AABB guidelines 
beyond what has already been granted.

 Future Directions in Platelet 
Transfusion Research and Areas 
of Opportunity for Investigators

Platelets came to occupy their functional niche 
through complex and poorly understood evolu-
tionary pressures. Unlike invertebrates, birds, 
and fish, only mammals possess anucleate plate-
lets derived from polypoid megakaryocytes that 
are confined to the bone marrow [272, 273, 374, 
375]. Megakaryocytes and platelets evolved from 
ancestral diploid cells that performed both phago-

cytic and hemostatic functions [376]. Most likely 
due to enhanced activation signaling through 
ADP receptors and increased expression of the 
fibrinogen receptor, glycoprotein IIb/IIIa (GPIIb/
IIIa), mammalian platelets are capable of form-
ing occlusive, shear-resistant thrombi with an 
ability to change shape that is unhindered by a 
nucleus. This enhanced hemostatic capacity may 
have provided mammals with an evolutionary 
advantage by improving survival after trauma. 
On the other hand, these evolutionary changes 
also set the stage for the mammalian scourge of 
thrombotic cardiovascular disease [374]. The 
role of platelets in the response to injury is com-
plex and includes hemostatic, immune, and tro-
phic aspects [377–379]. The megakaryocyte 
response to injury is not confined to increasing 
platelet production, but details regarding addi-
tional functions remain relatively obscure. 
Interactions between these cells and the endothe-
lium, other immune effector cells including the 
hepatosplenic and other components of the retic-
uloendothelial system, and stem cells are poten-
tially fruitful areas of research. In addition to 
probing the role of platelets at the nexus of the 
hemostatic and immune systems, platelet product 
development, whether addressing challenges in 
platelet preservation, development of synthetic 
hemostatic platelet substitutes, or even exploita-
tion of platelets as drug delivery vehicles, remains 
an underexplored scientific frontier. As to clinical 
applications that require further elucidation, 
much work remains to be done to optimize plate-
let products and transfusion strategies for both 
medical and surgical patients, but several themes 
are being clarified. In treating severe, acute hem-
orrhage, platelet consumption and loss must be 
addressed early and aggressively to achieve the 
best possible outcome. Functional platelet counts 
matter, and an “adequate” platelet count does not 
equate with adequate platelet function. The 
dogma that platelets should be stored at RT and 
transfused prophylactically in the setting of 
hypoproliferative thrombocytopenia has been 
challenged, and the assumption that platelet 
counts above 50,000 are adequate for trauma 
patients is refuted by the PROPPR study. In short, 
the field of platelet transfusion is at a crossroads, 
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and both regulators and scientists are called to 
critically reexamine current standards and recog-
nize the importance of updating our understand-
ing of the platelet.
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 The Rationale for Intervening Early 
in the Resuscitation with Blood 
Products

Traumatic hemorrhage is a leading cause of death 
and disability, especially in younger adults [1], 
and traumatic hemorrhagic shock in adults has a 
mortality approaching 20% at 24  hours post- 
injury [2]. A massively bleeding patient should 
be resuscitated with fluids that closely resemble 

what they are bleeding in order to maintain tissue 
oxygenation and promote hemostasis. However, 
for many years, resuscitation protocols focused 
on the early and aggressive use of crystalloids, 
such as normal saline, because they were inex-
pensive, easily transported at room temperature 
in resilient plastic bags, and did not carry with 
them the risks of transfusing human blood prod-
ucts [3]. It was thought that if the patient’s hemo-
dynamics could be maintained using crystalloids, 
then the large physiologic reserve of hemoglobin 
in red blood cells (RBC) and clotting factors in 
plasma and the extravascular space would reach 
their respective tissue destinations and perform 
their functions [4]. Guided by this dogma, liters 
of crystalloid fluids were routinely transfused to 
massively bleeding patients, as neither the acidic 
nature of normal saline nor the potentially benefi-
cial effects of permissive hypotension had yet 
been appreciated [5–7].

Recent studies have highlighted the disadvan-
tages of overzealous crystalloid resuscitation in 
trauma compared to resuscitation strategies using 
early intervention with blood products [8–12]. 
Perhaps, the most influential study supporting 
this notion was that of Bickell et al. [13]. In this 
study, hypotensive patients with gunshot or stab 
wounds to the torso were randomized to receive 
crystalloid therapy before surgery including dur-
ing transport to the hospital (early) or to only 
receive fluids during their surgical procedure 
(delayed). The randomization was quite effec-
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tive: the patients in the early fluid intervention 
group received an average of 870  ±  667  ml of 
crystalloid fluid in the prehospital phase of their 
resuscitation compared to an average of 
92 ± 309 ml in the delayed resuscitation group 
(p < 0.001). Similarly, the volume of crystalloid 
administered after arrival at the trauma center 
and before the surgery was also significantly 
higher in the early intervention group compared 
to the delayed intervention group (1608 ± 120 l ml 
vs. 283 ± 722 ml, respectively, p < 0.001). Not 
surprising by today’s standards, there was an 8% 
reduction in mortality in the delayed group that 
only received fluids during their surgical inter-
vention compared to the early fluid resuscitation 
group, and the former group also had a signifi-
cantly shorter average hospital length of stay, 
without an increase in postoperative complica-
tions [13].

Building on these data and supporting the 
early intervention with blood products instead of 
crystalloid in traumatically injured patients, a 
study of 502 military combat casualties demon-
strated that the provision of primarily RBCs 
within approximately 30  minutes of injury 
improved both 24-hour and 30-day survival com-
pared to patients who did not receive any blood 
products or who received them later in the resus-
citation [14]. In the multicenter Prehospital Air 
Medical Plasma (PAMPER) trial, civilian trauma 
patients, whose median helicopter transport times 
to the hospital were approximately 40  minutes, 
were randomized to receive two units of plasma 
in addition to the standard of care treatment while 
en route to the hospital. This study found that 
30-day mortality was improved compared to 
patients who received the prehospital standard of 
care, which in many cases was crystalloid fluid 
only [15]. In a secondary analysis of this trial, the 
greatest survival benefit was demonstrated among 
those who received RBCs and plasma compared 
to those who received plasma alone. In fact, 
receipt of any blood product during prehospital 
resuscitation yielded a significantly improved 
30-day survival rate compared to patients who 
received crystalloids alone. Additionally, com-
pared to those who received any blood products 
during the helicopter transport, each liter of crys-

talloid that was administered was associated with 
a 65% increase in 30-day mortality [16]. 
Furthermore, a secondary analysis of the 
Pragmatic Randomized Optimal Platelet and 
Plasma Ratios (PROPPR) trial that compared 
outcomes of trauma patients who were resusci-
tated with two different blood products ratios 
found a 5% increase in mortality for every minute 
that blood products were not provided to a trauma 
patient after the massive transfusion protocol 
(MTP) had been activated [17]. In addition, a 
recent retrospective analysis of nearly 57,000 US 
military casualties in Iraq and Afghanistan 
revealed that the increasingly rapid availability of 
blood transfusions, in conjunction with the 
increased use of tourniquets and faster medical 
evacuation of the casualties resulted in a 44.2% 
reduction in mortality [18]. These findings under-
score the importance of having blood products, 
not crystalloids, available early in the resuscita-
tion of massively bleeding trauma patients. 
Improving the prehospital care of massively 
bleeding patients will save lives: more than half 
of civilian preventable prehospital deaths are due 
to hemorrhage [19], and approximately 85% of 
the 30,000 preventable deaths that occur every 
year in the United States happen before the 
patient arrives at the hospital [20, 21].

 Reenter Whole Blood: A Novel 
Rediscovery of an Old Idea

Not all blood products are created equally. While 
it might seem reasonable to assume that transfus-
ing a unit of RBCs, plasma, and whole blood- 
derived platelets (PLT) would be functionally and 
volumetrically equivalent to transfusing a unit of 
whole blood, there are major differences between 
these products [22]. Table 24.1 demonstrates the 
quantities of anticoagulant-preservative and addi-
tive solutions that are added to different blood 
components. Whole blood, that is, blood that is 
not manufactured into its component parts, is 
only diluted with the 70 mL of citrate-phosphate- 
dextrose (CPD) solution required to preserve 
RBC viability for 21 days of refrigerated storage. 
The 110  mL of additive solution (AS) that is 
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added to each RBC unit in order to extend the 
shelf life of the unit to a maximum of 42 days 
(depending on the jurisdiction) adds a significant 
volume of fluid that neither promotes hemostasis 
nor carries oxygen. Thus, if a massive transfusion 
of 10  units each of RBCs, plasma, and whole 
blood-derived PLTs was administered, an esti-
mated 1800 mL of CPD and AS would be infused 
to the recipient along with the blood components 
themselves. By contrast, a resuscitation per-
formed using 10  units of whole blood would 
infuse only 700  mL of CPD and additive solu-
tion. The extra citrate-containing, non-oxygen- 
carrying anticoagulant and RBC nourishment 
fluid that is administered when conventional 
components are transfused can be significant: a 
computer simulation of a 20-unit massive trans-
fusion event demonstrated that when whole blood 
was used starting in the prehospital phase of the 
resuscitation and continued until the bleeding 
was controlled in the operating room, the patient’s 
total extracellular fluid compartment was nearly 
1 L smaller than if conventional components had 
been utilized [22]. Avoiding increased extracel-
lular fluid is essential in critically ill patients 
since it increases the risk of ARDS and organ 
failure related to anasarca [23].

Whole blood units also contain PLTs if pre-
pared using a platelet-sparing leukoreduction 
(LR) filter or if the WB is not leukoreduced at all. 
There have been concerns about the detrimental 

effects of cold storage on the PLTs in whole 
blood, since cold-stored PLTs are cleared from 
circulation much more quickly than conventional 
room-temperature-stored PLTs due to changes in 
the sialyation of certain membrane receptors 
[24]. However, these cold-stored PLTs demon-
strate superior in  vitro hemostatic properties 
compared to room-temperature-stored PLTs [25–
27], suggesting that they might be primed to pro-
mote coagulation once transfused. Unlike 
hematology/oncology patients who require pro-
longed hemostasis over several days to prevent 
spontaneous bleeding, a massively bleeding 
patient needs short-term hemostatic support until 
the bleeding can be permanently controlled dur-
ing surgery and the few hours that the cold-stored 
PLTs from whole blood circulate should be 
enough to provide hemostasis for a patient expe-
riencing an acute massive bleed (see below) [28]. 
In fact, several earlier studies have hinted at the 
in vivo superiority of cold-stored PLTs compared 
to room-temperature-stored PLTs [29, 30], but 
this assertion awaits definitive clinical confirma-
tion in the trauma or massively bleeding patient 
populations. Furthermore, the aforementioned 
computer simulation of a massive transfusion 
event indicates that the exclusive use of whole 
blood during the resuscitation facilitates a higher 
and more consistent PLT count in the recipient, 
avoiding the peaks and troughs that are associ-
ated with transfusing PLTs in a goal-directed 
manner, that is, based on conventional laboratory 
testing such as a PLT concentration determina-
tion [22].

Now that the lifesaving nature of prehospital 
transfusions is becoming better appreciated, 
transporting whole blood in place of RBCs in 
emergency vehicles should make early balanced 
blood product support easier. Thus, the use of 
WB will greatly simplify the logistics of the 
resuscitation by providing balanced resuscitation 
in one bag instead of up to three bags that all have 
to be separately procured from the blood bank 
and stored under two different conditions (i.e., 
RBCs and liquid plasma between 1 and 6 °C and 
PLTs at room temperature). This is especially 
important in the prehospital setting where storage 
space in helicopters and ambulances is limited, 

Table 24.1 The quantity of preservatives and anticoagu-
lants in various blood products

Blood 
product

Volume 
of CPD 
(mL)

Volume 
of AS 
(mL)

Total volume of 
preservatives and 
anticoagulants (mL)

Plasma 48 0 48
Red blood 
cell

8 110 118

Apheresis 
platelet

35 0 35

Whole 
blood- 
derived 
platelet

14 0 14

Whole 
blood

70 0 70

Derived from Ref. [22]
CPD citrate phosphate dextrose, AS additive solution
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and often, intravenous access to the patient is 
limited, thereby reducing the speed by which the 
patient can be separately resuscitated with indi-
vidual RBC, plasma, and PLT units.

Table 24.2 lists many of the advantages of 
transfusing whole blood compared to conven-
tional components.

 Whole Blood Collection, 
Manufacturing, and Storage 
Practices

Previously, the AABB (formerly known as the 
American Association of Blood Banks), the orga-
nization that establishes standards with which 
accredited blood banks and hospital transfusion 
services must comply, required that WB had to be 
ABO-identical with the recipient. This standard 
greatly limited the use of WB in massively bleed-
ing patients, as early in the resuscitation the ABO 
group of many such recipients is not known, yet 
their need for blood products can be high [31]. 
However, starting with the 31st edition of their 
standards in 2018, WB that is ABO-compatible 
with the recipient was permitted [32]. Effectively, 
a unit of WB must be group O in order to be 
safely transfused to any recipient whose ABO 
group might not be known at the time of the 

transfusion [33]. Using group O WB will avoid 
causing an acute hemolytic reaction mediated by 
the naturally occurring anti-A and/or anti-B that 
are present in all non-group AB recipients. 
However, group O WB necessarily contains anti-
 A and anti-B in its approximately 250 mL plasma 
component, which will be incompatible with all 
non-group O recipients. Therefore, another 
AABB requirement for using WB when the 
recipient’s ABO group is not known (or is known 
to be non-group O) involves mitigating the risk of 
hemolysis caused by the anti-A and anti-B that 
are present in all group O WB units. Hemolysis 
risk mitigation comes in two parts: ensuring the 
transfusing hospital has a policy on what anti-
body titer constitutes a low titer and determining 
the number of low-titer, group O whole blood 
(LTOWB) units that each patient can receive.

 Antibody Titers

Each unit of WB must undergo antibody titering 
and be shown to be below the hospital’s selected 
titer threshold before it can be issued to a patient 
whose ABO group might not be known. A group 
O WB unit that has anti-A and anti-B titers below 
the hospital’s threshold is known as an LTOWB 
unit. Determining each hospital’s titer threshold 
is based on the hospital’s tolerance of risk and the 
blood center’s ability to supply these units. It is 
likely that any titer <256 will be safe in these 
bleeding patients based on the experience of 
transfusing ABO minor-incompatible PLTs and 
of using LTOWB itself [34]. Two recent surveys 
of primarily United States-based hospitals that 
use LTOWB found that the most common defini-
tion of low titer was <200, as this is the titer 
threshold used by a large supplier of LTOWB 
units, although there was a range from <50 to 
<256 [35, 36]. Interestingly, one respondent to 
the survey indicated that they had two titer thresh-
old criteria; at this center, a unit of WB is consid-
ered to have low antibody titers if the IgM titer is 
<256 and if the IgG titer is <500.

The serological safety of transfusing ABO 
minor-incompatible plasma was recently demon-
strated in the safety of the use of group A plasma 

Table 24.2 Advantages of using group O whole blood 
over conventional components in massively bleeding 
patients

Simplifies the logistics of the resuscitation by 
providing a balanced resuscitation fluid in one bag 
instead of three
More concentrated product compared to reconstituting 
whole blood with conventional components
Provides cold-stored platelets that have improved 
in vitro and perhaps in vivo hemostatic function 
compared to room-temperature-stored platelets in this 
patient population
Provides for a longer shelf life for stored platelets 
compared to room-temperature storage
Provides for the availability of platelets where they 
might otherwise not have been available
Reduces the bacterial contamination rate of a 
platelet-containing product
Perhaps reduces the incidence of ABO mis-transfusion 
during the resuscitation
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in trauma (STAT) study [37]. This study found no 
differences in a variety of mortality outcomes 
and also the length of hospital stay between 
group A recipients of group A plasma during 
their trauma resuscitation compared with group 
B and AB recipients of group A plasma. 
Furthermore, there is an extensive history of 
transfusing ABO minor-incompatible PLTs with 
few reports of hemolysis [38], and low-titer 
group A plasma was safely transfused in the 
PAMPER study [15]. Several reports of transfus-
ing LTOWB to civilian trauma casualties have 
also not found evidence of hemolysis among the 
non-group O recipients, who are potentially at 
risk of hemolysis from the anti-A and anti-B in 
an LTOWB unit, compared to the group O recipi-
ents whose RBCs are not at risk of hemolysis 
from receipt of LTOWB [39–41]. It should be 
noted from these and other studies [42] that the 
biochemical markers of hemolysis when mea-
sured in traumatically injured patients receiving 
massive transfusion tend to be perturbed in the 
same way as a patient who is experiencing 
immune hemolysis such as during an acute hemo-
lytic transfusion due to the administration of an 
ABO-incompatible RBC unit. In both cases, the 
haptoglobin concentration decreases [43, 44], 
and the lactate dehydrogenase (LDH) and total 
bilirubin concentrations increase. In trauma 
patients, these changes are due to the mechanical 
lysis of RBCs caused by the trauma itself, the lib-
eration of LDH from tissues other than RBCs, as 
well as potentially the rapid infusion of RBC- 
containing blood products, whereas in a patient 
undergoing hemolysis the changes in these 
parameters would be due solely to the intravascu-
lar destruction of the RBCs.

How frequently donors should be tested to 
ensure that they have low titers of anti-A and 
anti-B is also an unanswered question. It is 
known that the titers of anti-A and anti-B can 
change with diet [45], and sometimes following 
the receipt of some [46], but not all [47], vac-
cines. However, a recent multicenter study did 
not find any seasonal periodicity in the rate of 
detecting high-titer whole blood and apheresis 
PLT donors over a 24-month period [48]. Two 
Danish studies that followed the anti-A and/or 

anti-B titers of healthy blood donors and labora-
tory staff [49], as well as patients on chronic 
hemodialysis [50], every 3 months for a year also 
did not find substantial variation in the titers 
between donors over time. This would suggest 
that most donors’ titers remain relatively constant 
over time. However, a study of nearly 2000 elite 
group O US soldiers who had their anti-A and 
anti-B titers tested after completion of their train-
ing or prior to deployment to determine their eli-
gibility to serve as LTOWB donors during combat 
missions found a statistically significant increase 
in the number of high-titer (≥256) donors when 
the titering was performed in the autumn com-
pared to the winter [51]. Curiously, this study 
also found that the probability of a solider having 
low antibody titers increased with the number of 
times that they were tested; in another study of 
military blood donors, almost 20% of high-titer 
donors were found to have low titers on a subse-
quent screening test [52]. These interesting mili-
tary data warrant further investigation. Thus, 
each blood center will have to determine how 
frequently to titer their donors based on these 
data and on emerging data that demonstrates an 
association between high titer frequency and 
donor age and ethnicity [53].

For comparison with the civilian practice, 
75th Ranger Regiment, a US Army Special 
Operations Forces unit, has recently implemented 
a new local blood collection protocol where sol-
diers are registered as blood donors prior to a 
combat deployment [54]. All group O donors that 
are accepted as “universal donors” are pre-
screened for both anti-A and anti-B, and individ-
uals with titers <128 are identified as “universal 
donors” and are used for local blood collection 
and “buddy transfusions” with LTOWB under 
field conditions [52, 55, 56].

As far as which laboratory method should be 
employed for titering the WB units, a recent 
study revealed that performing a 1-dilution titer, 
that is, diluting the donor plasma to the titer 
threshold with saline and testing the diluted 
plasma without an incubation period using the 
saline tube, column agglutination (gel), or auto-
mated microplate techniques produced results 
with approximately equal accuracy, and similar 

24 Whole Blood for the Resuscitation of Massively Bleeding Civilian Patients



434

positive and negative predictive values compared 
to a reference saline tube technique that included 
a 1-hour room-temperature incubation [57]. 
Laboratories should consider the number of sam-
ples they will be testing, the required turnaround 
time, volume of samples to be tested, the sophis-
tication of their technologists, and the nature of 
the equipment available for performing the titers 
when selecting their titer method.

 Hospital Policy Specifying 
the Maximum Quantity of LTOWB 
Units Per Patient

The new AABB WB Standard also requires each 
hospital to determine how many units of LTOWB 
each patient can receive per transfusion episode 
to mitigate the risk of hemolysis. Note that a pol-
icy that does not specify a maximum number of 
LTOWB units that a patient can receive would be 
compliant with the standard, as long as the policy 
was clear that the hospital does not desire to limit 
the number of LTOWB units that each patient can 
receive. For example, a recent case report detailed 
the transfusion of 38 units of LTOWB to a trau-
matically injured recipient at a hospital where 
their policy does not specify the maximum num-
ber of LTOWB units per patient, and their inven-
tory consists of up to 40 units of LTOWB [58].

 Other Safety Considerations 
for LTOWB

As an entire unit of plasma is transfused with 
each LTOWB unit, any transfusion-related acute 
lung injury (TRALI) risk mitigation strategies 
that a blood center employs for conventional 
plasma or apheresis PLT units should also be 
employed when selecting LTOWB donors. 
Typically, these strategies involve collecting 
LTOWB units from females without a pregnancy 
history or those who have been tested and found 
not to have become HLA-sensitized or from 
male donors who naturally have a low risk of 
HLA alloimmunization because the main etiol-
ogy of HLA sensitization is pregnancy [59, 60]. 

Other considerations for selecting LTOWB 
donors include whether the donor should be D+ 
or D−; this is a controversial issue, and once 
again, the decision requires a balance between 
the transfusing center’s tolerance of the risk of D 
alloimmunization among D− recipient of D+ 
LTOWB versus the blood center’s ability to sup-
ply D− LTOWB units that also meet all of the 
other qualifying criteria [33]. Some centers, such 
as the city of San Antonio, Texas, United States, 
and some of its surrounding areas [61], provide 
exclusively D+ LTOWB to all eligible trauma 
patients regardless of their gender and age (as 
long as the recipient is ≥5  years old) because 
they historically have had very few D− females 
of childbearing age that have required a massive 
transfusion in trauma; this center demonstrated 
that of 124 massive transfusion protocol activa-
tions over a 30-month period, there was only one 
woman of childbearing age who underwent pre-
transfusion testing and was found to be D− [62]. 
Other centers, such as the University of 
Pittsburgh Medical Center (UPMC) in Pittsburgh, 
Pennsylvania, United States, only provide D+ 
LTOWB to male patients of any age or females 
who are ≥50  years old; females who are 
<50  years of age receive conventional compo-
nents including D− RBCs and PLTs during their 
trauma resuscitation until their D type is deter-
mined [63]. The exception to this policy is at the 
Children’s Hospital of Pittsburgh of UPMC in 
Pittsburgh where D− LTOWB is provided to all 
traumatically injured boys and girls who are 
≥1  year old and who weigh ≥10  kg (children 
who are <1 year old and <10 kg are resuscitated 
using conventional components at this center). 
In San Antonio, Texas, male and female patients 
older than 5 years of age can receive D+ LTOWB 
in the prehospital setting if they are traumati-
cally injured, and LTOWB administration can 
continue once they arrive at the hospital, typi-
cally at in aliquots of 10–20  ml/kg although 
there is no formal limit on the quantity of 
LTOWB that can be administered. If traumati-
cally injured pediatric patients do not receive 
LTOWB in the prehospital setting, they must be 
at least 10 years of age to receive it in the hospi-
tal, and there is similarly no limit on the quantity 
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of LTOWB that could be administered. Only D+ 
LTOWB is provided in San Antonio to both eli-
gible boys and girls (D. Jenkins, July 2019, “per-
sonal communication”). Further details of other 
American and international LTOWB programs 
can be found elsewhere [35, 36].

Ideally, all females of childbearing potential 
whose D type is unknown should receive D− cel-
lular blood products until they are shown to be 
D+. Unfortunately, only approximately 8% of the 
US donor population is O− [64]. Thus, finding 
qualified donors who have low antibody titers, 
are not HLA alloimmunized, and are blood group 
O− is very difficult. For example, at a large blood 
collector in the United States where 8% of the 
donors are O−, 48% are male (only males are 
used at this blood collector as a TRALI risk miti-
gation step for LTOWB), and 80% have low titers 
of anti-A and anti-B, only approximately 3% of 
all donors would qualify to donate O- 
LTOWB.  This fraction increases to approxi-
mately 15% of all donors who would be eligible 
to donate O+ LTOWB. As alluded to above, the 
calculus on whether to provide D+ LTOWB (or 
D+ uncrossmatched RBCs for that matter) for 
patients of unknown D type who require urgent 
transfusion requires balancing the following con-
siderations: it is known that the rate of D alloim-
munization among hospitalized D− recipients of 
at least one unit of D+ RBCs is approximately 
22% [65–67]. Anti-D can cause very severe 
hemolytic disease of the fetus, and newborn 
(HDFN) should a female of childbearing poten-
tial become alloimmunized. It is also known that 
the probability of a Caucasian fetus carrying the 
D antigen is approximately 85% and that the rate 
of experiencing the most severe outcomes of 
HDFN, such as requiring intrauterine transfu-
sions or fetal demise, is approximately 30% [68]. 
Thus, the rate of becoming D alloimmunized and 
having a severe HDFN outcome is approximately 
5–6%. More specifically, considering that there is 
a 96% overall survival rate for fetuses affected by 
maternal antibodies using modern antenatal treat-
ment techniques including intrauterine transfu-
sions [69], the overall rate of maternal 
alloimmunization and fetal demise as a result of 
those antibodies is effectively less than 1%. A 

hospital or emergency service that is contem-
plating the implementation of an LTOWB pro-
gram must balance these risks of adverse clinical 
outcomes against the benefits of using D+ 
LTOWB for all trauma patients, including 
females of childbearing age. For males or 
females who are no longer of childbearing poten-
tial, becoming D alloimmunized is of minimal 
clinical consequence.

Whole blood units collected in CPD are stored 
between 1 and 6 °C for up to 21 days (depending 
on the jurisdiction), ideally in a refrigerator in the 
emergency department or the trauma bay so that 
they are readily accessible early in the resuscita-
tion. Units can also be stored in validated coolers 
for transportation in emergency vehicles. When 
the LTOWB program was initially implemented 
at the University of Pittsburgh, the units were 
manually rocked at each nursing shift change, but 
this practice was stopped when the data indicated 
that this manipulation was not necessary to main-
tain PLT function and may lead to increased 
hemolysis late in the storage period [70, 71]. It 
has been recently demonstrated that end-over- 
end rotation produces superior PLT counts at 
various WB storage time points compared to 
non-rotated units, with PLT yields ranging 
between 71 ± 15% and 76 ± 10% of the baseline 
concentration between 10 and 22 days of rotated 
storage, with only a 49 ± 12% yield for 12-day- 
old WB units that were not rotated [72]. Perhaps, 
the PLTs adhere to the bag or to each other if the 
WB unit is not rotated, thereby reducing the 
yield. However, both the percent recovery of the 
PLTs and the predicted PLT survival once rein-
fused to the autologous donors were not signifi-
cantly different between the rocked and unrocked 
WB units suggesting that not rocking the WB 
does not affect their survival upon transfusion. In 
this study, the rocked WB units produced PLTs 
that were predicted to survive for between 
0.8  ±  0.3 and 1.3  ±  0.3  days depending on the 
storage time [72], which is similar to the 
33.7  ±  14.7  hour survival that was found in an 
earlier study of 7-day-old cold-stored apheresis 
PLTs that were reinfused to the autologous donor 
[28]. Some centers reclaim stored whole blood 
units if they have not been transfused by day 14 
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and manufacture them into RBC units that can 
then be transfused up to day 21 or longer if the 
WB is stored in an adenine containing solution, 
thereby reducing wastage [39].

 Leukoreduction of LTOWB Units

The decision to leukocyte reduce whole blood 
units for transfusion should consider regulatory 
requirements that may differ by jurisdiction and 
the proven benefits of LR (lower rates of alloim-
munization, febrile transfusion reactions, and 
cytomegalovirus transmission) against the poten-
tial detrimental effects of LR on the hemostatic 
potential of the stored whole blood unit. To date, 
the literature has not demonstrated a clear mor-
bidity or mortality benefit of transfusing leukore-
duced red blood cells in the trauma setting: in 
two randomized controlled trials (RCT), leukore-
duced red blood cells did not reduce the rate of 
infections, organ dysfunction, mortality, or lung 
complications among transfused trauma patients 
[73, 74], and in two retrospective studies, LR also 
failed to improve mortality and a variety of mor-
bidity markers such as organ dysfunction and 
hospital and ICU length of stay [75, 76], although 
in another retrospective study LR was associated 
with a reduction in all types of infections includ-
ing nosocomial pneumonia [77]. In vitro data 
have shown that non-leukoreduced WB units 
stored between 1 and 6  °C for 14 days or more 
retain their soluble procoagulant factor activity 
levels, except for factors V and VIII, which are 
known to be labile during storage [25, 78]. On the 
other hand, LR with a PLT-sparing filter caused a 
significant reduction in hemostatic function as 
measured by thromboelastography (TEG) and 
thrombin generation assays, especially early dur-
ing storage, compared with non-LR WB units 
although other markers of PLT function were 
unchanged following LR [71]. A recent study has 
also shown that the choice of LR filter affects the 
hemostatic properties of stored WB units; WB 
units that were leukoreduced with a PLT-sparing 
filter naturally contained more PLTs and had rel-
atively normal TEG tracings for up to 14 days of 
storage compared with units that were leukore-

duced with a non-PLT-sparing filter, which dem-
onstrated grossly abnormal TEG parameters [79]. 
Screening tests of coagulation and factor activity 
levels were not significantly affected by the type 
of LR filter. Similar findings were also reported 
in an earlier study of PLT functionality measured 
by TEG and soluble coagulation factor levels in 
WB that was filtered using a non-PLT-sparing 
leukocyte filer vs. unfiltered units [80].

 Is Transfusing LTOWB Safe?

One of the largest hurdles involved with the 
implementation of a whole blood resuscitation 
program is the fear of a hemolytic transfusion 
reaction following the administration of blood 
containing ABO-incompatible plasma. One of 
the first studies of whole blood use in the civilian 
trauma setting was a randomized pilot trial of 
leukoreduced ABO-identical WB compared to 
standard, fixed ratio component therapy in trauma 
patients [81]. As the WB was leukoreduced using 
a filter that did not spare the PLTs, for every six 
WB units transfused, a single apheresis PLT that 
was stored at room temperature was also admin-
istered. The WB in this study was stored for a 
maximum of 5  days. In both the intent to treat 
and per-protocol analyses, there were no differ-
ences in mortality between the groups. 
Furthermore, there were no differences in the rate 
of complications between the WB and conven-
tional component groups, nor was the length of 
hospital stay or the number of ventilator-free 
days different between the treatment groups. 
While this study did not answer the question of 
the serological safety of transfusing WB with 
incompatible plasma, these findings indicated 
that the provision of ABO-identical WB that was 
leukoreduced, PLT-depleted, and up to 5 days old 
was clinically safe for civilian trauma patients.

The aforementioned trial excluded group B 
and AB patients as it was not feasible for the 
blood center supplying the trauma center to pro-
vide WB of these ABO groups. It would, how-
ever, be desirable to provide WB to all massively 
bleeding patients regardless of their ABO group, 
hence the growing adoption of LTOWB.  For 
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logistical reasons, it would also be desirable to 
be able to have a longer shelf life of the 
WB. Several studies in the civilian setting that 
featured the transfusion of leukoreduced, PLT-
replete LTOWB that was stored for up to 14 days 
have demonstrated the serological safety of 
transfusing this product to massively bleeding 
trauma patients. The first report was based on 27 
non- group O recipients of a median of 1 unit 
(interquartile range, IQR: 1–2) of LTOWB, 
where low titer was defined as <50 by saline tube 
immediate spin [39]. These 27 non-group O 
LTOWB recipients did not demonstrate clinical 
or biochemical evidence of hemolysis compared 
to 17 group O recipients of a median of 1 unit 
(IQR: 1–2) of LTOWB; group O recipients are 
not at risk of ABO-incompatible hemolytic reac-
tions from the transfusion of LTOWB. There was 
a minor exception of a significantly higher 
median total bilirubin among the non-group O 
recipients compared to the group O recipients on 
the day that the LTOWB was transfused: the 
median total bilirubin in these patients was still 
within the normal adult range at that hospital, 
and by the next day, there was no longer a statis-
tical difference in this parameter between these 
two groups of recipients. The authors of this 
report concluded that the transfusion of 1–2 units 
of LTOWB was safe and proceeded to increase 
the maximum number of units first to 4 and then 
to 6 per patient, still with no laboratory or clini-
cal evidence of hemolysis among the non-group 
O recipients compared in the aggregate to the 
group O recipients [40, 41] (M.  Yazer, June 
2019, “personal communication”).

There is also an extensive safety record of 
transfusing group O whole blood in the military 
setting. In 1952, during the Korean War, over 
600,000 units of LTOWB (titer <256) were trans-
fused to combat casualties. Patients typically 
received 10–30  units of this product, and only 
four patients were noted to have post-transfusion 
hemoglobinuria, the etiology of which was 
uncertain [82]. During an approximately 
18-month period during the Vietnam War, 
230,323 whole blood units were transfused [83], 
and only one hemolytic transfusion reaction to a 
group O unit was reported. This reaction was 

caused by the accidental transfusion of a high- 
titer group O whole blood unit to a group A recip-
ient [84]. These experiences highlight the safety 
of transfusing LTOWB when administered in an 
intended manner without clerical errors.

 Is Transfusing LTOWB Efficacious?

A retrospective study of military casualties who 
received fresh warm WB, which is not a product 
that is routinely available nor licensed for use in 
the civilian setting, compared to conventional 
components demonstrated improved survival 
among the former group [85]. In the civilian ran-
domized trial of ABO-identical WB mentioned 
above [81], there were no differences in the pri-
mary outcome, the quantity of blood products 
transfused in the first 24  hours, between the 
recipients of WB and components in both the 
intent to treat and per-protocol analyses. There 
were also no mortality differences between the 
groups. When patients with severe traumatic 
brain injury were excluded in a post hoc analysis, 
significantly fewer blood products were trans-
fused to the patients in the WB group compared 
to the component group. However, as the WB 
units were PLT-depleted, it is not clear what role 
the WB itself might have had in reducing the 
number of products transfused as all of the PLTs 
that were transfused in both groups had been 
stored at room temperature. A study of the throm-
boelastogram tracings of pediatric trauma 
patients did not find a statistically significant dif-
ference in the maximum amplitude (MA) 
between patients who received only LTOWB 
compared to those who received only conven-
tional warm stored PLTs, but clinical outcomes 
were not measured in this study [86].

Prospective RCTs comparing the use of 
LTOWB to conventional component therapy in 
massively bleeding trauma patients are cur-
rently underway. One trial is a single-center 
pilot study of LTOWB transfusion to traumati-
cally injured patients who are transported to the 
hospital by helicopter, entitled the Pragmatic 
Prehospital Group O Whole Blood Early 
Resuscitation Trial (PPOWER; clinicaltrials.

24 Whole Blood for the Resuscitation of Massively Bleeding Civilian Patients

http://clinicaltrials.gov


438

gov identifier: NCT03477006). This American 
trial’s primary outcome is 28-day all-cause mor-
tality in patients who receive two units of 
LTOWB in the prehospital setting along with up 
to four more LTOWB units once the patient 
arrives at the hospital versus those who receive 
that standard of care for prehospital resuscita-
tion followed by fixed-ratio blood component 
resuscitation in the hospital. The results of this 
trial are expected in late 2021.

Another RCT that is in the advanced stage of 
planning is the STORHM trial (Sang Total pour 
la Réanimation des Hémorragies Massives), 
which will employ a non-inferiority design to 
compare LTOWB to conventional blood compo-
nents transfused in a 1:1:1 ratio in severely bleed-
ing trauma patients. The primary endpoint will be 
a thromboelastographic parameter (maximum 
amplitude, MA) assessed at the sixth hour after 
admission. Secondary endpoints will include 
early and overall mortality, lactate clearance (a 
reflection of the effectiveness of resuscitation), 
and organ failure at 24  hours post-admission. 
This trial will begin recruiting 200 patients at six 
French trauma centers in the second half of 2019.

Until the RCTs are completed, the best evi-
dence for the outcomes of civilian LTOWB recip-
ients comes from retrospective studies. One of 
the most compelling studies used propensity 
score matching to compare the outcomes of 135 
trauma patients who received a median of 2 units 
of LTOWB to 135 matched trauma patients who 
were resuscitated with conventional components 
[87]. This study found that none of the outcomes, 
including kidney injury and a variety of mortality 
measures, were worse among the LTOWB recipi-
ents, and in fact, there was a trend toward a faster 
correction (a median of >5  hours faster) of an 
elevated lactate level after receipt of LTOWB and 
perhaps toward lower mortality as well. 
Furthermore, a study of 18 pediatric trauma 
patients who were resuscitated with LTOWB 
found that by using LTOWB, all three blood 
components were administered more quickly 
than when the individual components had to be 
ordered and infused separately despite the avail-
ability of a massive transfusion protocol from the 
blood bank at this hospital [88].

 Summary

In civilian medicine, the use of whole blood as a 
therapeutic blood component for the resuscita-
tion of traumatic patients has until recently been 
avoided in favor of component therapy. 
However, there is expanding evidence that the 
use of LTOWB is a safe and effective interven-
tion for emergency transfusions where aggres-
sive resuscitation is required in the treatment of 
acutely hemorrhaging patients. Whole blood 
provides all of the components of blood in a 
convenient package that is easy to store and 
transport, and its use should be expanded from 
the trauma population to other massively bleed-
ing patients where replacement of RBCs, 
plasma, and PLTs is desirable such as many 
patients with a postpartum hemorrhage or 
patients bleeding in the operating room. The 
successful use of LTOWB to date demonstrates 
the necessity of the ongoing randomized control 
trials to determine the efficacy and safety of its 
use in the resuscitation of the massively bleed-
ing patient.
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 Introduction

Globally, trauma is a major cause of morbidity 
and mortality. Nearly a billion people sustain an 
injury requiring medical evaluation with more 
than five million deaths annually [1, 2]. Although 
the single leading cause of death after trauma is 
severe traumatic brain injury (TBI), uncontrolled 
bleeding is the leading cause of death among the 
remaining non-TBI patients and the leading 
cause of preventable death overall [2, 3]. 
Obtaining surgical control of bleeding is the fore-
most goal when caring for this population. 
Following large-volume hemorrhage, many 
patients develop a derangement of hemostasis, as 
well as dilutional and consumptive coagulopathy 
which can result in “medical bleeding,” i.e., 
blood loss that cannot be controlled with sutures 
or direct compression. In addition, as many as 
one-third of all bleeding trauma patients present 
with coagulopathy upon hospital admission [4–
6]. Development of early trauma-induced coagu-
lopathy (TIC) is associated with increased 

mortality and contributes to the “lethal triad” of 
coagulopathy, hypothermia, and acidosis which 
can have a mortality as high as 50% [7, 8]. TIC is 
a well-recognized multifactorial condition result-
ing from a combination of bleeding-induced 
shock, tissue injury-related thrombin–thrombo-
modulin complex generation, and the activation 
of anticoagulant and fibrinolytic pathways [9, 
10]. Early recognition of TIC is the first step in 
intervening in this high-risk population. This 
chapter is focused on the role of fibrinogen and 
prothrombin complex concentrates (PCC) in the 
management of trauma-induced coagulopathy.

 Fibrinogen Replacement Therapy

Fibrinogen is a soluble glycoprotein synthesized 
in the liver and is the final component in both the 
intrinsic and extrinsic clotting cascades forming 
the insoluble protein fibrin [11]. Fibrinogen is 
cleaved by thrombin to fibrin monomers which 
are polymerized and stabilized by Factor XIII to 
form fibrin clot [12]. Fibrinogen also plays a criti-
cal role in the aggregation of activated platelets 
through glycoprotein IIb/IIIa receptors [12]. With 
fibrinogen playing a central role in the formation 
of stable clots and platelet aggregation, the role of 
fibrinogen supplementation in patients with TIC 
is based on fibrinogen levels reaching critically 
low levels earlier than any other coagulation pro-
tein. Hyperfibrinolysis, as well as the subsequent 
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hypofibrinogenemia, occurs as a result of blood 
loss, consumption, dilution, acidosis, and hypo-
thermia [13–20]. This is supported in the litera-
ture where an association between 
 hypofibrinogenemia and worse outcomes (higher 
risk of requiring massive transfusion and higher 
mortality) has been reported [19–22]. With the lit-
erature demonstrating fibrinogen reaching criti-
cally low levels early and hypofibrinogenemia 
leading to worse outcomes, supplementation has 
long been considered. Clinical data from surgical 
patients have shown that postoperative hemor-
rhagic tendency is increased when fibrinogen lev-
els are below 150–200  mg/dL [23, 24]. This is 
further supported by recent data showing that 
fibrinogen levels below 150 mg/dL were detected 
in 73% of trauma patients with an initial hemo-
globin less than 10 g/dl, in 63% of patients with a 
base deficit of greater than 6, and in 41% of 
patients who were hypotensive at admission [21, 
25]. Consequently, current guidelines recommend 
fibrinogen supplementation at plasma fibrinogen 
levels <1–1.5 g/L or <1.5–2 g/L [26–28].

Fibrinogen supplementation can be provided 
by transfusion of fresh-frozen plasma (FFP), 
whole blood, cryoprecipitate, or fibrinogen con-
centrate [29, 30] (Table 25.1). Current massive 
transfusion protocols (MTPs) involve the early 
administration of predetermined fixed ratios of 
blood products (plasma, platelets, and pRBC); 
the goal has been to correct what had previously 
been shown to be inadequate replacement of 
coagulation factors by increasing the ratio of 
factors to pRBCs. The PROPPR trial showed 
that patients receiving transfusion in a higher 
plasma- platelet- pRBC ratio (1:1:1 vs 1:1:2) 
were more likely to achieve hemostasis within 
the first 24 hours although there was no signifi-

cant difference in 24-hour or 30-day mortality 
between the two groups [31]. Of note, given the 
low concentration of fibrinogen in FFP, approxi-
mately 2 g of fibrinogen in each liter of plasma, 
correction of fibrinogen with FFP alone would 
require a large volume (30  mL/kg) of plasma 
making fibrinogen replacement through FFP 
alone clinically impractical. Furthermore, this 
would increase the risk of transfusion-related 
complications (i.e., transfusion- related acute 
lung injury (TRALI), transfusion-associated cir-
culatory overload (TACO), and viral transmis-
sion) [13]. Data suggests that whole blood has a 
higher fibrinogen concentration than FFP at 
3.2 g/L, but it still requires relatively high vol-
umes for replacement [32].

Cryoprecipitate contains a higher concentra-
tion (8–16 g/L) of fibrinogen than FFP, but its use 
is limited for several reasons: fibrinogen concen-
tration is not standardized, ABO crossmatching 
is required prior to transfusion, and the product 
must be thawed prior to administration [13, 33]. 
For these reasons, cryoprecipitate has disap-
peared from blood banks in most European coun-
tries [30]. However, it remains the most common 
source of fibrinogen replacement in the United 
States. The PROMMTT study found wide vari-
ability in the administration of cryoprecipitate in 
the ten level 1 trauma centers involved in the 
study [34]. In those patients that received cryo-
precipitate, the median time to transfusion was 
2.7 hours, and the majority of patients who died 
of hemorrhage did not receive cryoprecipitate. In 
the CRYOSTAT feasibility study, 85% of patients 
randomized to the cryoprecipitate arm received 
cryoprecipitate within 90 minutes with a median 
time to transfusion of 60  minutes resulting in 
consistently higher fibrinogen levels in the cryo-
precipitate arm [35].

 Fibrinogen Concentrate

Fibrinogen concentrate has been developed and 
utilized in European trauma systems due to the 
aforementioned drawbacks to FFP and cryopre-
cipitate. Fibrinogen concentrate is produced 
from pooled human plasma using the Cohn/
Oncley cryoprecipitation procedure [36]. The 

Table 25.1 Concentration of fibrinogen in products 
available for replacement

Blood product

Approximate 
fibrinogen 
concentration

Volume needed 
to provide 1 g 
dose

Fresh frozen 
plasma

2.5 g/L 400 mL

Cryoprecipitate 15 g/L 95 mL
Fibrinogen 
concentrate

900–1300 mg per 
dose

1 vial

Whole blood 3.2 g/L 310 mL
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 concentration of fibrinogen is standardized; the 
product is stored as a lyophilized powder at room 
temperature and can be reconstituted quickly 
with sterile water, and infusion volumes are low, 
allowing for rapid administration without delays 
for thawing or crossmatching [37]. There are sev-
eral fibrinogen concentrates that are commer-
cially available; however, the most widely used is 
Haemocomplettan (CSL Behring, Marburg, 
Germany), a human pasteurized, highly purified, 
plasma-derived fibrinogen concentrate [38, 39]. 
Several studies have evaluated the effects of 
fibrinogen supplementation with this agent in 
patients suffering from various forms of congeni-
tal or acquired hypofibrinogenemic conditions 
[27, 40].

As fibrinogen concentrate usage has 
increased, there has been a growing body of 
observational evidence to support its use in 
severe trauma. These studies have shown 
increased clot strength, reduction in blood loss, 
and reduced transfusion of allogenic blood prod-
ucts [41–46]. However, these studies are obser-
vational or retrospective cohort studies and, as of 
yet, do not provide high- level evidence to sup-
port fibrinogen concentrate in trauma-associated 
severe coagulopathy.

Among these studies, Schöchl et al. published 
data including 128 bleeding trauma patients and 
retrospectively evaluated goal-directed coagula-
tion management using thrombelastometry- 
guided administration of fibrinogen concentrate 
together with prothrombin complex concentrate. 
The observed mortality rate was lower in this 
intervention group compared with the mortality 
predicted by the Trauma Injury Severity Score 
(TRISS) and the Revised Injury Severity 
Classification (RISC) score [41]. As a follow-up 
to this study, the group performed a subsequent 
retrospective study comparing blood product 
requirements between trauma patients treated 
with fibrinogen concentrate (median dose: 6  g) 
and/or prothrombin complex concentrate, but no 
FFP, and patients receiving only FFP.  Those 
patients receiving fibrinogen concentrate and/or 
PCC only required significantly less RBC and 
platelet transfusions than those treated with FFP 
alone [42]. Innerhofer and colleagues compared 

patients who received fibrinogen concentrate 
without FFP (n = 66) versus fibrinogen concen-
trate with FFP (n = 78) and found a lower volume 
of blood products transfused (RBC and platelets) 
in patients receiving only fibrinogen concentrate 
[47]. Of note, there was no difference in clinical 
outcomes. This retrospective study increased the 
strength of its findings by adjusting for patient 
severity using propensity scores with the analysis 
of 28 patient pairs confirming the results.

A retrospective study of 294 trauma patients 
further evaluated whether administration of 
fibrinogen concentrate is associated with 
improved outcomes [48]. Although 6-hour mor-
tality was significantly reduced in the fibrinogen 
concentrate group, overall mortality was not sig-
nificantly different between groups. In contrast to 
other studies, the RBC requirement was not 
reduced in the fibrinogen concentrate group. The 
only published prospective observational study in 
this clinical setting is by Weiss and colleagues 
[49]. A total of 223 patients were included, of 
whom 62 (28%) were trauma patients and 
received fibrinogen concentrate in association 
with FFP. After a median dose of 12 g of fibrino-
gen, plasma fibrinogen rose to 2.19 g/L at the end 
of the surgery, corresponding to a median incre-
ment of 0.045 g/L per gram of fibrinogen admin-
istered. Three percent of patients sustained 
thromboembolic complications perioperatively. 
Interestingly, the authors found that plasma 
fibrinogen at the end of surgery and 24  hours 
after administration of fibrinogen concentrate 
was significantly higher in the survivors com-
pared with the non-survivors. A systematic 
review of the use of fibrinogen concentrate in 
trauma patients has been published [50]. Two 
randomized trials have assessed the role of fibrin-
ogen concentrate in cardiac surgery [50, 51]. In 
the first trial, involving 20 patients undergoing 
elective coronary artery bypass grafting, the infu-
sion of 2 g of fibrinogen concentrate significantly 
reduced postoperative blood loss [51]. In the sec-
ond more recent study, thrombelastometric- 
guided intraoperative hemostatic therapy with 
fibrinogen concentrate was more effective than 
placebo in controlling bleeding during major aor-
tic replacement surgery [52].

25 Adjunct Factor Replacement
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 Current Guidelines, Issues, 
and Future Direction on Fibrinogen 
Supplementation

Current European guidelines on the management 
of bleeding and coagulopathy following major 
trauma recommend treatment with fibrinogen 
concentrate (or cryoprecipitate) if significant 
bleeding is accompanied by viscoelastic abnor-
malities (i.e., rotational thrombelastometry 
(ROTEM, TEM Innovation GmbH, Munich, 
Germany) and thrombelastography (TEG, 
Haemonetics Corp, Niles, IL, United States)) 
(Grade 1C) revealing a functional fibrinogen def-
icit or a plasma fibrinogen level of less than 1.5–
2.0 g/L [26]. The addition of a fibrinogen level is 
new from previous guidelines. An initial fibrino-
gen concentrate dose of 3–4 g is suggested, with 
successive doses guided by viscoelastic monitor-
ing and laboratory assessment of fibrinogen lev-
els (Grade 2C) [26]. In the United States, 
fibrinogen is typically replaced utilizing cryopre-
cipitate administration (each unit of cryoprecipi-
tate contains 150–250  mg of fibrinogen): 
1  U/10  kg increases plasma fibrinogen by 
50–70  mg/dL [53]. Unlike Europe, fibrinogen 
concentrate is not approved for patients with 
acquired bleeding in the United States, and thus, 
its use in the trauma setting is limited. There is 
conflicting data regarding cost-effectiveness. An 
initial study from 2008 showed comparable cost, 
but a more recent analysis contradicts this find-
ing, noting that the cost of fibrinogen concentrate 
exceeds the cost of an equivalent dose of cryopre-
cipitate by $976–$1303 [54, 55]. To be cost- 
effective, fibrinogen cost must decrease by 44% 
or reduce ICU length of stay by 0.25–0.66 days. 
In the same study, cost (in addition to off-label 
usage and insufficient evidence) was the most 
common reason among US transfusion fellow-
ship directors for not using fibrinogen 
concentrate.

To provide more head-to-head randomized 
data to determine the superior method to replace 
fibrinogen, the Fibrinogen Early In Severe 
Trauma StudY (FEISTY, NCT02745041) has 
begun to enroll patients. This is a multi- 
institutional randomized controlled trial compar-

ing fibrinogen concentrate to cryoprecipitate 
using thrombelastometry (ROTEM®) parameters 
in patients with severe traumatic hemorrhage 
[56]. Primary outcomes will be (1) time to admin-
istration of fibrinogen supplementation with 
either fibrinogen concentrate or cryoprecipitate 
and (2) effect of fibrinogen supplementation on 
fibrinogen levels. Secondary outcomes include 
blood product transfusion requirements, throm-
boembolic complications, hospital length of stay, 
and mortality. The study will take place in four 
major trauma centers in Queensland, Australia, 
and has been recruiting since October 2016. No 
preliminary results have been released. An addi-
tional study, albeit in cardiac surgery patients and 
not trauma patients, that is ongoing is the 
FIBrinogen REplenishment in Surgery (FIBRES) 
trial [57]. This is a multicenter RCT in adult car-
diac surgical patients who have clinically signifi-
cant bleeding and acquired hypofibrinogenemia; 
patients will receive either 4 gm of fibrinogen or 
10 units of cryoprecipitate (dose-equivalent). The 
results of these trials—FEISTY and FIBRES—
will hopefully bring clarity to the debate between 
the use of fibrinogen concentrate and 
cryoprecipitate.

 Clotting Factor Replacement 
Therapy

 Prothrombin Complex Concentrates

Over the last decade, guidelines have changed 
substantially for the management of patients on 
anticoagulation with serious or life-threatening 
hemorrhage. Consequently, inactive prothrombin 
complex concentrate (PCC) has become a vital 
component of oral anticoagulation reversal, espe-
cially warfarin [58]. PCC was originally devel-
oped as a source of factor IX for the treatment of 
patients with hemophilia B [59, 60]. It is pro-
duced with inactive factors in both three- (II, IX, 
and X) or four-factor (II, VII, IX, and X) concen-
trates, with a final overall clotting factor concen-
tration approximately 25 times higher than in 
normal plasma [61, 62]. The inactive PCC for-
mulation available in the United States is a 
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 four- factor product that contains factors II, VII, 
IX, and X, along with proteins C and S, anti- 
thrombin III, and heparin that act as stabilizing 
agents [63, 64] (Fig. 25.1).

In trauma- or surgery-associated bleeding, 
either PCC or fresh frozen plasma transfusion 
along with IV vitamin K is standard practice for 
warfarin reversal [58]. PCC has the advantage of 
being a low-volume medication without the need 
for crossmatching or thawing. Retrospective data 
from the early 2000s suggested that PCC rapidly 
reversed INR in patients on warfarin [65–68]. 
This was further demonstrated by evidence from 
prospective, randomized studies. The first in 
2013, showed non-inferiority for four-factor PCC 
compared to plasma transfusion in the achieve-
ment of effective hemostasis at 72.4% in the PCC 
group and 65.4% in the plasma group [69]. 
However, PCC was superior in rapid INR reduc-
tion, defined as an INR ≤1.3 at 30 minutes after 
the end of infusion, which was achieved by 
62.2% in the PCC group and only 9.6% in the 
plasma group. A second, randomized non- 
inferiority trial of similar patients using four- 
factor PCC in 2015 found similar results [70]. 
Effective hemostasis was achieved in 89.7% of 
patients in the PCC group and 75.3% of patients 
in the plasma group. Rapid INR reduction was 
achieved in 55.2% of the PCC group and only 
9.9% in the plasma cohort with a treatment dif-
ference of 45.3% (95% CI 31.9, 56.4, p < 0.0001). 
There were no differences in mortality or other 

outcomes. In 2016, Lancet Neurology published 
a multicenter, prospective, randomized trial com-
paring four-factor PCC to plasma transfusion in 
adult patients with intracranial hemorrhage 
related to vitamin K antagonists [71]. The study 
was terminated early after only 50 patients were 
enrolled due to safety concerns favoring PCC. 
The study’s primary endpoint was the reduction 
of INR ≤1.2 within 3 hours of treatment initia-
tion. Only two patients (9%) reached this goal in 
the FFP group versus 18 patients (67%) in the 
PCC cohort giving an adjusted odds ratio of 30.6 
(95% CI 4.4–197.9, p  =  0.0003) favoring the 
PCC group in INR reduction. In terms of clinical 
outcomes, no patients in the PCC group died 
from intracranial hematoma expansion, while 5 
out of 23 (22%) died from intracranial hematoma 
expansion among patients who received FFP.

While these clinical trial data suggest that 
PCC is superior for INR reversal, questions 
remain about whether PCC use improves clinical 
outcomes in patients on warfarin. A 2015 
Cochrane review of four randomized trials of 
PCC use in patients on a vitamin K antagonist 
concluded that while evidence suggests that INR 
reversal is faster with PCC and avoids the poten-
tial complications of plasma transfusion, there is 
little quality evidence for improvements in 
bleeding- associated complications [72]. The 
review’s meta-analysis showed a risk ratio of 
mortality of 0.93 (95% CI 0.37–2.33) for PCC 
compared to plasma transfusion and also found 
no association with a decrease in blood transfu-
sions due to a lack of data. In 2018, a systematic 
review of both retrospective and prospective data 
of PCC use in patients with intracerebral hemor-
rhage had similar conclusions [73]. They reported 
that despite robust data on INR reversal, there is 
limited or poor-quality data on both functional 
outcomes and mortality and that more research is 
needed.

Previous nonclinical data showed there may 
be an increased thromboembolic risk when using 
PCC with corroboration from animal model stud-
ies [60, 74, 75]. However, recent clinical data has 
not supported this concern. A previously refer-
enced 2013 randomized trial of four-factor PCC 
versus plasma in acute bleeding found a similar 

Fig. 25.1 The prothrombin complex concentrate (PCC) 
available in the United States
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number of thromboembolic events in the PCC 
and plasma groups with four related thromboem-
bolic events (3.9%) in the PCC group and three in 
the plasma group (2.8%) [69]. A post hoc pooled 
analysis of data from two randomized clinical tri-
als comparing four-factor PCC and plasma 
showed no differences in thromboembolic events 
between the two treatments with an event occur-
rence of 7.3% in the PCC group and 7.1% in the 
plasma group (risk difference 0.2%, 95% CI 
−5.5–6.0%) [76]. An older meta-analysis of 
mixed prospective and retrospective data found 
an even lower prevalence of thromboembolic 
events in patients who received four-factor PCC 
with a weighted mean of 1.8% (P5% CI 1.0–3.0) 
[77]. Currently, the preponderance of the litera-
ture does not suggest there is a high rate of throm-
boembolic complications with PCC, especially in 
comparison to plasma [78].

PCC dosing may be standardized or based on 
weight, INR, or both. Observational data have 
shown that variable dosing based on weight and 
INR is likely superior to low fixed dosing at 
reversing INR. A 2012 prospective, observational 
non-inferiority cohort study showed that fixed 
dosing was associated with an inferior reversal of 
INR compared to variable dosing [79]. In 2017, a 
retrospective historical cohort study comparing 
the two approaches showed that fixed dosing 
required an additional dose for an adequate rever-
sal in 32% of patients compared to 8% in the 
variable dosing group (p  =  0.04) [80]. 
Investigators in the Netherlands are currently 
enrolling in a multicenter, randomized controlled 
non-inferiority trial comparing low fixed dose to 
variable dosing PCC which will hopefully pro-
vide more clarity on an optimal dosing strategy 
with higher quality data [81]. Current dosing 
guidelines are usually institutional. Lastly, retro-
spective data suggest that the four-factor formu-
lation of PCC may be superior to the three-factor 
formulation with similar or better INR reversal 
efficacy and fewer thrombotic complications [82, 
83]. This has clinical relevance especially in 
countries where both are available or four-factor 
PCC is not approved.

The role of PCC in the reversal of direct oral 
anticoagulants (DOACs) is still evolving. Data 

from animal models have been mixed, but several 
studies have demonstrated at least a partial rever-
sal of some DOAC agents [84–87]. Human stud-
ies involving healthy volunteers have provided 
some evidence that PCC at least improves coagu-
lation laboratory values, especially in patients 
who are taking Factor Xa inhibitors and not dabi-
gatran [88–94]. A recent retrospective study of 
patients receiving PCC for major bleeding 
showed that effective hemostasis occurred in 
80.6% of patients but with no control group [95]. 
A prospective, observational study in patients 
with acute, major bleeding associated with rivar-
oxaban or apixaban achieved “effective” hemo-
stasis in 69.1% of patients but was worse in 
patients with intracranial hemorrhage [96]. 
However, these results are difficult to interpret 
given the high mortality at 32% and the lack of a 
control group. Lastly, a 2019 systematic review 
of ten case series with a total of 340 patients con-
cluded that the quality of available data is too 
uncertain to make conclusions on whether admin-
istering PCC is superior to simply stopping a 
Factor Xa inhibitor at the time of the bleeding 
event [97]. The pooled proportion of patients 
with successful hemostasis was at best 77% (95% 
CI 63–92%), but again, there was no comparison 
group. Many centers administer PCC to patients 
taking a Factor Xa inhibitor considering the lack 
of another option for reversal. This may change 
over the next few years with the approval of 
andexanet alfa, a new reversal agent that targets 
Factor Xa inhibitors, although its high cost and 
relatively high thromboembolic rate may slow 
adoption [98, 99]. Randomized, prospective data 
comparing PCC with andexanet alfa is likely the 
next step in guiding reversal practice. 
Ciraparantag, a potential reversal agent that binds 
to heparin and oral factor Xa and IIa inhibitors, is 
still very early in development [100].

There is recent retrospective evidence that 
PCC may be useful in patients with trauma- 
associated coagulopathy that are not on oral anti-
coagulation pre-injury. In 2015, a retrospective 
study showed that in patients not on warfarin 
with traumatic brain injury who received PCC as 
an adjunct to FFP transfusion had quicker INR 
reversal and fewer red blood cell and FFP 
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 transfusions compared to FFP alone. Their 
quicker reversal also led to a shorter time to cra-
niotomy [101]. A similar study examining 
patients with pelvic or extremity fractures found 
comparable results with quicker INR reversal and 
shorter times to operative fixation in patients who 
had trauma-associated coagulopathy [102]. In 
2014, the University of Arizona published retro-
spective data from 2011 and 2012 using propen-
sity score matching that compared FFP alone to 
FFP plus PCC in patients not on oral anticoagula-
tion pre- injury. They showed quicker INR rever-
sal and fewer red cell and FFP transfusions and 
demonstrated an improvement in mortality for 
the FFP+PCC cohort, 23% vs. 28% (p  =  0.04) 
[103]. The same institution repeated the study 
with patients from 2015 and 2016 and found sim-
ilar results but with an even greater mortality 
benefit for the FFP + PCC group at 25% vs. 33% 
(p = 0.04) [104]. In Europe, its use has been rec-
ommended as a second-line agent in the setting 
of a normal fibrinogen and trauma-associated 
delayed coagulation on viscoelastic monitoring, 
but these guidelines acknowledge that its role is 
still evolving [105, 106]. Previous literature 
reviews have concluded that there is still insuffi-
cient, high-quality evidence to support its use 
outside of anticoagulation reversal and that its 
safety in these patients needs to be investigated 
[107, 108]. So, while there is promising retro-
spective data on its use outside of anticoagulation 
reversal, given the lack of robust, prospective evi-
dence, the role of PCC in trauma-associated 
coagulopathy remains unclear and off-label in the 
United States.

 Additional Factor-Based Therapies

Other factor-based treatments include activated 
PCC (aPCC) and recombinant activated Factor 
VIIa (rFVIIa). Neither is currently recommended 
for routine use in life-threatening bleeding [58]. 
Activated PCC is available in the United States as 
FEIBA® (factor eight inhibitor bypassing activ-
ity) and was developed initially for the treatment 
of patients with hemophilia A or B.  It contains 
several inactive factors and a substantial quantity 

of activated Factor VII [109]. In contrast to inac-
tive PCC, clinical data on its use in patients with 
severe bleeding that do not have hemophilia is 
very limited and comes from animal models, 
healthy volunteers, or very small case series [88, 
110–113]. While early experiences are promis-
ing, both in terms of INR reversal and the low 
rate of associated thromboembolic complica-
tions, given the relative quality of data for inac-
tive PCC, it is difficult to justify using it in these 
situations.

Similar considerations apply to the use of 
rFVIIa. Recombinant Factor VIIa is available as 
NovoSeven® in the United States and is approved 
for inhibitor-complicated hemophilia working as 
a thrombin augmenter [114]. There is more clini-
cal data exploring the use of rFVIIa in situations 
like trauma-associated hemorrhage, but these 
results have been mixed. A 2012 Cochrane review 
of 29 RCTs examining the use of rFVIIa in 
patients with bleeding without hemophilia con-
cluded that its use outside of patients with hemo-
philia should be limited to clinical trials [115]. 
This was due to a lack of evidence that rFVIIa 
improved mortality or other clinical outcomes 
and its association with an increase in arterial 
thromboembolic events with a pool risk ratio of 
1.45 (95% CI 1.02–2.05). A recent retrospective, 
propensity-matched analysis of cardiac surgery 
patients receiving either rFVIIa or three-factor 
PCC also raised concerns about the relative risk 
of both renal failure and postoperative bleeding 
complications for rFVIIa [116]. Like aPCC, the 
lack of evidence relative to inactive PCC keeps us 
from recommending its routine use outside of 
patients with hemophilia.

 Conclusion

Trauma-induced coagulopathy is a life- 
threatening condition with a high associated mor-
bidity and mortality. This chapter focuses on the 
role of fibrinogen replacement and PCC. There is 
little disagreement that in the bleeding trauma 
patient, fibrinogen must be replaced. However, 
the source of fibrinogen—concentrate or cryo-
precipitate—varies by nation and institution. 
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Data supporting fibrinogen concentrate are prom-
ising, but there is little evidence prospectively 
comparing it with cryoprecipitate. The results of 
upcoming RCTs will help guide clinical decision- 
making in the future. Less uncertainty exists 
regarding the use of PCC therapy in patients with 
traumatic coagulopathy which have become the 
standard of care for the reversal of warfarin- 
induced coagulopathy. PCC is also used for the 
reversal of direct oral anticoagulant (DOAC) 
medications, but its effectiveness is less well 
understood. Despite this uncertainty, it remains 
the most available option for the reversal of those 
DOACs that do not yet have a specific 
antagonist.
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Abbreviations

aPC Activated protein C
ATC Acute traumatic coagulopathy
CSF Cerebrospinal fluid
EACA ε-Aminocaproic acid
ICH Intracranial haemorrhage
ISS Injury Severity Score
LY30 Lysis 30  min after maximum ampli-

tude of the clot assessed with 
thromboelastography

PAI-1 Plasmin activator inhibitor 1
PAI-2 Plasmin activator inhibitor 2
TAFI Thrombin-activatable fibrinolysis 

inhibitor
TBI Traumatic brain injury
TEG Thromboelastography
t-PA Tissue-type plasminogen activator
TXA Tranexamic acid
u-PA Urokinase-type plasminogen activator

 The Fibrinolytic System

The fibrinolytic system consists of serine prote-
ases, protease inhibitors and cell surface recep-
tors that orchestrate the spatial proteolytic 
activation of the zymogen plasminogen to plas-
min [1]. Plasmin in turn can act upon various 
substrates, but the most recognized is fibrin, the 
structural scaffold of blood clots. Hence the fibri-
nolytic system is most recognized for its role in 
fibrin removal and the subsequent dissolution of 
blood clots.

Under physiological conditions, plasmin 
generation is facilitated by tissue-type plasmin-
ogen activator (t-PA) and to a lesser extent by 
urokinase- type plasminogen activator (u-PA). In 
contrast to u-PA, the activity of t-PA is critically 
dependent on the presence of fibrin. Indeed, this 
fibrin dependency increases the capacity of t-PA 
to generate plasmin by more than two orders of 
magnitude [1]. Both plasminogen and t-PA bind 
to exposed lysine residues on fibrin (Fig. 26.1, 
panel A) that subsequently promotes plasmin 
formation on the fibrin surface. When associ-
ated with fibrin, plasmin is protected from its 
major natural inhibitor alpha2-antiplasmin (α2- 
antiplasmin). This strict regulation of fibrino-
lytic activity is not only facilitated by 
lysine-specific binding and circulating α2-
antiplasmin but also by inhibition at the level of 
the plasminogen activators. Plasmin activator 
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inhibitor (PAI)-1 and to a lesser extent PAI-2 are 
potent circulating inhibitors of both t-PA and 
u-PA. Finally, an important mechanism of regu-
lation is maintained by thrombin- activatable 
fibrinolysis inhibitor (TAFI), a carboxypepti-
dase that by proteolytic removal of lysine resi-
dues on fibrin can drastically reduce plasmin 
generation [1].

In addition to its clearly recognized role in 
fibrinolysis and clot removal, the plasminogen 
activating system has now also been implicated, 
unexpectedly, as having a critical role in the cen-
tral nervous system (CNS) [2, 3]. It is not the pur-
pose of this chapter to review this newly 
recognized role, for which we refer the reader to 
other reports describing the involvement of the 
plasminogen activating system in various physio-
logical and pathophysiological processes, includ-
ing the CNS (learning and behaviour, neuronal 
modulation, blood-brain barrier permeability, 
addiction), as well as tissue repair, inflammation 

and metastatic dissemination of cancer cells [4, 
5]. What is not known, however, is the extent (if 
any) to which over-activation of this system (i.e. 
hyperfibrinolysis) or its inhibition with anti-fibri-
nolytic agents influences these “non-fibrinolytic” 
processes.

 Hyperfibrinolysis

Hyperfibrinolysis is the accelerated degradation 
of fibrin, resulting in increased likelihood for 
bleeding [6]. The first entry mentioning hyperfi-
brinolysis in PubMed is from 1957 in an article 
dealing with bleeding disorders of newborn [7]. 
Hyperfibrinolytic activity has also been described 
in malignant diseases, such as prostatic cancer 
[8] and leukaemia [9], as well as infectious dis-
eases [10]. Pathological hyperfibrinolysis was 
first described by Starzl et al. in 1963 in the con-
text of liver transplantation [11].

a

b

Fig. 26.1 Panel A: plasminogen and t-PA both contain 
lysine binding sites that bind to lysine residues on fibrin, 
facilitating the proteolytic activation of plasminogen to 
plasmin and subsequent degradation of fibrin [1]. Panel B: 

TXA, a lysine derivate, blocks the lysine binding sites on 
plasminogen and t-PA, thereby inhibiting their co- 
localization on fibrin and plasmin generation [6]
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 Hyperfibrinolysis in Trauma- 
Induced Coagulopathy

Trauma-induced coagulopathy was long thought 
to occur due to a simple depletion or dilution of 
procoagulant factors. However, with the identifi-
cation of acute traumatic coagulopathy (ATC) 
[12, 13], it was found that an additional mecha-
nism was based on disturbances in the balance of 
pro- and anticoagulant factors, platelets, the 
endothelium and the fibrinolytic system. ATC 
develops quickly, within minutes after tissue 
injury and systemic hypoperfusion. Factor V 
deficiency can be detected, probably due to acti-
vation of protein C (aPC), resulting in systemic 
anticoagulation [14]. The activated vascular 
endothelium seems to be critically involved in 
the generation of aPC, which inactivates not only 
the clotting factors V and VIII but also the potent 
fibrinolytic inhibitor, PAI-1. As t-PA is also 
released from endothelial cells under these con-
ditions, it is likely to be more active due to the 
reduction of PAI-1 activity in the presence of 
aPC [14, 15]. Nowadays, hyperfibrinolysis is 
widely acknowledged as being an important par-
ticipant in the pathophysiology of trauma-
induced coagulopathy. It is present in 
approximately 18% of severely injured trauma 
patients at hospital arrival. The presence of 
hyperfibrinolysis is consistently associated with 
the highest mortality [16–18] as well as death 
due to exsanguination [19]. Fibrinolysis pheno-
types vary and their differences will be discussed 
in more detail in Chap. 9 [21].

While other chapters in this book have ade-
quately covered the fibrinolytic system in general 
and the occurrence of hyperfibrinolysis as well as 
diagnostic evaluation of trauma-induced coagu-
lopathy, this chapter will present an overview of 
the history and use of anti-fibrinolytic drugs in 
the treatment of patients with severe trauma, 
including TBI.

 Anti-fibrinolytic Drugs

Two anti-fibrinolytic drugs are currently avail-
able—TXA and ε-aminocaproic acid (EACA)—
both discovered by Okamoto et al. around 1960 

[22, 23]. These agents were first used in the treat-
ment of gynaecological complications as recently 
reviewed [6]. A third anti-fibrinolytic agent, 
aprotinin (Trasylol), a direct plasmin inhibitor, 
first described over 80 years ago was used as an 
anti-fibrinolytic drug in patients with pancreatitis 
and in more recent times during cardiac surgery 
and many other indications associated with 
bleeding [24]. However, aprotinin was temporar-
ily withdrawn from the market as it was shown to 
be associated with significantly increased mortal-
ity from myocardial infarction, heart failure and 
cardiogenic shock in patients undergoing high- 
risk cardiac surgery [25]. However, after further 
review, the European Medicines Agency lifted 
the suspension of aprotinin in 2012 (see section 
below).

TXA and EACA both are analogues of the 
amino acid lysine. By reversibly binding to lysine 
binding sites within plasminogen and thereby 
competing with the binding to fibrin and other 
targets containing exposed lysine residues, these 
analogues efficiently prevent plasmin formation 
on the lysine bearing substrate (Fig. 26.1). It is 
also important to mention that the interaction of 
plasmin itself with fibrin depends on lysine bind-
ing and is also inhibited by TXA [6].

 Tranexamic Acid

TXA is the most widely used anti-fibrinolytic drug 
and binds to plasminogen 10–16-fold more effi-
ciently than EACA [26]. Its licensed indications 
for clinical use are broad and vary significantly 
between different countries. The maximal concen-
tration of TXA in the plasma is reached 15 min 
after intravenous administration, while the termi-
nal elimination half-life of TXA has been stated to 
be approximately 2–3 h [6]. Maximal inhibition of 
plasmin activity ranges from 30 min in plasma to 
2 h in muscle and heart referring to data from ani-
mal studies [27]. TXA has been reported to suffi-
ciently suppress fibrinolysis at plasma 
concentrations of 5–10 microg/mL or 10–15 
microg/mL [6, 28], and despite a serum half-life of 
only ~3  h, an adequate inhibition of fibrinolysis 
can be expected for up to 8 h [29]. This has been 
further addressed in a recent systematic review of 
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in  vitro and in  vivo pharmacodynamics studies 
[30]. Plasma TXA concentration was 28.7 (21.5–
38.5 [8.7–89.0]) microg/mL at approximately 1 h 
after administering a 1 gram intravenous bolus to 
prehospital trauma patients [31]. The investigators 
also described an open two-compartment pharma-
cological model for TXA with bodyweight being 
the main covariate. Metabolism in the liver is min-
imal and excretion happens mainly via the kidney, 
which implicates the need of dose adjustment in 
patients with renal impairment in order to avoid 
toxic accumulation [6].

Dose regimens vary depending on indication 
as well as the country in which it is prescribed 
[6]. TXA can be administered by intravenous, 
intramuscular or intraosseous injection; orally or 
topically, TXA is stable and can be stored at a 
wide range of temperatures with a long shelf life. 
Although no major drug interactions are known, 
it is often recommended that TXA not be given 
blindly in combination with thrombin, factor IX 
complex concentrates or anti-inhibitor coagulant 
concentrates in order to avoid the risk of throm-
botic complications.

In general, TXA is considered a safe drug. 
Historically the greatest concern has been related 
to the induction of seizures, because it is capable 
of crossing the blood-brain barrier. Cases of sei-
zures after TXA administration have been 
described in particular in patients with impaired 
renal function [32, 33]. Some studies have sug-
gested that TXA impairs GABA-mediated trans-
mission [34], but it might also relate to the 
inhibition of non-fibrinolytic effects of plasmin 
activity on neurons in the brain although this 
remains speculative. More common adverse 
effects of TXA are diarrhoea, nausea and vomit-
ing, dizziness, hypotension and allergic dermati-
tis [32]. In order to avoid hypotension, it has to be 
administered slowly over 10 min (100 mg/min) 
[35]. The use of TXA during pregnancy and lac-
tation period is, in principle, possible. However, 
as it passes the placenta and can also be detected 
in breast milk, its use should be carefully consid-
ered [32]. A recent meta-analysis on the safety 
and efficacy of anti-fibrinolytics in paediatric sur-
gery found it appears to be safe for use in chil-
dren [36].

 ε-Aminocaproic Acid

EACA is a lysine analogue as well and can be 
administered intravenously as well as orally [6, 
24]. Peak plasma levels after oral intake are 
reached after approximately 1.2 h. The clearance 
happens mainly via the kidney and only a small 
fraction gets metabolized [26, 37]. The plasma 
half-life of EACA has been stated to be 2 h [24], 
while 85% of the intravenously injected drug is 
cleared after 3 h. However, as EACA can reach 
the entire extracellular space, EACA is likely to 
be detectable in the urine for up to 36 h. Plasma 
concentrations of 1  mM sufficiently suppress 
fibrinolysis [29]. Indications for EACA are simi-
lar as for TXA and include cardiac surgery, 
hepatic cirrhosis, gynaecological complications 
and also bleeding associated with malignant dis-
eases [37]. EACA, like TXA is a well-tolerated 
drug, although muscle necrosis has been 
described after prolonged use, with consequences 
ranging from mild myalgia to rhabdomyolysis 
and renal impairment. Caution has been advised 
for its use if there is evidence of intravascular 
clotting, in which it should be used only in com-
bination with heparin, and the combination of 
EACA with factor IX complex concentrates or 
anti-inhibitor coagulant concentrates might 
increase the thrombotic risk [37].

Other adverse reactions that have been 
observed with EACA include bradycardia and 
hypotension, gastrointestinal problems, sei-
zures, delirium and syncope. Moreover, pruri-
tus and rash, headache, oedema and malaise 
have been reported [37]. The use of EACA in 
pregnant women and nursing mothers has not 
been well studied but, like TXA and EACA, has 
been used in children without apparent undue 
harm [36].

 Aprotinin

Aprotinin was also widely used as an anti- 
fibrinolytic drug and acts by directly inhibiting 
plasmin activity [6]. Aprotinin has been used in 
various bleeding conditions, particularly in surgi-
cal interventions, such as cardiac surgery [38]. 
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However, after the BART trial was published in 
2008 revealing a significant association of apro-
tinin with death of cardiac causes [25], it was 
withdrawn from the market. However, in Canada, 
it was soon re-authorised for use in cardiac sur-
gery as only patients undergoing high-risk surgi-
cal procedures were included in the BART trial 
and mortality rates were clearly higher than in 
other studies [6, 24]. This led to the conclusion 
that aprotinin might still be beneficial in non- 
high- risk cardiac surgery [24]. In order to avoid 
hypersensitivity reactions, the use of aprotinin is 
contraindicated if already administered within 
the last 12  months. In addition to its thrombo-
genic potential, aprotinin increases the risk of 
renal impairment [38]. The use during pregnancy 
has been tested and considered safe based on ani-
mal studies [38].

 Safety and Efficacy of Tranexamic 
Acid in Non-trauma Applications

Considerable experience exists with the use of 
anti-fibrinolytics in elective surgery, especially 
cardiac and orthopaedic surgery [6]. A meta- 
analysis conducted by the Clinical Randomisation 
of an Antifibrinolytic in Significant Haemorrhage 
(CRASH-2) investigators, in which TXA was 
compared with no TXA in elective and emer-
gency surgery, concluded that the need for blood 
transfusion was reduced by one-third if TXA was 
administered [39] and that this effect exists for all 
surgical specialties. Uncertainty remained 
regarding the effect of TXA on thromboembolic 
events, such as myocardial infarction (MCI), 
stroke, deep vein thrombosis (DVT) and pulmo-
nary embolism (PE) [39]; however, in the 
“Aspirin and Tranexamic Acid for Coronary 
Artery Surgery” (ATACAS) trial, both the safety 
and efficacy of TXA were demonstrated for car-
diac surgery [40]. Furthermore, hypermenor-
rhoea, post-partum haemorrhage and bleeding 
due to implanted contraceptives are typical indi-
cations for TXA in gynaecology [6]. TXA 
appears to be particularly effective for treatment 
of post-partum haemorrhage when given soon 
after onset of bleeding [41]. The “WOMAN” 
trial was a randomized, double-blind, placebo- 

controlled trial of women aged 16 years and older 
experiencing post-partum haemorrhage after a 
vaginal birth or caesarean section and was con-
ducted in 21 countries. The trial was originally 
conceived using a composite outcome of death or 
hysterectomy. However, investigators found that 
the decision for hysterectomy tended to be made 
at the time of randomization, so the study was 
adjusted to include at least 20,000 subjects to 
enable adequate power for a primary mortality 
outcome. Haemorrhagic deaths were signifi-
cantly different between groups and were reduced 
with TXA ([RR] 0·81, 95% CI, 0·65–1·00; 
p  =  0·045). The difference was also more pro-
nounced if TXA was given within 3 h of giving 
birth ([RR] 0·69, 95% CI, 0·52–0·91; p = 0·008). 
There were no differences reported in other out-
comes including hysterectomy rate or adverse 
thrombotic complications.

 The Use of Tranexamic Acid 
in Trauma

Despite being recognized for its effectiveness at 
reducing bleeding in elective surgery, TXA was 
used little in trauma until publication of the 
CRASH-2 study [42, 43]. The CRASH-2 study 
tested the effectiveness of early in-hospital 
administration of 2  g TXA (as 1  g bolus over 
10 min in 100 ml saline, followed by an 8-h infu-
sion of 1 g in 1 litre of saline), versus placebo, on 
all-cause in-hospital mortality within 4 weeks of 
injury. The clinical trials network of the London 
School of Hygiene and Tropical Medicine was 
mobilized to enrol 20,211 patients in 274 hospi-
tals in 40 countries. Inclusion criteria were 
broad—adult patients who were assessed by the 
treating clinician to be bleeding or at risk of 
bleeding, as indicated by systolic blood pressure 
of <90 mmHg or heart rate >110 bpm. Drug and 
placebo were matched, and both patients and 
staff were blinded to treatment allocation. 
Secondary outcomes included death due to spe-
cific causes and the need/frequency for blood 
transfusions.

The study found that TXA, compared with 
placebo, was associated with 9% reduced rela-
tive risk of all-cause mortality. Subsequent pub-
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lications have reported subgroup analyses, 
cost- effective analyses and mechanistic hypoth-
eses [44–47]. Of particular importance, the risk 
of death due to bleeding, a secondary outcome, 
was temporally related—the earlier TXA was 
given, the more effective it appeared to be, with 
32% reduction, compared to placebo, in relative 
risk of death due to bleeding if given within an 
hour of injury and 21% if administered 1–3  h 
after injury and, surprisingly, a 44% increased 
risk of death if given >3  h after injury [42]. 
Subsequent pooled analysis of CRASH-2 and 
WOMAN trial data confirmed the important 
effect of drug dose timing on haemorrhagic 
death, where survival benefit decreases by 10% 
for every 15 min of treatment delay, until all ben-
efit is lost at 3 h.

The findings of CRASH-2 were widely pro-
mulgated with a clear message that all trauma 
patients who were at risk of bleeding should be 
given TXA within 3  h of injury. In the United 
Kingdom, TXA became the first drug to be fast- 
tracked for use in the National Health Service 
under the Government’s “medicines innovation 
scheme”, and case-based payments in the new 
trauma system were tied to TXA administration. 
Some European guidelines were quickly amended 
to recommend administration of TXA in trauma 
patients who are bleeding or at risk of haemor-
rhage as early as possible [48]. Many institutions 
throughout the world incorporated TXA into 
their massive transfusion protocols for bleeding 
trauma patients. The implications for prehospital 
administration have been widely canvassed [49], 
and many physician-led prehospital ambulance 
services have begun to administer it in the field 
[50], including helicopter emergency medical 
services [51], and are now tested in these settings 
in RCTs [52, 53]. A recently completed prospec-
tive, observational study comparing 70 trauma 
patients receiving 1  g TXA on-scene with a 
matched control group of 38 patients not receiv-
ing TXA demonstrated clot stabilization in visco-
elastic testing and a reduction in fibrin degradation 
products with the anti-fibrinolytic [54].

Wafaisade et  al. also described an early sur-
vival benefit with prehospital TXA (compared 
with matched patients not receiving TXA), which 
was largest in patients having severe injury. The 

authors did not detect any difference with respect 
to thromboembolism [55].

A retrospective study found a reduction in the 
requirement for in-hospital blood transfusion and 
massive transfusion protocol in patients receiving 
prehospital TXA. Thromboembolic events were 
not significantly higher in the TXA group [56].

A prospective cohort study on severely 
injured trauma patients with hyperfibrinolysis 
on admission confirmed an early (6 h) survival 
benefit as well as safety with respect to throm-
boembolic complications of TXA, but did not 
describe improved long-term outcomes, such as 
24-h and 30-day mortality or 24-h RBC transfu-
sion need [57].

The recently published CRASH-3 trial further 
demonstrated that TXA reduces early (within 
24 h) mortality in patients with mild-to-moderate 
TBI but not in patients with severe head injury 
(TBI) without enhancing the risk for thromboem-
bolic complications, if administered within 3 h of 
head injury [58].

The Military Application of Tranexamic Acid 
in Trauma Emergency Resuscitation (MATTERs) 
study was a retrospective observational trial pub-
lished in 2012 [59]. Eight hundred ninety-six 
patients suffering from combat injury and receiv-
ing at least 1 unit of packed red blood cells have 
been included, of whom 293 were treated with 
TXA. Despite a significantly higher ISS (25.2 vs. 
22.5), the TXA group presented lower mortality 
rates than the non-TXA group (17.5% vs. 23.9%), 
with a more pronounced benefit in patients receiv-
ing massive transfusion (≥10 unit of packed red 
blood cells; 14.4% vs. 28.1%). In contrast to the 
CRASH-2 trial, however, this retrospective study 
identified a significantly increased rate of throm-
boembolic events in patients administered with 
TXA. However, the authors emphasize that higher 
injury severity of the TXA group has to be taken 
into consideration which might be associated with 
thrombotic complications independent of TXA 
administration [59]. Inconsistent dosing and the 
lack of standardized indication criteria for TXA 
treatment are other obvious limitations of the 
MATTERs trial [60].

A summary of clinical trials performed in 
recent years in order to explore the use of TXA in 
trauma patients is provided in Table 26.1.
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(continued)

Table 26.1 Clinical trials investigating the use TXA in trauma patients

Published trials Study design Mortality Blood products
Thromboembolic 
complications References

CRASH-2 International, 
prospective, 
randomized, 
double-blind, 
placebo-controlled 
multicentre trial 
investigating the 
effect of TXA in 
trauma patients who 
were bleeding or at 
risk to bleed

TXA 
administration 
was associated 
with a reduction 
in RR of all-cause 
mortality of 9% 
and with a RR 
reduction of death 
due to bleeding of 
21% if 
administered 
within 3 h after 
injury. However, 
later 
administration 
was associated 
with an increase 
in RR for death of 
44%

No difference in 
the need for blood 
products, RR 0.98 
(0.96–1.01), 
p = 0.21

No difference in 
vascular occlusive 
events, RR 0.84 
(0.68–1.02), 
p = 0.084

Shakur et al. [43]
Roberts et al. [42]

MATTERs Retrospective 
observational study 
investigating TXA 
administration vs. no 
TXA in patients with 
combat injuries who 
received at least one 
unit of packed red 
blood cells

TXA was 
associated with 
decreased 
mortality (17.4% 
vs. 23.9%) in 
patients receiving 
at least one unit 
of packed RBC, 
with a 
pronounced effect 
in individuals 
receiving massive 
transfusion 
(14.4% vs. 
28.1%)

Received by all 
study patients

Significant increase 
in pulmonary 
embolism (2.7% vs. 
0.3%, p = 0.001) 
and deep venous 
thrombosis (2.4% 
vs. 0.2%, p = 0.001)

Morrison et al. 
[59]

Valle et al. [35] Retrospective study 
comparing treatment 
with TXA vs. no 
TXA in a subset of 
the most severely 
injured ICU patients

In a population of 
most critically 
injured patients 
referring to ISS, 
TXA was 
detrimental, 
regardless of what 
time post-trauma 
it was 
administered and 
associated with 
increased 
mortality (27% 
vs. 17%)

No difference 
(96.7% vs. 96.7%)

– Valle et al. [35]

Cole et al. [73] Prospective 
single-centre cohort 
study investigating 
the use of TXA in 
severely injured 
patients with or 
without shock

TXA was 
independently 
associated with a 
decrease in MOF 
(OR, 0.27) and 
adjusted all-cause 
mortality (OR, 
0.16) in shocked 
patients

No difference No difference Cole et al. [73]
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Published trials Study design Mortality Blood products
Thromboembolic 
complications References

Harvin et al. [72] Retrospective 
single-centre study 
assessing the effect 
of TXA treatment in 
trauma patients with 
diagnosed 
hyperfibrinolysis

TXA 
administration 
was associated 
with increased 
unadjusted 
mortality (40% 
vs. 17%). After 
multivariate 
regression, it was 
found to be an 
independent risk 
factor for 24-h 
mortality, but not 
for in-hospital 
mortality

Significantly 
increased 
transfusion 
requirements in the 
TXA group

No difference in 
thromboembolic 
events (6.3% vs. 
4.4%, p = 0.389)

Harvin et al. [72]

Wafaisade et al. [55] Propensity 
score-based matching 
of primarily admitted 
trauma patients who 
were treated with 
TXA during the 
prehospital phase 
with patients who 
had not received 
prehospital TXA

Early survival 
benefit with 
prehospital TXA, 
which was largest 
in patients with 
severe injury load

No difference in 
transfusion 
requirements 
(massive 
transfusion, 5.0% 
vs. 5.8%, p = 0.85)

No difference with 
respect to 
thromboembolism
(5.6% vs. 8.3%, 
p = 0.58)

Wafaisade et al. 
[55]

Moore et al. [67] Prospective 
single-centre cohort 
study

In patients with 
physiological 
fibrinolysis, TXA 
predicts mortality 
after adjustment 
for the Injury 
Severity Score

Patients requiring 
massive 
transfusion and 
given TXA 
received more red 
blood cells 
(p = 0.036), 
plasma (p = 0.003) 
and cryoprecipitate 
(p = 0.026) within 
24 h of injury

– Moore et al. [67]

Stein et al. [54] Prospective, 
multicentre, 
observational study 
assessing the 
coagulation status in 
70 trauma patients 
receiving TXA (1 g 
intravenously) 
on-scene versus a 
control group of 38 
patients previously 
published without 
TXA

– Prehospital TXA 
results in clot 
stabilization in 
viscoelastic testing 
and a reduction in 
fibrin degradation 
products

– Stein et al. [54]

Table 26.1 (continued)
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Published trials Study design Mortality Blood products
Thromboembolic 
complications References

Khan et al. [57] Prospective cohort 
study on patients 
with admission 
hyperfibrinolysis (on 
viscoelastic test), 
treated with or 
without TXA, 
propensity score 
matched in 1:2 ratio 
for demographics, 
admission vitals and 
injury severity

Patients with 
hyperfibrinolysis 
on admission 
treated with TXA 
had an early (6 h) 
survival benefit
No improvement 
in 24-h and 
30-day mortality

Transfusion in 
24-hunits, median 
[IQR]
RBC 12 [7–22] vs. 
15 [10–33], 
p = 0.11
Plasma 10 [3–16] 
vs. 15 [7–22], 
p = 0.03
Platelets 10 [6–18] 
vs. 13 [7–19], 
p = 0.13
No improvement 
in 24-h RBC 
transfusion need

No increase in the 
risk of 
thromboembolic 
complications
DVT 3.2% vs. 
6.5%, p = 0.59
PE (asymptomatic)
3.2% vs. 0%, 
p = 0.55
PE (symptomatic)
3.2% vs. 3.2%, 
p = 1.00
Stroke
3.2% vs. 3.2%, 
p = 1.00

Khan et al. [57]

El-Menyar et al.
 [56]

Retrospective study 
comparing matched 
adult trauma patients 
receiving or not 
receiving prehospital 
TXA

No significant 
difference in 
mortality

Reduction in the 
requirement for 
in-hospital blood 
transfusion and 
massive 
transfusion 
protocol

Thromboembolic 
events were not 
significantly 
different

El-Menyar et al. 
[56]

Myers et al. [74] Retrospective 
single-centre study 
evaluating the effects 
of TXA on venous 
thromboembolism in 
propensity 
score- matched 
patients, adjusted for 
prespecified 
confounders

No significant 
survival benefit

TXA group had 
significantly higher 
transfusion 
requirements

Threefold increase 
in the risk of venous 
thromboembolism

Myers et al. [74]

CRASH-3 International, 
prospective, 
randomized, 
double-blind, 
placebo-controlled 
multicentre trial 
investigating the 
effect of TXA 
administration within 
3 h (until 2016 8 h) 
after TBI

Among TBI 
patients treated 
within 3 h of 
injury, the risk of 
head injury-
related death was 
reduced with 
TXA compared 
with placebo 
(12.5% vs. 14.0% 
in the prespecified 
sensitivity 
analysis that 
excluded patients 
with a GCS score 
of 3 or bilateral 
unreactive pupils 
at baseline)
Mortality was 
reduced in 
mild-to-moderate, 
but not severe, 
head injury

– The risk of vascular 
occlusive events 
was similar in the 
TXA and placebo 
groups (RR 0.98 
(0.74-1.28))

CRASH-3 Coll. 
[58]

TXA tranexamic acid, RR relative risk, OR odds ratio, IQR interquartile range, ISS Injury Severity Score, MOF multiple 
organ failure, GCS Glasgow Coma Scale

Table 26.1 (continued)
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 Unresolved Issues in the Use 
of Tranexamic Acid After Trauma

Editorials questioned whether CRASH-2 pro-
vided sufficient evidence for widespread adop-
tion in civilian and military settings [61]. The 
question whether the addition of TXA to the 
complex management regime currently practised 
in advanced trauma systems is effective and effi-
cient is still being tested in ongoing trials. 
However, the results from two additional ran-
domized placebo-controlled clinical trials (e.g. 
the WOMAN trial and CRASH-3) have provided 
further evidence to support the early use of TXA 
for acute bleeding.

The interactions of TXA with age-related 
comorbidities and pharmacotherapy are not well 
understood and certainly require further investi-
gation [61]. Furthermore, the ideal dosage regi-
men and possible interactions with other drugs, 
such as fibrinogen concentrates, prothrombin 
complex concentrates and recombinant activated 
factor VIIa, are still unknown and will hopefully 
be revealed by ongoing prospective trials [62]. 
Severe conditions like multitrauma and shock 
can lead to impaired renal function within 1 h, as 
demonstrated in animal experiments [63], which 
certainly has to be considered regarding dose 
adjustment in order to avoid toxic accumulation 
of TXA [62]. A recently performed pilot trial 
compared two different dosing schemes and pla-
cebo in patients undergoing cardiac surgery with 
cardiopulmonary bypass [64]. There was no dif-
ference in fibrinolysis (defined by the authors as 
lysis 30 min after maximum amplitude of the clot 
(LY30) of ≥7.5% assessed with TEG), and out-
come has been described between the two TXA 
groups and placebo despite the distinct difference 
of a 30  mg/kg bolus followed by 16  mg/kg/h 
infusion in the high-dose group and a 5  mg/kg 
bolus followed by 5  mg/kg/h in the low-dose 
group. A significant increase in D-dimer levels, 
however, was detected in the placebo group in 
comparison with both TXA groups. The authors 
stated that a higher number of cases will be nec-
essary to clearly identify differences in fibrinoly-
sis and outcome. In order to determine the 
optimal dose of TXA in trauma patients, clinical 

trials also testing different dosing regimen are 
underway [53].

Another question that still needs to be clarified 
is why early TXA administration shows a benefi-
cial effect, but late administration was associated 
with a detrimental effect due to bleeding in the 
CRASH-2 trial. It has been speculated that the 
differential effects of TXA in relation to time 
after trauma observed might be due to PAI-1- 
mediated suppression of fibrinolysis and the con-
version of the early coagulopathy into a 
disseminated intravascular coagulopathy with 
thrombotic phenotype (i.e. disseminated intra-
vascular coagulation can manifest as bleeding) 
[46, 65]. This notion is supported by a recent 
study indicating that 60% of a severely injured 
patient population actually present with fibrino-
lysis shutdown as determined with TEG [19]. 
The authors hypothesized that fibrinolysis shut-
down might be the “missing link” in post-injury 
venous thromboembolic complications. They 
furthermore stated that haemorrhagic shock 
might be the promoting factor for hyperfibrinoly-
sis, whereas tissue injury and subsequent PAI-1 
release could be the cause for fibrinolysis shut-
down, and suggested that TXA should be admin-
istered according to viscoelastic test guidance 
[66]. The same authors suggested, in a later pro-
spective cohort study enrolling 232 severely 
injured trauma patients admitted to their trauma 
centre, that in patients with physiological fibrino-
lysis, TXA predicts mortality after adjustment for 
the Injury Severity Score [67].

Interestingly this observation is further sup-
ported by a retrospective observational single- 
centre study, conducted by Valle et al., exploring 
the effects of TXA administration to patients 
with severe trauma [35]. Patients included were 
subjected to emergency surgery at arrival at the 
hospital, and TXA-treated patients were com-
pared to patients not administered TXA by near-
est neighbour matching assessed with propensity 
scores involving sex, age, mechanism of injury, 
TBI, transfusion requirements, systolic blood 
pressure and Injury Severity Score (ISS). Those 
in the TXA group received 1 g of TXA as a bolus 
followed by an infusion of another gram over 8 h. 
Surprisingly, regardless of the administration 
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time after injury, TXA was found to be associated 
with increased mortality and increased require-
ments for total fluid, packed red blood cells and 
fresh frozen plasma, compared with patients not 
administered with TXA.  The authors therefore 
supported the use of TEG in order to identify 
those trauma patients who suffer from hyperfibri-
nolysis and would hence most likely benefit from 
an anti-fibrinolytic therapy. Using this technique, 
LY30 of more than 3% has been determined to 
represent relevant hyperfibrinolysis and to pre-
dict the need for anti-fibrinolytic therapy [68, 
69]. However, some disagree with the necessity 
for viscoelastic clot assays in this regard [70]. 
Referring to the CRASH-2 trial where TEG has 
not been used [43], they argue that the time 
required to conduct those assays would result in 
an unnecessary delay for patients in receiving 
TXA, given that earlier use was also shown to be 
more beneficial [70]. Nevertheless, it has to be 
mentioned in this regard that TXA did not signifi-
cantly reduce the necessity of blood products in 
the CRASH-2 trial [43]. This could possibly be 
explained by a presumably large proportion of 
patients without relevant fibrinolytic activity. 
Indeed, subgroup analysis showed that the bene-
ficial effect of TXA was most prominent in the 
group with severe shock, as defined by a systolic 
blood pressure <75  mmHg with respect to all- 
cause 28-day mortality [42, 71]. Like Valle et al., 
a study by Harvin et al. also did not find a sur-
vival benefit of TXA treatment after trauma [72]. 
In this retrospective single-centre study, TEG 
was performed on 1032 trauma patients with 
hyperfibrinolysis (LY30  >  3%). Of those, 10% 
received TXA (1 g as bolus followed by another 
gram over 8 h) and 90% did not. Significant base-
line differences between TXA and non-TXA 
groups were also described, whereby individuals 
of the treatment group were older (37 vs. 32 years 
median age), were more severely injured (ISS 29 
vs. 14), had lower systolic blood pressure 
(103 mmHg vs. 125 mmHg) and presented higher 
base excess (5 mmol/L vs 2 mmol/L) indicating 
shock. The unadjusted mortality was signifi-
cantly higher in the TXA group (40% vs. 17%). 
The authors acknowledged the obvious selection 
bias resulting from the study design, and after 

multivariate regression adjusting for sex, age as 
well injury severity, they found that TXA was not 
an independent predictor of in-hospital mortality 
but rather of 24-h mortality. Yet, no differences 
between the two groups were observed with 
respect to thromboembolic complications. 
However, the authors themselves indicated that 
this was not a definitive study and further studies 
will be required to substantiate these findings.

A recent study by Cole et al. compared TXA 
with no TXA in severely injured patients 
(ISS > 15) with or without shock admitted to the 
ICU [73]. Shock was defined by a base deficit of 
≥6 mEq/L. Patients in the TXA group received 
1 g as loading dose within 3 h after injury, fol-
lowed by 1 g over 8 h. In this prospective cohort 
study, the authors identified TXA treatment to be 
beneficial with respect to mortality and multiple 
organ failure outcome in patients with shock. 
However, no significant benefit was observed in 
the cohort without shock, yet, also no increased 
risk of thromboembolic events has been reported.

Another retrospective study described an 
(threefold) increase in the risk of VTE and sug-
gests a personalized treatment strategy [74].

Further data strengthening the efficacy and 
safety of TXA as presented for severe trauma in 
CRASH-2 and more recently from CRASH-3, 
however, comes from the WOMAN trial, which 
has demonstrated a mild yet significant reduction 
in death due to bleeding in post-partum haemor-
rhage patients treated with TXA [41].

In order to explain the contradictory effects of 
TXA treatment with respect to time of adminis-
tration after injury, it also remains a possibility 
that TXA treatment may have a counterintuitive 
effect at promoting bleeding by promoting fibri-
nolysis. This unexpected consideration is based 
on the fact that u-PA-mediated plasminogen acti-
vation is actually promoted by TXA [75]. While 
TXA does indeed inhibit fibrinolysis initiated by 
t-PA or u-PA on the fibrin surface, a different sce-
nario occurs in solution. This is because the bind-
ing of TXA to kringle domains in plasminogen in 
the solution phase conformationally alters plas-
minogen in a manner that renders it more open to 
u-PA-mediated activation; hence, TXA can there-
fore promote plasmin formation when u-PA is 
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present. A similar observation was made by 
Urano et al. in 1988 where EACA was shown to 
promote the activation of t-PA in the solution 
phase [76].

A recent publication investigating the role of 
the fibrinolytic system in a mouse model of TBI 
revealed that both t-PA and u-PA levels were 
increased in the cerebrospinal fluid (CSF) after 
TBI (Fig.  26.2), but there were marked differ-
ences in the temporal profile of each protease: 
t-PA levels increased rapidly (within 3  h) and 
returned to baseline by ~8  h [47]. In contrast, 
u-PA levels increased later peaking at ~8  h. 
Moreover, administration of TXA immediately 
after TBI resulted in reduced haemorrhage in this 
mouse model, consistent with its blocking effect 
against t-PA-mediated fibrinolysis. In stark con-
trast, administration of TXA 8 h post-TBI, where 
u-PA levels were maximal, resulted in an increase 
in haemorrhage, reminiscent of the CRASH-2 
trial. This finding, albeit in mice, is consistent 
with the notion that the increase in deaths due to 
bleeding in severe trauma patients administered 
with TXA after 3  h from injury as seen in the 
CRASH-2 trial may be due to acceleration of 
u-PA-mediated plasminogen activation, the very 
process that TXA was thought to stop [77]. 
Continuous plasmin generation may subsequently 
lead to a2-antiplasmin consumption further 
enhancing the fibrinolytic potential of plasmin 

formed by u-PA [78]. Hence, an interesting ques-
tion now would be to determine the time course of 
u-PA activity in cerebrospinal fluid and in plasma 
of patients following severe trauma. If an increase 
in u-PA can be detected in patients with severe 
trauma, future anti-fibrinolytic approaches should 
be used that target both t-PA- and u-PA-mediated 
plasmin formation. Indeed, this also raises the 
prospect of whether aprotinin could be reconsid-
ered in the trauma setting given that it directly 
blocks plasmin activity, regardless of the activa-
tion of plasminogen by either t-PA or u-PA.

In summary, randomized prospective trials 
have found TXA to be efficacious for decreasing 
haemorrhagic deaths when given within 3  h of 
onset of bleeding in three separate bleeding situ-
ations, including trauma, post-partum 
 haemorrhage and traumatic brain injury. In each 
case, there is a lack of evidence for increased 
adverse events, including thrombotic complica-
tions, making TXA the only safe drug currently 
available for use in a wide range of bleeding situ-
ations. Smaller and mostly retrospective studies 
have attempted to clarify particular clinical set-
tings where TXA may not be useful or may even 
be harmful. Clearly, after 3  h of injury, TXA 
should be considered on a case-by-case basis and 
is likely best given in a goal-directed fashion 
based upon direct evidence of ongoing 
hyperfibrinolysis.

Fig. 26.2 TXA inhibits 
t-PA-mediated, but 
enhances u-PA- 
mediated, plasmin 
formation. CSF levels of 
t-PA peak ~3 h, while 
those of u-PA ~8 h 
post-TBI, as shown in 
mice [47]. (TBI 
traumatic brain injury, 
ICH intracranial 
haemorrhage)
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 What Other Effects Do Anti- 
fibrinolytic Drugs Have?

Given the broad implication of the fibrinolytic 
system in various physiological and pathophysi-
ological processes, notably in the CNS, it might 
be worthwhile to ask what else could be affected 
by TXA administration. For example, inhibition 
of the blood-brain barrier permeability associated 
with plasminogen activation [79] might further 
contribute to the preventive effects of bleeding, 
particularly in TBI [5]. The plasminogen activat-
ing system is also involved in wound healing 
[80], which could potentially become impaired 
by TXA.  The wound-healing capacity after 
trauma is obviously important; however, with 
dosing regimens suggested so far, pointing to a 
short-term use rather than a prolonged use of this 
drug, the effect on wound healing might not be a 
major concern.

The effects of TXA on the inflammatory 
response have already been elucidated in car-
diac surgery [81]. This phenomenon is also 
being addressed in the setting of trauma by 
some of the currently running clinical trials [53, 
82]. As the need for red blood cell transfusion 
was not significantly different between TXA 
and placebo group in the CRASH-2 trial, it has 
been speculated that the anti-inflammatory 
effects of TXA might be involved in the favour-
able outcome [71].

Furthermore, a benefit of TXA via activating 
the cellular immune response and reducing infec-
tion rates in (non-diabetic) patients undergoing 
cardiac surgery has been described [83]. This 
enhanced immune activation on the other hand 
appears not to be associated with an increased 
risk of self-reactivity as a precursor for autoim-
mune disease in a murine model of TBI [84]. 
Interestingly, with reference to the previously 
mentioned TXA paradox, it could be demon-
strated ex vivo that the effects of TXA on inflam-
mation may also be dependent on the predominant 
plasminogen activator, whereby complement 
C5a generation was significantly reduced by 
TXA in t-PA-mediated fibrinolysis yet enhanced 
in u-PA stimulated plasmin formation [85].

Interestingly, TXA not only inhibits the gen-
eration of plasmin and its ability to bind to fibrin 
but also blocks binding of α2-antiplasmin to plas-
min [6]. In animal models, it was shown to 
increase thrombus formation and thrombus 
weight in a dose-dependent manner [86]. Reports 
on indications other than trauma have described a 
significant increase in thromboembolic compli-
cations in TXA treatment of subarachnoid haem-
orrhage [87], as well as a non-significant trend in 
surgery after hip fracture [88].

 Controversy and Discussion

Without a doubt, the findings of CRASH-2 and 
now the CRASH-3 trials are compelling. 
However, concerns about the applicability of 
those results for different subgroups of trauma 
patients have been raised by several authors [49, 
68, 71]. It has been suggested that a prospective 
randomized study performed in a controlled envi-
ronment with laboratory monitoring of coagula-
tion and standardized transfusion protocols 
before TXA become standard care in trauma 
[61].

Moreover, some recommend the proof of 
existing hyperfibrinolysis before the application 
of TXA [68, 71]. Yet, the authors of the CRASH-2 
study highlight that TXA might also be of benefit 
in trauma patients with fibrinolytic activity con-
sidered normal [20, 46] and hence, it would be 
necessary to identify those patients who are at 
risk of bleeding rather than to search for hyperfi-
brinolysis [46]. Furthermore, it has been sug-
gested that TXA should be used only in severe 
haemorrhagic shock, when blood pressure levels 
drop below 75 mmHg [71]. The CRASH-2 inves-
tigators, however, argue that early administration 
was shown to be most efficient and therefore 
waiting for such a severe condition would be an 
unnecessary delay [46]. Furthermore, recent 
guidelines in the United Kingdom have advised 
against thromboelastography as a reason to with-
hold anti-fibrinolytic treatment [89].

There was also a suggestion to use TXA only 
in adults [71]. Children were not included in 
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CRASH-2, as it is logistically difficult and the 
fixed dose was preferable to the body weight- 
adjusted dose necessary for children [46]. 
However, referring to the ability of TXA to 
reduce bleeding complications in paediatric sur-
gery, it has been suggested to apply the CRASH-2 
study results also in paediatric trauma. An adult 
TXA dose could thereafter be used in children 
over 12  years of age, and weight adjustment 
should be done for younger children [46].

The CRASH-2 authors argued that gen-
eralization of results is widely possible, as 
differences in patient characteristics do not 
interfere with the pharmacological mechanism 
of the drug [46]. Other authors have questioned 
whether concomitant aggressive haemostatic 
resuscitation in modern trauma systems where 
preventable mortality is low and incidence 
of trauma-associated VTE is high might alter 
the relationship between risk and benefit [49]. 
Studies in advanced trauma systems have, as 
yet, not demonstrated the same clear benefit of 
CRASH-2 [35, 72].

 Ongoing Trials Addressing 
Unresolved Issues

Several studies are currently performed or in the 
process of planning, aiming to address the open 
questions. For summary of these trials, please see 
Table  26.2. The Resuscitation Outcomes 
Consortium (ROC) is a clinical trial network pro-
viding infrastructure and support for research on 
cardiorespiratory arrest and severe traumatic 
injury [90]. After CRASH-2 had been published, 
the ROC committee also suggested a random-
ized, double-blind, placebo-controlled trial to 
further elucidate the effect of TXA on TBI. This 
will evaluate the neurological outcome after 
6  months and the 28-day mortality as well as 
other recovery-related information such as 
hospital- free, intensive care unit-free and 
ventilator- free days, etc. Additionally, thrombo-
embolic events and seizures will be assessed in 
both the TXA and the placebo group.

The “Pre-hospital Anti-fibrinolytics for 
Traumatic Coagulopathy” (PATCH) trial, another 

Table 26.2 Clinical trials planned or currently conducted to address the open questions regarding the use of TXA in 
trauma patients

Ongoing/
prospective trials Study design Open questions addressed References
ROC Prospective, randomized, double- 

blind, placebo-controlled trial 
exploring the effect of TXA on TBI

Is TXA administration beneficial 
for TBI patients?

ROC report [90]

PATCH Prospective, randomized, double- 
blind, placebo-controlled 
multicentre trial investigating the 
early, mainly prehospital use of 
TXA in severely injured patients, 
likely to suffer from ATC

Is there a significant net benefit of 
TXA treatment for patients in 
countries with advanced trauma 
care?
How does TXA influence 
parameters of ATC?

Mitra et al. [52]

STAAMP Prospective, randomized, double- 
blind, placebo-controlled 
multicentre trial exploring the 
effects of TXA administered during 
air medical transport in trauma 
patients at risk of bleeding

What is the best dose regimen for 
the use of TXA in trauma patients?
How does TXA administration 
affect parameters of coagulation and 
inflammation?

Brown et al. 
[53]

TXA tranexamic acid, RR relative risk, TBI traumatic brain injury, ATC acute traumatic coagulopathy

D. F. Draxler et al.
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randomized, prospective multicentre study, is cur-
rently being conducted to further explore unre-
solved questions, such as the relation of TXA 
benefit to parameters of ATC [52, 61]. Severely 
injured patients, likely to have ATC, will be 
included, and the effectiveness of early TXA 
administration (prehospital) will be  evaluated in 
developed trauma systems to improve 6-month 
outcomes and assess adverse effects when used 
with current management regimes [52].

The “Study of Tranexamic Acid During Air 
Medical Prehospital Transport” (STAAMP) trial, 
a randomized, placebo-controlled, double-blind 
multicentre trial, is underway [53]. Patients will 
be included if they are between 18 and 90 years 
old and within 2 h after injury and present with a 
systolic blood pressure <90  mmHg and a heart 
rate >110  bpm. TXA or placebo will adminis-
tered as a bolus of 1 g followed by an infusion of 
another gram over 8 h. The study is aiming to fur-
ther investigate the effect of TXA administration 
during air medical transport in patients at risk of 
bleeding after trauma. Different dose regimens 
will be tested pre- and in-hospital, and 30-day 
mortality will be evaluated. This study will also 
assess the effects of TXA on coagulation and 
inflammation post-injury.

Moreover, the “Tranexamic Acid Mechanisms 
and Pharmacokinetics in Traumatic Injury” 
(TAMPITI) trial, another RCT, will assess the 
effects of TXA on immune parameters and drug 
levels at various time points between 0 h and 72 h 
post-injury, as well as the incidence of thromboem-
bolic events, seizures and all adverse events in three 
different treatment arms, including two doses of 
TXA (TXA 2 g, TXA 4 g and placebo) [82].

 Concluding Remarks

The plasminogen-activation system is broadly 
involved in physiological and pathophysiological 
processes in the human organism. With respect to 
trauma, its inhibition could possibly be beneficial 
not only due to the prevention of haemorrhage 
but also due to inhibition of blood-brain barrier 
disruption and subsequent brain oedema as well 
as its inflammatory properties [5], but this 
remains to be formally evaluated. TXA is likely 

to be beneficial, but others have argued for more 
trials to confirm a net benefit in advanced trauma 
care systems [49, 72] and to identify which 
trauma patients should or should be considered 
for anti-fibrinolytic therapy [91]. The negative 
effects of TXA later than 3 h after injury observed 
in the CRASH-2 trial [42] limit the therapeutic 
window. This may be explained by a rise in u-PA 
levels at later time points post-TBI (referring to 
an animal model of TBI and evaluated in CSF), 
as u-PA-mediated plasmin generation is enhanced 
by TXA [47, 77] (Fig. 26.2).

Nonetheless, despite the controversies in the 
clinical literature and the growing appreciation of 
the broader effect of the fibrinolytic system in 
physiology, the use of anti-fibrinolytic agents in 
the setting of trauma has advanced substantially 
in the past 5 years. While the CRASH-2 trial ini-
tially set the stage for the use of TXA, the out-
come of the latest series of trials evaluating TXA 
in trauma is eagerly awaited.
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Abbreviations

ABC score Assessment of Blood 
Consumption score

ACS TQIP American College of Surgeons 
Trauma Quality Improvement 
Program

ARDS Acute respiratory distress 
syndrome

DCR Damage control resuscitation
FWB Fresh whole blood
LR Ringer’s lactate
LTOWB Cold stored low titer group O 

whole blood
MODS Multiorgan system failure
PAMPer Prehospital Air Medical Plasma 

trial
PROMMTT The Prospective, Observational, 

Multicenter, Major Trauma 
Transfusion Study

PROPPR Pragmatic, Randomized Optimal 
Platelet and Plasma Ratios Trial

RBCs Red blood cells
SBP Systolic blood pressure

THOR Trauma Hemostasis and 
Oxygenation Research Network

TRALI Transfusion-related acute lung 
injury

UOP Urine output
WFWB Warm fresh whole blood
WWI World War I

 The Birth of Transfusion

William Harvey first described the circulation of 
blood in 1628 as “the beat of the heart and arter-
ies, the transfer of blood from veins to arteries, 
and its distribution to the body.” Through experi-
mentation with animal vein ligation, he noted 
“two kinds of death, failure from a lack [of blood 
flow] and suffocation from excess” [1]. This led 
to a few scattered reports of experiments involv-
ing blood transfusion in subsequent years, includ-
ing those of Richard Lower, who performed 
experiments on dogs with exsanguinating hemor-
rhage at Oxford, England, in 1666 [2]. However, 
it would be another two centuries before the 
understanding of circulation would result in the 
first recorded human blood transfusion and with 
it the potential to save people from exsanguinat-
ing hemorrhage.

In 1817, during a time when bloodletting to 
cure disease was rampant, John Henry Leacock 
questioned, “what is there repugnant to the idea 
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of trying to cure diseases arising from an oppo-
site cause [as exsanguinating hemorrhage] by an 
opposite remedy, to wit by transfusion?” [3, 4]. A 
year later, the hope of survival in severe hemor-
rhage was introduced by the British obstetrician 
James Blundell. After experimenting with blood 
transfusion in dogs, he performed a series of 
human blood transfusions for women who bled 
during childbirth, with a 50% success rate [5, 6]. 
Over the next half century, reports of transfusion 
are scarce, with only a handful appearing in the 
literature. These include transfusions by Samuel 
Choppin at Charity Hospital in 1854, Daniel 
Brainard in Chicago in 1860, and US Civil War 
doctors who transfused at least four Union sol-
diers [3]. Blood transfusion as the treatment for 
exsanguinating hemorrhage remained rare due to 
limited donors, no ability to store blood, and a 
lack of an effective method of transfusion. As a 
result, saline intravenous fluids became the stan-
dard of care in severe hemorrhage [7].

There was a resurgence of interest in blood 
transfusions in the 1870s and 1880s with the 
development of multiple transfusion instruments; 
however, it was not until the discovery of blood 
groups by Karl Landsteiner and Reuben 
Ottenberg early in the twentieth century that 
reduced transfusion reactions and decreased mor-
bidity and mortality became possible [3, 6, 8, 9]. 
In 1915, Richard Lewinsohn discovered that 
sodium citrate with dextrose was a safe preserva-
tive, thus enabling blood storage [2, 6].

 The Era of the World Wars

The outbreak of World War I (WWI) in 1914 led 
to a large cadre of severely injured combatants, 
and the shortcomings of crystalloid resuscitation 
for hemorrhagic shock became evident. It was 
demonstrated to result in only a transient response 
and was ultimately found to be detrimental. 
Instead, blood transfusions were discovered to be 
the “most effective means of dealing with cases 
of continued low blood pressure, whether due to 
hemorrhage or shock” [10]. The British 
Expeditionary Force, as well as some American 

Expeditionary Force hospitals, used whole blood 
transfusions for resuscitation, and it is estimated 
that several tens of thousands of transfusions 
were performed in 1918 alone, saving many lives 
[6, 8]. At the end of WWI, the Royal Army 
Medical Corps deemed that advances in blood 
transfusions were the “most important medical 
advance of the war” [11].

Following the Great War, the first civilian 
blood donor service was established in London 
by the British Red Cross in 1921, employing vol-
unteers to promptly donate fresh blood when 
contacted [2]. Subsequently, Bernard Fantus at 
Cook County Hospital in Chicago established the 
first blood bank in 1937, with whole blood col-
lected in bottles and stored in a refrigerator for up 
to 10 days [12]. The use of plasma began in 1936, 
when John Elliot devised a method to separate 
plasma from red blood cells (RBCs), hailing 
plasma as a blood substitute for hemorrhagic 
shock [13, 14]. In WWII, whole blood as well as 
plasma was used as the primary treatment of 
hemorrhagic shock [2]. In 1945, Henry Beecher 
published his recommendations for continued 
treatment of traumatic hemorrhage based on 
experience in WWII. He declared whole blood as 
the superior treatment and advocated administer-
ing plasma to “temporarily sustain blood pres-
sure at a level compatible with life for a limited 
time” to enable “more time to get whole blood 
into the patient.” He also cited a resuscitation 
goal of warm skin and “good color,” which often 
occurred at a systolic blood pressure around 
85  mmHg, noting increased blood loss from 
resuscitation to higher blood pressures [15].

Following WWII, the military-built national 
blood program in the United States collapsed. 
As the use of crystalloid resuscitation in trau-
matic shock increased, Beecher published an 
editorial to reiterate the lessons learned from the 
World Wars, stating, “for the sake of both civil 
and military medicine it will be well to review 
recent practices and their foundations. It will be 
tragic if the medical historians can look back on 
the WWII period and write of it as a time when 
so much was learned and so little remembered” 
[8, 16].
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 Component Therapy 
and an Abundance of Crystalloid

In 1951, Edwin Joseph Cohn invented a “blood 
cell separator” that employed centrifugal force to 
separate whole blood into layers of RBCs, 
plasma, and platelets. Promoting his work and 
coining the term component therapy, Cohn fur-
ther popularized the use of blood fractionation 
and the transfusion of blood product components 
in lieu of whole blood [2]. Component therapy 
was hailed as economical, because it allowed 
maximal use of a limited resource, enabling mul-
tiple patients to be treated with each unit of whole 
blood. In addition, the transmission of hepatitis 
through plasma was becoming increasingly evi-
dent [14, 17]. Component transfusion would 
soon largely replace whole blood transfusion, in 
spite of a lack of supporting clinical outcome 
data to support its use.

In the late 1950s and early 1960s, studies per-
formed in elective surgery patients noted extra-
cellular fluid loss and edema at sites of tissue 
injury in addition to acute blood loss [18, 19]. To 
further evaluate these fluid shifts in traumatic 
hemorrhagic shock, Tom Shires et al. performed 
a study in dogs, concluding that whole blood 
should remain the replacement for lost blood in 
hemorrhagic shock. However, the investigators 
also stated a “judicious amount” of adjunctive 
Ringer’s lactate (LR) could be of value to replace 
additional fluid losses [20]. This spawned a resur-
gence of crystalloid use in surgery and trauma 
patients in an attempt to replace these losses.

In response to the increased use of crystalloid 
in hemorrhagic shock, Francis Moore and Shires 
wrote an editorial asking for a return to “modera-
tion” in the use of crystalloid, stating “no con-
ceivable interpretation of these data would justify 
the use of such excessive balanced salt solution 
for early replacement in hemorrhage. Neither is 
the use of saline solutions meant to be a substi-
tute for whole blood. Whole blood is still the pri-
mary therapy for blood loss shock” [21]. In spite 
of these preeminent surgeons’ continued empha-
sis that acute blood loss should be replaced with 
whole blood, as well as a continued lack of clini-
cal data supporting the use of fractionated blood, 

in 1970, the American Medical Association pub-
lished their recommendation that whole blood no 
longer be routinely used, stating that patients in 
hemorrhagic shock should be transfused with 
RBCs supplemented by balanced salt solutions or 
plasma expanders, and this became the standard 
of care [22]. Practice thus shifted to primarily 
RBC transfusions and an increased use of crys-
talloid for hemorrhagic shock. Large-volume 
crystalloid resuscitation became increasingly 
common during the Vietnam War and subse-
quently spread to civilian trauma centers, despite 
a paucity of studies validating its safety and effi-
cacy in treating exsanguinating hemorrhage [23, 
24].

In 1976, C. James Carrico and Shires outlined 
a therapeutic plan for traumatic hemorrhage, 
including an infusion of 1–2 l of LR until whole 
blood was available for transfusion [25]. Similar 
to Moore and Shires editorial in 1967, their rec-
ommendations were also interpreted as an 
endorsement for crystalloid resuscitation in acute 
blood loss and further popularized large-volume 
crystalloid resuscitation in the treatment of hem-
orrhagic shock [23]. Defending the resuscitation 
strategy of RBCs and large volumes of crystal-
loid, Shackford et al. performed a study compar-
ing RBCs and crystalloid resuscitation to whole 
blood and crystalloid, finding RBCs and LR 
could be used (with an average of 6.5  units of 
RBCs) without producing coagulopathy [26]. 
However, others remained hesitant to adopt this 
strategy, noting those with severe trauma were 
often thrombocytopenic and coagulopathic. They 
expressed a concern that RBC and crystalloid 
resuscitation would result in a further dilutional 
coagulopathy and continued to propose those in 
hemorrhagic shock should be given whole blood 
[27].

In the late 1970s and 1980s, studies touting 
the benefit of “supratherapeutic resuscitation” 
appeared in the surgical literature. These papers 
proposed the benefit of maintaining normal val-
ues of systolic blood pressure (SBP), urine output 
(UOP), base deficit, hemoglobin, and cardiac 
index in an attempt to optimize tissue perfusion 
[28–33]. This exacerbated the trend toward large- 
volume crystalloid administration and further 
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away from the concepts expressed by Cannon 
and Beecher based on their experiences during 
the Great Wars [15, 34]. However, when suprath-
erapeutic resuscitation was studied decades later 
in a prospective and randomized setting, it was 
shown to be of no benefit and resulted in increased 
isotonic fluid infusion, diminished intestinal per-
fusion, as well as a greater frequency of abdomi-
nal compartment syndrome, multiple organ 
failure, and mortality [35–37].

As studies were recognizing the adverse 
effects of large-volume crystalloid infusion, a 
resurgence of interest in traumatic coagulopathy 
occurred. In 1982, the “bloody vicious cycle,” 
now known as the “lethal triad,” was coined, cit-
ing a frequent downward spiral in severe trauma 
involving coagulopathy, acidosis, and hypother-
mia (Fig. 27.1) [38]. While a large percentage of 

patients who arrived in the emergency depart-
ment after severe trauma were already coagulo-
pathic, portending a poor outcome [39–42], 
large-volume crystalloid exacerbated all aspects 
of this deadly triad [38]. Volumes of crystalloid 
greater than 1.5  l result in increased mortality 
[43]. Hypothermia, exacerbated by the adminis-
tration of unwarmed fluids, also reduces platelet 
function, coagulation factor activity, and fibrino-
gen synthesis [44–46]. Crystalloids high in chlo-
ride compound cause acidosis, and as a result, 
significantly more blood products are required to 
achieve hemodynamically normal parameters. 
Acidosis also affects platelet aggregation and sig-
nificantly impairs coagulation factor activity [46, 
47]. As surgeons recognized the lethality of the 
bloody vicious cycle, ways to prevent and treat it 
were investigated and adopted.

Fig. 27.1 The bloody vicious cycle. (Adapted from Kashuk et al. [38])
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 Damage Control Resuscitation

The next watershed event in the treatment of 
severe trauma was the concept of damage control 
resuscitation (DCR). Returning to the principles 
of hypotensive and hemostatic resuscitation pre-
viously advocated and performed in the eras of 
WWI and WWII, the focus changed to rapidly 
controlling hemorrhage, limiting crystalloid use, 
and infusing blood products to a safe, but lower 
than normal, blood pressure until operative con-
trol of bleeding is established. The protective 
effect of permissive hypotension prior to hemor-
rhage control was subsequently confirmed in a 
randomized controlled trial, which revealed con-
trol of bleeding prior to resuscitation to a normal 
blood pressure resulted in improved outcomes in 
penetrating and blunt trauma patients [48, 49]. As 
institutions adopted these strategies, studies 
investigating DCR protocols revealed a decrease 
in crystalloid and RBC use, less incidence of the 
“lethal triad,” and improved 24-hour and 30-day 
survival [50–52].

 The Change in Component Ratios: 
Reinitiation of Plasma and Platelet 
Resuscitation

In addition to a return to hypotensive resuscitation 
and prompt surgical control of bleeding, transfu-
sion protocols shifted to include early administra-
tion of platelets and plasma in addition to RBCs. 
This was sparked by studies performed in com-
puter-based simulations, as well as animal studies, 
that revealed higher ratios of plasma and platelets 
to RBCs were necessary to prevent and correct 
coagulopathy in traumatic hemorrhage [53–57]. 
Moreover, additional beneficial effects of plasma 
in hemorrhagic shock were being discovered, such 
as the promotion of vascular stability and restora-
tion of the endothelial glycocalyx, which decrease 
extracellular fluid loss in shock [58–60].

In 2004, US combat hospitals shifted to an ini-
tial massive transfusion ratio of 1:1:1 plasma, 
platelets, and RBCs. This spawned a retrospective 
review at a US Army combat hospital in Iraq, 
which revealed a mortality reduction as the 

plasma to RBC ratio increased, noting a greater 
than 50% reduction of mortality in those who 
received a 1:1.4 ratio of plasma to red blood cells 
compared to those who received 1:8. This mortal-
ity benefit was primarily due to decreasing early 
death from hemorrhage [61]. Subsequent retro-
spective and cohort trials were performed in both 
military and civilian trauma, confirming improved 
outcomes in those who received an increased ratio 
of plasma (Table  27.1) [40, 62–70] and platelet 
transfusions (Table 27.2) [23, 40, 62, 64, 71–73]. 
In addition, these studies demonstrated the impor-
tance of prompt, effective resuscitation, revealing 
uncontrolled hemorrhagic deaths to occur within 
6 hours of injury [52, 61, 64, 74–76].

Table 27.1 Plasma to red blood cell ratios

Plasma to packed red blood cell ratios

Reference Type

FFP/
RBC 
ratios

Mortality 
difference

Borgman 
et al.

Retrospective 1:1.4  
vs. 1:2.5  
vs. 1:8

p < 0.001a

Duchesne 
et al.

Retrospective 1:1 vs. 
1:4

p = 0.0001a

Gunter 
et al.

Case-control ≥ 2.3 vs. 
<2.3

p = 0.008b

Holcomb 
et al.

Retrospective ≥1:2  
vs. <1:2

p < 0.01b

Kashuk 
et al.

Retrospective 1:2 vs. 
1:4

p < 0.001a

Maegele 
et al.

Retrospective >1:1 vs. 
1:1 vs. 
<1:1

p < 0.0001c

p < 0.0001d

p < 0.001b

Scalea 
et al.

Cohort 1:1 vs. 
not 1:1

p = 0.34a

Snyder 
et al.

Retrospective ≥1:2  
vs. <1:2

CI 0.22–0.64a

With survival 
bias 
adjustment
CI 0.47–1.5a

Sperry 
et al.

Cohort <1:1.5 
vs. 
≥1:1.5

p = 0.012d

p = 0.2a

Zink et al. Retrospective ≥1:1 vs. 
1:2–1.4 
vs. <1:4

p < 0.001c

p < 0.04a

Adapted from Perkins et al. [62]
aIn-hospital mortality
b30-day mortality
c6-hour mortality
d24-hour mortality
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While it became established that increased 
plasma and platelet transfusions were associated 
with improved survival, the exact ratio for this 
effect on mortality remained unknown. Varying 
ratios of blood products were used in these studies, 
and they did not agree on whether increased 
administration of plasma and platelets resulted in 
an increased incidence of complications, such as 
transfusion-related acute lung injury (TRALI), 
acute respiratory distress syndrome (ARDS), and 
multiorgan system failure (MODS). Also, a limita-
tion of these retrospective studies was  highlighted 
by Snyder et al., who focused on the time it took to 
obtain and administer varying blood components. 
Plasma takes time to be prepared and platelets 
must be constantly agitated during storage; there-
fore, they are only available to those who survive 
long enough to receive them from the blood bank. 
Noting the potential flaw of survival bias inherent 
in retrospective analysis, this work indicated the 
likelihood of receiving a high ratio of plasma to 
RBCs increased with survival time [68].

As a result, the Prospective, Observational, 
Multicenter, Major Trauma Transfusion 
(PROMMTT) study was designed as a prospec-
tive, multicenter trial to further evaluate resusci-
tation ratios being used at high-volume trauma 
centers and monitor outcomes. As seen in the 
previous retrospective studies, hemorrhagic 

deaths occurred quickly, with 60% of hemor-
rhagic deaths occurring within the first 3 hours 
of admission. In spite of clinicians attempting to 
transfuse a constant ratio, neither plasma nor 
platelet ratios were consistent across the first 
24  hours, and timing of transfusions varied. 
Thirty minutes after admission, 67% had not 
received plasma and 99% had not received plate-
lets. Notably, 3  hours after admission, past the 
time most patients would have already died from 
hemorrhage, 10% had not received plasma and 
28% had not received platelets. However, the 
study did confirm a survival advantage at 
24  hours for higher plasma and platelet ratios 
early in resuscitation [77].

Subsequently, the Pragmatic, Randomized 
Optimal Platelet and Plasma Ratios (PROPPR) 
trial was designed to further evaluate the out-
comes of frequently used resuscitation ratios. 
While it did not show an improvement in overall 
24-hour survival for a balanced ratio of 1:1:1 
(plasma to platelets to packed red blood cells) in 
comparison with 1:1:2, it revealed a decreased 
mortality at 3  hours (the timeframe by which 
most die of hemorrhage) as well as increased 
hemostasis and decreased death due to hemor-
rhage at 24 hours (9.2% of death due to hemor-
rhage when given 1:1:1 versus 14.6% death due 
to hemorrhage when given 1:1:2). Providing 

Table 27.2 Platelet to red blood cell ratios

Platelet to packed red blood cell ratios
Reference Type Platelet/RBC ratio Mortality difference
Gunter et al. Case-control ≥1.5 vs. <1.5 p = 0.001a

Holcomb et al. Retrospective ≥1:2 vs. <1:2 p < 0.01a

Inaba et al. Retrospective ≥1:6 vs. 1:7–1:11 vs. 1:12–1:18 vs. < 1:18 p = 0.54 for ≥1:6 vs. 1:6–1:11b

p = 0.013 for ≥1:6 vs. 
1:12–1:18b

p > 0.001 for ≥1:6 vs. <1:18
Perkins et al. Retrospective ≥1:8 vs 1:9–1:16 vs. <1:16 p = 0.04 for ≥1:8 vs. 1:9–1:16a

p < 0.001 for ≥1:8 vs. <1:16a

Shaz et al. Cohort ≥1:20 vs. <1:20 p < 0.01c

p < 0.01a

Zink et al. Retrospective ≥1:1 vs. 1:1–1.4
vs. <1:4

p < 0.002d

p < 0.03b

Adapted from Perkins et al. [62]
a30-day mortality
bIn-hospital mortality
c24-hour mortality
d6-hour mortality
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some allay of concern for increased transfusion 
complications with increased plasma and platelet 
administration, this study found there is no dif-
ference in the development of ARDS, MODS, 
venous thromboembolism, or sepsis between the 
ratios [78]. Further reducing apprehension, recent 
data has indicated that the incidence of TRALI 
has decreased with current blood banking prac-
tices, and while it still occurs, the rate remains 
low despite an increase in the use of plasma and 
platelets in traumatic hemorrhagic shock (1 case 
of TRALI per 20,000  units of plasma) [79]. 
Providing further evidence of the value of a return 
to early platelet transfusion in hemorrhage, a sub-
sequent subanalysis of the PROPPR trial revealed 
those who received platelets were more likely to 
achieve hemostasis (94.9% vs. 73.4%) and had 
significantly decreased 24-hour (5.8% vs. 16.9%) 
and 30-day mortality (9.5% vs. 20.2%) [80]. As a 
result of these studies, balanced ratios to approxi-
mate whole blood were largely adopted as stan-
dard of care, and by 2015, more than 80% of 
American College of Surgeons Trauma Quality 
Improvement Program (ACS TQIP) trauma cen-
ters targeted a balanced ratio in their massive 
transfusion protocols [81–83].

 Massive Transfusion Protocol 
Initiation and Practice

Throughout the years, there have been a variety 
of predictors proposed to identify those in need 
of massive transfusion. There are risks associ-
ated with blood transfusion, including transfu-
sion reactions [84], pulmonary and renal 
dysfunction [85], and multiorgan failure [86]. 
Additionally, studies have revealed transfusion 
does not benefit those who are hemodynamically 
stable, even in the critically ill and trauma popu-
lation [87, 88]. In WWII, Beecher used vital 
signs and “cool skin” as indicators of a need for 
transfusion [15], and this method continued as 
studies repeatedly confirmed physical exam and 
radial pulse could reliably predict the need for 
intervention [89]. Since that time, there have 
been a variety of MTP prediction scores, includ-
ing the Field Triage Score [90], the Shock Index 

[91], and the Assessment of Blood Consumption 
score (ABC score) [92]. While these and other 
proposed algorithms remain important tools 
[93–96], there remains no universally accepted 
method for the initiation of massive transfusion, 
and most MTP activations are based on the pro-
vider’s experience and an “overall clinical 
gestalt” to facilitate quick decisions and prompt 
care [97] (see Chap. 15).

In order to facilitate prompt initiation of blood 
product resuscitation and decrease preventable 
death from hemorrhagic shock, massive transfu-
sion protocols and DCR techniques have been 
adopted to the prehospital arena. When employed, 
prehospital plasma and RBC transfusion in lieu 
of early crystalloid resuscitation has shown to 
prevent coagulopathy and improve early out-
comes through earlier initiation of lifesaving 
transfusion [98–100]. Sparking this important 
change in the care of severely injured trauma 
patients in the prehospital setting, Sperry and 
associates performed the Prehospital Air Medical 
Plasma (PAMPer) trial in 2018. While most 
major trauma centers had transitioned to DCR 
techniques and early balanced resuscitation, the 
prehospital care lagged behind, with continued 
crystalloid “standard-care” resuscitation (see 
Chap. 30). This landmark PAMPer trial exam-
ined the efficacy and safety of prehospital thawed 
plasma in those at risk for hemorrhagic shock 
(defined as at least one episode of SBP <90 mmHg 
and HR >108 bpm or SBP <70 mmHg), revealing 
a lower 30-day mortality (23.2% vs. 33%) and 
increased hemostasis when plasma was given 
prior to medical center arrival [99]. A secondary 
analysis of the study was later performed in 2019, 
revealing those given red blood cells and plasma 
to have an even larger mortality benefit and set-
ting the stage for a continued move toward pre-
hospital balanced resuscitation and whole blood 
transfusion [100].

 A Return to Whole Blood

As the benefits of transfusing balanced compo-
nent ratios became evident in recent years, there 
has been a push to return to whole blood transfu-
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sions for severe traumatic hemorrhage. As 
Beecher reported in 1945, “men who have lost 
whole blood need whole blood replacement” 
[15]. Since 2002, the US military has transfused 
thousands of units of fresh whole blood (FWB), 
and published data suggests use of FWB is supe-
rior to component therapy, even in a balanced 
ratio [23, 101–103]. Fresh whole blood resusci-
tation has shown improved survival compared to 
component therapy and is known to be a more 
concentrated, functional product [104]. When 
component products are recombined in a ratio of 
1:1:1 of plasma, platelets, and packed red blood 
cells, the resulting fluid has approximately a 
hematocrit of 29%, viable platelet concentration 
of 8.8 × 108 per liter (around half the platelets of 
whole blood), and plasma coagulation activity of 
65% (Fig.  27.2) [107]. “Thus, during massive 
transfusion with only blood components given in 
the optimal 1:1:1 ratio, the blood concentrations 
for each of the components lead to an anemic, 
thrombocytopenic and coagulopathic state near 
the transfusion triggers for each of the compo-
nents, and administration of any one component 
in excess only results in dilution of the other 
two” [4].

In addition, current techniques for the separa-
tion and storage of component blood products 
have been shown to be detrimental and do not pre-
vent a decrease in functionality over time. Plasma 
coagulation factor activity is known to signifi-
cantly decline during storage. Thawed plasma can 
only be stored in liquid form for a maximum of 
5 days, because the activity of “labile factors” V 
and VII is significantly impaired. Liquid plasma 
only exhibits approximately 35% of factor V 
activity and 10% of factor VII activity at a storage 
time of 26 days [108, 109]. Storage temperatures 
and included preservatives exacerbate hypother-
mia and acidosis. The longer the blood is banked 
(especially after 21 days), the worse the resultant 
acidosis, with a typical 21-day-old unit of RBCs 
having a pH of 6.3 [110]. In addition, a recent 
study has indicated current component separation 
and blood banking practices result in the release 
of cellular debris in plasma in significant enough 
quantity to elicit a consequential pro-inflamma-
tory response [111].

Whole blood resuscitation, as used in the 
Great World Wars, was historically the primary 
treatment for hemorrhagic shock. The develop-
ment of blood separation techniques and compo-
nent therapy was intended to improve blood 
availability and patient outcomes. However, these 
advancements, in conjunction with a misguided 
theory of a need to replace extracellular fluid 
losses, resulted in the overuse of crystalloid and 
RBC resuscitation, to the detriment of many 
patients for decades. In recent years, there has 
been a return to proven strategies of the past, 
employing permissive hypotension, prompt sur-
gical control of bleeding, and blood product 
resuscitation with component ratios approximat-
ing the composition of whole blood. Recent con-
flicts in Iraq and Afghanistan reignited an interest 
in whole blood transfusion, and in 2014, the US 
Tactical Combat Casualty Care Committee rec-
ommended whole blood should return as the 
treatment for hemorrhagic shock [102, 112]. 
Military medicine is subsequently transitioning 
away from blood product components with a 
return to warm fresh whole blood (WFWB) and 
cold stored low titer group O whole blood 
(LTOWB) [113–115].

In the United States, there remains a fraction-
ated, for-profit blood banking system that largely 
produces component blood products, and for 
40 years whole blood was generally unavailable 
for the civilian population. Most institutions have 
a massive transfusion protocol in place that 
employs a 1:1:1 or 1:1:2 ratio of component 
transfusion. However, the availability of LTOWB 
is increasing, and it is being used at more than 20 
institutions and prehospital settings across the 
country [102, 116, 117]. In 2011, the Trauma and 
Hemostasis Oxygenation Research (THOR) 
Network was established as an international com-
munity of experts in traumatic hemorrhage, pro-
moting continued investigation and improvement 
in the treatment of hemorrhagic shock. In recent 
years, there have been multiple advances in the 
field including improved storage methods such as 
cold platelets and the reinstitution of liquid and 
dried plasma, as well as protocol development for 
the implementation of whole blood transfusion in 
both prehospital and hospital environments 
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Fig. 27.2 Component ratios. (Adapted from D’Angelo and Dutton [105] and Hess and Holcomb [106])
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[118]. Does the future lie in the past [119, 120]? 
Future studies are needed to determine the effi-
cacy and safety of this pendulum swing, but 
while many questions remain unanswered, con-
tinued inquiry, innovation, and a hope for 
improved survival in traumatic hemorrhage 
remain.
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 Introduction

Trauma is the leading cause of death under age 40 
worldwide and the leading cause of life-years lost 
under the age of 65  in the United States [1, 2]. 
Uncontrolled hemorrhage is the leading cause of 
preventable death following trauma and the overall 
most common early cause of death, making it the 
obvious target to reduce mortality [3, 4]. 
Furthermore, the median time to death from bleed-
ing is <3 hours [5] emphasizing the necessity for 
prompt intervention for trauma-induced coagu-
lopathy (TIC). On the other hand, blood compo-
nents have potential adverse physiologic 
consequences and are expensive; therefore, com-
ponents should be administered only when needed.

The first use of blood to treat hemorrhagic 
shock (see “Introduction”) was during the Word 
War I, following the discovery of citrate antico-
agulation and ABO blood typing [6, 7]. Because 
of logistic challenges with whole blood, shock 

resuscitation was extended to include freeze- 
dried plasma and albumin in World War II [6]. 
The work by Shires et al. [8] indicated the need to 
supplement blood component therapy due to 
interstitial sodium translocation. Thus, resuscita-
tion in the Vietnam War employed liberal crystal-
loid in addition to blood transfusions to combat 
post-traumatic renal failure identified during the 
Korean War [9]. However, overzealous use of 
crystalloid led to the development of the acute 
respiratory distress syndrome during the Vietnam 
War [10]. After Vietnam, the use of component 
therapy gained favor in the civilian blood bank-
ing systems, with benefits of cost-effectiveness 
and reduced risk of transmission of infectious 
diseases [11–13]. Component therapy has the 
theoretical advantage of allowing transfusion of 
individualized components tailored to the clinical 
deficiencies, e.g., RBC given for anemia, plate-
lets for thrombocytopenia, plasma for factor defi-
ciency, and cryoprecipitate for inadequate 
fibrinogen. Additionally, pathologic clot break-
down or hyperfibrinolysis had specific targeted 
therapies, such as TXA [14].

As post-injury coagulopathy was recognized 
and studied, it was initially felt to arise from 
exogenous factors, notably the bloody vicious 
cycle of hypothermia, acidosis, and dilutional 
coagulopathy [15]. This led to the concept of 
damage control operations with reduced crystal-
loid use intended to prevent these physiological 
derangements and the development of post-injury 
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coagulopathy [16–18]. However, it was subse-
quently documented that severely injured patients 
present with an endogenous coagulopathy (TIC), 
related to the severity of trauma and depth of 
shock and ultimately linked to mortality [19, 20]. 
This is compounded by local clot formation at the 
sites of injury with factor consumption [21]. The 
recognition of the varied phases of coagulopathy 
arising after injury led to the concept of “damage 
control resuscitation,” where preemptive admin-
istration of RBC, FFP, and platelets (see Chap. 
28) seeks to avert the bleeding tendency and 
physiologic collapse in this population [21].

 Definition of Massive Transfusion

Clinical endpoints are essential to develop diag-
nostic tools for the management of 
TIC. Considering the fact that the goal is to pre-
vent death from bleeding, massive transfusion is 
a rational endpoint. The term massive transfusion 
was initially defined as patients who received ten 
units (U) of RBC because it represented twice the 
normal blood volume [22]. Subsequently, this 
volume within the first 24  hours of admission 
was proposed, because earlier time intervals were 
not available from trauma registries [23]. This 
definition has been criticized for its survival bias, 
missing patients who die of bleeding before 
reaching the threshold of ten units, and under-
states the importance of the intensity of hemor-
rhage [24]. Our group originally suggested a 
threshold of ten units of RBC within 6 hours of 
arrival because >85% of patients who succumb to 
bleeding occur within this time frame, while 
Savage has posited a critical administration 
threshold of three units of RBC per hour in any 
hour, and a myriad of other definitions exist [21, 
25]. Consequently, we analyzed our prospective 
trauma activation protocol (TAP) to determine 
the most accurate definition of massive transfu-
sion, based on volume per time interval [26]. In 
sum, our data indicates that >4 U of RBCs during 
the first hour was as accurate as others likely to 
die from bleeding, and this encompasses the time 
window in which injured patients die from bleed-
ing. Our data indicates that greater than four units 

of RBCs during the first hour were as accurate as 
others likely to die from bleeding, and this 
encompasses the time window in which injured 
patients die from bleeding. Subsequently, a 
review of the PROMMTT database identified 
>4 U of RBC/h as the optimal definition [27].

 Scoring Systems to Predict Massive 
Transfusion

The definitions of massive transfusion are impor-
tant to determine the optimal diagnostic test for 
TIC; however, at the bedside of a critically 
injured patient, a scoring system is needed to 
identify the patients at risk of massive hemor-
rhage (see Chap. 15). Identification and prompt 
activation of an appropriate massive transfusion 
protocol is associated with improved survival 
[28]. An ideal scoring system should be simple 
and reliant on rapidly assessed metrics, such as 
physiologic measurements and injury patterns. 
The ABC score is calculated from four simple 
components, penetrating injury, positive FAST 
(Focused Assessment with Sonography in 
Trauma), arrival SBP <90, or arrival HR >120 
[29]. The ABC score is considered positive if two 
or more criteria are met and it correctly classifies 
84–87% of patients. Prehospital scores generally 
include a physiologic component such as the 
Resuscitation Outcomes Consortium (ROC) 
score (SBP of <70 mm Hg or 71–90 with a HR 
≥108 bpm), which we use at our institution with 
the addition of an anatomic component, i.e., 
mechanism (penetrating torso trauma or pelvic 
fracture) or a positive FAST that prompts MTP 
activation [30, 31].

 Benefits of Massive Transfusion 
Protocols

Massive transfusion protocols (MTP) allow a 
regimented approach to the massively bleeding 
patient with the goal to improve survival in this 
population. They allow coordination between the 
surgical, anesthesia, and blood bank teams to 
provide rapid administration of appropriate blood 
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products and avoid waste and overuse. The use of 
a massive transfusion protocol has been shown to 
improve blood product utilization, reduce trans-
fusion complications, and most importantly 
increase survival in trauma patients [32–35]. 
However, there exist a wide variation in what 
constitutes a MTP, ranging from the choice of 
blood products and how they are administered 
(ratio based or guided based on laboratory assess-
ments of coagulation), together with the use of 
adjuncts to blood including calcium, crystalloid 
fluid, and antifibrinolytics [36].

 Evidence-Based Massive 
Transfusion Protocols

Given the wide variation in massive transfusion 
protocols, our institution has sought to establish a 
massive transfusion protocol that enables a rapid, 
efficacious, and appropriate administration of 
blood products. We sought a balance between 
hemostatic resuscitation to prevent the develop-
ment or worsening of TIC while avoiding adverse 
effects of unneeded transfusions of blood prod-
ucts including transfusion-associated lung injury 
and multiple organ failure [37, 38].

While many authors support a ratio-based 
approach that replicates whole blood because it is 
shown to lead to improved survival [11, 39], this 
can lead to under- or overtreatment. Principal 
component analysis has revealed that trauma 
patients have distinct patterns of TIC that may or 
may not overlap, including those driven by factor 
depletion, platelet or fibrinogen depletion, and 
hyperfibrinolysis [40, 41]. As TIC is not a homog-
enous entity, the logic of treating it as such with 
ratio-based protocols is suboptimal. The use of 
ratio-based strategies (1:1:1) as compared to 
TEG-guided resuscitation was examined by 
Tapia et al., comparing the ratio-based strategy to 
a historical cohort of TEG-guided patients [42]. 
They examined all patients who received >6 U of 
RBC in 24  hours from admission and showed 
that for patients who had suffered a penetrating 
injury and received >10 U of RBC in 24 hours, 
the mortality worsened with ratio-based resusci-
tation (33% vs. 54% mortality).

Rather than use a ratio-based approach, our 
massive transfusion protocols focus on real-time 
assessment of the coagulation system in injured 
patients. The initial tests used to identify TIC 
(PT/INR, PTT) were not designed for trauma 
patients but arose to diagnose inherited hemato-
logic disorders and to monitor for anticoagulant 
dosing [19, 43–45]. Importantly, these tests 
require 30–60  minutes to produce results and 
only assess coagulation in platelet-poor plasma, 
missing crucial metrics of coagulation including 
platelet function and clot breakdown (fibrinoly-
sis) [46]. The latter limitations of PT/PTT as a 
measure of coagulation in the trauma patients can 
be addressed with the addition of measurements 
of platelet count and function, as well as fibrino-
gen levels and d-dimer levels to assess fibrinoly-
sis [47]. Platelet count may not reflect the severity 
of hemorrhage or platelet dysfunction, while 
platelet aggregometry to assess for function is 
logistically difficult to implement [48, 49]. 
Together, we refer to these tests as conventional 
clotting assays or CCAs.

Given the limitations of CCAs, they would 
ideally be replaced by a single test that would 
assess all aspects of the coagulation system and 
deliver rapid results. This led us to investigate 
thrombelastography (TEG; see Chap. 20) in the 
research laboratory [21, 50, 51]. Based on this 
experience, we were convinced of the merits of 
TEG, but our hospital administration was reti-
cent. Consequently, we designed a randomized 
study comparing TEG to CCAs [31] which pro-
vided us the evidence to adopt TEG as our stan-
dard for TIC management. In preparation for 
these studies, it is critical to derive thresholds for 
the TEG measurements to determine specific 
blood component administration.

 Viscoelastic Measurements 
for Blood Component Therapy

Most believe the current widely used viscoelastic 
assays (thrombelastography, TEG (see Chap. 20), 
or rotational thromboelastometry, TEM (see 
Chap. 19)) are equivalent [52]. As we use pre-
dominantly TEG-based resuscitation at our 
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 center, we will focus on its nuances. TEG pro-
vides comprehensive assessment of the coagula-
tion system, reporting clot generation and 
breakdown using whole blood, recreating the 
conditions experienced in vivo. TEG generates a 
number of variables, of which we will focus on 
R-time (or ACT), angle, MA, and percent lysis at 
30  minutes. R-time, or reaction time, measures 
the time to development of a measurable clot and 
correlates with coagulation factor activity. Angle 
measured in degrees represents the speed of clot 
formation and correlates with fibrinogen levels. 
MA is the maximal amplitude or maximum clot 
strength and is correlated to platelet function. 
Finally, clot breakdown is reported at percent 
lysis at 30 minutes from when MA is reached and 
when elevated is indicative of hyperfibrinolysis. 
The standard TEG assay is run as a “native TEG” 
on whole blood, with a normal R-time of an 
R-time of 8–12 minutes [53]. However, the use of 
an accelerant to speed up the initiation phase of 
clot formation allows a more rapid readout with 
an ACT available within 5 minutes and an angle 

and MA within 15 minutes [54]. We use a rapid 
TEG clinically, which is augmented by kaolin 
and recombinant tissue factor and phospholipids, 
activating both the extrinsic and intrinsic path-
ways [54].

We established a TEG-guided resuscitation 
protocol and then compared this to conventional 
clotting assays (CCA) to guide massive transfu-
sions, i.e., PT/INR, aPTT, platelet count, fibrino-
gen levels, and d-dimers. This trial randomized 
111 injured patients, all of whom were random-
ized to either CCA- or TEG-guided resuscitation 
[31]. Inclusion criteria were MTP activation and 
enrolled severely injured patients with a median 
ISS of 30, of whom 27% suffered penetrating 
injury. These well-randomized groups showed a 
decrease in mortality with TEG-guided MTP 
compared to CCA-guided MTP, with a mortality 
of 19% in the TEG group compared to 36% in the 
CCA group (p = 0.04). The difference in mortal-
ity was predominantly driven by early deaths in 
the CCA group, largely attributable to hemor-
rhage (Fig. 28.1). The use of RBC and crystalloid 
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was similar between the two groups (again rein-
forcing that these were similarly injured groups). 
Early administration of FFP and platelets 
(≤2  hours) and overall cryoprecipitate 
(≤24 hours) were decreased in the TEG-guided 
group. The survival benefit persisted when 
patients were examined by both intention to treat 
and “as treated,” as eight patients randomized to 
the CCA group crossed over to the TEG-guided 
arm at provider discretion. Additionally, TEG- 
guided resuscitation resulted in less time in the 
ICU and fewer ventilator days. Overall, this study 
demonstrated TEG-guided resuscitation reduces 
mortality by nearly 50% in patients undergoing a 
massive transfusion protocol compared to utiliz-
ing CCA-guided resuscitation, with less early 
blood product use. The most recent multicenter 
randomized trial using ratio-driven resuscitation 
showed no benefit with 1:1:1 resuscitation over 
1:1:2 [55]. The target population in this study 
was comparable to the Denver TEG trial, and the 
mortality rates were 22.4 in 1:1:1 and 26.1% in 
1:1:2, which are higher than TEG arm (19.6%) in 
the Denver trial, which was completed during a 
similar time frame. Therefore, TEG-based resus-
citation at our institution remains the standard of 
care.

 Denver Health Massive Transfusion 
Protocols

The current protocol of massive transfusion in 
Denver was originally based on thresholds used 
in Gonzalez et al.’s study [31] which were gener-
ated from algorithms to treat bleeding in patients 
undergoing cardiac surgery. The transfusion 
thresholds have been modified over time 
(Fig. 28.2) [56]. This was possible with a large 
amount of clinical data obtained from routine 
implementation of TEG in trauma patients at 
Denver Health with active research and quality 
improvement to optimize blood product resusci-
tation [57]. We initiated massive transfusions 
based on the prehospital vital signs that fulfill 
ROC/anatomic criteria, with initial delivery of 
4 U of RBC and 2 U of FFP. These initial ratios 
are based on our retrospective data suggesting a 

survival benefit of a 2:1 RBC/FFP ratio [38] and 
no survival benefit demonstrated when using 
higher ratios [55]. With preemptive blood prod-
uct resuscitation, we believe it is critical to 
administer calcium with the first unit of blood 
product, as hypocalcemia is common following 
severe injury and massive transfusion [58]. 
Hypocalcemia appears to be exacerbated by 
citrate, which is used as an anticoagulant in blood 
products [58]. Further product administration is 
based on a rapid TEG that is drawn in the trauma 
bay, with administration of additional products 
based off the results (Fig. 28.2) [57]. As institu-
tional choices may result in the use of either a 
different TEG reagent or thromboelastometry, we 
have established similar guidelines for both 
kaolin TEGs and ROTEM [59, 60].

Despite the efficiency of TEG-based resusci-
tation, there are certain scenarios where rapid 
hemorrhage and lack of results hamper the 
prompt administration of appropriate blood prod-
ucts. To address this population, we employ our 
massive transfusion threshold (>4  U of RBC 
within the first hour of arrival) and administer 
empiric platelets and cryoprecipitate if there is 
still ongoing bleeding [50]. Our retrospective 
review indicated that 65.5% of these patients 
would have required platelets and 43% would 
have required fibrinogen.

An important consideration with evolving 
resuscitations strategies in trauma is to appreciate 
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Fig. 28.2 Rapid TEG thresholds for the administration 
of blood components [56, 57]
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the dynamic nature in coagulation following 
resuscitation. Initial viscoelastic testing will 
change over time, which can be appreciated 
within 15-minute intervals [61]. Repeated mea-
sures should be conducted while ongoing bleed-
ing is occurring. A recent proposal for quantifying 
coagulopathic bleeding has been described [62]. 
An important finding from implementation of 
this score at our center is that in the emergency 
department, surgeons do a poor job of predicting 
who has coagulopathy, while in the operating 
rooms the scores are highly predictive. Therefore, 
initial evaluation of all trauma patients at risk of 
massive bleeding at our center includes visco-
elastic testing.

In sum, our ongoing clinical experience and 
basic investigations indicate that despite the 
advances made with TEG-guided resuscitation, 
there are still areas to improve protocols and pro-
vide timely administration of appropriate blood 
products to the bleeding patient. The recently 
FDA-approved TEG 6S (see Chap. 19) and antic-
ipated ROTEM sigma will provide realistic 
point-of-care testing, including in the prehospital 
environment, and thus critical measurements ear-
lier. Considering the increasing use of O negative 
low-titer whole blood for initial resuscitation (see 
Chap. 25), the data from these devices should 
provide timely guidance for the second level of 
blood component administration.
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Prehospital Resuscitation

Andrew-Paul Deeb and Joshua B. Brown

 Introduction

While resuscitation of the injured patient has 
evolved substantially over the last two decades, 
only recently has it been recognized that prehos-
pital resuscitation can have a significant impact 
on outcomes. There has been a focus on damage 
control resuscitation in the hospital-based set-
ting, providing nearly equal ratios of packed red 
blood cells (PRBC), plasma, and platelets to not 
only replace oxygen-carrying capacity but also 
treat trauma-induced coagulopathy (TIC) [1, 2]. 
However, evidence demonstrates markers of a 
pro-inflammatory response and coagulopathy are 
present within minutes of injury at the scene [3, 
4]. Thus, the type and volume of fluid that a 
severely injured patient receives or does not 
receive in the prehospital setting can set them on 
a trajectory toward a good or poor outcome.

While initially TIC was thought to be due to 
dilutional effects of crystalloid, recent work has 
demonstrated TIC develops with tissue injury 
and shock independent of resuscitation, shifting 
the focus toward directly addressing this TIC by 
restoring coagulation factors and limiting dilu-
tional and pro-inflammatory effects from crystal-
loid that impair coagulation [5, 6]. Crystalloid 
remains the de facto resuscitation fluid in the 

field; however, prehospital blood product resusci-
tation is becoming more common [7]. This has 
led to a push to extend damage control resuscita-
tion principles into the field for severely injured 
patients in hemorrhagic shock.

 Resuscitation Access in the Field

 Intravenous Access

Prehospital resuscitation begins with obtaining 
intravenous (IV) access in the field. Because 
flow rate is directly proportional to the inner 
cannula diameter and inversely proportional to 
the length of the catheter, short large-bore IVs 
are ideal in the bleeding trauma patient. This can 
be readily achieved with insertion of 16-gauge 
peripheral IVs. Intravenous access falls within 
the scope of practice for advanced life support 
(ALS) providers (i.e., paramedics and advanced 
emergency medical technicians as well as pre-
hospital flight nurses and advance practice 
providers). Attempts at peripheral access can 
prolong prehospital time up to 12  minutes, 
particularly with failed attempts [8–10]. Thus, 
transport should not be delayed for attempts at 
IV access, instead favoring access obtained en 
route. Current guidelines recommend only two 
attempts at peripheral IV access prior to moving 
on to another access modality [11].
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Central venous access is rarely used in the US 
prehospital system but more commonly per-
formed in European prehospital systems where 
physicians are routinely providing field care [12]. 
Some air medical services have the ability to 
insert central venous catheters in the United 
States, and studies suggest percutaneous 
Seldinger technique is preferred for safety and 
speed of access over cut-down methods [13].

 Intraosseous Access

Intraosseous (IO) access has become the favored 
second-line access modality in most US prehos-
pital systems, owing to its technical ease and 
speed of insertion with automated drills 
(Fig. 29.1) [15]. IO placement is commonly per-
formed in the proximal tibia, humeral head, or 
occasionally the sternum. Further, IO allows 
infusion of fluids, medications, as well as blood 
products. Given these characteristics, IO access 
is often used as first-line access for patients in 
extremis or cardiac arrest.

 Prehospital Crystalloid

 Crystalloid Physiologic Effects

Crystalloid is the de facto resuscitation fluid used 
in the majority of prehospital systems in the 
United States. Crystalloid is inexpensive, widely 
available, and highly durable in a range of envi-

ronmental conditions. Animal experiments in the 
1960s and 1970s suggested extracellular fluid 
compartment deficits that required large volumes 
of crystalloid to correct in hemorrhagic shock 
[16, 17]. These findings led to the 3:1 rule of 
replacement with at least threefold greater vol-
ume of crystalloid than estimated blood loss and 
promulgation of the initial 2 l bolus of crystalloid 
for prehospital providers.

Subsequent investigation elucidated signifi-
cant deleterious effects of crystalloid resuscita-
tion, especially in large volumes. Saline in 
particular can cause metabolic hyperchloremic 
acidosis which in turn leads to dysregulation of 
the coagulation cascade enzymes at suboptimal 
pH levels with impaired thrombin generation. 
Acidosis from large volumes of saline can also 
impair cardiac contractility as well as the effec-
tiveness of circulating catecholamines to effect 
compensatory vasoconstriction [18].

Further, crystalloid fluids incite a pro- 
inflammatory state with activation of neutrophils, 
increase neutrophil adhesion, and promote 
release of tumor necrosis factor-alpha, interleu-
kin (IL)-6, IL-8, and IL-10 leading to intracellu-
lar edema and dysfunction, as well as vasodilation 
and capillary leak [19, 20]. Prehospital crystal-
loid volume has also been associated with hyper-
fibrinolysis in some patients, a highly lethal 
phenotype [21]. Dilutional effects on the coagu-
lation proteins due to crystalloid infusion occur 
and contribute to clinical coagulopathic bleeding, 
although they are distinct from the pro- 
inflammatory effects promoting ongoing coagu-
lopathy in injured patients [5, 18, 19, 22]. These 
detrimental effects have been borne out in clini-
cal studies demonstrating increased mortality 
associated with greater volumes of prehospital 
crystalloid administration [21, 23–25].

Several groups investigated hypertonic saline 
as a potential prehospital resuscitation fluid, with 
early promising results [26–29]. Hypertonic 
saline was hypothesized to have a more favorable 
physiologic profile as it required a lower volume 
of fluid to restore intravascular volume and had 
less pro-inflammatory effects [30–33]. Two large 
prehospital resuscitation trials were conducted 
using hypertonic saline compared to isotonic 
crystalloid [34, 35]. One was performed in 

Fig. 29.1 Intraosseous access in the proximal tibia. 
(Reprinted with permission from Smart et al. [14])
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patients with traumatic brain injury (TBI) and one 
in patients in hemorrhagic shock; however, both 
were stopped early for futility (Table 29.1). Thus, 
hypertonic saline has not found use in prehospital 
resuscitation protocols in the United States.

 Prehospital Crystalloid Volume

Given these findings, current practice has moved 
away from prehospital and early in-hospital 
resuscitation with large volumes of crystalloid. 
The landmark trial by Bickell et al. was one of 

the first to demonstrate withholding crystalloid 
infusion for patients with penetrating torso 
trauma until definitive hemorrhage control was 
achieved significantly improved survival to dis-
charge (Table 29.1) [36]. However, not all studies 
have reported worse outcomes associated with 
higher prehospital crystalloid volume, and some 
have reported improved survival particularly in 
patients with TBI [37, 48–53]. The question of 
optimal prehospital crystalloid volume among 
different patient populations remains. This con-
tinues to be an important question, as crystalloid 
will continue to be the primary prehospital resus-

Table 29.1 Selected randomized prehospital trauma resuscitation trials

Trial Published Design and methods Main result
Bickel 
et al. [36]

1994 Single-center, randomized patients with 
penetrating torso injury and SBP <90 to receive 
immediate crystalloid resuscitation or no 
crystalloid until surgical control of hemorrhage

8% reduction of in-hospital 
mortality in delayed fluid group 
(n = 309) compared to immediate 
fluid group (n = 289)
30% vs. 38%, p = 0.04

Turner 
et al. [37]

2000 Multicenter, cluster randomized paramedics 
(n = 401) to standard crystalloid resuscitation 
(500 mL bolus with additional crystalloid for 
signs of shock at paramedic discretion) or no 
crystalloid resuscitation in trauma patients; 
paramedics cross over to other resuscitation 
protocol at trial half completed point

No difference in 6-month 
mortality in no crystalloid group 
(n = 699) compared to standard 
resuscitation group (n = 610)
9.8% vs. 10.4%, p = 0.72

HTS TBI 
[34]

2010 Multicenter, blinded, randomized patients with 
GCS <8 and without shock criteria (see HTS 
shock below) to receive 250 mL of 7.5% 
HTS + dextran, 7.5% HTS, or normal saline

No difference in 6-month 
proportion of patients with 
Glasgow Outcome Scale- 
Extended ≤4 in HTS + dextran 
group (n = 359) compared to 
HTS group (n = 341) or saline 
group (n = 582)
54% vs. 54% vs. 52%, p = 0.67

HTS Shock 
[35]

2011 Multicenter, blinded, randomized patients with 
severe hypotension (SBP <70) or hypotension and 
tachycardia (SBP 71–90 + HR ≥ 108) to receive 
250 mL of 7.5% HTS + dextran, 7.5% HTS, or 
normal saline

No difference in 28-day mortality 
in HTS + dextran group (n = 231) 
compared to HTS group 
(n = 269) or saline group 
(n = 395)
25% vs. 27% vs. 25%, p = 0.91

ROC 
Hyporesus 
[38]

2015 Multicenter, randomized patients with 
hypotension (SBP <90) and GCS >8 to controlled 
resuscitation (250 mL boluses for SBP <70 or 
non-palpable radial pulse) or standard 
resuscitation (2000 mL bolus with additional 
crystalloid to keep SBP >110)

Lower unadjusted 24-hour 
mortality in controlled 
resuscitation group (n = 97) 
compared to standard 
resuscitation group (n = 95), but 
no difference in risk-adjusted 
mortality (p > 0.05)
5% vs. 15%, p = 0.03

PAMPer 
[39]

2018 Multicenter, cluster randomized helicopter bases 
(n = 27) to administration of two units of plasma 
or standard resuscitation in patients with severe 
hypotension (SBP <70) or hypotension and 
tachycardia (SBP 71–90 + HR ≥ 108)

10% reduction of 30-day 
mortality in plasma group 
(n = 230) compared to standard 
resuscitation group (n = 271)
23% vs. 33%, p = 0.03

(continued)

29 Prehospital Resuscitation



498

Table 29.1 (continued)

Trial Published Design and methods Main result
COMBAT 
[40]

2018 Single center, randomized patients with severe 
hypotension (SBP <70) or hypotension and 
tachycardia (SBP 71–90 + HR ≥ 108) to receive 
two units of plasma or standard resuscitation with 
saline

No difference in 28-day mortality 
in plasma group (n = 65) 
compared to standard 
resuscitation group (n = 60)
15% vs. 10%, p = 0.37

RePHILL 
[41]

Recruiting Multicenter, randomized patients with 
hypotension (SBP <90 or absent radial pulse) to 
receive prehospital blood product resuscitation (up 
to two units of PRBC and two units of freeze-
dried plasma) or crystalloid resuscitation (up to 
four 250 mL normal saline boluses). Primary 
outcome is composite of in-hospital mortality and 
failure of lactate clearance ≥20% 2 hours after 
randomization. Enrollment goal of 490 patients

Pending

STAAMP 
[42]

Recruiting Multicenter, blinded, randomized patients with 
SBP <90 or HR >110 within 2 hours of injury to 
receive 1gm bolus tranexamic acid or placebo. 
Primary outcome is 30-day mortality. Enrollment 
goal of 994 patients

Pending

PATCH 
[43]

Recruiting Multicenter, blinded, randomized patients with 
prehospital Coagulopathy of Severe Trauma 
(COAST) score ≥3 within 3 hours of injury to 
receive 1gm bolus tranexamic acid or placebo. 
Primary outcome is 6-month mortality and 
Glasgow Outcome Scale-Extended. Enrollment 
goal of 1184 patients

Pending

TXA in 
TBI [44]

Completed Multicenter, blinded, three-arm trial randomizing 
patients with GCS <13 to receive 1 gm tranexamic 
acid, or 2 gm tranexamic acid, or placebo. Primary 
outcome is 6-month Glasgow Outcome Scale- 
Extended. Enrolled 967 patients

Pending

FlinTIC 
[45]

Recruiting Single-center, blinded, randomized patients with 
visible hemorrhage or clinical signs of bleeding to 
receive 50 mg/kg of fibrinogen concentrate or 
placebo. Primary outcome is fibrinogen 
polymerization. Enrollment goal of 60 patients

Pending

PPOWER 
[46]

Recruiting Single-center, randomized patients with severe 
hypotension (SBP <70) or hypotension and 
tachycardia (SBP 71–90 + HR ≥ 108) to receive 
two units of whole blood or standard resuscitation. 
Primary outcome is 28-day mortality. Enrollment 
goal of 112 patients.

Pending

PREHO- 
PLYO [47]

Recruiting Multicenter, randomized patients with severe 
hypotension (SBP <70) or Shock Index >1.1 to 
receive freeze-dried plasma or normal saline 
resuscitation. Primary outcome is INR change 
from prehospital to admission. Enrollment goal of 
140 patients

Pending

SBP systolic blood pressure, mL milliliters, GCS Glasgow Coma Scale, HTS hypertonic saline, TBI traumatic brain 
injury, HR heart rate, PRBC packed red blood cells

citation fluid for the foreseeable future in the vast 
majority of ground emergency medical service 
systems, despite advances in prehospital transfu-
sion and resuscitation.

There is some evidence that patients with 
hypotension in the field benefit from crystalloid 
administration. Hampton and colleagues demon-
strated that a 16% reduction in the hazard of mor-
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tality was independently associated with a 
median infusion of 700 mL of prehospital crys-
talloid among patients requiring early blood 
transfusion upon arrival to the trauma center [54]. 
Another retrospective review of severely injured 
blunt trauma patients compared high (>500 mL) 
versus low volume of prehospital crystalloid 
stratified by prehospital hypotension. Patients 
without hypotension have a nearly 2.5-fold 
increase in mortality if receiving >500 mL of pre-
hospital crystalloid; however, there was no 
increase in mortality for hypotensive patients 
[48]. Further, the highest mortality among hypo-
tensive patients was among those receiving no 
prehospital crystalloid. A recent secondary anal-
ysis of the Prehospital Air Medical Plasma 
(PAMPer) trial demonstrated similar findings, 
with the highest mortality among severely hypo-
tensive patients (systolic blood pressure 
<70 mmHg) receiving no prehospital crystalloid 
but the lowest mortality among patients receiving 
1–500 mL when crystalloid was the only avail-
able prehospital resuscitation fluid [55]. The 
Resuscitation Outcomes Consortium conducted a 
pilot study that randomized patients with hypo-
tension in the field to receive a 2  l crystalloid 
bolus plus fluid to maintain a systolic blood pres-
sure >110 mmHg or receive 250 mL boluses only 
when systolic blood pressure was <70 mmHg or 
non-palpable radial pulse (Table 29.1) [38]. The 
group found the controlled bolus strategy resulted 
in a lower volume of prehospital crystalloid 
(average 1  l compared to 2  l) with lower unad-
justed 24-hour mortality, but not adjusted mortal-
ity. This effect was predominantly in blunt trauma 
patients.

The harmful effects of hypotension in the field 
on outcome in patients with TBI are well docu-
mented, with a doubling of mortality for even a 
single episode of prehospital hypotension [56]. 
One evaluation of lowest field systolic blood 
pressure demonstrated an inverse relationship 
between survival and systolic blood pressure 
between 40 and 120 mmHg, suggesting no spe-
cific threshold abates the mortality associated 
with secondary insult in TBI [57]. Current guide-
lines recommend fluid therapy in the prehospital 
setting to maintain a systolic blood pressure 

>90 mmHg to prevent secondary insult, despite 
no direct evidence that raising the blood pressure 
improves survival or functional outcome [11]. 
One recent study demonstrated that implementa-
tion of prehospital TBI management guidelines 
was associated with more crystalloid boluses 
given, less hypotension on arrival to the trauma 
center, and reduced mortality in severe TBI 
patients [53].

Given current evidence, when crystalloid is 
the only prehospital fluid available to prehospital 
providers, very limited (<500 cc) or no crystal-
loid should be provided to non-hypotensive 
patients. Severely hypotensive patients may still 
benefit from small amounts of crystalloid, with 
250 mL boluses targeting a systolic blood pres-
sure of 70–80  mmHg, palpable radial pulse, or 
normal mental status, especially in blunt trauma 
without TBI. Providers should aim for a total vol-
ume of 500  mL to a maximum of 1  l. Patients 
with penetrating torso trauma should receive lim-
ited or no prehospital fluid, and prehospital 
access/resuscitation attempts should not delay 
transport to a trauma center. Finally, in the 
absence of additional evidence, patients with sus-
pected TBI should receive crystalloid boluses tar-
geting a systolic blood pressure >90 mmHg.

 Prehospital Blood Products

With mounting evidence of the deleterious effect 
of crystalloids in severely injured patients, the 
focus is now on damage control resuscitation 
with blood product component resuscitation and 
attention to the ratio of plasma and platelets to 
PRBC. The goal is to restore tissue oxygenation 
and a more physiologic coagulation milieu with 
the repletion of coagulation factors and platelets 
while avoiding the pro-inflammatory and 
 dilutional coagulopathy induced from crystalloid 
infusion. This strategy has shifted toward earlier 
and higher ratio of blood product components, 
with a more balanced component transfusion in 
an attempt to approximate what is lost—whole 
blood. Given the success of damage control 
resuscitation employed early in the hospital set-
ting [1, 2, 58, 59], it only makes sense to push 

29 Prehospital Resuscitation



500

this strategy into the field to address hemorrhagic 
shock as early as possible. Data demonstrating 
death from hemorrhage occurs within the first 3 
hours from injury and one-third of deaths from 
exsanguination occur in the field highlight the 
critical window for blood product administration 
in the prehospital setting [60, 61].

The initial experience with prehospital 
blood product resuscitation dates back to mili-
tary medicine in World War II [62] (see Chap. 
1). More recently demonstrated in Iraq and 
Afghanistan, prehospital blood product resus-
citation has shown improved survival and has 
become the standard of combat casualty care 
when available [63–67]. Guidelines for logistics 
and safety of such practices in civilian prehos-
pital trauma care have prevented widespread 
generalizability until lately. A survey of level 1 
and 2 trauma centers participating in the Trauma 
Quality Improvement Program (TQIP) indicated 
that 34% of emergency medical services have 
the capability to administer prehospital blood 
products [7].

 Packed Red Blood Cells

Packed red blood cell transfusion is the most 
commonly available prehospital blood product 
[7]. To date PRBC capabilities have generally 
been limited to air medical transport agencies, 
and early evidence has shown the practice to be 
both safe and feasible [68, 69]. Although prehos-
pital PRBC transfusion has been available for 
decades in some areas, it is only recently that data 
have shown support for this practice.

The military evidence has shown improve-
ments in mortality for patients receiving prehos-
pital PRBC in recent conflicts. Deployment of 
advanced medical platforms with prehospital 
PRBC transfusion capabilities in the US and UK 
military resulted in greater than expected survival 
for severely injured patients [70]. Morrison et al. 
demonstrated that advanced prehospital capabili-
ties including transfusion of PRBC in one-third 
of casualties demonstrated a 6% absolute mortal-
ity reduction among patients with injury severity 
score >15 [65].

The civilian evidence for the effectiveness of 
prehospital PRBC is mounting as well. Early 
studies evaluated small numbers of patients with-
out the power to truly demonstrate effectiveness 
[71]. One small study of 50 propensity-matched 
patients receiving prehospital PRBC from the 
Glue Grant multicenter collaborative found a 
reduction in 24-hour and 30-day mortality, as 
well as lower risk of TIC as approximated by 
INR [72]. A larger single-center propensity- 
matched cohort of 240 air medical patients 
receiving prehospital PRBC after injury from the 
same group demonstrated that prehospital PRBC 
transfusion was associated with improved 
24-hour mortality, lower risk of shock on arrival, 
and fewer PRBC required in the first 24  hours 
after admission [73]. A systematic review of pre-
hospital PRBC evaluated 16 case series and 11 
comparative studies [74]. The authors noted low 
quality of evidence with no overall effect on early 
or late mortality; however, they noted that studies 
which matched patients for severity of injury 
consistently suggested modest survival 
improvement.

 Plasma

Use of prehospital plasma transfusion has gained 
increasing interest. Plasma has several advan-
tages as a resuscitation fluid. Like PRBC, plasma 
is iso-osmolar with circulating blood and thus is 
an ideal fluid expander. Unlike PRBC, however, 
plasma contains the clotting proteins to directly 
address the TIC that occurs early in patients with 
tissue injury and hemorrhagic shock [40]. Finally, 
there is increasing evidence that endothelial gly-
cocalyx degradation results in coagulopathy and 
endothelial dysfunction in hemorrhagic shock 
[75, 76]. In preclinical data, plasma has been 
shown to attenuate the disruption of the endothe-
lial glycocalyx, improving outcome [77, 78].

As prehospital PRBC have long been avail-
able, few studies evaluate the sole effect of pre-
hospital plasma resuscitation for trauma. The 
Mayo Clinic transport program added plasma 
transfusion capabilities in 2011 and reported the 
first five patients receiving plasma only with TBI 
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on warfarin for reversal [79]. All patients sur-
vived more than 24  hours and had a mean 
decrease of 1.2 in INR upon arrival at the trauma 
center. The same group updated their results in 
patients with TBI, comparing 36 patients receiv-
ing prehospital plasma to 40 patients receiving 
prehospital PRBC [80]. They found significantly 
improved neurologic outcomes at 6 months with 
higher functioning and lower disability among 
the prehospital plasma group.

With the promising results of preclinical and 
early clinical prehospital plasma data, the US 
Department of Defense issued a program 
announcement to evaluate prehospital plasma 
resuscitation for hemorrhagic shock in the civil-
ian population. Ultimately two randomized trials 
were funded and completed, the PAMPer trial 
and the Control Of Major Bleeding After Trauma 
(COMBAT) trial (Table 29.1) [81, 82]. The mul-
ticenter PAMPer trial used a cluster randomized 
design by helicopter base to randomize air medi-
cal patients with severe hypotension or hypoten-
sion plus tachycardia to receive two units of 
thawed plasma or standard prehospital resuscita-
tion with crystalloid or PRBC.  A total of 501 
patients were included and the plasma group had 
a 10% absolute reduction in 30-day mortality 
compared to the standard care arm [39]. The sep-
aration in the survival curve became evident 

beginning at 3 hours from injury (Fig.  29.2). 
There were lower 24-hour mortality, slight reduc-
tion in 24-hour transfusion requirements, and no 
difference in adverse events in the plasma group.

The single-center COMBAT trial randomized 
patients to receive thawed plasma or crystalloid 
in an urban ground emergency medical services 
system with plasma delivered upon arrival to the 
trauma center in both groups. A total of 125 
patients were included and no difference in 
24-hour or 28-day mortality was seen between 
the plasma or crystalloid groups [40]. When tak-
ing both trials into consideration, it becomes 
apparent that different populations were studied. 
The COMBAT trial was an urban population with 
median prehospital time of 26 minutes, while the 
PAMPer trial included air medical patients with a 
median prehospital time of 41 minutes. Thus, it 
seems early plasma transfusion is necessary, 
whether at the trauma center when prehospital 
times are short or in the prehospital setting with 
prolonged prehospital times.

 Packed Red Blood Cells and Plasma

Following the paradigm of damage control resus-
citation in the hospital setting, investigation of 
resuscitation with a balanced ratio of plasma and 

1.00

0.95

0.90
S

ur
vi

va
l

0.85

0.80

0 1 2 3 4 5 6 7 8 9 10 11 12
Hours

Standard Care
Plasma

Fig. 29.2 Kaplan- 
Meier survival curve in 
the first 12 hours of 
patients receiving 
plasma or standard care 
resuscitation in the 
Prehospital Air Medical 
Plasma (PAMPer) trial

29 Prehospital Resuscitation



502

PRBC in the prehospital setting is ongoing. Early 
results by Kim and colleagues in nine patients 
receiving prehospital PRBC and plasma com-
pared to only PRBC suggested adding plasma 
resulted in greater improvement in coagulation 
status, higher plasma to PRBC ratio over the first 
24  hours, and less crystalloid infusion [83]. As 
the military has added prehospital plasma capa-
bilities to forward medical units, a retrospective 
matched cohort study of US combatants who 
experienced traumatic amputation or shock dem-
onstrated that prehospital administration of 
PRBC and plasma resulted in a 15% and 12% 
reduction in mortality at 24 hours and 30 days, 
respectively [67]. Notably, of all injured patients 
who died, 70% where prior to hospital arrival, 
and of those, 74% were not transfused, again 
stressing the potential benefit of prehospital 
transfusion. A review of matched patients in the 
UK military experience also indicated an 11% 
reduction in casualties receiving prehospital 
PRBC and plasma transfusion [66].

Holcomb et  al. reviewed their early experi-
ence of prehospital PRBC and plasma transfu-
sion in their air medical transport program [84]. 
They compared 137 patients receiving PRBC 
and plasma to 169 controls with crystalloid only, 
demonstrating lower early hemorrhage rates and 

very early death from exsanguination in the first 
6 hours, but no difference in 24-hour or 30-day 
mortality. A follow-up multicenter prospective 
study from this group compared air medical 
transport systems with PRBC and plasma to 
those without prehospital transfusion capabili-
ties [85]. They did not find a difference in mor-
tality; however, the data was hampered by 
significant differences in injury severity among 
patients receiving transfusion, as most systems 
now transfuse any severely injured patient with 
prehospital blood products when available. Most 
recently, Guyette and colleagues found that 
patients who received both PRBC and plasma in 
the PAMPer trial had the greatest survival benefit 
over patients receiving either PRBC or plasma 
alone (Fig.  29.3) [55]. A meta-analysis of pre-
hospital transfusion suggested a pooled reduc-
tion in the odds of long- term mortality for 
prehospital transfusion of both PRBC and 
plasma, but not for PRBC alone [86].

Considering the body of evidence for improved 
outcomes with damage control resuscitation in 
the hospital setting and the more recent prehospi-
tal data, trauma patients at risk for hemorrhagic 
shock should be resuscitated with balanced blood 
product components as close to the time of injury 
as possible to prevent the development of coagu-
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lopathy and the ensuing shock and inflammatory 
state associated with early mortality, most com-
monly within 3 hours. High ratio blood product 
replacement in essence reconstitutes whole 
blood, and current data shows the use of PRBC 
and plasma is feasible within modern emergency 
medical service transport programs [87]. The 
benefit of this approach is less clear in urban 
ground emergency medical systems with short 
transport times to a trauma center with damage 
control resuscitation capabilities.

 Platelets

There is evidence that platelets are a critical com-
ponent of damage control resuscitation. 
Evaluation of platelet transfusion has shown that 
higher early ratios of platelet to PRBC transfu-
sion are associated with reduced mortality, and 
platelet transfusion in the PROPPR trial was 
associated with lower early mortality and 
improved hemostasis [88–90]. These data sug-
gest early platelet transfusion in the field may be 
beneficial, despite limited availability of platelets 
in the prehospital setting [91]. At current, no 
studies evaluate outcomes of prehospital platelet 
transfusion, although the Mayo Clinical transport 
program recently added cold stored platelets to 
their prehospital transfusion capabilities [92]. 
Storage in the prehospital environment presents a 
particular challenge for platelets, but given the 
evidence for prehospital PRBC and plasma, cold 
stored platelets and whole blood storage that 
retains platelet function are receiving increasing 
interest [93–95].

 Logistical Considerations

There are several challenges associated with a 
prehospital transfusion program. Foremost is a 
good working relationship with the blood bank 
that will be supplying products to the prehospital 
agency. Agencies must determine what type of 
products they will carry. Many agencies carry 
universal donor products (O negative PRBC, AB 
plasma); however, given the limited supply of 

these blood types, arguments have been made for 
use of low titer O positive blood and A low titer B 
plasma [96, 97].

There are generally two models for prehospi-
tal blood product programs. For prehospital 
agencies that are based at a participating hospital, 
blood products may be obtained “on demand” 
from the in-house blood banks. This model sig-
nificantly decreases regulatory oversight and 
costs to the agency; however, it is only available 
to units stationed at the hospital and may prolong 
response time while obtaining the required blood 
products. When bases are located away from a 
participating blood bank site, base accommoda-
tions must be made to store blood products on 
site. Depending on local practices and regula-
tions, it may be necessary to certify the prehospi-
tal agency bases as satellite blood banks. The 
agency must then purchase blood products from 
the blood bank at a cost of $100 to $400 per unit 
depending on type of blood component, blood 
type, and regional availability. The base must 
also purchase a blood refrigerator for storage 
(approximately $3500–$7500). Prehospital per-
sonnel then become responsible for proper stor-
age and transport, recycling of units to prevent 
wastage, and documentation for the blood prod-
ucts (Fig. 29.4).

Fig. 29.4 Blood product storage cooler, transport cooler, 
and blood product tracking log
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Prehospital crews must undergo training for 
the proper care and storage of blood products. 
Products generally need to be kept between 1 and 
6 °C. Crews must check products on a daily basis 
to ensure proper function of the storage refrigera-
tor to maintain necessary temperatures, monitor 
expiration date, make sure products are free from 
contamination and proper functioning of trans-
port coolers for missions. These responsibilities 
must be outlined in protocols for crews, as well 
as  protocols for maintenance for the storage 
refrigerator and documentation of storage condi-
tions. Policies must also be developed that out-
line how the blood will be transported on the 
vehicle or aircraft during missions.

Additionally, protocols must be adopted for 
ordering of new blood product units when trans-
fused on a mission, as well as when products 
approach their expiration date. Agencies must 
work with their blood bank to determine when 
and how the products will be recycled back to an 
appropriate hospital blood bank for use in the 
general pool to prevent wastage. PRBC have a 
maximum shelf life of 42 days, liquid plasma of 
21  days, and fresh frozen plasma of 5  days, 
although some lead time is necessary to allow for 
recycling into the blood bank inventory and 
release for transfusion prior to expiration. An 
inventory and expiration tracking log are essen-
tial and may be electronic or paper based.

Step-by-step protocols must be developed for 
the process and documentation of blood transfu-
sion in the prehospital environment. The protocol 
must consider the applicable scope of practice to 
ensure transfusion falls within the scope of prac-
tice for the prehospital providers. Indications for 
transfusion must be clearly delineated, as well as 
process for direct medical command, and can be 
adapted from published protocols [73]. The pro-
tocol must also address monitoring, treatment, 
and documentation of potential transfusion 
reactions.

Finally, a strong quality assurance program is 
necessary. This must incorporate monitoring and 
benchmarking of appropriate patient selection for 
transfusion, transfusion reactions, product usage 
and recycling, as well as wastage due to expira-
tion or out of range temperature. Thus, prehospi-

tal blood transfusion programs can come with 
significant expense in both equipment and train-
ing. An analysis of the thawed plasma air medical 
program employed in the PAMPer trial demon-
strated an annual cost of $25,000–$30,000 per 
helicopter base; however, most of the cost was 
due to courier costs to recycle plasma units with 
a short shelf life of only 5 days [98]. They sug-
gest that liquid plasma with a longer shelf life 
and efficient recycling systems can mitigate a 
significant proportion of this cost. Up-front costs 
can be an investment of well over $10,000, with 
maintenance costs of several thousand dollars 
annually; however, evidence suggests real bene-
fits to patients, and we believe the costs are well 
worth it when feasible to implement.

 Prehospital Resuscitation Adjuncts

 Tranexamic Acid

Several resuscitation adjuncts have emerged as 
part of hemostatic and damage control resuscita-
tion principles and are now receiving interest in 
the prehospital arena. The adjunct that has gar-
nered the most attention is prehospital use of 
tranexamic acid (TXA). Since the CRASH-2 trial 
was published demonstrating a reduction in mor-
tality from exsanguination when TXA was admin-
istered within 3 hours of injury and the greatest 
benefit when given within 1 hour of injury [99], 
prehospital administration has become an attrac-
tive therapeutic option. Subsequent military and 
civilian data suggested a potential increased risk 
of venous thromboembolic events despite poten-
tial benefits,  highlighting the need for appropriate 
patient selection [100, 101] (see Chap. 11).

Several prehospital systems have implemented 
prehospital TXA protocols in both ground and air 
transport systems, showing early feasibility of 
TXA administration in the field [102, 103]. Given 
the recent implementation of TXA in the prehos-
pital environment, long-term outcomes are lack-
ing with mixed early results. A Swiss study 
demonstrated reduced fibrinolysis in 24 patients 
receiving prehospital TXA, but no change in clin-
ical outcomes compared to a propensity-matched 
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cohort [104]. Neeki et  al. propensity-matched 
362 patients receiving prehospital TXA to a his-
torical cohort and found lower mortality among 
patients receiving TXA, although there was no 
adjustment for secular trend and the study popu-
lation had a low overall mortality rate [105]. 
Boudreau and colleagues found no difference in 
mortality for prehospital versus emergency 
department TXA administration; however, only 
116 patients were included during the study 
period [106].

One criticism of the adoption of prehospital 
TXA based on the CRASH-2 trial is generaliz-
ability, as CRASH-2 was conducted in resource- 
poor environments without the capacity for 
damage control resuscitation. Thus, it’s not clear 
the same benefits will translate to more devel-
oped trauma and prehospital systems that have 
the capacity to provide prehospital transfusion 
and early damage control resuscitation. To that 
end, there are three current multicenter random-
ized trials underway that evaluate prehospital 
TXA in developed trauma systems, including the 
STAAMP trial, the PATCH trial, and the 
Prehospital Tranexamic Acid Use for Traumatic 
Brain Injury trial (Table 29.1) [107]. The highly 
anticipated results of these trials will elucidate 
the efficacy and dosing of TXA in the prehospital 
environment.

 Fibrinogen

Fibrinogen concentrate is another proposed 
adjunct for early resuscitation. Fibrinogen levels 
are the first to become critically low and are asso-
ciated with higher mortality in both civilian and 
combat casualties with TIC [108–110]. 
Fibrinogen concentrate is logistically appealing 
for the prehospital environment as it does not 
require thawing or crossmatching, and high doses 
can be rapidly administered over minutes. Early 
results suggest potential mortality improvements 
in severely injured patients with TIC that received 
fibrinogen. Stinger et  al. showed that higher 
fibrinogen in the form of plasma, cryoprecipitate, 
whole blood, or platelets per unit of PRBC in 
massively transfused patients was associated 

with reduced mortality [110]. Administration of 
fibrinogen concentrate based on thrombelastog-
raphy led to lower than predicted mortality in one 
study [111]. Finally, universal administration of 
3 g of fibrinogen concentrate led to higher sur-
vival compared to no fibrinogen or administra-
tion only when plasma fibrinogen levels were low 
among severely injured patients [112]. Prehospital 
data on fibrinogen administration, however, is 
lacking. Two ongoing trials are evaluating the 
effects of fibrinogen concentrate in prehospital 
resuscitation algorithms and will help to shed 
light on the potential benefits of this adjunct 
(Table 29.1) [45, 113].

 Prothrombin Complex Concentrate

The final resuscitation adjunct that is receiving 
attention is prothrombin complex concentrate 
(PCC), available in either 3 factor or 4 factor for-
mulations. PCC has gained popularity owing to 
its rapid reversal of vitamin K antagonist antico-
agulation, particularly in patients with TBI [114]. 
PCC again is attractive for prehospital use given 
its ease of storage and administration. Evidence 
suggest that 4 factor PCC may reverse coagulop-
athy faster, resulting in fewer transfusions than 3 
factor formulations [115]. A recent propensity- 
matched study demonstrated reduced mortality 
associated with coadministration of PCC with 
plasma compared to plasma alone in patients 
with TIC in the absence of vitamin K antagonist 
use [116]. An ongoing trial is comparing addition 
of PCC to fibrinogen concentrate for in-hospital 
resuscitation of patients with TIC [117]. 
Prehospital data on PCC is limited to case reports 
and 1 small case series of 34 patients receiving 
PCC for pre-injury warfarin anticoagulation from 
a rural air medical transport service demonstrat-
ing reduced time to reversal of anticoagulation 
[118–120]. PCC appears to show promise in the 
prehospital environment for patients with known 
vitamin K antagonist anticoagulation, particu-
larly in the setting of TBI; however, this requires 
further study given the lack of robust data and 
potential for thrombotic adverse events in TIC 
patients without pre-injury anticoagulation.
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 Future of Prehospital Resuscitation

 Whole Blood

Given significant benefits of PRBC and plasma 
administered in the field to injured patients, the 
future of prehospital resuscitation lies with opti-
mizing prehospital transfusion strategies. 
Currently, the logistical challenges of storage and 
space restrictions limit widespread applicability. 
Prehospital transfusion programs are largely con-
fined to air medical transport programs and a 
very small number of well-resourced ground 
transport agencies. The promising results of pre-
hospital transfusion of both PRBC and plasma 
over a single blood product suggest the use of 
prehospital whole blood may be the ideal 
approach to prehospital resuscitation [55, 86]. 
Whole blood has long been used in the military, 
demonstrating improved survival over compo-
nent therapy in combat casualties [121]. Recently, 
the Army Rangers have developed an O low-titer 
whole blood program to provide whole blood 
transfusion at the point of wounding.

Cold stored whole blood transfusion for 
trauma has gained increasing interest given the 
benefits of damage control resuscitation which 
aims to reconstitute whole blood through high 
component ratios. Initial safety of cold stored 
whole blood has been demonstrated [95]. Several 
trauma centers across the United States have 
added whole blood capabilities to their initial 
resuscitation algorithm of injured patients [92, 
97, 122]. Whole blood is not without issues, how-
ever, including reduced and dysfunctional plate-
lets. Future challenges involve improving platelet 
sparing filter technology for whole blood 
preparation.

Use of whole blood in the prehospital arena 
reduces the space required to carry and store both 
PRBC and plasma for prehospital agencies. 
Further, since PRBC and plasma have different 
shelf lives, using a single product (i.e., whole 
blood) reduces the risk for wastage and burden 
on prehospital providers to track and appropri-
ately return PRBC and plasma on differing 
schedules.

Whole blood has begun to make its way into 
the prehospital environment in select locations. 
The Norwegian air medical transport program 
deployed cold stored whole blood in 2015 [92]. 
The Norwegian service has long had a progres-
sive prehospital transfusion program given the 
challenging geography and long distances over 
370 miles between trauma centers in the county. 
In Texas, two emergency medical service agen-
cies near Houston became the first prehospital 
ground agencies to carry whole blood, followed 
shortly by air and ground providers in San 
Antonio [97, 123]. The Mayo Clinic transport 
program which has long been a proponent of 
remote damage control resuscitation has added 
cold stored whole blood to their capabilities 
recently [92]. These early implementors are col-
lecting ongoing data to evaluate outcomes; how-
ever, no prospective comparative or randomized 
data exists for prehospital whole blood adminis-
tration in trauma. Thus, investigators at the 
University of Pittsburgh are conducting a ran-
domized pragmatic trial to evaluate the efficacy 
of prehospital whole blood compared to standard 
prehospital resuscitation practice with crystalloid 
and PRBC (Table 29.1) [46].

 Freeze-Dried Products

Another exciting frontier for prehospital resusci-
tation is the use of lyophilized or freeze-dried 
products. The process involves applying low tem-
perature, low moisture, and low pressure environ-
ment or spray-drying by aerosolizing the product 
into a high temperature chamber to remove mois-
ture [124]. This obviates the need for cold storage 
of blood products in the prehospital environment. 
It also extends the shelf life to the order of years. 
Reconstitution is rapid and simple in the field 
with comparable physiologic activity [125], mak-
ing freeze-dried products the ideal solution for 
prehospital resuscitation.

Lyophilization of red blood cells has been 
hampered by damage to the cells without cryo-
protectants such as glycerol; however, significant 
progress has been made using novel processes 
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that allow for small volumes of freeze-dried red 
blood cells with acceptable functional rehydra-
tion of cells [126]. Technology exists to freeze- 
dry platelets as well; however, the limiting factor 
has been safety concerns. Animal studies of 
lyophilized platelet transfusion demonstrate short 
activity, excess thrombogenicity, and splenic 
accumulation that limits clinical applicability in 
current form [127].

Freeze-dried plasma for prehospital use has 
been the focus of recent attention, particularly 
given the survival benefit seen in the PAMPer 
trial [39]. Freeze-dried plasma was used in World 
War II but abandoned due to high rates of hepati-
tis C (see Chap. 1), but pathogen reduction tech-
nology has eliminated this concern. Commercially 
available freeze-dried plasma products already 
exist from manufactures in Germany, France, and 
South Africa [128]; however, freeze-dried plasma 
is not Food and Drug Administration (FDA) 
approved for use in the United States due to his-
torical concerns of infectious contamination risks 
[124]. Prehospital freeze-dried plasma has been 
used by French military and civilian trauma 
teams, Norwegian air medical transport services, 
and Israeli Defense Forces with data supporting 
feasibility in the prehospital environment [129–
131]. A recent in-hospital pilot trial of freeze- 
dried plasma compared to fresh frozen plasma 
suggested freeze-dried plasma achieved higher 

fibrinogen concentrations and better thrombelas-
tography parameters [132]. Large-scale studies 
of outcomes for prehospital administration of 
freeze-dried plasma are awaited from two ongo-
ing phase III trials (Table 29.1) [133].

Freeze-dried plasma has received particular 
interest from the US military. The FDA recently 
approved the use of freeze-dried plasma for US 
military while evaluating civilian approval of the 
product [134]. The US Army is supporting the 
development of US-based freeze-dried products 
(Fig. 29.5) [133], and US special forces are cur-
rently carrying the French manufactured product 
[128]. The US military is also planning a multi-
center trial to evaluate outcomes of prehospital 
freeze-dried plasma administration in collabora-
tion with civilian trauma systems.

 Summary

The onset of physiologic derangements including 
the development of TIC occurs within minutes of 
injury. Prehospital resuscitation is increasingly 
recognized to have significant influence on 
injured patients’ outcomes. Intravenous access 
with large-bore peripheral sites is the standard, 
although intraosseous access is gaining popular-
ity when patients are difficult to obtain intrave-
nous access or are in extremis. Crystalloid is the 
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mostly widely available prehospital resuscitation 
fluid but has pro-inflammatory effects and can 
exacerbate TIC.  Prehospital crystalloid volume 
should be minimized if any is infused, although 
patients with severe hypotension or TBI may 
benefit from a moderate amount of crystalloid 
when it is the only resuscitation fluid available. 
Prehospital blood product transfusion has shown 
improved outcomes over crystalloid and is rap-
idly becoming the standard of care for well- 
resourced air medical transport programs to treat 
hemorrhagic shock. Plasma in particular has 
strong supporting evidence in patients with pro-
longed transport times. Resuscitation adjuncts 
including tranexamic acid, fibrinogen concen-
trate, and prothrombin complex concentration 
are easily administered in the prehospital envi-
ronment and show promise; however, prehospital 
outcome data are lacking. Whole blood may be 
an ideal resuscitation fluid in the prehospital set-
ting, allowing damage control resuscitation in the 
field while minimizing the number of products 
that need to be stored, carried, and administered 
by prehospital providers. Logistical challenges of 
storage are the primary barrier limiting wide-
spread prehospital transfusion programs, and 
freeze-dried products may eliminate these barri-
ers, making prehospital damage control resusci-
tation accessible to all injured patients with 
hemorrhagic shock in the future.
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 Introduction

On November 9, 1945, General George S. Patton, 
the brilliant field general and strategist of the 
European Theater in World War II, was involved 
in an automobile crash on his way to go pheasant 
hunting in Bavaria. He suffered a compression 
fracture and dislocation of the cervical third and 
fourth vertebrae, resulting in a cervical spinal 
cord injury that rendered him paralyzed from the 
neck down. He was kept immobilized and even-
tually placed in a total body plaster cast on 
November 20, 1945. He did well until the after-
noon of November 21, 1945, when his condition 
dramatically worsened. In the words of his physi-
cian, Major General Albert W. Kenner:

…he had a shower [of] emboli that hit his right 
chest and he started to fill up with his own sputum. 
We managed to get that pretty well under control, 
only to see him die very suddenly as a result of 
another shower of emboli. As a matter of fact, he 
went out like a light and certainly suffered no pain. 

The service lost its best field commander and I lost 
a damn good friend [1].

The association of PE with trauma was first 
reported by J.S.  McCartney 11  years before 
Patton’s untimely death [2]. McCartney empha-
sized the importance of immobilization as a con-
tributing factor to fatal PE, demonstrated the 
increased frequency associated with fractures of 
the spine, and noted that most emboli occurred in 
the second week after trauma. Despite the pas-
sage of 80 years since McCartney’s clarion call, 
VTE, including PE and DVT, remains a signifi-
cant cause of morbidity and mortality following 
trauma.

 Incidence of Venous 
Thromboembolism After Trauma

The “true” incidence of VTE after injury is a 
source of passionate debate, as is the discussion 
of whether asymptomatic or “silent” VTE events 
are clinically relevant. Several factors are integral 
in determining which patients develop VTE and 
whether we will detect them, including modifi-
able and non-modifiable risk factors, the use of 
chemical or mechanical thromboprophylaxis, 
and the use of screening and surveillance imag-
ing modalities. It is now clear that symptomatic 
VTEs are only the “tip of the iceberg.” Most 
cases of DVT are asymptomatic and most PE are 
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clinically silent, making the true incidence of 
VTE incredibly difficult to define.

The prevalence of VTE risk factors (see 
Table 30.1), such as older age, spinal cord injury, 
and obesity (see section “Risk Stratification for 
Venous Thromboembolism After Trauma”), 
increases the reported rate. In a study stratifying 
trauma patients based on the presence of VTE 
risk factors, Bandle and colleagues found a DVT 
rate of 17% despite prophylaxis among the group 
at highest risk [3]. Patients in the groups at mod-
erate risk and high risk had a combined DVT rate 
of 5%.

Thromboprophylaxis also affects the inci-
dence of VTE following trauma. In a classic 
study by Geerts and colleagues, serial plethys-
mography and venography were used to pro-
spectively evaluate a cohort of 349 trauma 
patients [median Injury Severity Score (ISS) of 
26] for VTE [4]. None of the patients received 
any prophylaxis. Overall, 201 (58%) were diag-
nosed with DVT. Only three (1.5%) were symp-
tomatic or had clinical features suggesting 
DVT.  Proximal (above-knee) thrombosis 
occurred in 63 (18%) patients, while the rest 
were located below-the- knee in the tibial and 
calf veins. These results demonstrate that the 
vast majority of DVT are asymptomatic and that 
objective diagnostic imaging of asymptomatic 
patients (i.e., screening and surveillance) is 
essential to accurately assess the incidence of 
DVT. Reports of DVT only in patients who are 
symptomatic will grossly underestimate the 
magnitude of the disease. In a follow- up study 
by the same group, they showed that chemical 
thromboprophylaxis reduced thromboembolic 
events [5]. Patients were randomized to receive 
subcutaneous low-dose unfractionated heparin 
(UFH) or low-molecular- weight heparin 
(LMWH). Venography was again used to assess 
symptomatic and asymptomatic patients. Of the 
265 patients included in the study, 100 (38%) 
developed DVT.  Proximal DVT occurred in 
11%. Subsequent studies using duplex ultra-
sound surveillance of the lower extremity have 

Table 30.1 Risk factors for venous thromboembolism 
(Bandle et al. [3])

Highest-risk patient (any of these criteria)
  Spinal cord injury with neurological deficit
  Unstable spine fracture (requiring fixation)
  History of DVT or PE
  Hypercoagulable state
    Factor V Leiden, protein C/S, or antithrombin 

deficiency, hyperhomocysteinemia, prothrombin 
mutations, anticardiolipin antibody

  Four or more “high-risk” criteria
High-risk patient (any of these criteria)

  ISS ≥10

  Head AIS score ≥3
  Pelvic fracture
  Age >70 years (with additional “moderate-risk” 

criteria)

  Mechanical ventilation for ≥3 days
  Major venous injury/repair
  Long-bone fracture of lower extremity
  Presentation in shock (SBP on arrival of 
≤80 mmHg or base deficit ≥5)

  Insertion of femoral venous catheter
  Central line placement
  Active malignancy (not in remission)
  Varicose veins
  Recently postpartum (1 month) or current 

pregnancy
  Extrication from MVA at scene
  Myeloproliferative disorder
  Sickle cell disease

  Obesity (BMI ≥30)
  Stable spine fracture

  Operative time ≥2 hours

  Transfusion of ≥4 units of PRBC
Moderate-risk patient

  ISS ≥9

  Age ≥70 years (without additional risk factors)
  Age 40–70 years (with one additional “moderate- 

risk” factor)
  Foot/ankle/fibula fracture
  Inflammatory bowel disease (Crohn’s disease or 

ulcerative colitis)
Additional “moderate-risk” factors
  Supplemental estrogen use/hormone therapy
  Prior diagnosis of cancer
  History of myocardial infarction
  Congestive heart failure
  Chronic obstructive pulmonary disease
  Current smoking
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reported rates of DVT in the range of 2.5–9% in 
patients receiving a combination of mechanical 
and chemical prophylaxis [3, 6, 7].

The “true” incidence of DVT is also sensitive 
to surveillance bias. This occurs when variation 
in the use of screening and detection influences 
the frequency of an outcome or “the more we 
look, the more we find.” [8] Pierce and colleagues 
documented evidence of surveillance bias in 
DVT reporting among hospitals in the National 
Trauma Data Bank (NTDB) [8]. The hospitals 
were separated into quartiles according to the use 
of venous duplex ultrasound, an objective imag-
ing test to diagnose DVT in symptomatic and 
asymptomatic patients. The DVT rate observed 
in the highest quartile of ultrasound use was sev-
enfold higher than the average combined DVT 
rate for the other three quartiles. The potential 
magnitude of this surveillance bias was also dem-
onstrated by a study from two level 1 trauma cen-
ters: Scripps Mercy Hospital, which used serial 
venous duplex ultrasound surveillance, and 
Christiana Care Health System, which used 
duplex ultrasound only for symptomatic patients 
[9]. Both centers closely followed accepted 
guidelines on mechanical and pharmacologic 
prophylaxis. Scripps Mercy treated 772 patients 
and Christiana Care treated 454 patients. The ISS 
and VTE risk were similar. The incidence of PE 
was 0.4% at both centers, but DVT was 5.3 times 
more likely at Scripps Mercy than at Christiana 
Care (p  <  0.0001) [9]. Of the 80 patients who 
developed DVT, PE, or both, 99% received pro-
phylaxis before the event. In those who received 
pharmacologic prophylaxis, the VTE rates 
between the two centers were not significantly 
different [9]. These results demonstrate that the 
odds of VTE are increased greater than five times 
when a simple surveillance program is used in 
trauma patients. Furthermore, neither pharmaco-
logic nor mechanical prophylaxis was completely 
effective in preventing VTE in trauma patients, 
which supports the idea that VTE should not be 
considered a “never event” [10]. Thus, variability 
in the use of duplex ultrasound results in variabil-
ity in the reported rates of DVT, further under-
scoring the impact of screening and surveillance 
in DVT case finding.

Compared with DVT, the incidence of PE 
reported in studies is relatively low, around 0.3% 
[11–14]. It is nonetheless a formidable problem 
with a mortality rate between 17% and 26% [11, 
12, 15, 16]. Indeed, PE is a leading cause of death 
after the first 24  hours of admission following 
injury and is thought to be responsible for 
approximately 12% of all deaths due to trauma 
[17, 18].

Like DVT, surveillance bias affects the inci-
dence of PE.  With the advent of noninvasive 
diagnostic imaging, more specifically, contrast- 
enhanced thin-slice multidetector computed 
tomography (CT), more patients are being evalu-
ated for PE. Furthermore, increasing numbers of 
incidentally discovered subclinical PEs are being 
diagnosed on CT scans performed for other rea-
sons. As a result, the incidence of PE in trauma 
patients is increasing. Schultz and colleagues 
prospectively studied 90 consecutive patients 
with moderate-to-severe injury (ISS >9) who had 
no PE or DVT symptoms [19]. Utilizing multide-
tector helical CT scanning, the authors found a 
PE in 22 (24%) of 90 patients. Knudson and col-
leagues examined data from the NTDB to com-
pare the incidence of PE reported between 1994 
and 2001 (historical cohort) to that reported 
between 2007 and 2009 (current cohort) [14]. 
Patients in the historical cohort were younger and 
less severely injured than those in the current 
cohort. PE occurred in 0.21% of patients in the 
historical cohort and in 0.49% (p < 0.01) in the 
current cohort. Despite the significant increase in 
ISS and age, the mortality rate associated with 
PE decreased from 15% in the historical cohort to 
11% in the current cohort. Only 20% of the 
patients with PE had an associated DVT.  This 
could be explained, at least in part, by centers that 
only reported symptomatic DVT; thus, DVT 
associated with PE would be underreported 
because asymptomatic DVT was not detected. 
Finally, the idea that some PEs arise de novo as a 
result of local tissue injury and inflammation 
rather than as an “embolus” from a DVT must be 
considered (see section “Pathogenesis of PE” 
under section “Pathogenesis of DVT and PE,” 
below). Indeed, the identification of different risk 
factors for DVT and PE, and the diagnosis of PE 
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in patients without evidence of DVT, has caused 
several investigators to question the teaching that 
PE is always a consequence of DVT [14, 20–22]. 
It is likely that primary pulmonary thrombosis is 
a distinct clinical entity from DVT.

It should be noted that the risk of VTE after 
injury does not disappear upon discharge from 
the hospital. In a population-based case-cohort 
study of 200 trauma patients in one Minnesota 
county, all residents with VTE after an acute hos-
pitalization for trauma were reviewed over an 
18-year period [23]. The median time from 
trauma to VTE was 18 days, with 62% of VTE 
identified after hospital discharge. VTE events 
were identified up to 3  months after discharge. 
Godat and colleagues reported similar results 
when reviewing the California Office of Statewide 
Health Planning and Development hospital dis-
charge database [24]. The incidence of VTE was 
highest in the first 3 months after trauma at 10.3% 
and returned to that of the normal population 
(i.e., 0.1–0.2%) within 12–15 months. However, 
these are likely gross underestimates, given that 
30% of VTEs are readmitted to a different hospi-
tal after the index admission [25].

In summary, the incidence of VTE reflects the 
aggressiveness of the pursuit of the diagnosis. 
Studies reporting the incidence of symptomatic 
DVT without screening or regular surveillance 
will underreport the true incidence. Studies that 
utilize screening and surveillance in combination 
with mechanical and pharmacologic prophylaxis 
will report an incidence of DVT between 2.5% 
and 17%, depending on the level of risk for VTE 
in the study population. Proximal DVT repre-
sents about 30% of DVT diagnosed in trauma 
patients, while below-knee DVT represents the 
remainder. The incidence of PE appears to be 
increasing, but the mortality associated with PE 
is decreasing. This increase may be due to sur-
veillance bias owing to the recent use of more 
sensitive multidetector CT scanners. Symptomatic 
PE occurs in about 1–2% of severely injured 
trauma patients and is highly dependent on the 
clinical threshold for obtaining a diagnostic 
study. Finally, the risk of VTE after trauma 

remains elevated until at least 3 months from the 
time of injury and appears to normalize after 
1 year.

 Pathogenesis of DVT and PE

The etiology of thrombus formation in the venous 
system differs from that in the arterial system. 
Arterial thrombus contains erythrocytes, fibrin, 
and platelets. Venous thrombus, in addition to 
erythrocytes, fibrin, and platelets, also contains 
leukocytes—the presence of which plays an 
important role in the pathogenesis of 
VTE.  Historically, the finding of leukocytes in 
the thrombus led many early physicians to sus-
pect inflammation as a cause of thrombosis, par-
ticularly when they observed thrombus in 
proximity to an abscess [26].

Our basic understanding of the pathogenesis 
of venous thrombosis can largely be attributed to 
Rudolf Virchow, whose contributions to the field 
of vascular biology include the well-known 
“Virchow’s triad,” as well as the coining of the 
terms “thrombosis” and “embolus” [26]. 
Virchow’s triad describes three elements—stasis, 
venous injury, and hypercoagulability—that are 
necessary for thrombus propagation, however, 
not for thrombus generation. In fact, historians 
Bagot and Arya credit Ludwig Aschoff by sum-
marizing the elements that predispose thrombus 
generation [26]. These include:

• Changes in blood plasma (diminished or 
increased coagulability)

• Changes in blood elements (increased or 
diminished powers of agglutination)

• Changes in blood flow (slowing and formation 
of eddies)

• Changes in vessel wall itself (endothelial 
damage) [27]

The trauma patient represents the “perfect storm” 
of causative factors for thrombogenesis—the 
patient is injured, often immobilized, and 
hypercoagulable.
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 Venous Stasis

It should come as no surprise that stasis plays a 
major role in thrombus generation. Any disrup-
tion in the normal laminar flow of blood that 
results in eddy currents, turbulence, or blood sta-
sis can bring platelets in close contact with the 
endothelium and create conditions favorable for 
clot formation and propagation. Early support for 
stasis as a risk factor for DVT was provided by 
Gibbs, who observed that DVT was strongly 
associated with the duration of bed rest in hospi-
talized patients and in the paralyzed limbs of 
patients suffering a stroke [28]. These observa-
tions were corroborated by the seminal autopsy 
series of 756 trauma/burn patients by Sevitt and 
Gallagher [29]. They found the highest frequency 
of thrombosis in the veins of the soleus and gas-
trocnemius muscles as well as the tibial veins of 
the leg. They also noted from the hospital records 
that DVT was associated with prolonged bed rest. 
At the time of their report, two views on the 
pathogenesis of DVT prevailed. One view was 
that the thrombus originates in the small soleus 
and gastrocnemius muscle veins, where flow 
velocity dramatically diminishes when the 
muscle(s) is not contracting. The thrombus then 
propagates proximally into the popliteal vein, 
where it either remains or embolizes to the pul-
monary circuit. The other view was that venous 
thrombus arises de novo, even in larger veins 
with relatively high flow velocity, such as the 
iliac or femoral vein. Sevitt and Gallagher found 
both continuous thrombus on necropsy, extend-
ing from the soleal plexus all the way to the iliac 
vein, and discontinuous clot and isolated thrombi 
in injured and uninjured limbs [29], thus illustrat-
ing that both prevailing views on the pathogene-
sis of DVT had merit and, by extension, that 
stasis per se was not necessary to generate 
DVT. Nonetheless, small studies have shown that 
a structured progressive mobility protocol can 
improve circulation in critically ill trauma 
patients and reduce the incidence of VTE [30]. 
Similarly, a Cochrane review of five randomized 
controlled trials and three quasi-randomized tri-
als using neuromuscular electrical stimulation 
systems (NMES) aimed at reducing venous stasis 

found that NMES was associated with lower risk 
of DVT compared to no prophylaxis in patients 
with spinal cord injury or in others in whom 
pharmacological or standard mechanical throm-
boprophylaxis is contraindicated, unsafe, or 
impractical [31]. However, the authors caution 
that the best available evidence for NMES is not 
robust enough to allow definitive conclusions 
about its use.

At the molecular level, Lopez and Chen pos-
ited that low venous flow or stagnation facilitates 
the local accumulation of procoagulants (e.g., 
thrombin), which typically are washed out by 
muscle contraction with leg movement [32]. 
Indeed, time to peak thrombin generation is an 
independent predictor of VTE after trauma [33]. 
In the absence of leg muscle contraction during 
bed rest or immobilization, procoagulants accu-
mulate in valve pockets or the small sinusoids in 
the gastrocnemius and soleus muscles. Stasis also 
results in rapid desaturation of hemoglobin 
in  local erythrocytes, resulting in activation of 
leukocytes, platelets, and endothelial cells. 
Activated endothelial cells release the content of 
Weibel-Palade bodies, which contain von 
Willebrand factor and membrane-bound 
P-selectin. Both of these proteins remain attached 
to the endothelial surface and bind leukocytes—a 
distinguishing pathologic constituent of the 
venous thrombus—that have the capacity to syn-
thesize tissue factor, particularly during periods 
of hypoxia. Thrombus formation is then further 
enhanced by local platelet activation.

 Venous Injury

Venous or sinusoidal wall injury can occur as a 
direct result of mechanical trauma, such as an 
adjacent fracture or muscle contusion. This 
exposes the subendothelial matrix, a rich source 
of tissue factor, which initiates the process of 
thrombin generation [34]. When injury is severe 
enough to occlude the vein or reduce flow, veloc-
ity conditions are sufficient for the initiation of 
DVT.  Thrombus is also prevalent at vein junc-
tions, where the vessel wall is relatively thin and 
more likely susceptible to injury and subsequent 
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exposure of the subendothelial matrix [32, 35]. 
However, endothelial injury adjacent to a fracture 
does not always produce DVT [29]. Thrombus 
can also occur in a vein segment more proximal 
to the injury, in a vein remote from the injury, or 
can also occur in an uninjured limb.

Thrombus remote from the site of injury was 
demonstrated by Schaub and colleagues, who 
investigated the early events that might contrib-
ute to postoperative DVT [36]. They performed 
transmission and scanning electron microscopy 
on the jugular and femoral veins of canines 
exposed to one of three types of surgery: splenec-
tomy, hysterectomy, or intestinal division and 
reanastomosis. Each dog was followed for 
4  hours while paralyzed and anesthetized. The 
venous endothelium was examined for injury and 
the adhesion of blood elements and debris to the 
luminal surface [36]. Responses were compared 
between the three groups and control animals 
that had no operation but remained anesthetized 
and paralyzed for 4  hours. Control veins (both 
femoral and jugular) showed a smooth endothe-
lial carpet with intact cellular junctions that had 
only rare cells and minimal noncellular debris 
attached to the luminal surface. The endothelium 
of the veins from splenectomized animals had 
raised endothelial junctions with pseudopod for-
mation and attachment of cells, mostly leuko-
cytes and platelets and noncellular granular and 
particulate matter. The femoral veins from these 
animals also showed microthrombi. Endothelial 
changes and attachment of cells, granular mate-
rial, and fibrinous debris were more frequent and 
more severe in the animals having either hyster-
ectomy or intestinal anastomosis. In areas free of 
cells or debris, the endothelial surface was simi-
lar to that of the control animals. However, in 
areas where leukocytes and platelets were 
attached, endothelial alterations were also pres-
ent. These included indistinct cellular junctions 
and pseudopod formation [36].

It appears from Schaub’s work [36] that 
abdominal operative trauma can evoke a systemic 
effect by activating remote venous endothe-
lium—perhaps changing its “phenotype” to a 
procoagulant one. If this is indeed the case, it pro-
vides a mechanism to explain the observations of 

Sevitt and Gallagher [29], namely, that DVT can 
occur in veins remote from the sites of injury or 
stasis. The attachment of leukocytes in the pres-
ence of remote endothelial alterations implicates 
a circulating chemotactic stimulus that activates 
apparently uninjured endothelium, not unlike 
that which occurs during inflammation. One may 
speculate that the attached leukocytes aggravate 
local endothelial cell injury and activation. The 
normal-appearing endothelium in the control 
(anesthetized and paralyzed) animals further sug-
gests that relatively brief periods of stasis without 
trauma have little effect on remote veins.

 Hypercoagulability

Trauma patients are generally hypercoagulable 
after injury, and several mechanisms have been 
proposed to explain this phenomenon. These 
include decreased function of antithrombotic 
substances (e.g., antithrombin III) and increased 
expression of prothrombotic elements (e.g., pro-
thrombin, tissue factor). Others include resis-
tance to activated protein C and a newly 
recognized pivotal role for platelets [37]. The 
potential critical role of fibrinolysis shutdown is 
reviewed in Chaps. 11 and 31. The increased 
incidence of VTE following tranexamic acid 
(TXA) administration has been associated with 
shutdown as discussed below.

Owings and colleagues demonstrated 
reduced antithrombin activity in severely injured 
trauma patients early in their hospital course, 
with antithrombin levels being lower in patients 
who developed DVT compared to those who did 
not [38]. Markedly elevated levels of prothrom-
bin fragment 1  +  2 and d-dimer at hospital 
admission have also been described; however, 
elevation of these markers was not associated 
with an increased incidence of DVT [39]. Utter 
and colleagues found that, within hours of injury 
and for up to 3 days afterward, trauma patients 
express higher levels of monocyte-derived tis-
sue factor [40].

Finally, viscoelastic testing has allowed us to 
confirm hypercoagulability following trauma 
more precisely than with usual plasma markers 

J. P. Meizoso and K. G. Proctor



521

[37, 41–43]. Harr and colleagues found that 
platelets contribute more to the hypercoagulable 
state than previously thought and advocated for 
the addition of antiplatelet agents to the current 
chemoprophylaxis regimens [37]. The impact of 
fibrinolysis shutdown on DVT, which is present 
at admission in 20% of seriously injured patients 
and may persist for at least 1 week postinjury in 
50% of patients, is currently under investigation 
[44–46].

 Pathogenesis of PE

The classical teaching regarding the etiology of 
PE is that they arise from a preexisting extremity 
DVT. However, the advent of noninvasive high- 
resolution CT has resulted in an increasing num-
ber of incidentally discovered PE, with fewer 
patients having an associated DVT [14, 20, 22], 
challenging the traditional paradigm that all pul-
monary thrombi are true “emboli” from DVTs. 
Recent data support this paradigm shift. In a 
study examining the incidence of PE using the 
NTDB, Knudson and colleagues noted that some 
of the risk factors associated with PE in trauma 
patients differed from the risk factors for DVT, 
suggesting that not all PEs are embolic [14]. The 
authors found that patients with a severe chest 
injury had a 42% increased risk of PE with little 
likelihood of DVT.  In contrast, patients with a 
major head injury were more at risk for DVT than 
for PE. Velmahos and colleagues found that only 
15% of patients with PE had an associated DVT 
at their institution, again calling into question the 
relationship between PE and DVT [20]. Both 
Knudson and Velmahos hypothesized that some 
PE may arise de novo as a result of chest injury or 
local pulmonary inflammation. These are diag-
nosed incidentally on a chest CT done for reasons 
other than clinical suspicion of PE.  They theo-
rized that PE without DVT might constitute a dif-
ferent disease from PE associated with DVT. This 
theory is further supported by Van Gent and col-
leagues [22] who studied 2881 trauma patients at 
high risk for VTE who received duplex screening 
and surveillance of the lower extremities from 
ankle to groin. Thirty-one (1%) patients had a 

PE, but only 12 (39%) had an associated 
DVT.  Patients with a PE, but no DVT, were 
younger, incurred more chest injuries ipsilateral 
to the PE, and had more peripheral clot. The 
authors surmised that local phenomena associ-
ated with injury or inflammation initiated the 
thrombus, thus coining the term “de novo pulmo-
nary thrombosis.” A follow-up study by the same 
group using competing risks analysis determined 
that risk factors for DVT and PE after injury were 
different [21]. DVT was associated with older 
age, severe injury, mechanical ventilation 
>4  days, active cancer, history of DVT or PE, 
major venous repair, male sex, and prophylactic 
enoxaparin and heparin use; PE was associated 
with younger age, non-severe injury, central line 
placement, and prophylactic heparin [21]. This 
further supports that DVT and PE are likely clini-
cally distinct events that should be considered 
independently. Despite these findings, Allen and 
colleagues reported a retrospective review of 
1282 trauma ICU admissions, 402 of which were 
deemed high risk for VTE [47]. Not surprisingly, 
the incidence of DVT was higher in patients 
screened with duplex ultrasonography (11.6%) 
compared to those who were not screened (2.1%). 
DVTs in the surveillance group were managed 
with systemic anticoagulation (43%) or with 
inferior vena cava (IVC) filters (57%). In the sur-
veillance group, the PE rate was 1.9% compared 
to 7% in the non-surveillance group (p = 0.014), 
which led to the conclusion that surveillance and 
early management of DVT may decrease the 
incidence of PE [47]. These results may have 
been subject to surveillance bias, so they await 
confirmation with a prospective trial [47]. The 
ninth edition of Antithrombotic Therapy and 
Prevention of Thrombosis guidelines in nonor-
thopedic surgical patients by the American 
College of Chest Physicians currently recom-
mends against the use of routine surveillance 
venous duplex ultrasonography for the preven-
tion of DVT [48]. These recommendations are 
based on the fact that it is unclear whether identi-
fication and treatment of asymptomatic DVT 
reduces the risk of PE or fatal PE.

Based on the foregoing, it appears that PE fol-
lowing trauma can arise from a disease entity dis-
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tinct from PE associated with DVT. Indeed, the 
developing consensus is that PE may represent a 
composite of true emboli from peripheral DVT 
(representing 20–40% of cases) and de novo 
 pulmonary vascular thrombosis (representing 
60–80% of cases) associated with local injury or 
infection.

 Risk Stratification for Venous 
Thromboembolism After Trauma

Patients with traumatic injury have the highest 
risk for VTE among all hospitalized patients [49]. 
In the absence of thromboprophylaxis, the inci-
dence of DVT and PE approach 50% and 1%, 
respectively. However, the risk of developing 
VTE after trauma is not equivalent among all 
injured patients. Several risk factors have been 
described in the literature that confer an increased 
risk for postinjury VTE [3, 4, 17, 50].

One of the earliest studies aimed at investigat-
ing VTE after trauma was completed by Sevitt 
and Gallagher in 1961 [29]. In this autopsy study 
of injured patients, they found that the major 
inciting factors for DVT included age, immobil-
ity, and bed rest—all factors that remain just as 
significant in modern-day practice [29]. 
Shackford and colleagues developed a list of risk 
factors thought to increase the risk of VTE after 
trauma based on prior literature [50]. This list 
included age >45 years with mandatory bed rest 
>3 days, history of VTE, spine fracture without 
neurological deficits, coma with Glasgow Coma 
Scale (GCS) score <7, quadriplegia/paraplegia, 
pelvic fracture, lower extremity fracture, repair 
of a major lower extremity venous injury, and 
complex lower extremity wounds. In a cohort of 
719 trauma patients who had serial surveillance 
screening, none of the patients without risk fac-
tors developed VTE compared to 7% of the 
patients with at least 1 risk factor. On logistic 
regression, they found that age >45 was the only 
risk factor independently associated with VTE 
[51]. Geerts et  al. found an overall DVT inci-
dence of 58% in 349 trauma patients admitted to 
a single level I trauma center who underwent 
serial surveillance exams [4]. Multivariate analy-

sis revealed age [odds ratio (OR), 1.05; 95% con-
fidence interval (CI), 1.03–1.06], blood 
transfusion (OR, 1.74; 95% CI, 1.03–2.93), sur-
gery (OR, 2.30; 95% CI, 1.08–4.89), fracture of 
the femur or tibia (OR, 4.82; 95% CI, 2.79–8.33), 
and spinal cord injury (OR, 8.59; 2.92–25.28) as 
independent risk factors for VTE [4]. Of note, 
none of the patients in this study received throm-
boprophylaxis. Knudson and colleagues ana-
lyzed 1602 VTE episodes from the NTDB and 
identified age ≥40  years (OR, 2.01; 95% CI, 
1.74–2.32), lower extremity fracture with 
Abbreviated Injury Scale (AIS) ≥3 (OR, 1.92; 
95% CI, 1.64–2.26), head injury with AIS ≥3 
(OR, 1.24; 95% CI, 1.05–1.46), ventilator days 
>3 (OR, 8.08; 95% CI, 6.86–9.52), venous injury 
(OR, 3.56; 95% CI, 2.22–5.72), and major opera-
tive procedures (OR, 1.53; 95% CI, 1.30–1.80) as 
independent risk factors for VTE after trauma 
[15]. The strength of these associations is limited, 
however, because the NTDB dataset lacks infor-
mation on screening, surveillance, and prophy-
laxis. Finally, Meizoso and colleagues identified 
five risk factors strongly predictive of VTE after 
trauma in a large cohort of 1233 admissions to a 
single trauma center [51]. In multivariate analy-
sis, these risk factors included ≥4 transfusions in 
the first 24 hours of admission (OR, 2.60; 95% 
CI, 1.64–4.13), GCS <8 for >4 hours (OR, 2.13; 
95% CI, 1.28–3.54), pelvic fracture (OR, 2.26; 
95% CI, 1.44–3.57), age 40–59 years (OR, 1.70; 
95% CI, 1.10–2.63), and >2 hour operation (OR, 
1.80; 95% CI, 1.14–2.85) [52].

Recent advances in our understanding of the 
coagulopathy of trauma have identified other 
pathophysiologic changes that confer an 
increased risk of VTE.  Brill and colleagues 
found that a hypercoagulable TEG, defined as 
reaction time below, alpha angle above, or maxi-
mum amplitude above reference ranges, were 
associated with increased risk of DVT; the rate 
of DVT was twice as high in patients with hyper-
coagulable TEG despite appropriate thrombo-
prophylaxis [53]. Others have noted similar 
findings [41, 54, 55].

A large, randomized, multicenter trial reported 
that the administration of the antifibrinolytic 
agent, TXA, within 3 hours of injury decreases 
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all-cause mortality [55–57]. Although the initial 
trial did not identify an increased incidence of 
thrombotic events in patients receiving TXA, 
other more recent papers have identified an 
 association between TXA use and VTE after 
trauma [56–58]. While some argue that this is 
related to the induced state of impaired fibrinoly-
sis produced by the drug (see Chaps. 26 and 31), 
others have not observed an association between 
TXA and VTE [56, 59, 60]. Other factors known 
to dysregulate the fibrinolytic cascade, such as 
the administration of fresh frozen plasma, have 
also been associated with VTE after trauma [61].

Two major risk assessment tools exist to strat-
ify patients based on their likelihood of develop-
ing VTE after trauma. Greenfield’s risk 
assessment profile (RAP), developed in 1997, 
identified 17 risk factors thought to increase the 
risk of VTE in trauma patients [62] (see 
Table 30.2). The sample size was small, with a 
total of 53 patients completing the study and an 
overall DVT incidence of 43%. “High-risk” 
patients were defined as those with a RAP score 

≥5. This cutoff successfully identified a group of 
patients with at least three times greater risk of 
developing VTE than the average trauma popula-
tion [62]. Interestingly, there was still a propor-
tion of patients with RAP <5 who developed 
DVT. Despite widespread use, there is still some 
controversy regarding the utility of the RAP 
score. While some have found it a helpful adjunct, 
others failed to validate a RAP ≥5 as a sufficient 
cutoff for VTE risk stratification [63, 64]. Similar 
predictive ability has also been found using a 
simplified risk score incorporating only 5 of the 
original 17 risk factors in the Greenfield score 
[52]. The newer Thromboembolic Scoring 
System (TESS), developed by Rogers et  al. in 
2012, was derived using multivariate analysis in a 
cohort of 16,608 trauma patients and includes 5 
variables: age, ISS, obesity, ventilator use for 
more than 3  days, and lower extremity trauma 
[65]. It was then validated using the NTDB data-
set from 2002 to 2006 to determine its ability to 
predict VTE.  TESS scores range from 0 to 14. 
The sensitivity and specificity for predicting VTE 
was highest with TESS >6 (81.6% and 84%, 
respectively; Youden index, 0.66) [65]. The area 
under the receiver operating characteristic curve 
derived for TESS using the NTDB dataset was 
0.84 (95% CI, 0.83–0.84), indicating excellent 
predictive value of the model for VTE [65]. 
Zander and colleagues recently compared the 
two models to assess their validity in trauma 
patients for both symptomatic and asymptomatic 
VTE; both groups had received VTE prophylaxis 
[66]. Results revealed TESS had a sensitivity of 
49% and a specificity of 72%, while RAP had a 
sensitivity of 83% and a specificity of 37%. Each 
of the two models was limited in accuracy, which 
might be remedied by incorporating additional, 
yet unidentified, risk factors.

In summary, each trauma patient presents with 
a unique constellation of demographic character-
istics, injuries, and risk factors that interact to 
produce an outcome, which may well include 
VTE. Clinical judgment based on the calculus of 
harm is required, balancing the risks and benefits 
with regard to symptoms, use of screening and 
surveillance, and implementation of prophylactic 
measures.

Table 30.2 Greenfield’s Risk Assessment Profile [62]

Weight
Underlying conditions
  Obesity (>120% Metropolitan Life Table) 2
  Malignancy 2
  Abnormal coagulation factors at admission 2
  History of thromboembolism 3
Iatrogenic factors
  Central femoral line >24 hours 2
  Four or more transfusions during first 

24 hours
2

  Surgical procedures >2 hours 2
  Repair or ligation of major vascular injury 3
Injury-related factors
  AIS >2 for the chest 2
  AIS >2 for the abdomen 2
  Spinal fractures 2
  AIS >2 for the head 3
  Coma (GCS <8 for >4 hours) 3
  Complex lower extremity fracture 4
  Pelvic fracture 4
  Spinal cord injury with para or quadriplegia 4
Age
  >40 but <60 2
  >60 but <75 3
  >75 4
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 Thromboprophylaxis Strategies

All trauma patients should receive some form of 
prophylaxis against VTE. Several methods exist 
to prevent VTE after trauma. Chemical thrombo-
prophylaxis consists of treatment with either 
unfractionated heparin (UFH) or low-molecular- 
weight heparin (LMWH). Mechanical thrombo-
prophylaxis is most often achieved with 
intermittent pneumatic compression (IPC) 
devices. A recent systematic review and meta- 
analysis of thromboprophylaxis strategies in 
trauma patients found a significantly decreased 
risk of DVT in patients receiving any form of 
thromboprophylaxis compared to no prophylaxis 
[relative risk (RR), 0.52; 95% CI, 0.32–0.84] 
[67]. The optimal method of prevention is likely 
combined mechanical and chemical thrombopro-
phylaxis, which was also noted to reduce the risk 
of DVT relative to chemical prophylaxis alone 
(RR, 0.34; 95% CI, 0.19–0.60) [67]. 
Thromboprophylaxis should be initiated as early 
as safely possible, as the risk of VTE increases if 
treatment is delayed beyond 72  hours [68]. 
Furthermore, treatment should not be interrupted 
as missed doses of thromboprophylaxis have 
been correlated with DVT formation [69].

 Chemical Thromboprophylaxis

There are two major pharmacologic agents used 
for VTE thromboprophylaxis after trauma: UFH 
and LMWH.  Strategies for VTE prophylaxis 
after trauma were adapted from elective surgical 
and general medical patients. UFH dosed at 
5000 units (U) every 8 hours postoperatively is 
effective in reducing the incidence of VTE in 
patients undergoing elective surgery [70–72]. 
This reduction in VTE events is thought to be 
secondary to the potentiation of antithrombin 
III’s inhibitory effect on thrombin, as well as fac-
tors Xa, IXa, XIa, XIIa, and TF-VIIa (See Chap. 
4) by heparin [50]. LMWH is frequently dosed 
either at 40  mg subcutaneously once daily or 
30  mg subcutaneously twice daily [73]. The 
mechanism of action for LMWH is similar to that 
of UFH, although its ability to directly inhibit 

thrombin is lower [74]. LMWH is believed to be 
advantageous due to the uniform molecular size 
compared to unfractionated heparin which con-
sists of multiple molecular forms and, thus, less 
predictable biologic activity.

The success of UFH and LMWH as thrombo-
prophylaxis agents in elective surgical patients 
led to their adoption in trauma. In the United 
States, LMWH has become the agent of choice 
for thromboprophylaxis after trauma. Several 
studies have demonstrated that LMWH may be 
superior to UFH for the prevention of DVT after 
trauma [5, 67, 75–80], although the mechanism is 
not well understood. Geerts and colleagues com-
pared LMWH (30  mg subcutaneously twice 
daily) with UFH (5000 U twice daily) in a pro-
spective randomized trial involving 344 patients, 
all of whom had significant injury with ISS >9 
[5]. Patients underwent bilateral lower extremity 
contrast venography between 10 and 14  days 
after admission or just before discharge if dis-
charged earlier. Of the 265 patients with veno-
grams adequate for analysis, VTE incidence was 
31% (n = 40) in the LMWH group compared to 
44% (n = 60) in the UFH group (p = 0.014). No 
mechanical prophylaxis was used. In a random-
ized noninferiority trial comparing UFH dosed 
three times daily to enoxaparin for prevention of 
VTE after trauma, UFH was noninferior to 
enoxaparin [81]. The dosing strategy for UFH in 
this study may explain the different outcomes 
when compared to other studies. More recently, a 
review of 18,010 trauma patients in the Michigan 
Trauma Quality Improvement Program with ISS 
≥5, and length of stay >24  hours, found a 
decreased risk of mortality, VTE, PE, and DVT, 
with LMWH compared to UFH [76]. Barrera and 
colleagues found that LMWH reduced the risk of 
DVT compared to UFH in a systematic review 
and meta-analysis of four randomized controlled 
trials in trauma patients (RR, 0.68; 95% CI, 0.50–
0.94) [67]. Thus, the American College of Chest 
Physicians guidelines for the management of 
VTE [82], the level III recommendations from 
the Eastern Association for the Surgery of Trauma 
[50], and the majority of evidence support the use 
of LMWH, rather than UFH, for VTE thrombo-
prophylaxis after trauma.
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However, there is no consensus regarding 
optimal dosing strategies for LMWH. The use of 
antifactor Xa levels for monitoring and titrating 
enoxaparin doses has been an area of active 
investigation. While the standard dosing of 
enoxaparin 30 mg twice daily may be insufficient 
[83], there is uncertainty as to whether titrating 
enoxaparin based on antifactor Xa levels is ben-
eficial. In a study of 205 trauma patients, 87 
underwent antifactor Xa-based adjustment, and a 
historical control of 118 patients received enoxa-
parin 30 mg twice daily [84]. The incidence of 
VTE was significantly lower in the adjustment 
group compared to the control group (1.1% vs. 
7.6%, p  =  0.046). Dhillon and colleagues had 
similar findings in a cohort of 159 patients with 
lower extremity and/or pelvic fractures—VTE 
rates were 13.9% in the control group vs. 1.7% in 
the antifactor Xa-adjusted group (p = 0.03) [85]. 
Others have failed to find a therapeutic benefit to 
antifactor Xa-based dosing. Karcutskie and col-
leagues followed 194 trauma patients in the 
intensive care unit with a median ISS of 23 who 
were dose-adjusted based on antifactor Xa levels. 
Only 53% of patients ever reached the therapeu-
tic antifactor Xa range, and no differences in 
VTE, DVT, or PE rates were noted between those 
who became prophylactic and those who did not 
[86]. In a follow-up study, they propensity score- 
matched 132 patients receiving standard fixed- 
dose enoxaparin to 84 patients receiving 
dose-adjusted enoxaparin and found no signifi-
cant differences in the incidence of VTE between 
groups (2% vs. 4%, p = 0.57) [87]. Other dosing 
strategies for LMWH thromboprophylaxis 
include weight-based dosing prior to titration 
based on antifactor Xa levels. Most antifactor 
Xa-level based protocols start patients on a 
weight-based dose of enoxaparin and measure 
antifactor Xa levels. Enoxaparin doses are then 
adjusted to achieve antifactor Xa levels in the 
prophylactic range. Most studies show that this is 
an effective method to achieve prophylactic range 
antifactor Xa levels [88–90], although the effect 
on the incidence of VTE is controversial [91, 92]. 
Finally, TEG-based dosing of enoxaparin was not 
shown to decrease the incidence of VTE when 
compared to standard dosing (6.7% vs. 6.3%, 

p  >  0.99) in a randomized, multicenter trial of 
surgical and trauma patients [93].

The major risks associated with thrombopro-
phylaxis include bleeding and heparin-induced 
thrombocytopenia (HIT) [74]. Bleeding has been 
reported to occur in up to 2% of trauma patients 
receiving either agent [17]. HIT occurs even less 
frequently and the risk may be slightly higher 
with UFH than LMWH.  One meta-analysis in 
surgical and medical patients receiving either 
LMWH or UFH found that the absolute risk for 
HIT was 0.2% for LMWH and 2.6% for UFH 
[94].

Certain special situations warrant further dis-
cussion. Renal function should be assessed prior 
to the administration of LMWH as this drug is 
renally cleared and should not be administered to 
patients with renal insufficiency (creatinine clear-
ance <30 mL/minute) [95, 96]. The use of either 
LMWH or UFH in patients with traumatic brain 
injury is also considered contraindicated by 
some, although its use in patients with invasive 
intracranial monitors is not associated with 
increased bleeding complications [97]. Current 
evidence suggests that thromboprophylaxis is 
safe when initiated within 72 hours of injury in 
patients with TBI and a stable imaging and may 
decrease the incidence of VTE by 50% without 
increasing morbidity [98]. The American College 
of Surgeons Trauma Quality Improvement 
Program Best Practices Guidelines for the 
Management of Traumatic Brain Injury supports 
the initiation of thromboprophylaxis within 
72 hours of injury in patients with TBI and a sta-
ble head CT [99]. The Brain Trauma Foundation 
guidelines also support the use of LMWH and 
UFH in TBI; however, they do not mention the 
optimal timing [100]. Similarly, early VTE 
thromboprophylaxis (within 48 hours) has been 
found to be safe and beneficial in patients with 
pelvic fracture [101], spinal cord injury [95, 97, 
102–105], and blunt solid organ injury managed 
nonoperatively [97, 106–113].

As our understanding of the pathophysiology 
of VTE continues to evolve, new targets for pro-
phylaxis will inevitably emerge. Recent findings 
have shown the integral contribution of platelets 
to the postinjury hypercoagulable state [37]. 
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These findings have led to recommendations to 
add aspirin to the thromboprophylaxis regimen 
after trauma. Thromboprophylaxis with aspirin is 
not a new idea and has been used in orthopedic 
patients for decades [114–117]. However, its use 
in trauma patients requires further study (see 
Chap. 7).

 IVC Filters

IVC filters have been recommended as thrombo-
prophylaxis after trauma for patients with contra-
indications to chemical thromboprophylaxis 
[118–120]. The use of IVC filters for this indica-
tion has increased significantly [121]. A recent 
meta-analysis by Haut and colleagues found a 
consistent reduction of PE and fatal PE in trauma 
patients with IVC filter placement, with no dif-
ference in mortality from DVT [122]. However, 
the strength of the evidence was low, and the use 
of IVC filters for PE prophylaxis remains contro-
versial [123]. Furthermore, studies showing no 
clear benefit from IVC filter placement and low 
retrieval rates associated with an increased risk of 
morbidity underscore the need for further study 
on their utility [124–126].

 Mechanical Thromboprophylaxis

Intermittent pneumatic compression (IPC) 
devices contain an inflatable bladder that inter-
mittently expands and compresses the gastrocne-
mius and soleus muscles to achieve an increase in 
venous flow velocity, thereby reducing stasis 
[127, 128]. The effects of IPC may not be solely 
mechanical [127]. These devices may also 
increase fibrinolysis, given transient increases in 
tissue plasminogen activator levels; however, this 
effect appears to decay within minutes of their 
discontinuation [129, 130].

Several studies have shown that IPC alone is 
more efficacious than no prophylaxis for reduc-
ing VTE after trauma [67, 131–134] and that IPC 
alone is effective as VTE prophylaxis in non-
trauma hospitalized patients [135–137]. In con-
trast, a meta- analysis by Velmahos and colleagues 

found that IPC was equivalent to no DVT pro-
phylaxis [138]. A more recent meta-analysis of 
five randomized controlled trials found that 
mechanical prophylaxis with IPC reduced the 
risk of DVT relative to no prophylaxis (4.5% vs. 
8.8%, RR 0.43; 95% CI, 0.25–0.73) [67].

There are minimal risks associated with the 
use of IPC, except cost. Although skin necrosis 
and peroneal palsy have been reported [139, 
140], these complications are exceedingly rare 
and may be related to improper application. IPC 
devices should be used continuously until ambu-
lation [95]. However, there is a high rate of non-
compliance, particularly in patients on general 
hospital units [141], which may limit their effi-
cacy [141, 142]. The utility of IPC is further lim-
ited in patients with lower extremity fracture, 
external fixators, plaster immobilizers, or signifi-
cant open wounds, which can occur in up to 35% 
of patients [51]. In these situations, foot IPC can 
be used [50, 143, 144].

Taken together, IPC devices are an effective 
option for thromboprophylaxis in trauma patients 
and are associated with minimal risk. IPC devices 
should be used routinely in patients who can tol-
erate them, regardless of whether or not the 
patient is receiving chemical thromboprophy-
laxis, given the decreased incidence of DVT with 
a combined approach [67].

In summary, most injured patients have at 
least one risk factor for the development of VTE 
and require some form of thromboprophylaxis. 
Chemical options include UFH and 
LMWH. LMWH is the preferred agent of choice 
in patients without contraindications. Several 
dosing strategies exist for LMWH, including 
standard dosing (30  mg subcutaneous twice 
daily), antifactor Xa-based dosing, and weight- 
based dosing followed by adjustments based on 
antifactor Xa. TEG-based dosing does not appear 
to confer any benefit in reducing VTE events. 
IPC should be used when possible. Careful con-
sideration to using thromboprophylaxis is neces-
sary in select patient populations, although its use 
appears to be safe in most subgroups within 
48–72 hours after injury. IVC filter use in patients 
with contraindications to chemical thrombopro-
phylaxis remains controversial. Despite all these 
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available strategies, VTE events continue to 
occur [10, 145], underscoring the need to investi-
gate new strategies as we learn more about the 
pathophysiology of thromboembolic disease.

 Treatment of VTE

VTE should be treated with therapeutic antico-
agulation once diagnosed unless major contrain-
dications exist. VTE recurrence can occur in up 
to 30% of patients within 10 years in the general 
medical population [146–148]. Initial manage-
ment includes a heparinoid (UFH or LMWH) 
bridge followed by a transition to warfarin or 
other oral anticoagulant. The heparin bridge is 
required to avoid the risk of a paradoxical hyper-
coagulable state secondary to the depletion of 
the regulatory anticoagulant proteins C and S 
[146]. In the setting of a contraindication to ther-
apeutic anticoagulation, such as high risk of 
bleeding or recurrent VTE despite adequate 
doses of anticoagulation, an IVC filter should be 
considered.

Several anticoagulant strategies exist for the 
treatment of VTE. In a recent systematic review 
and meta-analysis, Castellucci and colleagues 
demonstrated that LMWH plus warfarin was 
associated with a slightly lower rate of VTE 
recurrence compared to UFH plus warfarin 
[149]. The authors also showed that rivaroxaban 
and apixaban were associated with a lower risk 
of bleeding. However, it should be noted that 
most of the patients in the studies reviewed were 
medical patients rather than trauma patients. 
Nevertheless, these non-vitamin K antagonist 
(non-VKA) oral anticoagulants (i.e., apixaban, 
dabigatran, edoxaban, and rivoraxaban) may be 
better options for extended therapy because 
their dosages are fixed and they do not require 
routine monitoring of coagulation function 
[148]. Aspirin has also been given for long-term 
management of VTE; however, the recent 
EINSTEIN CHOICE trial showed that once-
daily rivaroxaban reduced the risk of recurrent 
VTE by 70% compared with aspirin and did not 
significantly increase bleeding risk, making 
rivaroxaban a more attractive option [148]. 

Recent meta-analyses have also compared the 
risk of bleeding between the non-VKA oral 
anticoagulants and found that apixaban has the 
most favorable bleeding risk compared to aspi-
rin, dabigatran, edoxaban, rivaroxaban, and 
warfarin [150]. Therefore, oral anticoagulation 
may be better tolerated when given in the form 
of a non- VKA agent relative to warfarin, with 
apixaban having the most favorable adverse 
event profile.

There is no consensus on whether the duration 
of anticoagulation therapy should exceed 
3 months. As with thromboprophylaxis, the dura-
tion of therapy must be considered in the context 
of the individual patient. If trauma is the only risk 
factor in a young and otherwise healthy patient, 
3 months of oral anticoagulation should be con-
sidered adequate. If other factors exist (e.g., pro-
longed inactivity or ongoing infection), 6 months 
is reasonable.
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 Introduction

Fibrinolysis is a normal physiologic process that 
is essential to maintain microvascular patency by 
removing extraneous fibrin clot [1]. The extremes 
of fibrinolysis, termed hyperfibrinolysis (exces-
sive breakdown of clot) and fibrinolysis shut-
down (resistance to clot breakdown), are 
associated with increased mortality [1, 2]. The 
mechanisms and clinical implications of these 
pathologic extremes and their temporal trends 
have been detailed in the previous chapter on 
fibrinolytic derangements following trauma 
(Chap. 11). While pharmacologic therapies, such 
as tranexamic acid (TXA), to attenuate hyperfi-
brinolysis have been studied extensively in 
trauma, studies to identify effective strategies to 
treat fibrinolysis shutdown are limited.

Low fibrinolytic activity can be defined by 
viscoelastic hemostatic assessment (VHA) [1]. 
The two commercially available VHA are throm-

belastography (TEG) and rotational thrombo-
elastometry (ROTEM). The exact viscoelastic 
measurement used to define fibrinolysis pheno-
types varies depending on which viscoelastic 
assay (TEG vs. ROTEM) and, further, which type 
of TEG or ROTEM assay is used (activated vs. 
native) [3–5]. A recent study evaluating TEG and 
ROTEM showed that these assays have moderate 
agreement in identifying fibrinolysis phenotypes 
[6] in which the outputs from either assay can be 
used to identify low fibrinolytic states following 
severe injury.

Low fibrinolytic activity is defined as a LY30 
of <0.9% by rapid TEG which has been associ-
ated with an increased mortality following injury, 
with a mortality of 17–22% compared to a physi-
ologic level of fibrinolysis of 3–14% [1, 2]. The 
cause of death in the shutdown cohort was typi-
cally late death and more commonly associated 
with multiorgan failure[1, 2]. It has been a 
hypothesis that multiple organ failure is caused 
by microthrombotic complications stemming 
from the decreased clot breakdown associated 
with fibrinolysis shutdown [1, 2]. Acute fibrino-
lysis shutdown has also been recognized in septic 
shock as a factor associated with increased mor-
bidity and mortality [7]. An association between 
the inflammatory response and fibrinolytic capac-
ity has been identified in septic patients and is 
suggested as a mechanism for the morbidity 
associated with markers of elevated inflammation 
such as C-reactive protein [8]. Additional studies 
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have shown a relationship between fibrinolysis 
shutdown and increased morbidity in transplant 
patients [9]. Further refinement on the definition 
of low fibrinolysis has recently been described in 
trauma patients as those with hypofibrinolysis 
(lack of fibrinolysis activation) and fibrinolysis 
shutdown (prior activation of fibrinolysis and 
subsequent inhibition of the system) [10]. There 
has been confusion in the literature, as both hypo-
fibrinolysis and fibrinolysis shutdown have been 
used interchangeably to describe the same patient 
population. For simplicity, in this chapter we will 
refer to trauma patients as being in fibrinolysis 
shutdown, but future research is needed to better 
delineate hypofibrinolysis from fibrinolysis shut-
down, as both manifest as low fibrinolytic activ-
ity on functional assays.

 Fundamentals of Fibrinolysis 
Shutdown

Because clot formation and degradation are 
ongoing and tissue-specific under normal physi-
ologic conditions, the molecular mechanisms 
regulating the fibrinolytic system are diverse and 
complex. The driving forces of both hyperfibri-
nolysis and hypofibrinolysis are discussed in 
detail in Chap.11, but key points on low fibrino-
lytic activity will be highlighted in this section. 
Plasminogen conversion to plasmin by tissue 
plasminogen activator (t-PA) and urokinase 
(uPA) is the dominant step in activation of fibri-
nolysis [11]. A lack of activators, plasminogen 
activator inhibitors, plasmin inhibitors, or struc-
tural changes to the clot can produce a low fibri-
nolytic state. Primary regulation of the fibrinolytic 
system is via serpins, a family of serine protease 
inhibitors that irreversibly bind to and complex 
the active site serine on plasmin [11, 12]. 
Examples of the recognized levels of regulation 
include (Figs. 31.1 and 31.2):

 A. Tissue plasminogen activator is stored in the 
Weibel-Palade bodies in the endothelium 
[13]. The release of t-PA from the endothe-
lium is multifactorial and related to increas-
ing intracellular calcium levels from several 
surface receptors that bind thrombin, epi-

nephrine, and histamine [14]. Regulation of 
this process is poorly understood, but a ten-
dency for thrombotic complications has been 
appreciated in patients who have deficient 
t-PA release [15].

 B. Plasminogen activators are inhibited by plas-
minogen activator inhibitors (PAIs). While 
PAI-1 can be found in the endothelium, mac-
rophages, and even adipocytes, substantial 
PAI-1 is stored in platelets, accounting for 
90% of circulating plasma PAI-1 [16–19]. 
Experimental data shows that PAI-1 is rap-
idly released from alpha granules after throm-
bin stimulation in its active form and 
complexes t-PA [17]. Furthermore, thrombin 
stimulation of hepatic endothelium increases 
PAI-1 release [20]. PAI-2 is also a member of 
this serpin family but only found in signifi-
cant plasma levels during pregnancy [11].

 C. Plasmin is regulated by the most abundant and 
fast-acting serpin, alpha 2-antiplasmin 
(a2AP), which is also contained in platelet 
alpha granules. The normal circulating level 
of a2AP is 70  ug/mL [21]. Plasmin that is 
released into circulation is immediately neu-
tralized by this serpin [11]. This is an essential 
process to confine fibrinolysis to a local level.

 D. Fibrin structural modification via thrombin- 
activatable fibrinolysis inhibitor (TAFI) is a 
potent attenuator of fibrinolysis. TAFI has 
specificity for carboxy-terminal arginine and 
lysine residues that are the binding sites for 
plasminogen and tPA [11, 22]. Enhanced 
thrombin generation has been shown to be 
correlated to increase risk of VTE in trauma 
patients [23] and may be secondary to the 
activation of TAFI.

 E. A number of proteins with lysine in their sur-
face, including TXA, can bind to plasminogen 
kringle domains to prevent binding to fibrin.

 F. Plasminogen can be converted to angio-
statin, an inactive form, by human neutro-
phil elastase [24].

The exact mechanism of low fibrinolytic activ-
ity following trauma is not clear; it is likely multi-
factorial involving the pathways described above. 
More recent data suggests that shutdown fibrino-
lysis patients may be deficient in a pro- fibrinolytic 
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Fig. 31.1 Five ways of decreasing fibrinolytic activity can all contribute to the development of the fibrinolysis shut-
down phenotype

Fig. 31.2 Five ways of decreasing fibrinolytic activity 
can all contribute to the development of the fibrinolysis 
shutdown phenotype that is associated with macro- and 

microvascular complications such as venous thromboem-
bolism and multiorgan failure

31 Fibrinolysis Shutdown and Venous Thromboembolism



538

mechanism that promotes a physiologic state of 
fibrinolysis that extends beyond tPA.  This is 
exemplified by the recent report that identified 
tPA hypersensitive and non- hypersensitive vari-
ants of hyper, physiologic, and shutdown and 
described proteomic differences that may contrib-
ute to a fibrinolytic shutdown phenotype as well 
as effects on overall mortality [25].

 Macrovascular Thrombosis, 
Fibrinolysis Shutdown, 
and the Effect of Tranexamic Acid

Macrovascular thrombosis can be defined as the 
presence of venous thromboemboli (DVT and 
PE), embolic stroke, or myocardial infarction. 
While early fibrinolysis shutdown is associated 
with mortality [1, 2], Meizoso et al. also identi-
fied persistent fibrinolysis shutdown (persisting 
longer than 1 week) as an independent predictor 
of mortality in the severely injured trauma patient 
[26]. The “Military Application of Tranexamic 
Acid in Trauma Emergency Resuscitation” 
(MATTERs) study evaluating the military appli-
cation of tranexamic acid for the use of injured 
patients observed that, overall, those who 
received TXA had a statistically significant 
increase in rate of DVT [27]. There was also a 
trend toward increase DVT and PE rate in patients 
who required a massive transfusion and TXA 
[27]. In the most recent military evaluation of 
TXA, it was concluded that there was no overall 
survival benefit, and its use was associated with a 
significant increase in thrombotic complications 
[28]. Obesity has also been found to be a factor 
associated with increased rates of fibrinolysis 
shutdown in the trauma population [29]. In this 
study, a BMI >30 was protective against dimin-
ished clot strength and hyperfibrinolysis, and 
obesity was associated with an increased risk of 
fibrinolytic shutdown in severely injured patients 
[29]. It was postulated that this could be a con-
tributing factor to the increased rates of VTE seen 
in obese patients.

In a pediatric population, the presence of 
fibrinolysis shutdown at the time of arrival to the 
emergency department (ED) was associated with 

a significant increase in the incidence of develop-
ment of deep vein thrombosis [30]. Furthermore, 
the group of patients who presented in fibrinolysis 
shutdown was more likely to be discharged with 
functional disability. Similarly, another study 
evaluating the fibrinolytic phenotype in pediatric 
trauma patients also identified fibrinolysis shut-
down as a common postinjury phenotype in this 
patient population and a high rate of DVT (9.8%) 
[31]. Furthermore, this group identified that a 
severe traumatic brain injury (TBI) is associated 
with sustained impaired clot breakdown [31].

As previously discussed, excess PAI-1 can 
precipitate a state of fibrinolysis shutdown. For 
example, several studies have investigated the 
potential role of alcohol consumption and 
thromboembolic risk. Spoerke et al. [32] showed 
that both males and females had increased PAI-
1, after consumption of alcohol. In the male 
population, this was also associated with a 
decrease in LY30 (clot breakdown). In a study 
evaluating the effects of alcohol consumption 
on cardiac risk, Djousse et  al. [33] found that 
individuals who consumed larger amounts of 
alcohol, more than 14.9 g of alcohol per day (the 
equivalent of one drink), had increased circulat-
ing PAI-1, which they postulated increased the 
risk of thrombotic complications. Evidence sug-
gests that in acute alcohol intoxication, there is 
an increase in both tPA and PAI-1 [34, 35]. 
However, the ratio of PAI-1/tPA is shifted to 
favor PAI-1 with consumption of an increasing 
amount of alcohol [34]. Furthermore elevated 
triglyceride levels resulting from heavy alcohol 
consumption may further stimulate PAI-1 gene 
expression, especially in people with a genetic 
makeup sensitive to PAI-1 [36]. This increased 
PAI-1 gene expression could result in the inhibi-
tion of fibrinolysis and thus increase the risk for 
acute cardiac events [36]. As alcohol intoxica-
tion is present in a large portion of trauma 
patient, its role in driving fibrinolysis inhibition 
may have a contributory effect in the develop-
ment of post- traumatic thrombotic complica-
tions. In spinal cord injured patients, alcohol 
intoxication has been associated with DVT and 
PE [37]. However, the presence of alcohol in 
trauma patients has also been found to have the 
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opposite effect, i.e., an association with lower 
rates of DVTs [38]. Future study is required, as 
impairment of fibrinolysis from alcohol may 
require a secondary hit such as prolonged immo-
bilization to promote VTEs.

Recent studies from the transplant literature 
implicate fibrinolysis shutdown as a risk factor 
for VTE. In a study of 49 adult patients undergo-
ing visceral transplantation, fibrinolytic shut-
down was the predominant fibrinolytic phenotype. 
Fibrinolytic shutdown was associated with an 
increase in both thrombosis and hemorrhage with 
18% of patients having an intraoperative throm-
bosis. A clinically meaningful reduction in inci-
dence of intraoperative thrombosis was noted in 
visceral transplant recipients who received hepa-
rin thromboprophylaxis [39].

While the “Effects of tranexamic acid on 
death, vascular occlusive events, and blood trans-
fusion in trauma patients with significant haem-
orrhage” (CRASH-2) trial did not show an 
increased rate of VTE, there was an association 
of mortality with late administration of TXA 
(>3 hours) [40, 41]. These late TXA patients had 
a paradoxical increase rate of mortality attribut-
able to bleeding. It is important to remember that 
patients can bleed in low fibrinolytic states. One 
of the few human clinical studies documenting 
intravascular clots in organs following severe 
injury also reported that these patients were clini-
cally coagulopathic [42]. These authors reported 
no benefit of antifibrinolytics and attributed death 
due to organ failure, despite the patient continu-
ing to bleed. Other authors have speculated that 
the post-3-hour cause of bleeding from TXA is 
due to increased plasmin generation from uroki-
nase [43]. Regardless of the effects, there is an 
adverse effect of TXA given after 3 hours from 
injury. This is likely due to a post resuscitation 
impairment of fibrinolysis as more than 80% of 
severely injured hypotensive trauma patients 
have dramatic increases in PAI-1 activity with 
associated tPA resistance [44]. In this patient 
population, low fibrinolytic activity between 4 
and 12 hours following injury was not associated 
with increased morbidity or mortality, but those 
patients that remained in shutdown at 12 and 
24 hours had worse outcomes. This reperfusion 

fibrinolysis shutdown does not appear to be 
pathologic but rather a physiologic response to 
severe injury, which has been proposed to be part 
of the acute-phase response [45]. One argument 
for empiric TXA use is that the majority of 
patients will manifest a low fibrinolytic state sev-
eral hours after injury regardless of their resusci-
tation strategy and thus, TXA has the potential to 
attenuate hyperfibrinolysis with minimal effects. 
However, this concept neglects to take into con-
sideration the effects of TXA on long-term fibri-
nolytic activity in trauma patients that have been 
resuscitated.

While the circulating half-life of TXA is sev-
eral hours, the antifibrinolytic effects can last 
beyond 24 hours [46]. It has been speculated that 
this effect is due to TXA binding to plasminogen 
and remaining in circulation. Recovery from this 
acquired fibrinolysis shutdown occurs in roughly 
half of these patients [44]. Those that remain in 
shutdown are classified as persistent fibrinolysis 
shutdown, which was previously discussed, in 
which TXA has been implicated in promoting 
this scenario [47]. It has been argued that there 
should be a selective use of TXA in the injured 
patient as administration to those with a shut-
down phenotype may be critical in the pathogen-
esis of postinjury organ failure and thrombotic 
complications [48]. Furthermore, patients who 
present to the hospital with physiologic levels of 
fibrinolysis, who received TXA, have increased 
mortality [49]. Finally, a recent study from Myers 
et al. identified the use of TXA as an independent 
risk factor for the development of VTE following 
injury [50]. Recent studies from two separate 
military groups identified the use of TXA as a 
risk factor for VTE [28, 51]. One study showed 
that the use of TXA increased the rate of VTE 
from 6.8% to 34.5%, while another study revealed 
that the risk of PE and DVT increased to 182% 
and 100%, respectively, following the adminis-
tration of TXA [28, 51]. A 2019 study from 
Bourdreau et al. evaluating the prehospital use of 
TXA during aeromedical transport following 
injury showed that those who received prehospi-
tal TXA more commonly presented in fibrinoly-
sis shutdown [52]. Further, whether the patient 
received prehospital or in-hospital TXA, there 
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was an increase VTE rate compared to the gen-
eral trauma population [52].

While the retrospective data suggest a risk of 
VTE with TXA use, this has not been validated in 
large randomized trials. It has been appreciated 
that TXA does not appear to cause thrombotic 
complications, but rather it increases the clot bur-
den if fibrin is already present [46]. This is likely 
the more clinically relevant question for concerns 
with TXA use. The patient population of highest 
concern would be those patients with blunt 
carotid vertebral artery injury, which is found in 
roughly 3% of severely injured trauma patients 
[53]. Embolic stroke events occur early after 
injury (<72  hours), and the standard of care is 
heparin or aspirin therapy [53]. These patients 
would raise concerns for empiric TXA use.

Overall, the timing of TXA and impact on 
fibrinolytic shutdown are an important area of 

future research. It is important to not confuse the 
three unique states of low fibrinolytic activity fol-
lowing severe injury: (1) acute fibrinolysis shut-
down, (2) acquired fibrinolysis shutdown, and (3) 
persistent fibrinolysis shutdown [10]. Acute fibri-
nolysis shutdown is a risk factor for persistent 
shutdown, both of which are associated with 
increased mortality that occurs days after injury. 
Acquired fibrinolysis shutdown is a physiologic 
event 2–12 hours after injury, and recovery from 
acquired shutdown is associated with favorable 
outcomes. Appreciation of these different stages 
will enable a better understanding of postinjury 
fibrinolysis activity (Fig. 31.3). A knowledge gap 
to address is if TXA creates a persistent fibrino-
lytic shutdown state, should these patients be tar-
geted for more intensive VTE screening, and if 
they require an adjunct to standard chemical and 
mechanical DVT prophylaxis.

Fig. 31.3 Figure schematically illustrates, in theory, the 
fibrinolytic activity in different conditions in patients with 
physiologic fibrinolysis, hyperfibrinolysis, and shutdown 
fibrinolysis. In patients with physiologic fibrinolysis, the 
administration of TXA tends to lead to early shutdown 
fibrinolysis that is persistent. In those that do not receive 
TXA, fibrinolytic activity is initially balanced, then can 
decrease to a state of fibrinolysis shutdown, and ultimately 

recovers to balanced fibrinolysis. In patients with hyperfi-
brinolysis, there is a similar trend in the presence or 
absence of TXA. However, there are also patients who do 
not obtain hemostatic control and die early form bleeding. 
In the patient cohort with shutdown, both the administra-
tion and lack of administration may lead to acute and per-
sistent fibrinolysis shutdown and low fibrinolytic activity

G. R. Stettler et al.
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 Treatment of Fibrinolysis Shutdown 
to Prevent Macrovascular 
Thrombosis

Currently, there are no pharmacologic interven-
tions in use to treat fibrinolysis shutdown 
(Table 31.1) [54–59]. Furthermore, current inter-
ventions have not been uniformly successful in 
reducing thrombotic complications such as VTE 
in trauma and surgical patients [60, 61].

However, some studies have illustrated the 
utility of aspirin and statins as medications as 
effective at reducing the incidence of VTE [62]. 
Current guidelines following cardiac surgery rec-
ommend the use of aspirin and statins as safe and 
effective to reduce thrombotic complications 
[63]. Mechanistically, statins have been shown to 
reduce the levels of PAI-1, the primary driver of 
fibrinolysis shutdown, while also increasing 
plasma fibrin clot permeability and lysability [62, 
64, 65]. To investigate this, our group is perform-
ing the STAT (Statins and Aspirin in Trauma) 
trial to evaluate the efficacy of statins and aspirin 
in reducing the risk of VTE in critically injured 
patients in the intensive care unit (trials.gov.com 
#NCT02901067). Enrollment is currently under-
way and preliminary results are positive in reduc-
ing postinjury VTE.

 Fibrinolysis Shutdown 
and Microvascular Thrombosis

Microvascular thrombosis is much more diffi-
cult to quantify as it often requires histological 
evaluation to confirm. However, a surrogate for 
microvascular thrombosis has been clinical evi-
dence of multiple organ failure. The majority of 
severely injured trauma patients have impair-
ment of  fibrinolysis in the first 12 hours follow-
ing injury which is associated with increased risk 
of death from multiple organ failure [1, 2]. This 
inhibition of fibrinolysis results in microvascular 
 thrombosis and has previously been implicated in 
the pathogenesis of organ failure [66]. In the post- 
cardiac arrest syndrome, fibrinolysis shutdown 
is associated with the development of multiple 
organ failure. This was suggested to be second-
ary to higher levels of soluble fibrin as well as 
increase tPA/PAI-1 complex [67, 68]. In post- 
cardiac arrest patients, there is an increase in the 
levels of both neutrophil elastase- and neutrophil- 
derived fibrin products. Although increased plas-
min levels (plasmin-antiplasmin complex) were 
observed, the results may indicate that t-PA- 
mediated and neutrophil-mediated fibrinolysis 
could not overcome PAI-1-induced fibrinolytic 
shutdown for several days after return of spon-

Table 31.1 Treatment of fibrinolysis

Author n Population Treatment
Thrombotic 
outcome

Intervention vs. 
control

Fibrinolytic 
quantification

Knight 
et al.

128 General 
surgery

Arm SCD DVT 32% vs. 14%a ELTa POD3

Blamey 
et al.

60 General 
surgery

Stanozolol IM 50 mg 
preoperative

DVT 41% vs. 35% Fibirn plate 
lysisa POD1

Cuscheieri 
et al.

50 General 
surgery

Stanozolol IM 50 mg 
preoperative

Pulmonary 
complication

67% vs. 65 % Fibirn plate 
lysisa POD1

Berridge 
et al.

27 Vascular 
surgery

Stanozolol IM 50 mg 
preoperative and 5 mg PO 
6 week

Early graft 
thrombosis

8% vs. 14% ELT POD7

Cahan et al. 48 General 
surgery

Leg SCD and heparin DVT 0% vs. 0% PAI-1 activity

Killewich 
et al.

44 General 
surgery

Leg SCD and heparin DVT 0% vs. 0% PAI-1 activity

Adapted with permission from Moore et al. [10]
Abbreviations: DVT deep vein thrombosis, ELT euglobulin lysis time, IM intramuscular, PAI-1 plasminogen activator 
inhibitor 1, PO per os, POD postoperative day, SCD sequential compression device
aStatistical difference
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taneous circulation leading to the elevation of 
SOFA scores, which suggests the development 
of organ dysfunction [68]. Furthermore, fibrino-
lysis shutdown has been found to be associated 
with in-hospital death and increased Sequential 
Organ Failure Assessment (SOFA) scores (sug-
gesting organ dysfunction) in patients with 
out-of- hospital cardiac arrest [69]. While micro-
vascular thrombosis is difficult to quantify with 
current technology, ongoing studies are evaluat-
ing microfluidics of fibrinolysis to elucidate how 
the degree of fibrinolysis affects the microvas-
cularity and fluid dynamics in small vessels that 
may contribute to the microthrombotic complica-
tions [70].

 Treatment of Fibrinolysis Shutdown 
to Prevent Microvascular 
Thrombosis

There are no pharmacologic interventions cur-
rently in use to specifically target fibrinolysis 
shutdown. However, experimental work has eval-
uated pharmacologic interventions that reduce 
microvascular thrombosis seen in the acute respi-
ratory distress syndrome (ARDS) [71–75], one of 
the complications of impaired clot formation and 
the MOF syndrome [1, 2]. In animal models, 
Vasquez et al. reported uPA improved blood flow 
leading to enhanced cardiovascular and pulmo-
nary function compared to controls in a model of 
septic shock [75]. Furthermore, in swine, 
Hardaway et al. showed that the administration of 
t-PA and uPA improved pulmonary function and 
prevented histologic development of ARDS in 
both traumatic and septic models of ARDS [73, 
74]. Finally, two studies of ARDS secondary to 
trauma or sepsis illustrated the potential of plas-
minogen activators at improving pulmonary 
function [71, 72]. The hypothesis is that dissemi-
nated intravascular coagulation (DIC) initiates 
ARDS by occluding the pulmonary microcircula-
tion with micro clots. The use of plasminogen 
activators leads to significant improvement in 
partial pressure of oxygen in arterial blood with 
no bleeding or aberrations in clotting parameters 
[71, 72]. These studies suggest that the use of 

plasminogen activators in selective patients may 
be of benefit and improve morbidity and mortal-
ity associated with microvascular thrombosis 
associated with states of impaired clot break-
down. Further investigation is clearly needed to 
identify safe interventions that can reduce or 
reverse microvascular clot formation associated 
with fibrinolysis shutdown.

 Conclusion

Within the last decade, identifying fibrinolysis 
phenotypes has become a critical measurement 
of TEG. Hypofibrinolysis or shutdown fibrinoly-
sis has been shown in some clinical scenarios to 
increase the risk of macrothrombotic complica-
tions such as VTE as well as microthrombotic 
complications such as multiple organ failure. 
With the morbidity and mortality of thrombotic 
sequelae for patients, and the financial burden of 
the diagnosis and treatment of VTE and multiple 
organ failure, the identification and appropriate 
treatment of patients with impaired clot break-
down are critical. We now have potential thera-
peutic strategies to mitigate shutdown. Finally, 
antifibrinolytic agents should be used selectively 
and optimally based on the fibrinolytic status of 
the patient.

References

 1. Moore HB, Moore EE, Liras IN, et  al. Acute fibri-
nolysis shutdown after injury occurs frequently 
and increases mortality: a multicenter evaluation 
of 2,540 severely injured patients. J Am Coll Surg. 
2016;222(4):347–55. https://doi.org/10.1016/j.
jamcollsurg.2016.01.006.

 2. Moore HB, Moore EE, Gonzalez E, et  al. 
Hyperfibrinolysis, physiologic fibrinolysis, and fibri-
nolysis shutdown: the spectrum of postinjury fibrinoly-
sis and relevance to antifibrinolytic therapy. J Trauma 
Acute Care Surg. 2014;77(6):811–7; discussion 17. 
https://doi.org/10.1097/TA.0000000000000341.

 3. Stettler GR, Sumislawski JJ, Moore EE, et  al. 
Citrated kaolin thrombelastography (TEG) thresh-
olds for goal-directed therapy in injured patients 
receiving massive transfusion. J Trauma Acute Care 
Surg. 2018;85(4):734–40. https://doi.org/10.1097/
TA.0000000000002037. [Published online first: 
2018/07/31].

G. R. Stettler et al.

https://doi.org/10.1016/j.jamcollsurg.2016.01.006
https://doi.org/10.1016/j.jamcollsurg.2016.01.006
https://doi.org/10.1097/TA.0000000000000341
https://doi.org/10.1097/TA.0000000000002037
https://doi.org/10.1097/TA.0000000000002037


543

 4. Stettler GR, Moore EE, Nunns GR, et al. Rotational 
thromboelastometry thresholds for patients at risk for 
massive transfusion. J Surg Res. 2018;228:154–9. 
https://doi.org/10.1016/j.jss.2018.03.027. [Published 
online first: 2018/06/17].

 5. Einersen PM, Moore EE, Chapman MP, et al. Rapid 
thrombelastography thresholds for goal-directed 
resuscitation of patients at risk for massive transfu-
sion. J Trauma Acute Care Surg. 2017;82(1):114–9. 
https://doi.org/10.1097/TA.0000000000001270.

 6. Stettler GR, Moore EE, Moore HB, et al. Redefining 
postinjury fibrinolysis phenotypes using two vis-
coelastic assays. J Trauma Acute Care Surg. 
2019;86(4):679–85. https://doi.org/10.1097/
TA.0000000000002165. [Published online first: 
2018/12/19].

 7. Schmitt FCF, Manolov V, Morgenstern J, et al. Acute 
fibrinolysis shutdown occurs early in septic shock 
and is associated with increased morbidity and mor-
tality: results of an observational pilot study. Ann 
Intensive Care. 2019;9(1) https://doi.org/10.1186/
s13613-019-0499-6.

 8. Zouaoui Boudjeltia K, Piagnerelli M, Brohee D, et al. 
Relationship between CRP and hypofibrinolysis: is 
this a possible mechanism to explain the association 
between CRP and outcome in critically ill patients? 
Thromb J. 2004;2(1):7. https://doi.org/10.1186/1477-
9560-2-7. [Published online first: 2004/10/01].

 9. Nicolau-Raducu R, Beduschi T, Vianna R, et  al. 
Fibrinolysis shutdown is associated with throm-
botic and hemorrhagic complications and poorer 
outcomes after liver transplantation. Liver Transpl. 
2019;25(3):380–7. https://doi.org/10.1002/lt.25394. 
[Published online first: 2018/12/15].

 10. Moore HB, Moore EE, Neal MD, et al. Fibrinolysis 
shutdown in trauma: historical review and clini-
cal implications. Anesth Analg. 2019; https://doi.
org/10.1213/ANE.0000000000004234. [Published 
online first: 2019/06/05].

 11. Cesarman-Maus G, Hajjar KA. Molecular mechanisms 
of fibrinolysis. Br J Haematol. 2005;129(3):307–21. 
https://doi.org/10.1111/j.1365-2141.2005.05444.x. 
[Published online first: 2005/04/22].

 12. Travis J, Salvesen GS. Human plasma proteinase inhib-
itors. Annu Rev Biochem. 1983;52:655–709. https://
doi.org/10.1146/annurev.bi.52.070183.003255. 
[Published online first: 1983/01/01].

 13. Huber D, Cramer EM, Kaufmann JE, et  al. Tissue- 
type plasminogen activator (t-PA) is stored in Weibel- 
Palade bodies in human endothelial cells both in vitro 
and in vivo. Blood. 2002;99(10):3637–45.

 14. van Mourik JA, Romani de Wit T, Voorberg 
J. Biogenesis and exocytosis of Weibel-Palade bodies. 
Histochem Cell Biol. 2002;117(2):113–22. https://
doi.org/10.1007/s00418-001-0368-9. [Published 
online first: 2002/04/06].

 15. Latham B, Kafoy EA, Barrett O Jr, et  al. Deficient 
tissue plasminogen activator release and normal tis-
sue plasminogen activator inhibitor in a patient 
with recurrent deep vein thrombosis. Am J Med. 

1990;88(2):199–200. [Published online first: 
1990/02/01].

 16. Booth NA, Robbie LA, Croll AM, et  al. Lysis of 
platelet- rich thrombi: the role of PAI-1. Ann N Y 
Acad Sci. 1992;667:70–80. [Published online first: 
1992/12/04].

 17. Huebner BR, Moore EE, Moore HB, et al. Thrombin 
provokes degranulation of platelet alpha-granules 
leading to the release of active plasminogen activa-
tor inhibitor-1 (PAI-1). Shock. 2018;50(6):671–6. 
https://doi.org/10.1097/SHK.0000000000001089. 
[Published online first: 2017/12/28].

 18. Ny T, Elgh F, Lund B.  The structure of the human 
tissue-type plasminogen activator gene: correla-
tion of intron and exon structures to functional 
and structural domains. Proc Natl Acad Sci U S 
A. 1984;81(17):5355–9. https://doi.org/10.1073/
pnas.81.17.5355. [Published online first: 1984/09/01].

 19. Samad F, Yamamoto K, Loskutoff DJ.  Distribution 
and regulation of plasminogen activator inhibitor-1 in 
murine adipose tissue in  vivo. Induction by tumor 
necrosis factor-alpha and lipopolysaccharide. J Clin 
Invest. 1996;97(1):37–46. https://doi.org/10.1172/
JCI118404. [Published online first: 1996/01/01].

 20. Huebner BR, Moore EE, Moore HB, et al. Thrombin 
stimulates increased plasminogen activator inhibitor-1 
release from liver compared to lung endothelium. J 
Surg Res. 2018;225:1–5. https://doi.org/10.1016/j.
jss.2017.12.017. [Published online first: 2018/04/02].

 21. Abdul S, Leebeek FW, Rijken DC, et  al. Natural 
heterogeneity of alpha2-antiplasmin: functional and 
clinical consequences. Blood. 2016;127(5):538–45. 
https://doi.org/10.1182/blood-2015-09-670117. 
[Published online first: 2015/12/03].

 22. Redlitz A, Tan AK, Eaton DL, et  al. Plasma car-
boxypeptidases as regulators of the plasminogen 
system. J Clin Invest. 1995;96(5):2534–8. https://
doi.org/10.1172/JCI118315. [Published online first: 
1995/11/01].

 23. Park MS, Spears GM, Bailey KR, et al. Thrombin gen-
eration profiles as predictors of symptomatic venous 
thromboembolism after trauma: a prospective cohort 
study. J Trauma Acute Care Surg. 2017;83(3):381–7. 
https://doi.org/10.1097/TA.0000000000001466. 
[Published online first: 2017/04/01].

 24. Barrett CD, Moore HB, Banerjee A, et  al. Human 
neutrophil elastase mediates fibrinolysis shutdown 
through competitive degradation of plasminogen 
and generation of angiostatin. J Trauma Acute Care 
Surg. 2017;83(6):1053–61. https://doi.org/10.1097/
TA.0000000000001685. [Published online first: 
2017/08/25].

 25. Moore HB, Moore EE, Huebner BR, et al. Fibrinolysis 
shutdown is associated with a fivefold increase in 
mortality in trauma patients lacking hypersensitivity 
to tissue plasminogen activator. J Trauma Acute Care 
Surg. 2017;83(6):1014–22. https://doi.org/10.1097/
TA.0000000000001718.

 26. Meizoso JP, Karcutskie CA, Ray JJ, et al. Persistent 
fibrinolysis shutdown is associated with increased 

31 Fibrinolysis Shutdown and Venous Thromboembolism

https://doi.org/10.1016/j.jss.2018.03.027
https://doi.org/10.1097/TA.0000000000001270
https://doi.org/10.1097/TA.0000000000002165
https://doi.org/10.1097/TA.0000000000002165
https://doi.org/10.1186/s13613-019-0499-6
https://doi.org/10.1186/s13613-019-0499-6
https://doi.org/10.1186/1477-9560-2-7
https://doi.org/10.1186/1477-9560-2-7
https://doi.org/10.1002/lt.25394
https://doi.org/10.1213/ANE.0000000000004234
https://doi.org/10.1213/ANE.0000000000004234
https://doi.org/10.1111/j.1365-2141.2005.05444.x
https://doi.org/10.1146/annurev.bi.52.070183.003255
https://doi.org/10.1146/annurev.bi.52.070183.003255
https://doi.org/10.1007/s00418-001-0368-9
https://doi.org/10.1007/s00418-001-0368-9
https://doi.org/10.1097/SHK.0000000000001089
https://doi.org/10.1073/pnas.81.17.5355
https://doi.org/10.1073/pnas.81.17.5355
https://doi.org/10.1172/JCI118404
https://doi.org/10.1172/JCI118404
https://doi.org/10.1016/j.jss.2017.12.017
https://doi.org/10.1016/j.jss.2017.12.017
https://doi.org/10.1182/blood-2015-09-670117
https://doi.org/10.1172/JCI118315
https://doi.org/10.1172/JCI118315
https://doi.org/10.1097/TA.0000000000001466
https://doi.org/10.1097/TA.0000000000001685
https://doi.org/10.1097/TA.0000000000001685
https://doi.org/10.1097/TA.0000000000001718
https://doi.org/10.1097/TA.0000000000001718


544

mortality in severely injured trauma patients. J 
Am Coll Surg. 2017;224(4):575–82. https://doi.
org/10.1016/j.jamcollsurg.2016.12.018.

 27. Morrison JJ, Dubose JJ, Rasmussen TE, et al. Military 
application of tranexamic acid in trauma emer-
gency resuscitation (MATTERs) study. Arch Surg. 
2012;147(2):113–9. https://doi.org/10.1001/arch-
surg.2011.287. [Published online first: 2011/10/19].

 28. Johnston LR, Rodriguez CJ, Elster EA, et  al. 
Evaluation of military use of tranexamic acid and 
associated thromboembolic events. JAMA Surg. 
2018;153(2):169–75. https://doi.org/10.1001/jama-
surg.2017.3821. [Published online first: 2017/10/27].

 29. Samuels JM, Moore EE, Coleman JR, et al. Obesity 
is associated with postinjury hypercoagulabil-
ity. J Trauma Acute Care Surg. 2019; https://doi.
org/10.1097/TA.0000000000002414. [Published 
online first: 2019/06/25].

 30. Leeper CM, Neal MD, McKenna C, et  al. 
Abnormalities in fibrinolysis at the time of admission 
are associated with deep vein thrombosis, mortal-
ity, and disability in a pediatric trauma population. J 
Trauma Acute Care Surg. 2017;82(1):27–34. https://
doi.org/10.1097/TA.0000000000001308.

 31. Leeper CM, Neal MD, McKenna CJ, et al. Trending 
fibrinolytic dysregulation: fibrinolysis shutdown 
in the days after injury is associated with poor 
outcome in severely injured children. Ann Surg. 
2017;266(3):508–15. https://doi.org/10.1097/
SLA.0000000000002355.

 32. Macko AR, Moore H, Cap AP, et  al. Tissue injury 
suppresses fibrinolysis following hemorrhagic shock 
in non-human primates (rhesus macaque). J Trauma 
Acute Care Surg. 2017;82(4) https://doi.org/10.1097/
TA.0000000000001379.

 33. Djousse L, Pankow JS, Arnett DK, et al. Alcohol con-
sumption and plasminogen activator inhibitor type 1: 
the National Heart, Lung, and Blood Institute Family 
Heart Study. Am Heart J. 2000;139(4):704–9.

 34. Dimmitt SB, Rakic V, Puddey IB, et  al. The effects 
of alcohol on coagulation and fibrinolytic fac-
tors: a controlled trial. Blood Coagul Fibrinolysis. 
1998;9(1):39–45.

 35. Veenstra J, te Wierik E, Kluft C. Alcohol and fibrino-
lysis. Fibrinolysis. 1990;4(Supp 2):64–8.

 36. Zakhari S.  Alcohol and the cardiovascular system: 
molecular mechanisms for beneficial and harmful 
action. Alcohol Health Res World. 1997;21(1):21–9.

 37. Crutcher CL 2nd, Ugiliweneza B, Hodes JE, 
et  al. Alcohol intoxication and its effects on trau-
matic spinal cord injury outcomes. J Neurotrauma. 
2014;31(9):798–802. https://doi.org/10.1089/
neu.2014.3329. [Published online first: 2014/03/13].

 38. Cook MR, Louis SG, McCully SP, et  al. Positive 
blood alcohol is associated with reduced DVT 
in trauma. Injury. 2015;46(1):131–5. https://doi.
org/10.1016/j.injury.2014.09.017. [Published online 
first: 2014/10/15].

 39. Raveh Y, Souki F, Livingstone J, et  al. Fibrinolytic 
shutdown is associated with intraoperative thrombo-

sis and hemorrhage during visceral transplant. Semin 
Cardiothorac Vasc Anesth. 2019:1089253219848441. 
https: / /doi .org/10.1177/1089253219848441. 
[Published online first: 2019/05/10].

 40. CRASH-2 Trial Collaborators, Shakur H, Roberts 
I, et  al. Effects of tranexamic acid on death, vascu-
lar occlusive events, and blood transfusion in trauma 
patients with significant haemorrhage (CRASH- 2): 
a randomised, placebo-controlled trial. Lancet. 
2010;376(9734):23–32. https://doi.org/10.1016/
S0140-6736(10)60835-5. [Published online first: 
2010/06/18].

 41. Roberts I, Shakur H, Coats T, et  al. The CRASH-2 
trial: a randomised controlled trial and economic 
evaluation of the effects of tranexamic acid on death, 
vascular occlusive events and transfusion requirement 
in bleeding trauma patients. Health Technol Assess. 
2013;17(10):1–79. https://doi.org/10.3310/hta17100. 
[Published online first: 2013/03/13].

 42. Cafferata HT, Aggeler PM, Robinson AJ, et  al. 
Intravascular coagulation in the surgical patient: its sig-
nificance and diagnosis. Am J Surg. 1969;118(2):281–
91. [Published online first: 1969/08/01].

 43. Hijazi N, Abu Fanne R, Abramovitch R, et  al. 
Endogenous plasminogen activators mediate progres-
sive intracerebral hemorrhage after traumatic brain 
injury in mice. Blood. 2015;125(16):2558–67. https://
doi.org/10.1182/blood-2014-08-588442. [Published 
online first: 2015/02/13].

 44. Moore HB, D’Alessandro A, Moore EE, et  al. 
Increase in post-reperfusion sensitivity to tissue 
plasminogen activator-mediated fibrinolysis dur-
ing liver transplantation is associated with abnor-
mal metabolic changes and increased blood product 
utilisation. Blood Transfus. 2019:1–9. https://doi.
org/10.2450/2019.0205-18. [Published online first: 
2019/02/13].

 45. Kluft C, Verheijen JH, Jie AF, et  al. The postopera-
tive fibrinolytic shutdown: a rapidly reverting acute 
phase pattern for the fast-acting inhibitor of tissue- 
type plasminogen activator after trauma. Scand J 
Clin Lab Invest. 1985;45(7):605–10. https://doi.
org/10.3109/00365518509155267. [Published online 
first: 1985/11/01].

 46. Nilsson IM.  Clinical pharmacology of aminoca-
proic and tranexamic acids. J Clin Pathol Suppl. 
1980;14:41–7. [Published online first: 1980/01/01].

 47. Meizoso JP, Dudaryk R, Mulder MB, et al. Increased 
risk of fibrinolysis shutdown among severely injured 
trauma patients receiving tranexamic acid. J Trauma 
Acute Care Surg. 2018;84(3):426–32. https://doi.
org/10.1097/TA.0000000000001792. [Published 
online first: 2018/01/04].

 48. Moore EE, Moore HB, Gonzalez E, et al. Rationale 
for the selective administration of tranexamic acid 
to inhibit fibrinolysis in the severely injured patient. 
Transfusion. 2016;56(Suppl 2):S110–4. https://doi.
org/10.1111/trf.13486.

 49. Moore HB, Moore EE, Huebner BR, et  al. 
Tranexamic acid is associated with increased mortal-

G. R. Stettler et al.

https://doi.org/10.1016/j.jamcollsurg.2016.12.018
https://doi.org/10.1016/j.jamcollsurg.2016.12.018
https://doi.org/10.1001/archsurg.2011.287
https://doi.org/10.1001/archsurg.2011.287
https://doi.org/10.1001/jamasurg.2017.3821
https://doi.org/10.1001/jamasurg.2017.3821
https://doi.org/10.1097/TA.0000000000002414
https://doi.org/10.1097/TA.0000000000002414
https://doi.org/10.1097/TA.0000000000001308
https://doi.org/10.1097/TA.0000000000001308
https://doi.org/10.1097/SLA.0000000000002355
https://doi.org/10.1097/SLA.0000000000002355
https://doi.org/10.1097/TA.0000000000001379
https://doi.org/10.1097/TA.0000000000001379
https://doi.org/10.1089/neu.2014.3329
https://doi.org/10.1089/neu.2014.3329
https://doi.org/10.1016/j.injury.2014.09.017
https://doi.org/10.1016/j.injury.2014.09.017
https://doi.org/10.1177/1089253219848441
https://doi.org/10.1016/S0140-6736(10)60835-5
https://doi.org/10.1016/S0140-6736(10)60835-5
https://doi.org/10.3310/hta17100
https://doi.org/10.1182/blood-2014-08-588442
https://doi.org/10.1182/blood-2014-08-588442
https://doi.org/10.2450/2019.0205-18
https://doi.org/10.2450/2019.0205-18
https://doi.org/10.3109/00365518509155267
https://doi.org/10.3109/00365518509155267
https://doi.org/10.1097/TA.0000000000001792
https://doi.org/10.1097/TA.0000000000001792
https://doi.org/10.1111/trf.13486
https://doi.org/10.1111/trf.13486


545

ity in patients with physiological fibrinolysis. J Surg 
Res. 2017;220:438–43. https://doi.org/10.1016/j.
jss.2017.04.028.

 50. Myers SP, Kutcher ME, Rosengart MR, et  al. 
Tranexamic acid administration is associated with an 
increased risk of posttraumatic venous thromboem-
bolism. J Trauma Acute Care Surg. 2019;86(1):20–7. 
https://doi.org/10.1097/TA.0000000000002061. 
[Published online first: 2018/09/22].

 51. Howard JT, Stockinger ZT, Cap AP, et al. Military use 
of tranexamic acid in combat trauma: does it matter? J 
Trauma Acute Care Surg. 2017;83(4):579–88. https://
doi.org/10.1097/TA.0000000000001613. [Published 
online first: 2017/09/21].

 52. Boudreau RM, Deshpande KK, Day GM, et  al. 
Prehospital tranexamic acid administration dur-
ing aeromedical transport after injury. J Surg 
Res. 2019;233:132–8. https://doi.org/10.1016/j.
jss.2018.07.074. [Published online first: 2018/12/07].

 53. Geddes AE, Burlew CC, Wagenaar AE, et  al. 
Expanded screening criteria for blunt cerebrovascular 
injury: a bigger impact than anticipated. Am J Surg. 
2016;212(6):1167–74. https://doi.org/10.1016/j.
amjsurg.2016.09.016. [Published online first: 
2016/10/19].

 54. Knight MT, Dawson R, Melrose DG.  Fibrinolytic 
response to surgery. Labile and stable patterns and 
their relevance to post-operative deep venous throm-
bosis. Lancet. 1977;2(8034):370–3. https://doi.
org/10.1016/s0140-6736(77)90302-6. [Published 
online first: 1977/08/20].

 55. Killewich LA, Cahan MA, Hanna DJ, et  al. The 
effect of external pneumatic compression on regional 
fibrinolysis in a prospective randomized trial. J Vasc 
Surg. 2002;36(5):953–8. [Published online first: 
2002/11/08].

 56. Cuschieri RJ, Morran CG, Lowe GD, et  al. The 
effect of fibrinolytic stimulation by stanozo-
lol on postoperative pulmonary complications. 
Haemostasis. 1985;15(5):353–6. https://doi.
org/10.1159/000215171. [Published online first: 
1985/01/01].

 57. Cahan MA, Hanna DJ, Wiley LA, et  al. External 
pneumatic compression and fibrinolysis in abdominal 
surgery. J Vasc Surg. 2000;32(3):537–43. [Published 
online first: 2000/08/25].

 58. Blamey SL, McArdle BM, Burns P, et al. A double- 
blind trial of intramuscular stanozolol in the 
prevention of postoperative deep vein thrombosis fol-
lowing elective abdominal surgery. Thromb Haemost. 
1984;51(1):71–4. [Published online first: 1984/02/28].

 59. Berridge DC, Frier M, Westby JC, et  al. Double- 
blind randomized trial of perioperative fibrino-
lytic enhancement for femoropopliteal bypass. Br 
J Surg. 1991;78(1):101–4. [Published online first: 
1991/01/01].

 60. Ostrowski SR, Johansson PI. Endothelial glycocalyx 
degradation induces endogenous heparinization in 
patients with severe injury and early traumatic coagu-
lopathy. J Trauma Acute Care Surg. 2012;73(1):60–6. 

https://doi.org/10.1097/TA.0b013e31825b5c10. 
[Published online first: 2012/06/30].

 61. Knudson MM, Gomez D, Haas B, et al. Three thou-
sand seven hundred thirty-eight posttraumatic pul-
monary emboli: a new look at an old disease. Ann 
Surg. 2011;254(4):625–32. https://doi.org/10.1097/
SLA.0b013e3182300209. [Published online first: 
2011/08/27].

 62. Glynn RJ, Danielson E, Fonseca FA, et  al. A ran-
domized trial of rosuvastatin in the prevention 
of venous thromboembolism. N Engl J Med. 
2009;360(18):1851–61. https://doi.org/10.1056/
NEJMoa0900241. [Published online first: 
2009/03/31].

 63. Hillis LD, Smith PK, Anderson JL, et  al. 2011 
ACCF/AHA Guideline for Coronary Artery Bypass 
Graft Surgery. A report of the American College of 
Cardiology Foundation/American Heart Association 
Task Force on Practice Guidelines. Developed 
in collaboration with the American Association 
for Thoracic Surgery, Society of Cardiovascular 
Anesthesiologists, and Society of Thoracic Surgeons. 
J Am Coll Cardiol. 2011;58(24):e123–210. https://
doi.org/10.1016/j.jacc.2011.08.009. [Published 
online first: 2011/11/11].

 64. Kessinger CW, Kim JW, Henke PK, et  al. Statins 
improve the resolution of established murine venous 
thrombosis: reductions in thrombus burden and vein 
wall scarring. PLoS One. 2015;10(2):e0116621. 
https://doi.org/10.1371/journal.pone.0116621. 
[Published online first: 2015/02/14].

 65. Zolcinski M, Ciesla-Dul M, Undas A.  Effects of 
atorvastatin on plasma fibrin clot properties in appar-
ently healthy individuals and patients with previ-
ous venous thromboembolism. Thromb Haemost. 
2012;107(6):1180–2. https://doi.org/10.1160/TH11-
12-0851. [Published online first: 2012/03/01].

 66. Hardaway RM.  The significance of coagulative and 
thrombotic changes after haemorrhage and injury. J 
Clin Pathol Suppl (R Coll Pathol). 1970;4:110–20. 
https://doi.org/10.1136/jcp.s3-4.1.110. [Published 
online first: 1970/01/01].

 67. Wada T, Gando S, Mizugaki A, et  al. 
Coagulofibrinolytic changes in patients with dis-
seminated intravascular coagulation associated with 
post-cardiac arrest syndrome--fibrinolytic shutdown 
and insufficient activation of fibrinolysis lead to organ 
dysfunction. Thromb Res. 2013;132(1):e64–9. https://
doi.org/10.1016/j.thromres.2013.05.010. [Published 
online first: 2013/06/04].

 68. Gando S, Wada T. Disseminated intravascular coagu-
lation in cardiac arrest and resuscitation. J Thromb 
Haemost. 2019. https://doi.org/10.1111/jth.14480. 
[Published Online First: 2019/05/19].

 69. Wada T, Gando S, Ono Y, et al. Disseminated intra-
vascular coagulation with the fibrinolytic phenotype 
predicts the outcome of patients with out-of-hospital 
cardiac arrest. Thromb J. 2016;14:43. https://doi.
org/10.1186/s12959-016-0116-y. [Published online 
first: 2016/09/30].

31 Fibrinolysis Shutdown and Venous Thromboembolism

https://doi.org/10.1016/j.jss.2017.04.028
https://doi.org/10.1016/j.jss.2017.04.028
https://doi.org/10.1097/TA.0000000000002061
https://doi.org/10.1097/TA.0000000000001613
https://doi.org/10.1097/TA.0000000000001613
https://doi.org/10.1016/j.jss.2018.07.074
https://doi.org/10.1016/j.jss.2018.07.074
https://doi.org/10.1016/j.amjsurg.2016.09.016
https://doi.org/10.1016/j.amjsurg.2016.09.016
https://doi.org/10.1016/s0140-6736(77)90302-6
https://doi.org/10.1016/s0140-6736(77)90302-6
https://doi.org/10.1159/000215171
https://doi.org/10.1159/000215171
https://doi.org/10.1097/TA.0b013e31825b5c10
https://doi.org/10.1097/SLA.0b013e3182300209
https://doi.org/10.1097/SLA.0b013e3182300209
https://doi.org/10.1056/NEJMoa0900241
https://doi.org/10.1056/NEJMoa0900241
https://doi.org/10.1016/j.jacc.2011.08.009
https://doi.org/10.1016/j.jacc.2011.08.009
https://doi.org/10.1371/journal.pone.0116621
https://doi.org/10.1160/TH11-12-0851
https://doi.org/10.1160/TH11-12-0851
https://doi.org/10.1136/jcp.s3-4.1.110
https://doi.org/10.1016/j.thromres.2013.05.010
https://doi.org/10.1016/j.thromres.2013.05.010
https://doi.org/10.1111/jth.14480
https://doi.org/10.1186/s12959-016-0116-y
https://doi.org/10.1186/s12959-016-0116-y


546

 70. Lawson PJ, Moore HB, Moore EE, et al. Microfluidics 
contrasted to thrombelastography: perplexities in 
defining hypercoagulability. J Surg Res. 2018;231:54–
61. https://doi.org/10.1016/j.jss.2018.04.059. 
[Published online first: 2018/10/04].

 71. Hardaway RM, Harke H, Tyroch AH, et al. Treatment 
of severe acute respiratory distress syndrome: a final 
report on a phase I study. Am Surg. 2001;67(4):377–
82. [Published online first: 2001/04/20].

 72. Hardaway RM, Harke H, Williams CH. Fibrinolytic 
agents: a new approach to the treatment of 
adult respiratory distress syndrome. Adv Ther. 
1994;11(2):43–51. [Published online first: 
1994/02/07].

 73. Hardaway RM, Williams CH, Marvasti M, et  al. 
Prevention of adult respiratory distress syndrome 
with plasminogen activator in pigs. Crit Care 
Med. 1990;18(12):1413–8. [Published online first: 
1990/12/01].

 74. Hardaway RM, Williams CH, Sun Y. A new approach 
to the treatment of experimental septic shock. J Surg 
Res. 1996;61(2):311–6. https://doi.org/10.1006/
jsre.1996.0122. [Published online first: 1996/03/01].

 75. Vasquez Y, Williams CH, Hardaway RM.  Effect of 
urokinase on disseminated intravascular coagula-
tion. J Appl Physiol. 1998;85(4):1421–8. https://doi.
org/10.1152/jappl.1998.85.4.1421. [Published online 
first: 1998/10/07].

G. R. Stettler et al.

https://doi.org/10.1016/j.jss.2018.04.059
https://doi.org/10.1006/jsre.1996.0122
https://doi.org/10.1006/jsre.1996.0122
https://doi.org/10.1152/jappl.1998.85.4.1421
https://doi.org/10.1152/jappl.1998.85.4.1421


547© Springer Nature Switzerland AG 2021 
H. B. Moore et al. (eds.), Trauma Induced Coagulopathy, 
https://doi.org/10.1007/978-3-030-53606-0_32

Congenital and Acquired 
Hypercoagulable States

Joseph Emmerich

 Introduction

Venous thrombosis, which includes deep-vein 
thrombosis (DVT) and pulmonary embolism 
(PE), affects approximately 1 in 1000 individuals 
in industrialized countries [1]. The terms “hyper-
coagulability” and “thrombophilia” are often 
used to define this condition. Thrombophilia can 
be congenital (constitutional, genetic, or heredi-
tary) or acquired. Congenital thrombophilia is 
mainly associated with the occurrence of venous 
thrombosis, while acquired thrombophilia can be 
associated with either venous or arterial 
thrombosis.

In 1856, Virchow described that thrombosis 
occurs due to stasis of the blood, endothelial 
injury, and “changes in the composition of blood” 
(i.e., hypercoagulability). It was only in 1965 that 
Egeberg published the first case of inherited anti-
thrombin deficiency, which led to an increased 
interest in thrombophilia, with the description of 
protein C (PC) and protein S (PS) deficiencies 
15  years later [2]. Thrombophilia was initially 
considered a rare monogenic disorder, but this 
view was challenged in the mid-1980s with the 
evidence of more frequent genetic risk factors of 
thrombophilia, demonstrating that venous throm-

bosis is a multicausal disease [3]. At this same 
time, acquired risk factors such as the antiphos-
pholipid syndrome (APS) were described with 
the occurrence of venous and arterial 
thrombosis.

We describe here the main congenital and 
acquired hypercoagulable states associated with 
thrombosis and their implication in clinical prac-
tice according to current evidence and 
guidelines.

The main risk factors of venous thrombosis 
are summarized in Table 32.1. Acquired causes 
of thrombosis, such as trauma or surgery, can 
trigger the occurrence of venous thrombosis 
alone or when the basal risk of thrombosis is 
increased by congenital or hypercoagulable 
states. Thrombosis must be considered as a mul-
tifactorial disease. For further description of 
hypercoagulability and venous thromboembo-
lism after trauma, please refer to Chap. 31.

 Description of Congenital 
Thrombophilia

 Antithrombin Deficiency

Antithrombin (AT) is a 58  kDa plasma protein 
that regulates coagulation by inhibiting procoag-
ulant serine proteases such as thrombin, activated 
(a) factor X, and factor IXa. The reaction between 
AT and thrombin involves the reactive center 
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loop and the protease active site serine and is 
increased approximately 1000-fold by heparin 
and other glycosaminoglycans (e.g., heparan sul-
fate) that are present on the endothelial surface 
[4]. AT is synthesized by the liver and circulates 
at a concentration of approximately 2.5 μM; lev-
els are decreased by estrogen and heparin ther-
apy. For further description of AT and its role 
during physiologic hemostasis as well as during 
trauma-induced coagulopathy, please refer to 
Chap. 2.

AT deficiency is transmitted as an autosomal 
dominant disease (0.02% prevalence in the gen-
eral population). Among congenital thrombophil-
ias, AT deficiency is undoubtedly the one bearing 
the highest risk of VTE (approximately 1% per 
year) [5–7]. There are two types of hereditary AT 
deficiency. Type I or quantitative deficiency is the 
most frequent and is characterized by decreased 
activity and a decreased protein concentration. 
Type II or qualitative deficiencies are caused by 
functional defects, protein concentrations being 
normal or near normal in immunoassays. The 
dysfunction may affect the reactive site (type 
IIRS) or the heparin-binding site (type IIHBS) or 
both (type IIPE—pleiotropic effect) [8]. 
Homozygosity is mostly present in patients with 
type IIHBS, with the exception of one patient with 
type IIPE deficiency. Venous and arterial thrombo-
sis may occur during infancy in such patients [9].

The ability of AT-deficient plasma to inhibit 
bovine thrombin and human FXa in the presence 
of heparin can be assessed by chromogenic hepa-

rin cofactor assays. Concentrations of less than 
80% (without heparin or estrogen treatment) call 
for further investigation, although only patients 
with severe deficiencies (<60%) are at high risk 
of thrombosis. Chromogenic assays  distinguish 
type II deficiencies, in that type IIHBS has normal 
activity whereas type IIRS has low activity; the 
risk of VTE is very low in type IIHBS deficiency 
[8, 10].

 Protein C and Protein S Deficiencies

PC is a vitamin K-dependent protein that is acti-
vated at the endothelial surface when thrombin 
binds to thrombomodulin. This reaction trans-
forms thrombin from a procoagulant enzyme into 
an inhibitor, by activating PC to activated protein 
C (APC). In the presence of its cofactor PS, APC 
degrades activated FV (FVa) and FVIIIa, thereby 
impeding further thrombin generation [11]. FV 
inactivation occurs after a rapid cleavage at 
Arg506, followed by slower cleavage at Arg306 
(see below factor V Leiden). PS markedly stimu-
lates the second phase of the inactivation process, 
by a 20-fold enhancement of Arg306 hydrolysis 
[12]. The mechanism of FVIIIa inhibition by 
APC is also biphasic, with cleavage at Arg562 
and then at Arg336. FVIIIa inactivation by APC 
is increased by PS and FV, which act synergisti-
cally as cofactors for the reaction.

PC is synthesized by hepatocytes and circu-
lates at a concentration of approximately 70 nM, 

Table 32.1 Main risk factors for venous thrombosis

Acquired risk factors Genetic risk factors Other risk factorsa

Age Antithrombin deficiency Hyperhomocysteinemia
History of venous thrombosis Protein C deficiency High levels of factor VIII
Surgery Protein S deficiency High levels of factor XI
Cancer Factor VLeiden High levels of factor IX
Hormonal treatment Factor II G20210A High levels of factor VII
Antiphospholipid syndrome Dysfibrinogenemia High levels of TAFI
Myeloproliferative disorders Fibrinogen γ 10034T Low levels of TFPI

Trauma Non-O blood group APCR in the absence of FVLeiden

Plaster cast
Obesity

aPossible genetic regulation
TAFI thrombin-activatable fibrinolysis inhibitor, TFPI tissue factor pathway inhibitor
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with a half-life of approximately 8  h [1]. APC 
forms inactive complexes with serine protease 
inhibitors, mainly protein C inhibitor (PCI  ), but 
also protease nexin 3, α1 antitrypsin, and α2 mac-
roglobulin. Although PS is mainly produced by 
hepatocytes, it is also detected in endothelial 
cells and platelets. In the circulation, PS forms 
inactive complexes with C4b-binding protein 
(C4b-BP) [13]. Free PS represents approximately 
40% of the total circulating level, and only this 
fraction has APC cofactor activity. PS plasma 
levels are lower in women younger than 45 years 
and in those who are pregnant or are using oral 
contraceptives [14]. For further description of PC 
and its role during physiologic hemostasis as 
well as during trauma-induced coagulopathy, 
please refer to Chap. 6.

PC and PS deficiencies are transmitted, like 
AT, as autosomal dominant traits. Hereditary PC 
deficiency was first identified in subjects with a 
family history of thrombosis. In prospectively 
studied asymptomatic members of thrombophilic 
families, the incidence of VTE was approxi-
mately 0.5% per patient-year in patients with PC 
deficiency and between 0.5% and 1.65% in 
patients with PS deficiency [5–7].

The thrombotic risk associated with PC levels 
less than 67% was confirmed in a case-control 
study of unselected patients who developed DVT 
before 70 years of age, with a relative risk (RR) 
of approximately 3.1 [confidence interval (CI), 
1.4–7.0] [15]. Free PS of less than the 90th per-
centile of control values is also associated with 
an increased risk of developing VTE [16]. In het-
erozygous subjects belonging to families with PC 
or PS deficiencies, the probability of being free 
of thrombotic events at 45 years of age is approx-
imately 50%; they are also at risk of recurrent 
thromboembolic disease in adulthood. 
Homozygous PS deficiency, or homozygous PC 
deficiency, are rare thrombophilia phenotypes 
associated with severe thrombosis, including 
neonatal skin necrosis and purpura fulminans 
[17–19].

PC activity is measured after PC activation by 
Protac with synthetic substrates (amidolytic 
assays) or by measuring the prolongation of the 
activated partial thromboplastin time (aPTT) 

(anticoagulant assays). In type I, quantitative 
deficiency, the plasma concentration and activity 
are low; this is the case in most PC deficiencies. 
Type II, qualitative deficiency, is characterized by 
normal synthesis of a nonfunctional protein that 
affects concentration and coagulation assays. 
Patients with PC concentrations less than 70% 
may have a hereditary deficiency, although val-
ues between 55% and 70% must be considered as 
borderline [17].

The diagnosis of PS deficiency is complicated 
by the presence of two plasmatic forms: one is 
free PS and the second is PS complexed with 
C4b-BP/PS. PS deficiency is characterized by a 
low free PS concentration measured by a mono-
clonal antibody-based immunoenzymatic assay. 
APC cofactor activity can be evaluated in an 
aPTT assay after adding diluted plasma to 
PS-depleted plasma in the presence of purified 
APC and purified FVa. According to the 
International Society on Thrombosis and 
Hemostasis (ISTH) standardization subcommit-
tee, three types of PS deficiency have been 
defined on the basis of total PS levels, free PS 
levels, and APC cofactor activity. Type I defi-
ciency is characterized by low total PS and free 
PS antigen levels, type II deficiency by normal 
free PS and low APC cofactor activity, and type 
III PS deficiency by low free PS levels and nor-
mal or near-normal total PS levels. Type I and 
type III deficiencies in fact appear to be two phe-
notypic expressions of the same genetic disease. 
The lower normal limit of total and free PS levels 
is 65% of the level observed in a pool of normal 
plasmas. However, the reference range in women 
younger than 45  years is approximately 55% 
under the same conditions. Therefore, it is rec-
ommended to use both the clotting assay and the 
monoclonal-based immunoassay specific for free 
PS to screen patients for PS deficiency.

 Factor VLeiden

In 1993, Dahlback described three families in 
whom APC did not yield the expected prolonga-
tion of the clotting time in an aPTT assay that 
defined a new phenotype, called APCR (activated 

32 Congenital and Acquired Hypercoagulable States
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PC resistance) [20]. APCR was found in more 
than 15% of patients with DVT and in 2–10% of 
control subjects [21, 22]. It was then demon-
strated that APCR cosegregated with the FV gene 
and with a single base mutation and guanine to 
adenine at position 1691 of the FV gene, which is 
responsible for the Arg506 Gln mutation known 
as FVLeiden, affecting one of the APC cleavage 
sites [23].

FV is a 330-kDa multidomain single-chain 
glycoprotein, with a plasma concentration of 
20 nmol/L (0.007 g/L) [24]. Thrombin and FXa 
activate FV by a cleavage at peptide bonds at 
positions 709, 1018, and 1545, thereby releas-
ing the B-domain, which connects the heavy 
chain (domains A1–A2) to the light chain 
(domains A3-C1-C2). Upon activation, FVa is 
formed by the heavy and light chains that are 
noncovalently associated by a Ca2+ ion. FVa is 
an essential FXa cofactor; its presence in the 
prothrombinase complex enhances the rate of 
prothrombin activation into thrombin by 103- to 
105-fold. Downregulation of the procoagulant 
activity of FVa is accomplished through its inac-
tivation by APC at positions Arg306, Arg506, 
and Arg679. Cleavage at Arg506 is essential for 
optimal exposure of cleavage sites Arg306 and 
Arg679 but results in partial inactivation of FVa 
(approximately 40% of procoagulant activity 
remains). Therefore, any defect on one or more 
of these three cleavage sites (i.e., Arg506, 
Arg306, and Arg679) may potentially affect 
inactivation by APC.  FVa inactivation is 
enhanced by protein S.

FVLeiden results in a substantially reduced 
anticoagulant response to APC, because FVLeiden 
is inactivated about ten times slower than nor-
mal FV.  This impairment of FVa inactivation 
increases thrombin generation and explains 
more than 90% of clinical APCR phenotypes. 
The fact that FVLeiden is a much less active cofac-
tor of APC than wild-type FV for FVIIIa inacti-
vation contributes also to the APCR phenotype 
in subjects with FVLeiden. Clinical states with low 
APC sensitivity that are not caused by FVLeiden 
may also be acquired, as is the case during preg-
nancy, with the use of oral contraceptives, or in 
patients with lupus anticoagulant or high levels 
of FVIII.

Most cases of APCR are caused by FVLeiden, 
but two other FV mutations affect the Arg306 
cleavage site. Arg306 replaced is by Gly in FVHong 

Kong, and Arg306 is replaced by Thr in FVCambridge. 
FVHong Kong is prevalent (approximately 5%) 
among the Chinese in Hong Kong, but neither of 
these mutations are associated with an increased 
risk of developing venous thrombosis [25]. FV 
Ile359Thr (FVLiverpool) and FV Glu666Asp are 
two rare mutations also associated with thrombo-
sis and APCR [26].

The prevalence of FVLeiden is high in popula-
tions of white descent, but low in native popula-
tions of Asia, Africa, and Australia [27]. All 
FVLeiden alleles are carried by the same haplotype, 
leading to the inference that the mutation 
occurred only once and spread by a founder 
effect. The estimated time of the mutation is 
approximately 30,000 years, implying that it took 
place after the out-of-Africa divergence that 
occurred approximately 100,000 years ago [28]. 
Its spread among Whites and its high prevalence 
suggest that FVLeiden is associated with a survival 
advantage, such as a decrease in severe bleeding 
after delivery.

The frequency of FVLeiden in white populations 
is approximately 5% for Caucasians, being pres-
ent in 15–25% of Caucasian patients with DVT, 
and the risk of DVT in heterozygous carriers is 
approximately fivefold higher than in a control 
population [29]. The association with pulmonary 
embolism is much weaker than with deep vein 
thrombosis [30, 31]. Familial and case-control 
studies show that FVLeiden is a milder thrombo-
philic state than heterozygous AT, PC, or PS defi-
ciency [5–7]. The absolute risks of VTE events in 
subjects with AT, PC, and PS deficiency are 
between 0.5% and 1.5% per year, compared to 
only 0.1–0.3% per year in heterozygous carriers 
of FVLeiden.

The prevalence of FVLeiden homozygosity in the 
general population is approximately 1  in 2500. 
The thrombotic complications are far less severe 
than in homozygous PC and PS deficiencies [32]. 
FVLeiden homozygosity was found in 4.1% of 1200 
consecutive patients with juvenile VTE [33]. In a 
pooled analysis of eight case- control studies, we 
found FVLeiden homozygosity in 1.3% of 2310 
cases and 0.13% of 3204 controls [28]. In homo-
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zygotes, the risk of venous thrombosis is increased 
30- to 140-fold, yet an additional environmental 
or genetic risk factor is often present at the first 
thrombotic event [32, 33].

Two types of tests can be used for diagnosing 
APCR: the functional APCR assay and the 
genetic FVLeiden test. The functional assay is based 
on aPTT prolongation after the addition of puri-
fied APC and is expressed as an APC sensitivity 
ratio: APTT(+APC)/APTT(−APC). A low APC 
sensitivity ratio defines APCR.  Second- 
generation APCR tests, which use dilution of test 
plasma into FV-deficient plasma, have very good 
specificity and can even be used to test patients 
taking warfarin [34]. It is mandatory to confirm a 
positive APCR test by direct detection of FVLeiden. 
The advantage of genetic testing is that it avoids 
ambiguous results and determines heterozygous/
homozygous status in patients with a low APC 
sensitivity ratio.

 The FII (Prothrombin) G20210A 
Mutation

Prothrombin has procoagulant, anticoagulant, 
and antifibrinolytic activities after its activation 
into thrombin by the prothrombinase complex 
[1]. Thrombin acts by activating factors XIII, XI, 
and VIII, V, PC, and the thrombin-activatable 
fibrinolysis inhibitor (TAFI) and by cleaving 
fibrinogen to fibrin. Prothrombin is a 72-kDa 
multidomain single-chain vitamin K-dependent 
glycoprotein [35]. Prothrombin activation is 
mediated by FXa, which cleaves prothrombin at 
Arg271–Thr272 and Arg320–Ile321 to release 
the catalytic domain from the carboxy-terminal 
domain. Prothrombin activation is accelerated 
approximately 300,000-fold in the presence of 
FVa, phospholipids, and Ca2+. The prothrombin 
gene is 21 kb in length and is encoded by chro-
mosome 11 (position 11p11-q12); it comprises 
14 exons separated by 13 introns, with the 5′ and 
3′ untranslated regions that may play regulatory 
roles in gene expression.

By extensively screening the prothrombin 
genes of 28 families with unexplained venous 
thrombosis, Poort et al. found one heterozygous 
nucleotide transition (G to A) at position 20210 in 

the 3′ untranslated region in 5 probands (18%) 
[36]. This mutation is associated with signifi-
cantly higher prothrombin levels in heterozy-
gotes than in noncarriers and is an independent 
risk factor for thrombosis, leading to increased 
thrombin generation [37].

The prevalence of the FII mutation is high in 
populations of white descent but low or nil in 
Asians, American Indians, and African Americans 
[38]. Similarly to FVLeiden, a founder effect 
explains the high prevalence of the factor II 
G20210A mutation in Caucasians [39].

The estimated frequency of FII G20210A in 
white populations is around 2–3% [29]. This 
mutation is more common in Southern than in 
Northern Europe, a gradient opposite to that of 
FVLeiden [36]. The risk of DVT is increased by 
threefold to fourfold in heterozygous carriers of 
FII G20210A compared to noncarriers. In the 
rare FII G20210A homozygotes, the risk of 
thrombosis is only moderately increased, often 
associated with other genetic or acquired risk fac-
tors [40].

Although FII G20210A heterozygotes have 
30% higher prothrombin levels than noncarriers 
on average, this phenotype cannot be used to 
identify carriers of the mutation because of a 
large overlap of prothrombin levels. To check for 
the mutation, genetic screening after PCR ampli-
fication is the only reliable method.

 Other Genetic Risk Factors

Some more rare genetic risk factors of thrombo-
sis have been described. They have drawn much 
less interest in clinical practice, and they are not 
part of routine thrombophilia testing.

 Blood Group Non-O

It was known since 1969 that non-O blood groups 
are associated with an increased risk of venous 
thrombosis [41]. O blood group is associated 
with decreased levels of factor VIII and vWF, due 
to increased clearance of vWF [41]. A twofold 
increased risk for all non-OO genotypes, with a 
synergistic interaction with FVLeiden, was con-
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firmed in the Leiden Thrombophilia Study [42]. 
The attributable risk of venous thrombosis to the 
non-O blood group is high due to the magnitude 
of the frequency.

 X-Linked Thrombophilia (Factor IX 
Padua)

If all genetic causes of thrombophilia were 
reported to date to be autosomal dominant, a recent 
report described X-linked thrombophilia due to a 
Leu for Arg mutation in the factor IX gene. This 
mutation was found as a gain-of- function of factor 
IX, as the male proband had a ratio of activity to 
antigen of 8 [43]. This mutation was only found in 
one family and does not play a role in the epide-
miology of the disease. On the other hand, it is 
an excellent paradigm defining thrombophilia as 
the counterpart of hemophilia (see section 
“Introduction”). Furthermore, it demonstrates that 
rare mutations in candidate genes could also play a 
role in unexplained familial thrombophilia.

 A Prothrombin Mutation Conveying 
Antithrombin Resistance

Recently, another exceptional prothrombin muta-
tion was reported, a substitution of arginine for 
leucine at position 596. This prothrombin muta-

tion had moderately lower activity than wild-type 
thrombin, but mainly its inactivation by anti-
thrombin was substantially impaired. It thus 
results in an increase in thrombin generation 
explaining the thrombophilia observed in this 
family [44].

Table 32.2 summarizes the main genetic 
hypercoagulable states. Other polymorphisms in 
candidate genes have been described but are not 
described here, as their relation with the occur-
rence of VTE has not been demonstrated.

 Clinical Consequences 
of Congenital Thrombophilia

There is no consensus on the subsets of subjects 
who qualify for thrombophilia screening, the 
types of laboratory test to use, or the clinical 
treatment of patients with thrombophilia. When 
to screen for thrombophilia depends mainly from 
the knowledge concerning the associations 
between thrombophilia and its clinical conse-
quences. Congenital thrombophilia is mainly 
associated with venous thrombosis. The most 
salient recommendations for testing are summa-
rized in Table 32.3. Finally, testing for thrombo-
philia would be useful if we were able to identify 
patients who are particularly prone to recurrence; 
however, this is not always the case as the risk of 
recurrence is not increased for FVLeiden or FII 

Table 32.2 Main features of hereditary thrombophilia

Protein affected Antithrombin Protein C Protein S Factor V Factor II
Gene location 1q23-25 2q13-14 3p11 1q21-22 11p11-q12
Type of 
mutation(s)

Loss-of-function Gain-of-function
Private mutations Arg506Gln G20210A

Frequency in 
the general 
population %

0.02 0.2–0.4 0.7–2.3 2–10 2–4

Type of assay Heparin 
cofactor 
activity against 
FXa

Clotting assay 
or amidolytic 
assay

Clotting assay or 
immunoassay for 
free PS

APCR (second- 
generation 
aPTT-based assay) 
or FV genotyping

FII genotyping

Functional 
effect

Thrombin and 
FXa inhibitor

Reduce thrombin generation by 
inactivating FVa and FVIIIa

FV variant resistant 
to APC inactivation

Increase the 
circulating FII 
concentration

Risk of VTE ×10 ×4–5 ×4–5 ×4–5 ×3–4

PS protein S, APCR activated protein C resistance, aPTT activated partial thromboplastin time, APC activated protein 
C, VTE venous thromboembolism
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G20210A, even in homozygous or double hetero-
zygous states [45, 46].

The NICE guidelines, issued in 2012, con-
cerning the management of VTE and the role of 
thrombophilia testing made the following recom-
mendations concerning thrombophilia screening 
(www.nice.org.uk/guidance/cg144). These 
guidelines are for main indications and do not 
take into consideration detailed situations.

 1. Do not offer thrombophilia testing to patients 
who are continuing anticoagulation 
treatment.

 2. Consider testing for hereditary thrombophilia 
in patients who have had unprovoked DVT or 
PE and who have a first-degree relative who 
has had DVT or PE if it is planned to stop anti-
coagulation treatment.

 3. Do not offer thrombophilia testing to patients 
who have had provoked DVT or PE.

 4. Do not routinely offer thrombophilia testing 
to first-degree relatives of people with a his-
tory of DVT or PE and thrombophilia.

Probably, the most evidence-based and 
detailed information concerning thrombophilia 
screening and clinical consequences are those 
from the British Society of Haematology [47]. A 
partial summary is reproduced below that are 
applicable to trauma patients (criteria used to 
quote levels and grades of evidence are indicated 
in bracket):

• Initiation and intensity of anticoagulant 
therapy following a diagnosis of acute 
venous thrombosis should be the same in 
patients with and without heritable throm-
bophilia (1B).

• Indiscriminate testing for heritable thrombo-
philias in unselected patients presenting with 

Table 32.3 Recommendations concerning screening for thrombophilia

1. Thrombophilia screening is recommended in patients with:
  A history of recurrent VTE
  A first VTE at younger than 50 years of age
  A first unprovoked VTE at any age
  A first VTE at an unusual anatomic site, such as the upper limb, cerebral, mesenteric, portal, or hepatic
  A first VTE related to pregnancy, the puerperium, contraceptives, or hormone replacement therapy
  Women with two or more unexplained pregnancy losses
2. Testing for thrombophilia is controversial in:
  Young women smokers (age < 50 years) with a myocardial infarction
  Elderly patients (age > 50 years) with a first provoked VTE event in the absence of cancer or an intravascular 

device
  A first VTE related to SERMs or tamoxifen
  Selected cases of women with unexplained severe preeclampsia, placental abruption, or intrauterine growth 

retardation
3. Testing for thrombophilia may be indicated in:
  Asymptomatic adult family members of probands with known coagulation inhibitor deficiency and maybe in 

FVLeiden families (especially those with a strong family history of thrombosis at a young age)
  Asymptomatic female family members who are pregnant or are considering oral contraceptives or pregnancy
4. Thrombophilia testing is not recommended:
  As a general population screen
  As a routine initial test prior to or during oral contraceptive use, hormone replacement therapy, or SERM therapy
  As a prenatal test, newborn initial test, or routine test in asymptomatic prepubescent children
  As a routine initial test in patients with arterial thrombotic events; however, testing can be considered in certain 

unusual situations, such as in patients with unexplained arterial thrombosis without atherosclerosis or in young 
patients

VTE venous thromboembolism, SERMs selective estrogen receptor modulators, FVLeiden factor VLeiden
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a first episode of venous thrombosis is not 
indicated (1B).

• Decisions regarding duration of anticoagula-
tion (lifelong or not) in unselected patients 
should be made with reference to whether or 
not a first episode of venous thrombosis was 
provoked or not, other risk factors, and risk of 
anticoagulant therapy-related bleeding, 
regardless of whether a heritable thrombo-
philia is known (1B).

• Testing for heritable thrombophilias in 
selected patients, such as those with a strong 
family history of unprovoked recurrent throm-
bosis, may influence decisions regarding dura-
tion of anticoagulation (C). It is not possible to 
give a validated recommendation as to how 
such patients should be selected.

• Testing is not recommended in unselected 
patients with upper limb venous thrombo-
sis (1B).

• Testing is not recommended in patients with 
central venous catheter (CVC)-related throm-
bosis (1C).

• Testing for heritable thrombophilia after a first 
episode of cerebral vein thrombosis (CVT) 
has uncertain predictive value for recurrence 
(C). Decisions regarding duration of antico-
agulant therapy in relation to the results of 
testing are not evidence-based.

• Testing is not indicated in patients with retinal 
vein occlusion (1B).

• Testing for heritable thrombophilia after a first 
episode of intra-abdominal vein thrombosis 
has uncertain predictive value for recurrence 
(C). Decisions regarding duration of antico-
agulant therapy in relation to the results of 
testing are not evidence-based.

• Neonates and children with purpura fulminans 
should be tested urgently for protein C and S 
deficiency (1B).

• A variety of functional methods may be 
required to identify specific severe type 2 
functional defects when levels of protein C or 
S are not <5% (1B).

• It is suggested that adults who develop skin 
necrosis in association with oral vitamin K 
antagonists (VKAs) are tested for protein C 
and S deficiency after VKA treatment is with-
drawn (2B).

• Case finding of asymptomatic relatives with 
low-risk thrombophilia, such as F5G1691A 
(FVR506Q, factor V Leiden) or F2G20210A, 
is not indicated (1B).

• Case finding of asymptomatic relatives with 
high-risk thrombophilia, such as deficiency of 
antithrombin , protein C, or protein S, should 
only be considered in selected thrombosis- 
prone families (1B). If testing is performed, 
the risks, benefits, and limitations of testing 
should be discussed in the context of explained 
inheritance and disease risk. It is not possible 
to give a validated recommendation as to how 
such patients and families should be selected.

• Case finding for very rare homozygosity or 
compound heterozygous heritable thrombo-
philia is not indicated as because these defects 
are so rare, they are not predicted by family 
history, and the risk of unprovoked thrombosis 
is low (2C).

• If a first-degree relative with venous thrombo-
sis has not been tested, then suggest that 
women consider an alternative contraceptive 
or transdermal hormone replacement therapy 
(HRT). Testing for heritable thrombophilia 
will provide an uncertain estimate of risk and 
is not recommended (1C).

• If a first-degree relative with venous thrombo-
sis has been tested and the result is negative, 
then suggest that a woman consider an alter-
native contraceptive or transdermal 
HRT. Testing for heritable thrombophilia will 
provide an uncertain estimate of risk and is 
not recommended (1C).

• If a first-degree relative with venous thrombo-
sis has been tested and the result is positive, 
then suggest that women consider an alterna-
tive contraceptive or transdermal HRT before 
offering testing as a negative test result does 
not exclude an increased risk of venous throm-
bosis. Testing for heritable thrombophilia may 
assist counseling of selected women particu-
larly if a high risk thrombophilia has been 
identified in the symptomatic relative (C).

• Women should be assessed for risk of 
pregnancy- associated venous thrombosis pri-
marily in relation to clinical risk factors (1B).

• Most pregnant women with a previous unpro-
voked venous thrombosis (1B) or pregnancy 
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or combined oral contraceptive (COC)-related 
thrombosis (2C) will qualify for thrombopro-
phylaxis on clinical risk alone, and so testing 
for heritable thrombophilia is not required.

• Pregnant women with a previous event due to 
a major provoking factor, e.g., surgery or 
major trauma, would not usually require pro-
phylaxis or testing (2B).

• Pregnant women with a previous event due to 
a minor provoking factor, e.g., travel, should 
be tested and considered for prophylaxis if a 
thrombophilia is found (2C).

• In the asymptomatic pregnant woman with a 
family history of venous thrombosis, testing is 
not required if the clinical risks alone are suf-
ficient to result in thromboprophylaxis (2C).

• It is suggested that asymptomatic pregnant 
women with a family history of venous throm-
bosis be tested if an event in a first-degree 
relative was unprovoked or provoked by preg-
nancy, COC exposure, or a minor risk factor 
(2C). The result will be more informative if 
the first-degree relative has a known 
thrombophilia.

• Antithrombotic therapy should not be given to 
pregnant women with a history of pregnancy 
complications based on testing for heritable 
thrombophilia. Randomized controlled trials 
with a no-treatment or placebo arm in women 
with a history of pregnancy complications are 
in progress. If these studies indicate a benefit 
in women with pregnancy complications and 
heritable thrombophilia, as compared with 
women without thrombophilia, only then 
would there be a rational basis for recom-
mending that antithrombotic therapy is given 
to pregnant women with a history of preg-
nancy complications based on testing for heri-
table thrombophilia.

• Testing asymptomatic women before assisted 
conception and those with ovarian hyperstim-
ulation syndrome is not indicated (1B).

• Thrombophilia screening of hospital-
ized patients to identify patients at risk of 
hospital- acquired venous thrombosis is not 
indicated (1A).

• All hospitalized patients should be assessed 
for risk of venous thrombosis regardless of 
heritable thrombophilia based on a clinical 

risk assessment (1B). The presence of a previ-
ously known heritable thrombophilia may 
influence the assessment of risk.

• Testing for heritable thrombophilia is not indi-
cated in patients with arterial thrombosis (1B).

• It is suggested that testing for heritable throm-
bophilia is not indicated in children with 
stroke (2C).

For patients with trauma or undergoing sur-
gery, prophylaxis recommendations are similar 
for patients with or without thrombophilia. 
Patients with history of VTE and a thrombophilic 
defect need short-term thromboprophylaxis to 
cover periods of increased thrombotic risk, for 
example, surgery, trauma, plaster casts, or immo-
bilization. Affected asymptomatic relatives of 
patients with thrombophilia merit consideration 
for short-term thromboprophylaxis to cover peri-
ods of increased thrombotic risk.

Finally, in recent years, it clearly arises that if 
undoubtedly congenital thrombophilia allows a 
better understanding of the physiopathology of 
VTE, the clinical consequences of thrombophilia 
screening are limited in the majority of cases [48, 
49]. For this reason, careful selection of patients 
eligible for screening is recommended, and 
expert physicians in the field should analyze the 
data to provide adapted care in rare cases and to 
perform genetic screening within families, when 
requested.

 Acquired Thrombophilia

Acquired thrombophilia is mainly represented by 
two general conditions: the antiphospholipid syn-
drome and myeloproliferative neoplasms. Cancer 
is associated with a well-known increased risk of 
venous thrombosis and of recurrence despite oral 
anticoagulation, but it is not discussed here.

 Antiphospholipid Syndrome

The antiphospholipid syndrome (APS) is an 
autoimmune systemic thrombophilic disorder 
characterized by recurrent thrombosis and/or 
obstetrical morbidity in the presence of at least 
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one persistent antiphospholipid antibody [50, 
51]. Several other clinical manifestations can be 
associated with APS. The clinical and biological 
criteria for the diagnosis of APS were updated in 
2006 and are indicated in the Table 32.4 [52]. The 
diagnosis of APS is considered if at least one of 
the clinical criteria is associated with at least one 
of the laboratory criteria.

APS can be primary or secondary to systemic 
lupus erythematosus (SLE) . In SLE, approxi-
mately one-third of patients have antiphospho-
lipid antibodies and approximately half of those 
(10–15%) will have complications due to APS.

APS is also associated with many other clini-
cal manifestations, also known as “noncriteria 
clinical manifestations,” that are listed in 
Table 32.5. The most severe but rare manifesta-
tion of APS is the “catastrophic antiphospholipid 
syndrome.” The severity of this manifestation is 
related to multiorgan failure related to wide-

spread small-vessel thrombosis characterized 
histologically by acute thrombotic microangiop-
athy. Criteria for the diagnosis of catastrophic 
APS have been edicted [53]. The definite diagno-
sis requires all four criteria:

 1. Evidence of involvement of three or more 
organs, systems, and/or tissues

 2. Development of manifestations simultane-
ously or in less than 1 week

 3. Confirmation by histopathology of small- 
vessel disease occlusion in at least one organ 
or tissue

 4. Laboratory confirmation of the presence of 
antiphospholipid antibodies

A high index of suspicion of this diagnosis of 
catastrophic APS requires aggressive and imme-
diate treatment in order to reduce the mortality, 
which is approximately 50%.

Table 32.4 International consensus criteria for the diagnosis of APS (revised classification of 2006)

Clinical criteria
1. Vascular thrombosis

One or more clinical episodes of arterial, venous, or small-vessel thrombosis, in any tissue or organ
Thrombosis should be supported by objective validated criteria (unequivocal findings of appropriate imaging 
studies or histopathology). For histopathological support, thrombosis should be present without substantial 
evidence of inflammation in the vessel wall

2. Pregnancy morbidity, defined by one of the following criteria:
  (a)  One or more unexplained deaths of a morphologically healthy fetus at or beyond the tenth week of gestation, 

with healthy fetal morphology documented by ultrasound or direct examination of the fetus
  (b)  One or more premature births of a morphologically normal neonate before the 34th week of gestation 

because of (1) eclampsia or severe preeclampsia defined according to standard definitions or (2) recognized 
features of placental insufficiencya

  (c)  Three or more unexplained consecutive spontaneous abortions before the tenth week of gestation, with 
maternal anatomic or hormonal abnormalities and paternal and maternal chromosomal causes excluded

Laboratory criteria
3.  Lupus anticoagulant (LA) present in plasma, on two or more occasions at least 12 weeks apart, detected 

according to the guidelines of the International Society on Thrombosis and Haemostasis (Scientific 
Subcommittee on LAs/phospholipid-dependent antibodies)

4.  Anticardiolipin (aCL) antibody of IgG and/or IgM isotype in serum or plasma, present in medium or high titer 
(i.e., >40 GPL or MPL or >the 99th percentile), on two or more occasions, at least 12 weeks apart, measured by 
a standardized ELISA

5.  Anti-β 2 glycoprotein-I antibody of IgG and/or IgM isotype in serum or plasma (in titer >the 99th percentile), 
present on two or more occasions, at least 12 weeks apart, measured by a standardized ELISA, according to 
recommended procedures

Antiphospholipid antibody syndrome (APS) is present if at least one of the clinical criteria and one of the laboratory 
criteria that follow are met
a(1) Abnormal or non-reassuring fetal surveillance test(s), e.g., a nonreactive nonstress test, suggestive of fetal hypox-
emia; (2) abnormal Doppler flow velocimetry waveform analysis suggestive of fetal hypoxemia, e.g., absent end-dia-
stolic flow in the umbilical artery; (3) oligohydramnios, e.g., an amniotic fluid index of 5 cm or less; or (4) a postnatal 
birth weight less than the tenth percentile for the gestational age
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The biological diagnosis of APS requires the 
presence of antiphospholipid antibodies. Both 
lupus anticoagulant (LA) and anticardiolipin 
(aCL) antibodies of isotype G (IgG) and isotype 
M (IgM) were initially part of the diagnosis. In 
the revised criteria, anti-β2 glycoprotein I (anti- 
β2GPI) antibody of IgG and IgM isotype were 
included. The presence of at least one antiphos-
pholipid antibody (with at least one clinical crite-
rion) is necessary for the diagnosis of APS.

Lupus anticoagulants are detected by inhibi-
tion of phospholipid-dependent coagulation reac-
tion. They can be suspected by a spontaneous 
increase of the activated partial thromboplastin 
time (aPTT), which is not corrected by mixture 
with normal plasma. More specific tests must be 
used to screen for the presence of LA: the dilute 
Russell’s viper venom time (dRVVT) is a sensi-
tive test to detect the presence of inhibitor of 
phospholipid-dependent coagulation, but false 
positives exist in case of anticoagulation or other 
anticoagulation abnormalities. Different aPTT 
tests with LA-sensitive reagent versus 

LA-insensitive reagent and their correction with 
hexagonal phase array phospholipids or frozen 
washed platelets (neutralization procedures) can 
also be used.

The anticardiolipin immunoassay is expressed 
in IgG phospholipid units (GPL) or IgM phos-
pholipid units (MPL), with one unit correspond-
ing to the cardiolipin-binding activity of 1 μg/ml 
of affinity-purified antibodies. This test has a 
high sensitivity but a poor specificity mainly in 
asymptomatic patients, as aCL antibodies can 
also be associated with infectious diseases. For 
this reason, positive aCL antibodies as well as 
LA or anti-β2GPI always need to be confirmed 
12 weeks after the initial screening.

Triple positivity for LA, aCL, and anti-β2GPI 
antibodies is strongly associated with the occur-
rence of the clinical symptoms of APS. Anti- 
β2GPI  is the main target of aPL antibodies and is 
usually present in association with aCL antibod-
ies, but some patients can have isolated anti- 
β2GPI antibodies. High levels of antibodies or 
LA are also more strongly associated with com-

Table 32.5 Other clinical manifestations, “noncriteria clinical manifestations,” associated with the antiphospholipid 
syndrome (some of these clinical manifestations can be secondary to unusual arterial occlusions)

1. Neurologic manifestations
Migraines, seizures, chorea, Guillain-Barré syndrome (transverse myelitis), transient global amnesia, dementia, 
peripheral neuropathy, orthostatic hypotension

2. Cardiovascular manifestations
Premature atherosclerosis, heart valve disease (valve thickening/vegetations)

3. Pulmonary manifestations
Pulmonary arterial hypertension, acute diffuse alveolar damage

4. Hepatic and gastrointestinal manifestations
Esophageal necrosis, pancreatitis, colonic ulceration, acalculous acute cholecystitis, mesenteric venoocclusive 
disease, primary biliary cirrhosis, Budd-Chiari syndrome

5. Renal manifestations
Nephropathy, renal artery stenosis, minimal change/focal segmental glomerulonephrosis, membranous 
nephropathy, mesangial C3 nephropathy, pauci- immune crescentic glomerulonephritis

6. Skin manifestations
Leg ulcers, digital gangrene, skin necrosis, livedo reticularis, erythematous macules, purpura ecchymoses, 
painful nodules, subungual splinter hemorrhages, anetoderma, discoid lupus erythematosus, cutaneous T-cell 
lymphoma

7. Ophthalmological manifestations
Retinal vein or arterial occlusion, amaurosis fugax, optic neuropathy

8. Hematological manifestations
Thrombocytopenia, hypoprothrombinemia, acquired APC resistance, protein S deficiency, acquired von 
Willebrand syndrome, inhibitors to specific coagulation factors, leukopenia, autoimmune hemolytic anemia

9. Other manifestations
Acute adrenal insufficiency due to bilateral adrenal hemorrhage, osteonecrosis, and acute sensorineural hearing 
loss:

32 Congenital and Acquired Hypercoagulable States



558

plications. Antiphospholipid antibodies bind to 
endothelial cells, platelets, and monocytes in a 
β2GPI-dependent manner. Several pathogenic 
mechanisms explain the occurrence of thrombo-
sis [50, 54]:

 – Inhibition of endogenous anticoagulant and 
fibrinolytic mechanisms

 – Activation of platelets
 – Injury and activation of endothelial cells
 – Complement activation

Long-term anticoagulation with oral antico-
agulants is the cornerstone for treatment of APS 
once thrombosis has occurred. Intensity of antivi-
tamin K is recommended at the usual doses (INR 
between 2 and 3), but in some severe cases recur-
rence can be observed and higher anticoagulation 
levels are then necessary [54, 55]. The new oral 
anticoagulants (direct inhibitors of thrombin or 
factor Xa) are of potential interest for long-term 
treatment, but a recent randomized study was 
stopped prematurely, due to a large excess of 
events in triple positive for LA, aCL, and anti- 
β2GPI antibodies in patients treated with rivar-
oxaban compared to antivitamin K [56]. There 
can be one exception for anticoagulation in 
thrombosis associated with APS: it is the second-
ary prevention of stroke in patients without other 
history of thrombosis. In the APASS study, a ran-
domized trial comparing warfarin (INR between 
1.4 and 2.8) to aspirin (325 mg) in patients with 
APS and ischemic stroke, no differences were 
observed in the recurrence rates after a follow-up 
of 2  years [57]. This negative result could be 
explained by the fact that the majority of patients 
had low or moderate levels of LA or ACL anti-
bodies and by the low intensity of warfarin treat-
ment and also because APS could not be 
ascertained in this population as repeat testing 
was not performed.

Hydroxychloroquine (HCQ)  is a synthetic 
antimalarial drug currently used in SLE.  It has 
anti-inflammatory and immunomodulatory prop-
erties without causing immunosuppression. It 
increases lysosomal pH, interferes with antigen 
processing, and modulates the immune response 
mediated by toll-like receptor 9. Furthermore, 
HCQ has an antithrombotic effect by inhibition 

of platelet aggregation, by reduction of the 
attachment of anti-β2GPI complexes to phospho-
lipids and cells, by reversing the binding of 
antiphospholipid antibodies to syncytiotropho-
blasts, and by restoring annexin 5 expression. For 
these reasons, HCQ  is a well-established drug 
used for treatment of SLE, and it has been dem-
onstrated that in secondary APS, it reduces arte-
rial and venous thrombosis events [55]. A recent 
prospective non-randomized study compared 
anticoagulation alone versus HCQ (400 mg daily) 
plus anticoagulation in primary APS. Six recur-
rent thrombotic events were observed in the 20 
patients treated with anticoagulation alone, com-
pared to none in the HCQ  plus anticoagulation 
group [58]. A major limitation of this study is that 
only venous thrombosis events were included, 
and its results do not represent the effects of this 
treatment modality on arterial thrombotic events.

Statins, beside their hypocholesterolemic and 
preventive effects on coronary artery disease, 
also display pleiotropic and anti-inflammatory 
properties [54, 55]. Since statins have been ben-
eficial in this setting, clinical studies remain nec-
essary to fully establish their role in APS.

For the treatment of the catastrophic APS, a 
life-threatening disease, aggressive treatment is 
required, which is a combination of anticoagula-
tion, glucocorticoids, plasma exchange, cyclo-
phosphamide, intravenous immunoglobulins, and 
antiplatelet agents. New therapeutic approaches 
have been tested in small series of patients using 
rituximab (anti-CD20 antibody), eculizumab 
(inhibitor of complement terminal pathway), and 
defibrotide.
In pregnant women, the goal of treatment is the 
prevention of adverse maternal and fetal out-
comes such as maternal thrombosis, fetal loss, 
eclampsia, placental insufficiency, fetal growth 
restriction, and preterm birth. Subcutaneous low- 
molecular- weight heparin (LMWH)  and low- 
dose aspirin are the treatment of APS in pregnancy 
with introduction of LMWH during the first tri-
mester and aspirin prior to conception due to its 
beneficial effect on early stage of implantation 
[51]. There is no more room for glucocorticoids 
or venous immunoglobulins in the prevention of 
APS-related complications associated with 
pregnancy.
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 Myeloproliferative Neoplasms

Myeloproliferative neoplasms (MPN) comprise 
three classic entities: polycythemia vera (PV), 
essential thrombocythemia (ET), and primary 
myelofibrosis (PMF), which are clonal expan-
sion of an abnormal stem/progenitor cell (BCR-
ABL negative) [59–61]. They are associated 
with the JAK2 (V617F) mutation in exon 14, 
which is found in >95% of PV and around 
60–70% of ET and PMF patients. In patients 
with ET or PMF without JAK2 mutations, 
somatic mutations in the endoplasmic reticulum 
chaperone CALR (Calreticulin) are also fre-
quent, associated with 15–25% of ET or PMF 
[62]. Other mutations have also been identified 
in MPN, like myeloproliferative leukemia virus 
oncogene (MPLW515L is an acquired mutation 
that induces constitutive activation of the JAK-
STAT pathway), or in exon 12 of JAK2. MPN 
are rare diseases, as for each of them, their 
yearly incidence is between 1 and 2/100,000. 
The usual median age at diagnosis is around 
70  years, but around 20% of cases occur in 
younger individuals. Their natural history is a 
predisposition to thrombo-hemorrhagic compli-
cations (for PV and ET) but also the risk to 
transform into myelofibrosis and acute leuke-
mia. It is not rare that the diagnosis is made after 

an arterial or venous thrombotic event, based on 
anomalies found in the systematic hemogram 
performed at this occasion or on hemogram per-
formed in asymptomatic patients.

Endogenous in vitro erythroid or megakaryo-
cyte colony formation, in the absence of growth 
factors, is a characteristic of MPN. Erythropoietin- 
independent proliferation is observed mainly in 
PV but also in ET and PMF.

The diagnosis of PV, ET, and PMF is based on 
the World Health Organization diagnostic criteria 
from 2008, summarized in Table 32.6.

PV must be suspected in the presence of 
hemoglobin levels above 18.5  g/dl in men and 
16.5 g/dl in women. The second major criterion 
is the presence of the JAK2 V617F mutation or 
JAK2 exon 12 mutation. Three minor criteria are 
bone marrow trilineage proliferation, subnormal 
levels of erythropoietin (EPO), and endogenous 
erythroid colony growth. In clinical practice 
when the diagnosis of PV is suspected, EPO 
measurement and search for JAK2 V217F must 
be performed:

• If EPO is subnormal and JAK2 V217F muta-
tion is positive, the diagnosis is done.

• If EPO is normal or elevated and JAK2 V217F 
mutation is negative, the diagnosis of PV is 
unprobable.

Table 32.6 Criteria for polycythemia vera (PV), essential thrombocythemia (ET), and primary myelofibrosis (PMF) 

Major criteria Minor criteria
PV 1. Hb > 18.5 g/dl for men and 16.5 g/dl for women 1. BM trilineage proliferation

2.  Presence of JAK2V617F or JAK2 exon 12 mutation 2. Subnormal EPO levels
3. Endogenous erythroid colony growth

ET 1. Platelet count > 450 × 109/L
2.  Megakaryocyte proliferation with large and mature 

morphology
3.  Not meeting WHO criteria for CML, PV, PMF, 

myelodysplasia, or other myeloid neoplasm
4.  Demonstration of JAK2V617F or other clonal marker or no 

evidence of reactive thrombocytosis
PMF 1.  Megakaryocyte proliferation and atypia accompanied by 

either reticulin or collagen fibrosis
1. Leukoerythroblastosis

2.  Not meeting WHO criteria for CML, PV, PMF, 
myelodysplasia, or other myeloid neoplasm

2. Increased serum LDH level

3.  Demonstration of JAK2V617F or other clonal marker or no 
evidence of reactive marrow fibrosis

3. Anemia

4. Palpable splenomegaly

BM bone marrow, Hb hemoglobin, EPO erythropoietin, CML chronic myeloid leukemia, LDH lactate dehydrogenase
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• If EPO is subnormal and JAK2 V217F muta-
tion is negative, screening for JAK2 exon 12 
mutation and bone marrow biopsy are 
required.

The diagnosis of PV must be suspected in the 
presence of clinical symptoms often insidious 
and nonspecific such as pruritus increased by 
water, reddened face, headaches, dizziness, 
weakness, fatigue, unexplained weight loss, 
excessive sweating, double or blurred vision, and 
gouty arthritis. Nowadays, diagnosis is often sus-
pected after reading a hemogram performed for 
another reason or at the time of a complicated 
event such as arterial or venous thrombosis or 
more rarely hemorrhage.

The diagnosis of ET must be suspected by 
nonspecific symptoms such as weakness, head-
ache, dizziness, erythromelalgia, and of course in 
case of thrombotic complications or hemorrhage. 
In the case of an increased platelet count, the first 
approach is to exclude reactive thrombocytosis 
secondary to infection, tissue damage, chronic 
inflammation, cancer, renal disorders, hemolytic 
anemia, blood loss, or postsplenectomy iron defi-
ciency (ferritinemia). Other causes of primary 
thrombocytosis that must be excluded to fulfill 
diagnosis of ET are chronic myeloid leukemia, 
acute leukemia, myelodysplastic syndrome, and 
myeloid neoplasm.

The diagnosis of ET is then based on four 
major criteria: platelet count above 450 × 109/L, 
megakaryocyte proliferation with large and 
mature morphology, absence of other myeloid 
neoplasm and demonstration of JAK2V617F or 
other clonal marker, and no reactive thrombocy-
tosis (Table 32.7). It should be noted that bone 
marrow (BM) examination in ET is often neces-
sary to make an accurate morphologic diagnosis 
of ET and distinguish it from pre-fibrotic PMF or 
other myeloid neoplasms, with differences in the 

appearance of megakaryocytes. In the absence of 
JAK2V617F, the possibility of CML is addressed 
by screening for BCR-ABL1 mutation.

PMF is a rare disease, compared to PV or 
ET. Usually it can be discovered in the screening 
for anemia, a deterioration of the general status 
or painful and palpable splenomegaly. Hemogram 
revealed anomalies on the three cell lineages with 
the presence of nucleated red blood cells with 
teardrop-shaped erythrocytes, granulocytes pre-
cursors and megakaryocytes. However this 
myelophthisic smear is not specific and can be 
associated with myeloid malignancy, bone mar-
row fibrosis, or an infiltrating process. Thus, a 
BM biopsy with a careful morphologic evalua-
tion and cytogenetic tests are necessary for the 
diagnosis of PMF.

The epidemiology of thrombosis in MPN has 
been recently reviewed [60]. Thrombotic events 
are more frequent in PV than in ET and 
PMF. Arterial thrombosis accounts for two-thirds 
of all thrombotic events. Large arteries (cerebral, 
coronary, and peripheral vessels) are frequently 
involved. In around 30% of patients with PV, and 
in 20% of patients with ET, the diagnosis is made 
after the occurrence of an initial thrombotic 
event, while during follow-up recurrence of 
thrombosis is observed in 20–33% of patients.

Other unusual sites of thrombotic occurrences, 
mainly Budd-Chiari syndrome and portal or mes-
enteric vein thrombosis, are also clinical features 
of MPN. Even in the absence of patent MPN, the 
search for “occult MPN” is mandatory as it is 
present in one-third of Budd-Chiari syndrome 
patients, as well as in nonmalignant, noncir-
rhotic, portal vein thrombosis patients [63]. In 
Budd-Chiari syndrome, the prevalence of MPN 
is 40.9% and the prevalence of JAK2V617F 
mutation is 41.1%; in portal vein thrombosis, the 
prevalence is 31.5% and 27.7% respectively. PV 
is more prevalent in Budd-Chiari syndrome than 
in portal vein thrombosis. These results validate 
the systematic screening for JAK2V617F muta-
tion in the diagnostic workup of patients with 
splanchnic vein thrombosis and the notion of 
occult MPN.  In a meta-analysis, JAK2 exon 12 
and MPL515 mutations were extremely rare and, 
hence, should not be used when screening 

Table 32.7 The IPSET-thrombosis score

Risk factor Hazard ratio Score
Age > 60 years 1.50 1
Cardiovascular risk factors 1.56 1
Previous thrombosis 1.93 2
JAK2V617F 2.04 2
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splanchnic vein thrombosis patients for thrombo-
philias [64].

In the pathogenesis of MPN, several parame-
ters must be taken into consideration: those clini-
cal risk factors of the patient that are not specific 
to MPN and the disease-related risk factors [59, 
60]. Age (>60 years old) and a history of throm-
bosis have consistently proven to be independent 
predictors of thrombosis in PV, ET, and PMF, 
with a 1.5 and 1.9 hazard ratio after a follow-up 
of 6  years, respectively [57]. Conventional risk 
factors for atherosclerosis (hypertension, hyper-
cholesterolemia, diabetes, smoking) have also 
been associated with arterial thrombosis in 
MPN.  Male gender is also associated with a 
higher risk of thrombosis, mainly myocardial 
infarction in patients with PV. In ET, male gender 
is also associated with a higher risk of venous 
thrombosis.

Concerning disease-related risk factors, 
mainly two parameters are taken into account: 
the JAK2V617F status and blood cell counts. 
JAK2V617F status could influence the risk of 
thrombosis in ET with a doubling of the risk and 
possibly also in PMF [60]. In PV, a higher 
JAK2V617F burden (>75% V617F allele) should 
allow to discriminate patients with a higher risk 
of thrombosis. Red cell count is a major cause of 
morbidity and mortality in PV and is a major 
determinant of blood viscosity and thrombosis. A 
hematocrit target below 45% is associated with a 
significant lower incidence of thrombosis and 
cardiovascular deaths. At variance, no study 
demonstrated a significant correlation between 
platelet count or function and thrombosis in PV 
and ET.  Instead, extreme thrombocytosis seems 
to reduce the risk of thrombosis (maybe by an 
acquired von Willebrand disease) and is even 
associated with a significant increase risk of 
hemorrhage (almost tenfold higher above 
1.000  ×  109/L) [59–61]. Leukocytosis was also 
found to be to be an independent risk factor for 
arterial thrombosis in PV when white blood cell 
count exceeds 15 × 109/L [60]. In ET, leukocyto-
sis was also an independent predictor of both 
thrombosis and survival.

Finally, by taking into account these risk fac-
tors, the IPSET (International Score of thrombo-

sis in WHO—Essential Thrombocythemia) 
thrombosis score was developed (Table  32.7) 
[60, 61]. This simple score includes age, cardio-
vascular risk factors, previous thrombosis, and 
JAK2V617F and allows a prognostic model com-
prising three classes: low, intermediate, and high 
risk. Low-risk patients had a thrombosis-free sur-
vival of 1.03% patient-year, the intermediate-risk 
2.35%, and the high-risk 3.56%.

Score: 0–1, low risk; 2, intermediate risk; and 
>3, high risk

Beside the identification and appropriate man-
agement of cardiovascular risk factors and the 
promotion of a healthy lifestyle, as in the general 
population, specific measures are recommended. 
Nevertheless, the supporting evidence is gener-
ally weak as there are only few prospective and 
interventional studies.

The efficacy of aspirin has been demonstrated 
in PV in a randomized trial, with a RR of 0.4 in 
the treated group compared to placebo for com-
bined endpoint including nonfatal myocardial 
infarction, stroke, and major thromboembolism 
[65]. In ET the efficacy of aspirin has not been 
tested and is used to control clinical symptoms 
like erythromelalgia and transient ocular or neu-
rologic episodes before cytoreduction. When 
platelet count is high, aspirin is not recommended 
due to the risk of bleeding.
PV patients should also be treated by phlebotomy 
to lower the hematocrit, and high-risk patients 
should also receive cytoreduction, mainly with 
hydroxyurea which is more effective in reducing 
thrombotic complications than phlebotomy 
alone. The goal of treatment is to achieve a target 
hematocrit <45%, as it has been demonstrated 
that, compared to a less intensive treatment with 
a hematocrit of 45–50%, the risk of thrombosis 
was decreased fourfold (2.7% versus 9.8% after a 
mean follow-up of 31 months) [66]. In ET, cyto-
reduction therapy is not indicated in patients 
without or with controlled cardiovascular risk 
factors; in high-risk patients, hydroxyurea and 
interferon-α are first-line therapy when cytore-
duction is recommended [67]. New-generation 
drugs, with JAK2 inhibitory activity (ruxolitinib, 
lestaurtinib, pacritinib), have been found to be 
effective for the treatment of splenomegaly or 
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adult patients with myelofibrosis, but no data are 
available concerning their efficacy on 
thrombosis.

 Impaired Endogenous Fibrinolysis 
or Hypofibrinolysis

Beside activation of coagulation, impaired endog-
enous fibrinolysis or hypofibrinolysis could also 
be associated with venous and/or arterial throm-
bosis. The association between fibrinolysis and 
clinical thrombosis is less documented for mainly 
two reasons: (1) assessment of endogenous fibri-
nolysis is much more complicated and less stan-
dardized than assessment of coagulation, and a 
test should ideally reflect the true physiological 
activity [68]; (2) genetic defect of fibrinolysis, 
such as homozygous plasminogen deficiency, is 
not associated with thrombosis. Similarly, a fre-
quent polymorphism of PAI-1 (4G/5G) has been 
shown to be a potential risk factor for venous and 
arterial thrombosis, but due to conflicting results, 
this association is not really demonstrated and not 
useful in clinical practice [68].

We will try to briefly summarize the main data 
concerning hypofibrinolysis, recently reviewed 
[68, 69]. The clot lysis assay that measured the 
clot lysis time (CLT) is dependent of plasma lev-
els of plasminogen, α2-antiplasmin, TAFI 
(thrombin-activatable fibrinolysis inhibitor), and 
PAI-1 (plasminogen activator inhibitor-1) [68, 
69]. Briefly, the principle of this test is to add to 
citrated plasma a mix containing phospholipid 
vesicles, calcium chloride, tissue factor (to acti-
vate coagulation), and tPA (to initiate fibrinoly-
sis). In a standard microplate reader in kinetic 
mode at 405 nm, the CLT is defined as the time 
between the midpoint of absorbance of the coag-
ulation side of the curve and the midpoint of the 
lysis side of the curve [68]. This test does not 
really assess physiological fibrinolysis as it is 
performed with extrinsic t-PA, and it does not 
take into account the role of whole blood and the 
contribution of platelets and neutrophils. More 
recently, a global automated point-of-care fibri-
nolysis assay has been developed, but with only 
limited clinical data [69]. Contrary to thrombo-

philia, the assessment of each of the fibrinolytic 
pathway, by measuring, for example, levels of 
t-PA, PAI-1, or TAFI, is not contributory to assess 
endogenous fibrinolysis [69].

The association between hypofibrinolysis 
(defined as CLT above the 90th percentile) and a 
first episode of venous thromboembolic disease 
has been assessed, with OR comprised between 
1.8 and 2.7, in the main four case-control studies 
[68, 70]. As for factor V Leiden or the prothrom-
bin G20210A mutation, hypofibrinolysis is not 
associated with recurrent venous thrombosis nor 
with postthrombotic syndrome [68, 70]. 
Concerning the association of prolonged lysis 
time with acute coronary syndrome, it has been 
assessed in case-control as well as prospective 
studies with relative risk of recurrent events 
between 1.8 and 2.8 [68, 69]. In the largest pro-
spective study, the PLATO trial (ticagrelor versus 
clopidogrel in patients with acute coronary syn-
dromes), a 50% increase in CLT was associated 
with a 20% increase in cardiovascular death or 
all-cause deaths. According to these data, it 
seems that hypofibrinolysis, if confirmed, should 
be considered as a new marker of future coronary 
events [70]. On the other hand, its clinical interest 
in venous thrombosis remains limited.
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 Introduction

Children are not simply little adults. This concept 
applies to many topics in pediatrics, including 
normal hemostasis, trauma-induced coagulopa-
thy (TIC), and care of the bleeding pediatric 
trauma patient. Pediatric trauma patients are 
unique in their injury mechanisms, patterns, and 
pathophysiology. There is a significant body of 
literature which describes the differences between 
the pediatric and adult hemostatic systems. 
However, the consequences of these still- 
developing mechanisms for hemostasis and fibri-
nolysis after injury are not necessarily clear. 
Research has established that TIC occurs in pedi-
atric patients as it does in adults, though a con-
sensus definition of TIC, rates of occurrence, and 
implications of TIC in children remain areas of 
active research. Resuscitation strategies have 
been well studied in adults, resulting in well- 
defined goals for best practice, but a lack of 
research in children results in variable practice 

patterns across institutions. Special areas of con-
cern in pediatric trauma include the high rate of 
traumatic brain injury and its association with 
TIC, physical child abuse and its unique impact 
on the trauma patient, and venous thromboembo-
lism in high-risk pediatric patients.

 Hemostasis in Children

The physiology of hemostasis in children after 
the age of 6 months is similar to that in adults. In 
neonates and infants, however, some key differ-
ences exist. The hemostatic and fibrinolytic sys-
tems rapidly develop during this early period. In 
premature infants, maturation of the system is 
likely somewhat accelerated, with studies show-
ing it is roughly equivalent to term infants at 
6  months of age. Various components of the 
hemostatic system exist in different quantities in 
infants compared to adults, with potential mecha-
nisms for this phenomenon including differing 
consumption, synthesis, and clearance of pro-
teins, along with differing enzymatic activity lev-
els. Levels of many components reach normal 
adult ranges by 6 months of age, but some differ-
ences persist into early childhood. Traditional 
tests of coagulopathy, namely prothrombin time 
(PT) and activated partial thromboplastin time 
(aPTT, PTT) are often prolonged in the neonatal 
and infant period, due in part to a deficiency in 
vitamin K dependent clotting factors (including 
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II, V, VII, IX, X, XI, and XII) seen in early life. 
Administration of vitamin K to newborns is, 
therefore, the standard of care to avoid hemor-
rhagic disease of the newborn. Differences also 
exist in inhibitors of the coagulation system, 
including lower levels of antithrombin III (ATIII) 
in infants compared to adults; however, other 
inhibitors (C1-esterase inhibitor and 
α2-macroglobulin) may exist in elevated levels 
and compensate at least partially for the defi-
ciency in ATIII. Studies vary in their description 
of an infant’s capacity for thrombin generation, 
but most suggest that it falls in the low-normal to 
normal range [1–7].

Another tradeoff may exist between infant 
platelets and levels of von Willebrand Factor 
(vWF). While the platelet count and volume are 
equivalent in neonates and infants compared to 
adults, platelet responsiveness is decreased in 
laboratory studies. Infant platelet dysfunction has 
been demonstrated in vitro by decreased granule 
secretion, decreased binding sites, and decreased 
aggregation. However, tests demonstrating the 
in vivo function show that the platelet function in 
an infant is largely preserved with bleeding times 
being normal to low in infancy. This may be due 
to the higher-than-adult levels and size of the cir-
culating vWF in infants which contributes to 
enhanced platelet aggregation. The vWF levels 
may be elevated secondary to the birth process 
and/or an intrinsic processing difference at the 
cellular level [7–9].

The fibrinolytic capacity of young children 
may be impaired. Decreased levels of plasmino-
gen, as well as impaired functionality of the pro-
tein, may exist in neonates and infants, 
contributing to impaired fibrinolytic capacity and 
tendency for thrombosis. Furthermore, the plas-
minogen activator inhibitor is at normal to ele-
vated levels compared to adults and could 
exacerbate this blunting of fibrinolysis [3, 7, 10].

Overall, healthy neonates and children do not 
exhibit an increased tendency for spontaneous 
hemorrhage or thrombotic events. However, their 
coagulation systems are immature, and they com-
pensate for decreased levels or impaired func-
tionality of certain components by increased 
levels or overactivity of other components. It is 

hypothesized that small perturbations in this deli-
cately balanced system may contribute to poten-
tial coagulopathy that is unique to very young 
children.

 Pediatric Trauma-Induced 
Coagulopathy

As has been well documented in the adult popu-
lation, severely injured children frequently mani-
fest TIC, resulting in a tendency toward both 
hypo- and hypercoagulable states. This coagu-
lopathy has been shown to be associated with 
poor outcomes including increased mortality, 
lengths of stay, transfusion requirements, and 
rates of organ failure. Though TIC can affect any 
patient who has suffered a traumatic insult, more 
severely injured patients as well as those with 
particular injury patterns, particularly traumatic 
brain injury, are known to be at highest risk [11–
18]. The following discussion will detail different 
ways of defining TIC in children based on differ-
ent laboratory tests, including both conventional 
coagulation tests (CCTs) and viscoelastic hemo-
static assays (VHAs).

 Conventional Coagulation Test-Based 
Studies

Many studies of TIC in the pediatric population 
utilize abnormalities in conventional coagulation 
tests, (PT, INR, PTT, fibrinogen, and platelet 
count) to define TIC. However, lack of a uniform 
definition of TIC by laboratory values makes the 
comparison between these studies difficult [19]. 
A large systematic review from 2014 found that 
the incidence of TIC among the mostly retrospec-
tive studies ranged from 10% to 77% [12]. 
Furthermore, a majority of these studies were 
conducted in TBI patients, who are known to be 
at a higher risk for TIC, with only a few being 
conducted in a general trauma population. Of 
studies conducted in critically-ill polytrauma 
patients, the range of patients with TIC narrowed 
to 27–38% in four studies; a fifth found that 72% 
of all patients needing a transfusion had an 
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 abnormal PT. All five of these studies found an 
association between TIC and mortality [17, 20–
23]. Regarding the definition of TIC, one group 
sought to better define TIC by establishing an 
appropriate cutoff for an elevated INR.  They 
found that an INR of 1.3 or greater captured a 
clinically significant mortality rate and had the 
greatest sensitivity and specificity for mortality 
among a general critically ill pediatric trauma 
population. While elevated INR at admission and 
24 h was predictive of mortality, increased prod-
uct transfusion was not associated with improved 
INR over time, suggesting that elevated INR 
alone may not be an ideal target to guide resusci-
tation [20].

 Viscoelastic Hemostatic Assay-Based 
Studies

Viscoelastic hemostatic assays (VHAs) including 
thromboelastography (TEG, Haemonetics, 
Braintree, MA) and thromboelastometry 
(ROTEM, Instrumentation Laboratory, Bedford, 
MA) are functional tests that use whole blood to 
measure various aspects of clot formation, stabil-
ity, and degradation. The results of the test 
develop in real time, compared to CCTs, and they 
provide more granular data about the status of the 
patient’s hemostatic state which can be used to 
drive resuscitation measures [24–26]. In adult 
trauma patients, TEG shows correlation with 
CCTs and accurately predicts the need for blood 
product transfusion as well as massive transfu-
sion [26] and has shown superiority compared to 
five standard CCTs, particularly in patients with 
head injury, hemorrhagic shock, and those requir-
ing a transfusion [27]. Furthermore, VHAs cap-
ture data regarding fibrinolysis which is not 
reflected in the traditional tests of coagulopathy 
[19]. A study of the use of TEG in adult trauma 
patients to detect abnormal fibrinolysis found 
that most trauma patients arrive with an abnormal 
LY30 (percent decrease in maximum amplitude 
(MA) at 30 min compared to time zero): 18% of 
the population arrived in a state of hyperfibri-
nolysis (LY30 ≥ 3%) and 46% arrived in a state 
of fibrinolysis shutdown (LY30 ≤ 0.08%). Both 

abnormal states were associated with higher mor-
tality compared to the physiologic state [28]. 
These reasons, in combination with the above 
mentioned finding that INR is not a reliable target 
for resuscitation [20], make VHAs an ideal 
method for assessing an injured child for 
coagulopathy.

An early study on the use of TEG in pediatric 
trauma patients found that activated clotting time 
(ACT), k-time, and α-angle correlated with PTT 
and MA correlated with platelet count. All of 
these values independently predicted the need for 
packed red blood cells (PRBCs) and plasma 
transfusion within 6  h [18]. TEG has subse-
quently been utilized to characterize fibrinolysis 
phenotypes after injury in children. Leeper et al. 
found that among a cohort of pediatric trauma 
patients, 19.6% had hyperfibrinolysis on TEG at 
admission, while 38.3% had shutdown physiol-
ogy. Both abnormalities correlated with mortality 
and need for blood transfusion, while shutdown 
was a particularly poor sign as it also correlated 
with disability and deep vein thrombosis (DVT) 
[29]. Children in this study showed equivalent 
rates of hyperfibrinolysis compared to the previ-
ously described study of adult trauma patients; 
however, they demonstrated a normal fibrinolytic 
pattern slightly more frequently and were less 
likely to show evidence of the shutdown physiol-
ogy at the time of admission (38.3% v. 46%) [28, 
29]. Possible explanations for these differences 
between adult and pediatric trauma patients could 
include variation in the timing of tests, differ-
ences in the degree of tissue damage, and the pre-
ponderance of traumatic brain injury in injured 
children, as well as perhaps a superior compensa-
tory response to preserve normal fibrinolysis in 
children, compared to that in adults.

Liras et  al. similarly concluded that hyperfi-
brinolysis on admission TEG was an independent 
predictor of mortality in pediatric patients [30]. 
In a study evaluating changes in fibrinolysis over 
time, Leeper et  al. found that remaining in or 
trending toward fibrinolysis shutdown in the days 
after injury was associated with worse clinical 
outcomes including death, disability, and DVT 
[31]. These findings are concordant with adult 
studies investigating sustained fibrinolysis 
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 shutdown [28, 32, 33]. Leeper et al. also found 
that the predominant fibrinolytic phenotype 
among pediatric patients early after injury (<1 h) 
was that of normal fibrinolytic physiology. This 
was followed by a trend toward shutdown physi-
ology in the hours to follow. Perhaps a manifesta-
tion of children’s superior compensatory 
mechanisms, this finding may represent an early 
window of opportunity in injured children to mit-
igate the coagulopathy that is to follow [34].

Despite the growing body of literature sup-
porting the use of VHAs for the assessment and 
treatment of the pediatric trauma patient, one sur-
vey of providers caring for pediatric trauma 
patients found that only 31% of respondents use 
VHAs regularly, despite the tests being available 
to 63% of those surveyed [35]. Effort should be 
made to implement protocols which utilize VHAs 
in the care of the pediatric trauma patients, and 
the results of these programs should be studied 
further.

 Resuscitation of Pediatric Trauma 
Patients

Pediatric-specific resuscitation protocols are nec-
essary given the baseline physiologic differences 
between adults and children. Infants and chil-
dren, particularly those less than 50  kg, have 
higher circulating blood volumes by body weight 
compared to adults. An infant has a blood volume 
of 90  mL/kg, while a young child has a blood 
volume of 70 ml/kg [36]. Therefore, estimation 
of the blood volume, volume loss, and dosing of 
blood products must be weight based [37]. 
Another key feature of the pediatric population is 
their substantial physiologic reserve, and there-
fore signs or symptoms of blood loss may not be 
apparent as early as in adults or if present may be 
a sign of impending circulatory collapse [36, 38]. 
One study of hypotension among a large cohort 
of pediatric trauma patients found it to be an 
extremely poor prognostic indicator; patients 
who were hypotensive on arrival to the emer-
gency department were nearly 13 times more 
likely to die compared to normotensive patients 
[39]. Early recognition of hemorrhagic shock, 

coagulopathy, and need for transfusion are of 
vital importance. However, given the robust 
physiologic reserve of pediatric patients and the 
divergence of normal vital signs from those of 
adults with decreasing age, identification of pedi-
atric patients with hemorrhagic shock and need 
for transfusion can be particularly challenging.

 Massive Transfusion Protocols 
and Balanced Resuscitation

Trauma patients often show sustained substantial 
blood loss prior to presentation to definitive care 
or have a high likelihood of ongoing blood loss. 
TIC can contribute to the ongoing blood loss and 
resuscitation itself can exacerbate coagulopathy. 
Massive transfusion (MT) protocols were devel-
oped for adult patients in order to streamline the 
delivery of large volumes of blood products to 
patients with the most need. The Pragmatic, 
Randomized Optimal Platelet and Plasma Ratios 
(PROPPR) trial and other studies have shown 
that MT protocols in adults decrease the mortal-
ity, coagulopathy, and other complications, pri-
marily through the successful delivery of 
balanced ratios of products, ideally in a 1:1:1 
fashion for PRBCs, plasma, and platelets 
[40–43].

Adult MT protocols are not directly applica-
ble to pediatric patients. As discussed previously, 
component therapy in a MT protocol must be 
dosed in a weight-based format. Table  33.1 
details pediatric weight-based dosing for the dif-
ferent components to be used in a MT protocol 
[44, 45]. Pediatric MT occurs less frequently 

Table 33.1 Dosing of components for pediatric massive 
transfusion (patient weight <50 kg)

Product Dose
Crystalloid 10 mL/kg
Packed red blood cells 
(PRBCs)

10–20 mL/kg

Plasma 10–20 mL/kg
Platelets 10 mL/kg
Tranexamic acid (TXA) 15 mg/kg (max dose 1 g)

mL/kg milliliters per kilogram, mg/kg milligrams per 
kilogram
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than in adults, with one large study of patients in 
the National Trauma Data Bank (NTDB) finding 
that only 0.04% of pediatric patients received an 
MT [46]. Regarding balanced resuscitation in 
pediatric patients, several studies failed to prove 
the same benefit as has been demonstrated in 
adults [47–49]; importantly, none of these studies 
actually achieved a 1:1:1 ratio of products in their 
MTP cohorts. This balanced ratio is difficult to 
achieve in children given their smaller circulating 
blood volumes. However, two studies demon-
strate an association between higher ratios of 
plasma:PRBCs and mortality [50, 51] and one 
study showed that a ratio of 1:1 for PRBCs:plasma 
was associated with the highest survival, while 
ratios involving higher proportion of PRBCs 
were associated with lower survival [52]. Despite 
the variation among the evidence in children, bal-
anced resuscitation remains a goal in the pediat-
ric trauma population [53].

Algorithms and scoring systems predicting 
the need for massive transfusion in trauma 
patients are particularly useful in guiding clinical 
care. In adults, the American College of Surgeons 
(ACS) Trauma Quality Improvement Program 
(TQIP) advises the activation of a MT protocol 
when two out of the four criteria are met: 
Assessment of Blood Consumption (ABC) score 
(one point each for pulse >120, SBP <90, posi-
tive Focused Assessment with Sonography in 
Trauma (FAST), or penetrating injury) of two or 
more, persistent hemodynamic instability, active 
bleeding requiring emergent intervention, blood 
transfusion in the trauma bay [54]. In adults, an 
ABC score of two or greater was 75% sensitive 
and 86% specific for predicting the need for MT 
[55]. Unfortunately, this scoring system does not 
perform as robustly in a pediatric population. A 
study of the ABC score as described above found 
that in pediatric patients the sensitivity of the 
ABC score for predicting the need for MT 
dropped to 29% [56]. Shock index (SI) (maxi-
mum heart rate divided by minimum systolic 
blood pressure) has been studied in adult trauma 
patients and when compared to the ABC score, it 
has a slightly higher sensitivity for predicting the 
need for massive transfusion and is also techni-
cally easier to calculate [57]. In pediatric patients, 

the SI can be pediatric-adjusted (SIPA), to more 
accurately reflect the pediatric age-adjusted nor-
mal vital signs: the cutoffs for normal SIPA 
include <1.22 (age 4–6), <1.0 (age 7–12), and 
<0.9 (age 13 and above). The SIPA showed an 
improved discriminatory capacity compared to 
SI for several poor outcomes including ISS, need 
for transfusion within 24 h, and mortality among 
a pediatric population [58]. When the traditional 
ABC score is modified to include SIPA in place 
of pulse and SBP (ABC-S), the sensitivity of the 
score for predicting the need for MT is modestly 
improved to 65% [56]. The score was further 
modified to form the ABCD score, incorporating 
both base deficit and lactate, which demonstrated 
the highest discriminatory capacity for MT with 
a sensitivity of 77.4% and specificity of 78.8% 
[59]. It should be noted that the authors of many 
of these studies comment on the fact that the 
ABC score may be inherently limited in the pedi-
atric population given the low rate of penetrating 
injury and positive FAST exams.

Finally, there is considerable variability in the 
definition of pediatric MT by institution, the most 
common modern widely-accepted definition of 
pediatric MT is >40 mL/kg total blood product 
transfused in 24 h; however, this is limited in that 
it is calculated retrospectively and has utility 
mainly in research definitions. No consensus 
exists for the triggers for pediatric MT and the 
most commonly cited indication in the literature 
is physician discretion [60].

 VHA-Based Resuscitation

As discussed previously, VHAs have been shown 
to correlate with CCTs and certain findings pre-
dict mortality and poor outcomes. The results 
from these assays are available faster than the tra-
ditional tests, and they can guide specific steps in 
the resuscitation algorithm including the admin-
istration of plasma, platelets, PRBCs, cryopre-
cipitate, and tranexamic acid (TXA). The ACS 
TQIP publishes guidelines for transfusion, 
including TEG-based transfusion triggers, from 
which our institution has derived the following 
protocol as listed in Table 33.2 [54].
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Table 33.2 Example of TEG-based transfusion algorithm used at the American College of Surgeons (ACS) Level 1 
Pediatric Trauma Center

TEG parameter
Normal 
range

Transfusion 
trigger Product Dose

ACT 86–118 s >128 s Plasma 20 mL/kg

α angle 64–80° <60° Cryo 1 unit/10 kg

K value 0–2.5 min >2.5 min Cryo 1 unit/10 kg
MA 52–71 mm <55 mm Platelets 15 mL/kg
LY30 0–8% >3% TXA > 12 yo (adult dose): 1 gm loading dose over 

10 min, followed by 1 gm infusion over 8 h
≤12 yo: 15 mg/kg (max dose 1 gm) loading dose 
over 10 min, followed by 2 mg/kg/hr infusion 
over 8 h

ACT Activated clotting time, sec seconds, mL/kg milliliters per kilogram, Cryo Cryoprecipitate, kg kilogram, min min-
ute, MA Maximum amplitude, mm millimeter, percent decrease in MA at 30 min compared to time 0 (LY30), yo years 
old, gm gram, h hours

 Whole Blood Transfusion

Transfusion of cold-stored low titer group O 
whole blood (LTOWB) allows the trauma patient 
to receive RBCs, plasma, and platelets in a physi-
ologic ratio, eliminating the increased volume and 
time needed to transfuse these three products in 
the traditional fashion. Multiple studies of WB 
transfusion in an adult trauma patient population 
achieved higher ratios of plasma:RBCs and 
platelet:RBCs in WB groups compared to those 
receiving conventional component-based therapy, 
without any adverse transfusion-related reactions 
[61–63]. The first study of WB use in a pediatric 
trauma population found it to be safe, with no evi-
dence of adverse transfusion-related reactions and 
no difference in biochemical markers of hemoly-
sis in group-O and non-group-O patients. 
Furthermore, the WB was delivered significantly 
faster compared to the administration of a corre-
sponding unit of RBCs, plasma, and platelets in a 
historical cohort [64]. In another study of WB in 
children from the same group, the platelet count 
and function in pediatric trauma patients who 
received cold-stored WB was no different from a 
cohort of trauma patients who had received tradi-
tional room temperature component platelets 
[65]. This group now utilizes WB in their pediat-
ric MT protocols for children older than one year 
of age, as depicted in Fig. 33.1. LTOWB is a safe, 
efficient, and the ideal initial resuscitative fluid 
for the bleeding pediatric trauma patient.

 Tranexamic Acid (TXA)

TXA is an anti-fibrinolytic drug with proven 
effectiveness in adult trauma patients for reduc-
ing mortality secondary to bleeding, as demon-
strated in the Clinical Randomization of an 
Antifibrinolytic in Significant Hemorrhage 2 
(CRASH-2) Trial [66]. The CRASH-3 trial was 
subsequently published, and it showed that mild 
to moderate TBI patients who received TXA also 
had a lower mortality [67]. Neither study popula-
tion included children, and therefore the safety 
and effectiveness of TXA use in pediatric trauma 
patients requires further investigation. Two retro-
spective studies examining TXA use in pediatric 
trauma patients arrive at discordant conclusions. 
One study in pediatric patients in a combat set-
ting with severe abdominal or extremity trauma 
found that those who received TXA had decreased 
mortality without an increase in thromboembolic 
complications [68]. Another study of a large 
database of Japanese pediatric trauma patients, 
which used propensity matching, found that the 
TXA group had a higher rate of seizures com-
pared to the group that did not receive TXA, but 
the two groups had equivalent rates of thrombo-
embolic complications and mortality [69]. 
Despite conflicting evidence among these two 
studies of pediatric trauma patients, multiple 
studies of the use of TXA in children undergoing 
non-traumatic surgical procedures exist and sug-
gest that TXA is safe and may be associated with 
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Fig. 33.1 Example of the pediatric MT protocol utilizing WB used at the American College of Surgeons (ACS) Level 
1 Pediatric Trauma Center

lower transfusion requirements and/or blood loss 
[70–72]. The Traumatic Injury Clinical Trial 
Evaluating Tranexamic Acid in Children (TIC- 
TOC) trial, a randomized controlled trial of two 
doses of TXA and placebo, currently in the pilot 
phase of enrollment, will ideally eventually pro-
vide robust evidence regarding the safety and 
effectiveness of empiric TXA in the treatment of 
the bleeding pediatric trauma patient [73].

Disorders of fibrinolysis exist on a spectrum, 
with a majority of trauma patients arriving to the 
hospital in a state of abnormal fibrinolysis [33]. 
Those in a state of hyperfibrinolysis (LY30 ≥ 3% 
on TEG) may benefit from anti-fibrinolytic ther-
apy and in this way TEG could be used to guide 
resuscitation efforts. However, pediatric patients 
in hyperfibrinolysis have been shown to correct 
on their own without the use of TXA, as demon-
strated by all the individuals with hyperfibrinoly-
sis in one cohort of pediatric trauma patients 
[31]. Patients with physiologic levels of fibrino-
lysis or fibrinolysis shutdown may not benefit 
from TXA administration, and theoretical harm 
may result from administering anti-fibrinolytic 
agents to patients in a potentially prothrombotic 
state. As discussed above, anti-fibrinolytic ther-

apy in children needs investigation to determine 
the safety, efficacy, timing, and indications for its 
administration.

 Special Considerations 
in the Pediatric Population

 Traumatic Brain Injury

TBI is a known risk factor for the development of 
TIC and is a predominant cause of morbidity and 
mortality in children [74–78]. Potential mecha-
nisms for the induction of coagulopathy after 
brain injury are numerous. TIC has been detected 
early even after isolated TBI, suggesting that the 
release of brain-derived substances via disruption 
of the blood–brain barrier may play a role in the 
development of coagulopathy [79, 80]. 
Hypoperfusion leading to activation of the pro-
tein C pathway is suspected to play a role in the 
development of TIC after TBI [77, 81]. Platelet 
dysfunction has been well described after TBI 
[80, 82, 83]. One study in adult patients revealed 
that isolated TBI patients display a unique coagu-
lopathy on TEG, characterized by impaired clot 
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formation rather than abnormal fibrinolysis [84]. 
More research is needed to fully understand the 
mechanism behind TIC in the setting of TBI, 
with the hope of developing interventions to 
 mitigate the particularly poor outcomes for this 
injured subgroup.

Pediatric TBI patients have been shown to 
manifest coagulopathy at a particularly high rate, 
with one study describing 42.8% of TBI patients 
developing coagulopathy, with an increasing 
incidence with increasing head AIS [76]. Severe 
TBI in a pediatric population has been shown to 
be associated with a trend toward or remaining in 
fibrinolysis shutdown, a poor prognostic indica-
tor [85]. Patients with severe TBI also had an 
increased rate of shutdown physiology compared 
to non-TBI patients, detectable as soon as 1  h 
after injury [34].

Research in adults suggests that early resusci-
tation with the plasma can be particularly benefi-
cial to TBI patients. Sperry et al. conducted the 
Prehospital Plasma during Air Medical Transport 
in Trauma (PAMPer) Trial, a randomized trial of 
pre-hospital plasma versus standard of care in 
adult trauma patients, and found that pre-hospital 
plasma administration was linked to a decreased 
mortality at 30  days, with a significant benefit 
observed in the TBI subgroup [86]. Another 
study of adult trauma patients, compared to those 
who received early plasma compared to PRBCs, 
showed that the plasma group had improved neu-
rologic and functional outcomes [87]. No such 
studies have been conducted with pediatric 
trauma patients; however, it has been shown that 
pediatric TBI patients who received delayed 
plasma administration or over-resuscitation with 
plasma had higher incidence of fibrinolysis shut-
down. Furthermore, in those with severe TBI and 
plasma transfusion, the rates of fibrinolysis shut-
down and morbidity and mortality were exceed-
ingly high [85]. In children with TBI there may 
exist a delicate balance between beneficial early 
resuscitation with plasma and over-resuscitation 
which worsens TIC.

Also of critical importance for TBI patients is 
the prevention and treatment of early hypoten-
sion. Hypotension, even in short episodes, is 

well known to be associated with poor outcomes 
in TBI patients including a significantly 
increased risk of mortality [88, 89]. Multiple 
studies show that the threshold for defining 
hypotension in TBI patients should be higher 
than the standard definition for hypotension [90, 
91] and this same finding was demonstrated in 
pediatric trauma patients, based on the strong 
link between early hypotension and mortality in 
the setting of TBI [92].

 Child Abuse

Child abuse is a public health epidemic that 
inflicts both immediate and lasting physical and 
psychosocial consequences upon its victims. The 
most common cause of long-term morbidity and 
mortality secondary to child abuse is abusive 
head trauma (AHT) [93, 94]. AHT disproportion-
ately affects young children and is the leading 
cause of head injury in the less than one-year-old 
population. These children have particularly poor 
outcomes; AHT has a case-fatality rate that likely 
exceeds 20% and a majority of survivors are left 
with permanent disability [94–96]. AHT patients 
frequently have hypoxic-ischemic changes in 
their brain, thought to be in part related directly 
to their brain injury but also in part as a conse-
quence of hypoxia that may occur secondary to 
apnea or disordered breathing from trauma to the 
spine or brainstem inflicted during the abusive 
action [97–101]. As with TBI in general, hypoxic- 
ischemic injury to the brain may contribute to the 
development of TIC. Not surprisingly, pediatric 
AHT patients manifest TIC frequently, with one 
study finding 35% of an AHT cohort with an INR 
of 1.3 or greater. TIC as defined by INR was the 
strongest predictor of mortality, increasing the 
odds of death by 3.65 times or more [102]. 
Another study of TEG in AHT compared to acci-
dental head trauma patients found that AHT 
patients were more likely to have an elevated 
LY30 on admission and patterns on TEG which 
indicated abnormal clot strength correlated with 
mortality [103]. AHT patients clearly represent a 
group at risk for a potentially unique TIC.
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 Venous Thromboembolism 
in Children

TIC may manifest as a hypercoagulable state, 
which can lead to venous thromboembolism 
(VTE) events. Overall, VTE occurs significantly 
less frequently in children compared to adults, 
but the risk can be substantial in high-risk groups 
[104]. Studies vary widely in their reported rates 
of VTE among pediatric trauma patients, ranging 
from <1 to 10% [105–108]; however, higher risk 
groups may have rates in the 10–25% range [106, 
109]. The following risk factors for VTE in pedi-
atric trauma patients have been identified: 
increasing age, injury severity, indwelling central 
venous catheters, total parenteral nutrition, 
immobility, pressor support, TBI, and AHT [105, 
107, 110–112]. The primary clinical consequence 
of VTE, aside from significant additional costs 
related to the VTE treatment, is post-thrombotic 
syndrome (PTS), which results in painful swell-
ing of the affected extremity with skin changes 
including dilated veins, dermatitis, and venous 
stasis ulcers. Though there is a significant varia-
tion on the reported rates of PTS in the literature, 
most studies report that the rates of pediatric PTS 
are likely similar to those observed in adults, in 
the 15–45% range [105, 113–115].

Unfortunately, the highest risk groups, includ-
ing those with TBI and significant trauma includ-
ing solid organ injury, may be unable to receive 
VTE prophylaxis due to a prohibitively high 
bleeding risk. Furthermore, though the effective-
ness of pharmacological VTE prophylaxis is 
assumed to be similar for post-pubertal adoles-
cents to that in adults, the efficacy of these medi-
cations in children is largely unknown due to the 
lack of pediatric clinical trials. Given the unclear 
efficacy of medications used for VTE prophy-
laxis in children, there exists significant uncer-
tainty regarding which children should 
subsequently be given prophylaxis.

The Eastern Association for the Surgery of 
Trauma (EAST) published guidelines in 2016 
that suggest the use of pharmacological prophy-
laxis in children: (1) age 15 and older with low 
bleeding risk and (2) younger than 15 but postpu-
bertal with an ISS >25. The group recommended 

against prophylaxis in prepubescent children 
[116]. Further research is needed on the safety 
and efficacy of pharmacologic prophylaxis in 
children to guide its use in younger children who 
are at an increased risk for VTE due to the pres-
ence of one or more of the above risk factors.

 Summary

TIC occurs in a significant number of severely 
injured pediatric trauma patients. High-risk 
groups include those with traumatic brain injury 
and physical child abuse. Differences in the 
developing hemostatic system in children may 
contribute to a tendency toward coagulopathy. 
Topics of critical importance for ongoing research 
include resuscitation strategies and prevention 
and management of VTE in pediatric trauma 
patients.
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Traumatic Brain Injury-Induced 
Coagulopathy

Jing-fei Dong, Fangyi Zhang, and Jianning Zhang

 Introduction

Trauma is the leading cause of death among peo-
ple aged 50 and younger, and it is a major cause 
of death for all adults, contributing substantially 
to health care costs and lost productivity. 
Uncontrolled hemorrhage accounts for 30–50% 
of all trauma fatalities [1, 2] and is caused by 
direct injury to the vasculature and secondary 
coagulopathy. Trauma-induced coagulopathy can 
occur minutes after injury in a prehospital setting 
and progress rapidly, significantly increasing the 
risk of secondary bleeding, disability, and death 
[3, 4]. A vicious cycle of coagulopathy, hypother-
mia, and metabolic acidosis is often referred to as 
a lethal triad for patients with severe trauma [5, 
6]. Clinical and laboratory studies have consis-
tently shown that coagulopathy is also common 
in patients with traumatic brain injury (TBI).

 Epidemiology and Risk Factors

The prevalence of TBI-induced coagulopathy 
(TBI-IC) varies considerably in individual 
reports, ranging from 10% to 97.2% [7–9]. 
Several factors contribute to this large variation. 
First, TBI is a collective term for several types of 
injuries. Coagulopathy is more common in 
patients with penetrating TBI than in those with 
blunt injury [9–11]. Patients with cerebral paren-
chymal injuries (e.g., contusion) are more likely 
to develop TBI-IC than those with brain struc-
tural compressing injuries such as epidural hema-
toma. Second, TBI-IC is diagnosed by different 
and nonstandardized laboratory tests (Table 34.1) 
[7–9]. These tests and the timing with which they 
are performed define abnormalities in different 
aspects of the hemostasis system. Third, TBI-IC 
may occur in more than 80% of patients with 
severe TBI, as defined by clinical injury severity 
scores such as the Glasgow Coma Scale (GCS) or 
the Abbreviated Injury Scale (AIS) head [12], but 
it is found in less than 1% of patients with mild 
TBI [13]. A meta-analysis of 34 studies of civil-
ian TBI published from 1966 to 2007 revealed an 
overall TBI-IC prevalence of 32.7% [9]. A sys-
tematic review conducted 5 years later of 22 stud-
ies found that the pooled proportion of isolated 
TBI with coagulopathy was 35.2% (95% CI: 
29.0–41.4) [14]. This significant epidemiological 
variation in clinical studies illustrates the incon-
sistency in defining TBI-IC, the large gap 
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between laboratory-defined and clinically pre-
sented coagulopathy, and the need for standard-
ized diagnosis and risk-stratification strategies.

In a retrospective study of 3114 patients with 
isolated TBI recorded in the Trauma Registry of 
the German Society for Trauma Surgery 
(TR-DGU), multivariate analysis identified the 
following as independent risk factors for the 

development of acute TBI-IC: (1) severe injury 
defined by either AIS head ≥3 or GCS ≤8 at the 
scene; (2) hypotension at the scene or upon 
arrival at the emergency room (systolic blood 
pressure ≤90  mmHg); (3) prehospital adminis-
tration of intravenous fluids of ≥2000 ml; and (4) 
age ≥75 years [15]. Low hemoglobin, penetrat-
ing cerebral injury, evidence of cistern involve-
ment, midline shift, cerebral edema, and 
subarachnoid hemorrhage detected by computer-
ized tomography (CT) or magnetic resonance 
imaging (MRI) scans have also been associated 
with TBI-IC in smaller studies [16–18]. There are 
no published epidemiological data on the impact 
of race and sex on the development of TBI-IC 
and associated outcomes.

TBI-IC develops early and progresses rapidly 
upon injury [19]. Lustenberger et al. reported that 
coagulopathy defined by thrombocytopenia, ele-
vated international normalized ratio (INR, which 
is calculated from the prothrombin time [PT]), or 
prolonged activated partial thromboplastin time 
(aPTT or PTT) occurred 23 ± 2 hours after admis-
sion to the emergency room, with a mean dura-
tion of 68  ±  7.4  hours [20]. Coagulopathy 
develops significantly faster in patients with 
severe or penetrating TBI.

 Pathogenesis

Common causes of coagulopathy after trauma to 
the body and limbs induce significant blood loss 
(hemorrhagic shock), hemodilution, and hypo-
thermia due to fluid resuscitation, systemic meta-
bolic acidosis due to substantial tissue ischemia, 
dysfunctional platelets and coagulation, and 
hyperfibrinolysis [21–25]. However, coagulopa-
thy is equally common in patients with isolated 
TBI [7, 9, 26]. This high prevalence occurs in 
TBI trauma patients despite a lack of significant 
blood loss, limited fluid resuscitation, normother-
mia (often febrile), and lack of systemic meta-
bolic acidosis [7–9]. These differences in 
causality suggest that TBI-IC is mechanistically 
distinct from deficient and dilutional coagulopa-
thy arising after extracranial trauma and hemor-
rhagic shock. A critical  question is how a 

Table 34.1 Laboratory tests used to define TBI-IC

Test Mechanism Pathway
Individual test
PT/INRa Time for plasma to 

clot
Extrinsic and 
common 
pathway

INRa The ratio of PT-test/
PT-normal

Extrinsic and 
common 
pathway

PTT/aPTTa Time for plasma to 
clot

Intrinsic and 
common 
pathway

TFPI Inhibitor of FXa Common 
pathway

D-dimer Fragments of fibrin 
cleaved by plasmin

Fibrinolysis

PAI-1 Inhibitor of tPA and 
uPA

Fibrinolysis

α2 
antiplasmin

Inhibitor of plasmin Fibrinolysis

Fibrinogen Platelet aggregation 
and fibrin clot

Platelet 
hemostasis and 
clot formation

Platelet 
countsa

Platelet activation and 
aggregation

Platelet 
hemostasis

Global test
TEGa A computerized 

device to measure clot 
formation and 
fibrinolysis under 
venous flow

Clot 
formation/
strength and 
fibrinolysis

ROTEMa A different version of 
TEG

DIC score A combination of 
platelet count, 
fibrinogen/fibrin, and 
PT

Primary 
hemostasis

PT prothrombin time, INR international normalized ratio, 
PTT/aPTT partial thromboplastin time/activated partial 
thromboplastin time, TFPI tissue factor pathway inhibi-
tor, FXa activated factor X, PAI-1 plasminogen activator 
inhibitor-1, tPA tissue plasminogen activator, uPA uroki-
nase (or urokinase-type plasminogen activator), TGE 
thromboelastography, ROTEM rotational 
thromboelastometry
aMost common tests for TBI-IC
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localized brain injury is rapidly disseminated to 
alter the systemic hemostasis system, which is 
not directly affected as in patients with extracra-
nial trauma and hemorrhagic shock. Brain-
derived extracellular vesicles (BDEVs) have 
emerged as a key disseminating and causal factor 
for TBI-IC.

The human primary hemostasis system is 
composed of four distinct but interdependent 
components (Fig. 34.1). Hemostasis is initiated 
when platelets adhere to the subendothelium 
exposed at the site of vascular injury and become 

activated and aggregated to seal the wound. This 
platelet plug is rapidly stabilized by cross-linked 
fibrin derived from fibrinogen cleaved by throm-
bin [27, 28], which is generated through the 
extrinsic and intrinsic pathways of coagulation. 
The extrinsic pathway is initiated by tissue factor 
(TF) and is drastically enhanced and accelerated 
by anionic phospholipids, such as phosphatidyl-
serine (PS) and phosphatidylethanolamine. The 
expression of anionic phospholipids is ubiqui-
tous in all cells. However, anionic phospholipids 
such as PS normally reside on the inner leaflet of 

Fig. 34.1 Schematic illustration of the human hemosta-
sis system, which consists of four closely interlinked, but 
distinct components. First is the intact endothelium (dot 
with red 1), which is anticoagulant and platelet- and 
leukocyte- repellent. Second is platelets and adhesive 
ligands (dot with orange 2). Upon vascular injury, the sub-
endothelium is exposed. Platelets are tethered to VWF in 
the sudendothelium through the GP Ib-IX-V complex and 
engaged with the subendothelial collagen through the 
integrin α2β1/GP VI and become activated. Activated 
platelets aggregate by fibrinogen crosslinking and express 
anionic phospholipids such as PS.  Third is coagulation 

through extrinsic (tissue factor, dot with black 3a) and 
intrinsic (contact, dot with black 3b) pathways. PS 
exposed on the surface of activated platelets interacts with 
tissue factor to activate FVII to FVIIa, which activates 
FX. The activated FXa promotes the generation of throm-
bin to cleave fibrinogen into fibrin, which is then polymer-
ized rapidly (black arrows indicate catalytic interactions 
and red lines indicate inhibitory factors). Fourth is fibrino-
lysis, which is triggered by the release of tPA and uPA, 
which catalytically activates plasminogen to plasmin to 
dissolve fibrin polymers and re-establish blood flow

34 Traumatic Brain Injury-Induced Coagulopathy
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the platelet membrane bilayer [29], whereas 
neutral phospholipids (e.g., phosphatidylcho-
line) reside on the external leaflet [30]. This 
asymmetric distribution of membrane phospho-
lipids is maintained by active transporters [31, 
32] but quickly lost on the activated platelets 
aggregated at the site of vascular injury, thus 
exposing PS to initiate and propagate coagula-
tion on the surface of activated platelets [29–31]. 
Unlike anionic phospholipids, there is a very 
limited amount of TF in the circulation in a rest-
ing state because (1) platelets express no or very 
little TF [33, 34]; (2) monocytes [35–38] and 
endothelial cells [39, 40] express TF only after 
induction by inflammatory and ischemic stimuli; 
and (3) plasma contains very low levels of solu-
ble TF (1–10 ng/mL [41–43]), which appears to 
be encrypted or otherwise insufficient to trigger 
coagulation. By contrast, TF is abundantly 
expressed on cells in the vessel wall, such as 
fibroblasts and smooth muscle cells, and on non-
vascular cells such as astrocytes, epidermal cells, 
and renal glomeruli. This selective expression 
prevents spontaneous intravascular coagulation 
during homeostasis of the body while ensuring 
the availability of TF at the site of vascular injury 
for injury-induced hemostasis. A long-standing 
question is how TF from these nonblood cells is 

integrated into activated platelets at the site of 
vascular injury to initiate coagulation. 
Extracellular vehicles (EVs) including BDEVs 
may again play a critical role by providing TF to 
platelets through membrane fusion [44].

EVs are ~1 μm cellular vesicles (Fig.  34.2) 
[45] that include membrane fragments, intra-
cellular organelles, exosomes, and associated 
cargo molecules from cells undergoing either 
active microvesiculation [46, 47] after the mem-
brane skeleton is disrupted [48–50] or apoptosis 
[51, 52]. Membrane EVs express procoagulant 
anionic phospholipids on their surface [53, 54]. 
The brain is highly sensitive to ischemic and 
traumatic insults causing it to release BDEVs 
[53, 55–57]. These BDEVs are more active in 
triggering coagulation than EVs from platelets 
or other cells because they express not only TF 
but also significantly higher levels of PS on their 
surface [55]. Phospholipids account for ~25% of 
the dry weight of an adult brain, but only ~10% 
of the dry weight of any other tissues or organs 
[58–61]. Upon being released into circulation, 
these PS- and TF-exposing BDEVs could serve 
as circulating mini-platforms, on which coagu-
lation is initiated and propagated in fluid phase 
of blood instead of the site of vascular injury 
(Fig. 34.3). BDEVs could also activate platelets 

SEM

a b c

TEM TEM with negative stain

Fig. 34.2 Electron microscopy images of extracellular 
vesicles found in the peripheral blood of mice subjected to 
severe lateral percussion injury. Cell-free plasma from 
TBI mice was centrifuged at 100,000×g for 60 minutes at 
4 °C (twice) and extracellular vesicles were suspended in 
PBS, fixed first with 2.5% glutaraldehyde (24  hours at 
4 °C) and then with 1% osmium tetroxide (1.5 hours at 
4 °C), and processed for electron microscopy (EM). (a) 
Scan EM of concentrated extracellular vesicles ranging 

from 50 to 350 nm (bar = 200 nm). (b) Transmission EM 
of extracellular vesicles showing high- density membrane 
structure (bar = 200 nm), suggesting that these vesicles 
form granuale-like structures with embedded residual 
cytoplasma and other cargo contents. (c) The membrane 
structure of extracellular vesicles detected by TEM is 
greatly enhanced by negative stain with phosphotungstic 
acid (TEM, bar = 200 nm)
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Fig. 34.3 Schematic illustration of how procoagulant 
extracellular vesicles could induce a systemic hypercoag-
ulable state and localized hemostasis defect (bleeding). 
Top panel: Traumatically injured brain cells release TF- 
and PS-expressing BDEVs into circulation. These proco-
agulant BDEVs provide numerous circulating 
mini-platforms, on which the tenase complex is formed 
and activates factor Xa, which then forms the prothrombi-
nase complex to catalytically activate prothrombin (pTH) 
to thrombin (TH). These BDEVs also activate platelets 

and endothelial cells to produce PS-expressing EVs that 
also promote thrombin generation. Bottom panel: 
Systemic coagulation on the surface of circulating EVs 
and activated platelets consume coagulation factors and 
platelets, resulting in insufficient hemostasis at the site of 
vascular injury. This EV-based coagulation could lead to 
non-focal, exaggerated systemic coagulation in the fluid 
phase and localized hemostatic defect at the site of injury, 
resulting in delayed intracranial or intracerebral 
hemorrhage
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[44, 62] and endothelial cells [63] to express PS 
and release procoagulant EVs to further enhance 
and disseminate the TBI- induced hypercoagu-
lable state. In addition to membrane EVs, more 
than 50% of annexin V+ EVs found in the periph-
eral blood of mice subjected to severe TBI are 
intact or partially damaged extracellular mito-
chondria (exMTs), which are morphologically 
similar to intracellular mitochondria found in 
noninjured brains (Fig. 34.4) [64]. These exMTs 
promote coagulation through the mitochondrial 
anionic phospholipid cardiolipin [1,3-bis(sn-3′-
phosphatidyl)-sn-glycerol] [64]. Cardiolipin is 
normally expressed in the inner membrane of 
mitochondria [65], but exposed on the surface 
of exMTs [64]. These circulating exMTs also 
promote inflammation by activating neutro-
phils to interact with endothelial cells [64, 66] 
and by serving as a substrate for phospholipase 
A2 group IIA [66], which is secreted during the 
acute phase reaction [67]. This phospholipase 
hydrolyzes the sn-2 acyl bond of glycerophos-

pholipids to release potent proinflammatory 
free fatty acids and lysophospholipids. Finally, 
exMTs circulating in mice with acute TBI can be 
metabolically active to produce reactive oxygen 
species [62], which are known to activate plate-
lets [62, 68, 69] and endothelial cells [70, 71]. 
The exMT-derived reactive oxygen species could 
become a significant source of oxidative stress 
because their activity persists longer in circulat-
ing blood that has only mildly reducing power 
[72–75], as compared to the oxidants released 
from the intracellular mitochondria, which can 
be rapidly neutralized in the highly reducing 
environment of the cytoplasm [76]. More impor-
tantly, these exMTs can bind target cells such as 
platelets [62] to localize the oxidative stress and 
evade blood-borne antioxidants. These exMTs 
therefore possess unique procoagulant, proin-
flammatory, and oxidative activities that differ 
from the intracellular mitochondrial dysfunction 
documented in disease states [77–80], includ-
ing TBI [81–84], and from the proinflammatory 

a

d

b c

Fig. 34.4 Transmission electron microscopy images. (a 
and b) Extracellular vesicles collected from peripheral 
blood samples from mice subjected to severe traumatic 
brain injury. Structurally intact extracellular mitochondria 
(exMTs) are seen in both images (arrow: exMT; arrow-
head: membrane vesicles; *an exMT that maintains the 
double membrane but has lost its content; bar = 500 nm). 

(c) A brain section from a non-injured mouse showing a 
large number of mitochondria with structures very similar 
to those found in the peripheral blood of TBI mice (arrow: 
mitochondria, bar = 500 nm). (d) An enlarged region of 
mouse brain showing structurally intact mitochondria 
(arrow, bar = 500 nm)
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activity of molecules released from fragmented 
mitochondria [79, 80, 82, 85].

Despite their high procoagulant activity, 
BDEVs released into the circulation may be 
insufficient in numbers because TBI often 
involves a limited area of the brain in comparison 
to large injuries to the body and limbs, but they 
can serve as a trigger and amplifier of coagula-
tion by activating other cells or proteins involved 
in all the four components of the hemostasis 
system.

 Endothelial Injury

The endothelial barrier is considered a part of the 
hemostasis system because it provides an antico-
agulant and platelet-repellent surface in the rest-
ing state [86, 87]. The anticoagulant endothelium 
becomes highly procoagulant and attracts plate-
lets and leukocytes when it is activated or dam-
aged by traumatic, ischemic, or inflammatory 
insults. A traumatic insult to the endothelium is 
often limited to the site of injury, but ischemic 
and inflammatory insults can spread to other 
parts of the brain and systemically, inducing 
TBI-IC and TBI-associated pulmonary and car-
diac complications [88–90]. Multiple endothelial 
cell-derived molecules have been identified as 
markers for endothelial injury and some are asso-
ciated with TBI-IC, including the adhesive ligand 
von Willebrand factor (VWF), the thrombin 
membrane cofactor thrombomodulin, intercellu-
lar adhesion molecule-1, vascular adhesion mol-
ecule- 1, syndecan-1, E-selectin (CD62e), matrix 
metalloproteases, and endothelial cell-derived 
EVs [48, 91–97].

It is increasingly recognized that some of 
these molecules not only serve as biomarkers for 
endothelial injury but actively propagate endo-
thelial injury and coagulopathy by making endo-
thelium procoagulant (e.g., thrombomodulin [91, 
98]) or releasing adhesive ligands (e.g., VWF) 
and proinflammatory mediators [99]. For exam-
ple, thrombomodulin is a cofactor for thrombin- 
induced activation of protein C [100]. 
Thrombomodulin, protein C, and endothelial 
protein C receptor form the key anticoagulant 

system on the surface of endothelial cells. 
However, the extracellular domain of thrombo-
modulin sheds from activated endothelial cells 
[40, 101], including endothelial injury caused by 
TBI [102, 103]. The important questions are 
whether thrombomodulin shedding would 
weaken this anticoagulant system on the surface 
of the endothelium and whether soluble thrombo-
modulin remains active in the fluid phase of the 
blood. While not specifically examined in TBI, 
recombinant human thrombomodulin (rhMT, 
ART-123), which contains the extracellular 
domain of this transmembrane protein, is reported 
to reduce death by disseminated intravascular 
coagulation in patients with sepsis in some, but 
not in all studies [104–107]. Furthermore, both 
membrane-anchored and soluble forms of throm-
bomodulin are also found to inhibit fibrinolysis 
by enhancing the thrombin-induced activation of 
the thrombin-activable fibrinolysis inhibitor 
(TAFI) [108]. The question remains as to whether 
thrombomodulin acts as an anticoagulant or an 
antifibrinolytic agent during acute 
TBI. Syndecan-1 is a heparan sulfate proteogly-
can that participates in the formation of glycoca-
lyx on the surface of the endothelium [109]. 
Glycocalyx consists of multiple carbohydrate 
moieties of membrane glycolipids and glycopro-
teins, and it forms a protective layer on the apical 
surface of the endothelium (the vascular lumen) 
[110]. The shedding of syndecan-1 from the 
injured endothelium disrupts glycocalyx, con-
tributing to the process of converting the antico-
agulant endothelium into a highly procoagulant 
surface.

 Extrinsic and Intrinsic Coagulation

The fibrinolytic product D-dimer and fibrinogen 
degradation products were detected in the 
peripheral blood samples of TBI patients within 
minutes of injury and followed first by a pro-
found depletion of fibrinogen and then by pro-
longed prothrombin and partial thromboplastin 
times [7], indicating an early transition from a 
hypercoagulable to a hypocoagulable state [20, 
111] due to the consumption of coagulation fac-
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tors and platelets [112]. This consumptive 
TBI-IC is mechanistically distinct from the defi-
cient and dilutional coagulopathy arising from 
extracranial trauma and hemorrhagic shock, as 
discussed in other chapters. The consumptive 
coagulopathy found in TBI patients can be repro-
duced in mice subjected to lateral fluid percus-
sion injury [55, 64]. More importantly, 
noninjured mice develop a typical profile of con-
sumptive coagulation after being infused with 
PS- and TF-expressing BDEVs (Fig. 34.5), dem-
onstrating a key role of BDEVs in causing 
TBI-IC.  Human TF is an integral membrane 
lipoprotein of 263 amino acids [113–115] and is 
enriched in the brain [116–118]. Its extracellular 
domain contains two fibronectin type III domains 
with two potential disulfide bonds of Cys49-
Cys59 and Cys186-Cys209 [119] and forms a 
complex with the activated factor VIIa on the 
PS-rich membrane [120, 121]. The amino acid 
Cys245 in the cytoplasmic tail is linked to a pal-
mitate fatty acyl chain [122], suggesting that TF 
is selectively concentrated in the lipid microdo-
mains (lipid rafts) of the cell membrane [123–
125]. This location allows TF to be enriched on 
the surface of BDEVs. As a result, extrinsic 
coagulation that normally occurs on the surface 
of activated platelets at the site of vascular injury 
can be initiated and propagated on circulating 
BDEVs and EVs from other cells (Fig.  34.3) 
[55], which can serve as mini- platforms to 
assemble the tenase complex [54, 126–129]. 
This EV-based coagulation would lead to nonfo-
cal, exaggerated systemic coagulation in the 
fluid phase or on the surface of endothelial cells 
[116, 117] and a localized hemostatic defect at 
the site of the vascular injury. Consistently with 
the procoagulant activity of EVs and the devel-
opment of TBI-IC, the apoptotic cell- scavenge 
factor lactadherin (milk fat globule–epidermal 
growth factor 8) [130] prevents a systemic 
hypercoagulable state and improves the neuro-
logical function and survival of mice subjected 
to severe TBI [131].

In comparison to studies on TBI-induced 
changes in coagulation, there are very few studies 
of how intrinsic anticoagulants such as tissue fac-
tor pathway inhibitor (TFPI), antithrombin, and 

protein C regulate the process of coagulation dur-
ing acute TBI. TFPI is a single-chain polypeptide 
that blocks the early stages of coagulation by 
forming high-affinity and competitive complexes 
with the activated coagulation  factors VIIa and 
Xa [132, 133]. As the primary inhibitor of the 
coagulation initiation, there is surprisingly little 
information on the role of TFPI in acute TBI-IC. In 
a prospective study of 120 patients with severe 
isolated TBI, the plasma levels of TFPI were 
found to be low in patients with coagulopathy, but 
this low TFPI level was not associated with the 
state of coagulopathy or clinical outcomes of the 
patients [134]. A similar observation was made in 
another smaller study [103]. The serine protease 
inhibitor antithrombin is a small glycoprotein 
produced by the liver and circulates as homolo-
gous α and β plasma forms, with α-antithrombin 
being the dominant form [135]. It inhibits most 
coagulation factors involved in the intrinsic coag-
ulation pathway (the contact-activation pathway), 
including the activated FXa, FIXa, FXIa, and 
FXIIa. To a greater extent, antithrombin forms a 
complex with thrombin to block the proteolytic 
conversion of fibrinogen to fibrin. Heparin 
increases the inhibitory activity of antithrombin 
up to 1000- fold [136, 137]. The thrombin–anti-
thrombin complex in the peripheral blood was 
found to be elevated during early injury in a small 
study of patients with severe isolated TBI [138], 
but its causal or regulatory role in the develop-
ment of TBI-IC remains to be defined. 
Antithrombin given at 100 U/kg to patients with 
isolated TBI verified with CT scan did not appear 
to reduce injury-induced hypercoagulation [139]. 
Protein C is a plasma vitamin K-dependent glyco-
protein zymogen [140, 141] that becomes acti-
vated serine protease upon binding to thrombin. 
Activated protein C proteolytically inactivates 
FVa and FVIIIa [142]. This anticoagulant activity 
is primarily detected on the surface of endothelial 
cells because activated protein C forms a complex 
with the endothelial protein C receptor and throm-
bomodulin [142]. Several studies have suggested 
that a maladaptive protein C pathway in response 
to brain injury and hemorrhagic shock causes a 
rapid APC-mediated coagulopathy [94, 143, 144]. 
APC has also been reported to protect the endo-
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thelial integrity [145], independent of its antico-
agulant activity [146].

 Fibrinolysis

Thrombin cleaves fibrinogen to fibrin, which 
then quickly polymerizes to stabilize the platelet 
aggregate that is formed at the site of vascular 
injury to seal the wound [147]. The polymerized 
fibrin exposes noncompetitive high-affinity sites 
for tissue-type plasminogen activator (tPA) and 
plasminogen located in the αC-domain, which 
are cryptic in fibrinogen [148]. The D domain 
also undergoes conformational changes to expose 
low-affinity tPA- and plasminogen-binding sites 
[149]. tPA binds to these exposed sites to proteo-
lytically activate the co-localized plasminogen to 
plasmin, which then cleaves crosslinked fibrin to 
dissolve the clot and reestablish the blood flow in 
an occluded vessel. This fibrinolytic process is 
kinetically slow during hemostasis because tPA 
is released slowly and has limited access to fibrin 
polymers trapped in a platelet clot. This delay in 
plasminogen activation is necessary to ensure 
complete hemostasis at the site of vascular injury 
before fibrinolysis is initiated. However, the 
sequential changes in laboratory measurements 
of patients with TBI-IC indicate very early devel-
opment of the hyperfibrinolytic state [7], raising 
the question whether TBI-induced hyperfibri-
nolysis is initiated independently of fibrin forma-
tion. This alternative fibrinolysis remains to be 
experimentally and clinically verified. One inter-
esting hypothesis is that fibrinolysis is triggered 
early and enhanced significantly by fibrin poly-
mers formed on the surface of much smaller cir-
culating EVs. This notion is consistent with 
several clinical and laboratory observations. 
First, plasma tPA and the fibrinolytic product 
D-dimer are associated with progressive hemor-
rhage [150] and poor clinical outcomes for 
patients with TBI [151]. Second, tPA deficiency 
reduces persistent intracerebral hemorrhage but 
does not prevent systemic coagulopathy in TBI 
mice [152].

There are fewer reports on the role of fibrino-
lysis inhibitors in the development of TBI-IC. The 

plasmin inhibitor α2 macroglobulin decreases 
significantly within 2 hours and then increases by 
4  hours in plasma samples collected from rats 
subjected to polytrauma [153]. Mice deficient in 
plasminogen activator inhibitor-1 (PAI-1) devel-
oped severe intracerebral hemorrhage after being 
subjected to severe TBI [152]. Interestingly, a 
PAI-1 increase was detected along with elevated 
plasmin activity and high levels of plasma plas-
minogen and D-dimers in mice subjected to poly-
trauma [153], suggesting that TBI can induce an 
imbalance between fibrinolysis and its inhibition. 
This imbalance is evident in studies showing that 
trauma patients with hyperfibrinolysis had sig-
nificantly increased levels of tPA, but unchanged 
[154] or even reduced levels of PAI-1 [155], as 
compared to those without hyperfibrinolysis. 
Tranexamic acid, a synthetic derivative of the 
amino acid lysine that reversibly blocks the 
lysine-binding sites on plasminogen, reduced 
bleeding in trauma patients in a randomized, 
double- blind, placebo-controlled trial 
(CRASH- 2) [156]. The recently completed 
CRASH-3 trial (NCT01402882) further shows 
that tranexamic acid (1 gm loading dose IV fol-
lowed by 1 gm over 8 hours) also reduced the risk 
of death in patients with mild-to-moderate TBI 
(GCS 9–15, RR 0.78 [95% CI 0.64–0.95]), but 
not in those with severe TBI (GCS 3–8) [157]. 
This randomized, placebo-controlled trial further 
shows that tranexamic acid was more effective 
when it was given within 3  hours of injury to 
patients with mild-to-moderate TBI and did not 
increase the risk of thrombosis and seizure. 
However, this trial did not report whether 
tranexamic acid specifically reduced the develop-
ment and severity of TBI-IC.

 Platelets and Adhesive Ligands

Among the four components of hemostasis 
(Fig. 34.1), platelets are least understood for their 
role in the development of TBI-IC. Platelets have 
moderately low counts, enhanced activation and 
aggregation, and high procoagulant activity in 
TBI patients and in rats subjected to TBI [158–
162]. These observations suggest that platelets 
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are either activated or primed for activation dur-
ing acute TBI [26, 163, 164]. Activated platelets 
express procoagulant anionic phospholipids and 
also release EVs [62, 98]. These platelet-derived 
EVs are enriched in anionic phospholipids and 
are 50- to 100-fold more active in promoting 
coagulation than activated platelets themselves 
are [54, 118, 165]. Consistent with this platelet 
hyper-activity, cerebral microthrombi are 
detected in the peri-contusion cortex [158, 166] 
and contain not only fibrin [167] but platelets 
[166, 168] and von Willebrand factor (VWF) 
[166]. Activated platelets can either adhere to 
endothelial cells and leukocytes or are cleared 
from the circulation, resulting in thrombocytope-
nia that has been widely reported in patients with 
TBI and predicts intracranial hemorrhage pro-
gression and death [169, 170]. However, how 
platelets are activated or become hyper-reactive 
has not been studied mechanistically. A recent 
study suggested that metabolically competent 
exMTs released during acute TBI could bind 
platelets through the phospholipid receptor CD36 
and activate platelets by reactive oxygen species 
released from these exMTs [62]. Another factor 
potentially responsible for the platelet phenotype 
found in acute TBI is the platelet-activating fac-
tor (PAF: 1-O-hexadecyl-2-acetyl-sn-glycero-3- 
phosphocholine), which has been studied 
extensively for its neurotoxicity but not for caus-
ing TBI-IC. PAF is enriched in the brain and spi-
nal cord [171] and is released during cerebral 
ischemia [172, 173]. Platelets have both high- 
affinity and low-affinity receptors for PAF, but it 
is the PAF binding to the high-affinity receptor 
[174] that activates platelets by initiating intra-
cellular signals to activate phospholipases C and 
A2, which hydrolyze phosphoinositide to release 
the potent platelet activator arachidonic acid 
[170]. PAF released from injured brains is likely 
to be EV-bound because it is linked to membrane 
lipid microdomains. PAF levels have indeed been 
reported to increase up to 20-fold in experimental 
models of ischemia and reperfusion injury to the 
spinal cord [175]. Experimental PAF antagonism 
attenuates ischemic edema, early postischemic 
hyperemia, and microvascular thrombosis in ani-
mal models [26].

Another observation that has not been fully 
explained is that platelets from TBI patients 
[159–161, 176] and from experimental TBI rats 
[160, 177, 178] and swine [179] respond poorly 
to adenosine diphosphate and to arachidonic 
acid. This poor response is independent of plate-
let counts, hemorrhagic shock, and tissue hypo-
perfusion [159, 160, 177, 178]. More importantly, 
it does not appear to be caused by granule deple-
tion of activated platelets [180], strongly suggest-
ing a new TBI-induced platelet phenotype that 
has not been mechanistically examined.

Despite extensive evidence of platelet activa-
tion during acute TBI, studies of adhesive ligands 
that activate platelets are very limited. Among 
these ligands is VWF, which has been widely used 
as a marker for endothelial injury, but its causal 
role in TBI-IC has just begun to emerge [98]. 
VWF is synthesized exclusively in megakaryo-
cytes and endothelial cells as a single-chain 
propolypeptide of 2813 amino acids [181] that 
contains four types of repeated domains in the 
order D1-D2-D'-D3-A1-A2-A3-D4-B1-B2-B3- 
C1-C2-CK (Fig. 34.5a) [182–187]. This domain 
structure has recently been updated with more 
defined structural motifs [188]. Newly synthe-
sized pro-VWF first dimerizes through the CK 
domain [189]. A variable number of dimers then 
multimerize through N-terminal disulfide bonds 
after proteolytical removal of the large propeptide 
[190, 191]. This multidomain multimeric struc-
ture enables VWF to interact simultaneously with 
multiple receptors on the same cell or different 
cells. After synthesis, VWF multimers are either 
constitutively released into the circulation or 
stored in the Weibel-Palade bodies of endothelial 
cells and the α-granules of megakaryocytes/plate-
lets, where multimerization is likely to continue 
[192, 193]. As a result, VWF multimers in these 
storage granules are enriched in ultra-large forms 
called ULVWF multimers (Fig. 34.5b), which are 
released upon activation of endothelial cells and 
platelets [194–196]. These ULVWF multimers 
differ from VWF multimers found in the plasma 
at the resting state not only in molecular mass but 
also in adhesive activity [181]. Plasma VWF mul-
timers bind platelets poorly unless they are immo-
bilized on the subendothelial collagen at the site 

J.-f. Dong et al.



593

of vascular injury or activated by high fluid shear 
stress [194–196], suggesting that they circulate in 
an inactive conformation. By contrast, ULVWF 
multimers freshly released from the storage gran-
ules are intrinsically hyper- adhesive and sponta-
neously bind platelets and endothelial cells [191, 
197–199]. The structural difference between the 
two forms of VWF is that the platelet-binding A1 
domain is hidden in the globular structure of 
plasma VWF but exposed on the surface of hyper-
adhesive ULVWF [200, 201]. Upon release, these 
hyper-adhesive ULVWF multimers are rapidly 
cleaved at the Y1605-M1606 peptide bond in the A2 
domain by the metalloprotease ADAMTS-13 (A 
Disintegrin And Metalloproteinase with a 
ThromboSpondin type 1 motif, member 13) to 
become VWF multimers that are found in circula-
tion in the resting state [202–204]. The proteoly-
sis serves as a safeguard to prevent spontaneous 
VWF-platelet interaction, which induces throm-
bosis and thromboembolism, while maintaining 
the hemostatic activity of plasma VWF at the site 
of vascular injury. This safeguard can be disrupted 
during acute injury when the rate of ULVWF 

release from injured endothelial cells overwhelms 
the capacity of ADAMTS-13 to cleave it, or when 
VWF multimers are oxidized to resist cleavage 
[205] or form laterally associated fibrils that are 
highly adhesive in binding platelets and endothe-
lial cells [182, 206]. Consistent with the notion, 
exogenous ADAMTS-13 reduces TBI-IC without 
impairing the baseline hemostasis and improves 
the neurological function and survival of the mice 
subjected to severe TBI [98].

The impact of VWF hyper-adhesiveness on 
the pathophysiology of TBI is further demon-
strated by the following observations. First, high 
plasma levels of VWF are associated with poor 
outcomes of patients with TBI [91, 207, 208]. 
Second, low ADAMTS-13 activity is associated 
with coagulopathy, endothelial damage, and mor-
tality in patients with severe trauma [209], includ-
ing TBI [210]. Third, VWF-containing thrombi 
are detected in the lesion boundary zone and 
remote regions of the cortex within hours of TBI 
in a rat model [166]. Fourth, VWF deficiency up- 
regulates the tight junction protein claudin 5 to 
protect the integrity of the blood–brain barrier 

a

b

Fig. 34.5 (a) Schematic illustration of the VWF domain 
structure and function. The D’D3 domains bind and pro-
tect coagulation factor VIII from proteolysis and also 
mediate VWF multimerization; the A1 and A3 domains 
are disulfide bond-linked loops that bind the platelet 
receptor GP Ib-IX-V complex and the subendothelial col-
lagen, respectively; the A2 domain contains the peptide 
bond Y1605-M1606 cleaved by ADAMTS-13; the C domain 

contains an integrin-binding RGD sequence and free thi-
ols that are involved in the lateral association of VWF 
multimers to form hyper-adhesive strings; and the CK 
domain contains the sites for VWF dimerization. (b) VWF 
multimers found in normal plasma of healthy subjects and 
those freshly released from activated endothelial cells 
before being cleaved by ADAMTS-13 (ULVWF)
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[211]. Fifth, a VWF-A1 antibody blocks 
inflammation- induced vascular leakage [212]. 
Finally, microglial activation and neuronal injury 
after subarachnoid hemorrhage are reduced in 
VWF-deficient mice and in mice infused with 
ADAMTS-13 [213].

 Clinical and Histological 
Presentation

TBI-IC is commonly manifested as secondary or 
delayed intracranial and intracerebral hemor-
rhage and associated injuries on repeated CT or 
MRI scans (Fig. 34.6), as well as an intraopera-
tive finding of difficulty in hemostasis during the 
decompression procedures [214, 215]. These sec-
ondary injuries can either progress from the orig-
inal lesion or develop in new locations. In a 
review of 253 patients with serial CT scans, the 
risk of developing delayed cerebral injury was 
found to be 85% for TBI patients who had one or 
more abnormal hemostatic tests upon admission 
to the emergency room, as compared to 31% for 
those without initial abnormal laboratory find-
ings [216]. Progressive intracranial hemorrhage 
is significantly more common in TBI patients 
with laboratory-defined coagulopathy upon 
admission to the emergency room and carries a 
fivefold higher risk of death [217]. In another 
study of 142 TBI patients, repeated neuroimag-
ing scans taken within the first 2 hours post injury 

detected 48.6% of patients with progressive 
intracranial hemorrhage, which was best pre-
dicted by a prolonged activated partial thrombo-
plastin time [218].

In addition to intracranial and intracerebral 
hemorrhages, cerebral microvascular thrombosis 
has also been reported [158]. In a study of 265 
patients with moderate or severe TBI, cerebral 
tissue infarction was detected by CT scan in 10% 
of patients in the first week post injury and was 
associated with thrombocytopenia (OR 2.2; CI 
95% 1.1–4.7), a prolonged prothrombin time 
(OR 3.241, 95% CI 1.090–7.648), and elevated 
levels of the plasma D-dimer (OR 7.260, 95% CI 
1.822–28.076) [219]. These clinical observations 
are supported by the findings that microvascular 
thrombi are detected in the brains of rats sub-
jected to either lateral fluid percussion injury or 
controlled cortical impact injury, and pigs sub-
jected to head rotational acceleration injuries 
[158, 166]. This apparent discrepancy between 
progressive hemorrhage and microvascular 
thrombosis in the brain is consistent with con-
sumptive coagulopathy derived from an injury- 
induced hypercoagulable state.

Severe TBI induces not only systemic coagu-
lopathy but dysfunctions in other organs. In a 
study of 154 patients with severe TBI (GCS ≤ 8), 
nonneurological complications were identified as 
respiratory pathologies (61%), dyselectrolytemia 
(46.1%), cardiovascular abnormalities (34.4%), 
sepsis (26%), abdominal complications (17.5%), 

a b c

Fig. 34.6 Secondary intracerebral hematoma. A 30-year- 
old male suffered from a motor vehicle collision. A CT 
scan 6  hours after injury shows cerebral contusion and 

midline shift (a). The patient underwent decompressive 
craniectomy (b) and developed severe cerebral swelling 
and progressive intracerebral hemorrhage (c)
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and acute kidney injury (3.9%) [88]. Most of 
these complications were associated with poor 
clinical outcomes for the patients. Respiratory 
complications are most common and can present 
as acute lung injury, acute respiratory distress 
syndrome, pneumonia, pleural effusions, pulmo-
nary edema, and pulmonary thromboemboli [89]. 
Severe TBI (AIS head > 2) has been associated 
with significantly greater odds of developing 
acute respiratory distress syndrome, acute lung 
injury, and ventilator-associated pneumonia in 
the post hoc analysis of data obtained from the 
Pragmatic, Randomized Optimal Platelets and 
Plasma Ratios (PROPPR) trial [90]. These clini-
cal observations are again supported in rodent 
models of severe TBI, in which pulmonary 
microvascular fibrin deposition, microthrombo-
sis, and interstitial bleeding are detected [55, 
168]. Despite the evidence of multiple organ 
injuries secondary to TBI, it is not known whether 
these nonneurological complications develop 
independent of TBI-IC, contribute to the devel-
opment of TBI-IC or are caused by TBI-IC.

A demographic shift in TBI patients from 
being predominantly young to increasingly older 
(≥50  years) has resulted in more patients with 
comorbidities or receiving antithrombotic, anti-
coagulant, and antiplatelet medications prior to 
TBI [220, 221]. These preconditions make dif-
ferential diagnosis of TBI-IC more difficult, but 
also necessary because patients with comorbidi-
ties or taking these medications require more fre-
quent monitoring for the development of delayed 
intracrainal and intracerebral hemorrhage [222, 
223]. They also carry a significantly greater risk 
for systemic complications and have poor clinical 
outcomes [224–226].

 Laboratory Measurements

TBI-IC is primarily defined by laboratory tests, 
which measure different aspects and stages of 
hemostasis. Table  34.1 lists the laboratory tests 
that are currently used to assess hemostasis in 
patients with TBI, as reported in the literature. 
These tests detect the components involved in the 
different stages of primary hemostasis. For exam-

ple, in a study of 972 TBI patients who developed 
coagulopathy, D-dimer and fibrin degradation 
products were detectable within minutes of injury 
followed first by profound depletion of fibrino-
gen and then by prolonged prothrombin and par-
tial thromboplastin times [26]. This sequence of 
events indicates a transition from a hypercoagu-
lable to a hypocoagulable state [227] and also 
explains why the prevalence of TBI-IC defined 
by these tests varies significantly among studies. 
Most importantly, it distinguishes TBI-IC mecha-
nistically from deficient and dilutional coagulop-
athy induced by injury to the body and limbs and 
hemorrhagic shock [228]. To address the limita-
tions of individual tests, viscoelastic devices such 
as thrombelastometry (ROTEM) and thrombo-
elastography (TEG) are increasingly used to 
globally evaluate hemostasis in TBI patients. 
These devices measure the viscoelastic proper-
ties of blood clot to define clot formation, stabil-
ity, and strength [229, 230]. They detect various 
changes in blood samples from TBI patients, but 
functional linkages of these changes to traditional 
hemostatic tests remain poorly defined. 
Furthermore, these devices do not adequately 
measure platelet function and lack any direct 
means of evaluating endothelial injury. The DIC 
score originally developed by the Interactional 
Society of Thrombosis and Hemostasis [231] has 
also been used to define TBI-IC in some studies 
[7, 10, 232, 233]. This score system integrates 
measurements of platelets, fibrinogen/fibrin, and 
prothrombin time, but not those of endothelial 
injury. Its value for defining TBI-IC also needs to 
be more precisely evaluated. Although most stud-
ies focus on coagulopathy induced by severe 
TBI, a recent study of a small cohort of 73 
patients who developed mild and isolated TBI 
(GCS 14–15) and were not on antiplatelet and 
anticoagulant medication also found that elevated 
plasma levels of the fibrinolytic product D-dimer 
independently predicted the cerebral injury 
detectable by CT scan [234].

One interesting note is that the current labora-
tory tests for TBI-IC are overwhelmingly focused 
on coagulation and fibrinolysis. Platelets and 
their adhesive ligands such as VWF have not 
been mechanistically studied for their role in the 
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development of TBI-IC. This is surprising, given 
that platelets and adhesive ligands are the key 
components of hemostasis and are known to be 
altered by TBI.  Similarly, the disruption of 
 endothelial integrity by traumatic and inflamma-
tory injuries has been extensively studied for 
cerebral edema and ischemic injury secondary to 
TBI, but the role of endothelial dysfunction in the 
pathogenesis of TBI-IC has not been mechanisti-
cally defined even though these injuries can make 
the endothelium procoagulant. In one study, 
patients with TBI-IC were found to have lower 
plasma levels of soluble thrombomodulin and 
higher levels of soluble syndecan-1 than patients 
without coagulopathy [235]. Plasma syndecan-1 
shed from the injured or activated endothelium 
may be associated with TBI-IC because it indi-
cates the disruption of the protective glycocalyx 
found in TBI patients and in experimental rats 
subjected to severe TBI [236, 237].

Despite the widespread use of these laboratory 
tests to define TBI-IC, key knowledge gaps 
remain regarding their predictive and diagnostic 
values. First, current laboratory tests diagnose 
coagulopathy after it occurs but none can predict 
when or if it will occur. Second, these tests have 
proven valuable for predicting the impact of coag-
ulopathy on the outcomes of TBI, but there is no 
consensus on whether prophylaxis measures 
should be considered on the basis of their results. 
Third, these tests have found more TBI patients in 
a coagulopathic state, but only a fraction of those 
patients actually developed secondary or delayed 
intracranial or intracerebral hemorrhage [14, 15, 
238], suggesting that other unidentifed modifiers 
or regulators exist. Comprehensive evaluation and 
standardization of these laboratory tests is there-
fore needed to identify tests that can predict the 
occurrence and severity of clinical TBI-IC. Using 
an assay- guided algorithm combined with artifi-
cial intelligence may help in the creation of indi-
vidualized models for predicting TBI-IC.  In a 
pilot study, Gratz et al. used a thromboelastomet-
ric-guided algorithm to identify 21 of 32 patients 
as having TBI-IC, as compared to only 5 using 
conventional coagulation tests [238], but the pre-
dictive value of this algorithm remains to be 
investigated.

 Clinical Management

Decompression surgery remains the treatment of 
choice for patients with a significant size of sec-
ondary or delayed intracranial and intracerebral 
hematoma. However, it is debatable as whether 
laboratory-defined TBI-IC requires specific 
treatments perioperatively. For example, an 
AAST- MITC propensity score analysis found 
that the recombinant factor VIIa did not improve 
the clinical outcomes of 129 TBI patients 
(GCS  ≤  13) [239]. The antifibrinolytic 
tranexamic acid was found to be effective in 
reducing hemorrhage in trauma patients in a ran-
domized, double-blind, placebo-controlled trial 
[156]. Findings from the recently completed 
CRASH-3 trial suggest that tranexamic acid also 
reduces death in patients with mild-to-moderate 
TBI (GCS 9–15), especially when it is given 
within 3  hours of injury [157]. This large trial 
helps resolve some of the uncertainties related to 
the efficacy of tranexamic acid for TBI [240–
242]. The lack of definitive guideline for manag-
ing TBI-IC could hinder the progress toward 
more efficient prevention and targeted therapies 
for this lethal TBI complication. For example, 
the timely, judicious, and balanced use of blood 
component and fluid resuscitations has been the 
management choice to correct the deficient and 
dilutional coagulopathy associated with extra-
cranial trauma and hemorrhagic shock. Despite 
the fact that patients with isolated TBI do not 
lose significant amounts of blood, and therefore 
have no intrinsic need for transfusion, they are 
routinely transfused with blood products to treat 
coagulopathy, to reverse the effects of anticoagu-
lant and antiplatelet medications, and to correct 
comorbidities. The efficacy of blood transfu-
sions has been evaluated in only a few clinical 
outcome studies, which were mostly retrospec-
tive and had very limited sample sizes, patient 
stratification, and confounding adjustments. 
Nevertheless, these studies have found that 
transfusion of blood products to patients with 
isolated TBI is often ineffective and potentially 
detrimental [243], in part because it could propa-
gate the TBI-induced hypercoagulable state by 
supplying more coagulation factors and proco-
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agulant extracellular vesicles  accumulated in the 
stored blood products. Basic and translational 
studies at the cellular level are needed to under-
stand the impact of blood component transfu-
sions on endothelial injury, coagulopathy, 
hyperfibrinolysis, and platelet dysfunction in 
patients with TBI-IC.

Patients on antithrombotic and antiplatelet 
medications prior to TBI require effective strate-
gies to revise their bleeding diathesis before and 
during surgery [220, 221]. The early use of pro- 
thrombin complex concentrate (PCC) is recom-
mended for patients on warfarin [244] with a 
target INR of 1.5. PCC is also used for patients 
on factor X inhibitors [245], with the treatment 
goal of a modified aPTT of <90. Direct thrombin 
inhibitors such as dabigatran are not effectively 
reversed by PCC, but could be reversed by the 
targeted antidote idarucizumab.

 Clinical Outcome

Coagulopathy upon arrival at the emergency 
room has been consistently associated with poor 
clinical outcomes or death in TBI patients [9, 
14–16, 19, 219, 246], primarily because coagu-
lopathy significantly increases the risk of con-
tinuous hemorrhage or the development of 
delayed intracranial or intracerebral bleeding 
[11, 12]. In one report, TBI patients who devel-
oped coagulopathy within 24 hours of injury had 
a mortality rate of 55%, as compared to 23% in 
those who developed hemostatic abnormalities 
after 24 hours [20]. Uncontrolled coagulopathy 
in severe TBI increases the risk of intraoperative 
severe brain swelling 11.5-fold [247]. In a sys-
tematic review of 22 published reports, the mor-
tality of patients with isolated TBI and 
coagulopathy defined by various laboratory tests 
was found to range from 17% to 86% [14]. In the 
meta-analysis of 34 studies discussed early, the 
risk of death in patients with coagulopathy was 
found to be approximately ten times as high as in 
those without coagulopathy, and surviving 
patients are more than 30 times as likely to have 
poor clinical outcomes if coagulopathy is pres-
ent upon emergency room arrival [9]. In the 

same TR-DGU study [15], overall hospital mor-
tality was 50.4% among 706 patients with iso-
lated TBI who developed coagulopathy upon 
arrival, as defined by the prothrombin time test 
(Quick’s value) <70% and/or platelet counts of 
<100,000/μl. Even with comparable injury 
severity at admission, TBI patients with coagu-
lopathy as defined by INR had significantly 
higher in- hospital mortality than those without 
[248]. A recent analysis of 591 patients with iso-
lated TBI, platelet counts of ≤100 × 109/l, and 
INR of >1.5 was associated with progression of 
the initial insults on repeated CT scans and pre-
dicted the need for surgery and the likelihood of 
death [249].

 Conclusion

Coagulopathy is a frequent and life-threatening 
complication of TBI. It is consumptive in nature 
and involves all four components of the hemosta-
sis system. The underlying mechanism of TBI-IC 
remains poorly understood. Clinical diagnosis 
varies depending on individual laboratory tests 
and therefore requires standardization. Because 
of these critical knowledge gaps, clinical man-
agement options for TBI-IC remain limited and 
often ineffective. Basic science research and 
large clinical trials are needed to more precisely 
define TBI-IC, develop more accurate predictive 
markers, and identify effective and targeted 
treatments.
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 Introduction

Trauma is one of the leading causes of death in 
persons aged 1–44 years, and among those aged 
15–25 years, the majority of mortality is due to 
blunt trauma from motor vehicle collision [1]. An 
average of 90 people die each day in motor vehi-
cle crashes in the United States, often due to 
blunt solid organ injury (BSOI) [2]. Beyond the 
high mortality of patients with BSOI, there is sig-
nificant morbidity in the form of millions of 
annual emergency department (ED) visits for 
treatment of nonfatal BSOI injuries [3]. The most 
frequently injured organ is the liver, followed by 
spleen and kidney, followed by the pancreas and 
adrenal glands [4, 5]. These solid organ injuries 
can be commonly associated with bleeding 
requiring surgical management, with a range of 
20–30% of BSOI patients undergoing operative 
intervention [6–9]. Typical trauma service man-
agement protocols include urgent operative inter-
ventions for patients with BSOI and hemodynamic 
instability and/or ongoing transfusion require-
ments, endovascular intervention for BSOI with 

associated arterial injury and active extravasa-
tion, and nonoperative management (NOM) for 
venous injuries [6, 10].

Over the last few decades, in the setting of 
widespread adoption of endovascular procedures, 
there has been a paradigmatic shift toward NOM 
of BSOI patients [6, 11]. Despite endovascular 
advancements, the incidence of failure of NOM 
remains an issue for BSOI patients, with rates 
ranging from 2% to 25% [12–14]. Due to the 
occasional failure of NOM from bleeding, there 
is continued debate about the optimal time to 
initiate venous thromboembolism (VTE) che-
moprophylaxis in injured patients with nonop-
eratively managed BSOI.

The coagulation profile of BSOI is poorly 
understood, but pathologic hypercoagulability 
has been described, with high rates of VTE rang-
ing from 9% to 13%, even in some cases despite 
VTE chemoprophylaxis [15–17]. Several studies 
of BSOI patients detail a robust hypercoagulable 
profile which may be driving this high rate of 
thrombotic morbidity, characterized by shorter 
time to clot formation, greater clot propagation, 
and greater clot strength, which is present as 
early as hospital admission [16, 18, 19]. The con-
cept of bleeding BSOI patients being hypercoag-
ulable is somewhat counter-intuitive, and a 
misunderstanding of this apparent paradox is in 
large part responsible for widespread hesitancy 
among surgeons to initiate VTE chemoprophy-
laxis in these patients. However, while the 
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 mechanism of this hypercoagulable state has not 
been elucidated, the clinical consequences, 
including thrombotic morbidity such as venous 
thromboembolism (VTE; including deep venous 
thrombosis [DVT] and pulmonary emboli [PE]), 
can occur in up to 50% of trauma patients with-
out chemoprophylaxis and 4–30% of trauma 
patients with chemoprophylaxis [20–26]. 
Ultimately, the benefit of mitigating thrombotic 
risk must be balanced against the risk of exacer-
bation of intraabdominal hemorrhage leading to 
failed NOM.  This chapter examines existing 
knowledge about the unique trauma-induced 
coagulopathy (TIC) phenotype of BSOI patients 
and mitigation strategies for this hypercoagula-
bility-associated thrombotic risk. Management of 
traumatic brain injury patients is specifically cov-
ered in a separate chapter.

 Coagulation Profile of BSOI

Characterizing the coagulation profile of BSOI 
along the spectrum of TIC phenotypes is essen-
tial, in particular given the high prevalence of 
BSOI among trauma patients [2]. TIC is known 
to be a dynamic process, with the majority of 
severely injured patients transitioning from an 
initial hypocoagulable state to a hypercoagulable 
state [27, 28]. Delineation of the timing of the 
transition to a hypercoagulable state among 
BSOI is essential to inform optimal VTE chemo-
prophylaxis strategies and attenuate the risk of 

thrombosis without concomitantly increasing the 
risk of bleeding leading to failure of NOM. Despite 
the first description of the dynamic transition 
from hypocoagulability to hypercoagulability in 
severely injured patients in the early 1900s, the 
precise timing of this change remains uncertain 
and is likely influenced by a myriad of vari-
ables, including degree of shock and tissue 
injury and resuscitation such as blood product 
transfusion [29–31]. A retrospective review of 
all nonoperative BSOI patients at a single 
level-1 trauma center from 2009 to 2012 exam-
ined the thrombelastographic profiles of BSOI 
patients and found that no BSOI patients pre-
sented with a hypocoagulable profile (defined by 
prolonged activated clotting time, decreased rate 
of propagation, and decreased clot strength) [19]. 
Further, Chapman et al. found that the majority of 
BSOI patients rapidly converted to a hypercoagu-
lable profile, characterized by elevated clot 
strength (G, calculated from maximum ampli-
tude [MA]), by 48  hours (Fig.  35.1) [19]. In a 
similar retrospective study of serial rotational 
thrombelastometry (ROTEM) over 120 hours in 
critically injured patients, Sumislawski et  al. 
found that nearly half of patients converted to a 
hypercoagulable profile, as assessed by maxi-
mum clot firmness on ROTEM (analogous of 
MA on TEG) by 120 hours [18].

A recent biinstitutional study of all BSOI 
patients at two level-1 trauma centers built on 
these previous bodies of work through a prospec-
tive analysis [16]. Serial citrated kaolin TEGs 

Fig. 35.1 G values, an 
effect of maximum 
amplitude. The G value 
(normal range, 5.2–12.4 
Kd/cs) crosses into the 
hypercoagulable range 
at 48 hours
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were performed on all nonoperatively managed 
BSOI patients every 12  hours for 108  hours. 
Remarkably, all BSOI patients were hypercoagu-
lable upon admission to the ICU: 88% by reac-
tion time, 66% by angle, and 33% by maximum 
amplitude (measure of clot strength). 
Additionally, 50% of patients were in fibrinolysis 
shutdown (with no BSOI patients in hyperfibri-
nolysis upon ICU admission). This initial hyper-
coagulability persisted in the majority of patients 
for the remainder of blood sampling (100% at 
108 hours; Fig. 35.2).

This study also included an analysis of tPA- 
challenge TEG to address the degree of tPA- 
mediated fibrinolysis via the tPA-challenged 
TEG, which adds exogenous tPA at a concentra-
tion of 75 ng/mL to whole blood before perform-
ing citrated native TEG. tPA resistance has been 
linked to a five-fold increase in mortality in 
severely injured patients [32]. Upon ICU admis-
sion, 50% of patients were tPA-resistant, and 
43% remained so at 108  hours [16]. Further, 
patients who had a thrombotic complication had 
a longer median time to chemoprophylaxis, as 
well as lower degree of fibrinolysis at 12 hours, 
greater clot strength (MA) at 48  hours, and a 

greater degree of tPA resistance at 84 hours com-
pared to those without clot complications. Not 
only do these data highlight the importance of 
identifying objective markers of pathologic 
hypercoagulability in BSOI patients, but also 
underscore the importance of prompt VTE che-
moprophylaxis, as delay in initiation has been 
linked to higher VTE rates in other investigations 
of trauma patients [33]. Interestingly, the hyper-
coagulability in BSOI patients is pervasive 
despite many of these patients presenting in 
shock, which contradicts historical dogma that 
shock is intrinsically linked to hypocoagulability 
and bleeding risk. In summary, the majority of 
BSOI patients either present to the ICU already 
hypercoagulable or become so soon after 
admission.

 Mechanism Behind BSOI-Associated 
Hypercoagulability

While BSOI-associated hypercoagulability has 
been described in several retrospective and pro-
spective studies, the mechanism behind this TIC 
phenotype has not been elucidated. Animal mod-
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els of isolated tissue injury result in a hyperco-
agulable profile (shorter time to clot formation, 
greater rate of clot propagation and strength) 
with fibrinolytic shutdown, whereas isolated 
hemorrhagic shock manifests a hypocoagulable, 
hyperfibrinolytic profile [34, 35]. This hyperco-
agulability has been attributed to the release of 
various proteins in the setting of tissue injury, 
which affects the hemostatic and fibrinolytic pro-
cess. While concomitant shock can lead to pro-
found coagulopathy, specifically through 
upregulation of thrombomodulin expression on 
the endothelium in the setting of tissue hypoper-
fusion [36], tissue injury alone can lead to hyper-
coagulability, in the form of increased thrombin 
generation and endotheliopathy with inflamma-
tory cascade signaling [36–38]. Tissue factor 
released in the setting of tissue and endothelial 
injury propagates thrombus formation and fibrin 
generation, ultimately potentiating platelet aggre-
gation downstream [39]. A prospective study of 
404 trauma patients admitted to a level 1 trauma 
center including thrombelastography data and 
plasma markers of shock and endotheliopathy 
found that soluble E-selectin, a marker of endo-
thelial activation, was independently associated 
with a more hypercoagulable TEG in the form of 
shortened activating clotting time, increased 
angle, and increased MA [38]. Clinical studies 
have also indicated increased release of myosin 
into circulation after tissue injury [40], and skel-
etal muscle myosin in vitro is known to have a 
procoagulant profile, specifically through aug-
mentation of fibrin and platelet deposition [41]. 
In addition to release of myosin, damage- 
associated molecular patterns (DAMPs) are also 
released in the setting of tissue injury; of those, 
histones are known to increase phosphatidylser-
ine surface expression on red blood cells, accel-
erate thrombin formation, and propagate 
endothelial damage (recruiting more platelets 
and fibrin) when released to the extracellular 
space [42–45]. Lastly, tissue trauma also leads to 
activation of the sympathoadrenal system, result-
ing in higher levels of catecholamines, which can 
cause endothelial damage, glycocalyx degrada-
tion, and exposure of tissue factor and collagen, 
ultimately resulting in a hypercoagulable state 

[46, 47]. While the precise mechanisms underly-
ing the hypercoagulability of BSOI are unknown, 
elucidating the unique drivers of BSOI-associated 
hypercoagulability may allow for targeted, indi-
vidualized chemoprophylaxis strategies and/or 
thrombotic risk mitigation. Ultimately, the tissue 
injury of solid organ injury and the resultant 
hypercoagulable TIC phenotype call into ques-
tion the current practice of delaying VTE chemo-
prophylaxis in BSOI patients due to concerns for 
exacerbation of injury-related bleeding and fail-
ure of NOM.

 Risk Mitigation: VTE 
Chemoprophylaxis Strategies 
in BSOI-Associated 
Hypercoagulability

The optimal timing of VTE chemoprophylaxis in 
BSOI patients remains unsettled. Results of a 
Southwestern Surgical Congress Multicenter trial 
indicate that there is considerable variation in 
VTE chemoprophylaxis strategies across trauma 
centers [48]. Furthermore, the Eastern Association 
for the Surgery of Trauma guidelines for NOM of 
both hepatic and splenic injuries concluded that 
there was insufficient data in the literature to 
make recommendations regarding the timing of 
the initiation of VTE chemoprophylaxis [49, 50].

Traditional practice has been to delay VTE 
chemoprophylaxis in BSOI patients due to con-
cern for exacerbation of bleeding. However, pre-
vious work suggests that the risk of failure of 
NOM due to hemorrhage caused from VTE che-
moprophylaxis is exceedingly more rare than the 
thrombotic consequences of withholding said 
chemoprophylaxis. In a retrospective review of 
312 BSOI patients, Eberle et al. found that only 
12 patients (3.8%) failed NOM and of those, 
only one had been initiated on VTE chemopro-
phylaxis (which was initiated 3 days before the 
hemorrhagic complication) [51]. NOM failure 
concerns appear to be overestimated, with many 
groups finding no relationship between the tim-
ing of VTE chemoprophylaxis and transfusion 
requirement or the rates of NOM failure in BSOI 
patients [5, 12, 52–54]. Lack of NOM failure has 
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also been reported in trauma patients with BSOI 
and blunt cerebrovascular injury (BCVI) on ther-
apeutic heparin infusion [55], further highlight-
ing the safety of chemoprophylaxis dosing in 
BSOI patients. Interestingly, there are reports of 
higher rates of failure of NOM, as well as higher 
rates of VTE, in BSOI patients not on VTE che-
moprophylaxis as compared to patients on che-
moprophylaxis [17]. Ultimately, the literature 
reports that variables most predictive of failure 
of NOM in BSOI patients are multiple solid 
organ injuries, higher injury severity, nonliver 
injury (splenic or renal), positive abdominal 
ultrasonography findings in the ED, amount of 
free fluid on computed tomography >300  mL, 
admission lactate, and need for blood transfu-
sion, not VTE chemoprophylaxis itself [4, 8]. 
The contention that VTE chemoprophylaxis 
using current dosing regimens increases bleed-
ing risk in BSOI patients is simply not supported 
by data [12, 15–17, 53, 56].

The lack of evidence linking VTE chemopro-
phylaxis to increased bleeding risk in BSOI 
patients is likely related to (1) the fact that BSOI 
patients are almost all hypercoagulable soon after 
ICU admission and (2) current prophylaxis dos-
ing is insufficient to render BSOI patients hypo-
coagulable. In a phase II randomized controlled 
trial comparing TEG-guided VTE chemoprophy-
laxis versus standard-of-care (timed chemopro-
phylaxis, not individualized) in 50 trauma 
patients, Harr et  al. administered dalteparin on 
day one of ICU admission at a dose of 5000 IU if 
the TEG RF (difference between the R time on 
kaolin TEG minus the R time on kaolin TEG with 
heparinase) was less than 1  minute and then 
increased dosage based on consequent RF values 
for a goal RF of 1.0–1.4 [57]. They ultimately 

found that anti-Xa levels remained below recom-
mended prophylaxis values in both the control 
and TEG-guided chemoprophylaxis groups, and 
a decreased fibrinogen contribution to clot 
strength in the TEG-guided group (suggesting 
increasing doses of LMWH may reduce fibrino-
gen contribution to clot strength) [57]. Similarly, 
Van and colleagues performed citrated kaolin 
TEG and heparinase TEGs in 61 patients admit-
ted to the surgical trauma ICU and found that RF 
was near zero in patients who developed a DVT, 
indicating a subtherapeutic level of chemopro-
phylaxis [58]. These data suggest that, at best, 
current prophylaxis regimens are rendering BSOI 
patients less hypercoagulable as opposed to 
hypocoagulable.

Figure 35.3 illustrates the aforementioned 
concepts by demonstrating several theoretical 
scenarios for a BSOI patient. Scenario “A” repre-
sents traditional thinking, which is that VTE che-
moprophylaxis transitions patients from a 
hyper- to a hypocoagulable state, thereby increas-
ing the risk of bleeding. As mentioned, this logic 
is not supported by data. Scenario “B” represents 
the ideal state of transitioning a BSOI patient 
from hyper- to normal coagulation status, thereby 
mitigating VTE risk without increasing bleeding 
risk. Finally, scenario “C” depicts what is likely 
happening in reality with current regimens; pro-
foundly hypercoagulable patients are rendered 
less hypercoagulable with chemoprophylaxis, 
without any discernable effect on bleeding risk.

When, then, is the optimal time to initiate 
VTE chemoprophylaxis in BSOI patients? 
General strategies include fixed timing of admin-
istration or timing individualized to a patient’s 
real-time coagulation status. While some animal 
models of tissue injury and hemorrhagic shock 

Fig. 35.3 Theoretical scenarios of hypercoagulability (x axis) and chemoprophylaxis strategies (black arrows) in BSOI 
patients, including Scenario “A” (traditional mindset), Scenario “B” (ideal), and Scenario “C” (current practice)
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have identified hypercoagulability by TEG as 
early as 4 hours following injury [31], in severely 
injured humans, until recently, the majority of lit-
erature describes this transition to hypercoagula-
bility occurs at 24–48 hours through retrospective 
data [18]. As such, Van and Schreiber recom-
mend initiation of VTE chemoprophylaxis of 
BSOI patients at 48 hours [59]. Further, the Best 
Evidence Topic (BET) Reports reviewed all ret-
rospective reviews examining VTE chemopro-
phylaxis in BSOI patients in 2018 and concluded 
that there is insufficient evidence assessing safety 
of low molecular weight heparin (LMWH) within 
24  hours of trauma, acknowledging that retro-
spective studies suggest initiation of LMWH 
within 48 hours does not affect rate of nonopera-
tive failure [60]. However, the latest research now 
highlights that hypercoagulability in BSOI occurs 
as early as upon admission to the ICU [16] and 
time to VTE may occur as early as within the first 
72 hours [61], sooner than what was previously 
thought based on retrospective research. Based 
upon these data, we recommend initiation of che-
moprophylaxis, specifically low molecular 
weight heparin, within 12 hours of injury.

Although adopting a practice of fixed, early 
initiation of VTE chemoprophylaxis is BSOI 
patients represents an improvement as compared 
to withholding it for days, such a strategy still 
fails to appreciate the heterogeneity of coagula-
tion profiles in trauma patients. For this reason, 
the decision to initiate VTE chemoprophylaxis 
should ideally be based upon objective, dynamic 
measurements of each patient’s coagulation sta-
tus. Currently, TEG is the only whole-blood 
point-of-care clinical assay that can identify 
hypercoagulability, and several studies have 
demonstrated hypercoagulability as defined by 
TEG correlates with the likelihood of subsequent 
VTEs in severely injured patients [58, 62]. While 
there has been some work examining the role of 
thrombin generation in predicting thrombotic 
risk in trauma patients, the current FDA-approved 
assays are all plasma-based and are not wide-
spread in current trauma diagnostics [63]. As 
described, Harr et al. describe the utilization of 
TEG for guiding chemoprophylaxis and 
decreased fibrinogen contribution to clot strength 

in the TEG-guided chemoprophylaxis patients 
[57]. Similarly, Van and colleagues describe utili-
zation of TEG to identify patients with subthera-
peutic levels of chemoprophylaxis [58]. Finally, 
our recent work identified markers of hyperco-
agulability as LY30 of <0.5% at 12  hours and 
MA of >65.8 at 48 hours, both of which predict 
thrombotic morbidity with high sensitivity and 
specificity [16]. These studies support individual-
ized chemoprophylaxis strategies based on objec-
tive evidence of hypercoagulability (such as the 
use of TEG for identifying hypercoagulable 
patients at high risk of thrombotic morbidity) in 
contrast to standard universal timing of initiation. 
Additional research is needed to delineate the 
role of dynamic measurements of coagulation 
status in the decision to initiate VTE chemopro-
phylaxis of BSOI patients.

In conclusion, ideally, initiation of VTE che-
moprophylaxis should be personalized by risk 
stratification with hematologic assays (an algo-
rithm for such a strategy based upon our own 
institutional data [16] (Fig. 35.4). Practically, and 
in the absence of such assays, we recommend ini-
tiation of VTE chemoprophylaxis as soon as 
resuscitation is complete and ideally, within 
12 hours of admission.

 Future Directions

While current data report immediate and nearly 
pervasive hypercoagulability in BSOI, future 
prospective studies are needed to investigate 
safety of initiating VTE chemoprophylaxis at 
timepoints as early as upon ICU admission and/
or within the first 24  hours. These studies 
should include objective measurements of 
coagulation status to monitor for treatment 
response to chemoprophylaxis and to identify 
patients at risk of thrombotic complications 
despite  chemoprophylaxis. The latter group of 
patients highlights another area of future research, 
as the mechanisms behind BSOI-associated 
hypercoagulability and thrombotic complications 
despite chemoprophylaxis are poorly understood. 
Mechanistic work examining the hypercoagula-
bility of BSOI specifically is important, as it may 
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identify potential targets for intervention and 
individualized thrombotic risk mitigation. Future 
studies should also include investigation of alter-
native chemoprophylactic regimens, including 
those which incorporate platelet and fibrinolytic 
contribution to pathologic hypercoagulability.

 Conclusion

BSOI patients are universally hypercoagulable 
upon ICU admission. This hypercoagulability 
manifests as shortened time to clot formation, 
increased clot propagation and strength and tPA 
resistance, and this profile persists for several 

days. What drives this hypercoagulable profile is 
unknown, but solid organ tissue injury may be 
associated with a unique profile of coagulation 
proteins that modify the hemostatic and fibrino-
lytic system, either through interactions of myo-
sin with fibrin, increased exposure of tissue 
factors, or propagation of endotheliopathy. 
Despite this universal hypercoagulability of 
BSOI, VTE chemoprophylaxis is often delayed 
due to a presumed risk of failure of 
NOM. However, the literature would suggest that 
failure of NOM is exceedingly rare, even with 
doses of therapeutic anticoagulation, and when 
balancing failure of NOM against risk of throm-
botic morbidity, early VTE chemoprophylaxis is 

Fig. 35.4 Proposed decision algorithm for initiation of VTE chemoprophylaxis in blunt solid organ injury patients 
based upon serial thrombelastography
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prudent. While there is provider hesitance to ini-
tiate chemoprophylaxis early, VTE chemopro-
phylaxis should be started within 12  hours of 
admission in BSOI patients, in particular those 
with objective evidence of hypercoagulability on 
TEG. Finally, future research is needed to clarify 
the role of dynamic assays of coagulation such as 
TEG in both timing and dosage of VTE chemo-
prophylaxis in BSOI patients.
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Pregnancy

Daniel Katz

 Introduction

Trauma in pregnancy is a common condition 
which may impact pregnancy. Mechanism vary 
including motor vehicle collisions, accidents, 
domestic abuse, falls, burns and others. Pregnancy 
is a hypercoaguble state marked with several 
changes in different areas of coagulation. As 
such, management of pregnant patients who 
experience a trauma warrants further discussion. 
The following chapter is a summary of trauma in 
pregnancy, followed by physiologic changes in 
prengnacy, and ends on discussing the implica-
tions of pregnancy on trauma management.

 Mechanisms of Injury, Implications, 
and Outcomes for the Parturient 
and Fetus

The leading nonobstetrical cause of maternal 
death in pregnancy is trauma [1]. Trauma impacts 
1/12 of all pregnancies, and almost 1% of all 
trauma admissions are pregnant women [2]. The 
most common type of injury is blunt trauma, 
accounting for over 2/3 of the reported trauma 
[1]. Common mechanisms include motor vehicle 

collisions (MVCs), falls, and assault, with MVC 
being the most common and the most deadly with 
a mortality rate of 13.7% [3]. Studies examining 
mechanisms and outcomes of trauma during 
pregnancy are numerous and heterogeneous the 
details of which are beyond the scope of this 
chapter. There are, however, certain features of 
specific injuries that might impact triage or treat-
ments of pregnant patients. Mechanisms and 
injuries that occur in close proximity to the 
uterus, i.e., pelvis and abdomen, often portend 
worse outcomes for the fetus. For example, the 
presence of a pelvic fracture is an independent 
risk for stillbirth independent of gestational age 
[4]. This was further demonstrated by Cannada 
et al. who noted a fetal death rate of 30% if the 
patients suffered either pelvic or acetabular frac-
ture [5]. Likewise, severity of injury in an MVC 
is directly related to the usage of seatbelts, as 
well as whether or not frontal/lateral airbags were 
present [6, 7]. Gestational age at the time of 
injury will also directly impact risk to the fetus. 
For example, abdominal injuries in parturients 
less than 12  weeks gestation are less likely to 
cause fetal injury as the uterus is still within the 
confines of the bony pelvis [8]. As the pregnancy 
progresses abdominal viscera are pushed cepha-
lad with the uterus mid abdomen. It is therefore 
not surprising that there is a very high fetal mor-
tality rate for penetrating injuries (40–65%) in 
the third trimester [9]. Risk of fetal death is also 
directly related to the severity of maternal inju-

D. Katz (*) 
Icahn School of Medicine at Mount Sinai, 
Department of Anesthesiology, Pain & Perioperative 
Medicine, New York, NY, USA
e-mail: Daniel.katz@mountsinai.org

36

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-53606-0_36&domain=pdf
https://doi.org/10.1007/978-3-030-53606-0_36#DOI
mailto:Daniel.katz@mountsinai.org


618

ries as well as the American Association for the 
Surgery of Trauma Organ Injury Scale for the 
gravid uterus (See Table 36.1) [10, 11].

Likelihood of coagulopathy is not necessarily 
related to the mechanism of injury [12], it is 
directly related to the severity of injury as well as 
the incidence of hypothermia, acidosis, and 
hemodilution [13]. The exception to this would 
be injuries that result in significant placental 
abruption which can rapidly cause coagulopathy 
and are discussed in detail below.

 Physiological Changes in Pregnancy

There are a number of changes that occur during 
gestation that have significant implications on 
the management of a pregnant patient who suf-
fers a trauma. These changes can be due to the 
physical strain of the growing uterus, hormonal 
changes from the placenta and ovaries, or from 
other sources. These physiologic changes are 
necessary to support the metabolic needs of the 
fetus as well as prepare the mother for the blood 
loss associated with labor and delivery. A com-
prehensive description of these changes is 
beyond the scope of this chapter [14]. Changes 
that will impact management in trauma but not 
coagulation will be discussed briefly, while 
those that impact coagulation management will 
be discussed in detail. It should be noted that 
many of the changes are required to optimize 
the blood flow to the uterus which can increase 
to 700  ml–1000  ml/min at term gestation and 
lead to rapid exsanguination in a trauma [15]. 

Furthermore, although changes to coagulation 
accelerate in the third trimester of pregnancy, 
many of the other physiologic changes, such as 
left ventricular hypertrophy, changes to the 
heart rate/stroke volume, or decreases in sys-
temic vascular resistance, occur in the first tri-
mester [16, 17].

There are several physiologic changes that do 
not directly impact coagulation but are crucial to 
managing pregnant patients and are summarized 
in Table 36.2.

Changes in coagulation at term are numerous 
and are briefly summarized in Table 36.3.

The increase in plasma volume relative to 
platelet formation is thought to be the main cause 
of the decrease in platelet count [18], although an 
increased platelet turnover at the uteroplacental 

Table 36.1 Trauma organ injury scale for the gravid 
uterus

Grade Injury description
1 Contusion or hematoma without placental 

abruption
2 Superficial laceration <1 cm in depth or 

placental abruption <25%
3 Deep laceration 1 cm in depth in the second 

trimester or placental abruption 25% but 
<50%. Deep laceration in the third trimester

4 Laceration extending to the uterine artery. 
Deep laceration with 50% placental 
abruption

5 Uterine rupture in second or third trimesters. 
Complete placental abruption

Table 36.2 Physiological changes in pregnancy

Physiologic 
change

Change in 
pregnancy

Implications in 
management

Cardiac
Blood 
volume

Increased 
40%

Significant blood loss 
occurs prior to 
hypotension, early 
diagnosis of 
hypovolemia 
challenging

Cardiac 
output/heart 
rate

Increased 
50%

Hemoglobin 10–12 g/dL Physiologic anemia
Respiratory
Diaphragm Pushed 

cephalad
Chest tubes inserted 
at higher levels

Functional 
residual 
Capacity

Decreased 
20%

Rapid oxyhemoglobin 
desaturation with 
apnea

Oxygen 
consumption

Increased 
20%

pH 7.42–7.46 Baseline respiratory 
alkalosis with 
decrease bicarbonate 
reduced buffering 
capacity leading to 
acidosis in trauma

PaCO2 28–
32 mmHg

HCO3− 19–
22 mEq/L

Airway 
edema/tissue 
swelling

Increased 
each 
trimester

Difficult 
laryngoscopy

Other
GFR/
creatinine

Increased 
50%/
decreased

Altered drug 
metabolism, abnormal 
measurements 
overlooked as 
“normal”

Gravid uterus Aortocaval 
compression

Large drop in the 
cardiac output when 
supine
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bed has also been implicated [19]. This decrease 
in relative platelet count is thought to have no 
impact on general hemostasis. Levels of fibrino-
gen, factors VII, VIII, and IX [20], as well as von 
Willebrand factor rise significantly [21], whereas 
there is a slight decrease of FXIII activity [22]. 
There is conflicting data on changes in factors II, 
V, X, and XI; however, these variations are minor 
and do not likely carry clinical significance [20]. 
Protein C and antithrombin appear to be unaf-
fected by gestation, while a significant free and 
total proteins S fall is observed [23]. Acquired 
activated protein C resistance has also been 
reported [24]. As to fibrinolysis, changes in pro-
teins that regulate this system, i.e., tissue plas-
minogen activator, endothelial derived 
plasminogen activator inhibitor-1, placenta- 
derived plasminogen activator inhibitor-2, and 
thrombin activatable fibrinolysis inhibitor 
(TAFI), result in a state of decreased fibrinolytic 
activity [23]. This overall hypercoagulable state 
combined with physiologic fibrinolysis is also 
supported by the increase of the markers of acti-
vation of coagulation such as D-dimer [25], pro-
thrombin fragments 1 + 2 [26], fibrin monomer 
complexes [27], as well as thrombin–antithrom-
bin complexes [28]. Several global assays of 
hemostasis such as thrombin generation assays 
[27, 29], viscoelastic tests [30], and euglobulin 
clot lysis time [31] also suggest a biological 
hypercoagulable state throughout the pregnancy. 

The impact on specific hemostasis assays is seen 
in Table 36.4.

The sum of these changes, although asymmet-
ric, amalgamate to a doubling of the coagulation 
capacity as their nonpregnant counterparts. It is 
important to note that changes in coagulation 
begin in the first trimester and accelerate as the 
pregnancy reaches term gestation. Reference 
ranges and estimated lab values should not be 
interpreted in a vacuum and should begin by esti-
mating what would be physiologically normal at 
that time period in the pregnancy.

Lastly, it should be noted that in addition to 
changes mediated by maternal physiology, the 
placenta is also contributory. For example, it is 
known to express plasminogen activator inhibi-
tors 1 and 2, while also producing the tissue path-
way factor inhibitor (TFPI) and thrombomodulin 
[32–34]. It is also a significant source of tissue 
factor (TF). The role of TF in the placenta is not 
fully understood. It has been hypothesized that 
TF plays a nonhemostatic role in the placenta and 
serves as a signal for angiogenesis and mainte-
nance of blood vessels through a variety of cell 

Table 36.3 Physiological changes in hemostasis factors 
during normal pregnancy

Platelet count ↓
Fibrinogen, FVII, FVIII, FIX, VWF ↑↑↑
FII, FV, FX, FXI =/↑/↓
FXIII ↓
AT, PC =
PS ↓
rAPC ↑
t-PA ↓
PAI-1, PAI-2, TAFI ↑
DD, F1 + 2, FMC ↑

VWF von Willebrand factor, AT antithrombin, PC protein 
C, PS protein S, rAPC activated protein C resistance, tPA 
tissue plasminogen activator, PAI-1 plasminogen activator 
inhibitor-1, PAI-2 plasminogen activator inhibitor-2, TAFI 
thrombin activatable fibrinolysis inhibitor, DD D-dimer, 
F1  +  2 prothrombin fragments 1  +  2, and FMC fibrin 
monomer complexes

Table 36.4 Normal range of hemostasis assays in 
pregnancy

Coagulation test
Normal 
range

Term pregnancy 
range

Traditional coagulation tests
Platelet count (×103/μ) 150–400 146–429
Prothrombin time (s) 12.7–15.4 9.6–12.9
International normalized 
ratio

0.9–1.04 0.8–1.09

Activated partial 
thromboplastin time (s)

26.3–39.4 22.6–35.0

Fibrinogen (mg/dL) 211–496 301–-696
D-Dimer (mcg/mL) 0.22–0.74 0.13–1.7
Viscoelastic tests
EXTEM clotting time 
(s)

38–79 43–69

EXTEM A10 (mm) 43–65 50–73
EXTEM maximum clot 
firmness (mm)

50–72 60–78

FIBTEM A5 (mm) 6–22 13–28
FIBTEM A10 (mm) 7–23 14–30
FIBTEM maximum clot 
firmness (mm)

9–25 16–34

Kaolin TEG R time 
(min)

4–8 1.0–13.0

Kaolin TEG maximum 
amplitude (mm)

54–72 64.6–86.2

TEG thromboelastogram
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signaling mechanisms [35–37]. It also plays a 
vital role in hemostasis and pregnancy mainte-
nance. Erlich et  al. [38] developed a low-TF 
murine model and found a 42% incidence of mid- 
gestational hemorrhage as well as an 18% 
 incidence of fatal postpartum hemorrhage. 
Placentas of the low-TF mice were noted to have 
numerous blood pools in the labyrinth although it 
is not known whether these pools were a failure 
of angiogenesis leading to necrosis or a failure of 
hemostasis. Although the role of TF in the pla-
centa may not be clear, its abundance and potency 
as an instigator of coagulation has been demon-
strated [39, 40]. Circulating quantities of TF in 
nonpregnant women approach 0.003  ng/mg of 
total protein in the blood. This number increases 
to 0.004  ng/mg of total protein in the pregnant 
patient. Concentrations in the myometrium 
increase to 7.40 (4.9–11.40) ng/mg and increase 
further in the placenta to 31.17 (25.01–37.27) ng/
mg of total protein, akin to a 10,000 fold increase 
relative to the amount in serum circulation [39]. 
It is no surprise that when disruption of the utero-
placental bed occurs, consumptive coagulopathy 
develops rapidly.

 Coagulation and Hemostasis 
Monitoring in the Pregnant Patient

Given the complexity of the coagulation changes 
in pregnancy which are compounded by trauma, 
coagulation monitoring is a cornerstone of patient 
management. As stated above, in order to moni-
tor and manage coagulopathy in the pregnant 
trauma patient one must first take into account 
the physiological changes in pregnancy and uti-
lize pregnant reference ranges; as interpreting 
values from “normal” ranges provided by labora-
tories will lead to mismanagement (See 
Table  36.4). Standard coagulation tests such as 
prothrombin time (PT), activated partial throm-
boplastin time (aPTT), and thrombin time (TT) 
are often utilized; however, they are severely lim-
ited for several reasons. First, these tests are but 
one piece of the coagulation puzzle and focus 
solely on thrombin generation. They do not mea-
sure fibrin polymerization, complements of 
fibrinogen or platelets, nor provide an estimation 

of fibrinolysis which can be a cause of bleeding 
in this patient population [41–43]. PT and aPTT 
testing are also insensitive markers for blood loss 
and coagulopathy and can remain normal even 
after 4L of blood loss [44]. It is therefore not sur-
prising that correlation coefficients for blood loss 
and PT/aPTT have been demonstrated to be unre-
lated or demonstrate poor correlation [41]. 
Furthermore, these tests are often not available at 
the point of care, with reported turnaround times 
between 45 and 90 minutes greatly limiting their 
applicability in trauma [45]. These tests can be 
supplemented by adding a platelet count or 
fibrinogen assay; however, these tests suffer from 
some of the same limitations. The relationship 
between platelet count and coagulopathy is non-
linear and poorly understood. Fibrinogen assess-
ment has been shown to be a sensitive and specific 
marker for hemorrhage progression in obstetric 
hemorrhage and will be discussed in detail below; 
however, traditional Clauss assays are again lim-
ited by turnaround times and provide only a 
quantitative assessment of the fibrinogen com-
plement [46].

Viscoelastic tests such as thromboelastogra-
phy (TEG) and thromboelastometry (ROTEM) 
are whole blood hemostasis assays that provide 
data on the entire spectrum of coagulation [14]. 
Using cup and pin technology (TEG 5000, 
ROTEM Delta/Sigma) or rheometry (TEG 6s), a 
real time curve demonstrating clot formation, 
propagation, strength, and lysis is generated in 
real time. Information on the initial clot kinetics 
is available within 2–3  minutes [14]. Data on 
fibrinogen and platelet complements are avail-
able within 6–8 minutes [47]. There are correla-
tions between viscoelastic parameters and certain 
traditional coagulation tests in pregnant patients. 
For example, the TEG functional fibrinogen 
assay demonstrates agreement with the tradi-
tional Clauss assay [47]. The FIBTEM A5 
(amplitude of the FIBTEM tracing in mm at 
5 minutes after clot formation) has also demon-
strated good correlation with the Clauss assay, 
with a value of 12 mm correlating with a plasma 
fibrinogen level of around 2.2 g/L [44]. FIBTEM 
A5 has also been shown as a predictor for hemor-
rhage progression in postpartum hemorrhage and 
when under 10 mm is associated with prolonged 
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bleeds and ICU stay [44]. An in-depth review on 
viscoelastic testing is outside of the scope of this 
chapter; however, viscoelastic tests serve a major 
role in managing obstetric hemorrhage and 
should be utilized in the pregnant trauma patient 
whenever available. Studies examining manage-
ment and outcomes when viscoelastic testing is 
utilized have demonstrated superiority in regards 
to blood product administration, ICU admission, 
hysterectomy rates, length of stay, as well as cost 
when compared to traditional strategies including 
shock packs and formulaic transfusion [45, 48–
51]. Management strategies, cut-offs, and exam-
ple algorithms are discussed below.

Finally, in the pregnant trauma patient trans- 
placental hemorrhage can occur leading to iso-
immunization with blood antigens such as the D 
antigen on the Rhesus protein complex (RhD) in 
mothers that are RhD negative with a fetus that 
is RhD positive [52]. The risk of isoimmuniza-
tion is directly related to the volume of the fetal 
blood that mixes with the maternal blood and 
ranges from 20% to 40% risk at volumes greater 
than 5.0 mL and 60–80% at volumes over 30 mL 
[52, 53]. The Kleihauer-Betke test is used to 
identify fetal blood in maternal circulation after 
an event. Fetal hemoglobin is selected out on a 
smear after acid administration that destroys 
adult hemoglobin and is then stained. The ratio 
of fetal to maternal cells is then used to calcu-
late the volume of fetal cells in maternal circula-
tion. Treatment with Rh0 immunoglobulin 
should be administered within 72 hours of expo-
sure, with a dose titrated to the amount of the 
fetal blood mixed. A dose of 300 μg will neu-
tralize 30 mL of fetal whole blood and may need 
to be repeated [52].

 Transfusion Strategies 
and Hemostatic Agents 
in the Parturient

 General Management

Obstetric trauma is a special situation that impli-
cates two individuals: the mother and the fetus. 
Treatment and stability of the mother should be 
prioritized as this will also lead to the best out-

come for the fetus [54]. A general management 
strategy is presented in Fig. 36.1.

Management outside of hemostasis and coag-
ulation is outside of the scope of this chapter; 
however, a few principles deserve mention. In 
terms of radiologic tests, abdominal screening 
sonography for blunt abdominal trauma remains 
sensitive and specific even in pregnant patients, 
with a sensitivity of 80% and a specificity of 
100% for detecting the necessity of major 
abdominal surgery [55]. In certain cases, com-
puterized tomography scanning may be helpful, 
especially in cases of penetrating injuries to the 
back or flank and should be considered when 
indicated in spite of the radiation risk to the fetus. 
Diagnostic peritoneal lavage in an unstable 
patient can be safely performed in pregnancy in 
order to diagnose intraperitoneal and uterine 
hemorrhage [56, 57]. Patients in the second and 
third trimesters should be placed in left uterine 
displacement, or have the uterus manually dis-
placed in order to prevent aortocaval compres-
sion and hypotension. Initial fluid resuscitation 
can be performed with either crystalloid or col-
loid based solutions. Studies comparing the two 
solution categories such as SAFE and CRISTAL 
have been equivocal, controversial, and likely 
should be interpreted as exploratory [58, 59]. 
None of these studies included pregnant patients 
further limiting the applicability. Other principles 
of trauma resuscitation including hypovolemic 
resuscitation, permissive hypotension, and dam-
age control resuscitation [60, 61] can be applied 
to pregnant patients; however, it should be noted 
that the uterus does not have the capability to 
autoregulate the blood flow. Periods of hypoten-
sion which might preserve the cardiac/renal/neu-
rologic function for the mother may not be 
tolerated by the fetus; however, treatment of the 
mother should take priority. Lastly, should the 
mother experience cardiovascular collapse all 
Advanced Cardiac Life Support (ACLS) mea-
sures should be taken with two additions. First, 
the patient should be kept supine to allow for 
chest compressions with an additional person 
providing manual left uterine displacement. 
Second, should the return of spontaneous circula-
tion not be achieved by the fourth minute (end of 
the second cycle) then resuscitative hysterotomy 
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Fig. 36.1 General management strategy
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(formerly known as peri-mortem cesarean 
 delivery) should be performed immediately at the 
location of the arrest with the goal of delivery of 
the fetus by the fifth minute [62, 63]. This should 
occur regardless of the viability of the fetus [63].

 Initial Crystalloid Resuscitation 
and Impact on Coagulation

Prior to hospital arrival or in the early stages of 
trauma management, restoration of circulating 
volume is a priority. Common practice is to 
 utilize crystalloid solutions to maintain circula-
tion until an amount of blood loss occurs that 
warrants the replacement of blood components. 
As discussed above, the hypercoagulable state of 
pregnancy provides some protection against 
hemodilution in the early stages of traumatic 
bleed; however, in the event of active bleeding 
transitioning to blood component resuscitation 
should be considered early and is discussed 
below. The specific impact of crystalloids on 
coagulation is asymmetric, in that certain compo-
nents are impacted earlier and more severely than 
others. An example is given from in  vitro term 
pregnant patient below, who has had whole blood 
samples diluted with crystalloid at increasing 

percentages and examined using thromboelas-
tometry testing (See Fig. 36.2).

In these tracings, the EXTEM and FIBTEM 
tests have both been activated with the tissue fac-
tor; however, a platelet inhibitor has been added 
to the FIBTEM test to specifically examine the 
contribution of fibrinogen to coagulation. In 
these tracings, the clotting time (CT) which is a 
representation of factor contributions remains 
normal until 60–70% hemodilution levels, dem-
onstrating the resilience of this parameter to 
hemodilution. The fibrinogen component 
(FIBTEM) as measured by the amplitude at 
5 minutes which is more predictive of the overall 
clot strength, however, begins to significantly 
decline much earlier around 35–45%. This 
reveals two important points in regard to the 
coagulation management in the pregnant trauma 
patient. The first is that traditional tests such as 
the aPTT, PT, and INR which measure factor 
contributions to coagulation will remain normal 
in pregnant patients until significant hemodilu-
tions or derangements are present; likely long 
after intervention should have begun. The second 
is that even though the clot may begin to form, 
the clot strength is decreased which suggests 
there may be a role for early fibrinogen repletion 
in the pregnant trauma patient.
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Fig. 36.2 Dilution of whole blood and the fibrinogen function in pregnancy
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 The Role of Fibrinogen 
in the Resuscitation of the Pregnant 
Trauma Patient

Fibrinogen serves many different roles in preg-
nancy. Outside of its role in coagulation, fibrino-
gen is critical for the development of maternal 
fetal circulation [64], supporting trophoblastic 
proliferation [65] and spreading in the early 
stages of pregnancy [66], as well as the develop-
ment and maintenance of the placenta [67]. It is 
therefore no surprise that pregnant patients with 
fibrinogen disorders suffer from frequent 
 miscarriage [68] and that the increase in fibrino-
gen in pregnancy is more pronounced that 
changes to other factors [14]. Fibrinogen has 
been shown to be an important predictor of out-
comes in obstetric hemorrhage. Charbit et  al. 
[69] examined coagulation profiles of over 100 
pregnant patients with PPH and demonstrated 
that fibrinogen levels were independently associ-
ated with the severity of the hemorrhage. Every 
1  g/L decrease in fibrinogen conferred a 2.6 
increased odds of severe PPH.  A presenting 
fibrinogen level ≤2 g/L had a positive predictive 
value of 100% for predicting hemorrhage sever-
ity. Since these works, other studies have exam-
ined using fibrinogen not only as a predictor of 
hemorrhage severity but also as a therapeutic tar-
get. McNamara et  al. [70] recently reported 
4 years’ worth of clinical experience comparing a 
ROTEM algorithm based on early fibrinogen 
concentrate administration and demonstrated that 
when compared to formulaic transfusion early 
fibrinogen repletion led to a dramatic decrease in 
the units of blood products transfused 6 (3–12) 
vs. 3 (2–5) p < 0.001 as well as a decrease in the 
total volume of blood products needed (L) 1.7 
(0.8–3.1) vs. 0.8 (0.6–1.6) p < 0.001. This trans-
lated to a significant decrease in the incidence of 
transfusion associated circulatory overload 
(TACO) as well as trends towards less massive 
red blood cell transfusions and ICU admissions. 
Other investigators have examined preemptive 
fibrinogen repletion early in PPH. In the OBS-2 
study by Collins et al. [51] 55 pregnant patients 
with PPH to preemptive fibrinogen repletion vs. 
placebo and found no benefit to patients if their 

FIBTEM A5 was >12 mm, indicating that in the 
management of PPH the increase in fibrinogen 
appears to be a physiologic buffer. There are no 
data on the role of early fibrinogen repletion in 
pregnant trauma patients; however, in many cir-
cumstances data from PPH can likely be trans-
lated depending on the nature of the injury. In 
cases where the uterus is impacted and/or the 
fetus is delivered it is likely that the translation of 
this research is applicable. In cases where there is 
no trauma to the uteroplacental bed nor any evi-
dence of obstetric hemorrhage care should be 
taken when applying these principles. More sim-
ply, childbirth and trauma are indeed distinct 
events that should be managed differently. 
Finally, it should be noted, however, that although 
the increase in fibrinogen may be a physiologic 
buffer in PPH, the increased levels may be 
required for placental maintenance which is not a 
concern in PPH as the baby is delivered, but may 
be critical to preventing an abruption in the preg-
nant trauma patient. More studies are needed in 
this area.

In regards to fibrinogen repletion, depending 
on the geographic location and the resource avail-
ability either fibrinogen concentrate or cryopre-
cipitate may be utilized. Fibrinogen concentrate 
is advantageous as it is easy to store, has a long 
shelf life, is virally inactivated, and has consis-
tent fibrinogen concentration per dose relative to 
cryoprecipitate [71]. It is also available quickly 
after reconstitution, whereas a cryoprecipitate 
requires 20 minutes to thaw [72]. Reconstituting 
fibrinogen concentrate requires training as 
improper mixing can lead to foaming of the prod-
uct which can lead to waste. Fibrinogen concen-
trate is costly depending on the location which 
has made utilization in the United States lag 
behind Europe [73]. The concentration of fibrino-
gen in fibrinogen concentrate is 20 g/L compared 
to 15–17  g/L in the cryoprecipitate [72]. 
Approximately, 4  g of fibrinogen is needed to 
raise the blood fibrinogen level by 1  g/L in a 
70 kg patient. Although it would seem that fibrin-
ogen concentrate has several advantages over a 
cryoprecipitate an advantage of a cryoprecipitate 
is that it contains FVIII, FXIII, von Willebrand 
factor, and fibronectin. In cases of extensive hem-
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orrhage, repletion of these additional factors is 
necessary; however, data comparing a cryopre-
cipitate to a fibrinogen concentrate are equivocal 
and more data are needed [74]. Currently, the 
decision to use a fibrinogen concentrate or a 
cryoprecipitate should be determined by local 
factors. Nonetheless, repletion of fibrinogen in 
the pregnant trauma patient should be an early 
goal and should be an early component of any 
massive transfusion protocol for pregnant 
patients.

 Formulaic Transfusion and Goal- 
Directed Therapy

The current guidelines for transfusion strategies 
and thresholds are based on evidence specific to 
the nonpregnant patient and often recommend 
formulaic transfusions of packed red blood cells 
(PRBC), fresh frozen plasma (FFP), platelets, 
and cryoprecipitate in fixed ratios in an attempt to 
mimic the whole blood [75]. Although the ratio-
nale for a fixed ratio strategy is useful for the pre-
vention of coagulopathy in nonpregnant patients, 
care should be given before applying these guide-
lines to obstetric patients. In the event of massive 
hemorrhage (multiple blood volumes or 
extremely rapid bleeding), adherence to formu-
laic transfusion practices is an advisable strategy. 
However, if the blood loss is not catastrophic or 
exceedingly brisk, a more targeted approach may 
be superior [76]. As stated above, the maternal 
blood volume is increased at term, and the con-
centrations of coagulation factors is increased as 
well. As such, for noncatastrophic bleeds, provid-
ing a formulaic early transfusion strategy could 
incite a dilutional coagulopathy. For example, in 
the nonpregnant adult factor VIII levels are 
between 50% and 150% activity levels, whereas 
in term pregnancy are between 143% and 353% 
[77]. Therefore, before accounting for storage 
degradation and variance of factor levels in a unit 
of FFP, a pregnant patient would have to con-
sume or dilute approximately 148% activity level 
of factor VIII before FFP transfusion would 
increase the blood concentration of factor 
VIII. To further complicate transfusion manage-

ment, in conditions where blood loss is relatively 
minor, however, there is significant disruption of 
the uteroplacental bed and concomitant release of 
tissue factor, and a significant coagulopathy 
could develop at relatively small volumes of 
blood loss. In fact, in obstetric hemorrhage, the 
correlation between coagulopathy and blood loss 
continues to be weak [70]. Unless facing rapid 
exsanguination, it may be that a goal-directed 
approach using viscoelastic testing is superior for 
monitoring and correcting coagulopathy. In PPH 
management, several studies have demonstrated 
a variety of benefits of using goal-directed ther-
apy instead of formulaic transfusion with shock 
packs or clinical judgement [49, 50, 78]. In non-
pregnant trauma patients, Gonzalez et  al. [76] 
randomized 111 patients to either goal-directed 
therapy with viscoelastic testing to traditional 
coagulation testing and demonstrated a survival 
benefit (36.4% vs.19.6%, p  =  0.049). Of note, 
patients required a similar number of PRBC 
units; however, the goal-directed group received 
substantially less FFP.  This data is in line with 
studies examining the benefits of viscoelastic 
testing which demonstrates that by eliminating 
unnecessary FFP transfusions, the outcomes 
improve [50, 79, 80]. An example of goal- 
directed algorithmic approach to coagulation cor-
rection in pregnancy is seen in Fig. 36.3.

 Prothrombin Complex Concentrates 
and Recombinant Activated Factor VII

The data for proper dosing and safety of 
Prothrombin Complex Concentrates (PCCs) in 
the pregnant patient is extremely limited and has 
only been examined in the context of PPH [81]. 
Utilizing PCCs carry a major risk of thrombosis 
in this population, and clinical experience is lim-
ited to case reports in women who had extreme 
coagulation derangements or refractory hemor-
rhage despite resuscitation [82–84]. A potential 
advantage of PCCs is the standardization of their 
composition and activity, unlike FFP.  Other 
advantages include storage at room temperature 
and shelf-lives of over 36  months, which can 
make them highly advantageous in areas with 
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limited blood bank resources. More data in the 
obstetric population are needed before they can 
be considered for anything other than severe life- 
threatening hemorrhages that are refractory to all 
other therapies [85]. Should PCCs be needed in 
this patient population, doses should be greatly 
reduced (5–10 u/kg) when compared to doses for 
acute vitamin k antagonist reversal (25–50 u/kg) 
[81, 86]. If available, viscoelastic testing should 
be used to guide therapy.

Similarly, if intractable life-threatening hem-
orrhage is encountered, recombinant activated 
factor VIIa (rFVIIa) may be considered. Similar 
to PCC, rFVIIa has been linked to both arterial 
and venous thromboses [87] and has no proven 
survival benefit [81]. There is no optimal dose 
range for the parturient, but 60–90 μg/kg IV is 
mentioned in guidelines [87]; however, lower 

doses (20–40 μg/kg) have been utilized and carry 
less risk of thrombosis and are likely a better 
starting point [88]. As with PCC, careful titration 
of the dose with repeated viscoelastic testing is 
advisable and has been used in the pregnant pop-
ulation with coagulation disorders in very small 
numbers without incident [89].

 Antifibrinolytic Therapy

Tranexamic acid (TXA) binds to lysine residues 
in plasminogen preventing co-localization of 
plasminogen with tPA on fibrin, resulting in inhi-
bition of fibrinolysis, which is believed to be a 
contributor to traumatic bleeding. Following the 
CRASH-2 trial [90], significant interest was gen-
erated in the utility of preemptive antifibrinolytic 

Fig. 36.3 Goal-directed treatment of bleeding in preg-
nancy – viscoelastic algorithm. QBL Quantitative blood 
loss, RBC Red blood cells, MTP Massive transfusion pro-
tocol, TXA Tranexamic acid, CT clotting time, A10 

amplitude 10  minutes after clotting time, Cryo 
Cryoprecipitate, Plt platelets, FFP Fresh frozen plasma, 
LS Maximum lysis
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therapy in trauma patients. Since that time, sev-
eral guidelines have recommended the adminis-
tration of TXA to trauma patients if it can be 
administered within the first 3 hours. Further, this 
study did not demonstrate an increase in throm-
boembolic complications which has been after 
administration in other studies [91]. However, 
none of the patients in the CRASH-2 trial were 
pregnant, and even if there was no increase in 
thromboembolism in this cohort, it could be a 
potential complication in a pregnant patient given 
the hypercoagulable state of pregnancy as dis-
cussed above. The largest study to date examin-
ing the utility of TXA in the pregnant patient was 
the World Maternal Antifibrinolytic Trial 
(WOMAN Trial) [92]. It included over 20,000 
parturients across almost 200 hospitals in 21 
countries. Women suffering from PPH were ran-
domized to receive 1 g IV TXA after 500 mL of 
blood loss vs. placebo. Those who received TXA 
had a decreased incidence of death from bleeding 
(RR 0.64 [95%CI: 0.49–0.85 p = 0.045]). If the 
TXA was administered within 3 hours of deliv-
ery, the maternal death rate from bleeding was 
lowered from n(%) 127 (1.7) to 89 (1.2), a 30% 
decline. Like CRASH-2 the WOMAN trial found 
no increase in thromboembolic events in women 
who received TXA. However, the WOMAN trial 
had some of the same flaws as CRASH-2 in that 
many of the sites were low resource settings 
without access to viscoelastic testing, nor had the 
capability to detect nonlife threatening thrombo-
embolic complications. However, given the ran-
domized nature of these studies and the large 
number of patients, preemptive administration of 
TXA to the pregnant trauma patient within 
3  hours of injury will likely yield more benefit 
than risk. Newer formulations of TXA that are 
more specific in their action at the site of injury 
are in development but will need to be validated 
in large studies before they are adopted in this 
patient population [93]. Lastly, a final point 
should be discussed prior to applying the princi-
ples of the WOMAN trial to the pregnant trauma 
patient. Currently, one of the proposed mecha-
nisms by which hyperfibrinolysis may present 
itself in PPH is through an upregulation of fibri-
nolytic activity around the time of labor and 

delivery. This activity is required for proper sepa-
ration between the uterus and the placenta. In the 
case of the pregnant trauma patient where there is 
no sign of abruption or the delivery of the fetus is 
not required, that stimulus may not be present 
and therefore the utility of TXA may be dimin-
ished or obliterated. As stated above, although 
there are parallels between trauma and PPH, 
childbirth in itself is a distinct event with specific 
changes in coagulation that may or may not apply 
in trauma depending on the circumstances.

 Placental Abruption

In placental abruption DIC occurs due to the sud-
den release of procoagulant substances to the 
maternal circulation secondary to rupture of the 
uterine spiral arteries [94]. Moreover, the injured 
placenta and myometrium also release abundant 
tissue factors. As noted above, there is a 10,000 
fold increase in the amount of TF present at the 
uteroplacental bed relative to the amount in serum 
circulation [39]. It is no surprise that when disrup-
tion of the uteroplacental bed occurs, consump-
tive coagulopathy develops rapidly. The reported 
incidence of placental abruption after trauma is 
high. In a population-based study of women hos-
pitalized for injury in the Washington State from 
1989 to 1997, nonseverely injured (n = 266) and 
severely injured women (n = 28) had an increased 
risk of placental abruption compared to nonin-
jured pregnant women [95]. Likewise, in the 
aforementioned study of Schiff et al., women hos-
pitalized for MVC had an increased adjusted rela-
tive risk of placental abruption as compared to 
pregnant women who were not hospitalized for a 
motor vehicle crash [96]. If placental abruption is 
suspected, a rapid assessment of fetal well-being 
and the need for immediate delivery are indicated. 
In the event of a large abruption coagulation 
assessment is warranted prior to utilizing neurax-
ial techniques of anesthesia. Once placental sepa-
ration is complete and the initial coagulopathy is 
managed, the coagulopathy quickly corrects; 
however, patients may experience renal failure, 
sepsis, or other fatal complications secondary to 
the abruption [97].
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 Amniotic Fluid Embolism

Amniotic fluid embolism (AFE) is believed to 
occur when the fetal products of conception enter 
the maternal circulation including tissue factor 
[98], phosphatidylserine [99], endothelin 1 [100], 
arachidonic acid [101], and plasminogen activa-
tor inhibitor type-1 [102]. Although originally 
thought to cause circulatory collapse through RV 
outlet obstruction, it is now believed that presen-
tation of RV dilation and failure may in fact be an 
immune-mediated phenomenon causing pulmo-
nary vasocontriction resulting in acute pulmo-
nary hypotension [103]. Similarly, the presence 
of fetal cells, amniotic debris, mucin, etc., in 
maternal circulation is not required to make the 
diagnosis and are often found in maternal circu-
lation in normal pregnancy again pointing to a 
patient-mediated susceptibility to this condition 
[104]. It is not known whether the incidence or 
severity of this condition is related to the dose of 
fetal products encountered by the mother and the 
presentation of this condition is on a spectrum 
from a mild immune response to total circulatory 
collapse. Although not known to be a risk factor, 
trauma-associated AFE has been reported [105, 
106]. MVC and improper seat belt use could be a 
risk factor for AFE [107]. Impact on coagulation 
is variable; however, the most common presenta-
tion is DIC. Treatment involves pulmonary vaso-
dilators, circulatory support, and supportive 
measures. Both traditional component therapy 
and factor concentrates have been used to treat 
the DIC from AFE.  A very small case series 
reported inferior outcomes in AFE patients who 
received activated factor VIIa; however, the data 
is of very poor quality, was likely more a marker 
of disease severity, and should not preclude the 
use of this agent if indicated [108].

 Disposition Strategy and Venous 
Thromboembolism Prophylaxis

Once stabilized, pregnant patients should be risk 
stratified and placed in areas accustomed to man-
aging pregnant patients if possible. Although an 
increasing number of obstetric ICUs have opened 

in the last several years, many institutions do not 
have the critical obstetrical volume to warrant a 
separate obstetrical ICU. However, hospitals and 
systems that have the medical specialties on site 
have created response teams and “virtual” ICUs 
to manage critically ill obstetric patients in a mul-
tidisciplinary manner [109, 110]. Disciplines 
involved in these units are often maternal-fetal 
medicine, neonatology, obstetric anesthesiology, 
cardiology, pulmonology, hematology, and sur-
gery. A discussion on the critical care of obstetric 
patients is outside the scope of this chapter; how-
ever, one particular aspect of postevent care of 
this patient population deserves special 
consideration.

Venous thromboembolism (VTE) continues to 
be one of the main drivers of maternal mortality 
[111]. VTE can also be a complication of trauma 
in pregnant women. In a retrospective case- 
control study including 114 pregnant women 
admitted to a trauma service, 2.2% of women in 
the trauma group experienced venous thrombo-
sis, whereas none were observed in the control 
group [112]. Similarly in a retrospective case- 
control study among 2795 women who sustained 
a fracture there was a 9.2-fold increased risk of 
thrombotic events. The decision on when and 
how to institute VTE prophylaxis should be indi-
vidualized based on the risk profiles of the 
patient, the injuries, as well as the need for sur-
gery. Appropriate dosing in this patient popula-
tion is challenging, as both heparin and 
enoxaparin have relatively unstable pharmacoki-
netics in pregnant patients [113–115]. It is not 
uncommon to employ both mechanical and phar-
macological prophylaxis in this patient popula-
tion. In the event that patients require therapeutic 
levels of anticoagulation, frequent monitoring 
should be employed.

Finally, it should be noted that the hyperco-
agulable state of pregnancy ends quickly after 
delivery. Although some factors take days/weeks 
to reach their prepregnancy values, factors such 
as von Willebrand factor and factor VIII can nor-
malize between 24 and 72  hours [116, 117]. 
Whether or not delivery of the fetus was required 
secondary to the trauma will therefore impact the 
coagulation management.
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 Summary

In summary, the management of pregnant trauma 
patients is complex. In addition to balancing the 
well-being of two patients at once, the anatomy 
and physiology that are encountered in nonpreg-
nant patients are altered adding further complex-
ity. Management strategies should focus on 
optimizing maternal oxygenation, ventilation, 
and perfusion which will lead to superior out-
comes for the fetus. Pregnancy is a hypercoagu-
able state, with asymmetric changes in 
coagulation factors, fibrinogen, and fibrinolytic 
activity. Due to these circumstances, point of care 
testing should be utilized whenever possible 
using the principles of goal-directed therapy. 
Finally, coagulation management in pregnant 
trauma patients is extremely dependent on the 
circumstances of the need for delivery of the 
fetus or in the trauma that disrupts the uteropla-
cental bed. Trauma and childbirth are separate 
events and should be managed differently; how-
ever, depending on the trauma, they may need to 
be managed simultaneously.

A sample of term pregnant patient’s whole 
blood successively diluted with a crystalloid 
solution at 0%, 40%, 60%, and 80% dilutions as 
demonstrated on EXTEM and FIBTEM testing.
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Liver Failure
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 Introduction

Most coagulation factors, inhibitors, and fibrino-
lytic pathway proteins are synthesized in the liver 
parenchymal cells [1]. The hepatic cells dynami-
cally respond to inflammatory stimuli, increasing 
the production of fibrinogen [2], plasminogen 
activator inhibitor (PAI)-1 [3], and thrombopoi-
etin for platelet synthesis [4]. Acute or chronic 
liver failure can induce disturbances in coagula-
tion and fibrinolytic pathways as well as in plate-
let production [5–7].

Coagulopathy due to liver failure has been tra-
ditionally viewed as a hemorrhagic disorder 
based on the prolongation of prothrombin time 
(PT) or international normalized ratio (INR). The 
evaluation of liver disease severity and the liver 
transplant allocation utilize the INR value to cal-
culate the prognostic score [8]. Although PT/INR 
partially reflects synthetic function of the liver, 
prolonged PT/INR is rather a poor predictor of 
procedural bleeding risks [9, 10]. The functional 

state of coagulation is deemed rebalanced in liver 
failure because procoagulant activity tends to be 
maintained due to reduced coagulation inhibitors 
[11, 12]. The risk of bleeding can be heightened 
in patients with liver failure due to portal hyper-
tension and development of esophageal varices 
[13]. Traumatic injury, invasive procedures, and 
major surgery can be a trigger which tips a fragile 
balance toward hemorrhage or thrombosis.

Clinical management of coagulopathy in liver 
failure has evolved in the recent years owing to 
biological, pharmacological, and mechanical 
interventions. Timely coagulation testing and 
more efficacious hemostatic and anticoagulant 
agents are being adopted instead of routine 
plasma transfusion according to PT/INR.  This 
chapter will be focused on the pathophysiology, 
monitoring, and current therapies for liver failure- 
associated coagulation disorders.

 Coagulopathy in Liver 
Failure – Pathomechanisms

 Thrombocytopenia

Thrombocytopenia is frequently encountered in 
liver failure and is a frequent manifestation of 
chronic liver disease. Up to 50–70% of patients 
with cirrhosis or acute hepatitis with liver failure 
present with thrombocytopenia [14]. The severity 
of thrombocytopenia correlates with the extent of 
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liver fibrosis in chronic hepatitis C [15]. Multiple 
mechanisms are involved in the pathogenesis of 
thrombocytopenia associated with liver failure. 
Thrombopoietin is the dominant hormone that 
regulates megakaryocytopoiesis [16], and its 
plasma level progressively decreases with the 
progression of cirrhosis [7]. Reduced platelet 
production can be caused by alpha-interferon 
[17], and it has an important implication in the 
treatment of hepatitis C [18]. Platelet sequestra-
tion in the enlarged spleen exacerbates thrombo-
cytopenia frequently in the copresence of 
esophageal varices [19]. Immune- mediated 
platelet destruction and bone marrow suppres-
sion (viral or alcohol) are additional causes of 
thrombocytopenia in liver failure [20, 21]. 
Despite thrombocytopenia, there are some data 
indicating relatively normal platelet adhesion and 
aggregation in cirrhotic plasma due to elevated 
von Willebrand factor (VWF) [12, 22]. Notably, 
hemostatically most effective high- molecular 
VWF fractions are reduced in cirrhosis as shown 
in reduced in  vitro platelet collagen binding. 
Therefore, sustained platelet adhesion is attrib-
uted to the reduced plasma level of ADAMTS13 
(A disintegrin and metalloproteinase with throm-
bospondin type 1 motif, member 13), a VWF-
cleaving metalloproteinase [12, 23].

Taken together, platelet count is thus a useful 
laboratory test to assess the severity of liver fail-
ure and support the treatment of underlying con-
ditions. However, it is difficult to determine the 
safe threshold of platelet count in liver failure to 
sustain hemostasis when elective or emergency 
invasive diagnostic or therapeutic procedures are 
necessary. The common threshold of 75 × 103/μL 
is based on the retrospective studies which 
reported a higher incidence of bleeding after the 
liver biopsy when the baseline platelet counts 
were below 60–75  ×  103/μL [9, 24]. However, 
some studies in laparoscopic surgery and trans- 
jugular liver biopsies suggest that a lower thresh-
old, 50 × 103/μL, may be considered [25, 26]. For 
more invasive procedures including major trauma 
and surgical procedures, higher target platelet 
counts of 75–100 × 103/μL should be aimed while 
bleeding persists.

 Reduced Plasma Coagulation Factors 
and Inhibitors

Abnormal synthetic functions of the liver that 
manifest in prolonged PT/INR are regarded as an 
important prognosis marker of liver failure [8]. 
Reduced procoagulant protein levels of FII, FV, 
FVII, and FX are frequently detected by PT/INR 
in cirrhotic patients [11, 27, 28]. A major defi-
ciency of routine clotting time tests such as PT 
and activated partial thromboplastin time (APTT) 
is that endogenous anticoagulant protein func-
tions are not reflected in the results. Overall, 
thrombin generation (TG) in liver failure may 
remain in the normal range due to concomitantly 
reduced antithrombin (AT), protein C, and protein 
S [11, 12]. This state is often referred to as “rebal-
anced hemostasis” [1], which partly explains the 
poor correlation between prolonged PT/INR and 
clinical bleeding after minor procedures in liver 
failure [29, 30]. The fragile balance of coagula-
tion is easily perturbed by hemodilution or exog-
enous anticoagulants, resulting in a bleeding 
tendency [31, 32] or thrombosis [33, 34]. An 
extracorporeal albumin dialysis, molecular adsor-
bent recirculation system (MARS), has been used 
for detoxification in patients with fulminant liver 
failure, or hepatorenal syndrome [35, 36]. Low 
AT activity in acute liver failure can contribute to 
thrombotic occlusions of the MARS circuit even 
when low-dose heparin is in use [37, 38].

 Fibrin Polymerization Defects

Fibrinogen (Factor I) is synthesized in the liver 
and is the most abundant coagulation protein 
(1.5–3.5 g/L in normal plasma). It plays diverse 
physiological and pathophysiological roles in 
hemostasis, inflammation, wound healing, angio-
genesis, and tumor growth [39, 40].

Abnormality of fibrinogen in liver failure is 
heterogeneous, and it can involve any step in the 
synthesis, metabolism, and breakdown of 
fibrin(ogen). Plasma fibrinogen level tends to be 
normal or elevated [41], but hypofibrinogenemia 
(<1.5  g/L) is not uncommon in late-stage 
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 (Child- Pugh C) cirrhosis [42]. Fibrinogen is an 
acute phase reactant, and hyperfibrinogenemia is 
often encountered in inflammatory cholestatic 
diseases (primary biliary cirrhosis and primary 
sclerosing cholangitis) [43].

In the final stage of clot formation, fibrin 
monomers are polymerized by activated FXIII 
(FXIIIa) to stable cross-linked fibrin. Plasma 
FXIII activity is normal or mildly decreased in 
cirrhotic patients, but activity <50% may be 
encountered in the late stage (Child-Pugh C) cir-
rhosis [44, 45]. Low FXIII activity may be a 
prognostic marker for increased hemorrhagic and 
mortality risks. Poor fibrin polymerization due to 
hypofibrinogenemia or FXIII deficiency can be 
detected on fibrin-specific clot firmness using 
thromboelastometry [45].

Delayed fibrin polymerization can be caused 
by dysfibrinogenemia and may represent altered 
fibrinogen structures due to sialic acid maldistri-
bution or excess [46]. Dysfibrinogenemia does 
not necessarily increase bleeding because fibrin 
clots tend to be more tightly packed than normally 
structured fibrin [47]. In the case of congenital 
dysfibrinogenemia, phenotypes are heteroge-
neous, and some may have bleeding symptoms 
(generally mild) while others have thrombophilia 
or remain asymptomatic [48]. Thrombophilia due 
to congenital dysfibrinogenemia is frequently due 
to impaired binding of plasminogen to fibrin and 
reduced sensitivity to tissue plasminogen activa-
tor (tPA) [48]. No standardized methods to assess 
a thrombophilic phenotype of dysfibrinogenemia, 
but structural evaluations of fibrin network, and 
tPA-induced fibrinolysis via viscoelastic coagula-
tion tests may be potentially useful.

 Hyperfibrinolysis

The liver synthesizes most of the proteins involved 
in fibrinolytic pathways. In liver failure, there may 
be an overall balance between simultaneously low 
pro- and antifibrinolytic proteins [49], but a profi-
brinolytic state can be found in some patients [50–
52]. Tissue plasminogen activator (tPA) is 
constitutively excreted from the endothelial cells, 
and its plasma level can be increased by various sig-
nals including stress (vasopressin, epinephrine), 

inflammation (histamine, bradykinin), and coagula-
tion (thrombin) [53]. Clearance of tPA is medicated 
by the liver [54], and it has been shown that plasma 
tPA levels increase during anhepatic phase of liver 
transplantation [55]. As an active enzyme, secreted 
tPA catalyzes plasminogen activation on the fibrin 
surface, and its activity is regulated by plasminogen 
activator inhibitor-1 (PAI-1). Decreased endoge-
nous fibrinolysis inhibitors may lead to a profibrino-
lytic state. Low levels of α2-plasmin inhibitor 
(antiplasmin) and FXIII activity render fibrin prone 
to plasmin-mediated degradation. Thrombin-
activatable fibrinolysis inhibitor (TAFI) mediates 
cleavage of a lysine- binding site for plasminogen 
from the fibrin surface, and reduced TAFI activity in 
cirrhosis may increase fibrinolysis [50].

 Coagulation Monitoring in Liver 
Failure

The use of PT/INR as a prognostic indicator is 
routine, but there are obvious limitations for their 
use in the setting of acute hemorrhage [56, 57]. 
PT/INR and aPTT are routinely run in plasma 
separated from the whole blood, and the typical 
turnaround time is in the range of 30–90 minutes 
[58]. The whole-blood point-of-care PT and 
fibrinogen tests reduce turnaround times [59, 60], 
but there is a paucity of clinical data in liver fail-
ure. When clotting time tests are ordered along 
with other routine coagulation tests such as plate-
let count or fibrinogen level, each test result is 
returned at different times. The provision of frag-
mented information makes it difficult to grasp the 
relative contribution of each abnormal segment 
to the entirety of coagulopathy.

In the perioperative setting, whole-blood vis-
coelastic coagulation testing has been considered 
as a practical alternative to a battery of routine 
coagulation tests. The early version of thrombe-
lastography (TEG®; Haemonetics, Niles, IL) uti-
lized a reusable metal cup and pin, and tests were 
performed in fresh whole blood without a 
 coagulation activator. Although this approach 
was effective in the early days of liver transplan-
tation with massive bleeding [28], the use of 
citrated whole blood, calcium chloride, and 
kaolin as an activator is preferred for improved 
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reproducibility in the current practice [61]. The 
interpretation of TEG® results can be subject to a 
degree of imprecision in choosing a specific ther-
apeutic intervention. It is difficult to differentiate 
thrombocytopenia from hypofibrinogenemia 
using a single kaolin-TEG® test [62]. 
Perioperative assessment of fibrin-specific clot 
formation became popular since FIBTEM was 
introduced on the rotational thromboelastometry 
(ROTEM®; Instrumentation Laboratory, 
Bedford, MA) [63, 64]. A timely detection (10–
15 minutes) of hypofibrinogenemia and/or hyper-
fibrinolysis allows targeted medical interventions 

to restore fibrin polymerization by replacing 
fibrinogen or administering an antifibrinolytic 
agent [65]. An abrupt loss of fibrin polymeriza-
tion (flat-line tracing) has been associated with 
intracardiac and/or pulmonary thromboembolism 
[34], which seems to indicate that a fragile bal-
ance of coagulation can rapidly deteriorate into 
disseminated intravascular coagulation (DIC) in 
some patients with liver failure.

The choice of a coagulation activator poten-
tially affects the interpretation of coagulation sta-
tus (Fig.  37.1). Normal or high plasma FVIII 
levels tend to maintain contact-activated tests 

a

b

Thrombelastography

Thromboelastometry

Fig. 37.1 Panel A. Kaolin-activated thrombelastography 
shows a short reaction time (R-time, 5–10 minutes), and 
reduced maximum amplitude (MA, 50–70 mm), suggest-
ing only thrombocytopenia. Panel B.  Tissue factor- 
activated thromboelastometry (EXTEM) shows prolonged 
clotting time (CT, 35–80 seconds), reduced A10 amplitude 

(43–65 mm) along with reduced FIBTEM A10 amplitude 
(9–24  mm). These results collectively indicate reduced 
vitamin K–dependent coagulation factors, thrombocyto-
penia, and hypofibrinogenemia. The parentheses indicate 
normal reference ranges
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including APTT and kaolin-TEG® within nor-
mal limits unless bleeding or hemodilution 
becomes severe in cirrhotic patients [11, 41]. 
Exacerbations of coagulation factor deficiencies 
(FII, FV, FVII, and FX) can be more effectively 
detected using a tissue factor (TF)-activated test 
such as EXTEM on ROTEM® [66]. The detec-
tion of hyperfibrinolysis is also influenced by the 
choice of TEG® or ROTEM® tests. During liver 
transplantation, TF-activated FIBTEM followed 
by EXTEM was more sensitive to systemic fibri-
nolysis than kaolin-TEG® [51]. The varied sensi-
tivities among different viscoelastic coagulation 
tests have important clinical implications because 
the timing of hemostatic intervention(s) can be 
significantly altered. The optimal intervention 
thresholds among TEG® and ROTEM® have not 
been established for patients with liver failure, 
but it is reasonable to choose specific targets at 
each institution based on the available hemostatic 
agents and clinical experience [67–70].

Testing platelet function remains controversial 
because thrombocytopenia is common in liver fail-
ure [14], and thrombocytopenia alone can affect 
platelet aggregation assays [71, 72]. Platelet count 
is tested in a static condition, and thus platelet 
function under flow conditions cannot be evalu-
ated. As mentioned above, platelet adhesion/
aggregation may be normal due to rebalanced 
VWF and ADAMTS-13 activities despite throm-
bocytopenia [12, 23]. Clot firmness of TEG® and 
ROTEM® are reduced in the presence of throm-
bocytopenia (50–75  ×  103/μL) due to reduced 
interactions between thrombin- activated platelets 
and fibrin [63]. VWF activity and platelet adhesion 
cannot be assessed on these viscoelastic tests [73].

 Hemostatic Interventions in Liver 
Failure

 Treatments for Thrombocytopenia

Desmopressin (1-deamino-8-D-arginine vaso-
pressin) is considered as an adjunct in the setting 
of platelet dysfunction. It activates vasopressin 
V2 receptors on the vascular endothelial cells and 
induces the secretion of FVIII and VWF [74]. 
Prophylactic desmopressin treatment in liver 

resection lead to moderate increases in FVIII and 
VWF levels compared to placebo, but it fails to 
reduce allogeneic blood transfusion in cirrhotic 
or noncirrhotic patients [75]. Inefficacy of des-
mopressin may be explained by rebalanced VWF 
and ADAMTS-13 levels [12, 22].

Prophylactic platelet transfusion is tempting 
in thrombocytopenic patients with liver failure. 
However, the transfusion of stored platelet con-
centrates may not immediately improve either 
platelet count [76, 77] or platelet function [78, 
79]. In the retrospective studies in liver transplan-
tation, the exposure to platelet transfusion has 
been associated with lower graft survival and 
higher mortality [80, 81]. Room temperature 
storage of platelets presumably increases the risk 
of bacterial contamination and posttransfusion 
sepsis [81]. These risks may be mitigated by 
improved test methods to detect bacterial con-
tamination [82], and pathogen reduction technol-
ogies applied to platelet units [83, 84]. However, 
noninfectious risks of platelet transfusion includ-
ing acute lung injury, immune modulation, and 
thrombotic complications are possible [85, 86], 
Taken together, it is logical to consider platelet 
transfusion for active bleeding in the presence of 
severe thrombocytopenia (<50  ×  103/μL), but 
there is a paucity of efficacy and safety data on 
platelet transfusion in liver failure.

 Thrombopoietin Receptor Agonist

The potential use of an oral thrombopoietin 
receptor agonist was recently explored in a pro-
spective randomized controlled trial in cirrhotic 
patients with thrombocytopenia (n = 292) before 
elective invasive procedures [87]. A 2-week 
course of eltrombopag (75  mg daily) increased 
platelet count to 100 × 103/μL from the baseline 
of 40 × 103/μL. The incidence of platelet transfu-
sion was 28% with eltrombopag (n = 145) com-
pared to 81% with the placebo (n  =  147) 
(P < 0.001). The incidence of bleeding of World 
Health Organization (WHO) grade 2 or higher 
was also reduced in the eltrombopag group (17%) 
vs. the placebo group (23%). The study was ter-
minated due to higher incidences of portal vein 
thrombosis with eltrombopag (6 cases vs. 1 with 
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placebo). The thrombotic events coincided with 
platelet counts that peaked over 200  ×  103/μL 
within 2  weeks of the procedure (median, 
8.5  days after the last eltrombopag dose) [87]. 
The interaction between preoperative thrombo-
poietin therapy and postoperative proinflamma-
tory state warrants a future investigation.

 Plasma Coagulation Factor 
Replacement

In the early days of liver transplantation, plasma 
transfusion was the mainstay intervention to cor-
rect major coagulopathy due to massive hemor-
rhage [88]. The changes in procoagulant factor 
levels after 2–3 units of plasma are rather small, 
minimally improving thrombin generation [31, 
89], or fibrinogen level [90]. Larger amounts of 
plasma transfusion can be associated with 
transfusion- related acute lung injury (TRALI) 
and transfusion-associated circulatory overload 
(TACO) [91, 92]. A paradoxical increase in 
bleeding after plasma transfusion can occur dur-
ing liver surgery due to elevated central venous 
pressure [93, 94]. Some of the limitations of 
plasma transfusion can be overcome by the use of 
prothrombin complex concentrate (PCC).

PCC is a purified, lyophilized vitamin 
K-dependent (VKD) factor concentrate derived 

from the pooled plasma from human donors [95]. 
Commercial PCC products are categorized as 
either 3-factor (FII, FIX, and FX) or 4-factor 
PCC (FII, FVII, FIX, and FX). All PCC products 
undergo at least one form of pathogen reduction, 
and many undergo at least two steps [95]. 
Historically, 3-factor PCC was used to treat 
hemophilia B before purified FIX concentrate 
became available, and the PCC dose is standard-
ized to the FIX content of approximately 500 
international units (IU) per vial. The main indica-
tion of PCC today is for acute warfarin reversal 
using a 4-factor PCC product [96]. Higher con-
centrations of VKA factors (15–25  IU/ml) in 
reconstituted PCC compared to plasma (0.8–
1.2  IU/ml) allow for rapid reversal of warfarin 
anticoagulation without circulatory overload [96, 
97]. Several important differences in coagulation 
exist between warfarin anticoagulation and coag-
ulopathy due to liver failure. Plasma AT activity 
is usually in the high normal range in warfarin- 
treated patients with high INR.  Conversely, a 
high MELD score is associated with concomitant 
decreases in VKD factor levels and AT activity 
[31, 98]. The measurement of endogenous throm-
bin potential clearly demonstrates distinct throm-
bin generation (TG) kinetics at low AT activity in 
liver failure from those in warfarin anticoagula-
tion (Fig. 37.2). The onset of TG is relatively well 
preserved in liver failure despite prolonged PT/

Fig. 37.2 Thrombin generation (TG) patterns in liver 
transplant (LT) and anticoagulation with vitamin K antag-
onist (VKA). Both samples had international normalized 
ratio (INR) over 2.0. The onset of TG is normal despite 
high INR due to low antithrombin (AT) activity to shut 

down activated factor X and thrombin. Addition of pro-
thrombin complex concentrate (PCC) at 0.4 international 
unit (IU) per ml in vitro caused a much higher peak TG in 
VKA-treated plasma compared to LT plasma
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INR values, reflecting critical AT deficiency 
(median, 25–29%). When 4-factor PCC was 
added ex vivo at 0.2 and 0.4 IU/mL (correspond-
ing to 10 and 20  IU/kg), dose-dependent TG 
increases to PCC were observed, but the responses 
were more exaggerated in liver failure plasma 
than in warfarin-treated plasma [31]. Reduced 
requirement for PCC in liver failure is explained 
by reduced AT activity, which causes a delayed 
shut-down of procoagulant enzymes FXa and 
thrombin.

The use of 4-factor PCC has been reported in 
several case series of patients with acute liver 
failure suffering from active bleeding, undergo-
ing invasive procedures, or liver transplantation 
[69, 99–101]. The median dose of PCC 25 IU/kg 
(~1500 IU) is most commonly used according to 
the baseline INR value [99, 100], or prolonged 
EXTEM clotting time [69]. The majority of 
patients required only a single dose of PCC [99, 
100]. Thromboembolic complications associated 
with PCC include hepatic artery thrombosis, por-
tal vein thrombosis, and myocardial ischemia. 
The reported incidences of thrombosis in the case 
series are 3–7% [69, 100, 101]. Repeated dosing 
should be cautioned because FX and  prothrombin 
both have long half-lives (2–3 days) , and there is 
a link between the cumulative PCC dose and 
thrombotic events in liver failure [101]. Taken 
together, PCC is a potential alternative to plasma 
transfusion in bleeding associated with severe 
liver failure, but further clinical evaluations are 
needed for optimal dosing and safety data in this 
critically ill population.

 Fibrinogen Replacement

Fibrinogen is an acute phase protein synthesized 
in the liver, and it is normally the most abundant 
plasma coagulation protein. Hyperfibrinogenemia 
is associated with a proinflammatory state in pri-
mary liver tumors, primary sclerosing cholangitis 
(PSC), and primary biliary cirrhosis (PBC) [43]. 
Hypofibrinogenemia (<1.5 g/L) may not be fre-
quently observed until late-stage liver failure 
[42], but baseline fibrinogen levels can be quite 
variable, and a rapid deterioration of fibrin 

polymerization may be observed during hemor-
rhage and fluid resuscitation [41, 102]. Fresh fro-
zen or thawed plasma is rarely indicated for 
fibrinogen replacement unless multifactorial 
coagulation deficiency and hypovolemia are evi-
dent. The adverse effects of plasma transfusion 
include volume overload, transfusion-related 
acute lung injury (TRALI), immunological reac-
tions, and remote pathogen transmission risks 
[91, 92, 103]. Although cryoprecipitate has been 
the mainstay for fibrinogen supplementation in 
North America and United Kingdom [104], there 
are logistic issues including a need for blood typ-
ing, thawing, and short expiration (4–6  hours) 
after thawing. The hFC has several advantages as 
a source of fibrinogen including room tempera-
ture storage (2–25 °C for 60 months), rapid prep-
aration (5–10  minutes), and blood-type free 
administration [104, 105]. There is not a univer-
sally established threshold level for fibrinogen 
replacement in liver transplantation or major sur-
gery. Prophylactic use of hFC to achieve plasma 
level >2.0 g/L failed to reduce blood transfusion 
compared to the placebo during liver transplanta-
tion [106]. The available data suggest that it is 
reasonable to administer hFC to treat bleeding in 
the presence of fibrinogen level below 1.0–
1.3  g/L or fibrin-specific clot firmness below 
5–8 mm on ROTEM [64, 69, 70, 107].

 Antifibrinolytic Therapy

The liver is the primary organ responsible for 
synthesizing and clearing most of the pro- and 
antifibrinolytic proteins. Primary fibrinolysis 
may occur during trauma and major surgery due 
to liver failure and the subsequent inability to 
clear tPA and plasmin. Conversely, secondary 
fibrinolysis in response to intravascular thrombus 
formation is possible in patients with reduced AT 
and other anticoagulant proteins [108]. Extremely 
severe coagulopathy signified by flat-line TEG® 
has been associated with fatal pulmonary throm-
boembolism during liver transplantation [33, 34]. 
Thrombolytic therapy with tPA or clot evacuation 
should be promptly applied in the case of intra-
cardiac/pulmonary thrombosis [109]. More com-
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monly, hyperfibrinolysis on TEG®/ROTEM® 
presents with microvascular bleeding accompa-
nied with hypofibrinogenemia and thrombocyto-
penia. Either ε-amino caproic acid (EACA) or 
tranexamic acid (TXA) is effective in preventing 
plasmin activation, but multimodal interventions 
including fibrinogen replacement may be also 
required. Several retrospective studies showed no 
apparent increases in thromboembolic events, 
renal failure, or mortality associated with EACA 
or TXA to treat microvascular bleeding during 
liver transplantation [110, 111].

 Transfusion Algorithm

Practice variability among surgeons and anesthe-
siologists can contribute to unnecessary blood 
component transfusions [93, 94]. There are cur-
rently three commercially available viscoelastic 
coagulation tests: ROTEM® Delta/Sigma 
(Instrumentation Laboratory, Bedford, MA), 
thrombelastography (TEG® 6S, Haemonetics, 
Niles, IL), and Quantra® (HemoSonics, 
Charlottesville, VA). Threshold values for hemo-
static component interventions are different due 
to differences in activators or other reagents and 
varied measurement techniques [112, 113]. It is 
thus important to develop an institutional algo-
rithm incorporating the existing guidelines and 
considering patient characteristics and specific 
clinical settings [69, 70, 107]. Table 37.1 summa-
rizes a hemostatic intervention protocol based on 
EXTEM and FIBTEM on the ROTEM® Delta.

 Thromboprophylaxis

Thromboprophylaxis for deep vein thrombosis 
(DVT) and pulmonary embolism (PE) is crucial 
in the postoperative management of trauma 
patients with liver injury. Venous thromboembo-
lism (VTE) remains one of the highest causes of 
morbidity and mortality in trauma patients who 
survive the first 24  hours, and studies have 
reported a wide incidence of VTE ranging from 
1% to 43% [114, 115]. A bundle of VTE prophy-
laxis should be considered, which includes both 

mechanical interventions, such as sequential 
compression devices, and pharmacological pro-
phylaxis including unfractionated heparin (UFH) 
or low-molecular-weight heparin (LMWH). 
LMWH is typically reserved for those patients 
without concomitant renal dysfunction, but it has 
been shown to be more efficacious than UFH in 
VTE prophylaxis in the general trauma popula-
tion [116]. There is appropriate concern for the 
use of UFH or LMWH in those with preexisting 
liver failure who have incurred traumatic liver 
injury. However, patients with cirrhosis have 
been found to be frequently hypercoagulable and 
are at increased risk for developing thrombosis. 
In these patients, the use of prophylactic LMWH 
has been shown to be safe although they have 
also been shown to have an increased response to 
LMWH [32, 117]. For chronic anticoagulation, 
the use of warfarin is difficult in patients with 

Table 37.1 Summary of hemostatic intervention proto-
col based on EXTEM and FIBTEM on the ROTEM® 
Delta

Agent Diagnostics and decision points

DDAVP 20 μg Administer prior to platelet 
transfusion if renal dysfunction 
or severe coagulopathya

Platelet 1 U FIBTEM-A10 ≥ 8 mm and 
EXTEM-A10 < 40 mm

Platelet 
1 U + Fibrinogen 
2 g

FIBTEM-A10 < 8 mm and 
EXTEM-A10 < 35 mm

Fibrinogen 2 g FIBTEM-A10 < 8 mm and 
EXTEM-A10 ≥ 35 mm

TXA 1 g or 
EACA 5 g

Clot dissolution <20–40 minutesb

Plasma 10–15 ml/
kg

EXTEM-CT > 90 seconds

PCC 10–15 IU/kg EXTEM-CT > 90 seconds if 
volume load undesirablec

Protamine 25 mg INTEM/HEPTEM-CT ratio > 1.0

Abbreviations: CT clotting time, DDAVP desmopressin 
acetate, EACA epsilon aminocaproic acid, PCC prothrom-
bin complex concentrate, TXA tranexamic acid
aCoadministration of TXA or EACA should be considered 
as DDAVP releases tissue plasminogen activator
bContraindicated in pulmonary thromboembolism or 
intracardiac thrombosis
cContraindicated in disseminated intravascular coagula-
tion, and coadministration of antithrombin may be consid-
ered if moderate to severe antithrombin deficiency due to 
acute liver failure
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liver dysfunction due to its narrow therapeutic 
window. Direct oral anticoagulants may be useful 
in this setting because their metabolims are only 
partially dependent on liver function (e.g., dabi-
gatran ~20% hepatic elimination) [118].

 Conclusion

The understanding of coagulopathy in liver failure 
has evolved as the rebalanced state of coagulation. 
Perioperative hemostatic therapies have also 
shifted from prophylactic plasma transfusion to 
targeted component-based interventions guided by 
point-of-care viscoelastic coagulation tests. 
Multimodal hemostatic interventions including 
factor concentrates may further reduce the require-
ment for allogeneic blood transfusion. Conversely, 
reduced anticoagulant levels in liver failure 
enhance the risk of thromboembolic complica-
tions, and further clinical evaluations are needed to 
optimize factor concentrate-based therapies.
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Pulmonary Coagulation 
in the Pathogenesis of Trauma- 
Associated Acute Respiratory 
Distress Syndrome

Christophe J. Langouët-Astrié and Eric P. Schmidt

 ARDS in Trauma Patients

Acute respiratory distress syndrome (ARDS) is a 
complex, heterogeneous syndrome first described 
in 1967 by Ashbaugh and colleagues as a rapidly 
progressive respiratory failure arising from bilat-
eral, noncardiogenic pulmonary edema [1]. 
Today, ARDS accounts for 10% of all ICU admis-
sions worldwide and is associated with 35.3% 
ICU mortality [2]. ARDS can rise from various 
initial insults, either direct (i.e., pneumonia, aspi-
ration of gastric contents, or pulmonary contu-
sion) or indirect (i.e., sepsis or nonpulmonary 
trauma) to the lung [3]. The majority of ARDS 
cases worldwide are attributed to antecedent 
pneumonia (59.4%) or extrapulmonary sepsis 
(16%), with trauma only accounting for 4.2% of 
cases [2].

Unique respiratory physiological and clinical 
features have been identified for trauma- 
associated ARDS compared to nontrauma ARDS 
patients. Trauma-associated ARDS patients have 
lower mean respiratory rate and minute ventila-

tion, and higher PaO2/Fio2 ratio and end- 
expiratory pressures, yet no difference in tidal 
volumes compared to nontrauma patients [3, 4]. 
Trauma-associated ARDS mortality is generally 
lower than that of nontrauma ARDS patients, 
potentially reflecting the propensity of trauma 
patients to be significantly younger, have fewer 
comorbidities, and have lower APACHE III 
scores [3, 4]. Interestingly, a review of the 
National Inpatient Sample (NIS), a database 
encompassing >69 million inpatient admissions 
in the United States between 2006 and 2014, 
demonstrated that in-hospital mortality declined 
for most ARDS causes over this period, poten-
tially representing the impact of lung-protective 
supportive care such as low tidal volume ventila-
tion [5]. In contrast, trauma-associated ARDS 
mortality rates increased during this study, poten-
tially reflecting an increased attributable mortal-
ity of ARDS as more efficient emergency medical 
responses and resuscitation strategies improved 
early trauma survival. These trends suggest an 
emerging need to better understand trauma- 
associated ARDS.

Circulating biomarkers may provide insight 
into the etiology and localization of lung injury 
during ARDS. In differentiating between differ-
ent ARDS risk factors, trauma patients were 
found to have lower (i.e., more normal) levels of 
intercellular adhesion molecule-1 (ICAM-1, an 
endothelial activation marker), surfactant protein 
D (an epithelial injury marker), von Willebrand 
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factor antigen (an endothelial injury marker), and 
soluble tumor necrosis factor receptor 1 and IL-6 
(inflammatory markers) when compared to non-
trauma ARDS patients, after controlling for 
comorbidities [3]. These findings suggest that 
trauma-associated ARDS occurs with a relative 
paucity of alveolar endothelial, epithelial, and 
inflammatory injury in comparison to nontrauma 
ARDS.  In contrast, trauma-associated ARDS is 
associated with equally abnormal plasma con-
centrations of circulating procoagulant and antifi-
brinolytic biomarkers as nontrauma ARDS, 
including the antifibrinolytic plasminogen activa-
tor inhibitor-1 (PAI-1) and the anticoagulant pro-
tein C [3]. These findings suggest a specific role 
for disordered systemic and intrapulmonary 
coagulation in the onset and progression of 
trauma-associated ARDS.

 Pulmonary Coagulation After 
Nonpulmonary Trauma

In 1985, Jansson and colleagues observed that a 
gunshot-mediated femur fracture induced rapid 
deposition of circulating 125I-labeled fibrinogen 
into the lungs of pigs, as assessed by an external 
gamma counter [6]. Similarly, systemic tissue 
factor release occurred in rats within 5 minutes of 
traumatic brain injury, leading to intrapulmonary 
microvascular coagulation and acute lung injury 
[7]. Activation of systemic hypercoagulation has 
been noted in other models of trauma, such as 
blast injury [8]. These preclinical observations of 
intrapulmonary coagulation after systemic injury 
have been validated by human studies demon-
strating heightened systemic coagulation in mul-
titrauma patients who progress to develop ARDS 
[9, 10]. Rapid posttraumatic activation of sys-
temic (intravascular) coagulation has been attrib-
uted to activation of the extrinsic coagulation 
cascade (Fig.  38.1) by circulating procoagulant 
(tissue factor-enriched) microparticles [9, 11] 
released from the site of the initial injury [7]. 
This intravascular deposition of fibrinogen and 
fibrin within the lung after trauma is augmented 
by concurrent local, intraalveolar activation of 

coagulation [10, 12], attributed to release of tis-
sue factor from the alveolar epithelium with sub-
sequent airspace activation of the extrinsic 
coagulation cascade [13–16]. Indeed, the alveo-
lar epithelium is the dominant source of alveolar 
tissue factor production [17], potentially reflect-
ing a teleological role for alveolar coagulation in 
host defense.

Tissue factor-induced pulmonary fibrin depo-
sition is augmented by trauma-associated impair-
ment of endogenous anticoagulants and 
pulmonary fibrinolysis. Idell and colleagues per-
formed bronchoalveolar lavages on 14 patients 
with ARDS (5 of whom were multitrauma 
patients) and 5 patients “at risk for ARDS” (all of 
whom were recovering from trauma) [18]. The 
investigators observed that ARDS patients not 
only demonstrated intraalveolar activation of the 
extrinsic coagulation pathway but also suppres-
sion of fibrinolysis despite sufficient availability 
of alveolar plasminogen. These findings indi-
cated the presence of a fibrinolysis inhibitor, sup-
ported by Bertozzi and colleagues’ study of 
patients with traumatic (n = 2) or nontraumatic 
(n = 6) ARDS. These investigators observed that 
alveolar fibrinolytics (specifically, urokinase) 
recovered from the bronchoalveolar lavage 
(BAL) of ARDS patients were nonfunctional by 
virtue of being completely complexed to PAI-1, 
an endogenous antifibrinolytic [19] expressed by 
the pulmonary epithelium [20], platelets [21], 
and other cell types. Interestingly, tissue plasmin-
ogen activator (tPA) was not recovered in BAL 
fluid from either normal or ARDS patients, 
potentially reflecting a relative absence of tPA 
expression in the pulmonary capillaries (as 
opposed to the endothelium of the bronchial cir-
culation, [22]). The roles of other endogenous 
antifibrinolytics (e.g., thrombin-activated fibrino-
lysis inhibitor, TAFI) in the alveolar space after 
trauma are less well-understood although human 
studies of (nontrauma) interstitial lung diseases 
demonstrated increased BAL concentrations of 
TAFI [23].

Impairment of fibrinolysis has also been 
observed to occur within the intravascular space 
after trauma. Gando and colleagues measured 
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plasma indices of coagulation in 41 trauma 
patients, 5 of whom had ARDS. These patients 
demonstrated both intravascular coagulation and 
induction of circulating PAI-1 [24].

This multifaceted activation of the extrinsic 
coagulation cascade (and inhibition of fibrinoly-
sis) within the lung has been reviewed in detail 
by others [25–28] and is summarized in a simpli-
fied schema in Fig. 38.1. In this brief review, we 
will focus on the impact of the extrinsic coagula-
tion cascade on the development of ARDS after 
trauma, with the goal to identify critical knowl-
edge gaps that may explain the failures of 
coagulation- targeted therapies in both traumatic 
and nontraumatic critical illness.

 Potential Contribution 
of Pulmonary Coagulation to ARDS 
Pathogenesis

ARDS is defined by the presence of diffuse alve-
olar damage, a histologic pattern characterized 
by alveolar fibrin deposition [29]. This deposi-
tion, presumptively occurring within both intra-
vascular and intraalveolar spaces, is postulated to 
contribute to ARDS pathogenesis via multiple 
mechanisms:

• Intravascular coagulation, via production of 
microthrombi (either in situ or embolic to the 
lung from the periphery), impacts pulmonary 

Fig. 38.1 Activation of pulmonary coagulation during 
trauma. Nonpulmonary trauma triggers release of circu-
lating tissue factor and induction of airspace tissue factor. 
Direct lung injury similarly induces release of airspace 
tissue factor. Tissue factor activates the extrinsic coagula-
tion cascade within both intravascular and intraalveolar 
spaces. Trauma/critical illness induces tissue factor 
release and dysregulation of endogenous modifiers of 
coagulation, such as loss of tissue factor pathway inhibitor 
(TFPI), antithrombin-III (ATIII), and activated protein 
C. In addition, there is shedding of cell-surface thrombo-

modulin and heparan sulfate (not pictured). Trauma/criti-
cal illness is additionally associated with upregulation of 
antifibrinolytics such as plasminogen activator inhibitor-1 
(PAI-1), leading to suppression of urokinase (uPA) and 
tissue plasminogen activator (tPA)-mediated fibrinolysis. 
Extensive preclinical mechanistic studies of tissue factor 
suggest that coagulation within the airspace is host- 
protective, while intravascular coagulation is proinjuri-
ous. This compartmentalization, however, has not been 
clearly validated in human studies
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function via induction of physiologic dead 
space. Furthermore, thrombin and fibrin can 
directly activate platelets and endothelial 
cells, inducing vascular hyperpermeability. 
The pulmonary endothelial consequences of 
intravascular clot have been comprehensively 
reviewed by Evans and Zhao [30].

• Intraalveolar coagulation, via the production 
of alveolar fibrin, may directly inactivate sur-
factant [31], potentially leading to atelectasis 
and shunt physiology.

• Both intraalveolar and intravascular coagu-
lation may promote lung injury via multifac-
eted interactions with regulatory pathways of 
lung inflammation, cell death, and repair. 
Protease- activated receptors (PARs) are cell- 
surface receptors activated by thrombin 
(PAR1, 3, and 4) or activated factor VII 
(PAR2) [26, 32]. PAR activation interfaces 
with inflammation and angiogenic pathways, 
promoting endothelial barrier dysfunction 
[25, 26, 28]. Accordingly, activation of PAR1 
promotes the development of acute lung injury 
(via a TGF-beta dependent pathway) [33]. 
However, PAR signaling in ARDS pathogen-
esis is complex, with preclinical evidence sug-
gesting that these receptors are dispensable 
for lung injury. PAR2 knockout mice were not 
protected from direct lung injury [34], and no 
differences in the severity of indirect lung 
injury were observed in PAR1, 2, 4, 1-2, or 2-4 
knockout mice after high-dose intraperitoneal 
lipopolysaccharide [35].

Similar to thrombin-mediated PAR activa-
tion, fibrinolytic enzymes may also impact 
alveolar function independently of their action 
on fibrin. Urokinase, a profibrinolytic 
expressed by the pulmonary capillary endo-
thelium [36], has been demonstrated to impact 
epithelial apoptosis and repair via P53 signal-
ing [20, 37, 38].

Furthermore, fibrinolytic pathways may 
shape pulmonary fibrogenesis by influencing 
epithelial- mesenchymal transition [39].

 Contribution of Key Components 
of the Extrinsic Coagulation 
Cascade to Trauma-Associated 
ARDS

As described above, posttraumatic pulmonary 
activation of the extrinsic coagulation cascade 
would be expected to promote alveolar inflam-
mation, leading to and exacerbating trauma- 
associated ARDS.  However, the signaling 
consequences of the extrinsic coagulation cas-
cade are myriad, demonstrated by conflicting 
findings from investigations of three major 
“nodes” in this pathway: tissue factor activation, 
endogenous anticoagulants, and fibrinolysis.

• Tissue factor-mediated activation of coagula-
tion. As detailed previously, multiple preclini-
cal models of trauma demonstrate rapid 
induction of coagulation within the lungs, pro-
moting the development of lung injury. Yasui 
and colleagues demonstrated that rats sub-
jected to traumatic brain injury (TBI) immedi-
ately showered tissue-factor-enriched 
microparticles into the blood, which then 
accumulated within the lung. This pulmonary 
accumulation was injurious, as a direct throm-
bin inhibitor prevented post-TBI lung injury 
[7]. Tissue factor has been similarly impli-
cated in observational clinical studies of 
trauma-associated ARDS.  Trauma patients 
who developed ARDS displayed persistence 
of circulating tissue factor in comparison to 
clearance of circulating tissue factor in those 
who did not progress to lung injury [9]. While 
critically ill patients (traumatic and nontrau-
matic) simultaneously increase plasma expres-
sion of tissue factor pathway inhibitor (TFPI), 
this compensatory mechanism was found to 
be insufficient to prevent systemic hyperco-
agulation [40–42].

While the release of circulating and alveo-
lar tissue factor after trauma has been repeat-
edly described, the impact of pulmonary tissue 
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factor on ARDS pathogenesis is complex. As 
described in section “Potential Contribution 
of Pulmonary Coagulation to ARDS 
Pathogenesis,” pulmonary tissue activation 
would be expected to induce the injurious 
consequences of intravascular and intraalveo-
lar fibrin deposition. In support of this hypoth-
esis, intravenous tissue factor blockade 
administered to baboons either before [43] or 
after [44] sepsis improved organ function. 
Similar pretreatment and posttreatment effi-
cacy of intravenous tissue factor inhibition 
was observed in endotoxemic rats [45]. 
Conversely, whole-body [46, 47] or alveolar 
epithelial- specific [17, 46] deficiency of tissue 
factor worsened lung injury after a direct 
(intraalveolar) pulmonary insult. There was 
similarly no benefit of whole-body fibrinogen 
deficiency in a mouse model of acid- 
aspiration- induced pneumonia [48]. These 
discrepant findings could suggest a compart-
mentalization phenomenon in which intraal-
veolar (i.e., extravascular) tissue factor is 
protective against alveolar epithelial insults, 
while intravascular tissue factor is injurious 
after pulmonary endothelial insults (Fig. 38.1). 
Indeed, airspace tissue factor activation may 
be host-protective against infection by pre-
venting systemic distribution of a pulmonary 
pathogen [49]. Furthermore, clots are a rich 
source of growth factors that may promote tis-
sue repair [30]. Interestingly, myeloid or 
endothelial-specific tissue factor knockouts 
had no impact on multiple models of lung 
injury [17, 46, 50].

• Impairment of endogenous anticoagulants. 
The coagulation cascade is modulated by the 
expression and release of endogenous antico-
agulants. TFPI, released from endothelial 
cells in response to thrombin stimulation [51], 
functions as an endogenous regulator of tissue 
factor-mediated activation of the extrinsic 
coagulation cascade. Endothelial surface (or 
circulating shed) heparan sulfates can potenti-
ate antithrombin III in a heparin-like fashion, 
suppressing thrombin activity [52, 53]. 
Endothelial cell-surface thrombomodulin 
directly inactivates thrombin while promoting 

activation of protein C, an endogenous antico-
agulant. Observation human studies have 
demonstrated that trauma-associated loss of 
these anticoagulants (e.g., circulating anti-
thrombin III, [54]) predicts progression to 
ARDS.  Similarly, loss of circulating anti-
thrombin III in trauma patients [55] or acti-
vated protein C in nontrauma patients [56] is 
associated with ARDS mortality.

Interestingly, trauma (and other critical ill-
nesses) may promote coagulation not only by 
downregulating endogenous anticoagulants 
but also by altering their biological compart-
mentalization. Heparan sulfate and thrombo-
modulin are components of the endothelial 
glycocalyx, a glycan-enriched, gel-like layer 
that lines the endothelial surface in all blood 
vessels [57]. Localization of endogenous anti-
coagulants within the glycocalyx contributes 
to the nonthrombogenic nature of the endothe-
lial surface [52]. Trauma, sepsis, and other 
critical illnesses induce glycocalyx shedding, 
leading to persistent elevations of plasma hep-
aran sulfate and thrombomodulin fragments 
[53, 56, 58] that correlate with ARDS mortal-
ity [59]. Shedding of these cell-surface antico-
agulants promotes circulating anticoagulation 
[53, 60, 61] while potentially (and paradoxi-
cally) inducing a procoagulant state on the 
denuded endothelial surface [62]. Similar 
decompartmentalization of endogenous anti-
coagulants has been seen in the airspace as 
ARDS is associated with shedding of heparan 
sulfate [63] and thrombomodulin [56] into the 
alveolar space.

• Fibrinolysis shut down. Observational studies 
have demonstrated that impaired fibrinolysis, 
mediated by either loss of plasminogen or, 
more frequently, increased expression of fibri-
nolysis inhibitors (e.g., PAI-1), occurs in 
trauma patients and is associated with ARDS 
onset and mortality [18, 24, 54, 55, 64]. Such 
loss of fibrinolytic activity occurs in both 
intravascular [24, 54, 55] and intraalveolar 
[18] spaces.

As with tissue factor, however, the pres-
ence and impact of pulmonary fibrinolysis 
inhibition is complex. Upregulation of PAI-1 
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and other urokinase inhibitors may be offset 
by alveolar expression of α2-macroglobulin, 
which shields urokinase from large-weight 
inhibitors while maintaining urokinase amido-
lytic activity [65]. However, α2-macroglobulin 
binding inhibits nonfibrinolytic functions of 
urokinase, as complexed urokinase is unable 
to activate epithelial cells [65]. Furthermore, a 
murine acid aspiration model was unaffected 
by whole-body deficiency of PAI-1, suggest-
ing that inhibition of fibrinolysis is dispens-
able for direct lung injury [48].

 Attempts to Therapeutically Target 
Pulmonary Coagulation 
Abnormalities in Patients 
with Critical Illness

Given the potential contributions of tissue factor 
activation, loss of endogenous anticoagulants, 
and fibrinolysis inhibition to trauma- and 
nontrauma- associated ARDS, there is increasing 
interest in pulmonary coagulation as a therapeu-

tic target in lung injury. Despite promising pre-
clinical studies, human trials of 
coagulation-targeted therapeutics have been 
largely disappointing (Table 38.1). Notably, these 
studies have primarily enrolled nontrauma criti-
cally ill patients, reflecting reluctance to expose 
trauma subjects to potential hemorrhagic 
complications.

• Tissue factor inhibitors. As described in sec-
tion “Contribution of Key Components of the 
Extrinsic Coagulation Cascade to Trauma- 
Associated ARDS” of this chapter, preclinical 
studies have suggested a beneficial effect of 
inhibiting intravascular (but not intraalveolar) 
tissue factor. Disappointingly, clinical trials 
revealed no impact of intravenous administra-
tion of tissue factor inhibition on patient out-
comes in sepsis (a cause of indirect lung 
injury, [66]) or severe community-acquired 
pneumonia (a cause of direct lung injury, [67]) 
(Table 38.1).

• Administration of exogenous anticoagulants. 
Despite evidence of preclinical effectiveness 

Table 38.1 Randomized, controlled, multicenter studies of coagulation-targeted therapies in critically ill patients with 
ARDS or illnesses predisposing for ARDS

Study Study population/intervention Impact on coagulation
Impact on 
inflammation

Impact on clinical 
outcomes

Tissue factor pathway inhibitor (TFPI)
Abraham 
et al. [66]

1754 adult patients with sepsis, 
organ failure, and international 
normalized ration (INR) ≥1.2. 
201 patients with sepsis, organ 
failure, and INR <1.2. 
Randomized to receive 
intravenous (iv) tifacogin 
(recombinant TFPI) 0.025 mg/
kg/h or placebo × 96 hours. 
35% of patients had undergone 
major surgical procedure in 
7 days prior to randomization.

Increased circulating 
TFPI. Decreased 
plasma prothrombin 
fragment 1.2 and 
thrombin: 
antithrombin 
complex levels.

Not reported. No change in 28 day 
mortality. No benefit in 
patients with P/F ratio 
<300 at study entry. 
Trend (p = 0.051) 
towardmortality benefit 
in patients with INR 
<1.2.

Wunderink 
et al. [67]

2138 adult patients (168 
centers) with severe 
community-acquired 
pneumonia. TBI (within 
previous month) patients 
excluded. Patients randomized 
to iv TFPI 0.025 mg/kg/h, 
0.075 mg/kg/h, or 
placebo × 96 hours.

Decreased plasma 
prothrombin 
fragment 1.2 and 
thrombin: 
antithrombin 
complex levels.

Not reported. No change in 28 day 
mortality. No change in 
progression to 
ARDS. No change in 
pulmonary dysfunction.
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Table 38.1 (continued)

Study Study population/intervention Impact on coagulation
Impact on 
inflammation

Impact on clinical 
outcomes

Antithrombin III
Warren 
et al. [70]

3314 adult patients (211 
centers across 19 countries) 
with sepsis/septic shock. 46% 
of patients were surgical. 
Excluded patients with severe 
cranial or spinal trauma in 
previous year. Randomized to 
intravenous antithrombin III 
(30,000 units over 4 days) or 
1% albumin as control.

Increased circulating 
antithrombin-III 
levels.

Not reported. No change in 28 day 
mortality in overall 
population or surgical 
subgroup.

Activated Protein C
Bernard 
et al. [73]

1690 adult patients (164 
centers across 11 countries) 
with sepsis and organ failure. 
3.3% of experimental and 
5.1% of control group had 
recent trauma. Excluded 
patients with TBI or “trauma 
considered to increase the risk 
of bleeding.” Randomized to iv 
activated protein C 24 μg/kg/h 
vs. placebo × 96 hours.

Decreased plasma 
D-dimer.

Decreased 
plasma 
interleukin 6 
(IL-6).

Decreased 28-day 
mortality (absolute risk 
reduction 6.1%).

Liu et al. 
[74]

75 adult patients (8 centers) 
with ARDS; patients with 
sepsis and APACHE-II >25 
excluded. Excluded 4.1% of 
screened patients for 
“increased risk of bleeding due 
to trauma”. Randomized to iv 
activated Protein C 24 μg/kg/h 
vs. placebo × 96 hours.

Increased circulating 
protein C levels. No 
impact on PAI-1.

No effect on 
plasma IL-6.

No benefit in ventilator- 
free days, 60-day 
mortality, or any other 
measured outcome.

Ranieri 
et al. [76]

1697 adult patients with septic 
shock. Excluded TBI or trauma 
with increased risk of severe 
bleeding. Randomized to iv 
activated protein C 24 μg/kg/h 
vs. placebo × 96 hours.

Increased circulating 
protein C activity.

Not reported. No benefit in 28, 90 day 
mortality. No change in 
sequential organ failure 
assessment (SOFA) 
scores.

Heparin
Bandeshe 
et al. [79]

214 adult patients (3 ICUs) 
mechanically ventilated 
>48 hours (9% trauma). 94% 
of subjects enrolled at one site. 
Randomized to nebulized 
heparin (5000 units every 
6 hours), nebulized saline, or 
usual care.

No effect on systemic 
coagulation. Airspace 
coagulation not 
reported.

Airspace 
inflammation 
not reported.

No effect on ventilator- 
induced pneumonia or 
organ-specific 
SOFA. Nebulized saline 
group had higher risk of 
ARDS development than 
heparin or usual care 
groups.

(continued)
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[30, 68, 69], exogenous administration of anti-
coagulants have been largely disappointing in 
trials of sepsis or ARDS (Table  38.1). 
Intravenous administration of antithrombin III 
[70] or thrombomodulin [71, 72] failed to 
improve outcomes in sepsis despite success-
fully inducing systemic anticoagulation. 
While the 2001 PROWESS study demon-
strated a substantial mortality benefit of intra-
venous activated protein C in sepsis [73], this 
benefit did not translate to ARDS patients [74] 
despite the ability of activated protein C to 
successfully attenuate pulmonary coagulopa-
thy [74, 75]. Ultimately, a follow-up study of 
activated protein C in septic shock failed to 
reproduce the promising findings of 
PROWESS [76], leading to removal of this 
drug (drotrecogin alpha) from the market. 
Despite some success of systemic heparin in 
preclinical models [68], human studies of 
intravenous heparin in sepsis and lung injury 
are sparse and largely inconclusive [77–79].

Given concerns for the bleeding risk of sys-
temic anticoagulation (in trauma and nontrauma 
critical illness), several studies have sought to 
determine the feasibility and efficacy of inhaled 

anticoagulants in lung injury. Despite promising 
preclinical studies, human trials failed to dem-
onstrate meaningful benefit for patients with 
ARDS or at-risk for ARDS [79–81].

• Administration of exogenous fibrinolytics. 
Given concerns about the hemorrhagic risk of 
systemic fibrinolysis in critically ill patients, 
there has been interest in the use of nebulized 
fibrinolytics in overcoming the upregulation of 
PAI-1 during lung injury. However, studies of 
inhaled fibrinolytics in animal models of ARDS 
yielded mixed results. While inhaled tissue 
plasminogen activator attenuated IL- 1- induced 
ARDS [82], nebulized fibrinolytics only 
induced transient (and modest) benefit after 
cotton-smoke-induced lung injury [83]. The 
efficacy of nebulized fibrinolytics was notably 
modified by ventilator strategy and frequency 
of suctioning [83]. Despite these conflicting 
preclinical data, a small clinical study of 
patients with refractory ARDS (using a nonran-
domized control group with a substantial 90% 
mortality) suggested substantial benefit of neb-
ulized fibrinolytics as a rescue therapy [84].

The use of systemic fibrinolytics is rela-
tively contradicted in patients with multi-

Study Study population/intervention Impact on coagulation
Impact on 
inflammation

Impact on clinical 
outcomes

Thrombomodulin
Vincent 
et al. [71]

741 adult patients (33 ICUs 
across 17 countries) with 
sepsis and suspected 
DIC. Excluded if recent history 
of significant bleeding. 
Randomized to iv 
thrombomodulin (0.06 mg/
kg/d) × 6 days or placebo.

Lower plasma 
D-dimer, 
prothrombin 
fragment 1.2, 
thrombin: 
antithrombin 
complexes.

No difference 
in systemic 
inflammatory 
markers.

No effect on 28 day 
mortality or indices of 
organ failure (including 
ventilator-free days).

Vincent 
et al. [72]

816 adult patients (159 sites 
across 26 countries) with 
sepsis, cardiovascular and/or 
respiratory failure, and both 
INR >1.4 and platelets 
30–150 × 109/L.    Excluded 
patients with TBI or recent 
(3 month history) of trauma 
associated with increased risk 
of bleeding. Randomized to iv 
thrombomodulin (0.06 mg/
kg/d) × 6 days or placebo.

Lower plasma 
D-dimer, 
prothrombin 
fragment 1.2, 
thrombin: 
antithrombin 
complexes.

Not reported. No effect on 28 day 
mortality. Indices of 
organ failure not 
reported.

Table 38.1 (continued)
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trauma, reflecting a heightened risk of 
hemorrhage. However, limited preclinical and 
clinical data suggest that intravenous fibrino-
lytics might be administered safely to patients 
with trauma- associated ARDS, with potential 
for efficacy. Hardaway and colleagues demon-
strated that intravenous fibrinolytics, adminis-
tered to anesthetized pigs 4  hours after 
(nonhemorrhagic) blunt soft tissue trauma, 
prevented the onset of acute lung injury [85]. 
The investigators followed up on these intrigu-
ing preclinical data with a phase I (observa-
tional) study of 20 severe ARDS patients (ages 
3–50) admitted to two ICUs in the United 
States and  Germany [86]. Twelve of the 
enrolled patients were posttrauma, 5 of whom 
had experienced antecedent hemorrhage. In 
these patients, 24-hour infusion of urokinase 
coincided with improved arterial oxygenation 
without causing bleeding; this infusion could 
be safely repeated if recurrent hypoxia 
occurred. These data, while intriguing, require 
careful validation in larger studies of patients 
at low risk of bleeding. Alternative approaches 
to promote fibrinolysis, such as manipulations 
of annexin A2 signaling [87], may be effective 
with an improved safety profile.

 Lessons Learned From Failed 
Clinical Trials of Anticoagulants 
in Critical Illness

It is important to acknowledge that the failure of 
numerous trials of coagulation-targeted therapeu-
tics could support the “null hypothesis” that 
coagulation is not a meaningful contributor to 
human ARDS.  However, given the presence of 
substantial mechanistic and observational data 
supporting a role for pulmonary coagulation in 
the pathogenesis of lung injury, failures of these 
randomized trials may alternatively reflect scien-
tific and practical challenges that commonly 
complicate trials of ARDS pharmacotherapies:

• In vivo drug efficacy. It is possible that admin-
istered anticoagulants/profibrinolytics do not 
effectively penetrate the chaotic multicellular 

milieu of an injured alveolus. This concern is 
partially offset by evidence that interventions 
which failed to improve patient outcomes nev-
ertheless successfully impacted systemic indi-
ces of host coagulation (Table 38.1). However, 
agents capable of inducing systemic antico-
agulation may still not adequately interrupt 
fibrin formation within the injured lung. 
Hypoxic vasoconstriction (augmented by pul-
monary microthrombi) may shunt intrave-
nously delivered agents away from injured 
alveoli, while inhaled drugs may preferen-
tially deposit in normal, compliant airspaces.

• Compartmentalization of signaling pathways. 
As previously described in the study of tissue 
factor in ARDS, the location at which extrin-
sic coagulation occurs may impact its biologic 
impact. Blockade of local, alveolar epithelial 
production of tissue factor tends to worsen 
outcomes in preclinical models, while sys-
temic blockade of intravascular coagulation 
tended to improve outcomes. However, these 
disparate, compartmental-specific effects of 
coagulation are not clearly recapitulated in 
therapeutic studies of anticoagulants, which 
consistently failed to improve outcomes 
(Table 38.1) even when administered intravas-
cularly to patients with systemic (intravascu-
lar) illnesses such as sepsis.

• Complexity of the extrinsic coagulation cas-
cade. Components of the extrinsic coagulation 
cascade are mechanistically promiscuous, 
interfacing with a variety of homeostatic and 
pathogenic pathways implicated in lung injury 
and repair. Thrombomodulin, simplistically 
an activator of protein C, also inhibits 
thrombin- induced cleavage of PAR receptors, 
interrupts damage-associated molecular pat-
terns, directly shapes mitogen-activated pro-
tein (MAP) kinase and nuclear factor-kappa B 
(NF-κB) signaling, and can dramatically 
induce TAFI production [88, 89].

Heparin, an activator of antithrombin III, 
also binds avidly to circulating protein ligands, 
promoting both injurious and reparative 
growth factor pathways [63]. Fibrinolytics, in 
addition to promoting fibrin breakdown, can 
influence epithelial apoptosis, epithelial- 
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mesenchymal transition, and coagulation acti-
vation [20]. Given these highly interdependent 
yet widely disparate effects of components of 
the extrinsic coagulation cascade, it seems 
unlikely that single coagulation-targeted agent 
would consistently impart beneficial effects 
across the chaotic signaling milieu of an 
injured alveolus. Given these challenges, there 
is increasing interest in using multiple agents 
to simultaneously target both coagulation and 
inflammation, akin to the synergistic benefit 
of simultaneous DNAse and tPA in managing 
empyema [90].

• Assumption that sepsis pathogenesis is rele-
vant to trauma-associated ARDS. While this 
review has endeavored to focus on data 
derived from studies of trauma-associated 
ARDS, this literature remains sparse. As such, 
much of the current understanding of injuri-
ous pulmonary coagulation continues to be 
derived from studies of infection-induced lung 
injury (e.g., sepsis or pneumonia), reflecting 
the high prevalence of infection as a cause of 
human ARDS [2]. Furthermore, randomized 
controlled trials of anticoagulant therapies 
often exclude trauma patients under the guise 
of avoiding hemorrhage (Table  38.1). As 
trauma-induced ARDS likely reflects a dis-
tinct pathogenic process than infection- 
induced ARDS, the failures of multicenter 
studies of anticoagulants in ARDS may sim-
ply not apply to trauma-associated ARDS.

• ARDS endotypes. The failure to impact ARDS 
outcomes is not unique to coagulation- targeted 
therapies. Indeed, there exists no known clini-
cally efficacious, pathogenesis-targeted ther-
apy in ARDS.  These failures may represent 
clinical trials’ tendency to falsely homogenize 
ARDS as a single disease state. Just as a single 
chemotherapeutic would be unlikely to treat 
all forms of cancer, administration of a single 
drug to all types of ARDS would be unlikely 
to consistently produce beneficial outcomes. 
Calfee and colleagues, using baseline patient 
data collected from two ARDS Network stud-
ies (of which 13% and 9% of patients were 
trauma-associated ARDS, respectively), per-
formed unbiased latent class analysis to deter-
mine that clinically diagnosed ARDS in fact 

represents two distinct disease states [91]. 
One phenotype, milder in severity and 
accounting for two thirds of ARDS patients, 
was characterized by elevated circulating PAI- 
1. The other, more severe phenotype was char-
acterized by suppressed circulating protein 
C. These findings have since been validated in 
other ARDS Network studies [92, 93] and by 
other groups [94]. It is unknown if these sub-
phenotypes would similarly exist in a trauma- 
enriched ARDS cohort, or if the distinct 
coagulation signature of each phenotype 
would lead to divergent responses to 
coagulation- focused therapies.

 Summary

Investigating the role of coagulation in the onset 
and progression of trauma-associated ARDS 
reveals challenges common to many studies of 
ARDS pathogenesis. While activation of intra-
vascular and intraalveolar coagulation has been 
repeatedly observed within the lungs of patients 
and animals after trauma, the signaling pathways 
responsible for these changes are highly com-
plex, incorporating multifaceted interactions 
with processes of lung inflammation and repair. 
Accordingly, most studies of coagulation- 
targeted therapies have failed to convincingly 
impact patient outcomes. There is reason for 
optimism, however—an emerging appreciation 
for the etiologic (traumatic vs. nontraumatic) and 
phenotypic (PAI-1-high vs. protein C-low) het-
erogeneity of ARDS suggests that future studies 
may be able to select patients most likely to 
respond to anticoagulant or profibrinolytic thera-
pies. Such precision medicine approaches may 
substantially improve the care of patients with 
posttraumatic ARDS.
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Management of Chronically 
Anticoagulated Patients

Jerrold H. Levy

 Introduction

Critically ill patients who present following 
trauma or are in an intensive care unit (ICU) 
often receive or require anticoagulation for mul-
tiple reasons that include stroke prevention, atrial 
fibrillation (AF), mechanical valves, and venous 
thromboembolic disease [1, 2]. The need for ther-
apy and type of anticoagulant vary depending on 
whether patients have arterial or venous throm-
boembolic issues. Both these issues are impor-
tant following traumatic injury and have 
significant implications for patient management. 
There are also important interactions and links 
between coagulation and other physiologic 
responses, including inflammation, that are 
beyond the scope of this chapter.

Many types of oral anticoagulant therapies are 
available that include (vitamin K antagonists 
[VKAs, e.g., warfarin] and the direct nonvitamin 
K oral agents (apixaban, dabigatran, edoxaban, 
rivaroxaban), and platelet inhibitors (thienopyri-
dines [e.g., clopidogrel, prasugrel] and nucleo-
side analogs [e.g., ticagrelor]) [3–5]. 
Occasionally, patients may also be receiving low- 
molecular- weight heparin (LMWH) as self- 

administration for chronic therapy. Patients may 
also be receiving an anticoagulation agent for 
thromboprophylaxis and have concomitant coro-
nary artery disease and are chronically treated 
with antiplatelet therapy.

All of the available anticoagulant therapies 
prevent thrombus formation in pathologic states 
but can also exacerbate bleeding following trau-
matic or surgical injury. Patients tend to have 
significant morbidity and mortality owing to 
their procoagulant diseases, but the anticoagu-
lant therapy they receive creates an important 
acquired hemostatic defect due to alterations in 
the physiologic procoagulant/anticoagulant 
equilibrium [1, 4]. Trauma alone produces a 
complex coagulopathic state, which is the sub-
ject of this book. The acquired hemostatic defect 
in the anticoagulated patient may further con-
tribute to the trauma- induced coagulopathy that 
occurs following trauma or during emergency 
surgery.

Critical to understanding the effects of chronic 
anticoagulation is that hemostasis is far more 
complex than the simplified coagulation cascades 
that most clinicians have learned in medical 
school [6–10]. The complex equilibrium among 
blood cells, platelets, coagulation factors, natural 
inhibitors of coagulation, and the fibrinolytic sys-
tem is altered by a procoagulant state, and antico-
agulant therapy is instituted to alter the pathologic 
responses of hypercoagulability [11]. Patients 
may also have arterial disease and may have 
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stents in their coronary or cerebral circulation, 
adding to the complexity of the situation. Arterial 
thrombi are mediated by platelet responses 
although coagulation, hemostasis, and thrombus 
formation involve important cross talk between 
endothelial cells, platelets, and coagulation pro-
teins [8, 12].

Arterial injury serves as a procoagulant focus 
for clot formation due to platelet adhesion, acti-
vation, and aggregation. This is a normal physi-
ologic process but can be pathologic in the case 
of plaque rupture, myocardial infarction, and/or 
stroke [13, 14]. Platelets normally circulate in 
an inactivated state, but following activation 
they express glycoprotein IIb/IIIa (GpIIb/IIIa) 
receptors, allowing fibrinogen to bind, cross-
link, and aggregate platelets to form a thrombus 
[14, 15]. Vascular injury causes thrombin for-
mation but also platelet activation, and the 
platelet–fibrinogen plug is formed. Since plate-
lets have a pivotal role in the pathogenesis of 
thrombosis after plaque rupture, antiplatelet 
agents including aspirin, thienopyridines (clopi-
dogrel, prasugrel), nucleoside analogs (ticagre-
lor), and the GpIIb/IIIa inhibitors reduce adverse 
events that are associated with plaque rupture 
[16, 17].

Patients may present with underlying hemo-
static disorders following trauma, during surgery, 
or in the ICU because of chronic anticoagulation 
and/or antiplatelet therapy [18]. All therapies that 
prevent clot formation in pathologic states also 
interfere with normal hemostasis, an important 
mechanism that protects patients from excessive 
bleeding [19, 20]. Therefore, in cases of trauma, 
or prior to emergency surgery, these patients 
require rapid anticoagulation reversal. It is worth 
noting that a patient’s anticoagulant therapy will 
need to be reinitiated posttrauma and surgery; 
prophylaxis for deep vein thrombosis (DVT), 
pulmonary embolism (PE), and venous thrombo-
embolism (VTE) may also be required once 
hemostasis is established and hemorrhage is 
controlled.

This chapter focuses on chronic oral antico-
agulant therapies and the therapeutic approaches 
used to treat or prevent bleeding in patients in 
cases of trauma or emergency surgery.

 Anticoagulation

Anticoagulation is based on inhibiting both 
thrombin and platelet activation [4, 10, 21–23]. 
Thrombin is a potent procoagulant that generates 
fibrin from soluble fibrinogen, activating coagu-
lation factors (F) V and VIII, and platelets [8]. 
Activated platelets adhere to injured vascular 
endothelia, express GpIIb/IIIa receptors, aggre-
gate, and further increase generation of thrombin 
[24]. Due to the complex humoral and cellular 
amplification systems linking both hemostatic 
and inflammatory responses, there are multiple 
pathways to produce thrombin and prothrom-
botic effects [10, 19]. Anticoagulants currently 
used orally to prevent clot formation are consid-
ered in the following sections.

 Oral Anticoagulants

 VKAs: Warfarin

Warfarin  is the only oral VKA available in the 
USA. It is an effective anticoagulation agent that 
acts by inhibiting vitamin K epoxide reductase, 
the enzyme that posttranslationally modifies the 
vitamin K–dependent coagulation proteins (FII 
[prothrombin], FVII, FIX, and FX), converting 
them to their active forms. Warfarin’s onset of 
action is slow, and it takes several days to decrease 
coagulation factors to the ~20–45% level that is 
required for a therapeutic international normal-
ized ratio (INR) of 2–3 [25]. Despite the increased 
availability of newer agents, warfarin and other 
VKAs continue to be widely used due to the 
extensive experience that has been accrued with 
these agents in a broad spectrum of indications, 
including mechanical cardiac valves and ventric-
ular assist devices.

 Nonvitamin K Oral Agents: Apixaban, 
Dabigatran, Edoxaban, Rivaroxaban

The new target-specific nonvitamin K oral anti-
coagulation agents have a rapid onset of action, 
and therapeutic anticoagulation is achieved 
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within hours of administration. Dabigatran is a 
direct thrombin (FIIa) inhibitor, while apixaban, 
edoxaban, and rivaroxaban are direct FXa inhib-
itors; in contrast to LMWH, FXa inhibitors 
exert their anticoagulant effect independently of 
antithrombin [2, 5]. The nonvitamin K oral anti-
coagulants (NOACs) require dose adjustments 
in patients with renal failure. These agents will 
be considered separately in the following 
sections.

 Dabigatran Etexilate (Pradaxa®, 
Boehringer Ingelheim 
Pharmaceuticals Inc., Ridgefield, 
CT, USA)

Dabigatran etexilate  is an oral, direct thrombin 
inhibitor currently approved in the USA to 
reduce the risk of stroke and systemic embolism 
in patients with nonvalvular AF; for the treat-
ment of DVT and PE in patients who have been 
treated with a parenteral anticoagulant for 
5–10  days; to reduce the risk of recurrence of 
DVT and PE in patients who have been previ-
ously treated; and for the prophylaxis of DVT 
and PE in patients who have undergone hip 
replacement surgery [26]. Dosing should be 
adjusted for patients with renal dysfunction [26]. 
The capsule is specially formulated and cannot 
be altered or crushed for administration in an 
ICU setting.

 Apixaban (Eliquis®, Bristol-Myers 
Squibb Company, Princeton, NJ, USA)

Apixaban  is an FXa inhibitor anticoagulant 
approved in the USA to reduce the risk of stroke 
and systemic embolism in patients with nonval-
vular AF; for the prophylaxis of DVT, which may 
lead to PE, in patients who have undergone hip or 
knee replacement surgery; and for the treatment 
of DVT and PE, and the reduction in the risk of 
recurrent DVT and PE following initial therapy 
[27]. The apixaban formulation can be crushed 
and given through a feeding tube if needed in the 
ICU setting.

 Rivaroxaban (Xarelto®, Janssen 
Pharmaceuticals Inc., Titusville, 
NJ, USA)

Rivaroxaban is a direct-acting oral, FXa inhibitor 
that, unlike heparins, does not require antithrom-
bin [28]. Rivaroxaban has the broadest indica-
tions of all of the NOACs and is approved in the 
USA for reducing the risk of stroke and systemic 
embolism in patients with nonvalvular AF; for 
the treatment of DVT and PE, and for the reduc-
tion in the risk of recurrent DVT and/or PE; for 
the prophylaxis of DVT, which may lead to PE in 
patients undergoing knee or hip replacement sur-
gery; and in combination with aspirin, to reduce 
the risk of major cardiovascular events (cardio-
vascular [CV] death, myocardial infarction [MI] 
and stroke) in patients with chronic coronary 
artery disease (CAD) or peripheral artery disease 
(PAD).

 Measurement of NOAC-Induced 
Anticoagulation

One of the major advantages of the NOACs is 
that coagulation monitoring is not necessary for 
their management. In addition, overall dosing 
recommendations are simple, based on renal 
function and indication, i.e., VTE prophylaxis, 
thromboembolism treatment, or prevention of 
stroke in patients with AF. Nevertheless, specific 
quantitative testing to determine the anticoagu-
lant effect of NOACs may be required following 
trauma, prior to emergency surgery, and/or in 
cases of significant bleeding. When managing a 
patient in one of these scenarios, it is helpful to 
determine when the last dose of anticoagulant 
therapy was given, especially in cases of patients 
needing urgent surgery or procedural interven-
tions; this is also useful in assisting with the 
interpretation of coagulation test results. 
However, obtaining an accurate medical history 
can sometimes be difficult for a trauma patient or 
in the emergency department (ED). Knowing the 
renal function at the time of coagulation testing is 
also essential since renal excretion is a major 
component of the elimination mechanism for 
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some of these agents, particularly dabigatran 
(Table 39.1) [29–31].

Overall, as screening and qualitative assess-
ments of effect but not definitive tests, the activated 
partial thromboplastin time (aPTT) is prolonged by 
dabigatran. The prothrombin time (PT) is mini-
mally affected with apixaban, rivaroxaban, and 
other FXa inhibitors and is not reliable in determin-
ing drug effects unless a specifically calibrated 
assay is used [31–33]. Following trauma, multiple 
factors influence the PT and it is frequently pro-
longed even in the absence of FXa inhibitors. 
Specific quantitative tests for FXa inhibitors exist 
but may not be readily available in the urgent situa-
tion of trauma or in the ED. Recommendations sug-
gest that point- of- care testing should not be used to 
assess INR in patients receiving NOACs although 
drug specific testing is under development [34].

The coagulation tests used to manage NOACs 
in trauma or emergency situations are summa-
rized in Table 39.1 and are discussed further in 
the following sections.

 Measuring and Monitoring 
Dabigatran

The anticoagulant effects of dabigatran can be 
monitored using thrombin clotting time/thrombin 
time (TT) and aPTT values, although TT is gen-
erally preferred [29–34]. The aPTT provides an 
evaluation of dabigatran effect, but a normal 
aPTT does not exclude its presence. The INR and 
PT are not affected by dabigatran at therapeutic 
concentrations and should not be used for assess-
ing its anticoagulant effect. However, in cases 
where dabigatran levels are several times higher 
than therapeutic levels, the PT/INR can be ele-
vated. The ecarin clotting time can be used to 
assay direct thrombin inhibitors, but this is not 
used in most centers, especially in the USA. Most 
centers can measure TT, and a normal TT 
excludes a dabigatran effect. A specialized assay 
that uses a diluted TT is helpful for specific mea-
surement of dabigatran levels when needed. This 
assay is available in some centers as the 

Table 39.1 Pharmacokinetics and monitoring of NOACs [1, 28–31]

Dabigatran Apixaban Edoxaban Rivaroxaban
Plasma peak 
level

2 h after ingestion 1–4 h after ingestion 1–2 h after ingestion 2–4 h after ingestion

Plasma trough 
level

12–24 h after 
ingestion

12–24 h after ingestion 12–24 h after ingestion 16–24 h after ingestion

PT Not for routine 
monitoring

Cannot be used May be prolonged May be prolonged: may 
indicate excess bleeding 
risk

INR Cannot be used Cannot be used Cannot be used Cannot be used
aPTT At trough >2× 

ULN suggests 
excess bleeding 
risk

Cannot be used Cannot be used Cannot be used

dTT At trough 
>200 ng/ml or 
>65 s: excess 
bleeding risk

Cannot be used Cannot be used Cannot be used

Anti-FXa 
chromogenic 
assays

Not applicable Quantitative if 
calibrated: no data on 
threshold values for 
bleeding or thrombosis

Quantitative if 
calibrated: no data on 
threshold values for 
bleeding or thrombosis

Quantitative if 
calibrated: no data on 
threshold values for 
bleeding or thrombosis

ECT At trough: ≥3× 
ULN: excess 
bleeding risk

Not affected Not affected Not affected

Data from Refs. [1, 2, 4, 26–29]
aPTT activated partial thromboplastin time, dTT diluted thrombin time, ECT ecarin clotting time, F factor, INR interna-
tional normalized ratio, N/A not applicable, PT prothrombin time, ULN upper limit of normal
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Hemoclot® test and can exclude a clinically rel-
evant anticoagulant effect.

 Measuring and Monitoring 
Apixaban, Edoxaban, 
and Rivaroxaban (FXa Inhibitors)

Therapeutic levels of FXa inhibitors have mini-
mal effects on the PT, and as noted, multiple fac-
tors can also prolong the PT/INR in trauma 
patients. The effects of FXa inhibitors on PT also 
depend on the type of assay, the particular agent, 
and the PT reagents used. All clotting tests use a 
specific tissue thromboplastin. INR is used spe-
cifically for warfarin and other VKAs and cannot 
be used for determining the effects of apixaban, 
rivaroxaban, or other FXa inhibitors. The aPTT 
is also not appropriate for determining the effects 
of the FXa inhibitors. The most sensitive assay 
to monitor FXa inhibitors is a drug specific anti-
Xa chromogenic assay. This is similar to the 
anti- FXa assay used to monitor LMWH therapy 
but is calibrated to the specific FXa inhibitors 
[29–34].

 Emergency Management 
of Patients on Oral Anticoagulants

Following trauma or prior to emergency surgery, 
urgent anticoagulation reversal or management 
plans are needed, especially in patients with acute 
bleeding. Specific reversal therapies for the 
NOACs are now currently available and will be 
considered and are part of a multimodal strategy 
for managing these emergencies. Managing 
bleeding and therapeutic approaches in this 
patient population are discussed in the following 
sections.

 Managing Bleeding Associated 
with Warfarin and Other VKAs

Various treatment options for VKA reversal are 
available depending upon the urgency for rever-
sal [25]. Vitamin K supplementation is important 

in the trauma and/or bleeding patient; however, it 
will not immediately reverse the anticoagulant 
effect of VKAs. Therefore, additional therapies 
are needed in emergency situations, as detailed in 
the American College of Cardiology Task Force 
on Expert Consensus Decision Pathways [36]. 
Fresh frozen plasma (FFP) is often used for VKA 
reversal. However, transfusion of FFP is unable 
to restore the INR to baseline, and usually only 
reduces INR to ~1.4–1.5 [25]. Furthermore, 
transfusion of FFP is associated with various 
safety issues, such as volume overload. 
Prothrombin complex concentrates (PCCs) can 
also be used for urgent VKA reversal. In the 
USA, PCCs are available as 4-factor (4F-PCC; 
Kcentra®, CSL Behring, King of Prussia, PA), or 
3-factor (3F-PCC; Profilnine® SD, Grifols 
Biologicals Inc. Los Angeles, CA, USA and 
Bebulin®, Baxter AG, Vienna, Austria). The 
3F-PCCs do not contain clinically relevant 
amounts of FVII.

The management of warfarin-associated 
bleeding in trauma or emergency surgery settings 
has been greatly facilitated by the advent of bal-
anced PCCs that contain all four vitamin 
K-dependent factors [25]. Multiple guidelines 
recommend the use of 4F-PCCs for urgent warfa-
rin reversal [25]; however, clinicians still con-
tinue to use fresh frozen plasma/plasma for 
reversal in the USA. Therefore, warfarin reversal 
remains a clinical challenge.

Sarode et al. conducted a prospective clinical 
trial comparing a nonactivated 4F-PCC 
(Kcentra®, containing coagulation factors II, 
VII, IX, and X and proteins C and S) with plasma 
for urgent VKA reversal in patients with acute 
major bleeding [36]. Their primary analyses 
examined whether 4F-PCC was noninferior to 
plasma for two coprimary endpoints of hemo-
static efficacy (assessed over 24 h from start of 
infusion) and rapid INR correction (INR ≤ 1.3 at 
0.5 h after end of infusion). The intention-to-treat 
efficacy population consisted of 202 patients (4F- 
PCC: n = 98; plasma: n = 104). Baseline charac-
teristics, including baseline INR values, were 
similar between groups. 4F-PCC was noninferior 
to plasma for hemostatic efficacy and both nonin-
ferior and superior to plasma for rapid INR 

39 Management of Chronically Anticoagulated Patients



668

reduction. Effective hemostasis was achieved in 
72.4% and 65.4% of patients in the 4F-PCC and 
plasma groups, respectively (Fig.  39.1). Rapid 
INR reduction was achieved in 62.2% and 9.6% 
of patients in the 4F-PCC and plasma groups, 
respectively (Fig.  39.1). Mean plasma levels of 
vitamin K-dependent factors were higher in the 
4F-PCC group than in the plasma group from 0.5 
to 3 h after the start of infusion (p < 0.02). There 
was no significant difference in the occurrence of 
adverse events, serious adverse events, thrombo-
embolic events, and deaths between treatment 
groups, although fluid overload events occurred 
more frequently in plasma-treated than in 
4F-PCC-treated patients (12.8% and 4.9%, 
respectively) (Fig. 39.1). The authors concluded 
that 4F-PCC is an effective alternative to plasma 
for urgent VKA reversal in patients with major 
bleeding events [36].

 Managing Bleeding Associated 
with NOACs

As previously discussed, NOACs are adminis-
tered without routine monitoring; however, spe-
cialized tests can be implemented to evaluate 
their anticoagulant effects in bleeding patients. 
To reiterate, for dabigatran, TT and diluted TT 
(Hemoclot® assays) are the most sensitive, while 
aPTT is a qualitative assessment of anticoagula-
tion. The anticoagulant effects of FXa inhibitors 
are more difficult to measure and specific drug 
calibrated anti-FXa assays, such as those used for 
LMWH, are required. However, a LMWH assay 
can be used as a qualitative assay to determine 
the presence but not the level of a factor Xa 
inhibitor.

With NOACs, as with any anticoagulant agent, 
bleeding complications are a concern and antico-
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Fig. 39.1 Urgent warfarin reversal in patients with acute 
major bleeding: results from a randomized controlled 
trial. 4F-PCC four-factor prothrombin complex concen-
trate, AE adverse event, INR international normalized 
ratio, SAE serious adverse event, TEEs thromboembolic 
events. *Rapid INR reduction: INR ≤ 1.3 at 0.5 h postin-

fusion start; †intent-to-treat efficacy population (4F-PCC: 
n  =  98; plasma: n  =  104); —reported p-values are 
Farrington–Manning p-values for noninferiority; ‡intent- 
to- treat safety population (4F-PCC: n  =  103; plasma: 
n = 109). (Figure adapted from Sarode et al. [36])
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agulation reversal may be required. Nevertheless, 
most studies suggest that patients fare better on 
NOACs compared with warfarin [37]. In one 
study of 27,419 patients treated with either dabi-
gatran or warfarin for up to 3 years, 1034 patients 
had 1121 major bleeds. The 30-day mortality 
after the first major bleed was 9.1% in the dabiga-
tran group compared with 13.0% in the warfarin 
group, and dabigatran-treated patients required a 
shorter ICU stay compared with patients who 
received warfarin [37]. Studies have also shown 
that bleeding profiles with NOACs, in particular 
those of intracranial and other life-threatening 
bleeding, are more favorable than those with war-
farin [38, 39].

Specific antidotes to antagonize the antico-
agulant effect of NOACs are currently avail-
able for dabigatran, a Fab fragment 
idarucizumab (Praxbind), and currently avail-
able for FXa inhibitors, andexanet alfa [1]. 
Dabigatran reversal with idarucizumab has 
been studied both in medical bleeding patients 
but also surgical, procedural, and trauma 
patients as well. Andexanet alfa was effective 
in the study of 352 patients receiving a factor 
Xa inhibitor but included only intracranial 
hemorrhage [64%] or gastrointestinal bleeding 
[26%] and was not tested in surgical patients 
[40]. The cost of andexanet is approximately 
$25,000/gram. The dosing depends on what 
FXa inhibitor the patient is receiving and when 
the last dose was administered, and factor Xa 
inhibitor levels for ~2–3  h, then levels return 
back to baseline as demonstrated in the clinical 
studies [1].

However, NOACs have a relatively short 
duration of effect in patients with normal renal 
function; therefore, discontinuation of NOACs 
can be sufficient in cases of mild bleeding or 
where surgery can be delayed. Nevertheless, in 
cases of major bleeding or where emergency 
surgery is required, reversal strategies should be 
implemented. Patients receiving NOACs and 
presenting with bleeding should be hemody-
namically and hemostatically resuscitated, and 
therapy should be multimodal, as outlined in 
Fig. 39.2.

Multiple publications including guidance and 
guideline documents are now available to facili-
tate bleeding management in NOAC-treated 
patients [1, 25, 30, 34, 35]. Increasing case series 
and guidelines suggest that the off-label adminis-
tration of PCCs to treat bleeding primarily in 
patients receiving FXa inhibitors [25, 41–44]. As 
a reminder, it should be noted that restoring hemo-
static function may not necessarily equate to good 
clinical outcomes. Recommendations on NOAC-
associated bleeding management are often based 
on guidance/guideline documents that include 
expert opinions; however, increasing information 
and the available of antidotes are greatly improv-
ing our management strategies rather than clinical 
experience. These recommendations will be con-
sidered in the following sections.

 Managing Moderate-to-Severe 
Bleeding in NOAC-Treated Patients

Standard bleeding management strategies, such 
as hemodynamic/hemostatic support and 
mechanical/surgical hemostasis, can be imple-
mented to treat NOAC-associated bleeding. 
Moreover, due to the relatively short half-lives of 
the NOACs compared with VKAs, coagulation is 
usually restored within 24–48 h of the last dose in 
patients with normal renal function. However, 
renal function may be acutely impaired in patients 
with shock. Special precautions should also be 
taken with elderly patients, especially those with 
intracoronary stents and with patients concomi-
tantly receiving NOACs and antiplatelet drugs. 
Early utilization of a massive transfusion proto-
col restoring intravascular blood volume should 
be considered in these patients.

Dabigatran can be reduced using dialysis; 
however with the availability of idarucizumab, 
this technique is seldom used and not feasible in 
shock. Dialysis is not considered to be effective 
in patients receiving FXa inhibitors due to the 
high plasma binding of most FXa inhibitors 
(Table  39.1). The advent of idarucizumab, the 
specific reversal agent for dabigatran, minimizes 
the need for dialysis.
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 Managing Life-Threatening 
Hemorrhage in NOAC-Treated 
Patients

In cases of major bleeding, it is critical that clini-
cians employ a massive transfusion protocol in 
addition to hemostatic management. Although 
this is second nature to trauma physicians, it may 
not be the case with others. A specific reversal 
agent for dabigatran, idarucizumab, a humanized 

monoclonal Fab fragment that selectively binds 
dabigatran and immediately reverses dabigatran- 
induced anticoagulation, has been studied in both 
surgery and trauma as noted in the REVERSE-AD 
study. Andexanet alfa is now approved for when 
reversal of anticoagulation is needed due to life- 
threatening or uncontrolled bleeding. Andexanet 
alfa is a bioengineered human factor Xa decoy 
protein that has been modified to delete the native 
catalytic activity, while retaining the high-affinity 

Patients with bleeding
On NOACs

Mild bleeding

Delay next dose or
discontinue treatment

as appropriate

Symptomatic treatment

Mechanical compression

Surgical intervention

Fluid replacement and

Haemodynamic support

Blood product transfusion

Oralharcoal application (if

dabigatran etexilate ingested

<2 hours before

Haemodialysis (?)

Antidote/reversal agent

Antidote/reversal agent

Haemodynamic and

haemostatic resuscitation

Consideration of PCC,

activated PCC

Moderate/severe bleeding Life threatening
bleeding

Fig. 39.2 Bleeding management strategies for NOAC- 
treated patients. In cases of mild bleeding, stopping or 
delaying the next dose should be considered. NOACs have 
relatively short half-lives, so when stopping the drug in 
patients with normal renal function, the anticoagulant 
effect rapidly decreases compared with warfarin. In 
patients with moderate-to-severe bleeding, standard thera-
peutic approaches should be considered, including sup-
portive care that includes volume resuscitation, 
hemodynamic support with vasoactive therapy, blood 
product transfusions as determined by testing, and identi-
fication of bleeding source that may require surgical or 
another intervention. If the agents were taken within ~2 h 
of admission, administration of oral activated charcoal 
should be considered. For dabigatran, a specific monoclo-
nal Fab fragment reversal agent is available (idaruci-

zumab). Although hemodialysis can remove ~60% of the 
drug after several hours of dialysis, the use of idaruci-
zumab simplifies the management strategy. Factor Xa 
inhibitors including apixaban, edoxaban, and rivaroxaban 
are highly protein bound and will not be cleared by hemo-
dialysis. For patients with life-threatening bleeding, 
hemodynamic and hemostatic resuscitation should be 
considered, with therapy similar to a trauma patient 
including the use of a massive transfusion protocol. Based 
on current data as discussed in the manuscript, the use of 
either 3-factor or 4-factor prothrombin complex concen-
trates (PCCs), depending on their availability, should be 
considered as suggested in guidelines and other docu-
ments as reviewed in this chapter. The use of recombinant 
activated factor VIIa (rFVIIa) is not considered to be 
effective
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binding of factor Xa inhibitors within the enzy-
matic active site. By binding to circulating factor 
Xa inhibitors, andexanet alfa makes endogenous 
factor Xa available to contribute to the coagula-
tion cascade.

Current guidelines include PCCs as part of a 
multimodal approach in patients requiring urgent 
surgery or experiencing life-threatening bleed-
ing.1 Several large patient registries and observa-
tional studies including the Dresden NOAC 
registry, demonstrated the rates, management, 
and outcome of rivaroxaban-related bleeding. Of 
1776 patients, 66 patients experienced a major 
bleeding event, and 6 patients received PCCs at 
doses that range from 18–47 units per kilogram. 
Only one patient had a significant improvement 
in coagulation parameters; five of the six patients 
demonstrated hemorrhage control. In a retrospec-
tive review of patients bleeding due to dabigatran 
or rivaroxaban, a median dose of PCC 40 IU/kg 
was administered in 3 out of 25 patients. All three 
patients had rivaroxaban-associated bleeds (one 
major, two life threatening) and administration of 
PCC successfully resolved the bleeding in all 
cases. With regards to the perioperative setting, a 
retrospective, multicenter study investigated 
patients who received 4F-PCC for treatment of 
the anticoagulation effects of FXa inhibitors 
when developing a pericardial effusion during or 
after atrial fibrillation ablation. In total, 11 
patients were administered 4F-PCC. Two patients 
required further surgery for treatment of the peri-
cardial effusion, while the other nine patients 
were hemodynamically stable and there was no 
recurrence of the pericardial effusion, demon-
strating that 4F-PCC is an effective management 
option in this patient population [44].

The use of 4F-PCCs was recently reported in 
a prospective evaluation of 84 patients receiving 
rivaroxaban or apixaban who were treated with 
PCCs for major bleeding and evaluated for 
thromboembolic events and all-cause mortality 
within 30  days. PCCs were administered at a 
median dose of 2000  IU dose (1500–2000  IU) 
for patients with intracranial hemorrhage 
(n  =  59; 70.2%) or gastrointestinal bleeding 
(n = 13;15.5%). Treatment to stop bleeding was 

considered effective in 58 (69.1%) and ineffec-
tive in 26 (30.9%) of treated patients. The major-
ity of the patients with ineffective hemostasis 
had intracranial hemorrhage (n  =  16; 61.5%), 
and two patients developed an ischemic stroke 5 
and 10 days after PCC administration. A total of 
27 (32%) patients died within 30 days; however, 
there was no control group in the report [41].

An additional report from Canada evaluated 
major bleeding in 66 apixaban or rivaroxaban- 
treated patients treated with 2000 units of PCCs 
and evaluated thromboembolism or mortality 30 
days later. Using a specific evaluation scale, the 
investigators reported cessation of bleeding was 
as good in 65%, moderate in 20%, and poor/none 
in 15% of patients and included patients with 
intracranial hemorrhage or gastrointestinal bleed-
ing. Overall reversal was considered to be effec-
tive in 68% of patients and ineffective in 32%, 
and mortality was 14% in 30 days, with 8% risk 
of thromboembolic events [42].

In a systematic review of current PCC use 
experience and reports for NOAC reversal, Piran 
evaluated the safety and effectiveness of a 
4- factor prothrombin complex concentrate (4F- 
PCC) as an alternative for managing direct FXa 
inhibitor-related major bleeding in a systematic 
literature search conducted up to September 
2018. Ten case series with 340 patients who 
received PCC for direct FXa inhibitor-related 
major bleeding were included. The pooled pro-
portion of patients with effective management 
of major bleeding was 0.69 (95% confidence 
interval [CI], 0.61–0.76) in two studies using 
the International Society on Thrombosis and 
Haemostasis (ISTH) criteria and 0.77 (95% CI, 
0.63–0.92) in eight studies that did not use the 
ISTH criteria; all-cause mortality was 0.16 
(95% CI, 0.07–0.26), and thromboembolism 
rate was 0.04 (95% CI, 0.01–0.08). On the basis 
of evidence with very low certainty from single-
arm case series, it is difficult to determine 
whether 4F-PCC in addition to cessation of 
direct oral FXa inhibitor is more effective than 
cessation of direct oral FXa inhibitor alone in 
patients with direct FXa inhibitor-related major 
bleeding [43].
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In instances of life-threatening bleeding, pro-
hemostatic agents such as PCCs should also be 
considered, especially for bleeding related to the 
Xa inhibitors, or as part of a multimodal strategy 
(Table 39.2) [41–44]. The use of PCCs continues 
to be reported as part of a multimodal strategy 
both in surgical patients and following traumatic 
injury, and PCCs are recommended in current 
guidance documents for managing bleeding [45].

 Multimodal Therapy

In bleeding patients, additional therapy should be 
considered in addition to a specific antidote when 
available that includes monitoring the coagulopa-
thy, repletion of other coagulation factors, antifi-
brinolytics (e.g., tranexamic acid), and allogeneic 
transfusions should be considered as part of a 
multimodal therapeutic approach to manage 
NOAC-associated bleeding. Plasma/FFP may be 

indicated as part of a massive transfusion proto-
col along with other factors but not specifically 
for NOAC reversal. Neither vitamin K nor prot-
amine has any role in managing NOAC-related 
bleeding. Although specific outcome data in 
actively bleeding patients receiving NOACs is 
still evolving, based on the information available 
to date and current reports, the administration of 
PCCs should be considered as part of multimodal 
therapy when major and life-threatening bleeding 
occurs. Based on the growing literature reported 
with PCCs in patients, ~2000 units (~ 25–35 units/
kg) in adults appears to be an appropriate starting 
dose when an antidote/specific reversal agent is 
not available. The role of rFVIIa (NovoSeven®, 
Novo Nordisk A/S, Bagsværd, Denmark) does 
not seem clinically relevant based on current 
information. As previously noted, idarucizumab 
has been studied in surgical, procedural, and 
trauma patients while andexanet alfa has not been 
studied.

Table 39.2 Management of bleeding or emergency surgery in DOAC-treated patients

Mild bleeding
Moderate to severe 
bleeding

Life-threatening 
bleeding Emergency surgery

Identify and 
manage bleeding 
site
Hold 
anticoagulant if 
necessary
Restart 
anticoagulant as 
soon as possible

+ Resuscitation:
  Hemodynamic and 

hemostatic 
resuscitation

  Obtain coagulation 
test results. 
Calculate creatinine 
clearance

Control source of 
bleeding:
  Identify source of 

bleeding and treat if 
possible

Reversal:
Consider reversal if 
there is ongoing 
bleeding (see next 
column)

+ Reversal of 
anticoagulant:
Dabigatran:
Idarucizumab (5 g by 
intravenous bolus)
Apixaban, edoxaban, 
or rivaroxaban
  Consider andexanet 

alfa if available
  4-factor PCC 

(25–50 U/kg)
  If there is ongoing 

bleeding despite 
PCC, consider 
activated PCC 
(50 U/kg)

With massive or 
uncontrollable 
hemorrhage,
initiate massive 
transfusion protocol
  Coagulation tests 

including 
viscoelastic 
monitoring

  Consider tranexamic 
acid (1 g 
intravenously)

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Measure drug levels if 
possible, but do not wait for 
test results if surgery is urgent
  Reverse dabigatran with 

idarucizumab
  Consider off-label use of 

andexanet administration 
for reversal of apixaban, 
edoxaban, or rivaroxaban 
either before surgery, and/ 
or 4-factor PCC during or 
after surgery if there is 
excessive bleeding as part 
of a multimodal strategy

Modified from Levy et al. [1]
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 Platelet Inhibitors

Inhibiting platelet activation is critical for the 
management of patients with ischemic cardiovas-
cular disease and/or atherosclerotic vascular dis-
ease [46–48]. As with oral anticoagulants, platelet 
inhibitors/antiplatelet agents pose increased risks 
for bleeding and should also be considered 
anticoagulants.

Antiplatelet agents  differ in their modes of 
action, potency, onsets of action, and indications. 
Aspirin is an irreversible platelet cyclooxygenase 
and thromboxane A2 inhibitor but is also a rela-
tively weak antiplatelet agent [49] and resistance 
can occur. More potent antiplatelet agents include 
the P2Y12 receptor inhibitors and GpIIb/IIIa recep-
tor antagonists (abciximab, tirofiban, eptifibatide).

The P2Y12 receptor inhibitors include clopido-
grel, prasugrel, and ticagrelor and have become 
the mainstays of antiplatelet therapy. These agents 
act to inhibit platelets by selectively and irrevers-
ibly binding to the P2Y12 receptor, inhibiting the 
adenosine diphosphate (ADP)-dependent mecha-
nism of GpIIb/IIIa receptor expression and plate-
let activation [46–48, 51, 52].

Clopidogrel is more commonly used than 
prasugrel or ticagrelor, but there is limited infor-
mation available on how to monitor its effects 
and manage the patients receiving this therapy. 
Furthermore, resistance can occur because it is a 
prodrug and requires metabolism to be trans-
formed to its active form. It is worth noting that 
clopidogrel decreases peak thrombin generation 
[53] and prolongs R-time on thromboelastogra-
phy, suggesting a delay in thrombin generation 
[54]. Prasugrel [55] is one of the newer anti-
platelet agents and has the advantage of 
increased potency and potentially a lower rate of 
resistance compared with clopidogrel [52]. It 
also has less pharmacologic variation in activa-
tion [56]. Prasugrel strongly inhibits ADP-
induced platelet aggregation, P-selectin 
expression, and thrombin receptor agonist pep-
tide (TRAP)-induced microparticle formation 
[56]. Ticagrelor is a direct- acting antiplatelet 
agent that should be considered similar to any 
P2Y12 inhibitor except it is an active drug and 
not a prodrug like clopidogrel and so the effect 
is consistent [57].

Dual-antiplatelet therapy with aspirin and 
clopidogrel is standard care following revascular-
ization by percutaneous coronary intervention 
with stent insertion. This dual therapy is recom-
mended for up to 4 weeks after intervention for 
bare-metal stents and for 6–12 months after inter-
vention for drug-eluting stents [46–48]. Thus, 
patients may be receiving these drugs chronically 
following trauma.

In nontrauma patients, Vincenzi noted 45% 
complication rate and 5% mortality rate in 
patients undergoing noncardiac surgery after 
coronary artery stenting [55]. This high compli-
cation rate is likely due to discontinuing anti-
platelet drugs, underlying cardiovascular 
disease, and multiple other factors that have a 
major influence on outcome. Patients presenting 
with coronary stents placed within 1  year and 
requiring surgery are at great risk for adverse 
events. In the study by Vicenzi et al. conducted 
in 103 patients who had received a coronary 
artery stent ≤1  year prior to surgery, 44.7% 
developed complications after surgery and 4.9% 
of the patients died. All except two (bleeding 
only) adverse events were of cardiac nature, and 
most of the complications occurred early after 
surgery. Patients with recent stents (<35  days 
before surgery) had 2.11-fold greater risk of 
experiencing an adverse event compared with 
those who had undergone percutaneous cardiac 
intervention more than 90  days before surgery 
[58]. The clopidogrel package insert suggests 
that if a patient is to undergo elective surgery and 
an antiplatelet effect is not desired, therapy 
should be discontinued 5  days before surgery. 
However, if patients bleed, treatment strategies 
or assays to monitor the effects of clopidogrel 
have not been established.

 Managing Bleeding in Patients 
Receiving Antiplatelet Agents

Patients taking P2Y12 receptor inhibitor/thieno-
pyridine antiplatelet agents present following 
trauma or requiring emergency surgery with 
increasing frequency due to the extensive use of 
drug-eluting coronary stents. In cases of acute 
bleeding following trauma, urgent reversal of 
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antiplatelet agents may be required. Despite this 
concern, there are no approved or validated treat-
ments for rapidly reversing anticoagulation in 
these patients. As a result, procoagulant therapies 
may be required in these situations. One com-
monly employed strategy is to transfuse alloge-
neic platelets. However, the efficacy and safety of 
this practice are unknown and there have been no 
randomized controlled trials conducted to date. 
One of the problems for managing platelet dys-
function is that most platelet function tests can-
not be used in the trauma, bleeding, or 
postoperative patient due to dilutional thrombo-
cytopenia and other coagulation abnormalities.

In the life-threatening bleeding patient, the off-
label user VIIa may have potential for reversing 
P2Y12 receptor inhibition. The concept behind 
this is based on the clinical use and US Food and 
Drug Administration (FDA) approval of rFVIIa 
(NovoSeven®) for treating bleeding episodes and 
perioperative management in patients with 
Glanzmann’s thrombasthenia with refractoriness 
to platelet transfusions, with or without antibodies 
to platelets. Glanzmann’s thrombasthenia is a rare 
genetic bleeding disorder characterized by defec-
tive or low levels of GpIIb/IIIa, a receptor for 
fibrinogen, resulting in platelet dysfunction. The 
defect in platelet function is similarly produced 
by clopidogrel, prasugrel, and ticagrelor [56].

rFVIIa has been shown to restore thrombin 
generation in clopidogrel-treated blood samples, 
shorten thrombin generation lag time in patients 
who had been treated with aspirin and clopido-
grel [56], and in blood samples treated with clop-
idogrel or prasugrel’s active metabolite [57, 58]. 
These findings are all consistent with the desired 
procoagulant effect of rFVIIa.

Although these in vitro data using rFVIIa are 
promising, caution must be exercised when 
extrapolating these data to clinical scenarios. It is 
possible that the increase in thrombin generation 
is purely an in vitro phenomenon. Also, the off- 
label use of rFVIIa has been the subject of persis-
tent safety concerns, with two recent reviews 
describing an increased risk of arterial thrombosis 
and stroke in patients receiving off-label rFVIIa 
[59, 60]. Nevertheless, a slightly increased throm-
botic risk may be acceptable in patients who have 
life-threatening bleeding and require salvage ther-

apy. Thus, rFVIIa might be a useful salvage treat-
ment in patients taking antiplatelet agents who 
present with life-threatening refractory bleeding. 
However, extreme caution should be taken when 
using rFVIIa to reverse the effect of antiplatelet 
drugs in less acute scenarios.

 The Future

Although the NOACs have a lower risk of major 
bleeding than VKAs, managing patients who are 
bleeding and or requiring urgent surgery or inter-
ventions continue to pose a challenge to clini-
cians. Idarucizumab, a specific antidote for 
dabigatran, has been effectively studied and 
reported and is widely available; however, dabi-
gatran use is a small percentage of the NOACs 
market in most countries. The extensive and 
growing use of FXa inhibitors focuses on this 
important management strategy. Andexanet alfa 
is undergoing additional potential evaluation in 
traumatic injury and surgery; however, its cost, 
limited duration of action, and availability pose 
limitations for clinicians. As a result, the off-label 
use and role of PCCs for bleeding management in 
traumatic injury, surgery, and NOAC reversal 
continue to be reported and studied and represent 
a potential therapeutic option although off label, 
and will provide clinical guidelines for use. 
Although the use of the specific reversal strate-
gies or antidotes will continue to evolve, current 
recommendations for their use are reported. In 
early development is also a monoclonal antibody 
Fab fragment to reverse ticagrelor.
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PAMPer Prehospital Air Medical Plasma
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Air Medical Prehospital
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 Introduction to Randomized 
Controlled Trials in Traumatically 
Injured Patients

Randomized controlled trials (RCTs) first 
became a prominent tool for testing medical ther-
apies in the mid-twentieth century. As the “gold 
standard” for evaluating and comparing thera-
pies, the results of a trial may be used to inform 
clinical practice, potentially improving outcomes 
for future patients. The act of assigning treat-
ments at random minimizes any systematic dif-
ferences between the treated groups, allowing us 
to make probabilistic statements about the 
observed difference in study outcomes [1]. 
However, while randomization minimizes sys-
tematic bias in treatment group allocation, there 
are many other threats to a trial’s integrity that 
must be appropriately planned for and addressed 
in the study design [2]. Therefore, the RCT 
requires careful planning to ensure generalizable, 
high-quality results that may improve the out-
comes of patients suffering from traumatic 
events.

Over the last few decades, multiple key ran-
domized trials have dramatically changed the 
resuscitation of the traumatically injured patient. 
A select few will be reviewed here (Fig. 40.1). In 
the 1990s, the effects of resuscitative therapies 
were first evaluated in traumatically injured 
patients [3, 4]. In 1994, Bickell et al. evaluated 
the use of intravenous crystalloid in those with 
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penetrating injuries. This work established the 
utility of permissive hypotension, in that 
 minimizing intravenous crystalloid infusions 
and, therefore hemodilution, reduced the coagu-
lopathy of hemorrhage and trauma, improving 
overall survival [4]. The evaluation of alternative 
resuscitation techniques including coagulation 
factors [5–8], human polymerized hemoglobin 
[9], and blood products [10–14] dominates the 
next two decades of civilian trials in the traumati-
cally injured.

 Randomized Controlled Trials: 
Fibrinolysis Inhibitors in Trauma

Significant blood loss, even without iatrogenic 
hemodilution with crystalloid, presents an 
extreme challenge to the coagulation system. Part 
of the physiologic response to trauma is the stim-
ulation of fibrinolysis which can pathologically 
progress to hyper-fibrinolysis and trauma- 
induced coagulopathy. Multiple trials have evalu-
ated the effectiveness and safety of adjunctive 
therapies to control bleeding including tranexamic 
acid (TXA) [5, 6] and recombinant factor VIIa 
[7] in traumatically injured patients. The Clinical 
Randomization of an Antifibrinolytic in 
Significant Hemorrhage (CRASH-2) [6] trial was 
published in 2010. This international RCT 
included over 20,000 adults with clinically sig-
nificant bleeding. Patients were randomized to 
TXA or placebo in 40 countries with <2% receiv-
ing care in hospitals with a developed trauma sys-
tem. The authors reported that those receiving 
this fibrinolysis inhibitor experienced a reduction 
in both 28-day mortality (1.5%) and death from 
hemorrhage (0.8%) without a difference in vas-
cular occlusive events.

Building on the knowledge from the CRASH-2 
trial, the CRASH-3 trial evaluated the effect of 
TXA administration within 3 hours of a traumatic 
brain injury in over 12,000 patients in 29 coun-
tries [5]. Early TXA treatment most substantially 
decreased the rate of 28-day head injury-related 
death in those with mild to moderate traumatic 
brain injury.

Ongoing concerns as to the ideal treatment 
timing and optimal protocol have limited the 
ubiquitous clinical adoption of TXA in those 
with hemorrhagic shock in civilian trauma cen-
ters in the United States. The data from the 
CRASH studies in combination with retrospec-
tive military studies (i.e., MATTERs and 
MATTERs II) [15, 16] led to the Study of 
Tranexamic Acid during Air Medical Prehospital 
transport (STAAMP) trial [8]. STAAMP, which 
has just completed patient enrollment, is designed 
to address the use of TXA in civilian trauma.

 Randomized Controlled Trials: Blood 
Product Administration in Trauma

Military trauma experiences showed damage 
control resuscitation, or early administration of 
intravenous blood products to maintain perfusion 
and avoiding hemodilution, improved outcomes 
for traumatically injured patients. In 2013, the 
PRospective, Observational, Multicenter, Major 
Trauma Transfusion (PROMMTT) study demon-
strated an association between early plasma and 
platelet administration with improved survival 
[14].

The effectiveness of higher ratios of plasma 
and platelet administration was first tested in 
Pragmatic, Randomized Optimal Platelet and 
Plasma Ratios (PROPPR) [13]. This multisite 

Fig. 40.1 Timeline of key trauma randomized controlled trials
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study randomized 680 hospitalized patients in 
parallel groups to 1:1:1 vs. 1:1:2 
(plasma:platelet:packed red blood cells) to evalu-
ate 30-day mortality. Although no significant dif-
ference in the primary outcome of 30-day 
mortality was detected, PROPPR established 
high ratios of in-hospital plasma and platelet 
administration were safe. Further, those receiving 
the balanced 1:1:1 resuscitation strategies 
achieved more homeostasis and less patients died 
of exsanguination. This work established bal-
anced resuscitation as the in-hospital standard of 
care in those traumatically injured and at risk of 
hemorrhagic shock.

Two decades of work established the combi-
nation of permissive hypotension and balanced 
blood product administration, termed damage 
control resuscitation, as the standard of care for 
traumatically injured patients at risk of hemor-
rhage and trauma-induced coagulopathy. The 
majority of deaths due to hemorrhagic trauma 
continued to occur within the first hour of hospi-
tal arrival [12]. These data highlight the impor-
tance of providing lifesaving therapies as close 
to the onset of injury as possible. The Department 
of Defense therefore funded two, synchronized 
randomized controlled trials: Control of Major 
Bleeding After Trauma (COMBAT) [11] and 
Prehospital Air Medical Plasma (PAMPer) [10]. 
Both trials randomized hypotensive, traumati-
cally injured patients to prehospital plasma 
administration or either prehospital crystalloid 
(COMBAT) or current standard of care 
(PAMPer) evaluating the primary outcome of 
28-day mortality. COMBAT, a single, urban 
center trial randomized 144 patients transported 
by ground to the trauma center. PAMPer, a 
multi-institutional trial, clustered randomiza-
tion at the level of the individual airbases and 
enrolled 501 patients transported by helicopter 
to a trauma center. COMBAT confirmed the 
safety of prehospital plasma administration in 
those rapidly transported to a single urban cen-
ter, but no survival benefit was observed. The 
primary analysis from the PAMPer trial again 
confirmed safety yet also showed a significant 
reduction in 30-day mortality. In combination, 
the data from both trials and the associated 

robust a priori secondary analyses, afforded by 
the synchronized trial designs, established the 
effectiveness of prehospital plasma administra-
tion to those traumatically injured with hemor-
rhagic shock with prolonged transport time 
[17], concurrent prehospital packed red blood 
cell administration [18], and in those with a 
blunt mechanism injury [19].

Overall, these studies work to improve the 
outcomes of traumatically injured patients at risk 
for hemorrhagic shock and trauma-induced coag-
ulopathy. Each design effectively tested hypoth-
eses in a specific patient population and 
transparently reported the study design and 
results to inform mainstream clinical practice.

 Ethical Considerations 
in Randomized Controlled Trials

Patients participating in clinical trials place enor-
mous trust in the investigators, who are often also 
their medical providers. These investigators must 
protect the interest of enrolled patients, who have 
no guarantee of direct personal benefit. By design, 
a group of patients may be assigned to receive an 
inferior treatment, yet prior to the completion of 
the trial the relative superiority or inferiority of 
the treatments is unknown. Equipoise, the concept 
that the superiority of one treatment versus an 
alternative is collectively unknown, is a crucial 
pillar of an ethically conducted RCT [20]. 
Although this contemporary concept may seem 
simple and obvious, this principal has not always 
been upheld. A full exploration of the history of 
human subjects research is beyond the scope of 
this chapter; however, it is important to highlight 
that there are historical studies where patients 
were unwillingly and/or unknowingly forced to 
participate in clinical research without established 
safety, scientific rigor, or equipoise. This history 
led to the development of regulatory groups 
including, but not limited to, the International 
Council for Harmonisation of Technical 
Requirements for Pharmaceuticals for Human 
Use and local Institutional Review Boards (IRB). 
These groups evaluate and monitor human sub-
jects research assuring Good Clinical Practice.
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Good Clinical Practices includes providing 
informed consent, allowing all participants to 
understand the potential risks and benefits of par-
ticipating in clinical research as completely as 
possible. Additional oversight is necessary for 
vulnerable patient populations who may not be 
able to provide informed consent including chil-
dren, pregnant women, the elderly, prisoners, and 
those with limited intellectual capabilities. 
Respect for patient participation and the subjects 
includes maintaining patient privacy, allowing 
enrolled patients to change their mind and with-
draw from the trial without incurring a preserved 
or real penalty, and the results must be made 
available to participants. Additionally, clinical 
researchers must test only those questions with 
scientific value, deriving useful knowledge, and 
scientific validity, by creating a study protocol, 
statistical design, and scientific reporting answer-
ing these important questions. The IRB helps to 
ensure all clinical research has these features and 
mandates that all prospective clinical trials have 
patient safety and protocol adherence monitored 
by a Data and Safety Monitoring Board (DSMB). 
Special ethical considerations for RCTs in the 
emergency setting will be discussed below.

Transparency in the a priori development, 
analysis, and reporting of an RCT is expected. In 
1994, a formal list of 21 items was first published 
as the CONSORT statement, mandating that the 
authors of published work must provide enough 
information to the reader to know how the trial 
was performed [21]. Since this initial report, mul-
tiple updates and expansions for specific trial 
designs have been published. Further, in 2000 the 
US Congress authorized the creation of 
ClinicalTrials.gov, a registry to provide informa-
tion about and access to RCT for those with seri-
ous medical conditions. By 2017, the Food and 
Drug Administration Amendments Act expanded 
the use of this website by mandating trial regis-
tration [22]. These tools both maintain the ethical 
obligation to make human experimental research 
findings publicly available and promote internal 
validity, or confidence that the observed results 
represent the truth in the population studied, and 
an accurate assessment of external validity, or 

extent to which the results can be applied or gen-
eralized into clinical practice or a general patient 
population [23].

 Special Considerations in Trauma 
Research

Trials evaluating the effect of therapeutic inter-
ventions in patients traumatically injured require 
a pragmatic or practical application to the real- 
world acuity of trauma, protocol, and analysis 
plan. Traumatic injury is unpredictable leaving 
patients in the hands of those who are willing and 
able to care for them. In this emergency setting, 
patients and their families may not be able and/or 
available to provide informed consent at the time 
of potential RCT enrollment. Yet, in a well- 
designed RCT with equipoise, the effectiveness 
of the treatments under evaluation are not estab-
lished. Immediately excluding those patients or 
surrogates who cannot provide timely informed 
consent limits the generalizability, or broad 
applicability, of the trial results.

Randomized controlled trials completed in the 
emergent setting therefore often utilize the regu-
latory tool of Exemption From Informed Consent 
for emergency research, also  knonw as EFIC 
[24]. This feature of RCT design is critical to the 
evaluation of therapies for traumatically injured 
patients, but also must be appropriately scruti-
nized in each context by researchers, the Food 
and Drug Administration, the IRB, community 
groups, and potential patients. This policy 
requires that all trial proceedings be disclosed to 
community members who may potentially be 
enrolled in the trial. Disclosure includes commu-
nity focus groups, community-based advertising, 
and for the principal investigator to make them-
selves available for community and potential 
patients’ questions and concerns. This allows 
potential patients the opportunity to opt out of a 
trial (e.g., wear medical wrist bands excluding 
them from trial inclusion) and disenroll without 
penalty following their ability to provide 
informed consent. In theory, this allows all poten-
tial patients an opportunity to disenroll prior to 
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meeting all inclusion criteria and no exclusion 
criteria if a traumatic event is to occur. Admittedly, 
executing this is very challenging in practice and 
requires great effort on the part of the investiga-
tors and the study team to achieve an acceptable 
level of community consent.

 Trial Protocol and Statistical 
Analysis Plan

The researchers involved in the development of 
an RCT have the opportunity to generate data 
which can be directly applied to and change clini-
cal practice. Therefore, a scientifically valid trial 
protocol and statistical analysis plan must be 
carefully designed to test the desired hypothesis 
and generate data with the maximum scientific 
value.

The development of safe therapeutic interven-
tions often requires multiple rounds of evaluation 
that are broadly classified into four phases 
(Table  40.1). These designations were initially 
created for the development of oncologic phar-
maceuticals, yet this terminology has been 
adapted to describe many RCTs in many disci-
plines including trauma. Stated simply, phase I 
and II trials are an early evaluation of the inter-
vention’s safety and feasibility in humans, phase 
III trials compare the intervention to alternatives, 
and phase IV trials are late postmarketing sur-
veillance of the intervention.

Most studies described in the introduction of 
this chapter are best characterized as phase III tri-
als, evaluating intervention effectiveness to 
inform standards of clinical care with clinically 

relevant and patient-centered outcomes including 
events important to patients and their families 
(i.e., hospital length of stay, hospital readmission, 
or death). However, studies that precede the 
definitive, or pivotal, phase III trial are also vital 
to the advancement of clinical research. Pilot and 
feasibility studies may be performed to allow 
investigators to assess the trial team’s ability to 
enroll and retain patients, get feedback from 
study personnel and/or participants about study 
procedures (i.e., stakeholder engagement), and 
refine the study intervention and follow-up proto-
cols. These preliminary pilot and feasibility stud-
ies may take the form of phase I or phase II trials. 
Historically, a phase I trial in which an interven-
tion is first evaluated in humans to assess safety 
in a very short-term period; often, these studies 
will include only a few patients (typically fewer 
than 20) and may not have a control group. A 
phase II trial typically includes a few dozen par-
ticipants, assessing the intervention dosing and 
biologic activity, by evaluating the effect on a 
surrogate outcome including an indirect measure 
of clinical events, including systemic inflamma-
tory markers, laboratory coagulation parameters, 
and/or units of blood product transfused.

In some cases, preliminary RCTs do not have 
a clear analogue to the “phase” designations. For 
example, a study evaluating provider and patient 
involvement in a study protocol that has estab-
lished safety and dosages is neither a phase I, II, 
nor III trial. In this case a pilot and feasibility 
study often serves the role of the phase I/II study, 
with objectives to assess the feasibility of imple-
menting the study protocol including number of 
available patients meeting the stated inclusion 

Table 40.1 Randomized controlled trial phase

Trial phase Trial focus Dosing
Approximate 
sample size Primary outcome

I Safety, dose selection Ascending 
dosages

<20 Adverse events or pharmokinetics

II Safety, feasibility, 
short-term efficacy

Therapeutic 
dosages

10–100 Short-term or physician-centered 
(surrogate) outcomes

III Efficacy or effectiveness 100–2000 Long-term or patient-centered outcomes
IV Postmarket surveillance 

effectiveness and safety
All seeking 
treatment

Uncommon or long-term adverse events
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criteria, potential recruitment locations, and the 
ability to complete all study procedures. This 
information can be used to inform the analogous 
phase III trial design including the trial protocol 
and analysis plan which is directly informing 
clinical care.

For example, the ideal prehospital resuscita-
tion fluid in those traumatically injured with 
hemorrhagic shock at risk of trauma-induced 
coagulopathy is an active area of research. In the 
military setting, transfusion of blood type- 
specific fresh whole blood, known as “walking 
blood banks,” are are associated with hemostatic 
and survival benefits [25]. However, fresh and 
type-specific whole blood transfusions are not 
readily available in a civilian trauma center. 
Therefore, two pilot and feasibility studies were 
conducted. Cotton et  al. established the safety 
and potential decreased need of overall transfu-
sion requirement in those traumatically injured 
receiving modified whole blood when compared 
to component therapy (i.e., packed red blood 
cells, plasma, and platelets) [26]. Yazer et  al. 
evaluated the safety and protocol for providing 
up to two units of uncrossmatched, leukoreduced 
group O-positive whole blood at a single center 
in traumatically injured patients with hemor-
rhagic shock [27]. This important work has set 
the stage for additional RCTs to evaluate the 
effect of prehospital whole blood resuscitation on 
28-day mortality in those traumatically injured 
(PPOWER, ClinicalTrials.gov Identifier: 
NCT03477006).

 Patient Selection

Proper patient selection through the development 
of inclusion and exclusion criteria is important 
for any RCT. In the context of trauma research, 
consider a trial designed to evaluate the effect of 
a new treatment to minimize trauma-induced 
coagulopathy in those with hemorrhagic shock. If 
the trial design includes all hospital trauma acti-
vations (i.e., level I and II traumas), those enrolled 
will be a very heterogeneous group of patients, 
ranging from patients who experienced a fall 
from standing or isolated extremity stab wounds 

to victims of high-speed car accidents or multiple 
gunshot wounds. Therefore, the measured effect 
of this treatment, intended for those at risk of 
trauma-induced coagulopathy, may not be fully 
reflected when summed across this heterogenous 
group.

The need to identify and evaluate outcomes in 
this specific patient population was used in the 
first published trauma RCT by Bickell et  al. in 
1994 [4]. Adult patients with penetrating torso 
trauma and a blood pressure of ≤90 mmHg were 
randomized to either immediate resuscitation 
(i.e., intravenous crystalloid en route to the 
trauma center and prior to surgical intervention) 
or delayed resuscitation to the time of the surgi-
cal evaluation. Using this carefully selected 
patient population, only those with hemorrhagic 
shock from penetrating injury, the results chal-
lenged traditional real-world clinical practices 
establishing the effectiveness of permissive 
hypotension.

Mirroring the importance of identifying the 
group of patients most likely to benefit from the 
therapy (inclusion criteria) is identifying patients 
for which the therapy of interest may cause harm 
or in whom the treatment is likely to be futile 
(exclusion criteria). In the aforementioned 1994 
trial, the trialists appropriately excluded pregnant 
women for which the physiology of pregnancy 
and the mechanical force of the gravid uterus on 
blood returned to the heart is not fully understood 
or appreciated. The concept of maintaining 
patient safety, through adequate exclusion crite-
ria, must always be accounted for and continues 
to be respected in the contemporary trauma RCTs 
including PAMPer and COMBAT.  These syn-
chronized trial protocols included hemodynami-
cally unstable patients and again excluded 
pregnant patients in addition to those who cannot 
(i.e., extremes of age and prisoners) or unlikely to 
(i.e., family objection) provide informed consent, 
with mechanisms of injury unlikely to generate 
significant blunt or penetrating trauma (i.e., fall 
from standing) or unlikely to survive even with 
maximal medical care (i.e., penetrating injuries 
to the brain and/or traumatic cardiac arrest 
>5 minutes). Therefore, as established from the 
earliest trauma RCT, traumatically injured 
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patients at the greatest risk of hemorrhagic shock 
and the associated trauma-induced coagulopathy 
are included while excluding patients that (i) may 
be at increased risk of harm by the treatment or 
(ii) for whom treatment is likely to be futile.

 Outcome of Interest

When designing a trial, the primary outcome, or 
the clinical event for which the trial intervention 
is intended to improve, drives the statistical anal-
ysis plan. Additional secondary outcomes both 
support the primary hypothesis and can be 
exploratory, generating additional hypotheses. As 
discussed above, the outcomes of interest for a 
study are dependent on the study goals 
(Table 40.1).

In early phase and pilot or feasibility trials, the 
primary outcome is often a measure of expected 
adverse events or safety, protocol feasibility or 
the percentage of the protocol completed and 
data collected, or sometimes a surrogate out-
come. A surrogate outcome may be used to estab-
lish that the therapy is biologically active and/or 
potentially beneficial in a preliminary trial with-
out requiring the sample size needed to conclu-
sively establish benefit on a clinical endpoint. 
However, late phase trials (phase III) designed to 
guide clinical practice should use patient- 
centered outcomes, or clinical events important 
to patients and their families, including death, 
hospital length of stay, or hospital discharge loca-
tion (i.e., nursing facilities vs. home). 
Approximately 20–30% of those who are trau-
matically injured with hemorrhagic shock die 
within 28 days. Therefore, 28- or 30-day mortal-
ity is commonly used as primary, patient- centered 
outcome.

 Treatment Allocation and Masking

The goal of random treatment allocation is to 
minimize systematic error, thereby allowing the 
statistical analysis to quantify error attributable 
to chance [20]. In many cases, allocation con-
cealment is a critical design feature, meaning that 

the next treatment assignment in a trial is 
unknown to the study team. This is distinct from 
blinding, in which the patient and/or study team 
does not know the treatment assignment. 
Allocation concealment is necessary to prevent 
selection bias, where the study team preferen-
tially includes (or excludes) patients based on 
knowledge of what they would be assigned to 
receive; for example, if the patient has a very 
poor prognosis and the study team knows that the 
next assignment is for the experimental therapy, 
this could influence their decision to enroll the 
participant in the trial. This would compromise 
the intent of randomization and could bias the 
results if it creates a systematic difference 
between the treatment groups. In contrast, blind-
ing is necessary to minimize other biases. Some 
examples include performance bias, or differ-
ences in how the case proceeds due to knowledge 
of the intervention, and ascertainment bias, or 
systematic data collection differences between 
groups [28].

In some cases, blinding the treatment assign-
ment may be impractical or impossible. Notably, 
the blinding is most important to reduce trial bias 
when study outcomes are subjectively obsessed 
as opposed to completely objective. Consider a 
patient and study team who knows the patient 
received the experimental therapy. If the study 
outcome is their pain, rated on a scale from 1 to 
10, the patient and the provider may be either 
intentionally or unintentionally motivated to 
report and record lower level of pain. However, 
knowledge of the treatment is less likely to alter 
the rate of objective outcomes, such as patient 
mortality.

 Randomization

There are a variety of randomization techniques 
which can be used based upon the disease being 
studied, the logistics of treatment administration, 
and the associated analysis plan (Fig.  40.2). 
Simple randomization applies treatments (e.g., 
saline or TXA) at random for each successive 
assignment with no regard to those treatment 
assignments already made. Although this is, by 
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definition, the simplest approach, it may result in 
an imbalanced number of patients assigned to 
treatments (e.g., at random, 30% of patients 
receiving placebo and 70% TXA), which is gen-
erally undesirable due to the loss of statistical 
power (the ability of the trial to detect a true dif-
ference between the treatments). Block random-
ization may be used to limit or constrain the 
differences in the number of patients randomized 
to each treatment group throughout the trial. 
Within each block (usually 4–8 patients), half of 
patients are randomizing to placebo and half to 
TXA, ensuring that the number assigned to each 

treatment can never exceed half of the block size 
(e.g., a two-arm trial, placebo vs. TXA, with 
blocks of size 8 can never have a difference in the 
number assigned to the respective arms greater 
than four patients), resulting in approximately 
50% assigned to each group in a two-group 
design.

In order to evenly distribute clinically impor-
tant prognostic factors across treatments, ran-
domization can be stratified. For example, if the 
treatment effect (i.e., outcome differences 
between treatment groups assumed to be second-
ary to the studied therapy) is expected to be sig-

Fig. 40.2 Randomization 
strategies. In a simple 
randomization strategy, 
the flip of a coin occurs 
when each patient is 
randomized. The 
treatment allocation (i.e., 
red or blue) may therefore 
not be equally distributed 
in each trial. Block 
randomization creates 
groups (i.e., blocks of 
four) in which 50% of 
patients are allocated red 
and 50% blue 
guaranteeing balanced 
treatment allocation for 
each trial
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nificantly different between patients with blunt 
and penetrating injury, stratifying the randomiza-
tion by mechanism of injury can balance the dis-
tribution of treatments across both subgroups. 
This balance allows for variability within the trial 
to be accounted for, therefore improving the effi-
ciency of the trial by maximizing the ability to 
detect a treatment effect at a given sample size.

Most often, randomization is completed at the 
level of the patient ( e.g., PROPPR, CRASH-2, 
CRASH-3, COMBAT). Meaning, when a patient 
is enrolled in a study, their assigned treatment is 
specific to them. However, cluster randomization 
can also be completed at the level of those pro-
viding the intervention and similarly and can be 
simple, block, or stratified. Overall, this tech-
nique is most commonly used when the treatment 
is expected to affect or be saturated through an 
entire group of providers. For example, random-
izing each patient admitted to a trauma service to 
either receive a provider-based educational inter-
vention on gun violence or no intervention (i.e., 
control group) is unlikely to show an effect. Due 
to participation in the trial, providers are espe-
cially cognizant of gun violence and during rou-
tine clinical care may use these education tools in 
the control group as well as the intervention 
group. This is known as treatment crossover and 
it diminishes the measurable effect of a therapy.

Cluster randomization may also be used for 
logistical reasons that mirror how an intervention 
would be implemented outside of an RCT proto-
col. In the acute, prehospital care of traumatically 
injured patients, an effective protocol needs to 
efficiently and easily be implemented. In 
PAMPer, randomization occurred monthly at the 
level of the helicopter base. This allowed the 
treatments to be provided to a geographically 
diverse set of patients while effectively allocating 
the limited plasma resource and minimizing 
waste. Importantly, when completing a cluster 
RCT, one must account for the effect of cluster-
ing, wherein baseline factors and outcomes 
within a cluster are likely more strongly corre-
lated than patients from different clusters. 
Although outside of the scope of this chapter, this 
additional level of complexity needs to be con-
sidered in the analysis plan.

 Statistical Analysis Plan

A complete description of the statistical analyses 
of randomized trials is beyond the scope of this 
book; this chapter will provide general guidance 
in what to look for in a well-designed trial. 
Ideally, the statistical analysis plan should be 
written before any patient enrollment or data col-
lection (i.e., a priori) and shared transparently on 
ClinicalTrials.gov. The statistical analysis plan 
may be modified during the course of the trial, 
but must be finalized prior to database finalize-
ation and prior to any knowledge of the accrued 
outcome data. Writing a thorough and transpar-
ent analysis plan that is published before the trial 
outcomes are known ensures that conclusions 
made about the data are due to the appropriate 
testing of pre-specified hypotheses, as opposed to 
retrospectively “hunting” for significant differ-
ences after the results are known. This retrospec-
tive data evaluation can compromise the integrity 
of the statistical properties of Type I and Type II 
error, described below.

A key part of this established, a priori analysis 
plan is defining primary and secondary outcome 
variables. For example, PROPPR reported no sig-
nificant difference in their primary outcome of 
28-day mortality. However, the balanced (1:1:1) 
transfusion group showed improvement in prese-
lected secondary outcomes including 24-hour 
mortality rates and death from hemorrhage. 
Readers may generally attach more confidence to 
secondary outcomes that are pre-specified rather 
than those retrospectively identified and ana-
lyzed, as discussed above. However, the overall 
Type I error rate is increased when considering 
more than one outcome, which is why the identi-
fication of a primary outcome should reflect the 
variable with the greatest clinical importance.

 Intention to Treat Versus Per Protocol 
Analyses

In an RCT, perfect adherence to the trial protocol 
is difficult, and some level of protocol deviation 
should be expected and accounted for in the anal-
ysis plan. For example, one or more patients that 
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were randomized to the experimental treatment 
(e.g., 1:1:1, balanced transfusion) may have actu-
ally received the control treatment (1:1:2) or vice 
versa. In the analysis, which treatment group do 
these patients belong in? This depends on the 
analysis plan and desired inference. In an inten-
tion to treat analysis plan, the patient’s data are 
analyzed according to their randomization group 
regardless of the treatment they actually received. 
In a per protocol analysis plan, the patient’s data 
are analyzed according to the treatment they 
actually received.

Reporting guidelines suggest all RCTs should 
be analyzed based on an intention to treat 
approach [29]. This is chiefly because this strat-
egy represents the real-world effectiveness of the 
intervention protocol reflecting clinical noncom-
pliance, protocol deviations, and practical chal-
lenges with the intervention delivery [30]. 
However, an intention to treat analysis plan may 
dilute and underestimate the treatment effect due 
to these same discrepancies. In such cases, report-
ing an additional per protocol analysis may be 
informative. Yet, by definition a per protocol 
analysis plan compromises the assigned random-
ization and the results must be interpreted with 
caution. Specifically, if there is a substantial dif-
ference between the intention to treat and the per 
protocol treatment effect, careful investigation is 
required to determine the potentials reasons for 
the discrepancy including the following:

• Were there fundamental baseline differences 
in those who were included in the intention to 
treat analysis plan when compared to those in 
the per protocol analysis?

• Were there systematic differences or specific 
reasons that enrolled patients did not receive 
the assigned treatment?

For example, consider again a multi- 
institutional RCT evaluating a new treatment 
when compared to placebo administered in the 
emergency department hypothesized to improve 
28-day mortality in traumatically injured patients 
at risk of trauma-induced coagulopathy. In the 
intention to treat analysis, including 100% of 
randomized patients, there are no statistically 

significant differences in the primary outcome. 
Yet, in the per protocol analysis, including only 
80% of randomized patients, there is a statisti-
cally significant difference in the primary out-
come. Upon further evaluation, nearly all of the 
patients who were excluded from the per proto-
col analysis were enrolled at one specific institu-
tion with a high rate of both protocol deviations 
and prehospital administration of packed red 
blood cells. Were the protocol deviations because 
patients received prehospital blood? Is there then 
no significant treatment effect in those who 
receive prehospital blood? Or, were the protocol 
deviations because those patients who received 
prehospital blood were also rapidly hemorrhag-
ing and therefore more critically ill? Is there then 
no significant treatment effect in critically ill 
patients with significant hemorrhage? As exem-
plified here, while the per protocol analysis can 
provide interesting information and even a posi-
tive trial result, a cause and effect relationship 
between the treatment and outcomes must be 
interpreted cautiously.

 Statistical Properties of Study 
Outcomes

In general, most study outcomes will fall into one 
of the following broadly defined measurement 
categories: (i) a continuous measure (e.g., hemo-
globin, serum creatinine, body weight, etc.) 
which has an infinite number of possible values; 
(ii) a count measure which includes both categor-
ical measures (e.g., Glasgow Coma Scale, 
 mechanism of injury, race, etc.) which take on a 
limited number assignments or binary measure 
(e.g., intubation, intensive care admission, in-
hospital survival, etc.) which represent the answer 
to a yes/no question; or (iii) a time to event calcu-
lated as either the days from randomization to 
death or from randomization to study follow-up 
completion. In acute settings, the benefits of 
time-to- event analyses, as opposed to just a 
binary outcome, are minimal since loss to follow-
up is typically low. Further, small increases in 
survival time do not always actually represent a 
meaningful clinical benefit. Understanding the 
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key differences among these measures of trial 
outcomes is key to effectively understanding trial 
outcomes and communicating with a trial statisti-
cal when developing a statistical analysis plan.

 Covariate Adjustment

If one or more variables are known to have a 
strong effect on the study outcome, appropriate 
regression modeling may be included in the pri-
mary analysis plan to adjust for these variables. 
These adjustments can improve trial efficiency 
by accounting for explainable outcome variation, 
thereby reducing variability in the estimate of the 
treatment effect [31, 32]. Like all aspects of RCT 
analysis, regression modeling must be decided a 
priori to ensure adjustments with the model were 
not made solely to achieve a favorable trial result 
through the statistical manipulation of data.

 Sample Size Calculation

As discussed above, the primary outcome is the 
backbone of an RCT statistical analysis plan. 
Due to the high rate of mortality associated with 
those significantly injured and at risk of trauma- 
induced coagulopathy, 28- or 30-day mortality is 
commonly chosen. The effect size, or the differ-
ence in the primary outcome between treatment 
groups (i.e., treatment effect), is key to establish-
ing the required sample size for any RCT. In gen-
eral and with all other factors equal, a larger 
estimated effect size results in a smaller esti-
mated sample size. Importantly, prior to the trial 
conclusion and data analysis, the actual effect 
size or treatment effect is unknown.

The estimated effect size should therefore be 
determined by the principal of minimum clini-
cally important difference, also sometimes 
referred to as the smallest effect size of interest 
which could allow the RCT results to impact 
clinical practice. For example, traumatically 
injured patients at risk of hemorrhagic shock 
have an estimated 20–30% 28-day mortality rate. 
Consider two simultaneous RCTs. Trial A was 
designed to evaluate a 5% reduction in mortality 

for treatment X when compared to placebo in 100 
traumatically injured patients. Trial B was 
designed to evaluate a 1% reduction in mortality 
for treatment Y when compared to placebo in 500 
traumatically injured patients. After trial comple-
tion, each well-designed study concluded both 
therapy X and Y effectively reduce mortality by 
5% and 1%, as estimated. However, the minimal 
effect size associated with treatment Y is not 
large enough to effectively warrant clinical adop-
tion, but treatment X becomes fully integrated 
into clinical care. Therefore, the 1% expected and 
achieved treatment effect for Y is below the mini-
mum clinically important difference and this trial 
should not have been completed. Therefore, all 
RCTs should be designed to have sufficient sta-
tistical power if the resulting treatment effect is 
greater than or equal to the minimum clinically 
important difference.

Error is another important concept in the cal-
culation of a sample size and RCT design 
(Fig.  40.3). A Type I error means that a trial 
falsely concludes that a treatment effect is pres-
ent (i.e., there is a significant difference in out-
comes between treatment groups) when the 

Fig. 40.3 Study result errors. A trial concluding there is 
a difference between treatment groups when one does not 
exist is a false-positive result or Type I error (α). 
Conversely, a trial concluding there is no difference 
between treatment groups when one does exist is a false- 
negative result or Type II error (1−β)

40 Randomized Controlled Trials: Informing Clinical Practice for Traumatically Injured Patients
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therapy is actually not effective. A Type II error 
occurs when a trial falsely concludes that there is 
no treatment effect when the therapy actually is 
effective.

In designing a trial, acceptable levels of Type I 
and Type II error should be set appropriately for 
the clinical context. The threshold for Type I error 
is most commonly set at 5% (or an α level of 
0.05), meaning that there is a 5% probability of 
concluding that a treatment is effective, when it 
actually is ineffective (false positive). Although 
uncommon, a higher level of Type I error may be 
considered if there are no current effective treat-
ments available for a highly morbid disease. In 
this case, clinicians and patients may be willing to 
accept a higher rate of a higher chance of conclud-
ing a false-positive result in order to allow a treat-
ment for a highly morbid disease to go to market.

The threshold for Type II error is often set at 
either 10% or 20%, meaning there is a 10% or 
20% probability of concluding that a treatment is 
ineffective, when it is actually effective (false neg-
ative). Type II error and statistical power are lin-
early related (100% – [Type II error] = power), and 
therefore statistical power is set at 90% (100–10%) 
or 80% (100–20%), which can also be described 
as a β of 0.9 or 0.8. At a fixed sample size and 
estimated effect size, there is an inherent trade-off 
in the risk of Type I and Type II errors. In general, 
a larger sample size is required to reduce the risk 
of Type II error, or the statistical power to find a 
difference when one does exist, while keeping the 
risk of Type I error constant. Running trials that 
are too small to detect a meaningful treatment 
effect may result in concluding a treatment does 
not exist (i.e., a negative trial) even for a poten-
tially benefit treatment (Type II error). Again, this 
reflects the importance of generating the sample 
size to estimate at least the minimal clinically 
important difference. Further, artificially increas-
ing the estimated effect size will therefore decrease 
the calculated sample size; however, this may cre-
ate trial underpowered to result in a significant dif-
ference in treatment groups.

The relationship between effect size, error, and 
sample size is exemplified in any well- designed 
RCT.  The index trauma RCT by Bickell et  al. 
assumed a 35% mortality rate among patients 

with penetrating torso injury. They estimated a 
10–15% effect size, or a 10-25% reduction in the 
primary outcome of  death, with delayed fluid 
resuscitation. Using a β of 0.8 (i.e., 80% power), 
or the percent likelihood of concluding a differ-
ence when one does exist, and an α of 0.05, or the 
percent likelihood of concluding a difference 
when one does not exist, they planned to enroll 
600 patients (Fig. 40.3). If the expected effect size 
is small, then the sample size required is generally 
going to be larger. In CRASH-2, the trialists felt 
that a much smaller 2% effect size, or 2% decrease 
in the assumed 20% risk of death  (the primary 
outcome), in the TXA group when compared to 
placebo would be important. Therefore, with 95% 
power (or β) and an α of 5%, they planned to 
enroll over 20,000 patients.

 Interim Monitoring

All RCTs that are deemed to be more than mini-
mal risk, defined per federal regulation as 
the  probability and magnitude of harm or dis-
comfort anticipated in the research are not greater 
in and of themselves than those ordinarily 
encountered in daily life or during the perfor-
mance of routine physical or psychological 
examinations or tests, should have a DSMB. The 
DSMB is responsible for periodically reviewing 
the accumulated study data for participant safety, 
study conduct, accrued data, and potentially rel-
evant information made available outside of the 
trial. Like all aspects of RCT design, interim 
analysis time points and data analysis should be 
established a priori but can occur emergently if 
deemed necessary. The DSMB can make recom-
mendations for the study to continue in its current 
form, continue with modifications, or terminate 
without further enrollment. Examples of poten-
tial reasons for early termination include (1) the 
trial protocol or treatment is deemed unsafe, (2) 
the treatment effect is found to be effective prior 
to enrolling all patients, (3) the likelihood of find-
ing a treatment effect is so small continuing the 
trial is deemed futile, and (4) new data from an 
independent study reveals the RCT treatment to 
have long-term negative health effects.
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691

 Conclusion

Randomized controlled trials may be used to 
inform standards of care and, over time, improve 
survival in traumatically injured patients at risk 
of hemorrhagic shock. However, only trials that 
are carefully and ethically designed, imple-
mented, and analyzed which are adequately and 
transparently reported should be used to modify 
norms of clinical practice.
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 Introduction

The use of whole blood viscoelastic testing 
(VET) for perioperative and critical bleeding 
management has seen important evolutionary 
changes in both technology and clinical applica-
tion over the last decade. To this effect, the clini-
cal use of VET is approaching the standard of 
care with increasing numbers of practice guide-
line recommendations [1–5] in clinical settings 
where bleeding is a major contributor to poor 
patient outcomes and increasing costs that are 
associated with bleeding and blood transfusions. 
Such clinical areas where bleeding is prevalent 
are cardiovascular surgery, liver transplantation, 
obstetric hemorrhage, multilevel spine surgery, 
and trauma.

While conventional thromboelastometry 
(ROTEM®, Instrumentation Laboratory, Bedford, 
MA) and thromboelastography (TEG®, 
Haemonetics Corp, Braintree, MA) have been the 
principal VET technologies to date, a novel 
ultrasound- based VET device named the Quantra® 
Hemostasis Analyzer (Quantra) (HemoSonics, 
LLC, Charlottesville, VA) has recently been intro-
duced for clinical use. The Quantra was designed 

with two main objectives in mind: (1) to further 
refine VET clot detection methodology and (2) to 
improve usability factors inherent to other VET 
platforms that impede broader clinical adoption. 
The approach taken to improve the usability of 
VET leverages a novel technology to simplify 
operator interface, decrease turnaround time to 
actionable results, and make the interpretation of 
results easy to understand by clinicians with mini-
mal VET experience.

 Measurement Principles

Viscoelasticity refers to a series of properties that 
characterize how solid materials respond to an 
applied deformation. When fibrin is produced 
and polymerized into a three-dimensional struc-
ture during coagulation, a viscoelastic solid is 
formed which exhibits a combination of viscous 
and elastic behaviors [6]. The viscoelastic prop-
erties of the clot evolve dramatically during the 
process of fibrin network assembly and further 
change as the platelets aggregate and contract to 
consolidate the fibrin network. After coagulation, 
fibrinolysis begins the process of fibrin degrada-
tion and the clot returns to a fluid state.

The Quantra uses a patented ultrasound-based 
technology called Sonic Estimation of Elasticity 
via Resonance (SEER) sonorheometry that can 
measure the dynamic evolution of the viscoelas-
tic properties of a clot during the process of 
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 coagulation and fibrinolysis [7, 8]. The technol-
ogy is shown schematically in Fig. 41.1.

Briefly, SEER sonorheometry uses high- 
frequency ultrasound pulses to gently nudge the 
blood sample causing it to vibrate at its resonance 
frequency (Fig.  41.1, left panel). The sample 
oscillatory motion induced by the vibration can 
be measured by tracking time delays of the 
returning ultrasound echoes (Fig.  41.1, middle 
panel). The shape and frequency of this vibration 
are directly related to the viscoelastic properties 
of the sample. Repeated acquisitions over time 
form a signature curve that shows the dynamic 
changes in properties of the sample during coag-
ulation (Fig. 41.1, right panel). Although both the 
viscous and elastic component of the behavior 
can be measured, the current implementation of 
SEER sonorheometry utilizes only the elastic 
component, the shear modulus of elasticity, 
which is referred to as the “clot stiffness.” From 
this curve, the start of clot formation, or clot time, 
and the stiffness of the clot can be directly esti-
mated. These parameters hold combined infor-
mation about the role of platelets, fibrinogen, and 
other coagulation factors.

One of the unique characteristics of SEER 
sonorheometry is that it does not require physical 
contact with the sample since it is based on the 
propagation of ultrasound waves. The lack of 
moving mechanical parts allows small motion to 
be readily detected. In addition, it means that no 
disruption is applied to the sample in the early 
phases of clot formation and assembly. This 
translates into high sensitivity, especially for 
weak or soft clots which are those typically asso-
ciated with perioperative bleeding.

Another important difference from classical 
VET technologies is that SEER sonorheometry is 
based on direct measurements of the clot shear 
modulus, a well-known and objective parameter 
that describes the elastic properties of a solid 
material. Shear modulus, expressed in SI 
(Système Internationale) units of Pascals, repre-
sents an absolute measure of clot elasticity which 
enables Quantra to approximate the relative con-
tributions of fibrinogen and platelets to overall 
clot stiffness. There is some evidence demon-
strating that calculation of the platelet component 
to clot stiffness should be based on direct mea-
surements of elasticity and not on measurements 

Fig. 41.1 Schematic representation of SEER sonorhe-
ometry. The technology is composed of three fundamental 
steps, as represented by the three panels in this figure. 
First, a high-energy ultrasound pulse is transmitted in the 
blood sample to generate a shear wave, causing the sam-
ple to resonate (left panel). A series of low-energy ultra-
sound “tracking” pulses are then sent within the sample 
and the returning echoes are used to estimate the sample 

motion (middle panel). The shape of the estimated dis-
placement curve is directly related to the shear modulus of 
the sample. The time-displacement curve can be com-
pared to theoretical models to determine the actual shear 
modulus for that specific point in time. This process is 
repeated every 4  seconds to form a signature curve that 
shows shear modulus vs time (right panel)
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of clot amplitude as done with the current VET 
devices based on thromboelastography or throm-
boelastometry [9–11].

 Quantra Hemostasis Analyzer

The Quantra Analyzer is a stand-alone, automated 
VET in vitro diagnostic instrument with embed-
ded software (Fig. 41.2). The instrument and the 
software are a closed system, using only Quantra 
assay cartridges to perform a specific panel of test 
measurements. The Quantra Analyzer does not 
come in direct contact with the blood sample or 
the reagents at any time during sample prepara-
tion and sample testing. No reagents are stored on 
the instrument. All the aspects of sample testing 
are automated by the instrument, and a barcode 
scanner and a touchscreen enable input of opera-
tor, sample, and cartridge information and initia-
tion of various activities.

The Quantra Analyzer was designed to operate 
at the point of care (POC) in critical care environ-

ments such as within or near operating rooms, 
intensive care units, or in the trauma bay and to be 
used by trained clinical or laboratory personnel. A 
robust and comprehensive set of internal quality 
system checks is performed periodically and with 
every test run to verify proper performance of key 
operational subsystems. Two levels of external 
quality control materials are also available to verify 
the performance of the cartridge test reagents [12].

The Quantra Analyzer presents test results in 
three different views: dial results, clot stiffness 
curves, and trend data. These views are described 
in more details below (Figs.  41.3 and 41.4). 
Furthermore, the instrument is also designed with 
remote viewing capability and can be connected to 
the hospital laboratory information system (LIS).

 Results Views

The primary view screen of the Quantra Analyzer 
uses a dial for each output parameter, as shown in 
Fig.  41.3. Each dial shows the reference range, 
reportable range, parameter abbreviation, and the 
numerical result for the corresponding parameter. 
Results that are within the reference range are 
displayed with a white triangle located on the 
green portion of the dials. Results that are within 
the reportable range but outside of the reference 
range (in green) are signified by an exclamation 
mark within a yellow circle (as shown in 
Figs. 41.7 and 41.8).

In addition to the primary dials view, there are 
two additional screens with supporting informa-

Fig. 41.2 The Quantra Hemostasis Analyzer (US version 
shown)

Fig. 41.3 Dials view screens used on the Quantra 
Hemostasis Analyzer (QPlus). Numerical results of spe-
cific parameters are displayed relative to a reference range 
(green segment on the dial)
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tion: (1) curves view and (2) trends view. The 
curves view screen (Fig. 41.4, top panel) shows a 
graphical display of shear modulus measure-
ments that provides the user with additional 
 visualization of the development of stiffness over 
time. Using the buttons on the left sidebar, a user 
can toggle between the dials view and the curves 
view while the test progresses or after the test is 
completed. Numerical value results from the 
dials screen are posted in the right sidebar upon 
test completion. In the trends view screen 
(Fig. 41.4, bottom panel), the Quantra Analyzer 
displays numeric results of tests run during the 
past 48 hours for the patient ID selected.

 Quantra Cartridges

The cartridges utilized with the Quantra Analyzer 
are multichannel, single-use, disposable plastic 
components. The cartridges have four indepen-

dent channels, each containing pre-filled lyophi-
lized reagents in the form of beads that enable 
simultaneous differential testing without the need 
for any reagent preparation or pipetting. 
Lyophilization of the reagents provides stability 
at room temperature.

The cartridge is the only component of the 
device that is in direct contact with blood. The 
sample is introduced into the cartridge by attach-
ing a standard evacuated tube with 3.2% sodium 
citrate and whole blood directly to the cartridge 
input port. The sample in the tube is automati-
cally drawn into the cartridge via a vented needle 
assembly as the test starts. Given that ultrasound 
can easily propagate through plastic components, 
the cartridges are fully sealed with no blood-air 
interfaces. This design feature not only mitigates 
the potential for biohazard spills, but it also pro-
vides robustness against interfering environmen-
tal factors, i.e., vibration and evaporation. The 
approved indication for clinical use may vary by 

Fig. 41.4 Curves view 
(top panel) screen and 
trends view (bottom 
panel) screen available 
on the Quantra 
Hemostasis Analyzer 
(QPlus)
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country. A functional schematic representation of 
the cartridge is shown in Fig. 41.5.

 QPlus® Cartridge

The QPlus Cartridge was designed to evaluate a 
patient’s functional coagulation status in cardio-
vascular or major orthopedic surgeries before, 
during, and following the procedure. The car-
tridge can be stored at room temperature thus 
making it immediately available for acute bleed-
ing situations without warming or special prepa-
ration. The measured parameters include the clot 
time (CT) with intrinsic activation via kaolin, the 
heparinase clot time (CTH) via activation with 
kaolin and in the absence of any heparin influ-
ence due to the addition of heparinase I, overall 
clot stiffness (CS) via extrinsic activation with 
tissue factor and polybrene to neutralize potential 
heparin,and fibrinogen contribution to stiffness 
(FCS) with tissue factor activation in addition to 

abciximab to block platelets and polybrene to 
neutralize heparin. Heparinase and polybrene can 
eliminate any heparin influence up to 6  U/
mL. Two additional calculated functional param-
eters are reported: clot time ratio (CTR), defined 
as the ratio of CT and CTH, and platelet contribu-
tion to stiffness (PCS), defined as the difference 
between the direct measures of CS and FCS. A 
detailed description of the QPlus parameters is 
presented in Table 41.1.

 QStatTM Cartridge

The QStat Cartridge was designed to evaluate 
hemostatic function in trauma, liver transplanta-
tion, and other critical care settings. The cartridge, 
which can be stored at room temperature, mea-
sures clot time (CT) with intrinsic activation via 
kaolin; clot stiffness (CS) via extrinsic activation 
with tissue factor and polybrene; and fibrinogen 
contribution to stiffness (FCS) with tissue factor 

Fig. 41.5 The Quantra Cartridge. The cartridge is a sin-
gle-use multichannel component that performs four mea-
surements in parallel and forms a closed system. The 
cartridge includes a safety guard for the insertion of evac-

uated tubes, a heating chamber to bring the sample to 
37 °C, and a series of metering/mixing/test chamber cir-
cuits that include the lyophilized test reagents
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activation in addition to abciximab to block plate-
lets and polybrene. The polybrene can eliminate 
heparin influence up to 6  U/mL.  The QStat 
Cartridge reports two additional parameters: plate-
let contribution to stiffness (PCS), defined as the 
difference between the direct measures of CS and 
FCS, and clot stability to lysis (CSL) which is 
defined as the normalized difference of the clot 
stiffness change after maximum clot stiffness in 
the absence of tranexamic acid and the corre-
sponding clot stiffness change in the presence of 
tranexamic acid. Differently from conventional 
VET devices, the CSL parameter has been 
uniquely designed to be specific to clot lysis and 
not influenced by other factors such as clot retrac-
tion. A detailed description of the QStat Cartridge 
parameters is presented in Table 41.2.

 Interpretation of Clinical Results

When using the QPlus or QStat Cartridge, the first 
line of dials reports one or more results that reflect 
the time of clot initiation (CT, CTH). For these 
parameters, results within the green reference 

range are considered to reflect the normal range 
established in reference range studies; results above 
the green range are considered as slower clot initia-
tion; and results below the green range are consid-
ered quicker clot initiation (Fig. 41.6, top panel).

The second row of dials displayed when 
using both the QPlus and QStat Cartridge repre-
sents results describing clot stiffness parameters 
(CS, PCS, and FCS). These are measured and 
reported in hecto-pascals (1  hPa  =  100  Pa). 
Results within the green reference range are 
considered to reflect the normal range of clot 
stiffness established in reference range studies, 
results above the green range are considered as 
high clot stiffness, and results below the green 
range are considered lower clot stiffness 
(Fig. 41.6, bottom panel). The boundaries of the 
reference range intervals for each parameter 
should not be interpreted as therapeutic triggers 
or target values, which will be discussed later in 
this chapter.

Examples of normal and abnormal results 
obtained using the QPlus (Panels A, B, C) and 
QStat (Panel D) Cartridges are shown below in 
Fig. 41.7.

Table 41.1 Parameter output by the QPlus Cartridge

QPlus parameter Unit Description Measurement
Reference 
intervala

Clot time (CT) Sec Clot time in citrated whole blood Measured with activation of the 
intrinsic pathway (kaolin)

104–166

Heparinase clot 
time (CTH)

Sec Clot time in citrated whole blood 
with heparin neutralization

Measured with activation of the 
intrinsic pathway (kaolin) and 
heparinase

103–153

Clot time ratio 
(CTR)

N/A May indicate the prolongation of the 
intrinsic pathway clot time that is 
likely due to the influence of 
unfractionated heparin

Calculated as the ratio of CT and 
CTH

N/A

Clot stiffness (CS) hPa Stiffness of the whole blood clot Measured with activation of the 
extrinsic pathway 
(thromboplastin) and heparin 
inhibition (polybrene)

13.0–33.2

Fibrinogen 
contribution to 
stiffness (FCS)

hPa Contribution of functional fibrinogen 
to overall clot stiffness

Measured with activation of the 
extrinsic pathway 
(thromboplastin), heparin 
inhibition (polybrene), and 
platelet inhibition (abciximab)

1.0–3.7

Platelet 
contribution to 
stiffness (PCS)

hPa Contribution of platelet activity to 
overall clot stiffness

Calculated by subtracting FCS 
from CS

11.9–29.8

aUS Ref Range; healthy subjects 18 years and older

T. W. Allen et al.



699

Table 41.2 Parameter output by the QStat Cartridge

QPlus parameter Unit Description Measurement
Reference 
intervala

Clot time (CT) Sec Clot time in citrated whole 
blood

Measured with activation of the 
intrinsic pathway (kaolin)

113–164

Clot stiffness 
(CS)

hPa Stiffness of the whole blood 
clot

Measured with activation of the 
extrinsic pathway (thromboplastin) 
and heparin inhibition (polybrene)

13.0–33.2

Fibrinogen 
contribution to 
stiffness (FCS)

hPa Contribution of functional 
fibrinogen to overall clot 
stiffness

Measured with activation of the 
extrinsic pathway (thromboplastin), 
heparin inhibition (polybrene), and 
platelet inhibition (abciximab)

1.0–3.7

Platelet 
contribution to 
stiffness (PCS)

hPa Contribution of platelet 
activity to overall clot stiffness

Calculated by subtracting FCS from 
CS

11.9–29.8

Clot stability 
to lysis (CSL)

% Reduction of clot stiffness that 
is likely due to the influence of 
fibrinolysis

Calculated by normalizing the rate of 
stiffness reduction observed with 
thromboplastin activation with the 
corresponding change in clot stiffness 
observed with thromboplastin 
activation and tranexamic acid

–93–100%

aHealthy subjects 18 years and older

Fig. 41.6 Basic interpretation of results relative to the 
reference interval (green segment). (Top left) Normal CT 
(clot time) measured in seconds; (Top middle) Slower CT; 
(Top right) Quicker CT. (Bottom left) Normal CS (clot 

stiffness) measured in hecto-pascal (hPa); (Bottom mid-
dle) Softer or weaker CS; (Bottom right) Stiffer or stron-
ger CS
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a

b

c

d

Fig. 41.7 Examples of results on the Quantra QPlus and 
QStat. (a) Normal QPlus results. There is no defect in clot 
initiation, and CTs are normal. There is no defect in clot 
stiffness (CS), platelet contribution (PCS), or fibrinogen 
contribution (FCS). (b) Slow clot initiation and low clot 
stiffness in QPlus. The CT/CTH is delayed without influ-
ence from heparin (CTR <1.4). CS is very low indicating 
an extremely soft clot due to both low platelet (PCS) and 
fibrinogen (FCS) contributions to clot stiffness. (c) 

Heparin influence and low clot stiffness in QPlus. The CT 
is significantly delayed and corrected in the CTH and 
clearly indicated by a CTR of >1.4. The CS is also low 
due to low platelet (PCS) and borderline low fibrinogen 
(FCS). (d) Quicker clot time with subsequent clot lysis in 
QStat. The CT is too quick, and the clot lysis is evident by 
the curve view (right panel) and the CSL parameter of 
57% of clot remaining at parameter fulfillment. The FCS 
curve view can also confirm clot lysis (right panel)

 Patient Management Algorithms

VET is often recommended for use in conjunc-
tion with POC VET-guided treatment algorithms 
for the management of acute bleeding in specific 

clinical settings [1–5], A large amount of litera-
ture describes such treatment algorithms in a 
variety of clinical settings guided by standard lab 
testing (SLTs), TEG, ROTEM, and other POC- 
based coagulation tests [13–17]. The outputs 
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 provided by the Quantra System are well-suited 
to support current recommendations and to pro-
vide information that can be readily incorporated 
in an algorithm to manage trauma-induced coag-
ulopathies. Although the clinical utilization of 
the Quantra System is limited at the time of this 
publication given the recent introduction of this 
platform, potential trigger and therapeutic cutoff 
values have been derived using results from mul-
tiple observational studies that compared the per-
formance of the Quantra System to that of SLTs, 
TEG, and ROTEM assays [18]. Validation of 
these cutoff values is underway at several clinical 
sites.

In keeping with current practice recommended 
for other VET systems [13–17], treatment guides 
that utilize data generated by the Quantra System 
will include (1) therapeutic priority to treat, (2) 
standardized trigger values, (3) standardized tar-
get values, and (4) target-based dosing guides.

Many published treatment algorithms guided 
by VET take a common approach to prioritize the 
treatment of bleeding patients [13–17]. This 
approach is described below in order of priority:

 1. Use VET only if clinically significant bleed-
ing is present or if traumatic brain injury is 
suspected.

 2. Optimize base conditions (temp, pH, Hct, 
Ca++).

 3. Consider the clinical need for antifibrinolytic 
agents.

 4. Consider the status of thromboprophylaxis 
therapy within the clinical setting (unfraction-
ated heparin, low molecular weight heparins, 
direct oral anticoagulants, etc.).

 5. Consider the contribution of substrate to clot 
stiffness (fibrinogen and platelets).

 6. Assess contribution of clotting factors to 
thrombin generation (clot initiation).

This approach should always accompany 
knowledge of the clinical context, severity of 
injury, presence or absence of massive bleeding, 
and any prehospital treatment that may have 
occurred prior to testing.

In the clinical context of significant bleeding, 
trigger values represent the threshold at which a 
decision to treat a specific component deficit 
should occur, whereas target values represent 
the goal to achieve with specific type and amount 
of therapy. The therapeutic objective is to match 
the right type and amount of therapy to the type 
and degree of component deficit to achieve com-
plete or near cessation of bleeding with the first 
round of therapy. These trigger and target values 
may be subject to such variables as the clinical 
setting (trauma, cardiac surgery, postpartum 
hemorrhage, etc.) and the severity or type of 
injury.

An example of a treatment guide for the man-
agement of trauma patients using results obtained 
with Quantra QStat Cartridge developed based 
on the approaches previously described [13–17] 
is presented in Fig. 41.8.

 Establishing Trigger and Target 
Values

The relationship between the elasticity-based 
parameters (CS, FCS, PCS) reported in measure-
ment units of hecto-pascal (hPa) and standard 
laboratory test parameters (e.g., platelet count 
and fibrinogen via Clauss methodology) has been 
established based on regression analysis of data 
from multicenter observational studies [18]. 
Further, from these same studies, receiver oerat-
ing characteristic (ROC) curve analyses were 
performed to obtain QPlus Cartridge cutoff val-
ues for fibrinogen and platelet contribution to clot 
stiffness that correspond to common treatment 
decision-making thresholds. Tables 41.3 and 41.4 
present results from ROC curve analyses to 
assess the ability of Quantra System FCS to pre-
dict fibrinogen levels determined by the Clauss 
assay and to assess the ability of PCS to predict 
platelet count.

Using similar analyses, the relationship 
between Quantra FCS and FIBTEM A20 and 
Quantra CS parameters has been established [18] 
as shown in Table 41.5.
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Table 41.4 ROC curve analysis of platelet count to Quantra PCS parameter

Platelet count cutoff 
value

QPlus cutoff value
PCS (hPa) N (yes/no) AUC Sensitivity Specificity NPV

<80,000 PCS < 12.1 hPa 29/668 0.92 0.94 0.83 0.99
<100,000 PCS < 14.1 hPa 75/553 0.88 0.89 0.74 0.98
<150,000 PCS < 18.0 hPa 318/323 0.85 0.85 0.71 0.85

Fig. 41.8 Example of treatment guide based on results of Quantra QStat Cartridge for the management of trauma 
patients

Table 41.3 ROC curve analysis fibrinogen via Clauss to Quantra FCS parameter

Clauss fibrinogen 
cutoff value
(mg/dL)

QPlus cutoff value
FCS (hPa) N (yes/no) AUC Sensitivity Specificity NPV

<120 mg/dL FCS < 1.1 hPa 18/740 0.97 0.90 0.95 0.99
<150 mg/dL FCS < 1.3 hPa 39/667 0.96 0.91 0.88 0.99
<200 mg/dL FCS < 1.9 hPa 152/476 0.92 0.86 0.76 0.95
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 Additional Considerations

As previously described, the Quantra System was 
purposely designed to leverage a novel technol-
ogy to increase the usability of VET and improve 
patient outcomes. This approach focuses on pro-
viding reliable information to assess a patient’s 
functional coagulation status and/or hemostatic 
function in a user-friendly manner. The reported 
parameters focus on the most common treatable 
coagulation defect, thus making it easy to match 
the therapeutic intervention to the specific defi-
ciency. Work is ongoing to assess the need for 
expanding reportable assay parameters with our 
existing cartridges or developing new assay pan-
els as dictated by unmet clinical need.

It must be noted that the Quantra System 
shares some of the same limitations that currently 
affect the conventional VET systems. The QPlus 
and QStat Cartridges were not designed to mea-
sure the level of inhibition of specific platelet 
receptor activities resulting from antiplatelet 
therapies (e.g., clopidogrel and aspirin); there-
fore, the influence of these therapies on Quantra 
parameters remains to be determined. Second, 
Quantra System measurements do not reflect the 
interactions between blood and the vascular 
endothelium (e.g., the effects of von Willebrand 
factor). Although the dynamic interactions 
between the vasculature and the coagulation/
fibrinolytic systems may provide important infor-
mation about the pathophysiology and treatment 
of trauma patients, neither the QPlus nor QStat 
Cartridges were designed to monitor these inter-
actions. Finally, any VET platform, including the 
Quantra System, should not be used as the sole 
consideration for diagnosing hemostatic derange-
ment. Other POC and laboratory assays along 

with a comprehensive clinical assessment and 
sound clinical judgment should be employed for 
managing clinically significant bleeding.
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Dried Plasma for Trauma 
Resuscitation

Anthony E. Pusateri and Richard B. Weiskopf

 Introduction

Early plasma transfusion improves survival after 
trauma and hemorrhagic shock. The administra-
tion of plasma for treatment of trauma is based on 
at least three mechanisms: (a) provision of nor-
mal concentrations of coagulation and anticoagu-
lation factors; (b) protection of endothelial 
glycocalyx and preservation/restoration of endo-
thelial function; and (c) provision/restoration of 
intravascular volume. Dried plasma offers an 
additional advantage over fresh frozen plasma or 
liquid plasma: that of logistics. It does not require 
storage and cold-chain transportation at −80 C, 
as does FFP; has a longer expiration date than 
does liquid plasma; and is of smaller size and 
weight than either of the other two plasma prod-
ucts. This logistic advantage offers the possible 
clinical advantage of a more clinically timely 
administration in civilian and military prehospi-
tal environments. The latter is especially impor-
tant in light of the accumulating evidence of the 
important efficacy of early transfusion of plasma 
after trauma and hemorrhage.

This chapter describes briefly the basis for 
plasma therapy in trauma; the history of dried 
plasma, production, and currently available and 
potential future products; and preclinical and 
clinical evidence of efficacy and safety.

 Importance of Early Plasma 
Transfusion: Need for Dried Plasma

Hemorrhage is the leading cause of potentially 
preventable death in military trauma and the sec-
ond overall cause of death in civilian trauma [1, 
2]. Over the past 10 years, the critical role of bal-
anced transfusion for resuscitation has been rec-
ognized and is now reflected in clinical practice 
[3]. In contrast to earlier approaches, which relied 
heavily on crystalloids and red blood cells (RBC), 
the more recent emphasis is to include plasma 
early to achieve a 1:1–1:2 plasma to RBC ratio 
[4]. While crystalloid-based resuscitation can 
lead to hemodilution, progressively deranged 
hemostatic and fibrinolytic mechanisms, and 
endothelial dysfunction, plasma transfusion 
restores homeostasis and supports the endothe-
lium. The survival benefit of plasma is most dra-
matic among patients likely to die as a result of 
bleeding, within the first 6 hours of injury [5–7].

Recent studies have demonstrated that transfu-
sion often cannot wait until arrival at the trauma 
center and that early plasma can be lifesaving. 
The impact of prehospital transfusion on survival 
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was evaluated retrospectively in a concurrent 
cohort study of 502  US combat casualties in 
Afghanistan between 2012 and 2015. The study 
included casualties with hemorrhagic shock or 
multiple amputations who were rescued by 
MEDEVAC helicopter. The median time from 
injury to arrival at a surgical capability was 
47 minutes. In this severely injured cohort (Injury 
Severity Score  =  29), survival was improved in 
patients who received prehospital blood product 
transfusion, compared to those who did not (mor-
tality hazard ratio 0.26 and 0.39, at 24 hours and 
30  days, respectively). Initiation of transfusion 
within 15 minutes of MEDEVAC rescue (median 
36  minutes after injury) was associated with 
improved survival (mortality hazard ratio = 0.17), 
while delays beyond that eliminated the effect [8].

More recently, two civilian studies of prehos-
pital plasma administration were reported. Sperry 
et  al. [9] conducted a prospective, randomized, 
multicenter study of over 500 trauma patients 
with hemorrhagic shock who were transported by 
helicopter. Patients received standard care en 
route with or without the addition of 2 units of 
thawed plasma prior to other resuscitation mea-
sures. Median prehospital transport time was 
42 minutes. Prehospital administration of plasma 
resulted in a significantly lower mortality (23.2% 
versus 33.0%, p = 0.03), compared to the stan-
dard of care group [9, 10]. In a similar study con-
ducted in a ground ambulance rapid transport 
system (median prehospital time: 19 minutes), no 
survival advantage was observed for prehospital 
plasma [11, 12].

A post hoc analysis of these two clinical trials 
showed that prehospital plasma provided an 
overall survival benefit and that the response to 
plasma was influenced by prehospital transport 
time. When prehospital transport time (time from 
arrival on scene to arrival at the trauma center) 
was longer than 20  minutes, mortality was 
increased among patients that received 
crystalloid- based resuscitation (HR 2.12; 95% 
CI, 1.05–4.30; p = 0.04), while increased mortal-
ity was not observed in patients in the prehospital 
plasma group (HR 0.78; 95% CI, 0.40–1.51; 
p  = 0.46). When time from injury to arrival on 
scene was accounted for, the findings suggested 

that plasma transfusion must begin within 
approximately 40  minutes from injury [13]. 
Another report demonstrated that the combina-
tion of prehospital red blood cells (RBC) and pre-
hospital plasma was better than either product 
alone [14]. This chapter will focus on dried 
plasma.

Taken together, available data suggest that, for 
patients who cannot reach a trauma center rap-
idly, prehospital transfusion should be initiated as 
soon as possible. Even with rapid prehospital 
transport, prehospital transfusion may be essen-
tial, for example, if a patient is bleeding very rap-
idly or if there has been a longer period from 
injury until ambulance arrival.

A number of trauma systems have incorpo-
rated RBC and/or plasma on their evacuation 
helicopters [8, 10, 15–22]. However, logistical 
constraints currently prohibit out-of-hospital 
transfusion in most civilian ground ambulances 
and at rural or remote hospitals without blood 
banks.

Fresh frozen plasma (FFP) must be stored fro-
zen, takes about 30 minutes to thaw using conven-
tional equipment, and then must be stored, 
refrigerated, and transfused within 5 days. These 
requirements present logistical challenges, in 
terms of transport, storage, and inventory manage-
ment. Establishment of prehospital air medical 
thawed plasma programs is feasible, but can be 
costly [23]. Adams et  al. analyzed clinical trial 
data and estimated that the cost of routinely carry-
ing thawed FFP on helicopters is expensive. 
Delivery to the helicopter base, storage, and inven-
tory management were cost drivers. Only 7% of 
units was transfused by helicopter crews. Twenty 
percent was wasted (expired) and 73% was 
returned to the blood bank. Of the units returned to 
the blood bank, only 59% was ultimately trans-
fused. To a degree, wastage was dependent on dis-
tance of the air medical base from the blood bank; 
for the most remote bases, plasma was either 
transfused or allowed to expire. When considering 
ground ambulances, the challenges become even 
more significant. A dried plasma, with reduced 
cold-chain requirements and easy reconstitution, 
is needed to enable the broader use of plasma in 
the prehospital setting [23, 24].
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 Dried Plasma: History

In the 1930s, methods were established to lyoph-
ilize plasma [25], and successful infusion was 
reported in both experimental animals [26, 27] 
and humans [28]. Large-scale use of dried 
plasma began in WWII, when millions of units 
were distributed to Allied Forces worldwide 
(Table  42.1). Both the British and Americans 
produced pooled, lyophilized plasma (Fig. 42.1) 
[29, 30]. The Swedish Defense Force was pro-

vided with a spray-dried plasma [31]. These 
were regarded as efficacious. By the end of the 
war, it became apparent that hepatitis transmis-
sion was a problem [32], as it was with all other 
blood components [33]. The use of dried plasma 
continued through the first part of the Korean 
War. Following unsuccessful attempts to reduce 
disease transmission by irradiating plasma [34], 
US Army policy was changed to recommend that 
plasma be used only in emergencies and when 
no plasma expander was available. By 1968, 
dried pooled plasma was essentially abandoned 
in the United States [35]. The French Military 
Blood Institute produced dried plasma from 
1949 to 1984 and provided nearly 40,000 units 
to French military forces during the Indochina 
War [36]. Production was discontinued in 1985, 
due to risk of HIV transmission. Improved donor 
screening and the advent of pathogen reduction 

Table 42.1 Historical dried plasma development

1930s Plasma lyophilization developed
1940 – Large-scale production of pooled (1000+ U), 
lyophilized plasma by both the US and British 
established for wartime use (to meet logistical 
constraints of whole blood and frozen/liquid plasma)
1941 – Spray-dried plasma produced for the Swedish 
Defense Department
WWII Production
    British produced >500,000 U in WWII
    US produced >6,000,000 U in WWII
    US/British distributed worldwide
    Swedish ~17,000 U for use in Sweden and 

Finland
1945 – Hepatitis
    Hepatitis as a result of plasma transfusion 

recognized by end of WWII
    Believed that benefits outweighed the risk
1945–1952 – Hepatitis
    Attempts at pathogen reduction and reducing 

pool size not successful
    Three normal volunteers died in an 

experimental study – testing program suspended
1953 – Department of the Army (Circular 73) directed 
that, because of the risk of serum hepatitis, the higher 
cost, and the need to use it for the production of specific 
globulins, plasma would not be used “to support blood 
volume” unless dextran was not available (US)
1953 – Serum albumin replaced plasma as primary 
resuscitative product for US Forces in Korea
1968 – National Research Council Committee on 
Plasma and Plasma Substitutes recommends that “the 
use of whole, pooled human plasma be discouraged 
and even discontinued unless a clear cut case can be 
made for its unique requirements” (US)
1985 – The French Military Blood Institute produced 
dried plasma from 1949 to 1984 and provided over 
40,000 units to French military forces during the 
Indochina War. In 1985, production was discontinued 
due to risk of HIV infection

Adapted with permission Pusateri et al. [37]

a

b

Fig. 42.1 (a) British (right) and US Army dried plasma 
units. (b) British dispensing set for plasma. Accessed at 
(https://upload.wikimedia.org/wikipedia/en/thumb/9/95/
Britain_and_us_plasma_packages_wwii.jpg/162px-Brit-
ain_and_us_plasma_packages_wwii.jpg, 14 August 
2020)
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technologies in the 1990s, and their application 
to blood components, allowed for renewed 
development and production of safe dried plasma 
products [37].

 Methods of Production

All current dried plasma products incorporate 
donor screening and testing procedures. Dried 
plasma can be produced from single units of 
plasma, or from pooled plasma, in pool sizes 
ranging from <11 to >1000 (Table 42.2). Pooled 
products also incorporate pathogen reduction, as 
an added safety measure. Available products are 
manufactured in a central facility, while some 
dried plasmas being developed use a distributed 
model, producing individual dried plasma units 
by “bench-top” devices [37, 38]. Available dried 

plasma products utilize lyophilization, while 
some products in development use spray-drying. 
These two processes have fundamental differ-
ences. An important concern is that the atomiza-
tion of liquid plasma to droplets plus the brief 
exposure to high temperature at the tip of the 
spray drying nozzle has the potential for damag-
ing proteins (e.g., coagulation and anticoagula-
tion factors) and, in the process, possibly creating 
neo-antigens that might be clinically important. 
This has led to more protracted development pro-
grams required by some regulatory authorities 
[38]. The pathogen reduction technologies cur-
rently in use for dried plasma production include 
amotosalen plus UV light treatment and  solvent/
detergent (S/D) treatment. Each drying and 
pathogen reduction process has characteristic 
effects on plasma. However, processes can be 
optimized to minimize these effects [37–41]. 

Table 42.2 Characteristics of commercially available dried plasmas

FLYP LyoPlas N-w Bioplasma FDP
Use 1994–present – French Military

2011–present – Civilian (austere)
2018–present – US Military

General 
population – Germany

General population – South 
Africa and neighboring 
countries

Processes Lyophilized
Pooled apheresis FFP <11 donors
All volunteer donors
Donor screening
Testing – disease  factors
Hemovigilance program
2003 – Leukoreduced
2010 – No HLA Ab+ women
2010 – Amotosalen Pathogen 
Reduction (PR)

Lyophilized
1990s to 2006: Pooled S/D
2007–present – Single donor
Donor screening
Hemovigilance program
Frozen ≥4 mos for donor 
retest
Leukoreduced
No HLA Ab+ women

Lyophilized
Pooled (up to 1500 donors)
All volunteer donors
Donor screening
Comprehensive testing
Hemovigilance program
S/D treatment for PR

Characteristics Normal factor levels
ABO-universal

Normal factor levels
ABO type specific

Factor levels: ≥ 0.40 IU
ABO-universal plasma

Shelf-life 2 years at room temperature 15 months at 2–25 °C Store below 25 °C
Reconstitution <6 min A few minutes <10 min
Indication As sole source of plasma where 

used
Same as frozen plasma Where plasma and 

coagulation factors are 
required

Safety No adverse events reported 
(including TRALI) since 1994 
start of hemovigilance program

300,000 U S/D LyoPlas
230,000 U LyoPlas N-w 
(2007–2013)
Hemovigilance program 
reported no increase 
incidence of adverse events

Contraindicated: Severe 
protein S deficiency
Hemovigilance program – no 
increase in adverse events

Efficacy Clinical use reports support 
efficacy as part of a 1:1 DCR 
approach

No restrictions related to 
clinical efficacy have been 
identified

No restrictions related to 
clinical efficacy have been 
identified

Adapted with permission Pusateri et al. [37]
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Therefore, it is important to consider the charac-
teristics of each individual product.

 Modern Dried Plasma

 Currently Available Dried Plasma 
Products

By the 1990s, problems with disease transmis-
sion were largely addressed by improved donor 
screening, testing, and pathogen reduction, 
enabling production of modern dried plasmas. In 
France, Germany, and South Africa, technologi-
cal and manufacturing barriers have been 
resolved, and the consistent production of safe 
and effective dried plasma has continued for over 
20  years [36, 37, 42, 43]. Yet, most countries, 
including the United States, do not have dried 
plasma products [24]. Currently, there are three 
commercially available dried plasmas (Fig. 42.2; 
Table 42.2).

The French military (French Centre de 
Transfusion Sanguine des Armées) resumed 
dried plasma production in 1994, ensuring safety 
by using a minipool (<11 donors) approach with 
carefully screened and monitored donors, plasma 
quarantine and donor retesting, and a robust 
hemovigilance program (Fig. 42.2a; Table 42.2) 
[36]. The product excludes plasma from women 
with antihuman leukocyte antigen antibodies and 
incorporates pathogen reduction using amoto-
salen and ultraviolet light (UV) (Cerus 
Corporation, Concord, CA). In the early 1990s, 
an S/D pooled lyophilized plasma was developed 
by the German Red Cross (Fig. 42.2b; Table 42.2). 
Over 300,000 units of the original product were 
used through 2006. In 2007, due to risk of trans-
mission of Creutzfeldt-Jakob disease, the German 
Red Cross switched production to LyoPlas N-w, 
a single donor, quarantined lyophilized plasma 
[42]. The National Bioproducts Institute 
(Pinetown, South Africa) produces Bioplasma 
FDP, a pooled, S/D, ABO-universal lyophilized 

a

c

b

Fig. 42.2 Available dried plasmas: (a) French lyophi-
lized plasma (FLYP), produced by the French Military 
Blood Institute (Centre de Transfusion Sanguine des 
Armees (CTSA)); (b) LyoPlas N-w, produced by the 

German Red Cross; (c) Bioplasma FDP, produced by 
National Bioproducts Institute, Pinetown, South Africa. 
(Adapted with permission Pusateri et al. [37])
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plasma, which has been in use in South Africa 
since 1996 (Fig. 42.2c; Table 42.2). These prod-
ucts are currently available within each respec-
tive country and limited others. French 
lyophilized plasma is currently available to the 
US military under an emergency use authoriza-
tion [38].

 Products Currently in Development

A number of companies have been developing 
dried plasma products for US licensure. Each pro-
gram is aimed at producing dried plasma that is 
packaged in a flexible blood bag and has reduced 
logistical requirements [37, 38]. From 2008 to 
2013, HemCon Medical Technologies, Inc. 
(Portland, Oregon) developed a product that used 
licensed FFP to produce single-donor lyophilized 
plasma and thus incorporated the safety measures 
inherent in FDA licensed FFP. In 2011, the prod-
uct was successful in a phase I clinical trial [44, 
45]. Since 2013, Vascular Solutions (Maple 
Grove, Minnesota), a subsidiary of Teleflex 
Corporation, continued this freeze-dried develop-
ment program for single- donor lyophilized 
plasma (RePlas) [38]. Entegrion Inc. (Research 
Triangle Park, NC) has been developing a pooled, 
S/D, spray-dried, universal plasma (Resusix) 
since 2008. Plasma is pooled (1000–1500 units), 
providing the ability to assay and standardize fac-
tor levels, which can vary significantly among 
individual donors [46–48]. The product has com-
pleted a phase I clinical trial. Resusix and RePlas 
are being developed under centralized manufac-
turing models. Other companies are pursuing a 
decentralized manufacturing approach. Velico 
Medical Technologies (Beverly, MA) is develop-
ing a spray-drying device and proprietary bag sys-
tem that will produce licensed, single-donor, 
spray-dried plasma units [38, 41, 49]. Terumo 
BCT (Lakewood, Colorado) is developing a sin-
gle-donor, freeze-dried plasma manufacturing 
device for use at blood centers [38]. Decentralized 
manufacturing offers the advantage of the total 
supply being less vulnerable to manufacturing 
difficulties while raising concerns regarding qual-
ity control and uniformity of product.

Recently, it has become apparent that early 
plasma transfusion is not only important for 
humans but also for canine victims of trauma. 
Guidelines have been established for resuscita-
tion of wounded military working dogs using 
plasma, and it is expected that these guidelines 
will be applicable to civilian canine trauma [50, 
51]. Recognizing this need, two companies, 
BodeVet (Rockville, Maryland) and Mantel 
Technologies, Inc. (Fort Collins, Colorado), are 
developing canine freeze-dried plasma products 
for FDA approval.

 Clinical Experience with Modern 
Dried Plasma

Initial experience with modern dried plasma 
products was in-hospital [42, 52, 53]. Following 
early case reports on the prehospital use of dried 
plasma in military operations, military and civil-
ian medical services from a number of countries 
incorporated dried plasma for point of injury and 
en route administration in casualties with trauma 
and hemorrhagic shock [4, 22, 54–60]. Since that 
time, studies have confirmed both the feasibility 
and efficacy of the use of this product in the early 
treatment of patients with traumatic hemorrhage.

 French Lyophilized Plasma (FLYP)

The French military first described their use of 
FLYP in 87 patients in Afghanistan between 2010 
and 2011. FLYP transfusion reduced prothrom-
bin time (20.0 ± 9.1–16.7 ± 4.0 s, p < 0.01), with 
no transfusion reactions [36, 52]. More recently, 
Nguyen et  al. [61] conducted a retrospective 
study at a level 1 trauma center. Among trauma 
patients who received at least 2  U RBC, the 
authors compared patients that also received 
either FFP (n = 29) or FLYP (n = 43). They found 
that, while time to receive RBC was similar 
between groups, patients who were transfused 
with FLYP received plasma earlier than those 
that received FFP (15 min versus 95 min, respec-
tively; p  <  .01). These patients also achieved a 
higher plasma:RBC transfusion ratio during the 
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first 6 hours and had reduced overall transfusion 
requirements [61]. FLYP was also studied in a 
prospective randomized open-label study of 
severely injured trauma patients who received 
either up to 4 U of FLYP (n = 24) or up to 4 U of 
FFP (n = 24) in combination with up to 4 U of 
RBC as part of a 1:1 ratio transfusion at a level 1 
trauma center. FLYP was immediately reconsti-
tuted at the bedside, while FFP was ordered from 
the blood bank according to standard procedures. 
Patients treated with FLYP received earlier 
plasma transfusion and had improved coagula-
tion parameters through the first 6  hours, com-
pared to patients who received FFP, and no 
adverse events were noted [62]. Reports of the 
use of FLYP in the prehospital environment have 
also been promising [60, 63].

 LyoPlas N-w

From 2007 to 2011, over 230,000 U of LyoPlas 
N-w were delivered to German facilities, com-
pared to approximately 343,000 U of FFP [42]. 
Incidences of transfusion reactions were similar 
for lyophilized plasma (0.023%) and FFP 
(0.018%). More recently, Shlaifer et al. reported 
a retrospective analysis of 109 trauma patients 
who were treated with prehospital administration 
of LyoPlas N-w. Prehospital administration was 
safe (only one mild reaction which stopped when 
transfusion stopped) and feasible (only five 
instances of difficulty with administration) [64]. 
A single-center observational study examined the 
effect of prehospital administration of LyoPlas 
N-w by helicopter emergency medical service 
(HEMS) crews. Patients who received up to 4 U 
RBC without plasma during a 12-month period 
were compared to those who received up to 4 U 
RBC plus up to 4 U LyoPlas N-w over the follow-
ing 12-month period. After HEMS began carry-
ing LyoPlas, 66 patients received FDP and RBC, 
46 received FDP only, and ten received RBC 
only. The authors concluded that inclusion of 
prehospital FDP was safe and logistically feasi-
ble [65]. Nadler et  al. reported a retrospective 
descriptive case series of 33 pediatric trauma 
patients with hemorrhagic shock who received 

LyoPlas N-w at the point of injury, including one 
who received the plasma via intraosseous infu-
sion. No adverse reactions were noted, and it was 
concluded that LyoPlas N-w could be used safely 
and effectively in the prehospital setting for pedi-
atric trauma patients, but that specific treatment 
protocols should be developed [66]. Benov et al. 
reported the Israeli Defense Forces’ experience 
with prehospital transfusion of LyoPlas N-w to 
75 patients with trauma and hemorrhagic shock, 
with no adverse reactions or difficulties with 
administration [67]. Most recently, a retrospec-
tive cohort study examined 48 patients that 
received prehospital LyoPlas N-w compared to 
48 patients who did not receive prehospital FDP 
and showed that INR was improved in patients 
that received FDP [68]. The suitability of LyoPlas 
N-w for use in the out-of-hospital environment 
was confirmed in a recent in vitro study that dem-
onstrated excellent product stability under field 
conditions [69].

 Bioplasma FDP

Bioplasma FDP has been in use in South Africa 
since 1996, with a strong record of safety [43]. 
The product is used interchangeably with FFP in 
all types of patients, depending on availability. In 
some provinces, such as Kwazulu-Natal, 
Bioplasma FDP is the primary form of plasma 
used (Dr. Lee Wallis, “personal communica-
tion”). Hemovigilance data collected during the 
first 10 years of use demonstrated a high degree 
of safety with only 48 adverse events after trans-
fusion of a total of 372,485 bottles of Bioplasma 
FDP (1996–2006) [43]. The majority of these 
adverse events were immunologic/allergic reac-
tions, and the only reported case of transfusion- 
related acute lung injury was not confirmed. 
Hemovigilance data also showed that 
 transfusion- related adverse events were reduced 
with BioPlasma FDP, compared to single-donor 
FFP in South Africa [43]. A prospective single-
blinded consecutive enrollment trial compared 
the efficacy and safety of Bioplasma FDP (n = 23) 
to non-S/D treated single donor fresh-dried 
plasma (n  =  20) in patients requiring 
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cardiopulmonary bypass [53]. The two plasmas 
performed similarly, with no differences in coag-
ulation or physiological parameters and no 
adverse events.

 Outlook for Trauma-Induced 
Coagulopathy: Endotheliopathy, 
Coagulation, and Fibrinolysis

Trauma-induced coagulopathy occurs within 
minutes of injury, in approximately 25% of 
severely injured patients, and is associated with 
increased mortality [70–72]. Mechanisms are 
complex and result in imbalances among the pro-
coagulant, anticoagulant, fibrinolytic, and antifi-
brinolytic systems, leading to multiple 
phenotypes that can vary based on injury pattern, 
time after injury, and iatrogenic factors [73–76]. 
An endotheliopathy of trauma (EOT) also occurs 
early after injury and contributes to the coagulo-
pathic phenotype [77, 78].

The EOT is characterized by systemic vascu-
lar endothelial permeability, coagulation dys-
function, hemodynamic instability, inflammation, 
and organ injury after hemorrhagic shock [78–
80]. Endotheliopathy can occur within minutes of 
injury and is associated with poor outcomes, 
including multi-organ failure [77]. Therefore, 
restoring the endothelium and barrier integrity is 
integral to further reducing hemorrhage-related 
morbidity and mortality. Currently available data 
suggest that plasma is the most promising treat-
ment for EOT, both in terms of efficacy and avail-
ability, while other plasma-derived products are 
also promising [78]. Dried plasmas have been 
used experimentally to treat or mitigate EOT, 
both in vitro and in vivo.

Plasma inhibits vascular endothelial compro-
mise, attenuates inflammation, restores the endo-
thelial glycocalyx, and mitigates organ injury 
induced by hemorrhagic shock and trauma [81–
90]. Freshly thawed FFP and S/D spray-dried 
plasma have similar protective effects on endo-
thelial permeability and inflammation in  vitro 
[91, 92]. In mice, S/D spray-dried plasma miti-
gated pulmonary vascular permeability, restored 
vascular junction integrity, corrected base deficit, 

and decreased pulmonary inflammation induced 
by hemorrhagic shock [93]. Similar results were 
observed using lyophilized plasma, both in vitro 
and in vivo [84, 85].

Maintenance of endothelial function by dried 
plasma is also suggested by results of large ani-
mal studies. In a swine model of polytrauma, 
hemorrhagic shock, and coagulopathy, lyophi-
lized plasma and FFP were equivalent in correct-
ing coagulopathy [94, 95]. In another study, 
7-day survival was improved with spray-dried 
plasma compared to resuscitation with Hextend® 
and was equivalent to treatment with whole blood 
[96]. In a swine model of polytrauma, hemor-
rhagic shock, and traumatic brain injury, lyophi-
lized plasma was effective in decreasing brain 
lesion size and improving long-term outcomes 
[97–99].

Taken together, the experimental data suggest 
that all currently available dried plasmas would 
be expected to perform similarly to FFP in the 
treatment of EOT.  In preclinical studies, dried 
plasmas performed similarly to FFP regardless of 
whether the product was pooled or single donor, 
whether the method of drying was spray-drying 
or lyophilization, and whether or not the product 
had undergone S/D treatment for pathogen 
reduction.

An underlying concept in the use of plasma 
transfusion for the treatment or prevention of 
trauma-induced coagulopathy is that addition of 
plasma, with its normal balance and levels of 
pro-/anticoagulant and pro-/antifibrinolytic pro-
teins, will mitigate plasma phase imbalances 
associated with the coagulopathic state (i.e., 
move them toward normal balance) [100–102]. 
In this regard, dried plasma products should be 
expected to exhibit an acceptable procoagulant to 
anticoagulant balance, similar to FFP. A number 
of clinical reports have demonstrated improved 
coagulation parameters (e.g., INR) following 
early transfusion of reconstituted dried plasma to 
patients with traumatic hemorrhage [52, 62, 68]. 
Nonetheless, it is informative to consider the pro-
files of in vitro hemostatic parameters of dried 
plasma products relative to FFP, as they may be 
impacted by methods of drying and pathogen 
reduction.
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 Lyophilization

Bux et  al. examined changes in hemostatic 
parameters in LyoPlas N-w by comparing the 
starting FFP with the lyophilized product [42]. 
Lyophilization resulted in changes of generally 
<10% in hemostatic parameters. The most sig-
nificant was vWF activity (~25% loss). All 
parameters remained in the normal range. Similar 
results were obtained in a study of FLYP [103]. 
Lyophilization of amotosalen-treated pooled 
plasma produced little change in coagulation fac-
tors, with lyophilization changing most factors 
by less than 10%. Exceptions included factor V 
(25% decline) and factor VIII:c (20% decline). 
All factors remained in the normal range except 
factor V.  Thromboelastometric parameters were 
unchanged. Thrombin generation using high tis-
sue factor reagent was unchanged, but was 
slightly reduced with low tissue factor [103]. In 
another study, concentrated LyoPlas N-w was 
added to reconstituted whole blood in  vitro. 
Coagulation factor levels were increased above 
normal, but not thrombin generation, likely 
reflecting maintenance of normal ratios of proco-
agulant to anticoagulant proteins [104].

Freeze-drying appears to have little effect on 
proteins of the fibrinolytic system. Plasminogen 
levels remained above 90% [37, 42, 103] and 
alpha-2 antiplasmin levels remained above 
80–90% [42, 103] after lyophilization. Addition of 
pooled lyophilized plasma to native whole blood 
in a thromboelastographic assay did not alter LY30 
(clot lysis). However, addition of pooled lyophi-
lized plasma to whole blood challenged with t-PA 
resulted in a significant reduction in the hyperfibri-
nolytic effect of t-PA, suggesting that, similar to 
FFP, dried plasma has an important “buffering 
effect” on the fibrinolytic system [105].

 Spray-Drying

Liu et al. recently reported optimized processing 
procedures for a single-unit spray-dried plasma. 
The spray-dried plasma performed comparably 
to FFP in global assays such as PT, aPTT, and 
thromboelastography [41]. Factor levels were 

greater than 80% of FFP for all factors, except 
FXIII (74%) and vWF (60%). In vitro study of 
this spray-dried plasma found that, despite a 
reduction in high molecular weight vWF multim-
ers, platelet adhesion was not impaired and over-
all clot characteristics remained within the 
normal range for FFP [106]. In a study of another 
spray-dried plasma, Spinella et al. reported that, 
despite reductions in individual factor levels dur-
ing spray-drying, thrombin generation was 
greater with spray-dried plasma than with FFP 
and liquid plasma [48], raising the possibility of 
increased thrombotic issues. Data suggest that 
function of spray-dried plasma would be similar 
to lyophilized plasma, but a potential for throm-
botic risk has been noted in vitro. No spray-dried 
plasma is yet commercially available. It will be 
important to consider the specific characteristics 
of any future product.

 Pathogen Reduction

Both S/D and amotosalen pathogen reduction 
processes have been combined with drying pro-
cedures to produce pathogen-reduced dried 
plasma [37]. The processes have different effects 
on coagulation factor levels. Amotosalen treat-
ment reduced factor VII (23% reduction), factor 
VIII:c (27% reduction), and fibrinogen (28% 
reduction), while other factors remained rela-
tively unchanged [40]. The impact of amotosalen 
treatment on proteins of the fibrinolytic system 
appears small. Available data demonstrate that 
amotosalen treatment reduces plasminogen and 
alpha-2 antiplasmin levels by less than 10% [40]. 
FLYP incorporates amotosalen treatment for 
pathogen reduction [36]. There have been no 
adverse clinical reports related to altered factor 
levels for FLYP.

The largest reductions in factor levels following 
S/D treatment were for vWF activity (24% reduc-
tion), factor V (37% reduction), and protein S 
(44% reduction). Other factors were reduced to a 
lesser degree [40]. Proteomic changes have also 
been observed [107]. Solvent detergent treatment 
has little if any effect on plasminogen, but 
decreases alpha-2 antiplasmin activity to 
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approximately 20–40% of normal levels [39, 40, 
107]. There has been some controversy surround-
ing S/D-treated plasma, specifically pertaining to 
the potential effects of reduced protein S and 
reduced alpha-2 antiplasmin. The extensive expe-
rience with liquid S/D plasma provides important 
information. Due to reduced levels of protein S 
and alpha-2 antiplasmin, the package insert for 
Octaplas liquid S/D plasma carries warnings about 
thrombosis risk (due to low protein S levels) and 
hyperfibrinolysis (due to low antiplasmin levels; 
Octaplas package insert). In vitro studies examin-
ing the impact of low alpha-2 antiplasmin and low 
protein S in liquid S/D plasma have demonstrated 
that t-PA-initiated whole blood clot lysis was more 
rapid than in FFP and that thrombin generation 
was enhanced. Addition of tranexamic acid miti-
gated the enhanced fibrinolysis [108–110]. 
Because both alpha-2 antiplasmin and protein S 
are synthesized by the liver, particular attention 
has been given to the use of liquid S/D plasma for 
patients undergoing liver transplantation.

A previously marketed liquid plasma product, 
Plas+SD (Vitex, Melville, NY), was removed 
from the market due to serious adverse events 
(thrombosis in liver transplant patients) that may 
have been associated with low protein S concen-
trations, elevated lipoprotein A, and complement 
activation in the product [39]. Current products 
incorporate a different S/D pathogen reduction 
process. An increased incidence of hyperfibri-
nolysis in a retrospective study of patients that 
received S/D plasma (Octaplas) during liver trans-
plantation, as compared to patients that received 
FFP, has also been reported. Patients that received 
S/D plasma had increased plasma levels of 
D-dimer and fibrin degradation products. 
However, there was no difference in clinical out-
comes or transfusion requirements [111]. 
Subsequently, a study of 195 consecutive primary 
liver transplant patients demonstrated low inci-
dences of thromboembolism and hyperfibrinoly-
sis in patients that received S/D plasma (Octaplas). 
The researchers concluded that the relatively low 
concentrations of α2-antiplasmin and protein S in 
Octaplas, compared to products that have not 
undergone pathogen reduction, such as FFP, do 
not seem to have a major clinical impact [112].

Bioplasma FDP, which is produced by lyophi-
lization of S/D-treated plasma, has a contraindi-
cation for patients with severe protein S deficiency 
(Bioplasma package insert). Although there are 
no published data on factor levels in Bioplasma 
FDP, the package insert states that all factor lev-
els are 0.4 IU (40%) or higher (Bioplasma pack-
age insert). Nonetheless, formal hemovigilance 
programs covering many hundreds of thousands 
of units of S/D-treated plasma, both liquid and 
lyophilized, have demonstrated an excellent 
record of safety [37, 113].

Taken together, it appears that, as long as cli-
nicians are aware of the potential risks due to 
reduced alpha-2 antiplasmin and protein S in S/D 
plasmas, currently available dried plasma prod-
ucts may be used interchangeably with FFP for 
the treatment of trauma-induced coagulopathy.

 Summary

Recent clinical trials have demonstrated that 
early plasma transfusion reduces mortality in 
patients with trauma and hemorrhagic shock. 
Prehospital administration of blood products, 
including plasma, has been adopted by many 
helicopter emergency medical services. 
However, logistical constraints still limit the use 
of plasma in helicopters and, to a greater degree, 
ground ambulances. A dried plasma product, 
with reduced cold-chain requirements and easy 
preparation, is needed to facilitate administra-
tion of plasma in the out-of-hospital environ-
ment. Three modern dried plasma products 
(Bioplasma FDP, FLYP, and LyoPlas N-w) are 
currently available in some countries, but dried 
plasma remains unavailable in most countries, 
including the United States. In addition to lyoph-
ilization, extra precautions, such as pathogen 
reduction, are used to ensure product safety. 
Additional products are in development. 
Experience with dried plasma products to date 
suggests that they are safe and effective and that 
they can be used interchangeably with FFP for 
prevention or treatment of trauma-induced coag-
ulopathy, with some precautions based on indi-
vidual product specifications.
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Disclaimer “The views expressed here are those of the 
author(s) and do not reflect the official policy or position 
of the U.S. Army Medical Department, Department of the 
Army, DoD, or the U.S. Government.”
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Synthetic Blood Substitutes

Anirban Sen Gupta

 Introduction

Trauma-associated exsanguinating hemorrhage 
and trauma-induced coagulopathy (TIC) remain 
major causes of mortality, globally, both in the 
battlefield [1–5] and in civilian settings [6, 7]. In 
such severe hemorrhage scenarios, transfusion of 
whole blood (WB) or blood components (RBC/
platelets/plasma in controlled ratios) can signifi-
cantly improve hemostasis, mitigate hemorrhagic 
shock, and save lives. In fact, the US Army had 
documented the field use of group O whole blood 
transfusion to treat combat trauma during World 
War I and World War II [8–10]. The US military 
had also established strategic and logistic mea-
sures for “walking blood banks” in far forward 
austere battlefield settings [11–13]. With the 
development of blood fractionalization technolo-
gies, civilian blood banks adapted component- 
based therapy with the rationale for avoiding 
transfusion transmitted diseases. In recent years, 
a robust volume of clinical studies, including 
PROMMTT, PROPPR, COMBAT, and PAMPer 
trials, have established that mortality from severe 
hemorrhage and coagulopathy usually happens 
within hours post-injury, and early transfusion of 
WB or blood components, if available, can sig-

nificantly improve survival [14–17]. Such clini-
cal findings have led to the concept of damage 
control resuscitation (DCR) [18–20], including 
remote DCR (RDCR) which emphasizes the crit-
ical significance of making blood products acces-
sible as close as possible to the hemorrhaging 
patient, at point of injury (POI), and en route, to 
reduce the time gap between injury and treatment 
and thus significantly improve survival. For 
example, the Committee on Tactical Combat 
Casualty Care (CoTCCC) has recently recom-
mended WB for RDCR hemostatic resuscitation 
in combat trauma, and this has led to the develop-
ment of a WB program by the US Army’s 75th 
Ranger Regiment (Ranger Group O Low Titer or 
ROLO Program) to enable WB transfusion at 
POI [21–23]. Due to the blood collection chal-
lenges that can occur in the battlefield, the Armed 
Services Blood Program (ASBP) has begun col-
lecting and shipping cold-stored low titer O WB 
to US military units in the field, and such WB is 
also currently in limited use in the civilian emer-
gency services including prehospital transfusion 
in trauma, strongly endorsed by the AABB 
[24–26].

While such transfusion strategies are highly 
effective in saving lives, these approaches are 
obviously still heavily dependent on “donor 
blood.” Also, these transfusion options are of 
very limited availability beyond large civilian 
and military trauma treatment facilities. This is 
mainly due to the challenges associated with por-
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tability, storage, contamination, and shelf-life of 
blood products. Firstly, there is a persistent global 
shortage of blood donors [27, 28], which affects 
availability. Additionally, fresh WB needs to be 
used within 24 h, cold-stored WB preferably 
within 10  days, and isolated RBCs within 
20–40 days, and isolated platelets have a shelf- 
life of only ~5 days at room temperature, all of 
which pose severe logistical challenges regarding 
adequate availability and timely transfusion [29, 
30]. Extensive efforts are currently being directed 
at reducing contamination and increasing the 
shelf-life of blood products. Prominent efforts in 
this area include development of pathogen reduc-
tion technologies (PRT) as well as storing blood 
products at reduced temperatures (cold-stored, 
cryopreserved, lyophilized, etc.) [31–34]. In par-
allel, important research efforts are currently 
being directed toward the in vitro production of 
donor-independent RBCs and platelets (a field of 
research interestingly termed “blood pharming”) 
from progenitor cells and stem cells, utilizing 

unique bioreactor designs and culture conditions 
[35–40]. An alternative (and complimentary) 
approach to these strategies is the design of bio-
synthetic and artificial blood cells that function-
ally mimic the biological mechanisms of these 
cells while allowing large-scale in vitro manufac-
ture, sterilization and storage for long time peri-
ods, universal applicability (no need for type 
matching), and widespread availability both 
within hospitals and prehospital. The current 
chapter will comprehensively review such syn-
thetic blood substitutes.

 RBC Substitutes and Oxygen Carrier 
Systems

In blood, the primary function of RBCs 
(Fig. 43.1a) is the transport of oxygen and partial 
transport of carbon dioxide to and from tissues, 
via binding of the gases to the protein hemoglo-
bin (Hb) contained within the RBCs. The average 

a b

d e

c

Fig. 43.1 Schematic representations of (a) RBC, (b) hemoglobin (Hb) within RBC, (c) “heme” metalloporphyrin 
molecule, (d) oxygen-binding curve of Hb, and (e) DPG-regulated oxygen loading and off-loading in Hb
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amount of Hb in adult human RBCs is ~30 pico-
grams per cell (~250 million Hb molecules). Hb 
is present as a tetrameric protein of two α- and 
two β-polypeptide units (Fig. 43.1b), each bear-
ing an iron-containing “heme” group that binds 
one oxygen (O2) molecule (Fig. 43.1c). O2 bind-
ing to Hb is positively cooperative, such that a 
small variation in oxygen partial pressure (pO2) 
causes a large change in bound O2 by Hb, shown 
as a sigmoidal binding curve (Fig.  43.1d) [41]. 
The O2-carrying iron in Hb is in its reduced “fer-
rous” (Fe2+) state, which when oxidized to the 
“ferric” state (Fe3+) is incapable of binding oxy-
gen [41–44]. Therefore, in natural RBCs the O2 
transport mechanism of Hb is coupled to redox 
systems (e.g., driven by enzyme cytochrome b5 
reductase), such that the Fe in Hb is consistently 
maintained in its O2-binding state. Furthermore, 
Hb within RBCs undergoes conformational 
changes to allow saturation with O2 in the lungs 
(higher O2 affinity) and desaturation of O2 (i.e., 
release) in the tissue capillaries (lower O2 affin-
ity). Such reversible conformational control of 
Hb to modulate O2 affinity is mediated by alloste-
ric effector molecules like 2,3- diphosphoglycerate 
(2,3-DPG) formed inside RBCs as a glycolytic 
intermediate (Fig. 43.1e). Therefore, engineering 
of a synthetic RBC substitute poses formidable 
challenges regarding incorporation of such ther-
modynamic and kinetic aspects of O2 transport 
by Hb. The three main types of RBC-inspired 
oxygen carrier systems that have undergone 
extensive preclinical and some clinical research 
so far are Hb-based oxygen carriers (HBOCs), 
perfluorocarbon (PFC)-based emulsions, and 
iron (Fe2+)-containing porphyrin systems.

 HBOC Systems

HBOC systems are “biosynthetic” mimics of 
RBC, since they utilize Hb from biological 
sources as the oxygen-carrying component. In 
HBOCs, Hb is used either directly in chemically 
modified forms or further conjugated to polymers 
for circulation stability or encapsulated within 
particle carriers [45–48]. The most common 
sources of Hb used in such technologies are out-

dated human RBCs, bovine RBCs, or from 
recombinant technologies [49–52]. For human or 
bovine Hb, the protein is isolated via cell lysis, 
purified, and sterilized (e.g., by low heat). Such 
cell-free Hb presents low antigenicity and is able 
to bind oxygen effectively. However, early stud-
ies of transfusing such cell-free Hb in patients 
showed extensive renal toxicity and cardiovascu-
lar complications [53–56]. Cell-free Hb has a 
very short circulation lifetime, as the Hb tetramer 
rapidly dissociates into dimeric and monomeric 
forms that can bind to plasma immunoglobulins, 
and undergoes rapid clearance into the spleen, 
liver, and kidneys, leading to organ toxicity. Cell- 
free Hb and its dissociated derivatives also 
extravasate into subendothelial region and rap-
idly sequester nitric oxide (NO), converting NO 
into nitrate (dioxygenation reaction) and oxy-Hb 
to Met-Hb [57]. Since NO is a natural vasodila-
tor, its sequestration by cell-free Hb causes vaso-
constrictive and cardiovascular complications. 
Additionally, the “heme” in cell-free Hb has 
inherent inflammatory and toxic effects toward 
vascular endothelium [58]. Also, the absence of 
2,3-DPG in cell-free Hb results in the lack of 
conformational modulation of the O2 affinity of 
Hb, leading to suboptimal tissue oxygenation. 
For these reasons, direct utilization of human or 
bovine cell-free Hb is now deemed unsuitable for 
transfusion applications. Instead of RBC-sourced 
Hb, research efforts have focused on the develop-
ment of recombinant Hb (e.g., in E. coli) where 
specific mutations can allow reduced dissociation 
and NO-binding capacities. However, the correct 
combination of mutations that can lead to an 
ideal recombinant Hb molecule is still unresolved 
[59–61]. Therefore, the majority of HBOC 
research approaches have focused on chemical 
modification of Hb, including cross-linking, 
polymerization, and macromolecular surface 
modifications, or Hb encapsulation within par-
ticulate carriers, to improve stabilization, safety, 
and function in vivo.

 HBOCs with Chemically Modified Hb
Cell-free Hb can be both intra- and intermolecu-
larly cross-linked to stabilize the protein and 
reduce dissociation. For example, the α-subunits 
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can be cross-linked using acylation with  diaspirin, 
which resulted in the human Hb-based HBOC 
product HemAssist (Baxter, USA) [47, 62–64]. 
This product showed circulation time of ~12  h 
compared to <6  h for non-cross-linked Hb, but 
clinical trials with this product showed a 72% 
increase in mortality, leading to trial discontinua-
tion [64]. Similar cross-linking of the α-subunits 
of recombinant Hb was done using glycine, result-
ing in a product called Optro (Somatogen, USA), 
which also showed risks of cardiac arrest and mor-
tality in clinical trials [65–67]. In another approach, 
polymerized Hb was created by intermolecular 
cross-linking using glutaraldehyde (e.g., the prod-
ucts Hemopure from Biopure, USA, and 
PolyHeme from Northfield Labs, USA) and o-raf-
finose (e.g., the product HemoLink from Hemosol, 
Canada) [68, 69]. In these approaches, a persistent 
issue is the lack of precise control over the polym-
erization extent, and rigorous purification steps 
become necessary to ensure product quality. 
PolyHeme did not show major vasoconstrictive 
cardiovascular effects in safety studies [67, 70] 
and progressed into phase III clinical trials in the 
USA in the 1990s in the Acute Normovolemic 
Hemodilution (ANH) trials, as well as in trials 
treating patients suffering from traumatic hemor-
rhagic shock under emergency research waiver 
(ERW) and special protocol assessment (SPA) 
framework implemented by the FDA.  However, 
several fatalities occurred in such trials and the 
studies were abruptly shut down in 2001. Clinical 
trials with Hemopure (BioPure) showed favorable 
safety profiles and a reduced need of blood trans-
fusions in cardiac surgery [71]. This product is 
approved in South Africa for acutely anemic 
patients, but is not yet approved by the FDA. The 
company developing the product is now known as 
HbO2 Therapeutics, and the product (now known 
as HBOC-201) is currently undergoing further 
clinical evaluation. HemoLink also advanced to 
phase III clinical trials but was discontinued in 
2003 when patients experienced adverse cardiac 
events. In fact, many of these products in their 
clinical trials have shown high risks of transient 
hypertension, microvascular constriction and dys-
function, gastrointestinal distress, nephrotoxicity, 
neurotoxicity, and increased mortality [72, 73].

Instead of intra- or intermolecular cross- 
linking, Hb has also been modified with macro-
molecular bioconjugation to increase circulation 
stability and reduce immune reaction [74–77]. 
This approach is demonstrated in polyethylene 
glycol (PEG) modification of Hb (e.g., the prod-
ucts Hemospan from Sangart Inc., USA, and 
PEG-Hb from Enzon, USA) and 
poly(oxyethylene) modification of pyridoxylated 
cross-linked Hb (e.g., the product PHP from 
Apex Bioscience, USA). PEGylated Hb products 
have undergone extensive clinical trials and the 
studies showed risks of bradycardia and elevation 
of hepatic pancreatic enzymes even at low doses 
[77]. Nonetheless, the phase I and phase II clini-
cal trials with Hemospan showed favorable toler-
ance in humans for oxygen transport. However, 
subsequent phase III trials in orthopedic surgery 
patients in Europe showed continued risks of car-
diovascular and renal dysfunctions [78]. The per-
sistent issue of Hb being potent scavengers of 
NO via rapid irreversible binding has become a 
critical impediment toward clinical success of 
such products [79, 80]. Interesting solutions to 
this issue are the approaches of modifying Hb 
molecules to become NO carriers through 
S-nitrosylation of cysteine residues in the 
β-subunits of Hb or enzymatic transformation of 
Hb into becoming an NO donor in the presence 
of nitrites, but these approaches still need to be 
successfully established for in vivo efficacy [81]. 
Natural RBCs contain enzymes like catalase 
(CAT) and superoxide dismutase (SOD) that help 
mitigate the oxidative stresses stemming from 
superoxide moieties in injured and ischemic tis-
sues. Based on this rationale, these enzymes have 
been cross-linked to polymerized Hb to form 
PolyHb-SOD-CAT, which showed combined 
advantages of long circulation time and reduced 
oxidative damage [82, 83]. Another approach 
looked at incorporating regulatory molecules 
such as 2,3-DPG and methemoglobin reductase 
along with Hb in HBOC systems, to prevent irre-
versible Hb oxidation and unfavorable O2 affin-
ity. In a recent product named HemoTech, 
purified bovine Hb was cross-linked 
 intramolecularly with ATP and intermolecularly 
with adenosine and conjugated with reduced glu-
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tathione (GSH) [84], with the rationale that ATP 
will regulate vascular tone through purinergic 
receptors, adenosine will counteract the vasocon-
strictive properties of Hb, and GSH will shield 
the “heme” from NO and reactive oxygen spe-
cies. The early- phase studies have shown promis-
ing properties of HemoTech. In a different 
approach, PEG conjugation was carried out on 
bovine carboxyhemoglobin (CO-Hb) instead of 
Hb, and the resultant PEG-CO-Hb system was 
evaluated for oxygen (and CO) transport capa-
bilities [85–87]. The rationale behind this unique 
design is that, endogenous CO produced from 
(hypoxia-enhanced) heme-oxygenase activity 
can provide cytoprotective and vasoprotective 
effects. The PEG-CO-Hb product (Sanguinate, 
Prolong Pharmaceuticals, USA) has undergone 
preclinical evaluation and is currently in clinical 
trials for treating sickle cell anemia, thrombotic 
thrombocytopenic purpura (TTP), and ischemia. 

In another recent approach, human serum albu-
min (HSA) was conjugated onto Hb by reacting 
Hb surface lysines to HSA cysteine-34 using 
α-succinimidyl-ε-maleimide cross-linker [88]. 
These core-shell Hb-HSA clusters are expected 
to have high circulation stability and can be fur-
ther modified by incorporating antioxidant 
enzymes in the HSA pockets for protection of Hb 
[89]. These newer designs have only been evalu-
ated in  vitro, and rigorous preclinical in vivo 
studies would be needed to establish clinical 
promise. Figure 43.2 shows the above-described 
prominent HBOC designs based on chemically 
modified Hb.

 HBOCs with Encapsulated Hb
In the pharmaceutical field, microparticle- and 
nanoparticle-based carriers are often used to 
encapsulate drugs and bioactive compounds to 
protect the payload from plasma effects, improve 
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its circulation lifetime, and potentially allow 
improved delivery to target tissues. Similar 
approaches have been adapted to encapsulate Hb 
and create an “RBC substitute.” The earliest dem-
onstration of this approach is found in the pio-
neering work by Chang et al. during the 1950s, 
where Hb and enzymes were encapsulated within 
polymeric microcapsules. For this, the membrane 
material used was collodion (cellulose nitrate) or 
polyethylene glycol-polylactide (PEG-PLA) 
[90–92]. In vitro, these RBC-mimetic “hemoglo-
bin corpuscles” showed oxygen binding curves 
similar to RBCs and retained activity of RBC- 
relevant co-encapsulated molecules like 2,3-DPG 
and CAT.  However, a major challenge of using 
these systems in vivo is their rapid macrophagic 
clearance, resulting in very short circulation time. 
Reducing the particle diameter to ~1 micron par-
tially improved the circulation profile, and fur-
ther research efforts were directed at improving 
the circulation time by modifying the particle 
surface with lipids and polysaccharides. In 
another approach, Hb was encapsulated within 
micron and submicron sized lipid vesicles 
(termed liposome-encapsulated Hb or LEH), 
where the membrane contained phospholipids 
and cholesterol [93–95]. Several variations of 
this design have been studied, e.g., 
“Neohemocytes,” “TRM-645 Neo Red Cells,” 
etc., where the emphasis has been on maintaining 
uniform Hb encapsulation extent, consistent size 
distribution of the vesicles, and optimal vesicle 
stability in storage while conserving the oxygen 
transport properties of the encapsulated Hb [96, 
97]. During the 1990s the “Stealth Liposome” 
technology was established, where liposomal 
nanoparticles (100–200  nm in diameter) were 
surface-functionalized with polyethylene glycol 
(PEG) to improve their storage stability, reduce 
rapid macrophagic uptake in vivo, and enhance 
their circulation residence time [98, 99]. 
Consequently, this technology was adapted to 
design Hb-encapsulated PEGylated liposome 
vesicles (HbV) [100–106]. In HbVs, 1,2- dioctad
ecadienoyl- sn-glycero-3-phosphatidylcholine 
(DODPC) was used as a membrane phospho-
lipid, such that γ-irradiation-based sterilization 
also produced hydroxy (OH) radicals that then 

promoted intermolecular cross-linking of dienoyl 
groups in DODPC to result in highly stable lipo-
some membrane that could withstand severe tem-
perature changes (e.g., lyophilization and 
rehydration). The HbVs have shown substantial 
improvement of circulation lifetime (~60  h in 
some animal models) and continue to show 
highly promising capabilities as a synthetic RBC 
substitute [105–107]. HbVs also reduce the 
NO-scavenging issues associated with cell-free 
Hb and also prevent clearance of Hb into the kid-
neys and other organs, thereby reducing organ 
toxicity risks. Newer designs of Hb-loaded lipo-
somal systems have also been reported in recent 
years, termed liposome-encapsulated hemoglo-
bin (LEH) [108, 109]. The HbV and LEH sys-
tems continue to be evaluated for potential 
clinical use as a synthetic RBC substitute in 
transfusion approaches in perioperative settings, 
massive hemorrhagic shock and hemodilution, 
oxygenation of ischemic tissues, and preserva-
tion of organ transplants.

Besides LEH and HbVs, encapsulation of Hb 
has also been studied in other particle systems, 
especially made of polymers like PEG-PLA, 
poly(ε-caprolactone)/poly(L-lactic acid) (PCL/
PLA), poly(lactic-co-glycolic acid) (PLGA)/
PEG copolymers, etc. [110–117]. Such amphi-
philic block-copolymer systems form polymer 
vesicles, also known as polymersomes, analo-
gous to liposomes. These polymersome systems 
can encapsulate Hb, leading to polymersome- 
encapsulated Hb (PEH) products. Hb loading in 
these PEH systems is usually at 1–2  mg/ml, 
which is much lower compared to RBCs 
(~150  mg/ml). These PEH systems can enable 
oxygen transport analogous to RBCs. While this 
suggests potential of the PEH systems toward 
application as a synthetic RBC substitute, exten-
sive in  vivo evaluation of these systems is cur-
rently lacking. HBOC designs have also been 
created by coprecipitating Hb with calcium car-
bonate (CaCO3), followed by cross-linking with 
glutaraldehyde and selective dissolution of 
CaCO3, to form Hb-encapsulated microparticles 
[118]. Analogous Hb microparticles carrying 
about 80% Hb content compared to natural RBCs 
have also been reported where Hb and manga-
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nese carbonate (MnCO3) were coprecipitated, 
followed by human serum albumin-mediated 
encapsulation and stabilization [119]. These par-
ticles have reduced NO scavenging and related 
effects on vasoconstriction. Some studies have 
also directly conjugated Hb to the hydrophobic or 
hydrophilic domain of block copolymers and 
subjected to self-assembly to form Hb-loaded 
micelles [120, 121]. In another recent approach, 
MnCO3 nanoparticles were used as templates for 
layer-by-layer (L-B-L) deposition assemblies of 
Hb and dialdehyde heparin (DHP), followed by 
cross-linking to stabilize the layers and selective 
dissolution of the MnCO3 core [122]. A similar 
approach was also used with layers of Hb, DHP, 
and the enzyme catalase (CAT), to create L-B-L 
assembled Hb-loaded nanotube systems [123]. 
These complex Hb-encapsulated structures have 
been characterized in vitro for their morphology, 
stability, cytotoxicity, and RBC-mimetic O2- 
binding capacity, but no in  vivo evaluation has 
been reported yet. In a more recent approach, 
polyethyleneimine (PEI) was modified with pal-
mitic acid to create amphiphilic polymer conju-
gate and this was used to form toroidal shaped 
nanoparticles (termed nanobialys, ~200  nm 
diameter) that can encapsulate Hb, as well as 
maintain redox enzymatic environment for Hb 
activity by co-encapsulation of 2,3-DPG and leu-
komethylene blue [124]. These unique HBOC 
particles, termed Erythromer, have shown prom-
ising oxygen transport properties in  vitro and 
in vivo, and detailed in vivo studies are currently 
ongoing regarding biocompatibility, circulation 
lifetime, stability, and hemorrhagic shock mitiga-
tion in trauma, to establish their potential as a 
synthetic RBC substitute. Interestingly, instead 
of encapsulating Hb, some approaches have also 
attempted to encapsulate O2 directly within phos-
pholipid microvesicles (2–4 μ in diameter) to be 
delivered to deoxygenated RBCs in circulation 
[125, 126]. Although these O2-loaded microbub-
bles were found to be stable for a few weeks in 
storage with minimal oxygen loss, in vivo they 
showed a very short circulation lifetime (<1 h).

Some Hb encapsulation approaches have also 
focused on the biophysical properties of natural 
RBCs that significantly influence their oxygen 

transport functions. Natural healthy RBCs have 
biconcave discoid morphology, ~8 μm in diame-
ter, and ~ 2 μm thickness and are highly flexible 
(Young’s modulus 0.1–0.2  kPa), which allows 
efficient passage through microvascular circula-
tion for oxygen transport [127–129]. These natu-
ral cues have recently led to mimicry of RBC 
size, shape, and flexibility parameters into 
Hb-encapsulating particles. For example, 
polyelectrolyte- driven L-B-L assembly systems 
have been created that mimic the shape and 
deformability of natural RBCs [130]. In one such 
design, Hb and BSA were electrostatically depos-
ited on the surface of RBC-shaped PLGA parti-
cles of ~7  μm diameter and 400  nm shell 
thickness, and then the PLGA core was selec-
tively dissolved to yield RBC shape-mimicking 
Hb-loaded deformable particles. Similar RBC- 
mimetic particles have been fabricated using 
PEG-based hydrogels in a stop-flow lithography 
(SFL) approach where the mechanical properties 
of resultant particles could be controlled by mod-
ulating cross-linking density of the hydrogel 
[131]. In another approach, RBC-mimetic parti-
cles were manufactured from acrylate hydrogels 
using a particle replication in nonwetting tem-
plates’ (PRINT®) technology mold [132]. These 
unique RBC-mimetic Hb-loaded particles dem-
onstrated elastic deformation capabilities when 
circulating through narrow channels in vitro, but 
their in  vivo oxygen transport capabilities and 
transfusion medicine potential are yet to be eval-
uated in detail. In a different approach, liposome- 
encapsulated actin-hemoglobin (LEAcHb) 
synthetic RBCs with natural RBC-mimetic shape 
were manufactured using a polymerized actin 
core [133]. Although these particles were much 
smaller (∼140  nm diameter) than RBCs, the 
biconcave shape along with the flexibility of the 
membrane improved the half-life significantly. In 
natural RBCs, the negative surface charge elec-
trostatically prevents RBC aggregation over a 
distance of 20 nm, and this rationale has led to 
the mimicry of RBC-relevant surface charge on 
Hb-encapsulating PEG-PLA nanoparticles 
(<200  nm in diameter) using cetyltrimethylam-
monium bromide (CTAB) or anionic sodium 
dodecyl sulfate (SDS) surfactants [134]. 
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Interestingly, cationized particles were found to 
have a half-life of ~11 h (eightfold higher than 
untreated particles), while the anionized particles 
were quickly eliminated, giving a half-life of 
<1 h. Figure 43.3 shows representative designs of 
HBOCs with encapsulated Hb systems that are 
currently undergoing in vitro and in vivo evalua-
tion for application as a biosynthetic RBC 
substitute.

 Perfluorocarbon (PFC)-Based Oxygen 
Carrier Systems

Due to the various challenges associated with 
HBOCs, significant research efforts have also 
been directed toward the development of non- 
Hb- based oxygen carrier systems. To this end, 
the most studied technologies are made of per-

fluorocarbons (PFCs). PFCs are biologically 
inert, and liquid PFCs have been extensively uti-
lized as contrast agents in ultrasound imaging 
applications [135–138]. O2 can loosely bind to 
PFC monomers by van der Waals-type interac-
tion. This binding equilibrium of O2 in PFCs fol-
lows Henry’s law, resulting in a linear 
oxygen-binding profile, in contrast to the sigmoid 
binding curve of oxygen to Hb [139, 140]. 
Figure  43.4 shows chemical structures of some 
representative PFCs that have been investigated 
for oxygen transport applications, as well as the 
linear profile of O2 binding to PFCs compared to 
the sigmoid profile of O2 binding to Hb as well as 
representative HBOCs. The linear O2-binding 
curve of PFCs implies that a much higher oxygen 
partial pressure is required to saturate PFCs with 
oxygen. On the other hand, due to the linear pro-
file, oxygen desaturation (i.e., release) capacity is 

Fig. 43.3 Designs of Hb-based oxygen carriers (HBOCs) with Hb encapsulated within various nanoparticles and 
microparticles
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better for PFCs compared to Hb. Due to immisci-
bility of PFCs in water, their in vivo application 
requires rigorous emulsification with suitable 
surfactants (e.g., phospholipids), and the oxygen 
solubility in PFC emulsions is independent of the 
surfactant used [141]. Several PFC emulsions 
have been investigated extensively as oxygen car-
riers. Fluosol-DA (Green Cross Corp., Japan), an 
emulsion of 10–20% perfluorodecalin in albu-
min, was extensively tested in animal models and 
progressed into clinical trials to receive FDA 
approval in 1989 [142]. However, this product 
was soon recalled because of issues like low oxy-
gen transport capacity (0.4 mL O2/100 mL com-
pared to blood’s reported O2 transport capacity of 
20.1  mL/100  mL), premature oxygen release, 
short shelf-life, temperature instability, slow 
excretion, and serious side effects. Fluosol also 
caused low platelet counts (thrombocytopenia), 
febrile symptoms, and macrophage activation 
(inflammatory trigger). These issues with Fluosol 
were somewhat resolved by newer-generation 
PFC compounds like perfluorooctyl bromide 
(Perflubron), perfluorodecyl bromide, and per-
fluorodichlorooctane [143–149]. These com-
pounds in specific ratios were used along with 
egg yolk phospholipids, to create a PFC-based 
oxygen carrier Oxygent (Alliance Pharmaceutical 
Corp, USA), which showed reduced macrophage 
activation [146, 147]. Circulation half-life for 

Oxygent droplets was ~10 h for a dose of 1.8 g/kg 
in humans [149, 150]. Oxygent was found to ren-
der higher oxygen delivery compared to Fluosol, 
but was still ~30% less efficient than natural 
RBCs. Another analogous PFC product was 
developed using perfluorodicholorooctane, egg 
yolk phospholipid, and triglyceride, named 
Oxyfluor (HemaGen, USA), with droplet diame-
ters in the range of ~250 nm [148], and showed 
properties similar to Oxygent. One advantage of 
these nanoscale PFC droplets is their ability to 
occupy small plasma volumes and efficient circu-
lation through microcapillaries for oxygen deliv-
ery. In preclinical models, both Oxygent and 
Oxyfluor have shown promising benefit in oxy-
gen delivery, although both products have also 
shown thrombocytopenic side effects [151]. In 
several large animal (e.g., canine) models of 
hemodilution and cardiopulmonary bypass, these 
PFC systems have shown promising ability to 
improve tissue oxygenation [152]. In fatal hem-
orrhagic shock models, these PFC systems 
improved resuscitation and reduced mortality 
significantly. These promising results have led to 
clinical evaluation of such products in human 
patients undergoing major noncardiac surgery, 
hemodilution, and hemorrhage [153–155]. 
Oxygent was evaluated as a substitute for autolo-
gous blood transfusion and was able to signifi-
cantly transport oxygen and reduce transfusion 

25

20

15

10

5

0
0 100 200

pO2 (mm Hg)

T
ot

al
 O

2 
co

nt
en

t (
m

L/
dL

)

300 400 500

Whole Blood, Hb = 140 g/L

PerfluoromethylcyclohexypiperidinPerfluorodecalin (FLUOSOL)

Perfluorotripropylamine

PFC Micro-emulsion and
Nano-emulsion droplets

formed in lipid surfactants

Liquid
PFC

F2
C

C
F2

C
F2

C
F2

C
F2

C
F2

C
F2

C
F2

C
F2

C
F2

C
F2

C
F2

C
F2

Br

CI

C
F2

C
F2

C
F C

F2

F
C

F2
C

F2
C

F2
C

F2
C

F2
C

F2
C

F2
C

F3C

F2
C

N

F2
C

F2
C

F2
C

F2
C

F2
C

F2
C

F2
C

CF2

CF2

CF2

CF3

F2C
F2C N CF CF3FC

F2C

F2C

F3C CF3

CI

Liquid
PFC

2 – 5 µm

250 nm

Perfluorooctyl bromide (PERFLUBRON)

Dichloroperfluorooctane (OXYFLUOR)

Perflubron (90%)

Fluosol (20%)

HBOC, Hb = 70g/L

a b c
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rier designs where PFCs were stabilized by lipid-based 
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chemical structures of PFCs that have undergone signifi-
cant research as oxygen carriers; (c) oxygen-binding 

curves of PFCs compared with HBOCs and whole blood 
showing that PFCs have linear O2 saturation profile while 
HBOCs (and RBCs within whole blood) have sigmoidal 
O2 saturation profile
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needs. These results indicated that such PFC- 
based oxygen carrier systems have the potential 
to act as RBC substitutes. However, advanced 
clinical trials of such products in patients under-
going cardiopulmonary bypass were terminated 
in the USA because of increased risk of stroke 
and adverse events, although deeper analysis of 
the data suggests that these adverse events may 
have been associated more with the study proto-
col rather than the PFC product itself [150]. 
Oxycyte (Oxygen Biotherapeutics Inc, USA), a 
third-generation PFC emulsion containing an 
aqueous 60% emulsion of perfluoro tert- 
butylcyclohexane with purified egg yolk phos-
pholipids, has undergone evaluation in several 
animal models and some clinical trials in patients 
with traumatic brain and spinal cord injury [156–
158]. Although some safety concerns were raised 
regarding Oxycyte’s effect on the immune sys-
tem and possible hemorrhagic side effects, recent 
animal studies have alleviated FDA concerns. 
Perftoran (Perftoran, Russia) is another PFC 
emulsion of perfluorodecalin and perfluorometh-
ylcyclopiperidine in a nonionic surfactant that 
has been widely investigated in Russia [159, 
160]. Although this product has shown adverse 
effects like hypotension and pulmonary compli-
cations, randomized clinical trials with Perftoran 
conducted in Mexico City on patients undergoing 
cardiac valvuloplasty showed higher intraopera-
tive pO2 levels and reduced need for allogenic 
RBCs. Further clinical studies are required to 
establish the transfusion benefit of such PFC 
products as RBC substitutes.

 Synthetic Porphyrin Systems

The oxygen-transporting “heme” site of natural 
hemoglobin consists of a porphyrin tetrapyrrole 
ring surrounding an iron atom (Fig. 43.1c). Based 
on this, some researchers have studied Fe(II)-
bearing porphyrin systems for oxygen transport 
[161–163]. For example, “picket fence” Fe2+ por-
phyrin molecules were developed that demon-
strated reversible oxygenation of myoglobin and 
hemoglobin via immobilization of ferrous 
“heme” in a sterically hindered hydrophobic 

matrix [161]. These systems showed cooperative 
oxygen binding similar to natural Hb, but were 
prone to irreversible oxidation in aqueous media. 
To address this, a hydrophobic environment was 
created for these molecules, for example, using 
liposomes, where amphiphilic Fe2+ porphyrin 
bearing four alkylphosphocholine groups were 
embedded into the phospholipid bilayer (e.g., 
Lipidheme) [164, 165]. The resultant vesicles 
demonstrated reversible binding and release of 
oxygen similar to natural Hb. Instead of lipo-
somes, HSA particles have also been used to 
incorporate these synthetic Fe2+ porphyrin sys-
tems, and these have shown RBC-mimetic 
oxygen- transporting efficiency. Surface modifi-
cation of these particles with PEG has resulted in 
increased circulation time and reduced oxidation. 
Another porphyrin-based design is HemoCD, 
which is comprised of a 1:1 complex of 
5,10,15,20-tetrakis (4-sulfonatophenyl) porphi-
nato iron(II) (Fe[II] TPPS) and a per-O- 
methylated β-cyclodextrin dimer having a 
pyridine linker (termed HemoCD or Py3CD) 
[162]. This system has shown oxygen affinities 
similar to natural Hb and was found to be gradu-
ally autoxidized in aqueous environment. The 
circulation stability of these systems could be 
further enhanced by surface decoration with 
PEG-based dendrimers [166]. Although these 
various porphyrin- based oxygen carrier designs 
continue to be studied in vitro and in preclinical 
models [167], currently they lag behind HBOC 
and PFC systems in terms of translational 
advancement, possibly due to the challenges of 
large-scale manufacture and evaluation of these 
systems.

 Platelet Substitutes

In blood, the primary role of platelets is to render 
blood clotting and hemostasis. Platelets are anu-
cleated cells produced from mature megakaryo-
cytes, and they provide constant surveillance of 
the blood vessel wall to rapidly enable hemo-
static response in the event of an injury. Platelet’s 
hemostatic response mechanisms at a bleeding 
site is multifold (Fig.  43.5): (i) rapid platelet 
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adhesion at the site by binding to specific pro-
teins like von Willebrand factor (vWF) and col-
lagen that are exposed at the site, (ii) 
adhesion-induced as well as agonist-induced 
platelet activation and rapid aggregation of acti-
vated platelets at the bleeding site via inter- 
platelet bridging by blood protein fibrinogen 
(Fg) interacting with platelet surface integrin 
GPIIb- IIIa (primary hemostasis), (iii) amplifica-
tion of procoagulant mechanisms (e.g., thrombin 
amplification and hence fibrin formation from 
Fg) via co-localization of coagulation factors on 
the negatively charged phosphatidylserine (PS)-
rich membrane surface of active platelets, and 
(iv) enhancement of coagulation kinetics and 
clot stability/morphology via secretion of plate-
let granule contents like ADP, vWF and inor-
ganic polyphosphate (PolyP) [168–174]. Hence, 
loss of platelets due to traumatic hemorrhage or 
surgery, as well as drug-induced or congenital 
defects in platelet number and function, can lead 

to severe bleeding complications and coagulopa-
thy. As a result, transfusion of platelets is rou-
tinely used in the clinical mitigation of bleeding 
risks (prophylactic transfusion) and hemorrhage 
(therapeutic transfusion) of such conditions [31, 
175, 176]. These transfusions primarily use allo-
geneic platelet suspensions stored at room tem-
perature (20–24 °C) with gentle agitation, as per 
recent FDA guideline (FDA-2014-D-1814). 
However, in these storage conditions, platelets 
have a high risk of pathogenic contamination, 
resulting in very short shelf-life (~ 5–7  days) 
[31, 176]. This poses severe logistical barriers in 
widespread use of platelets within hospitals 
(unless they are large trauma centers with suffi-
cient platelet availability), as well as prehospital 
use of platelet transfusions for point of injury 
and en route hemorrhage mitigation in civilian 
and battlefield scenarios. Significant efforts are 
currently being directed toward enhancing the 
storage and availability of platelets, via utiliza-

Fig. 43.5 Platelet-mediated mechanisms of hemostasis 
where platelets adhere to the injury site via binding to 
vWF and collagen, activated platelets aggregate at this 
injury site via fibrinogen-mediated clustering, the surface 
of these activated platelets amplify procoagulant mecha-

nisms of thrombin generation and fibrin formation, and 
activated platelets also secrete a variety of granule con-
tents that further enhance activation of localized platelet 
and coagulation factors, as well as fibrin morphology and 
stability to augment hemostasis
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tion of pathogen reduction technologies, as well 
as reduced temperature storage (e.g., platelets 
chilled to 4  °C) and freeze- drying (e.g., 
Thrombosomes, manufactured by Cellphire, 
USA), and these are improving platelet storage 
and usage [32–34, 177–187]. However, these 
strategies and logistics are still dependent upon 
“donor platelet” availability, which remains a 
persistent challenge due to limited number of 
donors. Therefore, a significant parallel interest 
has emerged in creating “synthetic platelet sub-

stitutes” that can render efficient hemostasis 
while allowing advantages of large-scale manu-
facture, minimum contamination risk via effec-
tive sterilization, much longer shelf-life, and no 
need for blood type matching [188–192]. Based 
on the hemostatic response mechanisms of plate-
lets, the “synthetic platelet” approaches have pri-
marily focused on mimicking these mechanisms 
on biosynthetic and synthetic particle platforms. 
Figure 43.6 shows various representative designs 
of “synthetic platelet” systems.

Fig. 43.6 Designs of “synthetic platelet substitutes” that mimic adhesive, aggregatory, procoagulant, and biomechani-
cal aspects of platelet-mediated hemostatic mechanisms
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 Synthetic Platelet Designs Mimicking 
Platelet Adhesion Mechanisms

Adhesion of platelets to the bleeding injury site 
occurs through several specific mechanisms. The 
injured endothelial cells lining the luminal wall 
of blood vessels secrete von Willebrand factor 
(vWF) molecules from their Weibel-Palade bod-
ies [193]. The injury site also exposes subendo-
thelial collagen due to endothelial shedding/
denudation. The vWF molecule is secreted as a 
globular protein, which unravels under hemody-
namic shear and multimerizes to be deposited on 
injured endothelium and exposed collagen [194]. 
Platelets can bind to the A1 domain of this unrav-
eled vWF via platelet surface receptor compo-
nent GPIbα of the GPIb-IX-V complex [194, 
195]. Concomitantly, platelet surface glycopro-
teins GPIa-IIa and GPVI can anchor onto the 
exposed collagen at the injury site, and this syn-
ergistically strengthens the platelet adhesion 
[195]. These adhesion mechanisms have inspired 
design of “synthetic platelet” constructs that 
emulate platelet’s vWF-binding and collagen- 
binding capabilities. One such early design was 
“Plateletosomes,” which involved detergent- 
based extraction of platelet membrane glycopro-
teins and their subsequent incorporation within 
the lipid membrane of liposomes [196]. While 
this approach allows retention of platelet’s own 
hemostatically functional surface proteins, the 
extraction, purification, and liposome membrane 
incorporation steps make this strategy potentially 
too complicated to scale up and maintain batch- 
to- batch quality. An analogous approach was 
adapted by utilizing recombinant GPIbα (rGPIbα 
that binds to vWF’s A1 domain) and GPIa-IIa 
(rGPIa-IIa that binds to collagen) to be conju-
gated on the surface of liposomes, latex beads, or 
albumin-based particles [197, 198]. In further 
advancement of this approach, both rGPIbα and 
rGPIa-IIa have been co-conjugated on the surface 
of liposomes and albumin particles, and this 
combination demonstrated higher binding to col-
lagen surfaces in presence of soluble vWF at 
higher shear rates, closely mimicking natural 

platelet adhesion [199]. Recombinant technology 
can be quite expensive for clinical translation. 
Also, the large size of the recombinant protein 
fragments can lead to issues of mutual steric 
interference regarding their combinatorial deco-
ration on the surface of nano- and microparticles. 
These issues can be potentially addressed by 
using small peptides that have vWF-binding and 
collagen-binding capabilities. An early example 
of this is found in reports of GPIbα-relevant 
15-mer peptides that have binding capability to 
vWF [200]. These peptides were conjugated onto 
liposomal surfaces to create “synthetic platelet” 
constructs [201]. Although the biochemical char-
acterizations of these constructs have been 
reported, reports of actual hemostatic efficacy 
evaluation of these constructs are not available. 
In a more recent approach, researchers have uti-
lized a vWF-binding peptide (VBP) sequence 
TRYLRIHPQSWVHQI derived from the C2 
domain (residues 2303–2332) of the coagulation 
factor FVIII and a collagen-binding peptide 
(CBP), which is a 7-mer repeat of the glycine(G)-
proline(P)-hydroxyproline(O) tripeptide (i.e., 
-[GPO]7-) with helicogenic affinity to fibrillar 
collagen but minimal affinity to platelet collagen 
receptors GPIa/IIa and GPVI, to mimic platelet 
adhesion mechanisms on nanoparticles [202, 
203]. VBPs and CBPs were conjugated onto lipo-
some surface, and the resultant constructs showed 
significant platelet-mimetic adhesion on “vWF + 
collagen” surfaces in microfluidic channels at 
low-to-high shear ranges. This approach empha-
sizes the utilization of small peptides for hetero-
multivalent functionalization of nanoparticles for 
synergistic bioactivity, e.g., in this case mimicry 
of the injury site-specific dual adhesion mecha-
nisms of platelets.

 Synthetic Platelet Designs Mimicking 
Platelet Aggregation Mechanisms

For forming the primary hemostatic plug, acti-
vated platelets aggregate via Fg-mediated bridg-
ing of the stimulated conformation of integrin 
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GPIIb-IIIa on platelet surface [204–207]. Integrin 
GPIIb-IIIa on activated platelets binds Fg via 
interaction with RGD and HHLGGAKQAGDV 
(also known as H-12) peptide sequences present 
in the α and γ chains on both termini of Fg [206, 
207]. Based on this aggregation mechanism, 
several “synthetic platelet” approaches have 
attempted to mimic this by coating synthetic 
particle surfaces with Fg itself, Fg fragments, 
or Fg-based RGD and H-12 peptides. Earliest 
designs using this approach involved surface 
decoration of latex beads and RBCs with Fg 
or Fg-derived RGD peptides [208–211]. These 
designs are essentially “super-fibrinogen” sys-
tems where the particle (or RBC) surface decora-
tion with Fg or Fg-derived RGD peptides is meant 
to amplify the aggregation of active platelets via 
multivalent interactions with GPIIb-IIIa inte-
grins. These designs demonstrated hemostatic 
promise in vivo in several preclinical models, but 
have failed to progress into clinical translation. 
Another Fg-based “synthetic platelet” design 
that has undergone preclinical and clinical eval-
uation in the USA and Europe is Fibrocaps™ 
(ProFibrix, the Netherlands), where a solution 
of fibrinogen and thrombin is separately spray-
dried and then combined to produce a mixture 
of suspendable microparticles [215]. Fibrocaps 
has been used in clinical trials for treatment 
of bleeding during surgery and trauma- related 
injury and has shown significant reduction in 
time to hemostasis after direct administration to 
surgical wound within a Gelatin Sponge, com-
pared to the sponge alone. One limitation of this 
product is that it needs to be directly applied 
to the wound (sprayed or applied in a sponge) 
and therefore can only be applied to accessi-
ble wound sites and not intravenously. Several 
other Fg-based products that have undergone 
research as platelet-mimicking hemostatic tech-
nologies are SynthocytesTM, ThrombospheresTM, 
and FibrinoplateTM, all of which are essentially 
made of human albumin microparticles surface-
coated with Fg [212–214]. These products have 
undergone preclinical in vivo studies and some 
early-phase clinical trials, but more detailed 
evaluations are needed to establish their clinical 
promise. Another interesting “synthetic plate-

let” design recently reported is fibrin-targeted 
micro-/nanogel systems that can respond to an 
injury site to stanch bleeding. This approach has 
been demonstrated with polyisopropyl acryl-
amide-based low-cross-linked mircogel particles 
surface-decorated with fibrin-specific recogni-
tion motifs [213]. Mechanistically, the binding 
of these constructs would require prior presence 
of sufficient fibrin (i.e., sufficient propagation 
of coagulation mechanisms) at the injury site, 
to augment hemostatic output. Instead of coat-
ing particles with Fg, resent designs have also 
utilized Fg-relevant small molecular weight 
peptides for particle surface decoration. Most 
of these approaches have utilized linear small 
RGD peptides, e.g., CGRGD or GRGDS, that 
have binding capability to platelet surface inte-
grin GPIIb-IIIa [216, 217]. Two potential issues 
with using these peptides are (i) their ubiqui-
tous nature to bind to many different integrins 
on other cells (i.e., lack of platelet specificity) 
and (ii) their reported ability to trigger activation 
of resting platelets (i.e., systemic prothrombotic 
risk) [218–220]. Nonetheless, from a feasibility 
standpoint, decoration of micro- and nanopar-
ticles with these RGD peptides has resulted 
in platelet-mimetic constructs with promising 
hemostatic ability in  vitro and in  vivo [216, 
217, 221]. The issue of platelet specificity can 
be potentially resolved by utilizing peptides 
that have higher selectivity to the active platelet 
GPIIb-IIIa. To this end, researchers have used 
Fg γ-chain relevant H-12 peptide or Fg function- 
mimicking GPIIb-IIIa-specific cyclic RGD 
(cRGD) peptides (e.g., cyclo-CNPRGDY[-OEt]
RC) to decorate albumin, polymeric, or liposo-
mal particles to create synthetic platelet mimics, 
with higher functional specificity in hemostatic 
action [222–225]. The H-12 peptide decorated 
liposomal particles have been further studied 
for targeted delivery of ADP (a platelet ago-
nist) [226], while the cRGD peptide-decorated 
 liposomal particles have been further studied for 
targeted delivery of tranexamic acid (TXA, an 
antifibrinolytic agent) [227], to augment hemo-
static capability. All of these “synthetic platelet” 
designs mimicking the aggregation mechanism 
of platelets have shown hemostatic promise 
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in vivo in a variety of preclinical animal models 
including tail bleeding, femoral artery bleeding, 
liver laceration, and blunt trauma. Clinical trans-
lation of these designs will require establishing 
efficient large-scale manufacturing processes, 
demonstrating sterilizability and long shelf-life 
without compromising bioactivity, and evalu-
ating systemic safety, circulation lifetime, and 
hemostatic efficacy in large animal models.

 Synthetic Platelet Designs that 
Combine Platelet’s Adhesion 
and Aggregation Mechanisms

Platelet-mediated hemostasis is rendered by the 
cooperative action of the adhesive and aggrega-
tory functionalities of platelets [168–170, 228]. 
Therefore, in recent years there has been growing 
interest in developing “synthetic platelet” designs 
that combine these two mechanisms on a single 
particle platform. To this end, latex beads were 
surface-decorated simultaneously with rGPIbα 
protein fragments, and H-12 peptides and lipo-
somes were surface-decorated with rGPIbα pro-
tein fragments and collagen-binding peptides 
[229]. Studies with these approaches revealed 
that in combining two different motifs on a 
nanoparticle surface if there is a significant size 
difference between the motifs (e.g., large rGPIbα 
fragment compared to small H-12 peptides), the 
motifs need to be presented at different canopy 
levels from the particle surface by using different 
spacer lengths, in order to minimize mutual steric 
interference. Such issues can be potentially 
resolved by using only small peptides to combine 
the adhesive and aggregatory functions of plate-
lets. This was demonstrated by combining the 
adhesion-promoting peptides VBP and CBP with 
the aggregation-promoting cyclic RGD-based 
Fg-mimetic peptide (FMP) on liposomes or 
albumin- based particles [225, 230–232]. These 
“functionally integrated” platelet-mimetic sys-
tems could be scaled up, sterilized, and stored 
over 6–9 months period of time, without compro-
mising hemostatic bioactivity [232]. These “syn-
thetic platelet” systems showed higher hemostatic 
efficacy in vitro, as well as in vivo, compared to 

systems that had adhesion only or aggregation 
only mechanism. The liposome-based function-
ally integrated “synthetic platelet” design was 
recently issued multiple patents and registered as 
“SynthoPlate.” This technology is currently being 
tested in large animal models of traumatic hem-
orrhage, to assess clinical promise. The “hetero-
multivalent surface decoration” to combine 
platelet’s adhesive and aggregatory function also 
remains amenable to be adapted to other biomed-
ical particle systems, as was demonstrated by 
combining VBP, CBP, and FMP decorations on 
albumin-based platelet-shaped (discoid) nanopar-
ticles that exhibit superior wall margination capa-
bilities [233]. These studies suggest that 
mimicking platelet-relevant multiple hemostatic 
mechanisms via combinatorial ligand modifica-
tions on nanoparticles and microparticles may 
lead to unique and improved synthetic platelet 
designs.

 Discussion

Synthetic blood substitutes remain highly desir-
able in transfusion medicine to potentially 
address the persistent logistical and functional 
challenges associated with the widespread use of 
natural blood products. The use of milk, saline, 
Ringer’s solution, or animal-derived plasma to 
substitute for human blood has been recorded in 
history during the nineteenth century [234]. 
These materials could partly act as volume 
replacement systems but obviously failed to ren-
der the oxygen transport and hemostatic func-
tions of the natural blood cells. Volume 
replacement approaches have also led to the sub-
sequent development of “plasma expanders,” 
namely, crystalloids (e.g., sucrose, dextrose, etc.) 
and colloids (e.g., albumin, hydroxyethyl starch, 
etc.) [235, 236]. However, in massively hemor-
rhaging patients, excessive use of such fluids has 
actually led to further deleterious effects, aggra-
vating shock and dilutional coagulopathy [237, 
238], leading to clinical guidance of minimizing 
such excessive use of fluid-based resuscitation 
(e.g., permissive hypotension). Through robust 
clinical studies during the recent decade, we have 
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now come full circle to establish that human 
whole blood (WB), if available, is the best trans-
fusion product to mitigate hemorrhage and coag-
ulopathy. If WB is not available, the next best 
choice is transfusion of isolated blood compo-
nents (platelets, RBC, plasma) at controlled 
ratios. However, the availability of WB or com-
ponents is still limited by donor availability, spe-
cial storage requirements, rigorous hemovigilance 
and blood banking, and lack of widespread porta-
bility beyond major hospitals and large trauma 
centers. This is where “synthetic blood substi-
tutes” are envisioned to provide a potential 
“bridge” solution, by allowing large-scale manu-
facture, sterilization and long-term storage as 
suspension or aqueous-reconstitutable freeze- 
dried powder, and on-demand rapid transfusion 
both within hospitals and in prehospital settings. 
Newer transfusion logistics can also be devel-
oped by mixing or co-formulating “RBC surro-
gates” and “platelet surrogates” in plasma to 
constitute a “whole blood surrogate,” and the 
promise of such approaches was recently demon-
strated by combining H-12 peptide-decorated 
ADP-loaded liposomal particles with HbVs in 
transfusion management of massive hemorrhage 
in thrombocytopenic rabbit models [239]. 
Synthetic blood substitutes can also allow con-
servation of natural blood products, when the 
need becomes overwhelming (e.g., mass casualty 
scenarios). The path to clinically establish such 
blood surrogate technologies is fraught with 
many challenges, including establishment of rea-
sonably inexpensive yet efficient large-scale 
GMP manufacturing processes, rigorous preclin-
ical evaluation in animal models to establish 
safety and efficacy profiles, obtaining FDA 
approval to design appropriate clinical studies, 
and potentially executing those studies demon-
strating efficacy without any adverse effects in 
patients. Navigating these translational mile-
stones requires considerable time, interdisciplin-
ary efforts, and dedicated investment from 
government and private entities. Considering the 
fact that many hemorrhage-associated mortalities 
could be potentially prevented if natural blood or 
blood surrogate products can become readily 
available for in-hospital and prehospital transfu-

sion, such investment of time, effort, and 
resources is of critical importance. Some 
researchers have also attempted to design WBC 
surrogates for enabling “targeted immune 
response,” although this research has not pro-
gressed as much [240–242]. With the evolution 
of manufacturing processes, improved storage 
and distribution logistics, and refinement of DCR 
strategies, one can envision a future where “syn-
thetic blood substitutes” can become complimen-
tary to natural blood products in transfusion 
medicine, to allow timely treatment of hemor-
rhage, bleeding dysfunctions, and coagulopathy 
and advance toward the goal of “zero preventable 
death” from trauma [243], in both military and 
civilian settings.
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Flow-Based Coagulation 
and Fibrinolysis Assays

Matthew Sorrells and Keith B. Neeves

 Introduction

The local hemodynamic environment has a pro-
found influence on the formation and structure of 
a thrombus. The gross anatomy of platelet-rich 
“white clots” in arterial thrombosis and 
erythrocyte- rich “red clots” in venous thrombosis 
is one oft-cited example [1, 2]. At the cellular 
level, it is well recognized that platelet adhesion 
and aggregation are regulated by shear stress; dif-
ferent receptors play different roles in venous, 
arterial, and pathologic flows [3]. Perhaps not as 
well appreciated is the role blood flow plays in 
regulating the enzymatic networks of coagulation 
and fibrinolysis [4].

Blood flow affects coagulation and fibrinoly-
sis in at least three ways. First, it determines the 
delivery rate of zymogens, anticoagulants, and 
other plasma proteins to a vascular injury and 
evolving thrombus [5–7]. Under static condi-
tions, coagulation products must find each other 
or phospholipid surfaces by diffusion, which is a 
slow process that scales as the square root of 
time. Under flow conditions, the diffusion length 

is significantly reduced into a thin boundary layer 
near the vascular or other surfaces. The net effect 
is a continued renewal of reactants for reactions 
occurring on phospholipid surfaces that support 
coagulation like vascular cells, activated plate-
lets, and circulating extracellular vesicles.

Second, blood flow determines the dilution 
rate of the products of coagulation and fibrinoly-
sis. In this way, blood flow acts as an anticoagu-
lant by washing away products like thrombin and 
fibrin monomers [8–10]. The dilution effect 
explains, in part, why thrombi formed at high 
blood flow rates are relatively fibrin-poor com-
pared to those formed  at low blood flow rates. 
There is an inverse relationship between platelet 
accumulation and fibrin formation with the for-
mer increasing, and the latter decreasing, with 
higher blood flow rates [11].

Third, blood flow, or more specifically the 
shear and normal stresses imposed by blood flow, 
dictates the accumulation and interaction of plate-
lets, leukocytes, and erythrocytes with the vascu-
lar wall and each other [12–18]. This in turn 
determines the surfaces available for coagulation 
reactions and interstitial transport within thrombi. 
For example, highly activated platelets expose 
phosphatidylserine (PS), which supports several 
coagulation reactions and allows a thrombus to 
propagate beyond the vascular wall [19]. 
Moreover, the physical packing of blood cells 
determines the ability of coagulation products and 
reactants to transport into and out of a  growing 
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clot [20–22]. The dense core of a thrombus near 
the vascular wall is nearly impenetrable and traps 
products like thrombin, while the more porous 
shell allows for the passage of plasma proteins.

A research tool for studying coagulation under 
flow in vitro is a microfluidic flow assay. These 
assays are miniaturized versions of the parallel 
plate and annulus flow assays that have been 
widely used in cell adhesion studies since the 
1970s [23]. The general procedure for these 
assays is to perfuse whole blood over prothrom-
botic substrates at a constant flow (shear) rate and 
record the kinetics of blood cells and fibrin accu-
mulation [24–26]. Alternatively, these assays can 
be run at a constant pressure to form an occlusive 
thrombus [27, 28]. Coagulation can be initiated 
through both the intrinsic and extrinsic pathways 
[29–31]. Type I collagen is the most common 
substrate used in these assays, and it can promote 
the activation of factor XII (FXII), initiating the 
intrinsic pathway and ultimately supporting fibrin 
formation [32]. Tissue factor (TF) can be immo-
bilized to the surface or added to whole blood in 
suspension to initiate the extrinsic pathway [33, 
34]. Note in this chapter we will abbreviate coag-
ulation proteins in their zymogen or inactive 
forms as FV (factor V) and their enzyme or active 
forms as FVa (activated factor V).

In this chapter, we review some of the recent 
work on flow-based coagulation assays. The first 
section above describes some of the mechanisms 
by which blood flow regulates coagulation and 
fibrinolysis. The second section provides an over-
view of the principles of flow assays. The third 
and fourth sections describe studies related to the 
influence of blood flow on coagulation and fibri-
nolysis, respectively. The studies highlighted in 
these sections are conducted in straight channels 
and parallel, laminar flow. The fifth section 
describes the design and application of devices 
with geometries or flow conditions that mimic 
various pathologies: stenotic vessels, penetrating 
vessel injuries, and venous valve stasis. In these 
examples, the hemodynamics are more complex 
including vorticity, shear gradients, and turbu-
lence. In the sixth section, we review the small 
number of studies to date using these approaches 
in the context of trauma. Finally, the seventh sec-
tion concludes with an outlook on the challenges 

for translating these assays into a clinical 
setting.

 Overview of Microfluidic Flow 
Assays

Microfluidic flow assays offer a low volume and 
low-cost approach to modeling hemostasis and 
thrombosis under flow. The operating principle 
of these assays is to perfuse blood through a rect-
angular microfluidic channel over adhesive and/
or procoagulant substrates [10, 35, 36]. These 
channels can be completely coated with these 
substrates, or they can be micropatterned to 
mimic focal injuries. For example, Fig. 44.1a–c 
shows a method for patterning whereby a solu-
tion is incubated on a glass slide within a small 
microwell leaving a circular patch of a prothrom-
botic substrate. Microfluidic channels are laid 
over the patterned substrate and blood is perfused 
through the channels (Fig. 44.1d, e). The micro-
fluidic channels are typically made of transparent 
polymers allowing for high resolution imaging, 
with polydimethylsiloxane (PDMS) being the 
most common. Thrombus formation on the patch 
is observed by optical microscopy, and thrombus 
growth can be measured by changes in pressure 
drop for constant flow rate or flow rate for con-
stant pressure drop [27, 37] (Fig.  44.1f). These 
devices, with dimensions that range from the 
arteriole (~100 μm) to the capillary (~10  μm), 
can accurately replicate the fluid mechanics and 
shear stresses present in the human microvascu-
lature [38]. A wide variety of prothrombotic sub-
strates [39] with tightly controlled spatial 
presentation [40] coupled with multichannel 
devices provide the ability for high content 
screening of thrombus formation [23].

Microfluidic devices offer several attractive 
features for measuring coagulation under flow 
but come with limitations. The main advantages 
of microfluidic flow assays are precise control 
over experimental conditions; device geometry, 
shear rate, flow regime, injury size, and injury 
composition are all user-defined inputs. Another 
key feature is that these devices are usually trans-
parent, allowing higher resolution visualization 
and more reliable image quantification than intra-
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vital microscopy. A limitation of microfluidic 
assays is that they cannot capture all of the phys-
ics of thrombus formation at the scale of large 
arteries and veins because one cannot match both 
the wall shear stress and inertial forces found 
these vessels in small channels [38, 41]. In addi-
tion, many studies do not incorporate endothelial 
cell function into the device design, removing an 
important player in thrombosis and hemostasis 
[42]. Although culturing cells inside microfluid-
ics has become more common, and there are sev-
eral examples of integrating endothelial function 
into flow assays [43–46]. Another difficulty that 
arises when incorporating coagulation is that lit-
tle is known about the vascular wall concentra-
tions of pro- and anticoagulation molecules like 
TF and thrombomodulin (TM) although their 
expression is known to qualitatively vary in dif-
ferent vascular beds [47, 48].

 Flow-Based Models Incorporating 
Extrinsic and Intrinsic Coagulation 
Pathways

In this section we discuss studies that have used 
straight, rectangular channel flow assays to mea-
sure the mechanisms regulating the intrinsic and 

extrinsic coagulation pathways. Table 44.1 sum-
marizes these studies on coagulation under lami-
nar, parallel flow.

The extrinsic, or tissue factor (TF), pathway is 
the primary initiator of coagulation in arterial and 
venous thrombosis [49, 50]. When TF is exposed 
to blood, it binds with plasma FVII and FVIIa, to 
form the extrinsic tenase complex (TF:FVIIa). 
This complex catalyzes the zymogens FIX and 
FX to their activated forms, FIXa and FXa, which 
then bind with their cofactors FVIIIa and FVa, 
respectively to form the intrinsic tenase complex 
(FVIIIa:FIXa) and prothrombinase complex 
(FVa:FXa). The prothrombinase complex con-
verts prothrombin to thrombin, a serine protease 
that both activates platelets through protease- 
activated receptors (PARs) and catalyzes fibrin 
polymerization. TF is found in the vessel wall 
and on circulating blood cells (e.g., monocytes) 
and extracellular vesicles [51].

Okorie et al. were the first to integrate immobi-
lized TF and measure its surface concentration in 
whole blood flow assays [29]. Whole blood was 
perfused over an array of collagen-TF microspots 
while measuring platelet and fibrin deposition 
after 5 minutes. In agreement with predictions of 
Kuharsky and Fogelson’s mathematical model of 
coagulation under flow [52], they found a thresh-

a

d e f

b c

Fig. 44.1 General workflow for microfluidic flow assays. 
(a–c) A glass slide is patterned with prothrombotic pro-
teins (e.g.  collagen, fibrinogen, von Willebrand fac-
tor,  and/or tissue factor). (d) A microfluidic device is 
placed on the glass slide such that the channels of the 

device run over the patterned substrate. (e) Blood is per-
fused through the microfluidic channel either using a 
pump or constant pressure source. (f) At the site of the 
patterned substrate, thrombus buildup is visualized using 
optical microscopy. Scalebar = 50 μm
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Table 44.1 Flow assay studies of the extrinsic and intrinsic pathways

Pathway Surface
TF surface concentration 
(molecules/μm2) Shear rate (s−1) References

Extrinsic Type I collagen + TF 0–25 100–1000 [29]
Extrinsic TF-coated silica beads 0.08–8 50–1000 [57]
Extrinsic Type I collagen + TF 0.1–2 100 [55]
Extrinsic Type I collagen +TF 13.9 100 [54]
Extrinsic Type I collagen + TF 0–18 1000 [56]
Extrinsic/intrinsic Type I collagen + kaolin or TF – 100, 1000 [65]
Extrinsic/intrinsic Type I collagen, type I 

collagen + TF
0–2 100, 1000 [31]

Extrinsic/intrinsic Type I collagen, type I 
collagen + TF

0–2 100 [66]

old response to surface TF concentration that var-
ies with shear rate; higher concentrations of TF 
are needed to exceed the threshold response at 
higher shear rates [29]. Under static conditions 
the response to TF is more graded [53], demon-
strating a fundamental difference between flow 
and static coagulation assays.

Onasoga-Jarvis et al. used whole blood from 
individuals with hemophilia A to compare the 
relative roles of the intrinsic tenase (FVIIIa:FIXa) 
and extrinsic tenase (TF:FVIIa) on fibrin forma-
tion [54]. They compared fibrin formation from 
blood from healthy donors to patients with mild, 
moderate, and severe FVIII deficiencies on colla-
gen- TF surfaces [54]. Significant fibrin forma-
tion was supported in blood with mild FVIII 
deficiencies but was not observed in moderate or 
severe FVIII deficiencies. However, significant 
differences were observed in platelet aggregate 
size between the clinical categories. The dynam-
ics of fibrin generation following FVIII replace-
ment therapy and bypass therapy through 
recombinant FVIIa (rFVIIa) were also compared. 
While FVIII replacement restored the fibrin for-
mation to normal levels, rFVIIa bypass changed 
fibrin dynamics by decreasing the lag time and 
increasing the rate of fibrin generation. Li et al. 
conducted a similar study with hemophilia blood 
focusing solely on the coagulation activated by 
type I collagen. They found that rFVIIa therapy 
could support enough thrombin generation to 
enhance platelet activation, but not fibrin deposi-
tion, in severe FVIII deficiencies. This was in 
contrast to moderate FVIII and FIX deficiencies 

where fibrin deposition was also rescued [55]. 
This result illustrates key differences in the 
dynamics of thrombin and fibrin formation under 
flow via manipulation of the intrinsic and extrin-
sic tenase complexes.

Thomassen et al. used a TF-initiated flow assay 
to determine the effectiveness of tissue factor path-
way inhibitor (TFPI) inhibition to rescue fibrin 
formation in hemophilia A [56]. They showed that 
inhibiting TFPI increased fibrin formation in nor-
mal blood only at low levels of TF concentration, 
but in FVIII-deficient plasma and blood from indi-
viduals with hemophilia A, TFPI inhibition caused 
a significant increase in fibrin formation across a 
wide range of TF concentrations. These results 
demonstrated the potential for TFPI inhibition as a 
means of treating hemophilia.

In an approach that does not rely on fresh 
whole blood, Onasoga-Jarvis et  al. developed a 
flow assay that uses plasma and biomimetic TF 
surfaces [57]. Here, 800 nm silica nanoparticles 
coated with a TF-rich phospholipid bilayer were 
micropatterned into 20–100 μm islands. Plasma 
was perfused over these islands and the kinetics 
of thrombin generation and fibrin deposition 
were measured by fluorescence microscopy. 
Thrombin generation was measured indirectly 
through a fluorogenic substrate. Notably, lipi-
dated TF micropatterned on a flat substrate with-
out nanoparticles and even at very high TF 
concentrations did not support fibrin deposition. 
This observation shows the importance of the 
interstitial space between the silica particles in 
this assay, but also suggests those spaces between 
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blood cells in a thrombus are essential in protect-
ing coagulation products from dilution by flow. 
As in whole blood, a threshold response in throm-
bin generation and fibrin formation to surface TF 
concentration was observed. Electron micros-
copy showed smaller diameter fibrin fibers at 
higher shear rates, thereby also demonstrating the 
dilutional effect on fibrin polymerization as well 
as coagulation products. FVIII- and FIX-deficient 
plasmas  showed decreased thrombin and fibrin 
generation at a low TF concentration but were 
restored to healthy generation levels at a high TF 
concentration, showing  that a sufficiently high 
TF concentration can support healthy coagula-
tion levels in hemophilia.

The intrinsic pathway, or contact, pathway 
consists of the activation of coagulation factor 
XII (FXII) through negatively charged mole-
cules, negative surfaces, or the kallikrein prote-
ase. FXIIa activates FXI to FXIa, which then 
activates of FIX to FIXa, and finally this pathway 
converges with the common pathway by activa-
tion of FX via the intrinsic tenase (FVIIIa:FIXa) 
complex [58]. Physiologic triggers of the contact 
pathway include polyphosphate secreted from 
the dense granules of platelets and neutrophil- 
derived extracellular DNA [59]. Individuals with 
FXII deficiencies do not bleed  excessively, and 
blockage of FXII and FXI is an effective strategy 
for attenuating thrombosis in animal models [60, 
61]. Thus, the contact pathway is an attractive 
target for reducing thrombosis in humans and 
extracorporeal devices [62], potentially without 
increasing bleeding risk [59, 63, 64].

Zhu et al. performed a series of studies on the 
contact pathway by running flow assays at 100 
and 1000 s−1 on type I collagen with no TF or at 
a low TF concentration [31, 65–67]. For type I 
collagen alone at 100  s−1, fibrin formation was 
observed after 5  minutes and was completely 
ablated through inhibition of FXI. Assays at sur-
face TF concentrations of 0.1–2  molecules/μm2 
showed that contribution of FXIa and activation 
of FXII via platelet-derived polyphosphate is 
limited to regimes of surface TF concentration on 
the order of 0.1 molecules/μm2, thereby adding to 
our understanding of the interplay of the extrinsic 
and intrinsic pathway at different extents of 

injury [31, 65]. Additional work showed that 
VWF fibers may promote contact pathway acti-
vation via FXII capture [67].

Neutrophil extracellular traps (NETs) have been 
linked to a variety of functions related to innate 
immunity and hemostasis [68, 69]. Originally, it 
was thought that the DNA in NETs initiates activa-
tion of the contact pathway [69, 70], though recent 
evidence has found that while the DNA and histone 
components of NETs activate the coagulation cas-
cade, intact NETs may not activate coagulation 
[71]. Nevertheless, NETs are found in venous 
thrombi of animal models and humans [70, 72, 73]. 
Microfluidics have been used to study the interplay 
of thrombosis and NETosis. Yu et  al. concluded 
that NETs can form in sterile thrombi at high shear 
rates, likely due to shear stress-induced lysis of 
neutrophils [74]. Furthermore, they showed that 
there was an inverse relationship between the 
degree of fibrin polymerization in flow assays and 
formation of NETs due to the increased shear 
forces experienced by neutrophils in a fibrin-poor 
clot versus a fibrin-rich clot [75], thus providing 
another piece of evidence for the potential link 
between NETosis and coagulation.

The discoveries reviewed in this section have 
been enabled by the unique features of flow 
assays, mainly the ability to  set surface or bulk 
concentrations of initiators and independently 
manipulate wall shear rate. Defining surface TF 
concentration allowed for measurements of the 
interplay between the extrinsic pathway and shear 
rate [29, 57] in the context of normal and coagu-
lopathic blood.  Similarly, being able to change 
surface TF  concentration allowed researchers to 
understand what ranges of surface TF concentra-
tion correspond to a significant  contribution of the 
intrinsic pathway in coagulation [31, 65]. 

 Flow-Based Models Incorporating 
Fibrinolysis

Traditional whole blood flow assays do not incor-
porate fibrinolysis because the primary physio-
logic source of plasminogen activators is 
endothelial cells [42]. While there has been con-
siderable effort into building endothelial and vas-
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cular wall function into microfluidic flow assays 
[43–46], at the time of this writing none, that we 
are aware of, have examined endothelial cell–
mediated fibrinolysis. Rather, the flow studies 
performed to date incorporate fibrinolysis by 
adding exogenous tissue plasminogen activator 
(tPA) or urokinase plasminogen activator (uPA) 
into whole blood or buffer solutions prior to 
introduction into flow chambers. Table 44.2 sum-
marizes some key studies using exogenous plas-
minogen activators in whole blood flow assays.

Whyte et al. added tPA or uPA at two steps dur-
ing flow assays. First, they added them into whole 
blood before perfusing it over a type I collagen- TF 
surface at wall shear rates of 300 and 1000  s−1 
[76]. Next, after forming stable thrombi, they per-
fused tPA or uPA in buffer and measured fibrinoly-
sis by the loss of fluorescently labeled fibrin within 
and around the thrombi. They demonstrated a 
dose-dependent response of fibrinolysis to tPA and 
uPA and showed that fibrinolysis could be inhib-
ited using tranexamic acid. Fibrinolysis was 
observed on a timescale of roughly 15  minutes. 
They reported no differences in the degree of fibri-
nolysis between assays at different shear rates, 
indicating that fibrinolysis was kinetically limited 
rather than transport limited from 300 to 1000 s−1 
under these experimental conditions.

Li et  al. added tPA to whole blood prior to 
introduction into a flow chamber [77]. These 
assays were performed at a constant pressure gra-
dient rather than constant flow rate, using initial 
shear rates of 200 and 1222  s−1, which allowed 
occlusive thrombi to form. Fibrinolysis was mea-
sured by comparing the degree of fibrin formation 
in assays with tPA to assays without tPA or assays 
that inhibited fibrinolysis via ε-aminocaproic 
acid. Using this model, they showed fibrinolysis 
on a time scale of 15 minutes, roughly the same as 
Whyte et al. [76]. Though comparable degrees of 

fibrinolysis were observed at both shear rates, 
more unstable thrombi were observed at 1222 s−1 
as evidenced by embolization.

Loyau et al. initiated fibrinolysis in whole blood 
after forming a thrombus. First, a thrombus was 
formed with recalcified, citrated whole blood per-
fused over a collagen-TF surface at 400  s−1 or 
1500 s−1 [78]. Platelets were labeled with one dye 
(3,3′-dihexyloxacarbocyanine iodide) and accu-
mulation was monitored over 4  minutes. Next, 
fibrinolysis was measured by perfusing whole 
blood containing tPA for 10 minutes. During this 
step, platelets labeled with another dye (rhodamine 
6G) were used to distinguish secondary platelet 
recruitment during fibrinolysis. Through this 
approach, they showed that secondary platelet 
recruitment during fibrinolysis is inhibited with 
antagonism of glycoprotein VI and P2Y12 
receptors.

Flow assays allow for visualization of both 
fibrin deposition and degradation spatially and 
temporally within and around a thrombus. In 
each of these studies, fibrinolysis is observed on 
the time scale of 10–20 minutes using therapeu-
tic concentrations of plasminogen activators. A 
major point of disagreement is the shear rate 
dependence of fibrinolysis. Li et  al. observed 
comparable fibrinolysis at all shear rates, but 
thrombi formed at 1222 s−1 were inherently less 
stable than those formed at 200 s−1 [77]. Loyau 
et al. showed greater fibrinolysis at 400 s−1 com-
pared to 1500 s−1 [78]. Whyte et al. showed no 
shear dependence in their assays [76]. This 
could be in part due to the differences in work-
ing tPA concentration used and the different 
methods of inducing fibrinolysis (Table 44.2).

 Flow-Based Models of Pathologic 
Hemodynamics

Though most flow assay studies are conducted in 
rectangular channels, microfabrication allows for 
other geometries that can mimic the anatomy of 
vessels and fluid mechanics of various patholo-
gies. Most studies to date and described in this 
section focus on platelet and von Willebrand fac-
tor (VWF) function. We have included them here 

Table 44.2 Flow assay studies incorporating 
fibrinolysis

Surface
Shear rate 
(s−1)

tPA 
(nM) References

Type I collagen + TF 150, 300, 
1000

75 [76]

Type I collagen, type 
I collagen + TF

200, 1222 50 [77]

Type I collagen + TF 400, 1500 140 [84]
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to illustrate the importance of vessel/channel 
geometry on thrombus formation.

Microfluidic flow assays have been integral in 
describing the role of shear gradients that support 

activation-independent platelet aggregation. This 
phenomenon was first reported by Nesbitt et al. 
in severely stenosed murine vessels and flow 
assays [79], and then extended by Tovar-Lopez 

a

b

c

Fig. 44.2 Anatomically inspired flow assay geometries 
coupled to pathologic hemodynamics. (a) Left: Geometry 
of a severe stenosis in a microfluidic device for inducing 
shear gradients. Right: Microfluidic device of severe ste-
nosis with platelet aggregation occurring on the down-
stream face of the stenosis. Scalebar = 10 μm. (Taken with 
permission from [79]). (b) Left: Geometry of venous 
valve for inducing secondary (vortical flows). Right: 
Microfluidic device of a venous valve where fibrin accu-

mulates in the valve pocket and platelets drive thrombus 
propagation beyond the valve cusp. Scale bar = 150 μm. 
(Taken with permission from [84]). (c) Left: A cylindrical 
glass stenosis model with platelet accumulation at the 
throat. Right: Histology of the thrombus shows a platelet- 
rich “head” stained blue that formed on or just after the 
throat of the stenosis with a downstream fibrin and 
erythrocyte- rich “tail”. (Taken with permission from 
[105])
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et al. in a series of stenosis geometries (Fig. 44.2a) 
[80]. Westein et al. investigated the role of degree 
of stenosis in a model with micropatterned VWF 
and fibrinogen [81]. When varying extent of ste-
nosis from 20% to 80% a sharp increase in plate-
let aggregation was observed. Increasing the 
overall length of the stenosis caused reduced 
platelet aggregation, demonstrating that the 
length along which platelets accelerate or decel-
erate is another important factor in this phenom-
enon. The platelet adhesion and aggregation in 
this stenosis was highly VWF-mediated as GPIb 
antagonism decreases and elevated plasma VWF 
increases platelet accumulation.

Jain et al. used a stenosis-based flow assay to 
create an automated point-of-care stenosis micro-
fluidic assay [82]. The device consisted of several 
parallel channels that incorporated a stenosis 
with type I collagen or no protein coating. 
Thrombi formed predominantly in the poststeno-
sis region of the device where flow decelerates. 
Thrombus formation was observed both on bare 
surfaces and with type I collagen and was sensi-
tive to integrin αIIbβ3, thromboxane A2, and FX 
inhibition.

Colace et al. used a microfluidic device with 
severe contraction and expansion to examine the 
unfolding, elongation, and deposition of VWF 
under pathological shear rates [83]. Whole blood 
or platelet-free plasma (PFP) was perfused 
through the collagen-coated stenosis at shear 
rates varying from 3,000 to 125,000  s−1. They 
showed that the unfolding and elongation of 
VWF was not dependent on elongational flows 
but rather a sufficiently high shear rate 
(>30,000 s−1 in PFP). Additionally, no difference 
was observed in VWF deposition between the 
inlet of the stenosis, where the flow is accelerat-
ing, and the outlet of the stenosis, where flow 
decelerates. The process of VWF aggregation 
was directly influenced by calcium ion concen-
tration, in which the absence of calcium ions 
resulted in the formation of longer VWF fibers. 
Experiments where whole blood was first per-
fused at 200 s−1 to promote platelet accumulation 
to collagen and then raised to 7800  s−1 showed 
that previously bound platelets enhance VWF 
deposition at high shear rates.

Lehmann et al. simulated some of the salient 
hemodynamics of deep vein thrombosis in a 
device consisting of two symmetrical model 
venous valves and TF-driven thrombus formation 
(Fig.  44.2b) [84]. Two countercurrent vortices 
were observed within each valve sinus at suffi-
ciently high flow rates, matching observations in 
the venous valves of dogs and humans [85]. 
Thrombus formation followed a two-stage pro-
cess: First, fibrin and red blood cells (RBCs) 
accumulate in the deepest recesses of the valve 
sinus where a low flow secondary vortex exists. 
Second, platelets adhere to the fibrin fibers at the 
interface of the primary and secondary vortices 
and propagate the thrombus out of the sinus and 
into the bulk flow. RBCs were necessary to drive 
platelets to the fibrin interface in the valve pocket. 
Glycoprotein VI (GPVI) signaling was necessary 
for platelets to become procoagulant and support 
thrombus growth beyond the valve sinus.

In addition to microfluidic assays, important 
work has been done in  to-scale  flow models to 
characterize thrombosis in large vessels [58]. Ku 
and Flannery used a cylindrical 1.5 mm diameter 
glass stenosis model to study the dynamics of 
thrombus formation of aortic stenosis (Fig. 44.2c) 
[86]. The model was coated with type I collagen, 
and heparinized porcine blood was perfused 
through the stenosis at initial shear rates from 
10,000 to 40,900  s−1. The histology of thrombi 
formed in this device showed a platelet-rich head 
of the thrombus near the throat of the stenosis and 
fibrin and a VWF-rich tail of the thrombus down-
stream from the stenosis. Bark et al. performed 
studies in a similar device in which image analy-
sis was done to calculate the precise thrombus 
growth rate and shear rate throughout the stenosis 
[87]. They observed a maximum thrombus 
growth rate at approximately 6000  s−1. Though 
the blood volume required for this experimental 
setup was quite large (100–250 mL), it likely bet-
ter represents large artery thrombosis due to the 
cylindrical geometry and significant inertial 
forces present at this length scale and flow rate.

In these studies, the control over geometry 
allows for the recreation of hemodynamic fea-
tures of arterial and venous thrombosis. 
Expansions and contractions led to gradients in 
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the velocity field that result in important biophys-
ical phenomena including activation-independent 
platelet aggregation, vortical flows that support 
platelet adhesion and coagulation, and shear and 
elongational stresses that induce conformational 
changes in VWF.

 Flow-Based Models of Bleeding

The devices described in the previous sections 
focus on intravascular thrombus formation that is 
relevant to superficial injuries of the vessel wall 
or arterial and venous thrombosis, that is, thrombi 
form within the vessel. Bleeding is different in 
that a penetrating injury causes blood to be in 
contact with the extravascular environment, 
which is biochemically and biophysically distinct 
from the intravascular environment. Devices 
designed to model bleeding are typically per-
formed at constant pressure drop, rather than 
constant flow (shear) rate, across a model injury 
to allow for the formation of a platelet plug to 
stem blood loss. Table  44.3 summarizes these 
studies.

Muthard et al. developed a microfluidic model 
that incorporated a “T” geometry where a side 
channel perpendicular to a main flow channel 
contains type I collagen and TF [88] (Fig. 44.3a). 
A constant pressure gradient was set between the 
inlet and outlet of the side channel. Increasing the 
pressure gradient resulted in different clot mor-
phologies. Higher pressure gradients gave 
smaller clots with lower permeabilities than those 
formed at lower pressure gradients. A tightly 
packed core of highly activated platelets sur-

rounded by a more porous, less activated shell of 
platelets was observed, similar to the thrombus 
morphologies described in a laser injury model in 
murine cremaster vessels [22]. This device was 
used to investigate the role of reduced blood flow 
on clot retraction [89]. In these experiments, a 
thrombus formed in whole blood was rinsed with 
a calcium ion–containing buffer at the same flu-
idic conditions, and flow was either reduced or 
stopped in the device. Clot retraction was then 
measured following the cessation of flow. The 
rate of clot retraction rapidly increased following 
the stoppage of flow, peaking at 1–2 minutes and 
then nearly halting at 6–7 minutes. The degree of 
clot retraction was dependent on adenosine 
diphosphate (ADP) and thromboxane A2 
(TXA2)-driven platelet activation and myosin 
function in platelets.

Schoeman et  al. developed a microfluidic 
model that incorporated a “H” geometry 
(Fig.  44.3b) [90]. Two vertical channels repre-
senting blood and extravascular compartments 
are connected by an injury channel coated with 
type I collagen and TF.  By setting appropriate 
flowrates in the vertical channels, a constant pres-
sure drop is achieved across the horizontal injury 
channel, resulting in blood flow from the blood 
channel, through the injury channel, and out into 
the extravascular channel that contains buffer. 
The device yields a pattern indicative of the tradi-
tional view of hemostasis; first a platelet plug 
forms to stanch bleeding, and then fibrin polym-
erizes to mechanically reinforce the clot. By 
tracking the time to occlusion of the injury, a clot 
time of 7.5 ± 1.6 minutes was reported which is 
on the same order of bleeding times in murine tail 

Table 44.3 Flow assay models of bleeding or hemostasis

Surface Injury dimensions (μm) Shear rate (s−1)
Pressure drop across 
injury (kPa) References

Type I collagen + TF L: 250, W: ~240 
(entrance) & 50 (exit), H: 
60

174, 1130 1.2; 3.92 [88]

Type I collagen + TF L: 150, W: 50, H: 20 10,900 0.68 [90]
Type I collagen + TF L: 200, W: 50, H: 100 ~150 – [93]
Endothelial cell injury on 
type I 
collagen + fibronectin

W: 132.49 ± 40.19, H: 6 ~300, 1000 ~ 0.1 [94]

L = length, W = width, H = height
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bleeding models (1.5–8  minutes, depending on 
the technique) [91, 92]. The model is sensitive to 
both platelet function and coagulation based on 
studies using a P2Y12 antagonist and FVIII 
inhibition.

Though done on a constant flow rather than 
constant pressure setup, Zilberman-Rudenko 
et al. performed experiments and simulations on 
thrombus formation in a complex bypass network 
[93]. This type of network is comparable to the 
vessel topology in the microvasculature. The 
device consisted of a ladder-type network with a 
vertical inlet channel connected to four horizon-
tal, parallel channels arranged as “rungs” on the 
ladder that all converge at a common vertical out-
let channel. The whole device was patterned with 

type I collagen and TF, thereby supporting both 
platelet adhesion and aggregation and coagula-
tion. Experiments run in the device showed an 
increasing degree of thrombus formation in each 
subsequent “rung” of the ladder network. 
Simulations that analyzed changes in flow and 
advection of agonists in response to obstructions 
in the ladder network explain this finding. 
Simulations showed that at the beginning of the 
assay, flow was primarily through the first rung of 
the ladder, causing occlusion to happen there 
first. However, when the first rung of the ladder 
occluded, the flow rerouted primarily to the sec-
ond rung and contained thrombin advected down-
stream from the first rung, causing increased 
thrombus formation. This process repeated to 

a

c

b

Fig. 44.3 Microfluidic models of bleeding. (a) A “T” 
geometry with a triangular side channel inlet coated with 
type I collagen and TF. A dense P-selectin core of plate-
lets is surrounded by a porous platelet shell. (Taken with 
permission from [106]). (b) A “H” geometry with the 
horizontal channel coated with type I collagen and TF. A 
platelet plug, stabilized by fibrin, stops blood loss from 

the “blood” channel to the “extravascular” channel. 
(Taken with permission from [90]). (c) An endothelialized 
microfluidic channel with a trap-door mechanism that cre-
ates an injury to the channel through which blood escapes 
and then forms a hemostatic plug. Scale bar  =  50  μm. 
(Taken with permission from [94])
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each subsequent rung until each occluded, the 
last of which contained the most thrombin due to 
the increased advection of thrombin from the 
upstream thrombi, causing increased thrombus 
formation.

Sakurai et al. incorporated endothelial cells into 
a microfluidic model of bleeding (Fig. 44.3c) [94]. 
Here, a valve-actuated trap door opens, disrupting 
the endothelial layer in one channel and diverting 
blood through a second outlet channel where it is 
exposed to type I collagen and laminin. Bleeding 
time was used as a benchmark for the hemostatic 
response of the system. Prolonged bleeding time 
was observed upon inhibiting von Willebrand 
Factor (VWF)-platelet binding, and prolonged 
bleeding time and reduced fibrin were found when 
using FVIII-deficient or -inhibited blood.

The collection of microfluidic models of 
bleeding is in early development. Both Schoeman 
et al. and Sakurai et al. show that their models are 
sensitive to platelet function and coagulation. 
Zilberman-Rudenko et al. demonstrated the com-
plex dynamics of thrombus formation in vessel 
networks. Muthard et al. validated the physiolog-
ical relevance of their model by comparing plate-
let buildup and P-selectin distribution of their 
model to that of a mouse cremaster injury model 
[22]. More work is needed to show whether these 
models provide distinct information about bleed-
ing diatheses that is not available with conven-
tional flow assays or existing clinical measures of 
bleeding risk.

 Flow-Based Models of Trauma

Only a small number of studies have used flow 
assays in the context of trauma; they are briefly 
described here and summarized in Table 44.4.

In conjunction with thromboelastometry 
(TEG) and in vivo experiments, Wiener et al. ran 
whole blood flow assays on type I collagen at 
100  s−1 with 100  μM taurocholic acid, a sub-
stance released during shock in animal models of 
trauma [95]. Blood incubated with taurocholic 
significantly inhibited platelet function in these 
assays, introducing a potential pathway of 
trauma-induced coagulopathy.

Lawson et  al. compared TEG measurements 
with the results of the commercial T-TAS flow 
assay [96]. A cohort of healthy controls and 
patients with pathologies not associated with 
coagulopathy was used in TEG and T-TAS 
assays. T-TAS assays were both performed with 
type I collagen to measure platelet function, and 
type I collagen and TF to measure platelet func-
tion and coagulation. Only a few weak correla-
tions were found between TEG and T-TAS 
parameters.

Li et  al. used blood samples from trauma 
patients in flow assays on type I collagen to mea-
sure changes in platelet function. Most trauma 
patients showed a loss of platelet function rela-
tive to a healthy control, and of the seven patients 
requiring transfusion, four showed decreased 
platelet buildup.

Ting et  al. developed a device that initiates 
platelet aggregation by shear gradients and mea-
sures contractile forces of thrombi [97]. This 
device was used to measure the contractile forces 
of aggregates formed from blood samples of 
trauma patients. Significantly higher contractile 
forces were observed in healthy donors and 
trauma patients not requiring transfusion than 
those that did require transfusion. When compar-
ing these results with clinical assays they found 
the contractile forces measured in their devices 
correlated with maximum clot firmness in TEG 
and ADP- and arachidonic acid–induced platelet 
aggregation.

Table 44.4 Flow assay studies of simulated trauma or 
trauma patients

Surface
Shear 
rate (s−1)

Treatment or 
patient group References

Type I 
collagen

100 100 μM 
taurocholic 
acid

[95]

Type I 
collagen, type 
I 
collagen + TF

100, 
200, 
1222

Hemodilution 
or trauma 
patient 
samples

[77]

None (platelet 
aggregation 
mediated 
through high 
shear 
gradients)

~10,000 Trauma 
patients with 
and without 
transfusion

[97]
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There are other studies done with flow assays 
that, while not directly done in the context of 
trauma, may be relevant to trauma. A major 
source of coagulopathy during trauma is hemodi-
lution. The margination of platelets by erythro-
cytes to the near wall region is a well-documented 
biophysical phenomenon; they push platelets 
toward the outer sections of the blood vessel, 
thereby concentrating platelets at the near wall 
region of the blood vessel. Tangelder et  al. 
described this phenomenon by quantifying the 
distribution of fluorescently labeled platelets or 
platelet-sized particles in rabbit arterioles [98, 
99]. Aarts et al. later used a high resolution laser- 
Doppler velocimetry to quantify the distribution 
of platelets in a 3 mm diameter glass tube [100]. 
Together, these studies showed that erythrocytes 
marginate platelets to increase the concentration 
of platelets in the near wall region of vessels, and 
this phenomenon is more pronounced at higher 
shear rates. Studies that have looked at platelet 
adhesion to collagen in the presence of erythro-
cytes show increased platelet adhesion nearly 
60-fold on the subendothelium compared to 
platelets alone [17, 101].

The effect of platelet count on thrombus for-
mation has also been measured in flow assays. 
Brazilek et  al. examined the effect of platelet 
count on thrombus formation in vitro by varying 
the concentration of platelets from 25 to 200 × 109 
L−1 at a fixed hematocrit by combining citrated 
suspensions of washed erythrocytes, platelet-rich 
plasma (PRP), and platelet-poor plasma (PPP) in 
varying combinations [102]. Assays were run 
over a stenosis coated with VWF, with shear rates 
on the order of 20,000 s−1. At platelet counts at or 
below 50 × 109 L−1, little to no thrombus forma-
tion was observed. From concentrations from 50 
to 200 × 109 L−1 a linear increase in thrombus for-
mation was observed. Lisman et al. examined the 
effect of platelet count on thrombus formation by 
reconstituted platelet counts in a straight channel, 
laminar flow assay [103]. Assays were run at 
1600 s−1 over a type III collagen and fibrinogen 
surface. At platelet counts greater than 100 × 109 
L−1, little to no increase in thrombus formation 
was observed, showing that at sufficiently high 
platelet counts the dynamics of platelet buildup 

are limited by the kinetics of platelet binding 
rather than the concentration of platelets. The dis-
crepancy of these two studies, where the former 
shows a linear effect of platelet count and the lat-
ter shows no dependence at normal platelet 
counts, may be explained through the differences 
in geometry and adhesive substrate.

The number of flow assay studies in trauma to 
date is relatively small. Some work has been 
done to demonstrate the effectiveness in using 
flow assays for potentially screening for the need 
for transfusion and comparing it to other clinical 
assays. The effects of hemodilution on thrombus 
formation have been studied, but not in combina-
tion with other complications associated with 
trauma like hyper- and hypofibrinolysis.

 Translating Flow Assays to the Clinic

Flow-based coagulation and fibrinolysis assays 
have yet to be adopted for clinical use. A number 
of custom and commercial systems are available; 
however, there are no large clinical studies that 
show an advantage of flow assays over existing 
clinical assays. There are features of microfluidic 
systems that could make them attractive as either 
point-of-care or laboratory assays. Low blood 
volume requirements, as little as 50 μL, is a major 
advantage of microfluidic assays for work with 
neonates or other clinical situations where large 
blood volumes are prohibitive. Additionally, as 
we have reviewed in this chapter, unique geome-
tries, fluid dynamics, and surface conditions of 
microfluidic devices have the potential to screen 
for specific mechanisms of flow-based regulation 
of coagulation and platelet function. Most flow 
assays measure global platelet function and coag-
ulation. As such, they are most likely to find 
application as screening, rather than diagnostic, 
tools to assess bleeding or thrombotic risk.

The potential for flow assays as a clinical assay 
has been best shown in the context of VWF defi-
ciencies. Lehmann et al. used a microfluidic flow 
assay patterned with type I collagen to distinguish 
type 1 von Willebrand disease (VWD), low VWF, 
mucocutaneous bleeding of unknown origins, and 
healthy controls. They report a positive correla-
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tion between patient VWF levels and platelet 
aggregation [104]. The PFA-100, a simple com-
mercial flow assay, showed similar trends but with 
less variance between the different clinical cate-
gories. Brazilek et al. performed a similar study 
using a high-shear stenosis device [102]. The 
device was capable of differentiating aggregation 
levels of healthy controls from these patients with 
different subtypes of VWD as well as patients 
with low levels of VWF that were on the threshold 
of being classified as type 1 VWD. The assay out-
put showed a direct correlation with measured 
concentrations and activity levels of VWF in 
patients and showed an inverse correlation with 
clinical bleeding scores. The device showed a 
similar ability to differentiate VWD from healthy 
controls as the PFA-100. Nogami et al. performed 
a study comparing the flow assay outputs to VWF 
activity measurements in their ability to predict 
bleeding scores [37]. The assay showed a better 
correlation with VWF level activity and bleeding 
score measurements when ran in the absence of 
coagulation. Combining the outputs of the assay 
with the VWF activity assay increased the overall 
predictive ability for bleeding scores.

 Conclusion

In this chapter, we discussed how blood flow reg-
ulates coagulation and how microfluidic flow 
assays have been used in preclinical and mecha-
nistic studies. The examples presented demon-
strate the ability to tune the biochemical and 
biophysical environments to understand interac-
tions at play between hemodynamics, platelet 
function, coagulation, and fibrinolysis. The rela-
tive roles of the extrinsic and intrinsic coagula-
tion pathways on thrombus growth and stability 
have been determined by varying the shear rate 
and composition of prothrombotic substrates. 
The control of device geometry has allowed for 
the creation of devices that are designed to mimic 
the forces and flows in anatomically specific 
thrombotic or hemostatic events. As these flow 
assays develop, we are likely to see a combina-

tion of some of the approaches we discussed to 
be used to further map the interplay of biophysics 
and biochemistry that occurs during thrombus 
formation under flow. In the context of trauma, 
these assays are sensitive to blood cell counts, 
platelet dysfunction, and coagulopathies, sug-
gesting they could be useful for quantifying sub-
sets of trauma-induced coagulopathies or 
identifying individuals in need of transfusion. 
Whether flow assays provide additional or com-
plementary information to existing assays used in 
trauma requires further study.
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 Introduction

Trauma remains a leading cause of death world-
wide and can result in a multitude of complex 
metabolic and physiologic changes within the 
body that can range from adaptive to severely 
maladaptive or even fatal. These changes often 
lead to sepsis, coagulopathy, and multiorgan fail-
ure and have been shown to directly correlate 
with the degree of the initial hemorrhagic shock 
and injury [1–4]. Trauma-induced coagulopathy 
(also called the acute coagulopathy of traumatic 
shock) is believed to be the consequence of a 
complex pathophysiologic interplay between 
derangements encountered within the intrinsic 
and extrinsic coagulation pathways, platelet dys-
function, endothelial dysregulation, and hyperfi-
brinolysis [5]. While these factors all represent 
the physiologic response to traumatic insult, 
acute blood loss, sympathetic over-activation, 
and other extrinsic factors such as hypothermia, 
acidosis, and hemodilution have been associated 
with worsening of the ongoing coagulopathy and 
resistance to attempts at correction [1, 6, 7]. 
Techniques such as warmed fluids, damage con-
trol surgical and resuscitation practices, adminis-

tration of coagulation factor-rich substances, and 
prevention of hyperfibrinolysis through the 
administration of tranexamic acid are all cur-
rently utilized to prevent any worsening of the 
coagulopathy and minimize any iatrogenic injury 
following trauma [2, 8–10]. Despite these mea-
sures, severe trauma and shock can result in a 
refractory coagulopathy causing a high expendi-
ture of blood and blood products to maintain 
hemostasis and adequate perfusion. The vast 
amounts of blood products utilized in these sce-
narios not only bring forth the increased morbid-
ity associated with multiple transfusions but also 
a heavy logistical and financial burden on the 
healthcare system [11, 12]. As such, there is an 
urgent need to develop novel ways to diagnose, 
differentiate, and effectively treat trauma-induced 
coagulopathy.

Trauma-induced coagulopathy remains diffi-
cult to study in the clinical setting as trauma 
patients are often inflicted with a variety of injury 
patterns resulting in difficulty finding a truly 
homogenous subset of patients. In addition, the 
emergent and often chaotic nature of the initial 
evaluation and treatment of severely injured and 
bleeding patients makes performing methodical 
and high-quality prospective human research dif-
ficult. The multiple confounding factors and 
biases from the multitude of retrospective and 
observational prospective human studies often 
result in data that is difficult to extrapolate cau-
sality among broad patient populations. 
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Moreover, while large database reviews may be 
ideal to determine associations, these studies 
often lack the granular detail accounted for 
among large, prospective, randomized controlled 
trials. As the scientific community continues to 
elucidate the pathways and mechanisms respon-
sible for the acute coagulopathy of trauma 
through basic science studies, many of the novel 
details and lab values found to be connected to 
trauma-induced coagulopathy have not been pre-
viously investigated thus highlighting the need 
for well-planned, prospective study. Furthermore, 
individual physiologic response differs to vary-
ing degrees among the population. Currently, 
there is no predictable pattern or test to forecast a 
patient’s physiologic response to their specific 
injury. For instance, data supports that roughly 
18% of patients requiring a massive transfusion 
result in a hyperfibrinolytic phenotype, while 
fibrinolytic shutdown occurs in 64%, and a nor-
mal physiologic fibrinolysis is displayed in the 
remainder of patients [13, 14]. These varying 
phenotypes may significantly impact the efficacy 
and response to a given treatment therefore a 
keen understanding of the underlying physiologic 
processes is needed. As much of the underlying 
mechanisms causing the varying physiologic 
responses remain yet to be elucidated, it remains 
clear that further basic science research on the 
pathways and mechanisms involved with trauma-
induced coagulopathy remains a crucial compo-
nent toward improving the morbidity and 
mortality among these critically ill trauma 
patients.

Although human hemorrhagic shock would 
be the ideal model to study traumatic coagulopa-
thy and its reversal, animal models represent a 
well- validated approach that allows for control 
over the multiple confounders seen in clinical 
studies. A multitude of animal models have been 
utilized in the past focusing on different species 
and model development strategies. As such, a 
deep knowledge base of the previous preclinical 
work performed remains essential to assure that 
the optimal model based on prior work is being 
utilized and that unnecessary duplication of 
research is minimized. Furthermore, the study 

intent should remain a priority in choosing a 
model development strategy. This will help 
assure the desired results are not only feasible 
but also clinically translatable. In general, small 
animal models may be ideal for studying specific 
pathways and mechanisms associated with a 
focused research question, while larger, more 
robust animals may prove superior for survival 
models and assessments of complex pathophysi-
ologic interactions. Performing a complex 
experiment on a suboptimal model will result in 
nonideal, possible erroneous results, and there-
fore the importance of taking all previous data 
and models into account cannot be overstated. 
Current experimental practices utilize a multi-
step approach often taking many years in order 
to translate basic science data into clinically 
meaningful human results. As such, this multi-
year process often begins by utilizing in  vitro 
studies which then progress to both small and 
large animal studies prior to performing any 
human clinical trials. This chapter seeks to 
explore the various animal models and variables 
that must be considered prior to embarking in 
preclinical research assessing trauma-induced 
coagulopathy.

 Model Development

 Choice of Species

During the background research and protocol 
development periods, one should carefully 
assess which species will provide the optimal 
model. Preclinical and translational research 
revolving around trauma-induced coagulopathy 
has largely focused on large animal models due 
to the complex physiologic interplay associated 
with the acute coagulopathy of trauma. Previous 
animal coagulopathy models have assessed 
macaque, sheep, dog, swine, rabbit, rat, and 
mice models [15–18]. Porcine models have gov-
erned much of the trauma-specific research 
largely due to their relative similarities to human 
anatomy and physiology. Furthermore, swine 
models are easily obtained and can provide a 
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robust platform for both short-term non-survival 
and prolonged survival studies. However, swine 
remain relatively expensive and logistically dif-
ficult due to special housing and veterinary sup-
port requirements, particularly for any model 
that involves post- intervention survival and con-
tinued study of the animal. Small animal models 
such as mice and rats, on the other hand, provide 
a significantly cheaper and less logistically bur-
densome model. This results in the ability to rap-
idly perform the desired experiments on a large 
number of animals and to perform prolonged 
survival study with significantly less logistical 
and personnel requirements compared to porcine 
or other large animal models. These models are 
more suited for specific and targeted basic sci-
ence research assessing unique pathways and 
mechanisms involving coagulopathy compared 
to their large animal counterparts. Despite being 
ideal for studying very specific pathways and 
mechanisms, their substantial difference in 
blood volume creates a difficult limitation in 
studying a multitude of biomarkers and proteins 
associated with coagulopathy over periods of 
time. While repeated measures of serum markers 
may significantly alter the animal’s blood vol-
ume and affect the model, it is important to keep 
in mind that the catalog of validated antibodies 
available is vastly more robust within rodent spe-
cies with only limited availability specifically 
designed for large animal models. Although 
there is a focus on the validation of newer labo-
ratory tests for large animal models, historically 
the desired tests have been performed on various 
laboratory kits not designed for the model in 
question due to the scarcity of validated 
approaches for many particular species (i.e., var-
ious ELISA cytokine testing on porcine models 
have been performed using human cytokine 
kits). While this is not the ideal scenario, the 
clinical and genetic similarities among the spe-
cies often impose a minimal effect and are not 
felt to significantly alter the results. If this test-
ing approach is required, astute diligence is war-
ranted to assure that interspecies differences 
have not previously demonstrated incompatibil-
ity or spur erroneous results.

 Differences in Species

Baseline coagulation characteristics between 
species need to be carefully assessed prior to 
starting any experiment. Careful assessment of 
the relationship between the chosen species and 
human coagulation function needs to be scruti-
nized when attempting to optimize the experi-
mental model (see Table  45.1). While much of 
the coagulation system has been relatively con-
served among Mammalia, differences among 
various species can been seen and have been 
reported within the literature. As such, the unique 
differences among the various models may result 
in serious limitations and invalidity of the resul-
tant data (in terms of translation to humans) when 
improper models are utilized to assess the pro-
posed research question.

 Differences in Gender

Animal studies historically have utilized male 
animals and cell lines to minimize variables 
between the sexes. Some argue that previously 
collected data from studies using only a single 
sex may not be widely applicable and does not 
appropriately consider the key hormonal influ-
ences between genders. The National Institutes 
of Health now supports the notion of including 
both sexes in the experimental design (or justifi-
cation for the performance of single-gender stud-
ies) as this may improve the generalizability to 
the overall population [40]. Albeit, there remains 
a multitude of human data describing key sexual 
differences in the coagulation systems [41]. This 
is mainly theorized to be secondary to the differ-
ences in circulating hormone levels and suggests 
women may be more prone to post-traumatic 
hypercoagulability compared to their male 
cohorts [42, 43]. These concepts highlight that 
researchers should carefully inspect their tar-
geted population (i.e., general population versus 
military population) as incorporating a single- 
gender cohort, despite guidance to include both 
sexes, may be more applicable to certain research 
questions proposed. Finally, if a study is using 
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Table 45.1 Key hematologic and hemostatic values and related assays in common laboratory animal species and 
humans

Parameter Human (adult) Swine Sheep Rat Mouse
Blood volume 
(ml/kg)

68–88 (plasma vol) 
[19]
55–75 (RBC mass) 
[19]

56–69 [20] 58–64 [20] 54–70 [20] 60–75 [20]

Platelet count 
(10 [9]/L)

159–376 [19] 350–700 [20] 401 (132–650) [16] 500–1300 [20] 1000–1269 
[21, 22]

Coagulation factors
vWF (%n) 92 (50–158) [23] 140 [24] 117 (30–186) [16] 49 [25] 15 [21]
II (%n) 110 (78–138) [26] 65 (58–74) [27] 40 (36–43) [27] 110 (92–122) [27] –
V (%n) 118 (78–152) [26] 790 (555–1020) [27] 62 (48–75) [27] 749 (512–781) [27] 292 [28]
VII (%n) 129 (61–199) [26] 58 (42–77) [27] 36 (24–50) [27] 471 (403–586) [27] –
VIII (%n) 160 (52–290) [26] 555 (380–745) [27] 817 (427–1327) 

[16]
116 [25] 224 [28]

IX (%n) 130 (59–254) [26] 386 (300–590) [27] 208 (184–224) [27] 28 (24–37) [27] 75 [28]
X (%n) 124 (96–171) [26] 92 (59–120) [27] 15 (13–21) [27] 48 (33–59) [27] 109 [28]
XI (%n) 112 (67–196) [26] 200 (132–270) [27] 15 (12–18) [27] 35 (18–49) [27] –
XII (%n) 115 (35–207) [26] 747 (670–840) [27] 140 (85–243) [16] 447 (312–512) [27] –
Anticoagulation factors
AT (%n) 96 (66–124) [26] 101 (89–111) [27]

101 (98–103) [29]
93 (74–119) [21] 123 [25] –

aPC (%n) 103 (54–166) [26] 36 (33–39) [29] 49 (30–76) [16] – –
Assays
PT (s) 13.0 (11.5–14.5) 

[26]
11.4 (9.4–13.1) [27] 13.1 (11.4–15.5) 

[16]
12.1 (8.9–13.9) [27] 7.3 [30]

aPTT (s) 33.2 (28.6–38.2) 
[26]

16.6 (13.4–18.1) [27] 29 (19.6–40.8) [16] 64.9 (46.2–76.1) 
[27]

22 [30]

Fibrinogen 
(g/L)

3.1 (1.9–4.3) [26] 3.57 (3.38–3.77) [29] 2.61 (1.4–4.3) [16] 1.34 [25] –

D-dimers (μg/
mL)

<0.50 [31] <0.01 [32] <0.02 [33] 0.18 [34] <0.02 [34]

TEG (kaolin)
R (min) 3.8–9.8 [35] 2.2–3.0 [36]

5.9 (5.4–6.7) [37]
– 1.0–3.4 [36] 0.9–2.1 [36]

K (min) 0.7–3.4 [35] 0.8–0.8 [36] – 0.3–1.1 [36] 0.6–1.0 [36]
Angle 
(degrees)

47.8–77.7 [35] 64.8–81.6 [36]
72.4 (71.5–77.9) [37]

– 77.8–86.2 [36] 80.2–84.2 
[36]

MA (mm) 49.7–72.7 [35] 80.3 (75.6–82.1) [37] – – 59.3 [38]
ROTEM (native)
CT (s) 595 (476–901) [39] 244 (146–296) [39] 494 (344–1431) 

[39]
207 (63–352) [39] –

CFT (s) 200 (104–436) [39] 52 (30–84) [39] 182 (143–532) [39] 55 (35–97) [39] –
MCF (mm) 58 (49–65) [39] 74 (68–79) [39] 72 (61–77) [39] 75 (70–81) [39] –
ML (%) 21 (2–24) [39] 17 (12–31) [39] 2 (0–26) [39] 8 (3–13) [39] –
Cost (USD) – 200 220 55 45

Table adopted from the 1st edition of Trauma Induced Coagulopathy (Chapter 34, Animal Models of Coagulopathy, 
Table 34.1; Bambakidis T, Sillesen M, Alam HB)
Mean with range is provided where available. Cost is based on approximate purchase and shipping cost available at the 
University of Michigan
vWF von Willebrand factor, AT antithrombin, aPC activated protein C, PT prothrombin time, aPTT activated partial 
thromboplastin time
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sex as a key biologic variable to assess for 
 differences in gender-based outcomes, it is 
important to note that the experimental arms may 
require an increased number of subjects per arm 
to be adequately powered.

 Creation of Coagulopathy

The multitude of animal coagulopathy models 
described within the literature suggest that there 
are no perfect models. Table 45.2 lists a sampling 
of multiple studies that attempted to create a rel-
evant coagulopathy model using a variety of ani-
mal species, degrees of hemorrhage, associated 
injuries, and other interventions. Pre-intervention 
variability among researchers and institutions 
further complicate the process and cloud the 
results by creating challenges in direct compari-
sons between studies due to model variations. 
Validated coagulopathic animal models can range 
from those with isolated injuries to complex and 
multisystem trauma. While the polytrauma mod-
els mimic a more clinically translatable picture 
reliant on the sophisticated interplay between an 
induced hemorrhagic shock, soft tissue or organ 
damage, and/or traumatic brain injury, variability 
in animal response tends to increase with multi-
faceted injury patterns. Furthermore, these multi- 
injury models supply a multitude of variables that 
need to be accounted for and also raise questions 
about the appropriate sequencing of events or 
interventions that contribute to the coagulopathy. 
Whether targeting an isolated injury pattern or 
performing a complex polytrauma model, the 
goal of obtaining a robust inflammatory response 
resulting in a subsequent consumption and deac-
tivation of coagulation factors and platelets 
remains the same. The end coagulopathic 
response is often further exaggerated through a 
hemodilution of coagulation factors and platelets 
via large volumes of crystalloid administration 
by the research team during the procedures. As 
such, models will often undergo a series of inter-
ventions and stressors that ultimately lead to a 
common coagulopathy prior to the initiation of 

the study, and therefore it remains rare to associ-
ate the coagulopathic response to an isolated 
event within the model.

Although the goal is to create a clinically 
translatable model to mimic human physiology, 
the unpredictable nature of the disease and vary-
ing injury patterns associated within human 
trauma provide a daunting task. As such the spec-
trum of model complexity ranges widely and will 
be discussed in future sections.

 Determination of Coagulopathy

Assessing the degree of induced coagulopathy 
remains a crucial data point that should not be 
overlooked. In human medicine and animal mod-
els, two major testing strategies are utilized in 
determining a coagulopathic state: conventional 
coagulation tests (prothrombin time in seconds 
(PT), international normalized ratio (INR), and 
activated partial thromboplastin time (aPTT)) 
and viscoelastic testing (thromboelastography 
(TEG) and rotational thromboelastometry 
(ROTEM)). While conventional coagulation tests 
have remained the mainstay determinate of coag-
ulopathy status throughout the years, recent data 
in support of TEG and ROTEM argue for 
improvements in coagulation assessment due to a 
more rapid precise visualization of the individu-
al’s coagulation phenotype. Both rodent and 
swine models have been approved for TEG and 
ROTEM and have commercially available 
reagents [29, 39, 53]. Moreover, TEG and 
ROTEM offer the advantage of providing a more 
rapid, visual representation of an individual’s 
coagulation status compared to PT, aPTT, and 
INR.  Furthermore, ROTEM and TEG offer the 
theoretical clinical advantage toward providing a 
product-specific resuscitation during ongoing 
blood loss and shock. Despite this, the current 
clinical standard of care still focuses on a resusci-
tation strategy utilizing a balanced amount of 
packed red blood cells, fresh frozen plasma, and 
platelets [10]. As more studies are performed to 
assess resuscitation practices favoring blood 
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product-specific replacement through TEG and 
ROTEM, viscoelastic testing may ultimately 
become standard of care for the assessment of 
coagulopathy. Currently, however, the majority 
of basic science and clinical coagulopathy 
research still utilizes conventional laboratory 
testing with the optional addition of viscoelastic 
testing.

Other less utilized tests that have been used to 
assess for coagulopathies include platelet func-
tion testing using platelet aggregometry as well 
as histological and plasma-based detection of 
biomarkers associated with endothelial damage 
[50, 54, 55]. Platelet aggregometry assesses 
changes in electrical impedance following plate-
let adherence to metal electrodes to monitor for 
specific platelet dysfunctions based on the 
reagents used. Histopathology assessing for 
destruction of the endothelial glycocalyx has 
been described as this is a known process that 
aides in worsening coagulopathy. Other indica-
tors of endothelial damage and ongoing coagula-
tion derangements include (but not limited to) 
biomarkers such as syndecan-1, histone- 
complexed DNA fragments, brain-derived mic-
roparticles, activated protein C, individual factor 
levels, and fibrinogen.

 Experimental Design

Equally as important as the initial background 
research to assure the proper animal for the study 
is the actual experimental design itself. While the 
major considerations include the utilization of 
proper animal model and the creation of the 
coagulopathy, other important considerations 
include the ethics associated with the research 
plan, the effects of anesthesia on the animal’s 
physiology, the appropriate use on control 
groups, and the logistical requirements for each 
study.

Prior to instituting any animal research, 
a series of ethical considerations need to be 
addressed and adhered to in order to assure 
appropriate use and handling of the study sub-
jects. In animal models that undergo traumatic 
injuries, as well as survival injuries, this becomes 

increasingly apparent as these scenarios tend to 
draw increased attention from internal and exter-
nal regulatory committees. The Guide for the 
Care and Use of Laboratory Animals published 
by the Institute for Laboratory Animal Research 
is a five-chapter guide which serves toward ini-
tiating animal research and the underlying prin-
ciples that need to be addressed. Institutional 
Animal Care and Use Committee (IACUC) 
approval is further needed per each institution’s 
local policies. IACUC approval typically con-
sists of a multispecialty board that reviews the 
scientific merit, experimental design, proposed 
statistical analysis, and veterinary concerns of 
any potential animal-based research study prior 
to granting approval. This regulatory board 
acts to assure clinically appropriate research is 
being conducted while maintaining the proper 
safety and ethical considerations surrounding 
animal use. A major component to this approval 
process is the adherence to the concept of the 
“three Rs”: reduction, refinement, and replace-
ment. Reduction aims to minimize the number 
of  animals to the smallest sample size necessary 
to maintain adequate statistical power as deter-
mined by an a priori power analysis. Refinement 
seeks to address modifications to the animal 
husbandry or experimental procedures to mini-
mize pain and distress while optimizing animal 
well- being. Finally, replacement refers to the 
assurance that other inanimate models or sys-
tems cannot be substituted within the study [56]. 
Just as the IACUC board is often comprised of 
interdisciplinary members, it is crucial to assure 
the research team is also composed of members 
from the medical, scientific, statistic, and veteri-
nary realms to assure all ethical considerations, 
logistical concerns, and experimental factors are 
accounted for.

When writing an experimental design, a com-
monly overlooked component pertains to the 
effects of the anesthesia on the chosen animal 
model. Similar to human injury, a traumatic 
injury in animals results in an activation of the 
sympathetic nervous system resulting in the 
release of epinephrine and norepinephrine. This 
“fight or flight” response is responsible for 
changes in the hemodynamic patterns demon-
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strated following trauma. This normal surge of 
catecholamines released into the bloodstream 
from the activation of the sympathoadrenal axis 
further results in the activation of platelets and 
endothelial release of clotting factors to promote 
clot formation as the body attempts to combat 
any ongoing blood loss. Continued activation of 
this physiologic response creates ongoing endo-
thelial damage, microthrombi, and hyperfibri-
nolysis and can lead to refractory shock [6, 57]. 
Efforts aimed at thwarting the over-activation of 
the sympathoadrenal axis have demonstrated the 
potential to lessen the degree of coagulopathy 
due to decreased amounts of induced endothelial 
damage, platelet and clotting factor activation, 
and microthrombi formation. Volatile anesthetic 
gasses decrease the overall sympathetic tone and 
are therefore felt to display protective properties 
against the over-activation of the sympathoadre-
nal axis which has been demonstrated in previ-
ous animal models via improved glycocalyx 
stabilization and decreased platelet activation 
[58, 59]. Despite this, these gasses also have 
hemodynamic effects such as vasodilatation and 
resultant hypotension which need to be taken 
into account [60].

The procedures and experimental techniques 
performed by the research team also need to be 
scrutinized. Many coagulopathy studies require 
various injuries or surgical procedures which 
result in prolonged periods of open exposure 
and breakdown of the body’s thermoregulatory 
system. Extended periods of an open abdomen, 
open chest, or extensive soft tissue injury 
expose the animal to rapid amounts of heat loss 
and significantly place the subject at risk for 
increased coagulopathy secondary to hypother-
mia. Furthermore, hemodynamic effects and 
the accompanying decrease in metabolic need 
experienced while under general anesthesia 
have been demonstrated to decrease core tem-
perature by roughly 3 degrees Celsius intraop-
eratively [61]. With hypothermia being a key 
tenet in allowing for the propagation of coagu-
lopathy, this concept should be kept in mind 
during model development as an unaccounted 
hypothermia may result in an experimentally 
refractory coagulopathy depending on the 

accompanying injury patterns. As such, meth-
ods to combat intraoperative hypothermia such 
as a heated surgical table, warming blankets, 
and warmed fluid administration may warrant 
consideration when accounting for all the vari-
ables that one may encounter.

Finally, when designing an experimental pro-
tocol surrounding a clinical question, all efforts 
should be maintained to create appropriate con-
trol and sham groups for comparison. Ideally, 
these groups will contain the same variables as 
the experimental models in order to represent a 
direct reflection of the intervention performed. 
This, however, is not always possible depending 
on the question being studied. When feasible, 
most well-designed studies utilize both a control 
and sham group. Control groups typically are 
representative of a healthy population who expe-
riences the procedures performed however do not 
undergo injury or treatment. This cohort is used 
to represent the effects of the procedures within 
the model under ideal circumstances. Sham 
cohorts, by contrast, undergo the injury and sur-
gical procedures without being given the 
 intervention in question. This subsequently rep-
resents the effects of the injury within the worst-
case scenario. Vehicle controls such as normal 
saline should be given to the sham cohorts in the 
precise volumes received in the experimental ani-
mal in order to account for all variables. Although 
the complex interplay of the multiple body sys-
tems involved during traumatic injury does not 
allow for a de facto direct comparison, through 
contrasting the sham and control groups one can 
extrapolate and begin to obtain an understanding 
of the physiologic effects of the model’s specific 
injury patterns by assessing the key differences 
between the groups. Furthermore, it remains 
important that when comparing these two groups 
there are measurable differences in coagulopathy. 
If there are no major differences noted, then the 
model and associated methods for inducing coag-
ulopathy need to be readdressed. Typically, this 
requires a delicate balance between increasing 
the injury severity while still assuring that the 
study goals and endpoints can be met. It is impor-
tant to note that although a severe injury pattern 
may result in reproducible, severe coagulopathy, 
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repeated early demise of the study subjects can 
nullify an experiment via the inability to ade-
quately obtain sufficient data.

 Experimental Models

To optimize models for trauma-induced coagu-
lopathy, it is important to have a keen understand-
ing of the underlying mechanisms driving the 
pathophysiologic response. In multisystem com-
plex polytrauma, a multitude of variables often 
contribute toward the coagulopathy including the 
ongoing hemorrhage with associated malperfu-
sion, sepsis secondary to contamination, complex 
soft tissue and organ damage, and physiologic 
dysregulation resulting in hypothermia and aci-
dosis. Combining all these variables creates a 
challenging model that would prove difficult to 
reliably replicate due to complexity. Therefore, 
researchers often will pick and choose the desired 
pathology to replicate in order to best address the 
research question. Our institutional experience 
largely focuses on large animal porcine models 
for which we have had repeated successes in 
inducing a trauma-induced coagulopathy through 
both controlled and noncontrolled hemorrhage, 
as well as inducing a large-scale systemic inflam-
matory response through aortic occlusion and 
then restoration of aortic blood flow to initiate the 
ischemia-reperfusion phenomenon [53, 62, 63]. 
Although the factors and underlying mechanisms 
that drive trauma-induced coagulopathy are com-
plex and still not completely understood at the 
basic science level, the following models 
described within the literature result in a physio-
logic response that encourages coagulopathy 
through the promotion of metabolic acidosis, 
hypothermia, dysregulated immune response, 
and significant oxygen debt.

Isolated hemorrhage models can bring forth 
the desired coagulopathy in a relatively quick 
fashion with hypocoagulable states seen as early 
as 20  minutes after hemorrhage [44]. Through 
using a controlled hemorrhage versus an uncon-
trolled model, this technique works through 
decreasing perfusion to tissues creating hypoper-
fusion and end-organ damage. This ultimately 

releases various cytokines aiding in a systemic 
inflammatory state which helps to induce coagu-
lopathy [64]. Controlled hemorrhage models are 
typically created utilizing serial venous drainage 
techniques via a large caliber central line. In our 
porcine experience, we have preferentially uti-
lized a 6-9Fr catheter placed within the inferior 
vena cava or the left external jugular vein. In 
rodent models, researchers frequently cannulate 
the iliac vessels during controlled hemorrhage 
with catheters proportional to the vessel caliber 
being accessed. Numerous controlled hemor-
rhage techniques have been described, and when 
the hemorrhage techniques are not crucial to the 
research question, approaches tend to be largely 
dictated by institutional and local IACUC com-
mittee preference. Our institution will calculate 
the precise volume of blood to be withdrawn 
based on estimates of the animal’s total blood 
volume and the targeted percent of hemorrhage. 
Blood is then withdrawn into citrated blood bags 
as rapidly as possible while maintaining a target 
mean arterial pressure. The majority of tech-
niques described within the literature mainly 
revolve around the concepts of fixed-volume ver-
sus a fixed-pressure hemorrhage [65]. Our lab 
traditionally has utilized one type of fixed- volume 
approach as previously described, while other 
approaches utilize a constant hemorrhage rate 
until a desired volume is removed despite vital 
sign changes. A fixed-pressure approach focuses 
on maintaining a targeted mean arterial pressure 
for a certain period despite the amount of blood 
removed. This approach can be beneficial when 
assuring an animal is in a hypotensive state how-
ever will frequently result in wide variations in 
hemorrhage amounts between subjects due to the 
unpredictable, varying physiologic robustness of 
the animals. Noncontrolled hemorrhage models 
work in a similar fashion by inducing end-organ 
hypoperfusion and have the added benefit of the 
created tissue injury to release tissue factor and 
increase the inflammatory response. As one can 
speculate, these models can quickly induce death 
secondary to exsanguination if the injury pattern 
is too lethal or if hemorrhage is prolonged with-
out resuscitation. Validated approaches to a non-
controlled hemorrhage include solid organ injury 
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often via a standardized splenic or liver injury, 
iliofemoral or other large vessel transection, and 
tail or other external appendage amputation [65]. 
While each approach offers advantages and dis-
advantages, a successful hemorrhage using vali-
dated methods should effectively aid in creating a 
coagulopathic model.

The induction of sepsis has been another well- 
studied technique which can initiate coagulopa-
thy despite some contradictory data. Previous 
studies have demonstrated a hypocoagulable 
state via increased clot formation time with a 
decreased formation rate and speed; however, 
similar experimental designs have also yielded 
opposite findings more suggestive of a hyperco-
agulable state [38, 66]. Moreover, the techniques 
outlined within these sepsis models do bring 
forth criticism from skeptics due to the varying 
differences in the initiating trigger, as well as 
concern over direct clinical applicability during 
the early trauma resuscitation as trauma-induced 
coagulopathy can frequently be seen well before 
clinical sepsis sets in. Although these models 
have their limitations, these described methods 
have been shown to induce coagulopathy and 
have proven beneficial in developing a deeper 
understanding of various coagulopathic states. 
The administration of the endotoxin lipopolysac-
charide (LPS) in murine models has been utilized 
to create acute states of inflammatory cytokines. 
These acute inflammatory states are brought on 
by doses of LPS, generally 1–25  mg/kg, much 
larger than required within the human popula-
tions. This technique is directly contrasted with 
the direct infusion of Escherichia coli to induce a 
systemic cytokine release which under the right 
conditions can closely mimic a disseminated 
intravascular coagulation picture. Just as with 
LPS, large quantities of bacteria are often infused 
which overwhelm the animal’s immune system; 
thus, a major drawback in this model can be a low 
survival rate. Cecal ligation and puncture is 
another technique that is felt to be most represen-
tational of human sepsis and is considered the 
gold standard for sepsis research in animals. This 
technique involves ligation of the cecum distal to 
the ileocecal valve and perforation via needle to 
allow fecal contents to leak into the intraperito-

neal space resulting in polymicrobial bacterial 
peritonitis. During this approach the severity of 
disease can be controlled through altering the 
ligation and puncture methods. Thus when 
attempting to mimic early trauma-induced coag-
ulopathy, this technique allows for clinical trans-
lation to the commonly experienced hollow 
viscus injuries [67–69].

Isolated tissue trauma has been described with 
varying results and in our experience will typi-
cally result in either no measurable coagulopathy 
or a mild coagulopathic state that does not mimic 
trauma-induced coagulopathy. While one 
reported study demonstrated the onset of a hypo-
coagulable state through decreased factor V and 
antithrombin III following femoral nailing, iso-
lated injury has not been reliably able to demon-
strate prolongation in coagulation assays fully 
representational of trauma-induced coagulopathy 
[70]. Instead, tissue trauma causing the release of 
inflammatory cytokines and tissue factor is often 
repeated to create a polytrauma injury pattern 
and/or incorporated as an adjunct to other mod-
els. The intravenous infusion of tissue factor to 
simulate tissue trauma has also been assessed 
which interestingly resulted in demonstration of 
hyperfibrinolysis, reduced platelet function, and 
prolongations of coagulation assays despite there 
being no physical injury present [45].

Metabolic acidosis and hypothermia are two 
components from the “lethal triad of trauma” that 
are often targeted to promote a coagulopathic 
state [71, 72]. Creating a severe metabolic acido-
sis similar to that seen in a human patient in hem-
orrhagic shock can be extremely difficult with an 
animal mode, even with performing large volume 
hemorrhage. This is due to the relatively robust 
adaptive response of many animals to isolated 
controlled hemorrhage while under general anes-
thesia. This is particularly problematic in swine, 
who have a baseline metabolic alkalosis and a 
remarkably robust acid-buffering capacity that 
maintains pH in a relatively normal range even 
with 40–50% blood volume loss. Because of this 
difficulty, previous researchers have utilized 
alternative methods to induce a significant acido-
sis that may have little comparability to a true 
post-traumatic acidosis. This has included the 
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administration of excess intravenous acids, such 
as infusing hydrochloric acid until a desired pH is 
reached [72]. An alternative technique to pro-
mote severe and sustained metabolic acidosis in 
swine that we feel is much more representative of 
severe injury involves hemorrhage coupled with 
aortic occlusion and then restoration of flow to 
produce a significant ischemia-reperfusion injury 
[53]. Traditionally our lab has focused on using 
an aortic cross clamp to induce downstream isch-
emia; however, recent advancements in trauma 
resuscitation and the development of the resusci-
tative endovascular balloon occlusion of the aorta 
(REBOA) catheter have shifted our focus to this 
more minimally invasive endovascular approach 
to cease truncal aortic blood flow. Our experience 
has demonstrated that models receiving either 
aortic cross clamp or a supradiaphragmatic (zone 
1) REBOA have accurately created sufficient 
ischemia-reperfusion injury resulting in acidosis 
and coagulopathy [62, 63, 73]. Induced hypother-
mia has further been associated with increased 
bleeding times and decreased fibrinogen avail-
ability [74–76]. As such, both passive and active 
cooling have been utilized in previous models to 
target various temperatures. The administration 
of cooled crystalloid further offers the advantage 
of aiding in the creation of a dilutional coagu-
lopathy. Finally, as previously mentioned, gen-
eral anesthesia, open surgical procedures, and 
large amounts of soft tissue injury frequently 
result in excessive heat loss which can be used 
advantageously for coagulopathy models.

Iatrogenic hemodilution techniques are com-
monly performed due to logistical ease and its 
ability to be standardized between subjects. This 
approach is often optimized when performed in 
combination with a controlled hemorrhage where 
equal or greater amounts of the shed blood vol-
ume are replaced with crystalloid or colloid solu-
tions. In both human and animal studies, large 
volume crystalloid and colloid infusions have 
been known to cause coagulopathy. Studies have 
reported coagulation cascade dysfunction follow-
ing large volume crystalloid administration 
through derangements in conventional coagula-
tion panels, thrombin generation, fibrinogen utili-
zation, coagulation factor consumption, 

endothelial glycocalyx disruption, and platelet 
dysfunction [77–79]. Interestingly, multiple stud-
ies assessing the clotting properties of hemodilu-
tion models have reported a decreased R-time on 
viscoelastic testing which remains suggestive of 
an accelerated initial clotting time despite there 
being proportionally fewer coagulation factors 
present [80–83]. Contrary to this, prolongation of 
the R-time has been demonstrated when employ-
ing a hemodilutional model using artificial col-
loid solution [77, 84]. Despite their differences in 
clot time on viscoelastic testing, both colloid and 
crystalloid solutions have been utilized success-
fully to induce a coagulopathic state [77, 84–86]. 
The hemodilutional approach further can be anal-
ogous to the large volumes of crystalloid resusci-
tation solution that patients sometimes receive 
during the prehospital period – a practice that is 
rapidly fading due to efforts to administer blood 
and blood products at the earliest stages possible. 
Furthermore, the high chloride content within 
normal saline solution can induce a metabolic 
acidosis not commonly associated with lactated 
Ringer’s solution when administered in high 
 volumes [87, 88]. This acidosis may further con-
tribute to ongoing coagulopathy during model 
development.

Coagulopathy following isolated traumatic 
brain injury (TBI) has been readily demonstrated 
within the human population [89]. Although the 
underlying mechanisms for this are poorly under-
stood, systemic coagulopathy has been demon-
strated within minutes following injury through 
both traditional coagulation studies and visco-
elastic testing [37, 50, 90]. One current theory is 
that brain-derived cellular microvessicles are rap-
idly released into the bloodstream following 
injury [91, 92]. Following TBI, a transient hyper-
coagulable state occurs in the acute period within 
minutes followed by a late hypocoagulopathy 
peaking 3–6  hours following injury [93, 94]. 
Furthermore, platelet dysfunction as evidenced 
by a decrease in adenosine diphosphate-induced 
platelet aggregation, endothelial glycocalyx 
shedding representative of endothelial damage, 
and hyperfibrinolysis have all been seen in TBI 
models [95–97]. Both isolated TBI and TBI with 
an associated hemorrhage have been used to 
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induce coagulopathies in rodent and porcine 
models. Rodent models typically utilize impact-
ing devices to create local tissue injury via either 
transcranial methods or through a craniotomy. 
Porcine models, in contrast, all require a craniot-
omy with injury created via either fluid percus-
sion or computer-controlled cortical impact. 
Other described techniques include using shock 
waves to mimic the effects of a blast injury on the 
central nervous system, penetrating ballistic-like 
models using a high-energy projectile, and 
weight drop methods where various free-falling 
weights are dropped onto the subjects head from 
above [98–101].

 Conclusion

Trauma-induced coagulopathy remains a world-
wide concern within the trauma community and 
frequently results in major morbidity and mortal-
ity. This, along with major advancements in 
trauma resuscitation strategies, has resulted in a 
major surge of research being aimed at novel 
methods/techniques to diagnose, mitigate, and 
correct the coagulopathy to restore homeostasis 
and achieve hemostasis. Through these efforts a 
multitude of models in various species have been 
developed, refined, and optimized in order to cre-
ate reproducible, clinically translatable scenarios 
with rodent and porcine models encompassing a 
large majority of the work.

The induction of hemorrhage, sepsis, tissue 
trauma, hypothermia, acidosis, hemodilution, 
and TBI has contributed significantly to the 
knowledge base surrounding trauma-induced 
coagulopathy. Using a combination of tests to 
include traditional coagulation panels (prothrom-
bin time, activated partial thromboplastin time, 
and international normalized ratio) and visco-
elastic tests (rotational thromboelastometry and 
thromboelastography), as well as more specific 
tests assessing platelet function, individual coag-
ulation factors, and systemic markers of endothe-
lial damage, hypocoagulable states can be 
accomplished and monitored throughout the 
duration of the experiment. Interestingly, TBI 
models portray a unique phenotypic pattern 

which results in a hypercoagulable state during 
the acute post-injury period with a subsequent 
hypocoagulopathy of trauma multiple hours fol-
lowing the insult. Further study is warranted to 
explore this phenomenon as this phenotype has 
not been reliably demonstrated within the other 
models. Some have postulated that during the 
early post-injury period there is an initial surge of 
coagulation system activation that causes a tran-
sient hypercoagulable state in humans resulting 
in the rapid exhaustion of innate clotting factors 
leading to the hypocoagulopathies seen on 
presentation.

Animal models currently represent the most 
realistic, nonhuman studies as they allow for 
monitoring of the complex interconnections 
within the organ systems. Yet, no model is a per-
fect representation, and the current models con-
tinue to reveal important poorly understood 
concepts within trauma-induced coagulopathy. 
The majority of recent trials have revolved around 
developing new ways to reverse the coagulopathy 
during resuscitation. While these highly impor-
tant trials address the end goal in resuscitation 
efforts, more energy directed toward studying 
post-injury/pre-resuscitation periods to improve 
the collective understanding around trauma- 
induced coagulopathy should be sought. Just as 
with other pathologies, developing a deeper 
understanding of the pathways and mechanisms 
of this morbid process will help to create novel 
therapeutics to correct the dysregulated physio-
logic response.

When initiating any research project, one 
should assure adequate injury is created to yield 
an appropriate physiologic response by utilizing 
the various techniques described within this 
chapter. Complex polytrauma models may more 
accurately reflect the injuries experienced in 
modern trauma; however, they also introduce 
multiple variables and difficulties toward eluci-
dating the role of each insult on the animal’s spe-
cific physiologic state. Although ongoing efforts 
within the military and civilian sectors have 
immensely advanced the techniques surrounding 
traumatic injury and damage control resuscita-
tion, trauma-induced coagulopathy and the asso-
ciated coagulopathy of trauma continue to 
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represent extremely difficult scenarios for clini-
cians. Not only does the morbidity and mortality 
of this pathology greatly influence patient out-
comes, the massive amounts of blood products 
required further create a logistically burdensome 
challenge, especially in austere and low-resource 
settings. As such, it remains imperative that 
ongoing basic science research efforts be main-
tained by clinically astute researchers and physi-
cians in order to deepen the overall understanding 
of trauma-induced coagulopathy and develop 
novel therapeutics for patient use.
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Abbreviations

CAP  College of American Patholo-
gists

CCA  Conventional coagulation 
assessment

CDC Centers for Disease Control
CLIA  Clinical Laboratory Improve-

ment Amendments
CMS  Centers for Medicare and 

Medicaid Services
COLA  Commission on Office 

Laboratory Accreditation
DOAC Direct oral anticoagulant
FDA Food and Drug Administration
HEMS  Helicopter Emergency Medi-

cal Service
ICU Intensive care unit
LIS Lab Information System
OR Operating room
POC Point of care
POCT Point-of-care testing
TJC (formerly  
JCAHO) 

The Joint Commission

VHAs Viscoelastic hemostatic assays

 Introduction

Treatment of trauma patients requires purposeful 
clinical testing to ensure optimal patient care and 
clinical outcomes. Many of the most common 
tests, including conventional coagulation assess-
ment (CCA), are sent to the central laboratory for 
evaluation. But an increasing number of tests are 
performed at the point of care [1, 2].

Point-of-care testing (POCT) is typically 
defined as decentralized clinical laboratory test-
ing that is performed at or near the site of clinical 
care. It is often performed by operators that are 
not primarily trained in clinical laboratory proce-
dures. Testing at or near the point of care has a 
number of benefits and challenges. Benefits 
include the shorter turnaround time, with earlier 
diagnostic insights, and the ability to respond and 
intervene more rapidly. It also enables more fre-
quent measurements with direct availability of 
the results to the treating physician. Often, the 
portability of devices allows for multiple uses 
across different settings, i.e., emergency depart-
ment (ED), operating room (OR), and surgical 
intensive care unit (SICU).

The challenges of POCT include a less con-
trolled, decentralized environment with limited 
standardization that can lead to higher test result 
variability and the need to train a broader and 
often less experienced group of operators. 
Technical aspects such as maintenance, trouble-
shooting, and connectivity and transfer of data to 
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hospital IT systems present further challenges. If 
performed under the hospital’s central lab license, 
issues of adequate operator training (and docu-
mentation thereof), validation, proficiency test-
ing, and sufficient test documentation arise for 
users such as trauma surgeons, emergency physi-
cians, anesthesiologists, or ED, OR, and SICU 
nurses who use these devices in a range of clini-
cal settings. If point-of-care testing is performed 
under a separate license, the same regulatory 
requirements have to be adhered to and 
documented.

 Regulatory Considerations

The US Food and Drug Administration (FDA) is 
responsible for the clearance or approval of all 
medical devices, including in  vitro diagnostics, 
as well as overseeing their manufacture, perfor-
mance, and safety. While the FDA can define 
intended use via their marketing authorization, 
including the required environment and person-
nel allowed to operate the device, “point of care” 
is itself not an FDA-defined term.

An important regulatory framework is the 
Clinical Laboratory Improvement Amendments 
(CLIA) of 1988. CLIA regulate laboratory test-
ing and require certification of clinical laborato-
ries by their state and the Centers for Medicare 
and Medicaid Services (CMS) before they can 
accept human samples for diagnostic testing. 
Three federal agencies are responsible for CLIA: 
the FDA, the CMS, and the Centers for Disease 
Control (CDC). Each agency has a unique role in 
assuring quality laboratory testing (Table 46.1).

Under CLIA, tests are categorized in one of 
two ways: waived tests (simple laboratory exami-
nations and procedures that have an insignificant 
risk of an erroneous result, as defined by the 
CMS) and non-waived tests (further categorized 
to moderately complex and highly complex) [3]. 
POCT typically refers to waived or non-waived 
laboratory tests performed at remote locations by 
non-laboratory personnel.

CLIA accreditation as well as inspections can 
be performed by the CMS and other CMS- 
deemed organizations including the College of 

American Pathologists (CAP), the Commission 
on Office Laboratory Accreditation (COLA), and 
The Joint Commission (TJC, formerly JCAHO), 
among others.

During laboratory inspections, CMS deficien-
cies are generally categorized as either standard 
level (less serious) or condition level (more seri-
ous). Commonly reported standard level defi-
ciencies include inadequately trained personnel, 
improper reagent storage, expired reagents, inad-
equate maintenance records, and analytical mea-
surement range verification. The most common 
condition level deficiencies (six out of the top ten 
citations) include personnel deficiencies such as 
unsuitable qualification requirements of the labo-
ratory director, technical consultant, supervisors, 
and testing personnel [4].

As mentioned above, the focal points of 
POCT accreditation are training, staff compe-
tency assessments, and appropriate perfor-
mance and reporting procedures. POCT can be 

Table 46.1 Specific roles of federal agencies responsible 
for the Clinical Laboratory Improvement Amendments 
(CLIA) [47]

Agency Roles
FDA Categorize tests based on complexity

Review requests for waiver by application
Develop rules/guidance for CLIA 
complexity categorization

CMS Issue laboratory certificates
Collect user fees
Conduct inspections and enforce regulatory 
compliance
Approve private accreditation organizations 
for performing inspections, and approve 
state exemptions
Monitor laboratory performance on 
proficiency testing (PT) and approve PT 
programs
Publish CLIA rules and regulations

CDC Provide analysis, research, and technical 
assistance
Develop technical standards and laboratory 
practice guidelines, including standards 
and guidelines for cytology
Conduct laboratory quality improvement 
studies
Monitor proficiency testing practices
Develop and distribute professional 
information and educational resources
Manage the Clinical Laboratory 
Improvement Advisory Committee
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categorized as highly complex, even when lab-
oratories are fully compliant, if used in a way 
that deviates from the manufacturer’s approved 
labeling. Staff qualifications for highly com-
plex tests are even more stringent. Failure to 
meet compliance standards can result in cita-
tions being imposed or, in the case of severe or 
repeated infractions, the removal of laboratory 
accreditation. Electronic interfacing of POCT 
devices with the Lab Information System (LIS) 
can assist program managers in maintaining 
compliance standards. The LIS allows central-
ized oversight, monitoring, and configuration 
of POCT devices, to aid with standardized 
reporting.

 Viscoelastic POCT in Trauma

Viscoelastic hemostatic assays (VHAs) have 
long been established to assess the coagulation 
status of patients in a number of clinical settings, 
including trauma, cardiac surgery, and liver trans-
plantation [5–14]. While most see viscoelastic 
tests as a useful addition to standard coagulation 
tests, others have concluded that viscoelastic test-
ing upon admission to the emergency department 
could replace conventional coagulation tests in 
trauma patients altogether [15]. Goal-directed 
hemostatic resuscitation based on thromboelas-
tography is reported to utilize less plasma and 
platelet transfusions and has also been shown to 
improve survival compared with a massive trans-
fusion protocol guided by conventional coagula-
tion assessment [16]. Another focus of VHA 
research is the identification of pathologies of 
fibrinolysis and the guidance of treatment with 
tranexamic acid [17–28]. A recently highlighted 
critical issue is the rapid detection and classifica-
tion of direct oral anticoagulants (DOACs) in 
trauma patients [29]. While coagulation tests 
have traditionally been performed in the central 
lab, VHA technologies have opened the door for 
point-of-care applications.

In-Hospital POC Use In order to reduce wait 
times and to allow for rapid result utilization, 
some institutions using VHAs for trauma care 

have placed the devices near the point of care, 
e.g., in the trauma bay, OR, or SICU. In conjunc-
tion with regulatory considerations, users also 
have to ensure an appropriate environment, with 
adequate humidity and temperature and away 
from sources of heavy vibration, etc.

Prehospital POC Use Some investigators have 
explored opportunities to bring viscoelastic test-
ing into prehospital care (experimental, investi-
gational setting). Initially driven by military 
research, there is now also civilian use including 
testing in ambulances and helicopters [30–32]. 
For the use in ambulances and helicopters, the 
reduced vibration sensitivity of some of the 
newer-generation devices is critical. Another 
important consideration of using mobile POC 
testing is ensuring continuous power supply to 
the machines. The COMBAT trial has established 
the feasibility of an independent lithium battery 
source [33].

 Overview of VHA Technologies 
for POCT

Given that VHA technology is described in more 
detail elsewhere in this book, this discussion is 
focused on POC aspects of the technology.

First-generation devices like the TEG®5000 
Hemostasis Analyzer (Haemonetics) and the 
ROTEM® delta (Instrumentation Laboratory) are 
sometimes set up for in-hospital POC testing in a 
hybrid lab/POC (e.g., trauma bay, OR) approach, 
but more often they are still situated in the central 
lab. The operational complexity of the devices 
and the limited portability have hindered further 
POC use.

Next-generation devices include the TEG®6s 
Hemostasis Analyzer (Haemonetics), the 
ROTEM® sigma analyzer (Instrumentation 
Laboratory), and the Quantra® analyzer 
(HemoSonics). Of these, the TEG®6s Hemostasis 
Analyzer is currently (as of June 2020) the only 
portable, cartridge-based next-generation device 
currently cleared by the FDA in a trauma setting 
[34, 35]. Its reduced weight and greatly simpli-
fied use compared with other devices, paired with 
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its increased robustness and decreased vibration 
sensitivity, have enhanced its utility for in- 
hospital settings and beyond. In a recent study at 
the US Army Institute of Surgical Research, the 
TEG®6s Hemostasis Analyzer was evaluated dur-
ing simulated ground and high-altitude aeromed-
ical evacuation with extracorporeal life support. 
The authors concluded that mobile TEG®6s mea-
surement during ground and altitude transport is 
feasible and provides unprecedented informa-
tion to guide coagulation management. They 
suggested assessing the precision and accuracy 
of the TEG®6s Hemostasis Analyzer during 
transport of critically ill patients in further stud-
ies [31]. The Greater Sydney Area Helicopter 
Emergency Medical Service (HEMS) conducted 
an experiment with the TEG®6s to assess the reli-
ability of thromboelastography in a simulated 
rotary wing setting. They concluded that the 
TEG®6s is viable technology in this setting and 
that it is feasible to conduct further studies using 
human blood in live rotary wing conditions [30]. 
Clinical studies with the ROTEM® sigma in 
trauma setting in the hospital are ongoing in the 
USA [36], and there is clinical use in trauma out-
side the USA, where the ROTEM® sigma is 
approved by regulators [37]. A recent compari-
son study between the ROTEM® delta and sigma 
showed a good correlation overall, although the 
validity of the methodology to define the refer-
ence ranges was later questioned and there were 
some differences at or around key clinical deci-
sion points [38, 39]. The Quantra® analyzer 
recently received FDA clearance (de novo path-
way) for POC coagulation assessment in cardiac 
and major orthopedic operations based on a study 
in these two areas, but it has not been cleared for 
use in trauma (as of June 2020). Studies have 
shown moderate comparability with TEG® and 
ROTEM® analyzer technology [40–42], and fur-
ther clinical trials are expected for this new 
device. Other experimental optical technologies 
(e.g., laser based) are currently under evaluation 
[43–46]. Further research is needed to assess 
their utility in clinical testing and specifically in a 
point-of-care context.
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