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Abstract
Severe polytrauma and hemorrhage is a common and life-threatening condition often leading to intensive care 
unit admission for those who survive their initial injury. The injury itself, hypoperfusion from hemorrhagic shock, 
and resuscitative efforts introduce a complex set of hemostatic derangements collectively referred to as trauma-
induced coagulopathy (TIC). Although the trauma population is notoriously heterogenous, TIC can generally be 
divided into an “early” hypocoagulable phase and then a “late” hypercoagulable, prothrombotic phase. Existing 
literature on TIC focuses heavily on reversing and preventing hypocoagulation in the early, acute phase. However, 
intensivists commonly manage patients throughout the later post-acute resuscitation phase of TIC, during which 
thrombotic complications are common and may lead to major morbidity and mortality. Derangements in platelet 
activation, endothelial dysfunction, suppression of fibrinolysis, and crosstalk between the innate immune and 
coagulation systems all contribute to the prothrombotic late TIC phenotype. Deep venous thrombosis and other 
macrovascular thrombotic complications also commonly occur after trauma. Thrombosis prophylaxis and treatment 
present a challenge for patients still at high risk for bleeding. An in-depth understanding of risk factors specific 
to trauma patients, including iatrogenic contributions from resuscitation and hemostatic efforts in the pre-
intensive care phase, can help stratify thromboembolic risk and optimize prophylaxis and surveillance efforts. We 
stress the importance of an individualized approach to assessment of hemorrhagic and thrombotic risks for each 
patient. Here, we summarize the underlying contributors to the prothrombotic phenotype in late TIC, including a 
description of emerging roles for HMGB1, extracellular vesicles, and endogenous inhibitors. Additionally, a general 
approach to thromboprophylaxis, monitoring, and anticoagulation in this patient population are discussed. Finally, 
we summarize relevant risk stratification systems and guidelines for clinical management of thromboembolic risk 
among trauma patients, and highlight limitations in these systems and guidelines as areas for future research.
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Introduction to hemostatic derangements after 
trauma
Trauma induces a complex set of hemostatic derange-
ments that have been the subject of considerable study 
over the past three decades [1]. Much of the effort to bet-
ter understand and treat deleterious changes in coagu-
lation and endogenous hemostasis has focused on the 
hyperacute phase of evaluation and resuscitation before 
definitive hemostasis is achieved, typically in the emer-
gency department immediately after arrival or even prior 
to hospital arrival. This “early” trauma-induced coagu-
lopathy (TIC) is characterized by a hypocoagulable state 
with a tendency toward hemorrhage, typically within 6 
h of the initial injury. Factors related to the injury itself, 
subsequent resuscitation, and shock state from tissue 
hypoperfusion in the setting of hemorrhage all contrib-
ute to early TIC [2]. Many early preventable deaths after 
traumatic injury are effected by exsanguination, and 
increasing time between injury and hemostasis is associ-
ated with mortality [3, 4]. Therefore, measures to maxi-
mize coagulation potential and augment endogenous 
coagulation are employed in this hyperacute phase of 
resuscitation.

Much less attention has been given to hemostatic com-
plications that can occur in the later phase of trauma 
care, at which point the patient is typically admitted to 
an intensive care unit (ICU). “Late” TIC is often defined 
as occurring >24 h after injury, although phenotypes 
can differ considerably within this time period. Trau-
matic injury is a major source of death and disability that 
increasingly affects patients across the spectra of age, 
medical complexity, socioeconomic status, and other 
demographics [5]. Severe injury is a common reason for 
admission to the ICU at trauma centers. In one study, 
half of all trauma patients admitted to Level 1 or Level 
2 trauma centers were admitted to an ICU at some point 
during hospitalization, with a third of patients admitted 
directly to the ICU after emergency department evalua-
tion [6].

Following this overview of TIC pathogenesis, the pres-
ent review will aim to describe the current mechanistic 
understanding of late TIC and associated thrombotic 
risk. First, it will provide an overview of “late” TIC and 
introduce the timeline for hemostatic derangements 
after injury. Next, it will review contributions from the 
deranged soluble cellular, endothelial, and soluble acel-
lular components of hemostasis. Next, it will provide an 
overview of clinical considerations facing the intensivist 
managing patients in this setting. Finally, it will provide a 
summary of current recommendations that address com-
mon scenarios and emerging questions regarding throm-
boprophylaxis among critically injured patients.

Overview of late trauma-induced coagulopathy
The response to shock and factors related to the injury 
itself contribute to hemostatic derangements leading 
to the “late” TIC hypercoagulable phenotype. Although 
some have suggested that resuscitation efforts may also 
be associated with late hypercoagulable complications, 
it is challenging (if not impossible) to separate this from 
the survivor bias of successfully resuscitated patients 
living long enough to experience thrombotic events [7–
10]. After initial resuscitation, trauma patients become 
increasingly heterogenous, and a nuanced examination 
of coagulation potential in these patients will yield dif-
fering and even competing tendencies toward clotting 
and bleeding. This heterogeneity demands individualized 
monitoring and treatment for patients in this popula-
tion. For example, fibrinolysis shutdown may contribute 
to thrombosis even in the setting of fibrinogen consump-
tion with bleeding [11]. In fact, post-acute hemostatic 
derangements are currently an active area of study, with 
several different phenotypes emerging [12]. The vari-
ability of these phenotypes and their complex temporal 
relationships with injury, shock, and resuscitation reflect 
the complexity of the endogenous hemostatic system and 
its components (Fig. 1). For the purposes of this review, 
patients in the post-acute or late phase of TIC will gen-
erally be described as overall pro-thrombotic but still at 
risk for bleeding.

What is clear is that these complex derangements are 
responsible for considerable morbidity in the ICU set-
ting following definitive hemorrhage control. Some of 
the most familiar and feared complications in this popu-
lation can be attributed to the prothrombotic state ren-
dered by trauma; for example, venous thromboembolism. 
Venous thromboembolism (VTE) includes deep venous 
thrombosis (DVT), pulmonary embolism (PE), porto-
mesenteric venous thrombosis, and cerebral sinus throm-
bosis; although any venous distribution can certainly be 
involved [13]. Polytrauma is a major independent risk 
factor for inpatient VTE [14, 15]. Although injury itself 
is an independent risk factor for VTE, many other associ-
ated conditions common to trauma patients (immobility, 
spinal cord injury, recent surgery, central venous access) 
also independently contribute. These additional familiar 
states of thrombophilia often co-exist in the critically ill 
polytrauma patient and conspire to promote thrombosis 
at multiple sites in both native and extracorporeal (i.e., 
renal replacement system, central venous catheter) circu-
latory sites.

Mechanisms of subacute prothrombotic state after 
polytrauma
Platelet activation
Platelets play a central role both in maintaining normal 
hemostasis under unstressed, homeostatic conditions, as 
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well as in reestablishing hemostasis after injury. The myr-
iad adaptive mechanisms by which they contribute have 
been previously reviewed; their complexity and range of 
contributions belies their simple structure [16, 17]. These 
contributions include crucial mechanical, immunologic, 
biochemical, and hormonal roles; which differ in the 
immediate (24 h) and late TIC periods.

As with other areas of research in the field, most inves-
tigation into platelet function after injury has focused on 
the immediate hypocoagulable phase of injury [18]. So-
called platelet “exhaustion” in which hyporeactive plate-
lets contribute poorly to hemostasis may be in response 
to overwhelming pro-inflammatory and thrombotic 
stimuli, typically becoming most pronounced within 
24–48 h of injury [19]. However, after this initial period 
of tendency toward hemorrhage, platelets drive thrombo-
sis risk through multiple mechanisms in addition to their 
“primary” and best-described function as a site of throm-
bin generation. By post-trauma day 3, platelets become 
the dominant contributor to clot strength, superseding 
the contribution of fibrin as measured by thromboelas-
tography (TEG) [20]. This contribution may be refractory 
to conventional thromboprophylaxis with low molecular 
weight heparin.

Another means by which platelets contribute to late 
TIC is by the release of prothrombotic extracellular 
vesicles, as well as through interaction with tissue fac-
tor-laden vesicles released by inflammatory cells. Imme-
diately after injury, there is a massive systemic release of 
extracellular vesicles [21, 22]. Although the specific role 
of these heterogeneous, submicrometer, anucleate bod-
ies is still under study across the spectrum of human 
health and disease, they clearly serve procoagulant and 
proinflammatory functions and are associated with 
thrombosis [23, 24]. In fact, platelet-derived extracellular 
vesicles are so potently hemostatic that they have been 
proposed as a cell-free resuscitation medium in patients 
with hemorrhagic shock and ongoing bleeding [25, 26]. 
Their efficacy in promoting hemostasis in this setting 
unsurprisingly may come with a delayed risk of throm-
bosis. In an adoptive plasma transfer experiment using a 
rodent model of liver trauma and DVT, platelet-derived 
microvesicles effected both hemostasis and thrombosis 
in the form of diminished liver laceration bleeding and 
increased venous thrombosis volume, respectively [27]. 
It was also recently discovered that thrombin can medi-
ate the release of additional extracellular vesicles from 
platelets, which then promotes thrombin activation on 

Fig. 1  Visual schematic of major contributors and interactions leading to the subacute hypercoagulable state following traumatic injury. The major con-
tributors to the overall prothrombotic state after injury can be summarized as the endothelium and its components, platelets and other circulating cells, 
and soluble plasma coagulation factors. However, these systems are highly connected and dependent on one another, as represented schematically by 
arrows. vWF: von Willebrand Factor. PAR: Protease-Activated Receptors
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platelet surfaces, setting up a powerful feedback loop 
[28]. Interestingly, activated platelets may also promote 
extracellular vesicle-mediated thrombosis indirectly by 
way of P-selectin and PSGL-1 binding to tissue factor-
laden vesicles from other inflammatory cells [29]. This 
interaction exposes phosphatidylserine, a key lipidic scaf-
fold for coagulation factor activation [30]. Unfortunately, 
their diversity in content, size, and surface markers pres-
ents a challenge in developing specific therapeutics to 
modulate vesicle-derived prothrombotic tendency after 
trauma. Currently, studies are underway to phenotype 
circulating extracellular vesicles following injury, which 
may implicate specific signaling pathways or other patho-
logic mechanisms by which they effect thrombosis and 
yield targets for intervention [31, 32]. These studies rep-
resent the first steps toward exploiting platelet-derived 
microvesicles as biomarkers, hemostatic adjuncts, and 
effectors of thrombotic risk.

Platelets may also contribute to thrombotic complica-
tions by way of innate immune activation. Beyond their 
primary role in maintaining hemostasis, platelets have 
an important secondary function in promoting nor-
mal immunity. This positions platelets as a key media-
tor between the coagulation and innate immune systems 
[33]. The links between coagulation and inflammation 
have been the subject of increasing study and scrutiny 
over the past decade, with major ramifications for human 
health and disease [34]. In fact, the role of platelets in 
mediating or attenuating inflammatory disease severity 
and thromboinflammation has been well established [35]. 
As an example, the role of platelet surface high mobil-
ity group box 1 (HMGB1) protein has emerged as both 
a potential biomarker as well as target for intervention 
in multiple thrombotic disease states, including trauma 
[36]. Classically, HMGB1 is a damage-associated molecu-
lar pattern arising from multiple cell types that may cir-
culate after tissue injury or infection, Inflammatory cells 
may release soluble HMGB1 or nuclear HMGB1 may 
be released after cell death. It may propagate inflamma-
tory signaling through toll-like receptors 2 and 4 [37, 
38]. This makes HMGB1 a crucial link between sterile 
and infectious inflammatory states; i.e., trauma and sep-
sis. However, platelet surface-specific HMGB1 has been 
implicated in both normal hemostasis and pathologic 
thrombosis after traumatic injury [39, 40]. Elevations in 
circulating HMGB1 can be detected immediately after 
injury, but supranormal levels persist for at least 5 days 
after injury, well into the prothrombotic ICU care phase 
of TIC [41]. Therapeutic inhibition of circulating HMGB1 
is under preclinical investigation, although the feasibility 
and efficacy of a platelet-focused inhibition strategy has 
not yet been studied [42–45].

Through a process often referred to as immunothrom-
bosis, platelets also help orchestrate the development and 

localization of neutrophil extracellular traps (NETs) that 
are another important link between innate immunity and 
thrombosis after injury. Although neutrophils are capable 
of NETosis and chromatin release without platelet con-
tributions in vitro, activated platelets can effect nonlytic 
NETosis, an important innate immune pathway best 
studied in sepsis [46, 47]. This bidirectional activation 
yields pathologic intravascular thrombosis that causes 
organ dysfunction [48]. The role of NETosis in post-
traumatic organ dysfunction, inflammation, thrombosis, 
and tissue healing is an active area of research, with most 
studies on the subject historically focusing on infectious 
conditions [49, 50].

Endotheliopathy
The endothelium is a complex, dynamic, and large organ 
that physically interfaces with every other organ system 
in the body and generally maintains a fibrinolytic and 
anticoagulated phenotype under unstressed conditions 
[51]. As with platelets, it plays an important and com-
plex role in maintaining and restoring normal hemosta-
sis; these contributions have been previously reviewed 
[52]. Immediately following trauma, it protects against 
inappropriate intravascular thrombosis via its physical 
barrier between circulating blood and the prothrom-
botic subendothelium, a site rich in tissue factor and col-
lagen [53, 54]. The luminal surface of the endothelium is 
coated with the glycocalyx, a layer of proteoglycans and 
glycoproteins responsible for physiochemical promo-
tion of an anticoagulant surface by (a) physically sepa-
rating circulating platelets and coagulation factors from 
the subendothelium, and (b) positioning endogenous 
anticoagulants (i.e., heparan sulfate) and fibrinolytics 
(i.e., tissue plasminogen activator [tPA] and urokinase 
plasminogen activator [uPA]) at the blood-endothelium 
interface [55, 56].

The initial pathogenesis of early endothelial injury after 
trauma, including glycocalyceal shedding, activation of 
endothelial cells, and increased adhesion of pro-inflam-
matory and thrombotic leukocytes and platelets, has 
been reviewed in detail previously [57]. Later hemostatic 
derangements arising from traumatic endotheliopathy 
can be conceptualized as those related to breakdown of 
the vascular barrier (i.e., glycocalyx shedding), and oth-
ers related to loss of endogenous luminal anticoagulation 
and fibrinolytic molecules.

Endothelial damage contributes to organ dysfunc-
tion and thrombotic risk for at least one week after 
injury based on elevations of glycocalyx components 
in circulation through that time [58, 59]. During this 
timeframe, increased markers of endothelial damage 
are found in circulation, and increased soluble von Wil-
lebrand Factor (vWF) promotes platelet and leukocyte 
adhesion to the injured endothelium. This yields an 
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overall prothrombotic tendency [60, 61]. ADAMTS13 
level is decreased early in injury, resulting in increased 
circulation of ultra-large vWF multimers [62–65] and 
thrombi in organs. Mismatch between circulating vWF 
and ADAMTS13 in the first week after injury contrib-
utes to thrombotic tendency. A prospective study in 
trauma patients noted that ADAMTS13 activity tended 
to recover by post-injury day 6, suggesting that throm-
botic risk imparted by this derangement may abate while 
the most critically injured patients remain in the hospital 
[66].

Therapeutic approaches to protecting or restoring 
the endothelium after trauma are largely focused on the 
role of blood products during initial resuscitation. There 
is substantial evidence that one or more endogenous 
plasma molecules may prevent endotheliopathy with 
early plasma-based resuscitation. Although a variety of 
candidate molecules have been identified, all are con-
stituents of plasma and underscore the importance of 
using an early hemostatic resuscitation strategy that min-
imizes crystalloid and relies on whole blood or balanced 
transfusion of products [67–69]. It is also worthwhile 
to note that plasma transfusion may attenuate late pro-
thrombotic tendency by restoring normal plasma anti-
coagulants and preventing endothelial injury. This may 
seem counterintuitive, since plasma transfusion is often 
utilized to treat bleeding tendency. Finally, preclinical 
investigations suggest a promising role for ADAMTS13 
transfusion in trauma patients to reduce leukocyte and 
platelet adhesion that may contribute to intravascular 
thrombosis [63].

Derangements in fibrinolysis
Like the plasma coagulation system, the normal fibri-
nolytic system is comprised of a complex network of 
soluble enzymatic proteins, cofactors, receptors, and 
inhibitors that have previously been reviewed elsewhere 
[70]. Its activity is subject to tight regulation by multiple 
interactions with other related elements of coagulation 
(platelets, thrombin, fibrinogen). Plasmin is the main 
effector enzyme of fibrinolysis. Its best-described activ-
ity is to dissolve fibrin-based clots, although it degrades 
many other proteins important for normal hemostasis, 
activates platelets, and aids in cell migration, immunity, 
and survival [71–73]. The fibrinolytic system’s polyfunc-
tionality represents a primordial connection between 
immunity and thrombosis that long predates the coagu-
lation system’s better appreciated crosstalk between 
inflammation and thrombosis in an evolutionary sense 
[74]. Plasminogen circulates as a zymogen and requires 
proteolytic activation by tPA to maximize fibrinolytic 
activity. There are multiple important circulating endog-
enous inhibitors of plasmin that work by diverse and 
often indirect mechanisms. The primary inhibitor of 

plasmin, alpha-2-antiplasmin, forms an irreversible cova-
lent serpin-protease intermediate complex after binding 
to soluble plasmin in circulation [75, 76]. Conversely, 
plasminogen activator inhibitor-1 (PAI-1) targets plas-
minogen activators, indirectly inhibiting fibrinolysis and 
conferring implications on other biologic processes [77]. 
Finally, thrombin activatable fibrinolysis inhibitor (TAFI) 
is a soluble zymogen carboxypeptidase that, when acti-
vated by thrombin, exerts antifibrinolytic effects and is 
an example of coagulation-fibrinolysis crosstalk that pro-
motes autoregulation of clot formation in vivo [78].

Efforts have been made over the past two decades to 
better describe a series of postinjury fibrinolytic phe-
notypes and their associations with injury severity, time 
after trauma, and clinical tendency to bleed or clot. These 
phenotypes are broadly termed hyperfibrinolysis, physio-
logic fibrinolysis, and fibrinolysis shutdown [79]. A recent 
and elegant rodent study of tPA, alpha-2-antiplasmin, 
and PAI-1 levels after severe blunt trauma concluded 
with a narrative description of a common scenario in the 
trauma ICU: “Immediately after trauma, the fibrinolytic 
system was activated; however, its activation was quickly 
and intensely suppressed [80]”. In rats, this conversion 
from hyperfibrinolysis to fibrinolysis shutdown occurred 
biochemically over the course of minutes to hours. In 
clinical studies of human trauma patients utilizing TEG 
or PAI-1 as a surrogate for fibrinolysis shutdown, signa-
tures of shutdown may be detected between 1 and 12 h 
after injury [12, 81, 82]. Shutdown is a common pheno-
type after moderate or severe injury. In a large study of 
trauma patients with an injury severity score (ISS) of at 
least 15, there was a fibrinolytic shutdown rate on admis-
sion TEG approaching 50% [12]. Risk factors include 
older age and TBI. The association between shutdown 
and poor outcomes, including mortality, has been estab-
lished [12, 82–85].

A study by Meizoso and colleagues found that 44% of 
patients admitted to an ICU with a fibrinolytic shutdown 
phenotype via TEG on admission had persistent shut-
down a week after their injury, highlighting the ongo-
ing challenges posed to intensivists managing severely 
injured patients beyond their acute presentation. It is 
worthwhile to note that ROTEM and TEG are technically 
limited in their abilities to quantify fibrinolysis. Their 
ubiquitous use in clinical practice makes them conve-
nient but not very specific tools with which to compare 
patients. Further studies utilizing D-dimer or plasmin-
plasmin inhibitor complexes might provide more specific 
interrogation of fibrinolysis in future studies. Exactly how 
fibrinolysis shutdown could influence decisions regarding 
thromboprophylaxis remains to be seen.
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Massive tissue factor release and thrombin generation
Tissue factor is an integral membrane protein that is 
expressed in the vascular adventitia, capsules of organs, 
and other sites out of direct contact with blood. In the 
modern cell-based view of hemostasis, clotting is typi-
cally initiated by a vascular injury or other prothrombotic 
stimulus. This results in exposure of a tissue factor-bear-
ing cell to the blood’s enzymatic coagulation factors and 
cofactors, with complexing to Factor VIIa initiating the 
process of forming insoluble clot [86]. Under normal 
homeostatic conditions, tissue factor is only expressed in 
cells comprising a “hemostatic envelope” (i.e., fibroblasts 
of the adventitia, cells comprising the capsule of solid 
organs, and cells of the epidermis, bowel, and respira-
tory mucosae). However, stimulation of monocytes and 
dendritic cells with proinflammatory cytokines, such as 
those encountered after trauma and in critical illness, 
induces expression of tissue factor that may contribute to 
thrombosis [87, 88]. Appearance of inducible tissue fac-
tor occurs shortly after injury owing to exposure of leu-
kocytes to tumor necrosis factor alpha (TNF-α), IL-1β, 
and IL-6; these cytokines may have protracted eleva-
tions days or even weeks into hospital admission [89–91]. 
Massive tissue factor release in the setting of ongoing 
inflammation may lead to uncontrolled and inappropri-
ate thrombin generation, culminating in microvascular 
thrombosis. Thrombin generation is greater in trauma 
patients than in healthy patients, independent of shock 
[92, 93]. Unsurprisingly, thrombin generation in this 
patient population has also been associated with develop-
ment of thromboembolic events within 30 days of injury, 
despite levels decreasing within the first day of admission 
[94].

Additional and emerging prothrombotic influences after 
trauma
Although platelets, the endothelium, fibrinolysis, and 
soluble plasma coagulation factors play central roles 
in the subacute prothrombotic phenotype follow-
ing trauma, additional contributing factors are emerg-
ing that might yield exciting targets for treatment and 
thromboprophylaxis.

One such emerging factor is skeletal muscle myosin, a 
large motor protein involved in sarcomere contraction. 
In a recent exome genotyping study of 107 patients with 
VTE, a single nucleotide polymorphism in the skeletal 
muscle myosin heavy chain was implicated in patients 
with recurrent VTE [95]. The same study demonstrated 
that skeletal muscle and cardiac muscle myosin are capa-
ble of replacing lipid and membrane contributions from 
platelets and organizing the prothrombinase complex 
necessary for thrombin generation independently [96]. 
Additionally, soluble skeletal muscle myosin has corre-
lated with traditional markers of coagulation status after 

trauma; yielding the finding of low circulating myosin 
correlating with hypocoagulability [97]. This has obvi-
ous implications for thrombin generation and throm-
bosis after traumatic injury which may release soluble 
myosin into plasma. Anti-myosin antibodies were able to 
blunt thrombin generation with even greater efficacy in 
plasma from trauma patients compared to controls [98]. 
Skeletal muscle myosin in trauma may be a biomarker for 
thrombotic risk or target for prophylaxis or therapy in 
the future.

Inorganic polyphosphates (i.e., “polyP”) form a class 
of thrombogenic molecules found in platelet granules 
and mast cells. They are also synthesized by some bac-
teria and may play a role in evasion of host immune 
responses. Classically, the function of human polyP had 
been limited to activation of Factor XII to XIIa, and was 
therefore not considered to be critical in normal hemo-
stasis. However, more recent focus on the link between 
thrombosis and inflammation has yielded additional 
insight into the thrombogenic potential of polyP, which is 
presumably released after platelet and mast cell degranu-
lation following trauma [99]. A recent study quantified 
thrombin generation from trauma patients and controls 
before and after exposure to polyphosphate inhibitors 
and demonstrated a reduction in thrombin generation 
among trauma patient samples [100]. The authors con-
clude that polyP (or another related polyanion) contrib-
utes to thrombin generation and thrombosis after injury. 
Such inhibitors may help attenuate this response and are 
in preclinical testing currently [101].

Although further research is needed to delineate the 
roles of these molecules in the prothrombotic state after 
trauma, both are testaments to how our understanding of 
traumatic coagulopathy continues to rapidly evolve.

Although impressive advances in our understanding of 
late TIC and the associated hypercoagulable state have 
yielded these mechanistic insights, optimal manage-
ment of late TIC remains an important knowledge gap. 
Ongoing questions about the role of heparinoids to pre-
vent or treat microvascular thrombosis, plasma-based 
resuscitation protocols for hemorrhagic shock, and cold-
stored or synthetic platelet products are all emerging 
therapies aimed to mitigate effects of injury and shock on 
hemostasis.

Clinical management of late trauma-induced 
hypercoagulability
Endogenous risk factors for thrombosis
Venous thromboembolism is a common and potentially 
preventable cause of significant morbidity and mortality 
in trauma patients [102]. As many as 1 in 5 of those who 
develop PE after injury will die [103, 104]. Studies report-
ing the incidence of injury-associated VTE vary widely 
in their estimates from 7 to 58%, with the highest rates 



Page 7 of 15Reed et al. Annals of Intensive Care          (2025) 15:163 

in cohorts where pharmacological thromboprophylaxis 
is not offered, and where VTE is detected by unselected 
screening in all patients regardless of symptoms [105, 
106]. Even higher rates have been reported in military 
populations compared to civilians [107]. Recent data 
also support that many pulmonary arterial clots discov-
ered early after injury may not be embolic but may be 
local events in the lung resulting in pulmonary thrombo-
sis in situ [108]. Whether these events should be treated 
in the same way as pulmonary emboli is unclear, and 
these events are not preventable due to their recognition 
immediately after injury.

Exogenous risk factors for thrombosis
Some therapies directed at treating TIC during bleed-
ing may increase the risk for VTE. When given empiri-
cally to bleeding trauma patients, prothrombin complex 
concentrate was associated with higher VTE rates due 
to excess thrombin generation [109, 110]. The impact of 
tranexamic acid (TXA) on VTE has been highly debated, 
as some studies and initial meta-analyses have demon-
strated an increased VTE risk, but others have not [111, 
112]. One such analysis concluded that results from the 
largest studies of TXA and thrombosis risk should not 
be pooled, making it even more challenging to discern 
overall risk [111]. The latest meta-analysis incorporating 
a large trial from 2023 again suggests an increased risk of 
VTE with the use of TXA, with an odds ratio of 1.22 and 
confidence interval of 1.03–1.44 [112, 113]. Ultimately, 
none of the largest trials have confirmed TXA admin-
istration to be an independent risk factor for VTE after 
traumatic injury.

Neither administration of fibrinogen nor specific blood 
product transfusion ratio appear to be associated with 
VTE [114]. Surgery following trauma is a clear risk fac-
tor for VTE with an adjusted odds ratio of 2.60 and 95% 
confidence interval of 1.66–4.07 [115]. Delays in pharma-
cologic VTE prophylaxis greater than 24 h are associated 
with an approximately two-fold increase in VTE risk, and 
missed doses of prophylaxis are also a common factor 
associated with VTE. Conversely, use of anticoagulants 

prior to injury is associated with reduced risk of VTE 
[115]. Selected known risk factors for VTE are listed in 
Table 1.

Prediction scores for venous thromboembolism
The Padua prediction score is a well-validated score for 
VTE risk in non-surgical hospitalized patients, in which 
the presence of trauma is also considered. In addi-
tion, scores specific to the trauma population have been 
developed. The risk assessment profile (RAP) score is a 
numeric risk score calculated within 24 h of admission 
that considers age, specific patterns of injury, iatrogenic 
factors (such as blood transfusion or femoral central 
venous catheter), and underlying medical conditions 
that contribute to thrombophilia [116]. This model has 
been validated in multiple studies, but its limitations 
(including complexity of calculation) have also been well 
established [117]. The Trauma Embolic Scoring System 
(TESS) score was developed using 17,000 patients from 
a U.S. trauma center to develop a simpler risk assess-
ment model. The TESS model considers age, ISS, obesity, 
mechanical ventilation, and lower-extremity trauma, as 
these were significant predictors of VTE. A TESS score 
of more than 6 had a sensitivity of 82% to predict VTE, 
with an 84% specificity. Overall, the model had excellent 
discrimination in predicting VTE with a receiver operat-
ing characteristic curve of 0.89 [118]. In another study 
using patients from a single trauma center in China, a 
score to detect DVT was developed with similar vari-
ables, including age, ISS, body mass index, lower extrem-
ity fracture. These clinical variables were augmented with 
coagulation tests (D-dimer, fibrin degradation products, 
and prothrombin time), yielding the DVT Risk Assess-
ment Score (DRAS). This DRAS predicted DVT with 
an area under the receiver operating characteristic 
curve of 0.89 [119]. Of note, pulmonary thrombosis is 
not addressed by this score. Notably, both cohorts were 
derived from single centers and external performance of 
these models is uncertain. Additionally, most patients in 
the sample used to create the TESS scoring model were 
not critically injured, and less than 10% of these patients 
required mechanical ventilation, limiting its ability to dis-
cern risk in an ICU setting. Measures of critical illness 
(i.e., mechanical ventilation and ICU admission) are not 
reported for the DRAS cohort. This highlights the need 
to better understand important predictor variables of 
VTE following trauma and whether these variables are 
widely applicable.

Ultrasound screening
Routine screening with ultrasound increases the inci-
dence of VTE to 23% as compared to 10% incidence when 
imaging is performed on clinical suspicion [114]. This 
suggests a substantial group of patients with minimally or 

Table 1  Risk factors for VTE after trauma
Endogenous Exogenous
Patient-related Empiric treatment
Advanced age PCC
Obesity Tranexamic acid?
Male sex Factor VIIa
Injury-related Management
Injury severity Surgery for trauma
Pelvic fracture Delayed pharmacologic prophylaxis
Lower extremity fracture
Spinal injury
Penetrating injury
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asymptomatic VTE. It is possible that routine screening 
may result in unnecessary start of anticoagulation with 
subsequent bleeding risk despite no benefit. However, 
routine screening may also prevent the development of 
major pulmonary embolism or other complications of 
DVT. The risk-benefit of this question was addressed 
in a single center trial in which trauma patients with 
a median ISS of 14 were randomized to routine lower 
extremity DVT screening with ultrasonography on 
days 1, 3, 7, and then weekly vs. usual care [120]. Rou-
tine screening indeed resulted in fewer in-hospital PEs, 
albeit without an effect on mortality. There were no dif-
ferences in anticoagulant-associated bleeding between 
the arms. Notably, DVT often occurred within the first 
days after trauma, often even before initiation of pharma-
cologic thromboprophylaxis. In situ pulmonary throm-
bosis may even occur at the time of injury. These findings 
are in accordance with a single-center retrospective study 
showing lower rates of PE in patients who were routinely 
screened for DVT [121]. Therefore, routine screening 
with ultrasonography may have a place following severe 
trauma among patients at greatest risk of PE.

Viscoelastic hemostatic testing
Viscoelastic hemostatic testing includes rotational 
thromboelastometry (ROTEM) and thromboelastog-
raphy (TEG). The role of these tests in monitoring and 
treating bleeding tendency is well established, but these 
tests can also detect hypercoagulability. Conventional 
coagulation and hematologic tests have little or no pre-
dictive value in estimating thrombotic risk for critically 
ill patients, and fibrinogen degradation products are 
also less informative in post-trauma and post-operative 
patients. Most associated work has been done in the 
surgical patient population. A meta-analysis of studies 
in post-surgical patients demonstrated that a maximum 
amplitude (MA) of 65 mm on the first day after surgery 
for trauma was associated with VTE risk, albeit with a 
low predictive ability [122]. A study in patients requir-
ing surgery following traumatic hip fracture showed 
that a clot formation time (CFT) of less than 65 s pre-
ceding surgery had an excellent performance to predict 
the occurrence of symptomatic VTE after surgery [123]. 
With respect to trauma patients not undergoing sur-
gery, a single-center prospective study showed that a 
hypercoagulable viscoelastic test (defined as reaction 
time (R) below, angle (α) above, or MA above refer-
ence ranges) is associated with increased risk of DVT in 
trauma patients, as assessed by routine screening with 
ultrasound of extremities [124]. Of note, 85% of trauma 
patients in this study were hypercoagulable on admission, 
which is a remarkably high rate, when compared to 7% 
as found in another study in which hypercoagulability 
was defined as increased G value [125]. The frequency of 

hypercoagulability in this patient population that may be 
actively bleeding and that remains at risk for hemorrhage 
nicely illustrates the dilemma faced by intensivists. Both 
ROTEM and TEG may help clinicians stratify the risk of 
thrombosis and hemorrhage in individual patients, where 
these tendencies may be heterogenous. Taken together, 
viscoelastic hemostatic testing shows promise to prog-
nosticate VTE after trauma but the multiple definitions 
of hypercoagulability and current sparsity of data hamper 
any clear recommendations presently.

Thromboprophylaxis in the polytrauma ICU patient
Robust thromboprophylaxis strategies have been 
shown to reduce VTE rates by at least 3-fold [102, 104, 
126]. Chemical thromboprophylaxis is now univer-
sally accepted as the standard of care for hospital inpa-
tients [127–130]. However, variations in clinical practice 
remain, partly driven by the differences in recommenda-
tions among international guidelines (Table 2), but also 
due to uncertainty about how to optimize outcomes 
for individual patients with competing thrombotic and 
bleeding risks. This balance of risk is exemplified by the 
polytrauma patient. Not only do these patients usually 
have the highest risk for VTE among all inpatients while 
they may still be bleeding or require procedures; but they 
are also more likely to develop organ failure, e.g. acute 
renal dysfunction with attendant bleeding risks.

Type of thromboprophylaxis
Mechanical  Graduated compression stockings and inter-
mittent pneumatic compression devices (IPC) are com-
monly used methods for reducing hospital-associated 
VTE. The efficacy of compression stockings in the trauma 
setting has not been tested in a randomized controlled 
trial, but there has been a general move away from their 
use following the results of the GAPS trial that failed to 
show benefit across all hospitalized patient groups [131]. 
In contrast, higher quality data support the use of IPC 
devices. A recent Cochrane review concluded that the 
combination of IPC and pharmacological thrombopro-
phylaxis, when compared with either strategy as a sin-
gle agent, reduced the risk of both PE and DVT [132]. 
Although this benefit came at the expense of higher rates 
of clinically important bleeding, this risk was not seen 
with IPC devices alone.

Inferior vena cava (IVC) filters  Most commonly, IVC fil-
ters are inserted prophylactically or as part of a treatment 
strategy in patients who cannot receive anticoagulation 
due to unacceptable bleeding risk. A recent meta-analy-
sis concluded that prophylactic IVC filters may confer a 
moderate risk reduction in PE, but increased DVT risk 
leads to a lack of consensus that IVC filters are beneficial 
[126]. Guidelines suggest against routine placement of 
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IVC filters in patients able to be anticoagulated or for pri-
mary prophylaxis [133]. In situations where they are used, 
there is also universal agreement that IVC filters should 
be removed as soon as is clinically possible. This strat-
egy is supported by RCT data from Australia, where no 
long-term sequelae were reported in 198 patients where 
the median duration of IVC filter placement was 55 days 
[134].

Pharmacological thromboprophylaxis
Guidelines from US and European professional societ-
ies recommend low molecular weight heparin (LMWH) 
as first-line pharmacological thromboprophylaxis, with 
unfractionated heparin as an alternative, particularly for 
those with significant renal dysfunction [127, 135]. Rec-
ommendations on the use of fixed doses (often graded 
according to weight-based ranges), or in some cases 
guided by anti-Xa measurements, vary considerably. 
Importantly, patients with TBI are subject to additional 
considerations given their risk for intracranial hema-
toma expansion and are not addressed here. Given the 
convenience of oral administration, there has also been 
increasing interest in aspirin and direct oral anticoagu-
lants (DOACs) for prophylaxis as well. Aspirin mono-
therapy for prophylaxis is discussed later in this review. 
Although existing studies in polytrauma patients are ret-
rospective, there is accumulating evidence that DOACs 
may be safe and effective for VTE prophylaxis after injury 
among patients with enteral access and no other contra-
indication [136–138].

Timing  Most international guidelines recommend start-
ing pharmacological thromboprophylaxis early after 
injury, although specific timings vary from 24 to 48 h 
(American Association for the Surgery of Trauma and the 
European Society of Anaesthesiology and Intensive Care) 
to a more individualized approach of ‘when the thrombotic 
risk outweighs the bleeding risk’ (European and United 
Kingdom guidance). No randomized controlled trials have 
been performed to inform clinicians in this space. A large 
observational study of more than 14,000 individuals with 
severe trauma (ISS ≥ 15) reported that pharmacologic 
thromboprophylaxis within 24 h of admission was associ-
ated with the lowest incidence of VTE (3.0%) when com-
pared to delayed treatment, where incremental increases 
in VTE rate occurred with increasing delay, as high as 9% 
if thromboprophylaxis was started after 72 h [139]. Simi-
lar results came from a prospective study in young adults, 
confirming a three-fold increase in VTE among patients 
in receipt of pharmacologic thromboprophylaxis after 24 
h [140]. Importantly, although early prophylaxis is recom-
mended, the observation of very early VTE (within 24 h) 
and in situ pulmonary thrombosis on admission suggest 
that thromboembolic events in trauma patients cannot 
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and should not be considered “never events,” as there 
may be no opportunity to adequately prevent these early 
events [7, 108, 141].

 Weight-adjusted LMWH: Data to support application 
of weight-based dosing of LMWH in trauma patients 
are limited. There are no randomized controlled trials in 
this space, but despite this, weight-based approaches are 
increasingly used. Secondary analysis of the CLOTT-1 
observational study compared weight-based enoxaparin 
(0.45–0.55 mg/kg twice daily) with fixed doses (either 
30 mg twice daily or 40 mg daily) in young patients (age 
18–40 years). No difference in incidence of VTE was 
found between groups, adjusted odds ratio 0.75, 95% 
CI: 0.38–1.48. However, both strategies were found to 
be safe, with a 1.0% rate of LMWH-associated compli-
cations and no inter-group differences [140]. Of note, 
recent data report that antithrombin deficiency is com-
mon after severe injury, and this may contribute to resis-
tance to heparinoids in trauma patients [142].

Monitoring anti-Xa activity  Monitoring of anti-Xa activ-
ity for prophylactic dosing of LMWH is not the standard 
of care in most countries or practiced at most institu-
tions. Laboratory testing of anti-Xa activity during rou-
tine prophylactic administration of LMWH is typically 
reserved for excluding overdose where it may be clinically 
suspected. Observational data have reported that trauma 
patients will commonly have anti-Xa levels that fall below 
those expected, but data do not confirm that dose adjust-
ments reduce rates of VTE. One explanation for this find-
ing may be the delay in reaching prophylactic anti-Xa 
levels with dose optimization. Notably, neither of the two 
studies on the subject reported their choice of anti-Xa 
reagent, or whether this contained exogenous antithrom-
bin [143, 144].

TEG guidance of LMWH dosing  A 2016 randomized con-
trolled trial in 185 trauma and surgical patients compared 
a standard prophylactic regimen with 30 mg enoxapa-
rin twice daily with TEG 5000-guided doses using stan-
dard citrate and heparinase samples. In the TEG-guided 
group, enoxaparin doses were titrated until standard TEG 
R-times were 1–2 min longer than TEG heparinase from 
the same specimen [145]. The authors found no difference 
in VTE, but there was an increase in bleeding (5.6% vs. 
13.0%, p = 0.08), in the TEG-guided group, particularly in 
those patients in receipt of the highest enoxaparin doses.

Renal dysfunction  Despite enoxaparin’s renal clearance 
and the demonstrable increase in circulating drug con-
centration among patients with severe renal impairment, 
there may still be a role for prophylactic dosing of enoxa-
parin in this patient population. In the PROTECT trial, a 
pre-specified subgroup analysis of those with severe renal 

dysfunction at the time of ICU admission (creatinine 
clearance < 30 mL/min), including those with end-stage 
renal failure, showed no differences in bleeding or throm-
bosis rates when comparing dalteparin 5,000 IU daily with 
unfractionated heparin 5,000 IU twice daily [146]. Unlike 
with prophylactic dosing, there is increased bleeding risk 
among patients who are therapeutically (i.e., daily dosing 
with 1 mg/kg) anticoagulated with enoxaparin [147]. Low 
molecular weight heparin must be used with caution in 
patients with renal insufficiency.

 Aspirin for thromboprophylaxis: Although LMWH is 
generally still accepted as the first-line choice for pro-
phylaxis, there is some interest in the use of aspirin after 
considerable study in orthopedic surgical patients [148]. 
The PREVENT CLOT trial included 12,211 adult trauma 
patients with either an extremity fracture that required 
operation or a pelvic fracture. Patients were randomized 
to either enoxaparin 30 mg twice daily (standard prophy-
laxis) or aspirin 81 mg twice daily throughout hospital 
admission, and potentially after discharge according to 
local protocols [149]. Death was chosen as the primary 
endpoint. Mortality was 0.73% with LMWH, vs. 0.78% 
with aspirin (p = not significant) confirming noninferi-
ority of aspirin with respect to mortality. Notably, DVT 
rates were higher with aspirin: 1.7% LMWH vs. 2.5%. 
This finding has been reproduced in additional large 
orthopedic LMWH vs. aspirin randomized controlled 
trials and which should give pause to clinicians on the 
universal adoption of aspirin monotherapy for thrombo-
prophylaxis [150]. More research is needed to determine 
if the safety and efficacy of aspirin monotherapy is ade-
quate in polytrauma patients.

A much smaller study (n = 329), the ADAPT single-
center open-label trial, aimed to evaluate these drugs 
more ‘globally’ by using a composite endpoint of bleed-
ing, wound infection, DVT, PE and death at 90 days. 
The same patient eligibility criteria were chosen, and 
twice-daily aspirin 81 mg was compared to LMWH (30 
mg enoxaparin twice daily with anti-Xa adjustment). 
They found that LMWH offered between ‘no benefit’ to 
‘moderate global benefit’ over aspirin, with a suggestion 
of greater event-free analysis with LMWH up to 90 days 
[151].

The addition of aspirin to LMWH has also been inves-
tigated. In a large (n = 10,532) retrospective analysis of 
a trauma database in the United States, the concomitant 
use of these two drugs led to a 43% reduction in relative 
VTE hazard [152].

Conclusions
There is a rapidly accruing body of evidence examining 
the foundations of hemostatic dysfunction in the ICU 
after traumatic injury. These patients remain at high 
risk for thromboembolic and bleeding complications 
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simultaneously, as well as thrombosis-mediated organ 
dysfunction. While exciting novel strategies aiming to 
treat this dysfunction are in the preclinical testing phase, 
early and aggressive guideline-driven thromboprophy-
laxis is paramount to minimizing morbidity associated 
with late TIC. Intensivists must be facile with thrombotic 
risk factors and prevention strategies in this patient pop-
ulation to provide optimum care.

Abbreviations
TIC	� Trauma-induced coagulopathy
VTE	� Venous thromboembolism
DVT	� Deep venous thrombosis
PE	� Pulmonary embolism
TBI	� Traumatic brain injury
TEG	� Thromboelastography
HMGB-1	� High mobility group box 1
NET	� Neutrophil extracellular trap
tPA	� Tissue plasminogen activator
uPA	� Urokinase plasminogen activator
vWF	� Von Willebrand Factor
PAI-1	� Plasminogen activator inhibitor-1
TAFI	� Thrombin activatable fibrinolysis inhibitor
ISS	� Injury severity score
TNF-α	� Tumor necrosis factor-alpha
TXA	� Tranexamic acid
TESS	� Trauma embolic scoring system
DRAS	� DVT risk assessment score
ROTEM	� Rotational thromboelastometry
MA	� Maximum amplitude
CFT	� Clot formation time
R-time	� Reaction time
ICP	� Intermittent pneumatic compression device
IVC	� Inferior vena cava
LMWH	� Low-molecular weight heparin

Acknowledgements
Not applicable.

Author contributions
All authors (CR, NC, NJ, and MN) performed literature review, wrote 
substantive portions of the manuscript, edited the manuscript, and have 
reviewed and approved of the final manuscript.

Funding
This work was supported in part by the National Heart, Lung, and Blood 
Institute of the National Institutes of Health under award number 
R01HL166944 (M.N.).

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing Interests
CR has no competing interests. NC has received research funding from the 
NIHR, Wellcome Trust, MRC, SOBI, CSL Behring, and Octapharma. She has 
received consulting fees from Octapharma, SOBI, LFB, CSL Behring, and 
Bayer. NJ reports an unrestricted investigator-initiated research grant from 
Octapharma on endotheliopathy. MN serves as the Chief Medical Officer for 
Haima Therapeutics. He has received research funding from the NIH, DoD, 

DARPA, Takeda, and Haemonetics. He has received consulting fees from 
Haemonetics, Takeda, Octapharma, and CellPhire.

Received: 29 January 2025 / Accepted: 27 September 2025

References
1.	 Moore EE, Moore HB, Kornblith LZ, Neal MD, Hoffman M, Mutch NJ, et al. 

Trauma-induced coagulopathy. Nat Rev Dis Primers. 2021;7(1):30.
2.	 Brohi K, Singh J, Heron M, Coats T. Acute traumatic coagulopathy. J Trauma. 

2003;54(6):1127–30.
3.	 Bardes JM, Inaba K, Schellenberg M, Grabo D, Strumwasser A, Matsushima K, 

et al. The contemporary timing of trauma deaths. J Trauma Acute Care Surg. 
2018;84(6):893–9.

4.	 Gauss T, Ageron FX, Devaud ML, Debaty G, Travers S, Garrigue D, et al. 
Association of prehospital time to In-Hospital trauma mortality in a Physician-
Staffed emergency medicine system. JAMA Surg. 2019;154(12):1117–24.

5.	 Tomas C, Kallies K, Cronn S, Kostelac C, deRoon-Cassini T, Cassidy L. 
Mechanisms of traumatic injury by demographic characteristics: an 8-year 
review of Temporal trends from the National trauma data bank. Inj Prev. 
2023;29(4):347–54.

6.	 Prin M, Li G. Complications and in-hospital mortality in trauma patients 
treated in intensive care units in the united States, 2013. Inj Epidemiol. 
2016;3(1):18.

7.	 Myers SP, Brown JB, Leeper CM, Kutcher ME, Chen X, Wade CE, et al. Early 
versus late venous thromboembolism: A secondary analysis of data from the 
PROPPR trial. Surgery. 2019;166(3):416–22.

8.	 Myers SP, Kutcher ME, Rosengart MR, Sperry JL, Peitzman AB, Brown JB, 
et al. Tranexamic acid administration is associated with an increased risk 
of posttraumatic venous thromboembolism. J Trauma Acute Care Surg. 
2019;86(1):20–7.

9.	 Myers SP, Neal MD. Venous thromboembolism after Tranexamic acid adminis-
tration: legitimate risk or statistical confounder? ANZ J Surg. 2020;90(4):425–6.

10.	 Watson GA, Sperry JL, Rosengart MR, Minei JP, Harbrecht BG, Moore EE et 
al. Fresh frozen plasma is independently associated with a higher risk of 
multiple organ failure and acute respiratory distress syndrome. J Trauma. 
2009;67(2):221–7; discussion 8–30.

11.	 Moore HB, Moore EE, Neal MD, Sheppard FR, Kornblith LZ, Draxler DF, et al. 
Fibrinolysis shutdown in trauma: historical review and clinical implications. 
Anesth Analg. 2019;129(3):762–73.

12.	 Moore HB, Moore EE, Liras IN, Gonzalez E, Harvin JA, Holcomb JB, et al. Acute 
fibrinolysis 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.

13.	 Kitchens CS, Kitchens CS, Kessler CM, Konkle BA. ScienceDirect. Consultative 
hemostasis and thrombosis. 3rd ed. Philadelphia, PA: Elsevier/Saunders; 2013.

14.	 Bahl V, Hu HM, Henke PK, Wakefield TW, Campbell DA Jr., Caprini JA. A valida-
tion study of a retrospective venous thromboembolism risk scoring method. 
Ann Surg. 2010;251(2):344–50.

15.	 Barbar S, Noventa F, Rossetto V, Ferrari A, Brandolin B, Perlati M, et al. A risk 
assessment model for the identification of hospitalized medical patients at 
risk for venous thromboembolism: the Padua prediction score. J Thromb 
Haemost. 2010;8(11):2450–7.

16.	 Nachman RL, Rafii S. Platelets, petechiae, and preservation of the vascular 
wall. N Engl J Med. 2008;359(12):1261–70.

17.	 Eisinger F, Patzelt J, Langer HF. The platelet response to tissue injury. Front 
Med (Lausanne). 2018;5:317.

18.	 Vulliamy P, Armstrong PC. Platelets in Hemostasis, Thrombosis, and inflamma-
tion after major trauma. Arterioscler Thromb Vasc Biol. 2024;44(3):545–57.

19.	 Verni CC, Davila A Jr., Balian S, Sims CA, Diamond SL. Platelet dysfunction 
during trauma involves diverse signaling pathways and an inhibitory activity 
in patient-derived plasma. J Trauma Acute Care Surg. 2019;86(2):250–9.

20.	 Harr JN, Moore EE, Chin TL, Ghasabyan A, Gonzalez E, Wohlauer MV, et al. 
Platelets are dominant contributors to hypercoagulability after injury. J 
Trauma Acute Care Surg. 2013;74(3):756–62. discussion 62 – 5.

21.	 Curry N, Raja A, Beavis J, Stanworth S, Harrison P. Levels of procoagulant 
microvesicles are elevated after traumatic injury and platelet microvesicles 
are negatively correlated with mortality. J Extracell Vesicles. 2014;3:25625.

22.	 Rognes IN, Hellum M, Ottestad W, Bache KG, Eken T, Henriksson CE. Extracel-
lular vesicle-associated procoagulant activity is highest the first 3 hours after 



Page 13 of 15Reed et al. Annals of Intensive Care          (2025) 15:163 

trauma and thereafter declines substantially: A prospective observational 
pilot study. J Trauma Acute Care Surg. 2021;91(4):681–91.

23.	 Melki I, Tessandier N, Zufferey A, Boilard E. Platelet microvesicles in health and 
disease. Platelets. 2017;28(3):214–21.

24.	 Becker N, Franz N, Eguchi A, Wagner A, Sturm R, Rinderknecht H, et al. 
Elevated extracellular particle concentration in plasma predicts in-hospital 
mortality after severe trauma. Front Immunol. 2024;15:1390380.

25.	 Price J, Gardiner C, Harrison P. Platelet-enhanced plasma: characteriza-
tion of a novel candidate resuscitation fluid’s extracellular vesicle content, 
clotting parameters, and thrombin generation capacity. Transfusion. 
2021;61(7):2179–94.

26.	 Lopez E, Srivastava AK, Pati S, Holcomb JB, Wade CE. Platelet-Derived 
microvesicles: A potential therapy for Trauma-Induced coagulopathy. Shock. 
2018;49(3):243–8.

27.	 Dyer MR, Alexander W, Hassoune A, Chen Q, Brzoska T, Alvikas J, et al. Platelet-
derived extracellular vesicles released after trauma promote hemostasis and 
contribute to DVT in mice. J Thromb Haemost. 2019;17(10):1733–45.

28.	 Suades R, Padro T, Vilahur G, Badimon L. Platelet-released extracellular 
vesicles: the effects of thrombin activation. Cell Mol Life Sci. 2022;79(3):190.

29.	 Sachetto ATA, Archibald SJ, Hisada Y, Rosell A, Havervall S, van Es N, et al. 
Tissue factor activity of small and large extracellular vesicles in different 
diseases. Res Pract Thromb Haemost. 2023;7(3):100124.

30.	 Tripisciano C, Weiss R, Eichhorn T, Spittler A, Heuser T, Fischer MB, et al. 
Different potential of extracellular vesicles to support thrombin generation: 
contributions of Phosphatidylserine, tissue Factor, and cellular origin. Sci Rep. 
2017;7(1):6522.

31.	 Caspers M, Schafer N, Frohlich M, Bouillon B, Mutschler M, Bauerfeind U, 
et al. Microparticles profiling in trauma patients: high level of micropar-
ticles induce activation of platelets in vitro. Eur J Trauma Emerg Surg. 
2020;46(1):43–51.

32.	 Frohlich M, Schafer N, Caspers M, Bohm JK, Sturmer EK, Bouillon B, et al. Tem-
poral phenotyping of Circulating microparticles after trauma: a prospective 
cohort study. Scand J Trauma Resusc Emerg Med. 2018;26(1):33.

33.	 Nicolai L, Pekayvaz K, Massberg S, Platelets. Orchestrators of immunity in host 
defense and beyond. Immunity. 2024;57(5):957–72.

34.	 Iba T, Helms J, Levi M, Levy JH. Thromboinflammation in acute injury: infec-
tions, heatstroke, and trauma. J Thromb Haemost. 2024;22(1):7–22.

35.	 Scherlinger M, Richez C, Tsokos GC, Boilard E, Blanco P. The role of 
platelets in immune-mediated inflammatory diseases. Nat Rev Immunol. 
2023;23(8):495–510.

36.	 Maugeri N, Manfredi AA. Platelet HMGB1 steers intravascular immunity and 
thrombosis. J Thromb Haemost. 2024;22(12):3336-45 .

37.	 Klune JR, Dhupar R, Cardinal J, Billiar TR, Tsung A. HMGB1: endogenous dan-
ger signaling. Mol Med. 2008;14(7–8):476–84.

38.	 Yang H, Hreggvidsdottir HS, Palmblad K, Wang H, Ochani M, Li J, et al. 
A critical cysteine is required for HMGB1 binding to Toll-like receptor 4 
and activation of macrophage cytokine release. Proc Natl Acad Sci U S A. 
2010;107(26):11942–7.

39.	 Vogel S, Bodenstein R, Chen Q, Feil S, Feil R, Rheinlaender J, et al. Plate-
let-derived HMGB1 is a critical mediator of thrombosis. J Clin Invest. 
2015;125(12):4638–54.

40.	 Stark K, Philippi V, Stockhausen S, Busse J, Antonelli A, Miller M, et al. Disulfide 
HMGB1 derived from platelets coordinates venous thrombosis in mice. 
Blood. 2016;128(20):2435–49.

41.	 Peltz ED, Moore EE, Eckels PC, Damle SS, Tsuruta Y, Johnson JL, et al. HMGB1 
is markedly elevated within 6 hours of mechanical trauma in humans. Shock. 
2009;32(1):17–22.

42.	 Yang Z, Simovic MO, Edsall PR, Liu B, Cancio TS, Batchinsky AI et al. HMGB1 
Inhibition to ameliorate organ failure and increase survival in trauma. Biomol-
ecules. 2022;12(1):101.

43.	 Kawai C, Miyao M, Kotani H, Minami H, Abiru H, Tamaki K, et al. Roles of 
HMGB1 on life-threatening traumatic brain injury and sequential peripheral 
organ damage. Sci Rep. 2024;14(1):21421.

44.	 Levy RM, Mollen KP, Prince JM, Kaczorowski DJ, Vallabhaneni R, Liu S, et al. 
Systemic inflammation and remote organ injury following trauma require 
HMGB1. Am J Physiol Regul Integr Comp Physiol. 2007;293(4):R1538–44.

45.	 Sloos PH, Maas MAW, Meijers JCM, Nieuwland R, Roelofs J, Juffermans NP, et 
al. Anti-high-mobility group box-1 treatment strategies improve trauma-
induced coagulopathy in a mouse model of trauma and shock. Br J Anaesth. 
2023;130(6):687–97.

46.	 McDonald B, Urrutia R, Yipp BG, Jenne CN, Kubes P. Intravascular neutrophil 
extracellular traps capture bacteria from the bloodstream during sepsis. Cell 
Host Microbe. 2012;12(3):324–33.

47.	 McDonald B, Davis RP, Kim SJ, Tse M, Esmon CT, Kolaczkowska E, et al. Plate-
lets and neutrophil extracellular traps collaborate to promote intravascular 
coagulation during sepsis in mice. Blood. 2017;129(10):1357–67.

48.	 Sakurai K, Miyashita T, Okazaki M, Yamaguchi T, Ohbatake Y, Nakanuma S, et al. 
Role for neutrophil extracellular traps (NETs) and platelet aggregation in early 
Sepsis-induced hepatic dysfunction. Vivo. 2017;31(6):1051–8.

49.	 Goswami J, MacArthur T, Bailey K, Spears G, Kozar RA, Auton M, et al. Neutro-
phil extracellular trap formation and Syndecan-1 shedding are increased after 
trauma. Shock. 2021;56(3):433–9.

50.	 Schaid TR Jr., LaCroix I, Hansen KC, D’Alessandro A, Moore EE, Sauaia A, et al. 
A proteomic analysis of NETosis in trauma: emergence of serpinB1 as a key 
player. J Trauma Acute Care Surg. 2023;94(3):361–70.

51.	 Bunch CM, Chang E, Moore EE, Moore HB, Kwaan HC, Miller JB, et al. SHock-
INduced endotheliopathy (SHINE): A mechanistic justification for viscoelas-
tography-guided resuscitation of traumatic and non-traumatic shock. Front 
Physiol. 2023;14:1094845.

52.	 Gross PL, Aird WC. The endothelium and thrombosis. Semin Thromb Hemost. 
2000;26(5):463–78.

53.	 Neubauer K, Zieger B. Endothelial cells and coagulation. Cell Tissue Res. 
2022;387(3):391–8.

54.	 Mackman N. The role of tissue factor and factor VIIa in hemostasis. Anesth 
Analg. 2009;108(5):1447–52.

55.	 Reiterer M, Branco CM. Endothelial cells and organ function: applications and 
implications of Understanding unique and reciprocal remodelling. FEBS J. 
2020;287(6):1088–100.

56.	 Reitsma S, Slaaf DW, Vink H, van Zandvoort MA, oude Egbrink MG. The endo-
thelial glycocalyx: composition, functions, and visualization. Pflugers Arch. 
2007;454(3):345–59.

57.	 Cardenas JC, Dong JF, Kozar RA. Injury-induced endotheliopathy: what you 
need to know. J Trauma Acute Care Surg. 2023;95(4):454–63.

58.	 Zeineddin A, Wu F, Chao W, Zou L, Vesselinov R, Chipman AM, et al. Biomark-
ers of endothelial cell dysfunction persist beyond resuscitation in patients 
with hemorrhagic shock. J Trauma Acute Care Surg. 2022;93(5):572–8.

59.	 Tang N, Yin S, Sun Z, Pan Y. Time course of soluble P-selectin and von Wil-
lebrand factor levels in trauma patients: a prospective observational study. 
Scand J Trauma Resusc Emerg Med. 2013;21:70.

60.	 Plautz WE, Matthay ZA, Rollins-Raval MA, Raval JS, Kornblith LZ, Neal MD. 
Von Willebrand factor as a thrombotic and inflammatory mediator in critical 
illness. Transfusion. 2020;60(Suppl 3):S158–66.

61.	 Zeineddin A, Dong JF, Wu F, Terse P, Kozar RA. Role of von Willebrand factor 
after injury: it May do more than we think. Shock. 2021;55(6):717–22.

62.	 Dyer MR, Plautz WE, Ragni MV, Alexander W, Haldeman S, Sperry JL, et al. 
Traumatic injury results in prolonged circulation of ultralarge von Willebrand 
factor and a reduction in ADAMTS13 activity. Transfusion. 2020;60(6):1308–18.

63.	 Kleinveld DJB, Simons DDG, Dekimpe C, Deconinck SJ, Sloos PH, Maas MAW, 
et al. Plasma and rhADAMTS13 reduce trauma-induced organ failure by 
restoring the ADAMTS13-VWF axis. Blood Adv. 2021;5(17):3478–91.

64.	 Wirtz MR, van den Brink DP, Roelofs J, Goslings JC, Juffermans NP. Therapeutic 
application of Recombinant human ADAMTS-13 improves shock reversal 
and coagulation status in a trauma hemorrhage and transfusion rat model. 
Intensive Care Med Exp. 2020;8(Suppl 1):42.

65.	 Straat M, Muller MC, Meijers JC, Arbous MS, Spoelstra-de Man AM, Beurskens 
CJ, et al. Effect of transfusion of fresh frozen plasma on parameters of 
endothelial condition and inflammatory status in non-bleeding criti-
cally ill patients: a prospective substudy of a randomized trial. Crit Care. 
2015;19(1):163.

66.	 Matsumoto H, Takeba J, Umakoshi K, Kikuchi S, Ohshita M, Annen S, et al. 
ADAMTS13 activity decreases in the early phase of trauma associated with 
coagulopathy and systemic inflammation: a prospective observational study. 
Thromb J. 2021;19(1):17.

67.	 Lopez E, Peng Z, Kozar RA, Cao Y, Ko TC, Wade CE, et al. Antithrombin III 
contributes to the protective effects of fresh frozen plasma following hemor-
rhagic shock by preventing Syndecan-1 shedding and endothelial barrier 
disruption. Shock. 2020;53(2):156–63.

68.	 Deng X, Cao Y, Huby MP, Duan C, Baer L, Peng Z, et al. Adiponectin in fresh 
frozen plasma contributes to restoration of vascular barrier function after 
hemorrhagic shock. Shock. 2016;45(1):50–4.

69.	 Wu F, Chipman A, Dong JF, Kozar RA. Fibrinogen activates PAK1/Cofilin signal-
ing pathway to protect endothelial barrier integrity. Shock. 2021;55(5):660–5.



Page 14 of 15Reed et al. Annals of Intensive Care          (2025) 15:163 

70.	 Chapin JC, Hajjar KA. Fibrinolysis and the control of blood coagulation. Blood 
Rev. 2015;29(1):17–24.

71.	 Brophy TM, Ward SE, McGimsey TR, Schneppenheim S, Drakeford C, O’Sullivan 
JM, et al. Plasmin cleaves von Willebrand factor at K1491-R1492 in the A1-A2 
linker region in a Shear- and Glycan-Dependent manner in vitro. Arterioscler 
Thromb Vasc Biol. 2017;37(5):845–55.

72.	 Samis JA, Ramsey GD, Walker JB, Nesheim ME, Giles AR. Proteolytic processing 
of human coagulation factor IX by plasmin. Blood. 2000;95(3):943–51.

73.	 Pielsticker C, Brodde MF, Raum L, Jurk K, Kehrel BE. Plasmin-Induced activa-
tion of human platelets is modulated by Thrombospondin-1, Bona Fide 
misfolded proteins and thiol isomerases. Int J Mol Sci. 2020;21(22):8851.

74.	 Mutch NJ, Medcalf RL. The fibrinolysis renaissance. J Thromb Haemost. 
2023;21(12):3304–16.

75.	 Wu G, Quek AJ, Caradoc-Davies TT, Ekkel SM, Mazzitelli B, Whisstock 
JC, et al. Structural studies of plasmin Inhibition. Biochem Soc Trans. 
2019;47(2):541–57.

76.	 Hall SW, Humphries JE, Gonias SL. Inhibition of cell surface receptor-bound 
plasmin by alpha 2-antiplasmin and alpha 2-macroglobulin. J Biol Chem. 
1991;266(19):12329–36.

77.	 Dellas C, Loskutoff DJ. Historical analysis of PAI-1 from its discovery 
to its potential role in cell motility and disease. Thromb Haemost. 
2005;93(4):631–40.

78.	 Sillen M, Declerck PJ. Thrombin activatable fibrinolysis inhibitor (TAFI): an 
updated narrative review. Int J Mol Sci. 2021;22(7):3670.

79.	 Moore HB, Moore EE, Gonzalez E, Chapman MP, Chin TL, Silliman CC, et al. 
Hyperfibrinolysis, physiologic fibrinolysis, and fibrinolysis shutdown: the 
spectrum of postinjury fibrinolysis and relevance to antifibrinolytic therapy. J 
Trauma Acute Care Surg. 2014;77(6):811–7. discussion 7.

80.	 Hayakawa M, Tsuchida T, Honma Y, Mizugaki A, Ooyasu T, Yoshida T, et al. 
Fibrinolytic system activation immediately following trauma was quickly 
and intensely suppressed in a rat model of severe blunt trauma. Sci Rep. 
2021;11(1):20283.

81.	 Nakae R, Murai Y, Wada T, Fujiki Y, Kanaya T, Takayama Y, et al. Hyperfibrinolysis 
and fibrinolysis shutdown in patients with traumatic brain injury. Sci Rep. 
2022;12(1):19107.

82.	 Meizoso JP, Karcutskie CA, Ray JJ, Namias N, Schulman CI, Proctor KG. Persis-
tent fibrinolysis shutdown is associated with increased mortality in severely 
injured trauma patients. J Am Coll Surg. 2017;224(4):575–82.

83.	 Leeper CM, Neal MD, McKenna CJ, Gaines BA. Trending fibrinolytic dysregula-
tion: fibrinolysis shutdown in the days after injury is associated with poor 
outcome in severely injured children. Ann Surg. 2017;266(3):508–15.

84.	 Liu B, Yang C, Deng Y, Duan Z, Wang K, Li J, et al. Persistent fibrinolysis shut-
down is associated with increased mortality in traumatic pancreatic injury. 
Injury. 2023;54(5):1265–70.

85.	 Moore HB, Moore EE, Huebner BR, Dzieciatkowska M, Stettler GR, Nunns GR, 
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.

86.	 Hoffman M, Monroe DM. 3rd. A cell-based model of hemostasis. Thromb 
Haemost. 2001;85(6):958–65.

87.	 Conkling PR, Greenberg CS, Weinberg JB. Tumor necrosis factor induces tis-
sue factor-like activity in human leukemia cell line U937 and peripheral blood 
monocytes. Blood. 1988;72(1):128–33.

88.	 Neumann FJ, Ott I, Marx N, Luther T, Kenngott S, Gawaz M, et al. Effect of 
human Recombinant interleukin-6 and interleukin-8 on monocyte proco-
agulant activity. Arterioscler Thromb Vasc Biol. 1997;17(12):3399–405.

89.	 Gando S. Tissue factor in trauma and organ dysfunction. Semin Thromb 
Hemost. 2006;32(1):48–53.

90.	 Rabinovici R, John R, Esser KM, Vernick J, Feuerstein G. Serum tumor necrosis 
factor-alpha profile in trauma patients. J Trauma. 1993;35(5):698–702.

91.	 Spindler-Vesel A, Wraber B, Vovk I, Kompan L. Intestinal permeability and 
cytokine inflammatory response in multiply injured patients. J Interferon 
Cytokine Res. 2006;26(10):771–6.

92.	 Coleman JR, Moore EE, Samuels JM, Cohen MJ, Silliman CC, Ghasabyan A, et 
al. Whole blood thrombin generation in severely injured patients requiring 
massive transfusion. J Am Coll Surg. 2021;232(5):709–16.

93.	 Dunbar NM, Chandler WL. Thrombin generation in trauma patients. Transfu-
sion. 2009;49(12):2652–60.

94.	 Lesbo M, Hviid CVB, Brink O, Juul S, Borris LC, Hvas AM. Age-dependent 
thrombin generation predicts 30-day mortality and symptomatic thrombo-
embolism after multiple trauma. Sci Rep. 2023;13(1):1681.

95.	 Deguchi H, Sinha RK, Elias DJ, Griffin JH. Exome genotyping links venous 
thrombosis risk with the skeletal muscle myosin gene cluster and leads to 
discovery of new family of procoagulant factors. Blood. 2015;126(23):763.

96.	 Deguchi H, Morla S, Griffin JH. Novel blood coagulation molecules: skeletal 
muscle myosin and cardiac myosin. J Thromb Haemost. 2021;19(1):7–19.

97.	 Coleman JR, Deguchi H, Deguchi TK, Cohen MJ, Moore EE, Griffin JH. 
Full-length plasma skeletal muscle myosin isoform deficiency is associ-
ated with coagulopathy in acutely injured patients. J Thromb Haemost. 
2022;20(6):1385–9.

98.	 Deguchi H, Sinha RK, Marchese P, Ruggeri ZM, Zilberman-Rudenko J, McCarty 
OJT, et al. Prothrombotic skeletal muscle myosin directly enhances prothrom-
bin activation by binding factors Xa and Va. Blood. 2016;128(14):1870–8.

99.	 Morrissey JH. Polyphosphate: a link between platelets, coagulation and 
inflammation. Int J Hematol. 2012;95(4):346–52.

100.	 MacArthur TA, Goswami J, Navarro SM, Vappala S, La CC, Yudin N, et al. Inhibi-
tors of inorganic polyphosphate and nucleic acids attenuate in vitro throm-
bin generation in plasma from trauma patients. Shock. 2024;61(6):848–54.

101.	 Smith SA, Choi SH, Collins JN, Travers RJ, Cooley BC, Morrissey JH. Inhibition of 
polyphosphate as a novel strategy for preventing thrombosis and inflamma-
tion. Blood. 2012;120(26):5103–10.

102.	 Rappold JF, Sheppard FR, Carmichael Ii SP, Cuschieri J, Ley E, Rangel E, et al. 
Venous thromboembolism prophylaxis in the trauma intensive care unit: an 
American association for the surgery of trauma critical care committee clini-
cal consensus document. Trauma Surg Acute Care Open. 2021;6(1):e000643.

103.	 Knudson MM, Ikossi DG. Venous thromboembolism after trauma. Curr Opin 
Crit Care. 2004;10(6):539–48.

104.	 Knudson MM, Ikossi DG, Khaw L, Morabito D, Speetzen LS. Thromboembo-
lism after trauma: an analysis of 1602 episodes from the American College of 
Surgeons National Trauma Data Bank. Ann Surg. 2004;240(3):490–6; discus-
sion 6–8.

105.	 Geerts WH, Code KI, Jay RM, Chen E, Szalai JP. A prospective study of venous 
thromboembolism after major trauma. N Engl J Med. 1994;331(24):1601–6.

106.	 De Martino RR, Beck AW, Edwards MS, Corriere MA, Wallaert JB, Stone DH, 
et al. Impact of screening versus symptomatic measurement of deep 
vein thrombosis in a National quality improvement registry. J Vasc Surg. 
2012;56(4):1045–e511.

107.	 Walker PF, Schobel S, Caruso JD, Rodriguez CJ, Bradley MJ, Elster EA, et 
al. Trauma embolic scoring system in military trauma: a sensitive pre-
dictor of venous thromboembolism. Trauma Surg Acute Care Open. 
2019;4(1):e000367.

108.	 Knudson MM, Moore EE, Kornblith LZ, Shui AM, Brakenridge S, Bruns BR, et al. 
Challenging traditional paradigms in posttraumatic pulmonary thromboem-
bolism. JAMA Surg. 2022;157(2):e216356.

109.	 Bouzat P, Charbit J, Abback PS, Huet-Garrigue D, Delhaye N, Leone M, et al. 
Efficacy and safety of early administration of 4-Factor prothrombin complex 
concentrate in patients with trauma at risk of massive transfusion: the PRO-
COAG randomized clinical trial. JAMA. 2023;329(16):1367–75.

110.	 Greze J, Marlu R, Baud M, Seyve L, Gauss T, Bouzat P. The administration of 
four-factor prothrombin complex concentrate exacerbates thrombin genera-
tion in trauma patients at risk of massive transfusion: an ancillary study of the 
PROCOAG trial. Crit Care. 2024;28(1):51.

111.	 Karl V, Thorn S, Mathes T, Hess S, Maegele M. Association of Tranexamic acid 
administration with mortality and thromboembolic events in patients with 
traumatic injury: A systematic review and Meta-analysis. JAMA Netw Open. 
2022;5(3):e220625.

112.	 Chen HY, Wu LG, Fan CC, Yuan W, Xu WT. Effectiveness and safety of pre-
hospital Tranexamic acid in patients with trauma: an updated systematic 
review and meta-analysis with trial sequential analysis. BMC Emerg Med. 
2024;24(1):202.

113.	 Investigators PA-T, the, Gruen ACTG, Mitra RL, Bernard B, McArthur SA 
et al. CJ,. Prehospital tranexamic acid for severe trauma. N Engl J Med. 
2023;389(2):127– 36.

114.	 Wirtz MR, Schalkers DV, Goslings JC, Juffermans NP. The impact of blood 
product ratio and procoagulant therapy on the development of thromboem-
bolic events in severely injured hemorrhaging trauma patients. Transfusion. 
2020;60(8):1873–82.

115.	 Kim DY, Kobayashi L, Barmparas G, Fortlage D, Curry T, Coimbra R. Venous 
thromboembolism in the elderly: the result of comorbid conditions or a 
consequence of injury? J Trauma Acute Care Surg. 2012;72(5):1286–91.

116.	 Greenfield LJ, Proctor MC, Rodriguez JL, Luchette FA, Cipolle MD, Cho J. Post-
trauma thromboembolism prophylaxis. J Trauma. 1997;42(1):100–3.



Page 15 of 15Reed et al. Annals of Intensive Care          (2025) 15:163 

117.	 Gearhart MM, Luchette FA, Proctor MC, Lutomski DM, Witsken C, James L, et 
al. The risk assessment profile score identifies trauma patients at risk for deep 
vein thrombosis. Surgery. 2000;128(4):631–40.

118.	 Rogers FB, Shackford SR, Horst MA, Miller JA, Wu D, Bradburn E, et al. 
Determining venous thromboembolic risk assessment for patients with 
trauma: the trauma embolic scoring system. J Trauma Acute Care Surg. 
2012;73(2):511–5.

119.	 Peng G, Wang Q, Sun H, Gan L, Lu H, Deng Z, et al. Development and 
prospective validation of a novel risk score for predicting the risk of lower 
extremity deep vein thrombosis among multiple trauma patients. Thromb 
Res. 2021;201:116–22.

120.	 Kay AB, Morris DS, Woller SC, Stevens SM, Bledsoe JR, Lloyd JF, et al. Trauma 
patients at risk for venous thromboembolism who undergo routine duplex 
ultrasound screening experience fewer pulmonary emboli: A prospective 
randomized trial. J Trauma Acute Care Surg. 2021;90(5):787–96.

121.	 Johnson AP, Koganti D, Wallace A, Stake S, Cowan SW, Cohen MJ, et al. 
Asymptomatic trauma patients screened for venous thromboembolism 
have a higher risk profile with lower rate of pulmonary embolism: A Five-Year 
Single-Institution experience. Am Surg. 2020;86(2):104–9.

122.	 Brown W, Lunati M, Maceroli M, Ernst A, Staley C, Johnson R, et al. Ability of 
thromboelastography to detect hypercoagulability: A systematic review and 
Meta-Analysis. J Orthop Trauma. 2020;34(6):278–86.

123.	 You D, Skeith L, Korley R, Cantle P, Lee A, McBeth P, et al. Identification of 
hypercoagulability with thrombelastography in patients with hip fracture 
receiving thromboprophylaxis. Can J Surg. 2021;64(3):E324–9.

124.	 Brill JB, Badiee J, Zander AL, Wallace JD, Lewis PR, Sise MJ, et al. The rate of 
deep vein thrombosis doubles in trauma patients with hypercoagulable 
thromboelastography. J Trauma Acute Care Surg. 2017;83(3):413–9.

125.	 Muller MC, Balvers K, Binnekade JM, Curry N, Stanworth S, Gaarder C, et al. 
Thromboelastometry and organ failure in trauma patients: a prospective 
cohort study. Crit Care. 2014;18(6):687.

126.	 Alshaqaq HM, Al-Sharydah AM, Alshahrani MS, Alqahtani SM, Amer M. 
Prophylactic inferior Vena Cava filters for venous thromboembolism in adults 
with trauma: an updated systematic review and Meta-Analysis. J Intensive 
Care Med. 2023;38(6):491–510.

127.	 Yorkgitis BK, Berndtson AE, Cross A, Kennedy R, Kochuba MP, Tignanelli C, 
et al. American association for the surgery of trauma/American college 
of Surgeons-Committee on trauma clinical protocol for inpatient venous 
thromboembolism prophylaxis after trauma. J Trauma Acute Care Surg. 
2022;92(3):597–604.

128.	 Excellence NIfHaC. Clinical Guideline N89: Venous thromboembolism in over 
16s: reducing the risk of hospital-acquired deep vein thrombosis or pulmo-
nary embolism 2018. ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​​n​i​c​​​e​.​o​​​r​g​.​​​u​k​​/​g​u​i​d​a​​n​c​e​/​n​g​8​9. Accessed Aug 
2019.

129.	 Anderson DR, Morgano GP, Bennett C, Dentali F, Francis CW, Garcia DA, et al. 
American society of hematology 2019 guidelines for management of venous 
thromboembolism: prevention of venous thromboembolism in surgical 
hospitalized patients. Blood Adv. 2019;3(23):3898–944.

130.	 Rossaint R, Afshari A, Bouillon B, Cerny V, Cimpoesu D, Curry N, et al. The 
European guideline on management of major bleeding and coagulopathy 
following trauma: sixth edition. Crit Care. 2023;27(1):80.

131.	 Shalhoub J, Lawton R, Hudson J, Baker C, Bradbury A, Dhillon K, et al. Gradu-
ated compression stockings as adjuvant to pharmaco-thromboprophylaxis 
in elective surgical patients (GAPS study): randomised controlled trial. BMJ. 
2020;369:m1309.

132.	 Kakkos S, Kirkilesis G, Caprini JA, Geroulakos G, Nicolaides A, Stansby G, et al. 
Combined intermittent pneumatic leg compression and Pharmacological 
prophylaxis for prevention of venous thromboembolism. Cochrane Database 
Syst Rev. 2022;1(1):CD005258.

133.	 Kaufman JA, Barnes GD, Chaer RA, Cuschieri J, Eberhardt RT, Johnson MS, et 
al. Society of interventional radiology clinical practice guideline for inferior 
Vena Cava filters in the treatment of patients with venous thromboembolic 
disease: developed in collaboration with the American college of Cardiology, 
American college of chest Physicians, American college of surgeons commit-
tee on Trauma, American heart Association, society for vascular Surgery, and 
society for vascular medicine. J Vasc Interv Radiol. 2020;31(10):1529–44.

134.	 Ho KM, Patel P, Chamberlain J, Nasim S, Rogers FB. Long-term outcomes 
after using retrievable Vena Cava filters in major trauma patients with 

contraindications to prophylactic anticoagulation. Eur J Trauma Emerg Surg. 
2023;49(1):335–41.

135.	 Heim C, Bruder N, Davenport R, Duranteau J, Gaarder C. European guidelines 
on peri-operative venous thromboembolism prophylaxis: first update.: Chap. 
11: trauma. Eur J Anaesthesiol. 2024;41(8):612–7.

136.	 Kingdon LK, Miller EM, Savage SA. The utility of Rivaroxaban as primary 
venous thromboprophylaxis in an adult trauma population. J Surg Res. 
2019;244:509–15.

137.	 Hamidi M, Zeeshan M, Kulvatunyou N, Mitra HS, Hanna K, Tang A, et al. Opera-
tive spinal trauma: thromboprophylaxis with low molecular weight heparin 
or a direct oral anticoagulant. J Thromb Haemost. 2019;17(6):925–33.

138.	 Hamidi M, Zeeshan M, Sakran JV, Kulvatunyou N, O’Keeffe T, Northcutt A, et al. 
Direct oral anticoagulants vs Low-Molecular-Weight heparin for thrombopro-
phylaxis in nonoperative pelvic fractures. J Am Coll Surg. 2019;228(1):89–97.

139.	 Hecht JP, Han EJ, Brandt MM, Wahl WL. Early chemoprophylaxis in severely 
injured trauma patients reduces risk of venous thromboembolism. Am Surg. 
2020;86(9):1185–93.

140.	 Lombardo S, McCrum M, Knudson MM, Moore EE, Kornblith L, Brakenridge 
S, et al. Weight-based Enoxaparin thromboprophylaxis in young trauma 
patients: analysis of the CLOTT-1 registry. Trauma Surg Acute Care Open. 
2024;9(1):e001230.

141.	 Thorson CM, Ryan ML, Van Haren RM, Curia E, Barrera JM, Guarch GA, et al. 
Venous thromboembolism after trauma: a never event?*. Crit Care Med. 
2012;40(11):2967–73.

142.	 Vincent LE, Talanker MM, Butler DD, Zhang X, Podbielski JM, Wang YW, et al. 
Association of changes in antithrombin activity over time with responsive-
ness to Enoxaparin prophylaxis and risk of Trauma-Related venous thrombo-
embolism. JAMA Surg. 2022;157(8):713–21.

143.	 Ko A, Harada MY, Barmparas G, Chung K, Mason R, Yim DA, et al. Associa-
tion between Enoxaparin dosage adjusted by Anti-Factor Xa trough level 
and clinically evident venous thromboembolism after trauma. JAMA Surg. 
2016;151(11):1006–13.

144.	 Karcutskie CA, Dharmaraja A, Patel J, Eidelson SA, Padiadpu AB, Martin AG, et 
al. Association of Anti-Factor Xa-Guided dosing of Enoxaparin with venous 
thromboembolism after trauma. JAMA Surg. 2018;153(2):144–9.

145.	 Connelly CR, Van PY, Hart KD, Louis SG, Fair KA, Erickson AS, et al. Throm-
belastography-Based dosing of Enoxaparin for thromboprophylaxis in 
trauma and surgical patients: A randomized clinical trial. JAMA Surg. 
2016;151(10):e162069.

146.	 Pai M, Adhikari NKJ, Ostermann M, Heels-Ansdell D, Douketis JD, Skrobik Y, et 
al. Low-molecular-weight heparin venous thromboprophylaxis in critically 
ill patients with renal dysfunction: A subgroup analysis of the PROTECT trial. 
PLoS ONE. 2018;13(6):e0198285.

147.	 DeCarolis DD, Thorson JG, Clairmont MA, Leuthner AM, Rector TS, Johnson 
GJ. Enoxaparin outcomes in patients with moderate renal impairment. Arch 
Intern Med. 2012;172(22):1713–8.

148.	 Matharu GS, Kunutsor SK, Judge A, Blom AW, Whitehouse MR. Clinical effec-
tiveness and safety of aspirin for venous thromboembolism prophylaxis after 
total hip and knee replacement: A systematic review and Meta-analysis of 
randomized clinical trials. JAMA Intern Med. 2020;180(3):376–84.

149.	 Major Extremity Trauma, Research C, O’Toole RV, Stein DM, O’Hara NN, Frey 
KP, Taylor TJ, et al. Aspirin or Low-Molecular-Weight heparin for thrombopro-
phylaxis after a fracture. N Engl J Med. 2023;388(3):203–13.

150.	 Schutgens REG, Middeldorp S. Aspirin as thromboprophylaxis in orthopedic 
surgery: A matter of perspective. Hemasphere. 2023;7(8):e933.

151.	 Haac BE, O’Hara NN, Manson TT, Slobogean GP, Castillo RC, O’Toole RV, et al. 
Aspirin versus low-molecular-weight heparin for venous thromboembolism 
prophylaxis in orthopaedic trauma patients: A patient-centered randomized 
controlled trial. PLoS ONE. 2020;15(8):e0235628.

152.	 Lammers D, Scerbo M, Davidson A, Pommerening M, Tomasek J, Wade CE, et 
al. Addition of aspirin to venous thromboembolism chemoprophylaxis safely 
decreases venous thromboembolism rates in trauma patients. Trauma Surg 
Acute Care Open. 2023;8(1):e001140.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://www.nice.org.uk/guidance/ng89

	﻿Hemostatic abnormalities after trauma resuscitation: challenges and strategies in caring for the critically injured patient
	﻿Abstract
	﻿Introduction to hemostatic derangements after trauma
	﻿Overview of late trauma-induced coagulopathy
	﻿Mechanisms of subacute prothrombotic state after polytrauma
	﻿Platelet activation
	﻿Endotheliopathy
	﻿Derangements in fibrinolysis
	﻿Massive tissue factor release and thrombin generation
	﻿Additional and emerging prothrombotic influences after trauma

	﻿Clinical management of late trauma-induced hypercoagulability
	﻿Endogenous risk factors for thrombosis
	﻿Exogenous risk factors for thrombosis
	﻿Prediction scores for venous thromboembolism
	﻿Ultrasound screening
	﻿Viscoelastic hemostatic testing
	﻿Thromboprophylaxis in the polytrauma ICU patient
	﻿Type of thromboprophylaxis
	﻿Pharmacological thromboprophylaxis

	﻿Conclusions
	﻿References


