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FOREWORD

It is my distinct pleasure to write the Foreword for the book, Acute Trauma-Induced
Coagulopathy: Mechanisms, Diagnostics, and Management Strategies. Trauma-induced coag-
ulopathy is a crucial topic, profoundly impacting the mortality and morbidity of severely
injured patients. It stands as an independent risk factor not only for clinical outcomes but
also for resource utilization and the cost of care.

In my 25 years as a trauma surgeon, I have devoted much of my career to discovery-based
research, serving as a principal investigator on National Institutes of Health (NIH) and
National Science Foundation (NSF)-funded projects. Yet the realities of trauma medicine are
never theoretical. Just two months ago, I cared for a young, 24-year-old patient who had sus-
tained catastrophic injuries in a head-on collision. Intubated at the scene for a low Glasgow
Coma Scale score, he arrived in the trauma bay with severe traumatic brain injury. Bleeding
from his airways and intravenous sites, accompanied by marked lactic acidosis and altered
coagulation parameters, illustrated the devastating consequences of trauma-induced coagu-
lopathy. Despite maximal resuscitative efforts, we were unable to save him; his condition
epitomized how coagulopathy can amplify the severity of primary injuries and complicate
management.

This book arrives at a timely moment, providing essential insight and guidance on this com-
plex subject. I have had the privilege of knowing Drs. Subramanian, Agrawal, and Albert for
over a decade. Their choice of topics, each clinically relevant and thoughtfully curated, dem-
onstrates their commitment to advancing trauma care. The book delves into critical basic sci-
ence underlying coagulopathy, thoroughly exploring prevention and intervention strategies.
Particularly noteworthy is the discussion on the interplay between traumatic brain injury
and coagulopathy, as well as the inclusion of massive transfusion protocols and real-world
clinical scenarios.

The illustrations and diagrams that accompany each chapter are clear and accessible, ben-

efiting not only seasoned clinicians but also medical students, residents, and researchers. I

commend the authors for their dedication and hard work in producing this comprehensive

resource. I am confident that this book will be a significant and lasting contribution to the
field.

Dr. Krishnan Raghavendran, MBBS, FACS

Professor of Acute Care Surgery

Emeritus Director and Founder Michigan Center for Global Surgery

Department of Surgery

University of Michigan, Ann Arbor, Michigan, USA
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PREFACE

The genesis of this book lies in our work on early markers of trauma-induced coagulopathy
(TIC) in isolated severe traumatic brain injury. The research was carried out at the All India
Institute of Medical Sciences, New Delhi, and supported by the Indian Council of Medical
Research and the Department of Biotechnology. We observed complex interplay between
coagulation abnormalities, endothelial dysfunction, and secondary brain injury. These
observations pointed to the need for integrated, mechanism-based approaches to the diagno-
sis and management of trauma-induced coagulopathy and form the foundation of this book.

The scope and direction of the book reflect our combined experience in neurosurgery, labora-
tory medicine, and translational trauma research. The aim was to link mechanisms with bed-
side practice. Trauma-induced coagulopathy is not confined to one specialty. It cuts across
disciplines, and patient care improves when those boundaries are bridged.

The chapters bring together national and international contributors from laboratory medi-
cine, hematology, anesthesiology, neurosciences, emergency medicine, trauma surgery, and
transfusion medicine. They present current evidence, emerging ideas, and practical consid-
erations, highlighting the multidisciplinary nature of modern trauma care.

This book is intended for clinicians, researchers, and trainees involved in trauma care. We

hope it supports clearer thinking, stronger collaboration, and more informed management
of trauma-related coagulopathy.

Venencia Albert

Arulselvi Subramanian

Deepak Agrawal
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Chapter 1

INTRODUCTION TO TRAUMA-INDUCED
COAGULOPATHY

Tushar Sehgal, Venencia Albert, Babita Gupta,
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INTRODUCTION

INTRODUCTION

Trauma is one of the leading causes of mortality globally. As per World Health Organization
(WHO) data from 2019, road traffic accidents (RTAs) are ranked as the seventh leading global
cause of mortality, in order of number of lives lost. Amongst the various reasons leading to
mortality of a victim of RTA, exsanguination is a predominant factor, second only to central
nervous system (CNS) injury."

Post-traumatic haemorrhage is caused by two main mechanisms. The first is exsanguination
caused due to direct injury of blood vessels. In cases of injury of large-calibre arterial ves-
sels, there is profuse haemorrhage with shock. The second mechanism is bleeding secondary
to development of trauma-induced coagulopathy (TIC), which involves secondary bleeding
from a widespread microvascular haemorrhage that is not localized to the site of the trauma.
The term “trauma-induced coagulopathy” was introduced to describe a process that impairs
blood coagulation and increases blood loss by a possible deregulation of the intrinsic coagula-
tion system in trauma patients.’

Approximately 30% of patients with massive trauma develop TIC upon arrival in the emer-
gency department (ED). Although it was once believed that TIC begins hours or even days
after the traumatic event, it is currently clear that it begins at the moment of trauma, and the
associated mortality is about 35-50%. The occurrence and frequency of TIC in children is
less as compared to adults. Older adults are more likely to develop TIC than younger adults.
Thus, a systematic diagnostic and therapeutic approach is required to reduce the number of
preventable deaths attributable to traumatic injury.*-¢

The normal coagulation response is initiated with injury to vascular endothelium. This acti-
vates platelets, which adhere to the injury site, forming the initial clot, and the coagulation
cascade, amplified by activated platelets, leading to a thrombin burst that cleaves fibrinogen
into fibrin” (Figure 1.1). Fibrin monomers then crosslink onto the aggregated platelets, fur-
ther stabilizing the clot. In normal conditions, anticoagulation and fibrinolytic processes
limit excessive clot formation to maintain vascular patency.?

The term “haemostasis,” which means “physiological process that stops bleeding,” is derived
from the Greek words “heme” (blood) and “stasis” (to stop).’ The series of events that result
in haemostasis is known as the coagulation pathway. Injury to the vasculature, whether
mechanical, chemical, or electrical, is traditionally considered the primary trigger for coagu-
lation.!” The endothelium, platelets, and white cells are among the major components needed
for the start of coagulation. The coagulation cascade is the successive activation of each coag-
ulation zymogen caused by these components adhering to the surface in close geographic
proximity.!? This complex mechanism prevents spontaneous bleeding. The common pathway
is the point at which the intrinsic and extrinsic paths converge after starting independently.
This further results in the activation of fibrin and the synthesis of thrombin, prompting
platelet aggregation, forming and stabilizing a fibrin mesh, and inhibiting fibrinolysis.!'!3

The fundamental concept of blood coagulation was initially introduced in Nature and Science
publications during the 1960s by Davie, Ratnoff, and Macfarlane. The sequence of proen-
zymes activated by proteolytic cleavage, which in turn activates “downstream” enzymes,
was clarified in these articles. Schematically, the coagulation system is divided into intrin-
sic and extrinsic pathways. The extrinsic pathway is activated in response to tissue trauma,
resulting in the activation of tissue factor (TF). The importance of the intrinsic pathway is
less evident in vivo. However, it is essential when blood is stimulated by contact with arti-
ficial surfaces, such as a cardiopulmonary bypass circuit or a mechanical circulatory sup-
port device."* Numerous inhibitors control the coagulation process, preventing thrombus
formation and limiting clot formation. This critical balance is compromized if the activity
of naturally occurring inhibitors is reduced or the procoagulant activity of the coagulation
factors increases.!

BN 2 Introduction to Trauma-Induced Coagulopathy


https://www.pdf-xchange.com/product/pdf-xchange-editor
https://www.pdf-xchange.com/product/pdf-xchange-editor
R
New Stamp


INTRINSIC PATHWAY
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Figure 1.1 Overview of the coagulation cascade. Selected elements were sourced from the
National Institute of Allergy and Infectious Diseases (NIAID) of the National Institutes of Health
(NIH) BioArt Source (bioart.niaid.nih.gov).

Overview of Coagulation Cascade and Its Regulation

THE COAGULATION CASCADE

Traditionally, it is divided into extrinsic and intrinsic pathways (Figure 1.1). Exposed endo-
thelial collagen following endothelial damage activates the intrinsic pathway, while TF pro-
duced by endothelial cells following external damage activates the extrinsic pathway. Both
pathways result in factor X activation. Though it ignores the crucial function that cell-based
surfaces play in in vivo, the traditional cascade of blood coagulation is very helpful for com-
prehending in vitro coagulation testing.!¢

INTRINSIC PATHWAY

Of the two haemostatic pathways, this one is the more extensive one. The partial thrombo-
plastin time (PTT) is a clinical measure of the intrinsic pathway. It starts with prekallikrein,
HMW kininogen, and factor XII. After endothelial damage, factor XII, an inactivated serine
protease zymogen, is exposed to endothelial collagen and transforms into factor XIIa, or

Introduction to Trauma-Induced Coagulopathy 3 I
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FIBRINOLYTIC SYSTEM

activated serine protease. To convert factor XI into factor XTa, factor XIIa serves as a catalyst.
Factor IX is subsequently activated to factor IXa by factor XIa. To activate factor X into fac-
tor Xa, activated factor IXa then forms a tenase complex with its cofactor, factor VIII, on a
phospholipid surface.!”1$

EXTRINSIC PATHWAY

The shorter secondary haemostasis pathway is known as the extrinsic pathway. The pro-
thrombin time (PT) is a clinical indicator of the extrinsic route. The pathway is activated by
TF, present in the subendothelial tissue. There is minimal contact between TF and plasma
procoagulants under physiological settings in a normal vascular endothelium. However,
when the vessel is damaged, the endothelial cells produce TF, which binds with calcium and
factor V1Ia to facilitate the conversion of factor X to Xa. At this stage, intrinsic and extrinsic
pathways merge into one.!*

COMMON PATHWAY

This pathway initiates with factor X, which is subsequently activated to factor Xa. The activa-
tion of factor Xa triggers a complex response. The complex responsible for converting fac-
tor X into factor Xa is known as tenase. There are two forms of tenase: intrinsic, consisting
of cofactor factor VIII, factor IXa, a phospholipid, and Ca2+, and extrinsic, which includes
factor VII, factor III (TF), and Ca2+. Factor Xa then activates factor II (prothrombin), trans-
forming it into factor ITa (thrombin). Additionally, factor Xa requires factor V as a cofactor to
facilitate the cleavage of prothrombin into thrombin. Factor Ila (thrombin) further activates
fibrinogen, converting it into fibrin. Thrombin also activates other factors in the intrinsic
pathway, such as factor XI, as well as cofactors V and VIII, and factor XIII. Fibrin subunits
aggregate to form fibrin strands, while factor XIII acts on these strands to create a fibrin
mesh, which serves to stabilize the platelet plug.!718!

FIBRINOLYTIC SYSTEM

It functions to restrict the size of the clot and is triggered concurrently with the coagula-
tion cascade. Fibrinolysis is an enzymatic process in which plasmin, which is derived from
fibrin-bound plasminogen in the liver, breaks down the fibrin clot into fibrin degradation
products (FDPs). Urokinase plasminogen activator (uPA) or tissue-type plasminogen acti-
vator (tPA), which is secreted from the vascular endothelium, catalyses this process. Tissue
occlusion, thrombin, adrenaline, vasopressin, and intense exercise all promote the release
of tPA.22

Plasmin activity is stringently controlled by its inhibitor, o2 antiplasmin, thereby inhibiting
extensive fibrinolysis. The fibrinolytic system’s in vivo activity is evaluated by measuring the
FDPs. The breakdown of cross-linked fibrin produces D-dimers, which are particular mark-
ers of fibrinolysis used to diagnose and assess deep vein thrombosis, disseminated intra-
vascular coagulation (DIC), and pulmonary embolism.?? Plasmin has the potential to break
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CURRENT CONCEPT OF COAGULATION

fibrinogen, leading to deleterious consequences; therefore, the fibrinolytic activity is limited
by the following factors:

i. Plasminogen activator inhibitor is the primary physiological inhibitor of fibrinolysis
and acts by irreversible inhibition of tPA and uPA.

ii. Thrombin-activatable fibrinolysis inhibitor (TAFI) is a plasma proenzyme synthesized
by the liver and activated by thrombin. It decreases the affinity of plasminogen to fibrin
and augments the action of anti-trypsin in inhibiting plasmin.

iii. Plasmin inhibitors: The glycoproteins o2 antiplasmin and o2Macroglobulin act by
inhibiting plasmin.

CURRENT CONCEPT OF COAGULATION

The modern time-based structuring of blood coagulation provides more authentic descrip-
tion of the coagulation process. The classical theories of coagulation provide only a rea-
sonable model of in vitro coagulation tests (i.e., aPTT and PT).?? The contact activation
pathway critical for in vivo haemostasis does not get support from following observations.
Individuals lacking factor XII, prekallikrein, or high-molecular-weight kininogen do not
bleed abnormally. Secondly, patients with only trace quantities of factor XI can withstand
major trauma without unusual bleeding, and those who completely lack factor XI exhibit
mild haemorrhagic disorder. Furthermore, deficiencies of both intrinsic pathway factors
such as factor VIII and factor IX (lead to haemophilia A and B, respectively), however the
classic description of two pathways of coagulation leave it unclear as to why either type of
haemophiliacs cannot not simply clot blood via the unaffected pathway.?? The current cell-
based concept of coagulation is characterized by the initiation, amplification, and propaga-
tion phases.

INITIATION

The initiation phase is shown in Figure 1.2. Trauma to the vessel wall is the primary stimu-
lus for coagulation. It activates endothelial cells and translocates P-selectin from Weibel-
Palade (WP) bodies to the cell surface. In addition, injury activates platelets, mobilizing
P-selectin from the platelet alpha-granules to the platelet’s surface. The binding of P-selectin

Endothelial Cell

:@ Q Vascular Wall
KR %
Cn)

\, [P

Thrombin

Plasma

Figure 1.2 Initiation phase of the cell-based model.
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CURRENT CONCEPT OF COAGULATION

to P-selectin glycoprotein ligand-1 results in the rolling of the leukocytes and platelets on
the surface of activated endothelial cells to localize thrombus formation.!® Another protein
released from the WP bodies of endothelial cells and the alpha-granules of platelets is the von
Willebrand factor (vWF). Under high shear conditions, as in arterial circulation, this protein
binds to platelet membrane glycoprotein Ib and to exposed sub-endothelial connective tis-
sue to support the adhesion of platelets at the injury site. In veins with low shear, the vVWF
released from stimulated endothelium increases the concentration of platelets on the vein
wall.! Additionally, the vWF binds to platelet glycoprotein IIb/IIla, enhancing platelet-to-
platelet aggregation. Aggregates of platelet-leukocytes on injured endothelium and TF initi-
ate steps leading to fibrin formation. The expression of TF in injured vessels binds factor VIIa
to activate factor IX and factor X. This activation of factor IX by the TF-VIIa complex serves
as the bridge between classical extrinsic and intrinsic pathways. Factor Xa then binds to fac-
tor II to form thrombin (factor IIa). However, only trace amounts of thrombin are formed
by this pathway in the initiation phase of coagulation, which can be effectively terminated
by the TF pathway inhibitor (TFPI); more significant amounts will be generated during the
amplification phase.!

AMPLIFICATION PHASE

The amplification phase is shown in Figure 1.3. The insignificant amounts of thrombin
generated during the initiation phase further activate platelets, factor V, and factor XI.
Activated factor XI is bound to glycoprotein Ib/IX of activated platelets to activate factor
IX. Additionally, activated factor IX, previously generated by the TF VIIa complex, diffuses
to the surface of activated platelets and binds to the platelet membrane. As previously men-
tioned, vVWF is also bound to glycoprotein Ib/IX. In circulating plasma, thrombin releases
factor VIII from vWF and activates it to factor VIIIa. On the platelet surface, factor VIIIa
binds factor IXa, and the complex, in the presence of calcium ions, activates additional factor
X. This initiates the propagation phase of coagulation.?

PROPAGATION PHASE

The propagation phase is shown in Figure 1.4. The “tenase” complex comprises factors VIIIa,
IXa, and calcium ions. This complex leads to the large-scale generation of factor Xa. Factor
Xa, with factor Va and calcium ions, forms the “prothrombinase” complex that produces the
burst of thrombin needed to convert fibrinogen to fibrin. In addition, thrombin activates
platelets, factors V, VIIIL, and XI, thereby catalysing its formation. Furthermore, thrombin
activates factor XIII, resulting in clot stabilization, and the TAFI modulates fibrinolysis.!°

Endothelial Cell

Injured Tissue
Xl
Xla Vil
3)
(2) Vascular Wall
APC Thrombin
(4) VWF
IX (4) Va Vv
1X:
a  Vllla 0
Activated ACP
Platelet
PtdSer
Platelet Plasma

Figure 1.3 Amplification phase of the cell-based model.
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REGULATION

Injured Tissue Cross-Linked Fibrin Clot Endothelial cell
Xllla Fibrin Vascular wall
Xl
Fibrinogen Thrombin
X
Villa “a AT
IXa .
A;g\t/:f:td Va Prothrombin
Plasma

Figure 1.4 Propagation phase of the cell-based model.

REGULATION

The anticoagulant system in our body controls the procoagulant activity in blood and helps
to localize the formation of thrombi.?* The primary natural anticoagulant processes consist
of the following.

ANTITHROMBIN

The primary inhibitor of thrombin is antithrombin (AT), formerly known as AT IIL. It is a
serine protease inhibitor and deactivates thrombin, factors IXa, Xa, XIa, and XIla. In the
presence of heparin, the enzymatic activity of AT increases. Heparin sulphate, found on the
surface of endothelial cells, binds to AT. AT binds coagulation factors in a ratio of 1:1 form-
ing a complex which is removed by reticuloendothelial cells. Other thrombin inhibitors are
heparin cofactor II, 02 macroglobulin and ol antitrypsin.??

TFPI
TFPl is a polypeptide produced by endothelial cells. It acts as a natural inhibitor of the extrin-
sic pathway by inhibiting TF-VIIa complex.?

PROTEIN C ANTICOAGULATION PATHWAY
The propagation phase of the coagulation is inhibited by the protein C pathway (Figure 1.5)*
that primarily consists of four key elements:

i. Protein C is a serine protease that has strong anti-inflammatory, profibrinolytic, and
anticoagulant effects. With protein S and phospholipids serving as cofactors, it inhibits
activated factors V and VIII after being activated by thrombin to create activated protein
C (APQ).

ii. Thrombomodulin is a transmembrane receptor on the endothelial cells that prevents
the formation of the clot in the undamaged endothelium by binding to thrombin.
Endothelial protein C receptor is another transmembrane receptor that plays a vital role
in the activation of protein C.

iii. Protein S synthesized by hepatocytes and endothelial cells, is a glycoprotein that is
dependent on vitamin K. Both of its free (40%) and bound (60%) are present in plasma
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Figure 1.5 Protein C anticoagulation pathway.

(bound to C4b-binding protein). The free form has anticoagulant properties, whereas
the bound form inhibits the complement system and is upregulated during inflamma-
tory conditions, which lowers protein S levels and causes a procoagulant state. It helps
APC inactivate factor Va and factor VIIIa by acting as a cofactor. It also inhibits the
prothrombinase (factor Va-factor Xa) complex directly and reversibly.

iv. Protein Z-dependent protease inhibitor (ZPI) is a protein that, along with its cofactor
protein Z (PZ), rapidly inhibits factor Xa on cell surfaces.?

TRAUMA-INDUCED COAGULOPATHY (TIC)

TIC has been known by various names, including “severe bleeding tendency,” “defibrina-
tion syndrome,” “consumptive disorder,” “bloody vicious cycle,” “acute traumatic coagu-
lopathy,” and others.?* The term “trauma-induced coagulopathy” was coined in April 2010
during the National Institutes of Health’s Trans-Agency Consortium for Trauma-Induced
Coagulopathy Workshop.?¢ Because it comprises a wide range of coagulation dysfunctions,
TIC lacks rigorous quantitative diagnostic criteria. However, it should be explored when
coagulopathy is detected in the context of acute trauma.?”

» « » «

HISTORICAL PERSPECTIVE

The first reports of TIC were published in 1954, from studies performed on 11 battle casual-
ties immediately after they had been wounded and resuscitated and during the first days
of their convalescence.?® They documented elevated PT and aPTT in casualties, and their
degree of coagulopathy correlated with the number of units of blood received. These find-
ings were interpreted as a state of consumed factors and platelets, exacerbated by dilution
derived from fluid administration and blood transfusion. Simmons et al.,?® in 1969, reported
cyclic prolongations in PT or PTT accompanied by significant depressions of platelet counts,
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EPIDEMIOLOGY AND BURDEN

fibrinogen levels and elevations of fibrinolysis in trauma patients. In 1982, the American
Trauma Society suggested that hypothermia and acidosis are complicating factors associated
with early mortality in coagulopathic trauma patients.>® This “bloody vicious cycle” was sub-
sequently replaced by other terms such as “lethal triad,” “iatrogenic trauma coagulopathy,”
and “systemic acquired coagulopathy (SAC),” which suggested that hypothermia, acidosis,
and dilution from standard resuscitation can worsen the presenting coagulopathy and per-
petuate bleeding.’! This concept formed the basis of many transfusion protocols and thera-
pies to combat SAC and bleeding in trauma.’>** Many authors over the years have rebutted
this theory and confirmed that TIC is not merely a systemic response to injury, as patients
with early evidence of coagulopathy that is physiologically and mechanistically distinct from
SAC.*-3%1n 2003, Brohi et al.,?® in a retrospective study, and MacLeod et al.,* in a prospective
study, reported that TIC presents in 25% of severely injured patients on arrival in the ED.*
This resulted in the current opinion that coagulopathy in the early stages of trauma, being
an acute endogenous response to the injury itself, exists independently and essentially differs
from iatrogenic coagulation impairment.*!

EPIDEMIOLOGY AND BURDEN

TIC is a significant contributor to early morbidity and mortality in trauma patients world-
wide. It is believed to affect 25-35% of critically injured patients at the time of hospital
admission, with a higher incidence among those arriving with substantial haemorrhage and
shock.* The incidence of TIC is strongly linked to damage severity, physiological derange-
ment, and the extent of tissue trauma. The reported incidence in India (41-46%) is compa-
rable or greater than in high-income nations, most likely due to delays in pre-hospital care, a
lack of structured trauma systems, and a high burden of high-energy injuries such as RTAs.*?
Several studies have documented the epidemiology of TIC across diverse trauma popula-
tions,*%3%43-64 a5 tabulated in Table 1.1.

In cases of isolated traumatic brain injury (TBI), rates of TIC have ranged widely. Albert
et al., in India, reported a 41.6% incidence of TIC in isolated severe TBIL.#** Other studies
have reported even higher rates, such as 57% in China® and 60% in penetrating TBI cases
in the United States.®® Paediatric populations have also shown a significant burden. Chong
et al. in Singapore reported a 55.7% frequency of TIC in paediatric TBI patients,* whereas
Strumwasser et al., in the United States, discovered a 26% incidence of TIC in paediatric
trauma.*® The prevalence of TIC has been shown to vary with demographic parameters. It
has been linked to greater mortality in female patients compared to males,*” and it is more
common in elderly adults than in younger adults and children.?® Children have a lower inci-
dence of TIC than adults. Its incidence rises with injury severity and is linked to poor clinical
signs such as low Glasgow Coma Scale scores, high base deficiency, and thrombocytope-
nia.**-% Trauma causes more than five million fatalities worldwide each year and accounts
for over 10% of the global disease burden.®® Haemorrhage accounts for 30-40% of trauma-
related mortality, with TIC identified as a major modulator of this outcome.” Advances in
trauma care in high-income countries, such as structured trauma systems, rapid diagnostic
tools, and availability to large transfusion protocols, have contributed to increased survival.*>
Low- and middle-income countries (LMICs), including India, confront continuous issues
such as delayed TIC diagnosis, limited access to viscoelastic testing, insufficient blood bank
resources, and poor pre-hospital care.””> TIC not only causes premature death, but it also
extends intensive care unit hospitalizations, raises healthcare expenses, and causes long-term
disability. These findings are especially significant in LMICs because trauma disproportion-
ately impacts young, economically productive people.?
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DEFINING TRAUMA INDUCED COAGULOPATHY

Table 1.1 Previously published study size, definition, reported incidence of TIC, and outcomes in
trauma patients

Study
number | Author Country Injury type
1 Brohi et al.38 UK Blunt/penetrating 25%
trauma
2 Macleod et al.>° USA Polytrauma 28%
3 Rugeri et al.*® France Blunt trauma 28%
4 Cohen*’ USA TBI 28%
5 Zehtabchi et al.#® USA Isolated TBI 17%
6 Talving et al.*° USA Severe TBI 36%
7 Allard et al.*° Canada Severe isolated 35%
blunt TBI
8 Lustenberger et al.>" USA TBI 45.7%
9 Lustenberger et al.>> | USA Isolated severe TBI 36.4%
10 Wafaisade et al.>3 Germany Isolated blunt TBI 22.7%
1 Shaz et al.%® USA Trauma 41.7%
12 Chhabra et al.> India TBI 46%
13 Greuters et al.*® Netherlands Isolated TBI 24%
14 Sun et al.®® China TBI 57%
15 Franschman>’ Netherlands Isolated TBI Early 34%,
delayed 20%
16 Genét>® Denmark TBI 28%
17 Epstein et al.>® Australia Isolated TBI 35.2%
18 Xing Wu> China Isolated blunt TBI 34.88%
19 de Oliveira Manoel®' | Canada TBI 24.3%
20 Dekkert? Netherlands TBI 42%
21 Strumwasser et al.4 USA Trauma (paediatric) 26%
22 Folkerson et al.%® USA Penetrating traumatic 60%
brain injury
23 Albert et al.*? India Isolated severe traumatic 41.6%
brain injury
24 Bohm et al.®3 Germany Isolated traumatic brain 20%
injury
24 Chong et al.* Singapore Traumatic brain injury 55.7%
(paediatric)
26 Du et al.® China Trauma 25.4%

DEFINING TRAUMA-INDUCED COAGULOPATHY

Multiple definitions of TIC have been proposed, and the defining criterion varies consider-
ably, owing to over 20 different proposed parameters of coagulopathy. These parameters
include elevated INR, PT, PTT or D-dimer, decreased fibrinogen or factor XIII, higher DIC
score, modified DIC score or modified coagulopathy score, and lower .2 AP. However, there
remains no consensus regarding a standard laboratory definition for TIC. In 1954 Scott
et al. identified trauma associated with coagulopathy as a 50% decline in prothrombin
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PATHOPHYSIOLOGICAL MECHANISM OF TIC

activity.?® More than a decade ago, TIC was identified based on the traditional transfusion
triggers recommended by massive transfusion guidelines,?® a 50% increment of the con-
ventional coagulation assays namely PT, aPTT, or international normalized ratio (INR).3*73
However, subsequent experimental studies confirmed that TIC defined by standard clotting
times of PT ratio >1.2 is associated with increased mortality and transfusion requirements in
a dose dependent manner.*® In 2003 Brohi et al.*® characterized TIC as PT >18s, aPTT >60s
or INR >1.5 and MacLeod et al. identified TIC as a PT >14s and aPTT >34s.% Conventional
coagulation assays continued to be the primary investigation for identification of TIC for
a decade, being ubiquitous and established to predict unfavourable outcome and need of
transfusion in trauma patients. Lately, Van Zyl and colleagues reported INR >1.2 as a clini-
cally significant threshold for increased mortality and blood product requirements.” Other
markers, such as low initial haemoglobin level, have also been reported to be an indicator
for severe bleeding and coagulopathy.” Similarly, fibrinogen is increasingly being recog-
nized as playing a vital role in trauma-related bleeding and is not only the precursor of
fibrin, but also an important mediator of platelet aggregation.” Fibrinogen levels of >2.0 g/L
have been reported as a risk factor for the development of progressive haemorrhagic injury.”®
Viscoelastic tests such as thromboelastography (TEG) and rotational thromboelastometry
(ROTEM) have emerged as point-of-care tools to assess coagulation function in real time.
These tests offer a more comprehensive evaluation of clot formation, strength, and stability
than conventional assays. A Cochrane review (2015) concluded that TEG and ROTEM may
help detect TIC in adult trauma patients, but the evidence is limited and of low certainty.””
While they offer rapid, dynamic assessment of clotting abnormalities, their use is still largely
guided by local protocols and availability, and they have not replaced standard coagulation
tests in most centres.

PATHOPHYSIOLOGICAL MECHANISM OF TIC

It originates from severe tissue damage and haemorrhagic shock, resulting in an inability
of the body to form and maintain clot strength leading to excessive bleeding and wors-
ening shock, thus cascading into a vicious cycle.”® In TIC, the cell-mediated regulation
of haemostasis is impaired. The endogenous TIC differs from the iatrogenic exogenous
resuscitation-induced coagulopathy caused by dilution of coagulation factors. However,
it may be present concomitantly. Extensive tissue and endothelial cell damage results in
loss of endothelial glycocalyx and increased TF expression, both of which activate coagu-
lation. Dying cells release intracellular components, such as cell-free DNA, histones, and
high-mobility group box protein 1 (HMGB-1), that signal tissue injury and are therefore
termed “damage-associated molecular patterns” (DAMPs). In about half of patients with
TIC, platelets are dysfunctional in their adhesion and aggregation capabilities. This platelet
dysfunction, is often not revealed by the normal platelet count, and impairs the haemo-
stasis even if the blood levels of coagulation factors are normalized. Exhaustion has been
attributed to platelet overactivation from TF, von Willebrand factor, and DAMPs. Platelets
interact bidirectionally with circulating leukocytes by forming platelet-leukocyte aggre-
gates (PLAs). PLAs are potent activators of the immune response, stimulating leukocyte
migration towards the injury site. On the other hand, extracellular traps from activated
neutrophils and macrophages are released, promoting platelet aggregation and thrombin
formation.”-82 Coagulation factors are usually depleted in TIC due to systemic consump-
tion, dilution, and degradation by overproduction of several proteins of the anticoagulation
and fibrinolytic systems, mainly APC and plasmin. APC degrades coagulation factor Va
and factor VIIIa and promotes the activity of tissue plasminogen activator, which converts

Introduction to Trauma-Induced Coagulopathy 11 IEEE—SS——


https://www.pdf-xchange.com/product/pdf-xchange-editor
https://www.pdf-xchange.com/product/pdf-xchange-editor
R
New Stamp


PATHOPHYSIOLOGICAL MECHANISM OF TIC

plasminogen to plasmin. High plasmin production degrades fibrin and fibrinogen, leading
to hyperfibrinolysis. Moreover, reduced thrombin formation alters clot formation, result-
ing in a thick loose fibrin network that is more prone to lysis. Resultant breakdown of
newly formed clots further amplifies bleeding. Ionized calcium is required as a co-factor
for various coagulation reactions. Calcium consumption in TIC during coagulation and
inactivation by citrate-containing blood products, further worsens the coagulation dis-
turbances.®*** When patients survive their initial traumatic bleeding and injuries, TIC
shifts from a hypocoagulable to a hypercoagulable profile, with a consequent increased
risk of thromboembolic events and organ dysfunction. This shift can occur within minutes
to hours following injury. The persistence of endothelial damage, activated immune cells
and platelets, and circulating DAMPs that create a procoagulant environment may all be
responsible for the shift.

The mechanisms associated with the hypocoagulable and hypercoagulable state of TIC
are depicted in Figure 1.6. Thus, it can be concluded that TIC consists of three important
variables a pathophysiological process linked to trauma (acute traumatic coagulopathy),
iatrogenic factors (coagulopathy induced by resuscitation) and detrimental factors (both iat-
rogenic and pathophysiological). This is represented schematically in Figure 1.7.

Trauma-induced
coagulopathy (TIC)

Hypocoagulability Hypercoagulability
Decreased thrombin Increased thrombin
generation generation
Fibrinogen depletion Fibrinolysis shutdown

Platelet dysfunction Platelet activation
Hyperfibrinolysis Hyperfibrinogenaemia

Figure 1.6 The mechanism associated with hypocoagulable and hypercoagulable states of
trauma-induced coagulopathy (TIC).
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CLINICAL FEATURES

Major trauma
Acute traumatic Resuscitation Detrimental
coagulopathy factors
Activated protein-c system Dilution of cloting factors Acidosis, hypothermia, shock, TBI,
Neurohumoral s S’Zem Metabolic acidosis age, male sex, co-morbidities,
Platelet dysfunztion Interstitial oedema formation genetic background, inflammation,
Hypothermia use of oral anti-coagulants
Trauma-induced
coagulopathy
Figure 1.7 Mechanism of TIC.
CLINICAL FEATURES

Although blood loss is usually noticeable, neither visual evaluation nor physiological param-
eters are effective guides for understanding the degree of haemorrhage. Trauma dynamics,
i.e., the mechanism of injury works as an excellent guide for identifying patients at risk of
significant bleeding. For instance, patients who have suffered trauma due to injury, are more
likely to receive massive transfusion and are thus more likely to develop TIC. TIC is a com-
plex process that involves the endothelium, platelets, circulating coagulation factors and the
immune system and no single assay or set of assays available to date can effectively integrate
the measurements of the crucial coordinated events involved in vascular homeostasis to pro-
vide a comprehensive evaluation.

Early TIC - Massively bleeding patients are at increased risk of developing TIC. Shock is a
predominant feature seen in these patients. Identification of patients with TIC amongst
a cohort of massively bleeding patients is augmented by the use of laboratory tests. The
problem in early TIC is that of hyperfibrinolysis, and the conventional laboratory tests
fail to identify this. However, studies have shown that mortality is higher amongst simi-
larly injured patients who have prolonged PT/international normalized ratio (INR), sug-
gesting the role of conventional tests,

Late TIC- Tissueinjury is the predominant pathophysiologyinlate TIC. Hypercoagulability
is often the core problem with late TIC. The patients at great risk of late TIC are those
that developed early TIC. Management of shock with resuscitation, administration of
fluids, blood products and haemostatic agents results in potential secondary coagulopa-
thies as well as haemodilution, acidosis and hypothermia. Coagulopathy is exacerbated
in the event of ongoing blood loss due to lack of mechanical control. The majority of the
patients shift from a hypocoagulable to a hypercoagulable state within 24 hours, fol-
lowing correction of haemorrhage and hypoperfusion. Patients with spine, pelvic and
femur fractures, which limit post-injury mobilization, are particularly at high risk of
late thrombotic complications.?
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CONCLUSION

TIC is a critical and complex physiological response to severe injury that significantly
increases morbidity and mortality. Unlike classical coagulopathy, TIC develops rapidly, often
within minutes of trauma, and is not solely due to dilution, hypothermia, or acidosis. Instead,
it reflects a dysregulated haemostatic response involving the coagulation cascade, anticoagu-
lant pathways, and fibrinolysis. Understanding these mechanisms is vital for early recognition
and timely intervention. The pathophysiology of TIC underscores the need for a shift from
traditional volume-based resuscitation to targeted, damage-control strategies. Diagnostic
tools such as viscoelastic assays can support rapid detection, while protocol-driven use of
blood products and adjunct therapies can limit further bleeding and prevent complications
such as thrombosis. Despite advances in high-income settings, significant challenges remain
in low- and middle-income countries, where limited resources hinder early diagnosis and
treatment. Addressing these gaps through training, standardized protocols, and access to
diagnostics is essential. A robust understanding of TIC, from its biological basis to its clinical
manifestations, can improve trauma care outcomes globally. Continued research, especially
in diverse populations, and integration of TIC focused practices into trauma systems will
help reduce preventable deaths and advance precision care in trauma settings.

TAKE-HOME MESSAGE

TIC is an early, dynamic, and multifactorial condition distinct from traditional coagulopa-
thies. Recognizing its complex interplay of vascular, cellular, and biochemical disruptions is
essential for timely diagnosis and management. A solid foundation in its principles is key to
improving trauma outcomes.
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INTRODUCTION

INTRODUCTION

Trauma-induced coagulopathy (TIC) is a spectrum of hemostatic disorders caused by severe
mechanical trauma. The clinical presentation of TIC can vary widely, ranging from uncon-
trolled hemorrhage to thrombotic complications such as deep vein thrombosis (DVT) and
pulmonary embolism (PE). Early hypocoagulability is often characterized by diffuse bleeding
from multiple sites, while later stages may present with hypercoagulability and thrombotic
events. The pathophysiology of TIC is intricate, involving a multitude of factors, such as hypo-
volemic shock, tissue injury, endothelial damage, and dysregulated fibrinolysis. This chapter
delves into the elaborate pathogenetic processes underlying TIC. A comprehensive under-
standing of the mechanism is essential for strategizing diagnostic and therapeutic approaches.

The classical concept of TIC is based on the foundation of the lethal triad framework.! The
components are hypothermia, acidosis, and hemodilution. They are believed to arise because
of significant hemorrhage and insufficient resuscitation. These events result in atypical enzy-
matic activity, depletion of clotting factors, and ineffective clot formation. The traditional
notion posits that coagulopathy arising in the later stages of clinical progression is predomi-
nantly iatrogenic, induced by fluid replacement strategies that lead to hypothermia and the
dilution of coagulation factors.!

Nonetheless, this traditional concept has faced criticism due to clinical observations of coag-
ulopathy present upon admission to the emergency department, before the commencement
of fluid replacement strategies. The new concept identifies this initial phase as characterized
by hypoperfusion-induced endogenous coagulopathy, referred to as acute coagulopathy of
trauma shock.? Unlike the classical model, this modern understanding emphasizes that TIC
is largely an intrinsic response to tissue injury, augmented by systemic hypoperfusion.® It
acknowledges that intricate biological cascades are implicated in this process, including the
activation of the protein C pathway, disruption of the endothelial glycocalyx, release of tis-
sue factor-bearing microparticles, systemic inflammation, and dysregulation of fibrinolysis.
These processes exhibit a dynamic interaction, leading to an unstable equilibrium between
procoagulant and anticoagulant forces. Additional modulation occurs based on the degree
of shock, injury burden, and host response (Figure 2.1). A comparison of the classical post-
trauma coagulopathy concept and the modern view of TIC is shown in Table 2.1.

Modern trauma protocols emphasize personalized hemostatic resuscitation based on real-
time assessments of patients’ coagulation profiles, due to the temporal variations in their
clinical courses.*

Table 2.1 Classical post-trauma coagulopathy concept vs. the modern view of TIC

Classical post-trauma

Dimension | coagulopathy concept TIC (modern view)

Onset/Cause/ | Secondary, after resuscitation: Primary, on arrival: Shock, tissue injury leading
Driver Dilution, hypothermia, acidosis | to endotheliopathy

Core Factor depletion and PC activation, glycocalyx loss, platelet
mechanisms | thrombocytopenia, impaired dysfunction, sympathetic stimulation

thrombin generation

Phenotype PT/aPTT increased, decreased Variable phenotype according to fibrinolysis
fibrinogen, thrombocytopenia status, platelet hypofunction with or without
thrombocytopenia

Management | Balanced replacement to address | Mechanism guided- hemorrhage control to
dilution protect endothelium, early TXA in
hyperfibrinolysis, no reflex TXA in fibrinolytic
shutdown

Abbreviations: PT: prothrombin time; aPTT: activated partial thromboplastin time; TXA: tranexamic acid.

Mechanism and Pathophysiology of Trauma-Induced Coagulopathy 21 HEE———


https://www.pdf-xchange.com/product/pdf-xchange-editor
https://www.pdf-xchange.com/product/pdf-xchange-editor
R
New Stamp


Ayyedorngeo) paonpu-ewnery, jo £3ojorsdydoyieq pue wisTURYOIN 77 N

Coagulation Activation

Activated Protein C

Fibrinogen

Hypothermia

Trauma
Hypoperfusion
Hypoxia
«Epinephrine
« Tissue Factor Exposer
I lyx Degradati Endothelial A
Syndecan 1 &4, Glypican 1
Glycoprotein
Platelet Activation

Immune System Activation

+HMGB-1
« Cytokines - IL-1Beta, IL-6, TNF- Alpha

Factor
Consumption

Dilution

Acidosis

Thrombin

Fibrin

Tissue Damage

Detrimental Factor

Neurohumoral
Activation

DAMPS

«Histone

+ DNA Polyphosphate Catecholamines

Complement Activation

«C3a
«C5a
Platelet Fibrinogen PA
Dysfunction Depletion k

A2 antiplasmin

Deecrease Clot
Formation

Plasmin

3

1
2

Age

Male sex

Comorbidities

Genetic Background
Inflammation

Pre medication especially oral
Anticoagulant

NoOwAcwN =

PAI

Metabolite

. L-Arginine Depletion
. Hypocalcaemia
. Urate and Succinate

Hemolysis

. Nitric Oxide (NO) Scavenging
. Endothelial Dysfunction and
Inflammation

Plasminogen

2
—
ol
o
o
c
(8]
—
o
=2



https://www.pdf-xchange.com/product/pdf-xchange-editor
https://www.pdf-xchange.com/product/pdf-xchange-editor
R
New Stamp


s ¢ £yiedornSeo) peonpur-ewneiy, jo ASojorsdydoyieq pue wstueydIN

Figure 2.1 Pathophysiological pathway of trauma-induced coagulopathy (TIC).

This diagram shows the interconnected pathways causing trauma-induced coagulopathy (TIC). Traumatic injury sets off a chain reaction of hypoperfu-
sion, tissue destruction, and neurohumoral activation, which results in the release of catecholamines and endothelial activation. Activated endothelium
causes coagulation, platelet, immune, and complement system activation, all of which contribute to dysregulated hemostasis. Coagulation activation
causes clotting factor consumption, platelet dysfunction, and fibrinogen depletion, all of which result in impaired thrombin and fibrin production and clot
formation. The protein C pathway becomes overactive, encouraging fibrinolysis and fibrinogen destruction, whereas tissue-type plasminogen activator
(tPA) increases the conversion of plasminogen to plasmin, increasing fibrinolytic activity. Plasminogen activator inhibitor (PAI) and a2-antiplasmin can
reduce fibrinolysis; however, they can become overly effective. Trauma-induced hypoperfusion and tissue injury generate metabolic abnormalities such as
L-arginine depletion, acidosis (caused by lactate and carboxylic acid buildup), hypocalcemia, and elevated urate and succinate levels. These modifications
decrease endothelial function, limit nitric oxide (NO) availability, and inhibit coagulation enzyme activity, exacerbating coagulopathy and tissue hypoxia.
Hemolysis generates free hemoglobin, which scavenges nitric oxide, causing vasoconstriction, endothelial dysfunction, and inflammation. It also causes
platelet activation and fibrinolysis dysregulation, exacerbating both thrombotic and bleeding tendencies in TIC patients. Multiple detrimental factors
influence the severity and expression of these processes, including acidosis, shock, hypothermia, traumatic brain injury, age, sex, comorbidities, genetic
predisposition, inflammation, pre-injury medication, and anticoagulant use.
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HYPOPERFUSION AND ENDOGENOUS ANTICOAGULATION THROUGH THE PROTEIN C PATHWAY

MECHANISMS OF TRAUMA-INDUCED COAGULOPATHY

The early development of TIC is primarily driven by systemic hypoperfusion and endothe-
lial injury, which together initiate a series of maladaptive responses within the coagulation
system. These responses are interconnected processes that swiftly develop within minutes of
significant trauma.’

The endothelium is crucial for sustaining hemostatic balance, rather than a mere passive
vascular lining. In reaction to trauma and hypoperfusion, the endothelium experiences sig-
nificant structural and functional modifications. The shedding of the endothelial glycocalyx,
a carbohydrate-dense network crucial for regulating vascular permeability, leukocyte adhe-
sion, and coagulation, is among the earliest and most significant occurrences.®

Degradation of the glycocalyx is initiated by ischemia-reperfusion injury, surges in cat-
echolamines, and inflammatory mediators. This process reveals the subendothelial surface,
facilitates platelet adhesion, and results in the systemic release of syndecan-1, a biomarker
indicative of endothelial injury. The loss of the glycocalyx undermines the endothelial anti-
coagulant interface, promoting thrombin generation and exacerbating coagulopathy.”

Furthermore, damaged endothelium upregulates expression of thrombomodulin, which
binds thrombin and alters its activity from procoagulant to anticoagulant, resulting in acti-
vation of the protein C pathway. The net result is a state of paradoxical hypocoagulability,
wherein, despite ongoing thrombin generation, clot stabilization is impaired.”

The initial trauma activates the sympathetic nervous system. This activation results in a surge
of catecholamines, which elevates heart rate and blood pressure, enhances cardiac output,
and induces peripheral vasoconstriction, all of which are critical for sustaining the perfu-
sion of vital organs. It also induces glycogenolysis and lipolysis to provide rapid energy for
heightened metabolic demands. Catecholamines modify immunological responses, which
may affect inflammation and healing processes.

The shock index (SI) is a basic measure calculated by dividing the heart rate by systolic blood
pressure. This score is crucial for diagnosing the initial stages of hemorrhagic shock, a crucial
component of TIC. Prompt recognition of shock ahead of the onset of overt symptoms is
crucial for guiding rapid resuscitation efforts. An increased SI, above 0.9, is correlated with
an increased probability of mortality. A higher SI reflects an excessive increase in heart rate
compared to systolic blood pressure, suggesting that the body’s compensatory mechanisms
are being overloaded.

HYPOPERFUSION AND ENDOGENOUS ANTICOAGULATION THROUGH
THE PROTEIN C PATHWAY

Severe trauma leads to systemic hypoperfusion and causes hypoxia, which redirects metabo-
lism toward anaerobic glycolysis, causing lactic acidosis.® Hypoxia and acidosis both impact
the endothelium’s normal function and coagulation enzymes. Severe acidosis is associated
with significantly increased mortality in trauma patients.’

The injured endothelium expresses higher levels of thrombomodulin, which promotes the
conversion of protein C into activated protein C (aPC). Activated PC is a potent anticoagu-
lant and profibrinolytic agent. It inhibits factors Va and VIIIa, reducing thrombin generation.
Fibrinolytic activity is increased by its suppression of plasminogen activator inhibitor-1 (PAI-1),
enhancing tissue-type plasminogen activator (tPA) activity. It also modulates the action of
nuclear factor kappa B (NF-kB) signaling and leukocyte-endothelium interactions.!!!
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ACTIVATION OF THE COAGULATION CASCADE

Table 2.2 Activated protein C (aPC) state and fibrinolysis phenotype in TIC

Activated protein
C (APC) state

Effect on
coagulation

Effect on
fibrinolysis

Diagnostic
findings

‘ Management

Increased (early Decreased Hyperfibrinolysis | LY30 >3%, Strong predictor
hypoperfusion) thrombin, Low/Normal | of mortality,
decreased FVa/ Fibrinogen time-sensitive
Vllla activity TXA
Decreased Increased thrombin, | Fibrinolysis LY30 £ 0.8%, | Avoiding TXA,
dense cross-linked | shutdown prioritizing
fibrin endothelial
protection
Normal/physiologic | Adequate thrombin | Physiologic lysis | LY30 0.8-3% | No fibrinolysis
level generation directed therapy,
correct substrates
as needed

Abbreviations: APC: activated protein C; LY30: lysis at 30 minutes, TXA: tranexamic acid.

The aPC-mediated pathway is crucial to the initial hypocoagulable phenotype of TIC and
signifies an intrinsic effort to mitigate extensive microvascular thrombosis and organ fail-
ure. Nonetheless, when excessive or dysregulated, it facilitates uncontrolled hemorrhage.’
The activated protein C (aPC) state and fibrinolysis phenotypes in TIC are summarized in
Table 2.2.

COAGULATION SYSTEM DYSFUNCTION

The inadequate regulation of the coagulation cascade in TIC is characterized by a paradoxi-
cal phenomenon: The simultaneous activation and depletion of clotting factors. This leads to
either a hemorrhagic or thrombotic phenotype, contingent upon the balance of the impli-
cated variables. This dysfunction encompasses increased thrombin synthesis, factor deple-
tion, and platelet irregularities, all of which are initiated early in the trauma phase.

ACTIVATION OF THE COAGULATION CASCADE

The tissue factor (TF) is situated on the subendothelial surfaces. Significant tissue damage
exposes this TF and microparticles released from activated monocytes, platelets, and injured
tissues. It forms a complex with factor VIIa, initiating the extrinsic pathway of coagulation
leading to a sudden surge in thrombin generation.!> Moreover, trauma triggers the produc-
tion of damage-associated molecular patterns (DAMPs), such as high-mobility group box 1
(HMGBI), extracellular histones, and mitochondrial DNA. These compounds act as proco-
agulant and proinflammatory agents by activating Toll-like receptors (TLRs) and inflamma-
somes, therefore augmenting coagulation and endothelial activation.!®

Although thrombin generation is initially advantageous for hemostasis, its uncontrolled and
systemic activation leads to microvascular thrombosis, organ ischemia, and consumptive
coagulopathy. This thrombo-inflammatory disease embodies the core of immunothrombo-
sis, an erroneous host defensive mechanism.!*
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EARLY HYPERFIBRINOLYSIS

COAGULATION FACTOR DEPLETION

The coagulation system hyperactivity results in a rapid depletion of clotting factors.
Fibrinogen levels show more vulnerability than other parameters, indicating a robust asso-
ciation with injury severity and mortality."”> The depletion of factors V, VIII, and XIII exac-
erbates the impairment of clot structural integrity. Contrary to inherited coagulopathies
characterized by isolated factor deficiencies, TIC exhibits extensive factor consumption, aug-
mented by dilution from fluid resuscitation and blood products.' This consumption results
in hypocoagulability.'®

PLATELET DYSFUNCTION

Platelets are essential for primary hemostasis and play an important role in coagulation.
Their functionality is markedly impaired in TIC, even with a normal platelet count.!” This
qualitative platelet dysfunction signifies early coagulopathy.'®

Trauma disrupts platelet intracellular signaling pathways critical for adhesion and aggre-
gation, including glycoprotein VI (GPVI) mediated collagen response and ADP activated
P2Y12 receptor signaling, affects cytoskeletal rearrangement, and reduces surface expression
of P selectin and GPIIb/IIIa."”

Endothelial activity facilitates the release of NO and prostacyclin (PGI2), which inhibit
platelet activation. Trauma-induced shear stress and oxidative stress further impede platelet
activity. Recent results indicate that defective platelets in TIC exhibit diminished responsive-
ness to thrombin and may be unable to facilitate procoagulant membrane flipping, a critical
mechanism for thrombin burst and fibrin production.

FIBRINOLYTIC DYSREGULATION

Fibrinolysis, the process by which fibrin clots are dissolved, is a well-regulated component of
hemostasis. Trauma causes dysregulation of fibrinolysis, contributing to the coagulopathic
phenotype. Patients may exhibit hyperfibrinolysis, leading to uncontrolled hemorrhage, or
fibrinolytic shutdown, heightening the risk of thrombotic events and organ failure. This
bimodal dysregulation signifies an inappropriate response due to trauma and shock.?

EARLY HYPERFIBRINOLYSIS

Hyperfibrinolysis is a characteristic feature of early TIC and is strongly correlated with
extensive transfusion needs and mortality rates. Primary drivers are as follows:

i. Release of tPA in response to hypoperfusion and catecholamine elevation.?!
ii. Inhibition of PAI-1 by activated protein C, promoting unopposed tPA activity.??

iii. Expedited conversion of plasminogen into plasmin, resulting in the swift degradation
of fibrin and fibrinogen.?

The outcome is the creation of fragile, unstable clots that are swiftly dissolved. Fibrin degra-
dation products (FDPs), particularly D-dimer, exhibit a surge during this phase and correlate
with poor prognosis. This condition is difficult to recognize by standard coagulation assays
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IMMUNOTHROMBOSIS AND MICROVASCULAR INJURY

but can be easily diagnosed by viscoelastic testing (e.g., thromboelastography [TEG] or rota-
tional thromboelastometry [ROTEM]), which shows early lysis patterns.

FIBRINOLYTIC SHUTDOWN: A PARADOXICAL RISK

In contrast, some trauma patients exhibit fibrinolytic shutdown, marked by diminished tPA
activity and elevated PAI-1 levels.?* This phenotype is associated with:

i. Microvascular thrombosis and multiple organ dysfunction syndrome (MODS).
ii. Elevated risk of venous thromboembolism (VTE) despite the risk of hemorrhage.

This shutdown is presumed to be a compensatory phase succeeding early hyperfibrinolysis.
The change is driven by significant endothelial injury, inflammation, and elevated thrombin
levels, which strengthen fibrin clots and resist fibrinolysis.?*

INFLAMMATION COAGULATION CROSSTALK

The intersection of inflammation and coagulation is a key characteristic of TIC. Severe
trauma triggers an immunothrombotic response that links the innate immune system with
the coagulation cascade. This integration plays a key role in limiting microbial invasion and
closure of vascular injuries. In cases of systemic trauma, it frequently loses regulatory con-
trol and self-propagates, leading to tissue destruction, microvascular thrombosis, and organ
failure.?®

DAMAGE-ASSOCIATED MOLECULAR PATTERNS (DAMPS) AND PATTERN
RECOGNITION RECEPTORS (PRRS)

Tissue injury leads to cellular release of DAMPs, including intracellular compounds includ-
ing HMGBI, histones, ATP, and mitochondrial DNA. DAMPs activate pattern recognition
receptors (PRRs), namely TLRs and NOD-like receptors on endothelial cells, leukocytes, and
platelets. This causes the following:

i. Initiation of pro-inflammatory signaling pathways (e.g., NF-xB)

ii. Augmentation the expression of TF on monocytes and endothelium
iii. Activation of the inflammasome pathway, leading to interleukin(IL)-1B and IL-18 release
iv. Neutrophil extracellular trap (NET) formation

These responses transform trauma into a systemic inflammatory state with disruption of
hemostatic balance.

IMMUNOTHROMBOSIS AND MICROVASCULAR INJURY

Immunothrombosis is a mechanism of defense by which neutrophils and monocytes coor-
dinate with platelets and the coagulation system to form fibrin-rich microthrombi to entrap
pathogens and cellular debris. In TIC, this defensive system becomes maladaptive: NETs,

Mechanism and Pathophysiology of Trauma-Induced Coagulopathy 27 K ——


https://www.pdf-xchange.com/product/pdf-xchange-editor
https://www.pdf-xchange.com/product/pdf-xchange-editor
R
New Stamp


GLYCOCALYX SHEDDING IN TRAUMA

consisting of DNA, histones, and proteases, not only capture pathogens but also create a
procoagulant surface. Extracellular histones activate platelets and damage the endothelium,
promoting thrombosis.?” Thus, NETs are complex players involved in pathogen clearance
and tissue repair but can also lead to the development of severe inflammatory conditions if
unchecked. Activated monocytes also release pro-inflammatory cytokines, as discussed sub-
sequently. Activated complement components, including C5a, recruit inflammatory cells and
enhance coagulation. The outcome is extensive microvascular thrombosis and disruption of
the endothelial barrier.2®

CYTOKINES, ENDOTHELIOPATHY, AND DISSEMINATED COAGULOPATHY

Trauma triggers a cytokine storm marked by increased release of tumor necrosis factor-
alpha (TNF-o), IL-6, IL-1B, and Interferon-gamma (IFN-y) from activated immune cells.
These cytokines cause tissue edema by increasing endothelial permeability and upregulat-
ing the expression of adhesion molecules (Intercellular Adhesion Molecule-1 (ICAM-1) and
Vascular Cell Adhesion Molecule-1 (VCAM-1)), promoting leukocyte-endothelial interac-
tions. They also promote a procoagulant state by downregulating anticoagulant pathways
(e.g., thrombomodulin, antithrombin) and upregulating TF expression. A fundamental
characteristic of TIC is trauma-associated endotheliopathy, a cytokine-mediated endothe-
lial dysfunction. This promotes the progression from localized coagulopathy to full-blown
disseminated intravascular coagulation (DIC). In summary, trauma causes endotheliopathy,
which contributes to the development of DIC.®

ROLE OF THE ENDOTHELIUM AND GLYCOCALYX N TIC

The endothelium functions not just as a physical barrier but also as a critical regulator of
vascular tone, permeability, leukocyte trafficking, and hemostasis. Trauma-associated hypo-
perfusion, inflammation, and mechanical damage significantly impair the structural and
functional integrity of the endothelial glycocalyx, a critical factor in the onset and sustaining
of TIC.®

STRUCTURE AND FUNCTION OF THE GLYCOCALYX

The glycocalyx is a gel-like layer on the surface of endothelial cells made up of proteoglycans
(e.g., syndecans, glypicans) and glycosaminoglycans (e.g., heparan sulfate, chondroitin sul-
fate). It functions as a mechanotransducer for shear stress, a selective barrier that regulates
vascular permeability, and a reservoir for anticoagulant and anti-inflammatory mediators
such as antithrombin, tissue factor pathway inhibitor (TFPI), and extracellular superoxide
dismutase.*

GLYCOCALYX SHEDDING IN TRAUMA

Trauma-induced hypoperfusion and oxidative stress promote enzymatic degradation of
the glycocalyx through matrix metalloproteinases (MMPs), heparinase, hyaluronidase, and
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IATROGENIC CONTRIBUTORS TO TRAUMA-INDUCED COAGULOPATHY

proinflammatory cytokines. This leads to the release of syndecan-1, which serves as a quanti-
fiable marker of endothelial injury. Syndecan-1 levels are proportional to the severity of dam-
age, coagulopathy and translate to increased mortality. The loss of the glycocalyx exposes
the adhesion molecules such as endothelial (E)-selectin and ICAM-1, promoting leukocyte
and platelet attachment. Concurrently, the loss of this anticoagulant barrier promotes a shift
towards procoagulant activity.>!

ENDOTHELIAL SIGNALING AND COAGULOPATHY

Glycocalyx shedding also disrupts thrombomodulin-thrombin interactions, leading to
excess thrombin activity, promotion of platelet activation, and fibrin generation. Excessive
activation of protein C results in anticoagulation and fibrinolysis in the initial stages of TIC.
Elevated vascular permeability, leading to edema and systemic inflammation. Malfunction of
endothelial nitric oxide synthase (eNOS) due to glycocalyx degradation and oxidative stress
reduces NO bioavailability, facilitating vasoconstriction, platelet aggregation, and endothe-
lial damage. These processes cause significant endotheliopathy, marked by coagulopathy,
inflammation, capillary leakage, and organ failure. The integrated endothelial response is a
primary factor in TIC, making the glycocalyx a candidate for a potential therapeutic target
for endothelium-protective nterventions (Figure 2.2).3!

METABOLIC DYSREGULATION

Trauma induces profound changes in the metabolic profile of endothelial cells, notably
disturbing glucose uptake and fatty acid metabolism. These metabolic shifts impair mito-
chondrial function, increase reactive oxygen species, and favor the accumulation of lipid
droplets.’? High glucose states seen in acute stress promote mitochondrial fragmentation
and decrease fatty acid B-oxidation, leading to an overload of triglyceride-derived fatty
acids stored as lipid droplets, which is both an adaptive and maladaptive response to meta-
bolic stress.>* Disordered glucose and fatty acid handling impair endothelial ATP produc-
tion, reducing NO synthesis, and fostering oxidative stress, which together drive endothelial
dysfunction, a core feature of endotheliopathy of trauma (EoT).** Understanding these
intricate metabolic mechanisms is critical for the development of targeted therapies that
aim to restore endothelial homeostasis and minimize the sequelae of trauma-induced endo-
thelial dysfunction.’> Ongoing research continues to unravel how metabolic derangements
interact with inflammatory and coagulation pathways in the pathogenesis and progression
of EoT, with the ultimate goal of designing interventions that enhance outcomes in trauma
patients.

IATROGENIC CONTRIBUTORS TO TRAUMA-INDUCED COAGULOPATHY

Tatrogenic TIC refers to coagulopathy generated or worsened by medical interventions
during trauma care, distinct from the endogenous mechanisms triggered by injury itself.
These interventions historically include large-volume crystalloid and red cell transfusions,
aggressive resuscitation, and surgical procedures, which disrupt the balance of coagulation
homeostasis. Impaired coagulation after trauma was previously attributed mainly to such
iatrogenic factors, including dilutional coagulopathy, hypothermia, and metabolic acidosis
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IATROGENIC CONTRIBUTORS TO TRAUMA-INDUCED COAGULOPATHY
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Figure 2.2 Schematic illustration of endothelial glycocalyx mediated signaling under normal (2A)
and trauma conditions (2B). Selected elements were sourced from the National Institute of Allergy
and Infectious Diseases (NIAID) of the National Institutes of Health (NIH) BioArt Source (bioart.
niaid.nih.gov).

The image depicts the molecular pathways that regulate eNOS activation and nitric
oxide (NO) generation in the presence and absence of the endothelial glycocalyx. (Left)
Under normal physiological settings, laminar shear stress works as a mechanical ligand,
passing through the intact glycocalyx and transmembrane receptors to activate intra-
cellular signaling via protein kinase C (PKC) and the PI3K/AKT pathway. This enhances
Ca?*/calmodulin (CaM)-dependent coupling and phosphorylation of eNOS, leading to
increased production of NO. Released NO diffuses into vascular smooth muscle cells,
causing vasodilation, inhibiting platelet aggregation, and suppressing leukocyte adhe-
sion, so preserving vascular homeostasis. (Right) After trauma or endothelial injury, gly-
cocalyx shedding affects mechanotransduction and suppresses PKC, PI3K/AKT, and Ca?*/
CaM-eNOS signaling. The resulting decrease in eNOS activation and NO bioavailability
promotes platelet aggregation and leukocyte adhesion, contributing to endothelial dys-
function and vascular inflammation.
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SEX-BASED DIFFERENCES IN TIC

induced by resuscitation practices. The “lethal triad” of dilution, hypothermia, and acido-
sis impairs thrombin production, fibrinogen concentration, and platelet function.! Modern
understanding distinguishes iatrogenic TIC from the endogenous acute coagulopathy that
occurs within minutes of injury. While iatrogenic mechanisms can coexist with endogenous
TIC, they involve separate biology and are now less common due to goal-directed resuscita-
tion and hemostatic techniques.

KEY IATROGENIC CONTRIBUTORS

i. Dilutional coagulopathy: Excessive crystalloid or colloid resuscitation dilutes clotting
factors and platelets, diminishing the ability to form a blood clot effectively.>

ii. Anticoagulant and antiplatelet medications: Prior use of low-molecular-weight hepa-
rin (LMWH), direct oral anticoagulants (DOAC:s), or agents like aspirin can heighten
bleeding risk after trauma. The timing of the last dose and reversal strategies becomes
critical in management.

iii. Surgical and procedural factors: Large tissue dissection, massive transfusion protocols,
and bypass techniques can further deplete coagulation factors and platelets; operative
hypothermia hampers enzymatic clotting function.?”

iv. Acidosis-induced coagulopathy: Trauma resuscitation practices sometimes result in
metabolic acidosis, disturbing coagulation by preventing normal thrombin generation
and impairing clot formation.

Contemporary protocols focus on minimizing iatrogenic harm through goal-directed,
hemostatic resuscitation, temperature management, judicious fluid use, and early identifi-
cation of patients at risk for coagulopathy. Understanding both endogenous and iatrogenic
contributors is vital for optimizing trauma outcomes.

SYMPATHETIC SYSTEM DYSFUNCTION

In TIC, the sympathoadrenal surge is not only a hemodynamic response, but also a driver of
hemostasis. There is a strong correlation between high circulating catecholamine levels and
glycocalyx shedding, protein C activation, and fibrinolysis. Mechanisms include direct endo-
thelial injury, increased permeability, and proinflammatory signaling activation. Therefore,
the state of hemodynamic shock has devastating results for the endothelium. This fact is sup-
ported by the study showing the potential benefit of prehospital plasma transfusion during
long transport time, minimizing the endothelial exposure to shock.?>2*

SEX-BASED DIFFERENCES IN TIC

Research strongly supports that coagulation demonstrates a powerful sex-dependent effect,
resulting in significant sex-based differences in TIC pathophysiology, mechanism, and
impact on clinical outcomes. Sex dimorphisms influence thrombin formation, fibrinogen
activity, platelet function, and fibrinolysis.
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CONCLUSION AND FUTURE PERSPECTIVES

Females exhibit a relative state of hypercoagulability compared to males, a status that per-
sists following injury.*® Hormonally active females display a better physiological response
to trauma and shock than their male counterparts. Females typically have higher levels of
coagulation factors (II, VII, VIII, IX, X, XI, and XII), Factor V, TF, and a aPTT compared to
males.?** These differences result in a net increased thrombin generation in females,*! which
is relevant because thrombin generation is impaired in TIC and is predictive of the need for
massive transfusion and mortality. The mechanisms are not fully elucidated, but circulating
sex hormones,* particularly estrogen, are suspected to play a significant role.*>44 Estradiol
levels are increased in circulation in correlation with injury severity. Estradiol provokes a
hypercoagulable phenotype in both males and females, evidenced by a shorter time to clot
formation, greater thrombin generation, a greater rate of clot propagation and functional
fibrinogen, and higher clot strength.

Similar changes are observed in vivo during the peak estrus phase of the menstrual cycle.*?
Estradiol affects fibrin biology, increasing the abundance of several factor XIII (FXIII)
crosslinks within the fibrinogen alpha chain, suggesting alterations in clot structure. The
estradiol-to-progesterone ratio also positively correlates with fibrin cross-linking and
overall clot strength.*>4¢ Sex-based differences in platelet biology are well established, with
women showing higher platelet reactivity at baseline than men. Female platelets demon-
strate stronger fibrinogen binding and greater spontaneous aggregation.”” When stimulated
with agonists such as ADP or epinephrine, they exhibit enhanced aggregation and activa-
tion responses. Women also tend to respond less effectively to antiplatelet therapy; younger
females, in particular, show reduced sensitivity to clopidogrel and higher residual platelet
reactivity while on dual therapy with aspirin and clopidogrel.*® These differences appear to
be influenced by estrogen, as platelets express estradiol beta receptors.’” Experimental stud-
ies have shown that exposure of male platelets to physiological levels of estradiol induces
a phenotype similar to that of female platelets, underscoring the hormonal regulation of
platelet function.*

Sex dimorphism extends to fibrinogen and fibrinolysis pathways as well.>® Women gen-
erally display higher circulating and functional fibrinogen levels, contributing to stron-
ger and more stable clots.>> Female clots exhibit greater resistance to fibrinolysis, likely
due to elevated levels of PAI-1.5*%* Consequently, following trauma, women tend to have
a more antifibrinolytic profile and show reduced fibrinolytic activity compared with
men.>

CONCLUSION AND FUTURE PERSPECTIVES

TIC is a multifaceted disorder that encompasses hemostasis, inflammation, immunology,
and endothelial biology. TIC is not merely a frank dilutional or consumptive disorder; rather,
it incorporates a systemic host response to injury, shaped by shock, tissue disruption, and
cellular stress signals that compromise vascular integrity, trigger immunothrombosis, and
modify hemostasis. The recognition of distinct phenotypes, hyperfibrinolysis, fibrinolytic
shutdown, and hypocoagulability has significantly transformed our diagnostic and treat-
ment strategies. Viscoelastic assays provide real-time, actionable data, enabling tailored
therapy that aligns with each patient’s unique presentation. The interdependence of trauma,
immunity, and coagulation is evidenced by the pivotal roles played by the endothelium and
glycocalyx, the influence of DAMPs and NETs, and the dysregulation of anticoagulant path-
ways. These mechanistic findings influence transfusion protocols, resuscitation techniques,
and new treatment approaches.
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TAKE-HOME MESSAGE

TIC starts early after injury and is driven by shock and tissue damage, not only by dilution
or hypothermia from resuscitation. The condition moves between bleeding and clotting ten-
dencies because of changes in coagulation factors, platelets, endothelial injury and fibrino-
lysis. Understanding these pathways helps guide targeted treatment, including early control
of bleeding, protection of the endothelium and careful use of antifibrinolytics based on the
patient’s real-time coagulation status.
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CLINICAL AND PHYSIOLOGICAL INFLUENCES

INTRODUCTION

This chapter focuses on the various factors that contribute to the development of trauma-
induced coagulopathy (TIC). These include patient factors, characteristics of trauma, and
the role of initial resuscitation in the development of TIC. It is important to understand
these factors as they will directly affect the management and prognosis of the patient. Elderly
trauma patients often face worse prognoses due to baseline comorbidities and medications,
unlike younger patients with fewer physiological stressors. We therefore try to ascertain the
relationship between these various factors and identify how they will affect the development
of TIC. The Venn diagram in Figure 3.1 illustrates how different categories of health-related
risk factors, physiological, comorbidities, and injury- and treatment-related risks, interact
and overlap to influence a patient’s overall risk profile.

CLINICAL AND PHYSIOLOGICAL INFLUENCES

AGE AND GENDER

Age is an independent risk factor for worse outcomes following major trauma.' Reduction of
the physiological reserve, presence of comorbidities and use of regular medications play major
roles in the increased risk. Declining cellular function eventually leading to organ failure hap-
pens with aging. They have an impaired adaptive and homeostatic mechanism to the stress of
trauma. Insults commonly tolerated by young people can have serious effects on the elderly.!
Observational studies claim the possibility of a higher incidence of TIC in the elderly after

Physiological Risk Factors

Injury-and

Comorbidities Treatment-Related Risk

Figure 3.1 Venn diagram of overlapping risk categories.
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CLINICAL AND PHYSIOLOGICAL INFLUENCES

examining various coagulation parameters in this group.?-° Platelets and endothelial cells play
a major role in haemostasis following trauma. Progressive disruption and dysfunction of the
endothelium and declining platelet number with old age result in deranged haemostasis.>>
Adding to this, it should be noted that the coagulation proteins alter with age.®-* Endogenous
thrombin potential reduces after trauma, and there is a higher probability of exsanguination
due to early depletion of coagulation factors.*!® Conversely, there is an increase in fibrino-
gen, factor VIII, and von Willebrand factor (vWF) levels with age and hence there is a shift
towards inhibition of fibrinolysis. These factors contribute to an increased chance of dysregu-
lated coagulation in older individuals when compared to the young, as seen in TIC.!"!? Like
age, gender also plays a role in the development of TIC. It may be the physiological process
of bleeding every month after menarche and the preparation for massive bleeding following
pregnancy, would have possibly rendered females more resilient against TIC.

GENDER

The female gender is supposed to have protection against TIC after severe trauma. Females
show a relative hypercoagulability status compared to males, as evidenced by the shorter
time for clot formation, increased rate of clot propagation, increased platelet activity and
clot strength, and decreased fibrinolysis.!* It was evidenced by the Pragmatic Randomized
Optimal Platelet and Plasma Ratios (PROPPR) trial that females received lower volumes of
all blood products in trauma after attaining haemostasis, although this did not translate to
mortality benefits.' The following are the proposed mechanisms associated with increased
hypercoagulability in females:

i. Hypoxia and tissue injury secondary to trauma lead to dysfunction of the neuroendo-
crine system, resulting in increased circulating levels of estradiol.!>!° This is associated
with hypercoagulability. Estradiol has been shown to be positively correlated with the
rate of fibrin deposition, crosslinking, and overall clot strength. Also, they have higher
circulating levels of fibrinogen and higher levels of functional fibrinogen.

ii. Females have higher levels of factors II, VII, VIII, IX, X, XI, and XII and shorter acti-
vated partial thromboplastin time (aPTT)."” Females also have demonstrated higher
levels of proteins that propagate thrombin generation, like complement factor H and
C4b-binding protein (C4BP), and also decreased levels of antithrombin.!®1

iii. Gender difference in the platelet response secondary to trauma due to the presence of
sex hormone receptors on megakaryocytes and platelets.”’ Female platelets have an
increased activation with adenosine diphosphate (ADP), whereas male platelets have
increased activation with platelet activating factor (PAF). This difference in activation
results in different responses in the downstream intracellular cascades.?

iv. Female clots are found to have increased fibrinolytic resistance when compared to male.
Following ischaemic insults, they also are seen to have higher levels of plasminogen
activator inhibitor-1 (PAI-1). This contributes to increased tissue-type plasminogen
activator (tPA) resistance and thereby decreased fibrinolysis.?! Also, in the presence
of estradiol, factor XIII and fibrinogen form increased crosslinks.?? Females tolerate
depressed clot strength better than males and therefore have a survival benefit.

All these factors suggest a higher protection for females when compared to males in the devel-
opment of TIC following trauma. However, what happens when an obese female presents
with trauma? How the body habitus will affect the development of TIC is an interesting take.

OBESITY

Overweight and obesity are pressing problems worldwide. According to the World Health
Organization (WHO), 43% of adults aged 18 years and over were overweight and 16% were
living with obesity during the time period involved.?® Obesity is an independent risk factor
for morbidity and mortality following trauma.?* However, since obesity is a state of chronic
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CLINICAL AND PHYSIOLOGICAL INFLUENCES

inflammation, patients are more prone to hypercoagulable states than bleeding.?® Various
proposed mechanisms of obesity in the coagulation pathway are as follows:

i. Increased circulating levels of cytokines like Interleukin-6 (IL-6) and tumour necrosis
factor-alpha (TNF-o) and leptin upregulate procoagulant factors in vascular endothe-
lium and increase platelet activity and thrombin generation?®

ii. Increased release of tissue factor from adipose tissue, resulting in increased thrombin
generation?’

iii. Higher levels of PAI-1 with increasing visceral fat, which counteract the effect of tPA
released during haemorrhagic shock?

iv. Prevents prolongation of clot initiation, improves fibrin crosslinking due to an increased
level of fibrinogen concentration and factor XII and thereby improves clot strength fol-
lowing haemorrhagic shock?-3!

V. Counteracts the anti-coagulant activity of activated protein C (aPC)*?

This propensity towards a hypercoagulable state results in increased rates of venous throm-
boembolism in obese patients with trauma. Up to 60% of obese patients present with venous
thromboembolism in the days following injury, and there is a 2.5-fold increased risk of
venous and arterial thromboembolism in this group.? It is postulated that the higher rates of
multiorgan dysfunction, thromboembolic phenomenon and mortality are secondary to the
hypercoagulable state following trauma. Age, gender and partly obesity are non-modifiable
risk factors. Modifiable factors like addictions and preventable factors like comorbidities also
influence the development of TIC.

ALCOHOL CONSUMPTION

The effects of acute alcohol consumption in TIC is a debatable topic. Heavy drinkers have
higher tPA antigen and PAI-1 levels than non-drinkers. Also, they have increased levels of
factors VII and VIII, which puts them in a hypercoagulable state.>! However, the effect of this
milieu on trauma is not known. The effect of chronic alcoholism on the liver and subsequent
derangements is discussed later in this chapter.

The effect of acute alcohol ingestion in trauma is still under investigation. It is important
to identify the relation between alcohol and TIC because motor vehicle collisions are often
associated with alcohol intoxication. Alcohol ingestion blunts the physiologic response to
trauma, resulting in greater resuscitative requirements.

The effect of alcohol on coagulation parameters is described as multifaceted. It alters the
platelet function, prolongs bleeding time, inhibits platelet adhesion to fibrinogen, decreases
fibrinogen and fibrin functionality, impairs fibrinolysis and slows the rate of fibrin forma-
tion and crosslinking.*® Fibrinogen activity 10 minutes after the start of clotting was better
in females who had elevated blood ethanol levels compared to their male counterparts.*
In vitro, it was found to increase the clot formation time.’” Howard et al., in their rota-
tional thromboelastometry (ROTEM)-based study on the effect of alcohol in trauma, found
a bidirectional effect. There was impaired clot formation initially followed by subsequent
inhibition of fibrinolysis.>® Another study by the same author on 264 trauma patients with
increased ethanol levels showed impaired clot formation in the thromboelastography (TEG)
assay. However, this was not predictive of transfusion or early or late mortality.* To sum-
marize, studies on the effect of acute alcohol ingestion in trauma have produced conflicting
evidence and its true impact in TIC is yet to be ascertained.

SMOKING

A very interesting hypothesis has been postulated regarding the effect of smoking in car-
diovascular disease, termed the “smokers’ paradox™.*’ This postulates that smokers have
improved survivability after an acute myocardial infarction when compared to non-smokers
because they have better tolerance to decreased oxygen delivery and hypoxia. Along simi-
lar lines, it is proposed that smoking might have a protective effect against TIC. Smoking
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is known to induce platelet hyperactivity, increase platelet count and modify platelet adhe-
sion and aggregation.*! This is postulated to have some survival benefit when definitive care
or administration of blood components is delayed.?> Alternatively, there is also evidence
suggesting that smokers have an increased possibility of developing acute respiratory dis-
tress syndrome (ARDS) following blood transfusion for haemorrhagic shock because ciga-
rette smokers have an exaggerated response to inflammatory stimuli, thereby resulting in
increased mortality following major trauma.** At present, there is no concrete evidence to
suggest a significant effect of smoking on trauma, haemorrhagic shock and TIC.

COMORBIDITIES

Patients with comorbidities have a higher chance of mortality after trauma, even after adjusting
for the effects of ageing and severity of injury. Physiologic reserve of a person is influenced by
intrinsic factors like age, gender and pre-injury health status. The presence of a sound physi-
ologic reserve influences the outcome of minor and moderate injury. Those who are elderly and
have comorbidities have a poor reserve and have a possibility of worse outcome.** The mortality
in this group might not be immediate after trauma, but later during the hospital stay. However,
with severe trauma, the effect of physiologic reserve has a lesser impact as the severity of injury
overwhelms the response of a sound physiologic reserve. Studies have shown increased mor-
tality with conditions like chronic obstructive pulmonary disease, congenital coagulopathy,
diabetes, cirrhosis and ischaemic heart disease. Recent studies have also added renal failure to
this list.*4*> Diabetes mellitus, hypertension and cardiovascular disease result in progressive
disruption and dysfunction of the endothelium, which favours the development of TIC.#*4>

CIRRHOSIS LIVER

Cirrhotic patients are often coagulopathic, resulting in higher blood loss resulting in haem-
orrhagic shock and further hepatic ischaemia. Also, cirrhotic patients have decreased hepatic
reserve resulting in impaired synthetic, metabolic, immunologic and secretory function.
This makes them less competent in responding to stress or trauma. The overall pooled mor-
tality from meta-analyses was 4.52 times higher in the cirrhosis group when compared to
non-cirrhotic group.*® Similarly, the incidence of coagulopathy was four times higher among
cirrhotic compared to non-cirrhotic.*’

HAEMOPHILIA

Case reports of haemophilia patients presenting with trauma suggest a higher requirement
for blood products and a need for factor replacement. Poor patient outcomes are uniformly
described in these reports.*®

DRUGS

NSAIDS

Studies have evaluated the effects of various drugs in traumatic haemorrhage and their role in
TIC. A retrospective study assessing the role of 15 drugs commonly prescribed, including non-
steroidal anti-inflammatory drugs (NSAIDs), aspirin, other antiplatelet agents, beta-blockers
etc., was done. It was found that NSAID use was associated with a reduction in the incidence
of TIC and clinically significant coagulopathy. The mechanism is not clear, but the effect is pro-
posed due to the attenuation of the platelet activity and anti-inflammatory property of the drug.*’

ANTICOAGULANTS

Common sense would suggest that patients on anticoagulant drugs would have greater bleed-
ing manifestations following trauma. But studies have shown that pre-injury use of warfarin
does not result in a fatal risk of haemorrhagic complications following trauma in the absence
of head trauma.®® A comparison study between warfarin and novel anticoagulant agents
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(NOAC:s) showed that the latter group had decreased mortality and decreased transfused blood
products among blunt trauma patients with no intracranial bleed.”! However, pre-injury anti-
coagulants can result in worse outcomes in patients with traumatic brain injury.* Also, indi-
rectly, they worsen the outcome by delaying the initiation of definitive surgical interventions.>

ANTIPLATELETS

Studies have shown that pre-injury antiplatelet drugs do not significantly increase the mor-
tality in patients without head injury.>* However, similar to anticoagulants, pre-injury anti-
coagulants result in poorer outcomes in patients with traumatic brain injury.*

STATINS

There is conflicting evidence on the effect of pre-injury use of statins. One study had found that
the pre-injury statin use was associated with a 67% reduction in mortality following trauma in
patients with no cardiovascular comorbidities.>® However, this study was among patients with
a lower severity of injury. Those with higher severity of injury had 80% higher risk of multi-
organ dysfunction and mortality following trauma.” The causes of the worst performance of
patients on statins are even more interesting. It is postulated that the worst outcome is not due
to the use of pre-injury statins but due to the withdrawal of statins during the injury period,
resulting in a rebound effect and poor outcome. Statins, along with their lipid-lowering effects,
also have anti-inflammatory effects as evidenced by lower levels of C-reactive protein (CRP).
It was shown earlier that following discontinuation of statins, there is an increase in levels
of IL-6 and CRP as early as 3 days. This pro-inflammatory milieu, induced secondary to the
withdrawal of statins, is thought to be the reason for increased mortality in these cases.

BETA BLOCKERS

These groups of drugs are the most prescribed ones for cardiovascular illness. Pre-injury
use of beta blockers can hurt the compensatory sympathetic activation to hypotension and
that can have worse outcomes. However, studies have failed to prove this. Patients who used
beta blockers did not differ significantly concerning mortality or blood transfusion require-
ments.*® The relation between beta blockers and TIC is unknown, but they are said to harm
proinflammatory cytokines like IL-6 and are thereby proposed to blunt the systemic inflam-
matory response secondary to trauma. Clinical and physiological risk factors contributing to
TIC are summarized in Table 3.1.

Table 3.1 Risk factors contributing to TIC

Risk factor Mechanism Clinical implication | Key references
Age (elderly) Endothelial dysfunction Dysregulated Curry et al.®
Decreased platelets coagulation, poorer
Altered coagulation proteins | outcomes
Gender (female) Estrogen-mediated Better protection Coleman et al.’3
hypercoagulability, better from TIC
clot stability
Obesity Pro-inflammatory state, Higher risk of McCully et al.3?
altered fibrinolysis thromboembolism
Diabetes/hypertension/ | Endothelial dysfunction Favour the Hollis et al.*4
cardiovascular diseases | Platelet activation development of TIC
NSAIDs Attenuation of platelet Reduced tendency Neal et a/.*°
activity for TIC
Anti-inflammatory
Acute alcohol use Still under investigation No evidence of any | Eismann et al.3¢
effect
Chronic alcohol use Platelet dysfunction, liver Increased risk of Morrison et al.#’
dysfunction coagulopathy
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INJURY CHARACTERISTICS AND SEVERITY

INJURY CHARACTERISTICS AND SEVERITY

SEVERITY OF INJURY

Injury severity can be assessed using the following:
i. Anatomical criteria: Injury Severity Score (ISS), Abbreviated Injury Scale (AIS).
ii. Physiological criteria: Classes of haemorrhage, shock index (SI).

ili. Biochemical criteria: Lactate and base excess levels.

Relationship of the severity of injuries to development of TIC is summarized in Table 3.2.
SPECIFIC INJURIES

The prevalence of TIC based on body region was studied by Hess et al., who found TIC preva-
lence to be 7.6% for isolated head injury, 4.8% for thoracic trauma and 5% for abdominal

Table 3.2 Relationship of injury severity with TIC

Evidence | What was studied? | Inference

Hess et al.>® Investigated the prevalence of Prevalence of abnormal PT ranged
abnormal coagulation tests in from 5% to 43% as ISS increased
trauma patients from 5 to > 45

1. The prevalence of
thrombocytopenia also ranged
from 4% to 18% as ISS increased

Cohen etal®® | Studied the role of activated protein | Significant association of coagulopathy
C in early coagulopathy of trauma with the combined presence of
hypo-perfusion (base deficit > 6) and
severe Injury (ISS > 15)

Savioli et al.%° Investigated characteristics and 1. High Sl and ISS are strong
outcomes of trauma coagulopathy indicators of trauma coagulopathy.
and its correlation with the SI and 2. The incidence of trauma
ISS coagulopathy is higher when 3 or

more body regions are involved

Bunch et al ! White paper on shock-induced 1. SHINE is a contributing factor to
endotheliopathy (SHINE) coagulopathy

2. SHINE is caused by hypoperfusion
(base deficit > 6 or high SI) by
various mechanisms
1. Sympathetic nervous system

activation and catecholamine
release damaging endothelium.

2. Inflammatory cytokines and
other mediators injuring
endothelial cells.

3. Reduced oxygen delivery
contributing to endothelial
injury.

Moore et al.52 | Studied patterns of fibrinolysis in In victims with high ISS, and high base

severe trauma deficit

1. Fibrinolytic shutdown was seen in
64% of patients (17% mortality).

2. Hyperfibrinolysis was seen in 18%
of patients (the highest mortality
rate of 44%).
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INJURY CHARACTERISTICS AND SEVERITY

Table 3.3
Injury type

Traumatic brain injury

Injury types and their association with TIC

‘ TIC mechanism involved

Damage to blood-brain barrier
and release of brain-derived
molecules, tissue factor
release®®

‘ Predictors of TIC

Severe traumatic brain injury (TBI)
(Glasgow Coma Scale [GCS] <
8) is an independent risk factor
for TIC.

Early coagulopathy

Thoracic trauma

Related to hypoxia rather than
hypoperfusion®®

Pulmonary contusion identified
on admission chest X-ray (CXR)
is a powerful predictor of TIC

Abdominal trauma

Haemorrhagic shock leading to
hypoperfusion®®

FASILA score, which includes
Focused Assessment with
Sonography in Trauma (FAST)
status, Sl and lactate, predicts
TIC with higher scores (> 4)%3

Orthopedic trauma

Fat embolism, extensive soft
tissue damage,
endotheliopathy, and bone
marrow contamination®®

Any injury that is Gustilo
Anderson type 3, multiple long
bone fractures, and mangled
extremities

Spinal cord injury

Early phase: Hypoperfusion from
neurogenic shock
Late phase: Venous stasis and

A high level of injury (above T6
level) implies a higher chance of
TIC.

consumptive coagulopathy>®

trauma.>® Mechanisms involved in the development of TIC and predictors of TIC associated
with injury to specific regions are given in Table 3.3.

MECHANISM OF INJURY AND COAGULATION
i. In severe blunt trauma, massive tissue injury speeds up thrombin generation, leading
to more TIC.
ii. Penetrating trauma (e.g., stab wounds) causes less tissue injury than blunt trauma,
resulting in lower procoagulant production and coagulation activation.
iii. Early coagulopathy of trauma is seen in 38% of combat casualties; 92% of these involve
penetrating injuries, with 65% due to explosions.

iv. Crush or explosion injuries can cause extensive tissue damage.

V. Widespread crush injury with generalized coagulation activation may lead to significant
consumption of clotting factors and clinical coagulopathy, but this is likely rare in isola-
tion and has not been specifically reported.**

Wohlauer et al. found platelet dysfunction upon admission in severe blunt trauma patients
with a mean ISS of 19.° Coleman et al. found that all patients with blunt solid organ injury
were hypercoagulable upon ICU admission, but of these, 58% had fibrinolytic shutdown and
50% showed resistance to tPA.5

PRE-HOSPITAL AND ED RESUSCITATION

A retrospective analysis of the German Trauma Registry database, which included
17,200 patients with multiple injuries, demonstrated that the incidence of coagulopathy
increased with the volume of intravenous fluids administered pre-clinically. Coagulopathy
was observed in over 40% of patients who received more than 2,000 ml of I'V fluids, over 50%
of those who received more than 3,000 ml, and over 70% of those who received more than
4,000 mL.%” A summary of the prehospital management intervention and its possible effect on
the development of TIC is given in Table 3.4.
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Table 3.4

Intervention

REFERENCES

| Potential TIC effect

Influence of prehospital and ED resuscitation on TIC development

| Best practices

Inadequate Continuous loss of platelets Early control of haemorrhage using direct
haemorrhage and coagulation factors, pressure, or tourniquet, or a
control consumptive coagulopathy haemostatic dressing

Excessive Haemodilution, leading to Limit to 1-1.5 L, prefer balanced solutions,
crystalloids hypocoagulability and early blood product administration

Colloid usage

Disruption of clot formation,
decreased strength of the clot
formed, and haemodilution

Avoid colloids during initial phases of
resuscitation

Delayed transfusion
and transfusion-
induced dilutional
coagulopathy

Haemodilution decreases clot
formation.

Initiate blood products based on a
TEG-based algorithm or in a ratio of
1:1:1 for PRBC:FFP:Platelets

Permissive
hypotension

Prevents dislodging clots,
minimizes hypothermia and
acidosis associated with large
volume IV fluid therapy

1. Permissive hypotension only in the
absence of TBI

2. Prolonged permissive hypotension
may exacerbate coagulopathy, so early

definitive management is necessary.

CONCLUSION

With the increasing age of the world population, the possibility of elderly patients with a history
of substance abuse, having multiple comorbidities on multiple drugs, presenting with trauma
is only going to increase. Severity of the injury, delay in receiving initial resuscitation, and
resuscitation methods also influence the development of TIC. Different categories of health-
related risk factors—physiological, comorbidities, and injury- and treatment-related risks—
interact and overlap to influence a patient’s overall risk profile. Along with this, the paucity
of evidence on the effect of many of these factors in the development of TIC is worth noting.

TAKE-HOME MESSAGE

There is a complex interplay of various factors that results in the development of TIC fol-
lowing major trauma. This includes patient characteristics like age and body habitus, the
underlying health conditions, the physiologic reserve of the patient and the effect of different
medications the patient is taking; trauma characteristics like severity of trauma and body
regions involved in trauma; and factors related to prehospital and intra-hospital resuscitation.
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INTRODUCTION

INTRODUCTION

Traumatic brain injury (TBI) is defined as “an alteration in brain function or other evi-
dence of brain pathology caused by an external force.” It is a major cause of death and
disability worldwide, affecting all age groups and populations. Often described as “the
most complex disease in the most complex organ,” TBI is highly heterogeneous in its cause,
mechanism, severity, and outcome.? The blood-brain barrier (BBB), which maintains
homeostasis between blood circulation and the central nervous system, is frequently dis-
rupted after injury. TBI involves both primary and secondary brain injuries. The primary
injury occurs at the moment of impact, leading to shearing, compression, or contusion
of brain tissue and vascular structures. This initial insult can damage endothelial cells,
disrupt vascular integrity, and alter metabolic processes. The pattern of primary injury
depends on the intensity and direction of force. Secondary brain injury develops over time
due to processes such as inflammation, oxidative stress, metabolic failure, or ischaemia.
These secondary insults, both intracranial and systemic, can exacerbate the initial injury.
Primary injuries include contusions, lacerations, diffuse axonal injury (DAI), and lesions
such as epidural haemorrhages (EDHs), subdural haemorrhages (SDHs), subarachnoid
haemorrhages (SAHs), and intracerebral haemorrhages (ICHs). Focal injuries are local-
ized, while diffuse injuries involve widespread damage. Cerebral contusions are cortical
bruises caused by brain impact against the skull and countercoup forces. EDH occurs
above the dura, usually from middle meningeal artery rupture, accounting for about 1.5%
of head injury admissions and predominantly affecting males.>* SDH develops below the
dura and is often identified by haematoma thickness >10 mm or midline shift >20 mm.
SAH occurs in the subarachnoid space between the pia and arachnoid membranes. DAL, a
hallmark of severe TBI, presents with petechial haemorrhages at the grey and white matter
junction, corpus callosum, and brainstem. Beyond cerebral damage, systemic complica-
tions such as hypertension, metabolic imbalance, and coagulopathy often accompany TBI
(Figure 4.1).

TBI remains a global health challenge, causing significant disability and economic burden.
The World Health Organization (WHO) projected that by 2020, TBI would surpass many
diseases as a leading cause of death and disability.* About 54-60 million people sustain
brain injury each year, with reported incidence rates of 180-250 per 100,000 in the United
States and Europe, and up to 500 per 100,000 in some regions,>® compared with about 50 per
100,000 in China.” It predominantly affects young adults (15-24 years), especially males,
and the elderly above 50 years. Low- and middle-income countries bear a higher burden
than high-income nations. In India, road accidents cause about 1,374 crashes and 400 deaths
daily, with Delhi reporting the highest fatalities.®° Despite the scale of the problem, com-
prehensive epidemiological data from India remain limited. TBI is the leading cause of early
trauma-related deaths, second only to haemorrhagic shock.!® While haemorrhagic shock
contributes to 30-40% of trauma mortality, its outcomes can be improved through early
haemostasis and rational transfusion. About one-quarter of TBI patients experience con-
current haemorrhagic shock, which doubles or triples mortality.!” Traumatic intracranial
haemorrhage, including epidural, subdural, subarachnoid, or parenchymal bleeding occurs
in about 50% of cases. Moreover, TBI-associated coagulopathy contributes to the progres-
sion of haemorrhagic lesions, with an overall prevalence of 32.7%.!! Even in isolated TBI
without significant blood loss, coagulopathy remains a major determinant of outcome!?
seen in polytrauma. Unlike TIC in multisystem injuries, TBI-related coagulopathy can
develop without major external bleeding.! It arises from the unique vascular and molecular
responses of the injured brain. Disruption of the BBB allows tissue factor (TF) and other
procoagulant substances to enter systemic circulation, activating coagulation cascades.
Simultaneously, endothelial injury, platelet dysfunction, and release of brain phospholipids
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INTRODUCTION

Figure 4.1 Computed tomography (CT) images of an open traumatic brain injury (TBI) patient
showing haemorrhage and intracranial haematoma.

promote systemic coagulation abnormalities. The pathophysiology involves a biphasic pat-
tern: an initial hypocoagulable phase followed by a hypercoagulable state. The early phase
is marked by prolonged bleeding time and haematoma expansion, contributing to second-
ary ischemic and haemorrhagic damage.!* This may progress to disseminated intravascular
coagulation (DIC), characterized by widespread microthrombi and paradoxical bleeding.!s
The degree of coagulopathy correlates with the extent of cranial haemorrhage and brain
swelling.!® However, findings across studies are inconsistent. Cohen et al.'” and Genet et al.'®
reported that TBI patients showed no significant coagulopathy compared with those having
multisystem trauma, unless hypoperfusion was present. Lee et al.'” also observed that coag-
ulopathy was not independently associated with TBI severity, implying systemic factors may
play a larger role. Still, many studies demonstrate that isolated TBI can trigger coagulopathy
even without hypovolemia or massive transfusion.??! The underlying mechanisms remain
incompletely understood. Some evidence suggests that the coagulation abnormalities are
integral to TBI pathophysiology rather than secondary systemic effects. The release of brain-
derived tissue factor, activation of protein C pathway, and endothelial disruption are central
contributors. The resulting imbalance between coagulation and fibrinolysis worsens intra-
cranial bleeding and impairs cerebral perfusion, leading to poor outcomes. TBI-associated
coagulopathy is therefore a major risk factor for unfavourable prognosis.??2* Early identi-
fication of patients at risk is crucial to guide therapy, prevent haematoma expansion, and
reduce mortality. Understanding the molecular and systemic links between brain injury
and coagulation will help design targeted interventions to improve survival and functional
recovery.
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KEY MECHANISMS CONTRIBUTING TO TBI-ASSOCIATED COAGULOPATHY

THE INCIDENCE OF CLOTTING ABNORMALITIES IN TBI PATIENTS

The incidence of coagulation abnormalities in TBI varies widely, ranging from 15% to
100%.2! This variation depends on factors such as the severity of injury, timing of testing,
sensitivity of assays, and criteria used to define coagulopathy. A meta-analysis of 34 studies!!
in 2008 reported an overall prevalence of 32.7%. Subsequent clinical studies have shown a
broad range of rates including Selladurai et al.?* reported coagulopathy in 38% of patients
using the ISTH-DIC criteria, 53% cases with coagulation abnormalities were noted based on
six hemostatic parameters by Lozance et al., in 1998. Kuo et al.?® reported a much higher rate
(72.1%) using a modified coagulopathy score; in contrast, Rajajee et al.”’ reported a lower rate
(8.4%) using the basic PT, international normalized ratio (INR), and platelet count thresh-
olds. Using the same parameters Chang et al.?® observed 22% and Zehtabchi et al.? found
17.3%. In larger multicentric studies, Wafaisade et al.>° (2010) reported 22.7% cases with TBI
coagulopathy patients (of 3,114), with mortality rate of 17.3%. Similarly, other groups have
also associated TBI coagulopathy with high risk of mortality®-3® regardless of the diagnostic
tool. Using rotational thromboelastometry (ROTEM) criteria® the prevalence of coagulopa-
thy decreased to 15.8%. More recent data by Chen et al.* noted 34.8% coagulopathy with
37% mortality, and Zoghi et al.*° found 32.6% and 38.1% respectively, both showing mortality
rates above 25%. Reported incidence therefore spans from <10% to >70%, underscoring the
influence of differing diagnostic definitions and testing time points. Lustenberger et al.*!4?
observed that up to 45% of patients with isolated severe TBI develop coagulopathy, which
may appear on admission or emerge several days after injury, correlating closely with injury
severity. In our centre we observed?? coagulopathies in 46% of cases, regardless of severity.
A systematic review® of coagulopathy isolated TBI revealed wide heterogeneity in defini-
tions but concluded that about 35% of patients present with coagulopathy at hospital arrival.
Findings from our group at the All India Institute of Medical Sciences (AIIMS) further rein-
force the early and independent occurrence of coagulation dysfunction in isolated TBI, 41%
developed early coagulopathy within 3 hours post-injury, unrelated to shock or transfusion*
with a 2.8-fold higher risk of in-hospital mortality. Acute traumatic endotheliopathy was
a key contributor.*> Additionally, thromboelastography (TEG) proved more sensitive than
conventional tests in detecting early trauma-induced coagulopathy (TIC).%

PATHOGENESIS OF TBI ASSOCIATED COAGULOPATHY

Early work by Goodnight et al.?” showed that about 69% of patients with brain tissue injury
developed coagulopathy, marked by low fibrinogen, depleted clotting factors, and thrombo-
cytopenia. They proposed that TF released from damaged brain tissue activated the extrinsic
pathway, causing consumption coagulopathy.® Later studies questioned this as definitive
proof remains limited, and inflammatory contributions are not fully understood. Despite
high incidence and poor outcomes, data on the mechanisms driving coagulopathy after open
or isolated TBI remain incomplete. Isolated severe TBI itself is now recognized as an inde-
pendent trigger for coagulopathy, seen in about 43% of patients.*3

KEY MECHANISMS CONTRIBUTING TO TBI-ASSOCIATED COAGULOPATHY

ENDOTHELIAL DYSFUNCTION AND BLOOD-BRAIN BARRIER (BBB) DISRUPTION
Endothelial activation plays a central role in the coagulopathy that follows TBI. Damage
to the endothelium triggers coagulation factor activation and thrombin generation, setting
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KEY MECHANISMS CONTRIBUTING TO TBI-ASSOCIATED COAGULOPATHY

off a cascade that leads to systemic coagulopathy. A strong mechanistic link between
endothelial injury and coagulation abnormalities has been established.* Elevated plasma
syndecan-1, a marker of glycocalyx degradation, has been linked with TBI-associated
coagulopathy, increased transfusion requirements, and higher early mortality. In one
study, early coagulopathy occurred in 41.6% of patients and independently predicted death
(OR = 4.73; 95% CI 1.68-13.3),* Morel et al.** found markedly high concentrations of pro-
coagulant microparticles (MPs) in both cerebrospinal fluid (CSF) and peripheral blood
shortly after TBI. The abundance of endothelial-derived MPs (EMPs) reflected the sever-
ity of vascular damage, and persistently elevated CSF MP levels even 10 days post-injury
were associated with poor neurological outcome, suggesting ongoing BBB disruption.
This contrasts with observations in polytrauma, where high MP levels have been linked
to improved outcomes.*->2 Qur own studies support these findings. We demonstrated that
early endothelial injury reflected by elevated soluble thrombomodulin and syndecan-1 lev-
els correlated with poor outcomes in isolated severe TBIL.** In a later study, we showed
that circulating MPs, particularly those derived from endothelium and platelets, were sig-
nificantly increased during the early phase of isolated severe TBI and were associated with
coagulopathy and poor outcome.>® These findings confirm that early endothelial damage
and sustained BBB disruption are major contributors to coagulopathy and adverse progno-
sis in isolated brain injury.

THE TISSUE FACTOR (TF) HYPOTHESIS

Tissue factor is released into circulation after structural injury to the brain, creating a
strong procoagulant state. Normally contained behind the BBB, TF becomes exposed to
blood and platelets, binds to factor VIIa, and activates the extrinsic coagulation cascade.
This generates thrombin, promotes fibrin formation, and causes microthrombosis and cere-
bral infarction.??3>54 The process also depletes coagulation factors and platelets, leading to
platelet exhaustion. However, the role of TF as the main driver of TBI coagulopathy remains
uncertain. Some studies found similar TF levels in patients with and without coagulopa-
thy,* suggesting other mechanisms are involved. TF has also been identified on platelet and
endothelial-derived microparticles, which may amplify coagulation locally and systemi-
cally. Hyperfibrinolysis (HF) is an important but underrecognized cause of bleeding after
TBI. Although its incidence is relatively low (estimated range 2.5-7%), it is strongly linked
with early mortality.®® Stein et al.>® and Nakae et al.”” reported that HF occurs within hours
after severe isolated TBI and contributes to secondary cerebral injury and poor long-term
recovery. Unlike in polytrauma, HF in isolated TBI develops independently of systemic
hypoperfusion, suggesting that brain injury alone can trigger excessive fibrinolytic activity.
Hayakawa et al. showed that markers of tissue injury such as lactate dehydrogenase (LDH)
and creatine kinase (CK) correlated with HF, while tissue hypoperfusion markers did not,
implicating TF and damage-associated molecular patterns (DAMPs) as key drivers.*® HF
leads to degradation of fibrinogen and fibrin clots, impairing clot formation and promoting
continued bleeding.>® Proposed mechanisms include excessive activation of tissue plasmin-
ogen activator (tPA), depletion of alpha-2 plasmin inhibitor (®2AP), and increased activity
of activated protein C (aPC).1*' Injury-induced release of tPA and urokinase-type plas-
minogen activator (uPA) from brain tissue enhances local fibrinolysis, worsening ICH.5%>
Manoel et al.,’” however, questioned HF as a universal mechanism in isolated TBI, sug-
gesting variability across patient subgroups. Our TEG-based study found HF (lysis at 30
minutes >3%) in 26% of isolated TBI patients, undetected by standard coagulation tests.
HF was linked to reduced TF levels, excessive thrombin generation, and impaired antico-
agulant response. Mortality in the HF group was 40%, compared with 26% in those with
physiological fibrinolysis.®® Fujiwara et al. identified D-dimer >50 pug/mL and fibrinogen
<200 mg/dL at admission as predictors of severe HF. Administration of fibrinogen con-
centrate corrected low fibrinogen levels within hours, but did not significantly improve
30-day survival.®! Overall, HF in TBI results from local endothelial and neuronal injury
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PLATELET ACTIVATION AND DYSFUNCTION

rather than systemic shock. It represents a state of uncontrolled fibrin degradation that
often escapes routine laboratory detection. TEG enables early identification, while targeted
fibrinogen replacement may stabilize clot formation and limit haemorrhage progression.
Early detection and individualized treatment are key to managing HF-related coagulopa-
thy in isolated TBI.

PLATELET ACTIVATION AND DYSFUNCTION

Platelet loss and dysfunction in adhesion, activation, and aggregation are major contribu-
tors to coagulopathy after TBL.%>-%* In our cohort, 58% of patients had thrombocytopenia
at admission, associated with liver dysfunction, higher infection risk, longer intensive care
stays, and a fourfold increase in in-hospital mortality. Nearly 46% were non-responders to
platelet transfusion, showing higher mortality and altered platelet indices (unpublished data).
Low platelet count markedly increases bleeding risk in TBIL.%2-% Counts below 175 x 10°/L
raise the risk of intracranial haemorrhage expansion, and those below 100 x 10°/L increase
mortality ninefold.*®> The IMPACT meta-analysis found thrombocytopenia in 7% of TBI
patients on admission.”’” However, several studies found weak correlation between initial
platelet count and haemorrhagic progression.”! Platelet consumption within hours of injury
likely reflects early clot formation."* Schniiriger et al.®® showed platelet counts <100x10°/L
increased mortality ninefold and <175 x 10°/L predicted haematoma expansion and need for
craniotomy, but other studies suggest platelet function, not count, is more relevant.*® Platelet
dysfunction can occur even with normal counts.”? Sillesen et al.”> demonstrated rapid and
persistent platelet dysfunction within 15 minutes of TBI, especially when combined with
shock. Endothelial and BBB disruption exposes subendothelial matrix, promoting plate-
let adhesion and activation. Neurohumoral surges (catecholamines, acetylcholine) further
impair platelet function. Overactivated platelets shed microparticles***** containing TF,
amplifying coagulation and contributing to “platelet exhaustion.”” where platelets become
refractory.2*’* TF also binds to factor VIIa and integrates into platelet surfaces, enhancing
thrombin production and clot propagation.’*!® Inflammation worsens platelet dysfunction
through endothelial injury and complement activation.””” Elevated platelet-to-lymphocyte
ratio (PLR) indicates hypercoagulability and inflammation, while low PLR correlates with
platelet dysfunction, coagulopathy, and poor neurological outcomes. PLR may thus serve as
a simple inflammatory marker in TBI-related coagulopathy.

ACTIVATION OF PROTEIN C PATHWAYS VIA TISSUE HYPOPERFUSION

AND SHOCK

Activation of the protein C (PC) pathway plays a key role in coagulopathy following TBI,
particularly when systemic hypoperfusion occurs. In a study of 39 isolated TBI patients,
Cohen et al.” found no difference in baseline PC levels between patients and controls [79.4 +
24.2% vs. 85 * 36%, p = 0.52]. However, patients with tissue hypoperfusion showed signifi-
cantly lower inactivated PC levels [56.2 + 32% vs. 85 * 35%, p = 0.03], indicating hypoper-
fusion-driven activation of this pathway. In our study of 120 severe isolated TBI patients,
plasma PC and protein S (PS) levels were similar to healthy controls [PC: 85 (43-103) vs. 85.5
(76-109), p = 0.20; PS: 81 (54-102) vs. 91.5 (76-108.5), p = 0.05]. Endothelial protein C recep-
tor (EPCR) levels, however, were markedly lower in patients [47.8 (23.3-76.4) ng/mL] than in
controls [85.2 (63.0-103.4) ng/mL, p = 0.0005], suggesting impaired endothelial regulation.
When compared by TIC status, PC and PS were significantly reduced in TIC cases [PC: 49.0
(35.5-102.5) vs. 91.0 (55.0-103.0) p = 0.04; PS: 58.5 (34.5-85.5) vs. 89.0 (73.0-115.0) p = 0.002],
while EPCR levels showed no difference (p = 0.69).4 Lustenberger et al.*? also observed that
isolated TBI patients with coagulopathy had higher base deficit and lactate levels, further
linking hypoperfusion to early protein C activation and TIC.
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TISSUE HYPOPERFUSION

Tissue hypoperfusion, along with injury severity, plays an important role in TIC.”® Jansen
et al.” linked reduced coagulation factor activity with hypoperfusion in severely injured
patients, while Wu et al.®* reported lower factor VII activity with greater hypoperfusion.
Earlier work suggested that TBI alone does not cause early coagulopathy; hypoperfusion
must accompany it to trigger activation of the protein C pathway.'”® Lee et al.,'” in a study
of 795 trauma patients, found those with a base deficit (BD) 26 had lower Glasgow Coma
Scale (GCS) scores, lower systolic blood pressure (SBP), higher heart rate, and were more
hypocoagulable by both rapid TEG and standard assays. However, coagulopathy patterns did
not differ by injury region. Similarly, Cohen et al.'” reported that TBI patients without hypo-
perfusion (n = 28) did not develop early coagulopathy, whereas those with BD >6 (n = 11)
showed prolonged prothrombin and partial thromboplastin times (17.6 + 3.6 vs. 14.3 £ 2.3,
p < 0.005; and 43.1 + 18.3 vs. 27.4 = 3.8, p < 0.0001), and elevated aPC levels, supporting
the role of hypoperfusion-driven coagulopathy. Talving et al.? confirmed that coagulopathy
often accompanies hypoperfusion in severe TBI. Wafaisade et al.** identified hypotension
(systolic BP <90 mmHg) at the scene or on emergency department arrival as an independent
predictor of acute coagulopathy. Dekker et al.? found TBI-induced coagulopathy associ-
ated with systemic hypoperfusion markers, but not all coagulopathic patients had elevated
BD or lactate, implying additional mechanisms. In our study, 27.7% of isolated TBI patients
showed hypoperfusion; 55% of them developed TIC, but 36.5% without hypoperfusion also
did. Though not statistically significant (p = 0.15), this challenges the belief that hypoperfu-
sion is required. TIC occurred early, even without major haemorrhage, hypotension, or fluid
resuscitation, suggesting alternative non-hypotensive mechanisms.** Similarly, other studies
found 60.4% of coagulopathic isolated TBI patients had BD <6 mmol/L,** and Manoel et al.?’
reported higher pH and lower BD in coagulopathic isolated TBI cases, indicating that coagu-
lopathy can arise independent of tissue hypoperfusion.

CELLULAR AND BRAIN-DERIVED MICROPARTICLES (BDMPS)

The pattern of circulating MPs is reported to be altered following brain injury (Figure 4.2),
as endothelial, platelet and leukocyte derived microparticles are released due to injury®® and
support microthrombus formation. The injured brain also releases brain derived microparti-
cles released from injured microglia and neurons and mitochondrial microparticles (mtMPs)
into the blood stream.?! These particles are enriched with TF and exposed anionic phospho-
lipids [phosphatidylserine (PS)] and trigger hypercoagulability that shifts to consumptive
coagulopathy and hyperfibrinolysis, resulting in exacerbation of brain injury, and secondary
insults.®2-34 As the brain tissue is rich in phospholipids (~25% of dry weight),® brain-derived
microparticles (BDMPs) provide a strong procoagulant platform. The exposure of cardiolipin
(CL) on the outer membrane of mtMPs due to TBI, triggers systemic inflammation and pro-
coagulant response. Oxidative stress is also a major driver of secondary injury and inflam-
mation after TBI, mtMPs also generate ROS.#? Lactoferrin, through its interaction with these
microvesicles, has shown promise in mitigating coagulation disturbances and enhancing
prognosis in a mouse model of TBI.%

THROMBOINFLAMMATION

TBI initiates inflammation coagulation crosstalks a tight interaction between inflamma-
tion and coagulation through the BBB, causing secondary insults and delayed recovery.
Hyperfibrinolysis and fibrin degradation fragments trigger inflammatory cytokines such as
interleukin (IL)-1fB, IL-6, and IL-8, causing thrombosis-driven inflammation.®’-*° Activated
platelets enhance complement activation, amplifying inflammation, and inflammation in
turn also exacerbates thrombosis.”> Following TBI the microglia rapidly migrate to the
site of injury in response to damage-associated molecular patterns, while neutrophils and
monocytes infiltrate the brain tissue, intensifying local inflammation.*** Persistent or dys-
regulated immune activity leads to chronic microglial activation and neurodegeneration.’
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Figure 4.2 Blood-brain barrier disruption and microparticle-mediated pathways after traumatic
brain injury.

This figure shows how traumatic brain injury leads to blood-brain barrier disruption
and the release of brain-derived, endothelial-derived and mitochondrial microparticles.
These particles, along with inflammatory mediators, enter the circulation and trig-
ger endothelial activation, loss of glycocalyx and increased permeability. The process
promotes brain oedema, neuroinflammation and downstream platelet activation and
coagulation pathway activation. The combined effects contribute to the development of
coagulopathy after injury.

Circulating cytokines such as IL-1f, IL-6, IL-10, and tumour necrosis factor alpha (TNF-o)
rise within hours of injury,?*-*® reflecting this early systemic response. Activated neutrophils
form web like structures known as neutrophil extracellular traps (NETs),” which can cross
the cerebral endothelium and release procoagulant factors, including BDMPs and DAMPs.
Prolonged NET formation, worsens coagulation dysfunction. Platelets can also stimulate
NET release via high mobility group box 1 (HMGBI) protein.'®® NETs damage endothelial
cells by exposing phosphatidylserine and increasing TF expression,!*! driving a procoagulant
phenotype. This cascade contributes to secondary brain injury and neurological decline.!0213
Targeting NET formation may represent a promising approach for managing TBI-associated
coagulopathy (Figure 4.3).

TIME COURSE OF TIC FOLLOWING TBI

Prothrombin time (PT), activated partial thromboplastin time (aPTT) are reported to rise
early after injury,!”” PT has been reported in both patients during the first 6-12 hours of
injury,*® aPTT was seen to be elevated in the first 12 hours following injury,*® and PT/INR
was seen to increase in the first 2-6 hours.?33° A recent systematic review 108 reported
normal platelet counts on emergency department arrival, with subsequent drop, and
steeper declines were observed to be correlated with more severe TBI,?’ the lowest platelet
count (nadir) occurs between 1-5 days,?”-2 followed by recovery in the next 5-9 days.2830:3!
Contrarily, platelet function was seen to be low on arrival, with continued decline in the first
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Figure 4.3 Damage associated molecular patterns (DAMPs) and neutrophil-driven pathways linking traumatic brain injury to coagulopathy. Selected elements were
sourced from the NIAID NIH BioArt Source (bioart.niaid.nih.gov).

This figure outlines how injured neurons release danger signals, including histones, HMIGB1 and nucleic acids. These DAMPs activate endothelial cells,
platelets and neutrophils, leading to endothelial injury and immune activation. Neutrophils form extracellular traps and release enzymes that amplify
inflammation and promote clot formation. Together, these responses connect traumatic brain injury to dysregulated coagulation and thrombus formation.
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CLINICAL DRIVERS OF ACUTE COAGULOPATHY AFTER TBI

Table 4.1 Temporal dynamics of coagulation, platelet, and fibrinolytic markers following TBI'%

Earl
Parameter (O—Gyhours) 6-24 hours | Day 1-3 Day 3-7
Platelet count Normal Starts to fall | Lowest Recovery Normal
Platelet function |Low { Lowest Recovering | Normal/T T (hyperactive)
PT/APTT T Peak Normalizing | Normal —
TAT/F1+2 T Decline Normal — —
D-dimer T Peak Decline Normal (50%) |—

24 hours following injury.*® The lowest values were observed between 6 and 48 hours,?+236:37
with recovery in the following 2-16 days; some have also reported rebound hyperactive
platelets later in the course.?*® Thrombin generation (thrombin-antithrombin complex
[TAT] and/or F1+2) is reported to be elevated on admission, but returns to normal within
24 hours to 7 days. D-dimer peaks totalling 108 within 3-6 hours with direct correlation
to severity of injury;!*? however, there is a paucity of follow-up data to report normaliza-
tion. Pahatouridis et al. observed 55% of TBI cases to have normalized d-dimer by day 3109.
Similar partners have also been reported in other fibrinolytic markers (PAI-1 and tPA),
shown in Table 4.1. The onset of TBI associated coagulopathy ranges from a few hours to
4.5 days post-admission, lasting up to 22 days.*! About 65% of cases occur within 24 hours,
with a second peak at 24-36 hours. In our study, TIC developed in 40% of patients arriving
within 1 hour and 47% within 3 hours of injury. Wafaisade et al.*° reported TIC in 22.7% of
3,114 isolated blunt TBI cases upon ED arrival, while Greuters® and Franschman'® observed
early abnormalities that persisted up to three days, indicating ongoing coagulation imbal-
ance after injury.

CLINICAL DRIVERS OF ACUTE COAGULOPATHY AFTER TBI

SEVERITY OF INJURY (GCS)

Trauma severity strongly influences the risk of TIC. Earlier studies found larger intracere-
bral and subarachnoid haemorrhages, and greater midline shifts, associated with TIC.1° In
contrast, our study found no significant difference in computed tomography (CT) scores
between coagulopathic and non-coagulopathic isolated severe TBI patients, though midline
shift and subdural haematoma were slightly higher in the TIC group (4.0% vs. 1.4% and 46.0%
vs. 44.3%).** The German Trauma Registry*® reported that patients with coagulopathy were
older and more severely injured, showing higher Abbreviated Injury Scale (AIS) for the head
(4.5 vs. 4.2) and lower GCS at the scene (6.8 vs. 9.2, p < 0.001). Coagulopathy correlated with
subdural haematoma (43.6% vs. 36.8%), more frequent craniotomies, and increased injury
severity (p < 0.001). Similarly, Wu et al.®° and May et al.!% found coagulopathy in patients
with lower GCS and higher head AIS scores. In our findings, patients with GCS 3-6 were
more common in the TIC group (24-30%) than non-TIC (16-18%), while GCS 7-8 was higher
in non-TIC (65.7% vs. 46%, p = 0.07).* However, Shaz et al.!” reported no significant correla-
tion between GCS, AIS, and coagulation parameters. Discrepancies across studies may relate
to differences in inclusion criteria and injury type. Still, most evidence supports that severe
TBI independently increases the risk of early coagulopathy.*

AGE
Age-related trends in TIC remain inconsistent. Paediatric studies show mixed results, chil-
dren with isolated severe TBI had similar or slightly lower TIC frequency compared to adults,
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likely due to differences in coagulation physiology and assay sensitivity. Chong et al.!% found
lower TIC rates in paediatric isolated TBI compared to polytrauma, while James et al.!®®
found no association between age and coagulopathy in isolated blunt head injuries. Overall,
TIC appears to rise with increasing Injury Severity Score (ISS) in children, suggesting that
trauma burden rather than age alone drives coagulopathy.

HYPERGLYCAEMIA

Hyperglycaemia is a recognized marker of injury severity and poor outcome after TBI.
Elevated admission glucose levels correlate with higher mortality and risk of coagulopathy.!®
Alexiou et al. observed that patients with blood glucose 215.1 g/L were more likely to develop
coagulation abnormalities and lower GCS scores. The mechanism is linked to the post-injury
stress response catecholamine surge and reduced insulin secretion, which promotes systemic
inflammation and endothelial dysfunction. Although glucose control may theoretically miti-
gate coagulopathy, evidence remains inconclusive.!'"12 Future trials should evaluate whether
tight glycaemic management can reduce coagulopathy and improve recovery after open or
severe.

TBI

ABNORMALITIES OF SERUM MAGNESIUM LEVELS

Magnesium plays a vital role in haemostasis, influencing platelet aggregation, factor X acti-
vation (via factors IXa and VIIa), and regulating anticoagulants such as proteins C and
S.113 Clinical studies show that magnesium sulfate infusion can improve hypocoagulable
states and reduce blood loss in surgical settings.!!"* However, excess magnesium may inhibit
platelet function and prolong bleeding time."'> Wang et al. found both low (<1.7 mg/dL)
and high (>2.2 mg/dL) magnesium levels associated with coagulopathy in TBI patients.
Low magnesium correlated with larger haemorrhages in aneurysmal subarachnoid haem-
orrhage and higher haemorrhagic transformation risk in ischaemic stroke,"'® while ele-
vated magnesium related to smaller haematoma volumes.!* Experimental models also show
that magnesium-enriched resuscitation fluids can restore coagulation after haemorrhagic
shock.'® In TBI, magnesium has been studied for neuroprotection through N-methyl-D-
aspartate (NMDA) receptor modulation and calcium channel blockade. However, random-
ized trials and meta-analyses have shown mixed or no survival benefit.!’” The therapeutic
impact likely depends on timing, severity, and BBB integrity. The effect of magnesium on
coagulopathy after TBI remains unexplored, highlighting the need for targeted studies to
determine if correcting hypomagnesemia can stabilize coagulation and improve clinical
outcomes.

ASSESSMENT AND MONITORING TOOLS

There is no standard definition for TIC in TBI, leading to wide variation in reported inci-
dence (8.4-2.1%). Our findings showed mortality increased with stricter thresholds for PT,
aPTT, or INR. A meta-analysis by Epstein et al.** of 22 studies found a pooled incidence
of 35.2% and mortality ranging from 17% to 86%. In our cohort, mortality in patients
with coagulopathy was 37%, compared with 4.7% in those without.*® These patients also
had longer surgeries, prolonged ICU stays (p = 0.003), and lower Glasgow Outcome Scores
(3 vs. 5). This supports the need for standardized diagnostic definitions and regular coag-
ulation monitoring in TBI management. Additionally, advanced neurocritical monitor-
ing is essential, especially in moderate to severe TBIL.® Multimodal monitoring (MMM)
integrates several tools to give a real-time view of cerebral physiology. Intracranial pres-
sure (ICP) monitoring remains central, as elevated ICP lowers cerebral perfusion pres-
sure (mean arterial pressure minus ICP), increasing ischaemia and herniation risk.!®
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TAKE-HOME MESSAGE

Guidelines recommend maintaining ICP at 20-25 mmHg and mean arterial pressure
(MAP) at 60-70 mmHg.!"® Cerebral microdialysis (CMD) provides biochemical data on
cerebral metabolism through hourly sampling.!?® Near-infrared spectroscopy measures
oxygenated and deoxygenated haemoglobin levels to assess cerebral oxygenation, though
limited to superficial regions such as the frontal cortex. Continuous EEG detects post-
traumatic seizures, which occur in about 10-25% of severe TBI patients.!?! Early identifica-
tion allows timely antiepileptic therapy. In one reported case, MMM-guided care enabled
successful management of a comatose TBI patient, demonstrating its clinical value.?? CT
remains the primary imaging modality for rapid detection of intracranial haemorrhage,
oedema, or fractures, while magnetic resonance imaging (MRI) offers greater sensitiv-
ity for diffuse axonal injury but is slower and less practical for unstable patients. Doppler
ultrasound can evaluate cerebral blood flow and vasospasm but depends heavily on opera-
tor skill and accessibility of brain regions.!?3

COMPLICATIONS

Coagulopathy after TBI is linked to poor outcomes and several complications, including
delayed traumatic intracranial haemorrhage (DTICH), cerebral ischaemia, brain oedema,
and acute respiratory distress syndrome. It is an independent predictor of mortality and poor
prognosis. Wafaisade et al.> found a threefold rise in in-hospital deaths, while Talving et al.?
reported up to a tenfold increase. Coagulopathy also correlates with multi-organ failure and
progressive haemorrhagic injury. Nearly half of affected patients show worsening intracra-
nial bleeding within 48 hours. Early detection and prompt correction may prevent deteriora-
tion and improve outcomes.

CONCLUSION

Coagulopathy following TBI significantly worsens outcomes, increasing risks of delayed
haemorrhage, cerebral ischaemia, brain oedema, multi-organ failure, and mortality. Early
recognition and correction of coagulation abnormalities are critical to prevent progres-
sion, reduce secondary injuries, and improve survival and neurological recovery in affected
patients.

TAKE-HOME MESSAGE

TBI causes both immediate structural damage and delayed secondary injury that worsens
brain swelling and bleeding. coagulopathy does not always need major bleeding or shock;
isolated brain injury alone can cause it. BBB and endothelium disruption is central to early
coagulopathy in TBI. Microparticles released from the brain, endothelium and platelets
enter the blood after injury and trigger clotting and inflammation. Reported incidence varies
widely because studies use different tests and definitions, but about one-third of TBI patients
show coagulopathy on arrival. Early recognition is important because coagulopathy strongly
predicts haematoma growth, need for surgery and death.
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CONVENTIONAL COAGULATION TESTS (CCTS)

INTRODUCTION

OVERVIEW OF DIAGNOSTIC APPROACHES

The dynamic nature of trauma-induced coagulopathy (TIC), which progresses acutely to var-
ious coagulopathic phenotypes, has presented a significant clinical challenge to effectively
and rapidly detect it. To date, there are no validated tests for reliably detecting or guiding the
treatment of TIC, hindering the implementation of timely and effective goal-directed treat-
ment plans to reduce poor outcomes.

Multiple definitions of TIC have been proposed, and the defining criterion varies consid-
erably, owing to over 20 different proposed parameters of coagulopathy. These parameters
include elevated international normalised ratio (INR), prothrombin time (PT), partial
thromboplastin time (PTT) or D-dimer, decreased fibrinogen, higher disseminated intra-
vascular coagulation (DIC) score, modified DIC score or modified coagulopathy score, and
lower depletion of alpha-2 plasmin inhibitor (x2AP). Conventional coagulation tests such
as PT and INR are time-consuming and do not provide a complete picture of the haemo-
static process, whereas viscoelastic haemostatic assays (VHAs), such as thromboelastography
(TEG) and rotational thromboelastometry (ROTEM), offer a more rapid, holistic view of clot
formation, strength, and lysis, enabling more timely and targeted resuscitation. However,
several limitations and challenges currently hinder their universal adoption and application
across all clinical settings. An ideal coagulation test should be easy to perform and fast and
reliable. It should estimate both clotting abnormalities and risk of bleeding, employing real
physiology, including flow, endothelial interaction, platelet activity, pH, and temperature.!

There are emerging technologies, including novel blood based pathophysiological, metabo-
lomic and genomic biomarkers, and machine learning algorithms, and predictive modelling,
that have shown significant potential for the early and accurate prediction of TIC.

CONVENTIONAL COAGULATION TESTS (CCTS)

These include PT, INR, activated PTT (aPTT), fibrinogen concentration, and platelet count.
Conventional coagulation tests (CCTs) are widely used across clinical settings to assess coag-
ulation abnormalities. While they offer a quick snapshot of the haemostatic abnormalities
after trauma, such as elevated INR, the most commonly used indicator of TIC,? they only
capture a moment in time. They cannot depict the severity or how rapidly the coagulation
phenotypes are shifting in response to injury. They are also limited due to long turnaround
times, which range from 30 to 60 minutes.

The PT assay measures the function of the extrinsic coagulation pathway sensitive to clot-
ting factors in the extrinsic and common pathways (factor II, factor VII, and factor X). It
measures the time taken for plasma to clot after the addition of tissue factor (thromboplastin)
and calcium. The intrinsic coagulation pathway is measured by the aPTT assay, i.e., the time
required for plasma to clot after activation of the contact system using an activator and the
subsequent addition of phospholipid (partial thromboplastin) and calcium.

The INR and prothrombin time ratio (PTr) are derivatives of PT to standardise the results
and ensure comparability across different laboratories and reagents. The observed PT of
the patient is divided by the mean normal PT. The INR is considered a surrogate parameter
for altered thrombin generation and corresponds to the PTr elevated to the power of the
International Sensitivity Index (ISI). The formula is

INR = (PT Patient/PT Normal) ISL
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CONVENTIONAL COAGULATION TESTS (CCTS)

Table 5.1 Principles, advantages, and limitations of optical and mechanical clot detection
methods

Detection

method Principle Advantage Limitation

Optical Measures the change in Noninvasive; Affected by haemolysis, lipemia,
light transmission as the standard method | and hyperbilirubinemia
clot forms

Mechanical | Ball or electrode detects Immune to optical | Requires a mechanical probe;
clot impedance interference less common

Accurate PT/aPTT measurements require strict adherence to standardised collection and
handling standard operating procedures (SOPs). Blood must be collected in an anticoagulant
vial containing 3.2% buffered sodium citrate, with a citrate-to-blood ratio of 1:9. Maintaining
this citrate-to-blood ratio is crucial to prevent in vitro clot formation without suppressing
coagulation factor activity. Any deviation, including underfilling/overfilling the vial, may
cause incorrect estimation. After collection, the vial should be gently inverted 3-4 times, as
vigorous shaking may induce haemolysis. The vial should be stored at room temperature;
pre-centrifugation refrigeration is contraindicated to avoid loss of both factor VIII and von
Willebrand factor (VWF) activity.

The operating principle of endpoint detection for clot formation uses optical density-based
chromogenic/immunologic measurements or a mechanical method (detecting a change in
viscosity) give in Table 5.1.

Fibrinogen forms fibrin, which is the building block that binds with platelets to form a sta-
ble clot. It’s the first factor to reach critically low levels, severely impacting clot stability.>
Fibrin concentration, typically measured using the Clauss method, is a standard laboratory
test done in the initial evaluation of TIC. Low fibrin levels upon Emergency Department
arrival are independently associated with increased injury, severity, shock, and mortality.
Hypofibrinogenemia is commonly defined by a fibrin concentration of <150 mg/dL (1.5 g/dL),
and some studies have associated a fibrin level of <1.4 g/dL with increased mortality.

Sampling requirements are the same as PT/aPTT, the citrated plasma is diluted (typically 1:1),
and the time taken to form a fibrin clot after adding a standard amount of thrombin to the
diluted plasma is measured (Clauss method). The clotting time is inversely proportional to the
fibrinogen levels. Another technique, the turbidimetric assay, measures the increase in light
absorption as fibrin is formed, which is directly proportional to the fibrinogen concentration.

TIC is fundamentally linked to tissue injury and haemorrhagic shock (hypoperfusion). Low
haemoglobin and haematocrit serve as critical indicators of massive haemorrhage, shock,
and haemodilution. This also correlated with the loss or dilution of key coagulation factors.
Haemoglobin at admission has shown a strong statistical link with TIC. Lower values cor-
relate with reduced factor X activity. Patients who develop endogenous auto-heparinization
often present with much lower haemoglobin as well, with median levels around 5.8 mmol/L
compared with about 8.4 mmol/L in those without this phenotype. Recently, a decline of
> 0.5 g/dL in Hb levels within 24 hours of injury, in the absence of hypervolemia or hyperfi-
brinolysis, was found to indicate auto-heparinization.*

While most trauma patients maintain numerically “normal” platelet counts on admission,’
Platelet count is a critical component in diagnosing and managing TIC, serving both as a
traditional laboratory marker of thrombocytopenia and contributing to 70% of the maxi-
mum clot strength.” The standard platelet count only measures the quantity of platelets,
not their function. VHAs such as ROTEM provide markers related to platelet function.
Thrombocytopenia or low platelet count (normal range 50,000—-450,000 cells/uL) is associ-
ated with reduced clot strength and increased risk, particularly traumatic brain injury (TBI)
(platelet [PLT] <100 x 10 9/L).6
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Table 5.2 Clinical interpretation of platelet indices in trauma

Parameter

Normal range

TIC-relevant
cutoff

What deviation
indicates

Clinical
interpretation

Platelet 150-450 x10%L | <100 x10%L Consumption, Supports TIC when
count haemorrhage, dilution | paired with TINR
and lfibrinogen
MPV 7-11fL >111L Larger, younger Bone marrow
platelets response to
consumption
PDW 11-16 fL >16 fL Platelet size Regenerative
heterogeneity response or
immune
destruction
P-LCR 27-47% >50-55% High proportion of Accelerated
large platelets thrombopoiesis
PCT 0.11-0.28% <0.08% Low total platelet mass | Increased bleeding
risk
IPF 1-6% >10% or <2% | >10% = consumptive Marker for
TIC <2% = inadequate | coagulopathy
marrow response

In addition to the platelet count, platelet indices can also help identify TIC and differenti-
ate whether the thrombocytopenia is due to consumption or impaired platelet production.
Mean platelet volume (MPV), platelet distribution width (PDW), and platelet-large cell ratio
(P-LCR) increase when the marrow releases larger immature platelets in response to bleeding,
while plateletcrit (PCT) offers a measure of total platelet mass and falls as reserve is depleted.®
The immature platelet fraction (IPF) is the most informative marker that reflects real-time
thrombopoiesis. Elevated IPF above 10% along with low platelet count, elevated INR, and
fibrinogen strongly supports consumptive TIC with an active marrow response. Typical ref-
erence ranges include MPV (7-11 fL), PDW (11-16 fL), P-LCR (27-47%), PCT (0.11-0.28%),
and IPF (1-6%). In trauma, elevated MPV, PDW, P-LCR, and IPF indicate accelerated platelet
turnover and consumption, whereas low MPV, low P-LCR, and low IPF point to bone marrow
suppression or failure (Table 5.2).%10

Blood gas analysis measures [arterial pH and base deficit (BD) or base excess (BE)] serve as
critical indicators of tissue hypoperfusion and metabolic acidosis, which are recognised as
primary drivers and exacerbating factors of TIC. A BE <-6 indicates significant tissue hypo-
perfusion and strongly predicts early coagulopathy in TBI (OR 3.11).%!! Admission BD is an
influential continuous variable for estimating TIC risk in Bayesian network models following
trauma.!? An experimental study revealed a decline in factor VIIa activity by almost 90% at
pH 7.0 compared with physiological pH 7.4. Hypoperfusion and acidosis also contribute to
platelet dysfunction. Trauma patients with high lactate or large base deficits show altered
platelet responsiveness, although the exact mechanisms are still under study.!®

There is still no universal definition of TIC, and the thresholds differ across studies and clini-
cal settings.!* Many groups define TIC by INR >1.2 or >1.53. While the lower threshold cap-
tures a broader group of patients, with some degree of coagulation abnormality, INR >1.5 is
a severe threshold, reported to identify a clinically distinct subset of patients at significant
risk of worse outcomes.! Fibrinogen and platelet counts provide subtle numerical values that
alone do not reflect functional activities. Initial haemoglobin low has also been suggested to
be an indicator for severe bleeding and coagulopathy.'®

In 2003, Brohi et al.'” characterised TIC as PT >18s, aPTT >60s or INR >1.5 and MacLeod
et al. identified TIC asa PT >14s and aPTT >34s.18 Broader definitions in the literature include
a 50% prolongation of aPTT or PT, an INR 2> 1.5, PT ratio (patient PT/mean laboratory PT)

I 74 Diagnostic Assessment of Trauma-Induced Coagulopathy


https://www.pdf-xchange.com/product/pdf-xchange-editor
https://www.pdf-xchange.com/product/pdf-xchange-editor
R
New Stamp
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> 1.5, or fibrinogen < 1 g/.!2° A PT ratio > 1.2 has also been shown to predict mortality and
transfusion requirements more effectively, and has been suggested as a better marker for
defining TIC.*! Some groups have also applied the International Society on Thrombosis and
Haemostasis (ISTH) criteria for DIC to define early coagulopathy.?23

CCTs only assess plasma-based factors and static hypocoagulability; the comprehensive pic-
ture may be missed. PT and aPTT were designed for diagnosing factor deficiencies and moni-
toring anticoagulation, not for TIC, which may occur despite major factor loss, as seen in
isolated TBI cases. Prolonged values do not always match bleeding risk. Since these assays are
performed at normal pH and 37°C, they do not reflect the effects of hypothermia or acidosis
seen in trauma.'”?12425

VISCOELASTIC TESTING METHODS

VHA provide a dynamic and comprehensive evaluation of the entire coagulation process
using whole blood, monitoring the clot initiation, kinetics, firmness over time, and fibrinoly-
sis. It is now recognised as a key tool for the early diagnosis and treatment of TIC.2¢

THE ORIGIN OF VISCOELASTIC TESTING

The foundational concepts for whole blood evaluation of haemostasis using viscoelastic prop-
erties were first reported 70 years ago by Dr. Hellmut Hartert in Germany. He developed a
mechanism to quantify the dynamics of blood clot formation, using a stainless-steel cup,
~8 x 12 mm, with a surface designed to prevent the blood clot from detaching during rota-
tion, and a concentric pin suspended within by a thin steel wire (0.2 mm in diameter) that
functioned as a torsional spring. A layer of paraffin oil covered the blood sample to prevent
evaporation. As a clot formed, the fluid became elastic, storing energy that exerted force on
the pin, causing small rotations that were transmitted to a film through a mirror coupled to
the pin, which was illuminated by a slit lamp (Figure 5.1).2%28

Following his initial work, the adoption of TEG grew slowly. Over the next 40 years (1980s),
the use of TEG became more widespread, especially in procedures like complex cardiac
surgery® and liver transplantation.*® Since then, TEG utilisation has been widely adopted in
the fields of trauma and transplant surgery.*!

Torsion Wire \ EM-Transducer

«— PIN

0.36 ml

Blood -~
cup

: 4° 45’ :

Hartert Model

Figure 5.1 Hartert cup and pin model for a viscoelastic assay for haemostasis.
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TESTING PRINCIPLE

VHA methodologies utilise the Hartert principle. The fundamental principle is to observe
the transition of the blood sample from a viscous to an elastic state. Before clotting, whole
blood is purely viscous, and cup rotation results in permanent deformation of the blood, so
the pin does not move. As a clot forms, this technology measures the shear elastic modulus
(rigidity) of a blood clot by monitoring the changes in torque transmitted to a pin suspended
in an oscillating cup.?

CORE COMPONENTS AND SETUP
i. A cup (heated and oscillating): holds the blood sample and is typically heated to 37°C

ii. The pin (suspended from a torsion wire): suspended within the cup, immersed in the
blood sample

The sample: a sample of whole blood is placed in the cup, and activated to maximise thrombin
generation and platelet activation in the in vitro environment.

These techniques monitor the entire clotting process, from initial fibrin formation to even-
tual clot dissolution, distinguishing them from conventional laboratory tests that only mea-
sure the beginning stages of coagulation.’!

MECHANISM (VISCOUS-TO-ELASTIC TRANSITION)

To measure the shear elastic modulus (rigidity) of the clot. The cup is made to rotate in alter-
nating directions. This rotation occurs in alternating directions. In Hartert’s device, the cup
rotated by 1/24 radian in each direction, taking 3.5 seconds for one direction, followed by a
1-second stop, for an entire cycle duration of 9 seconds. This oscillating motion simulates the
venous flow.33 In the pre-clotting (viscous) phase, the fluid simply flows around the pin, and
there is no transfer of force, as the sample cannot pull on the pin, the pin stays still, and the
device records no torque or rotation. In the elastic (clotting) phase, as fibrin formation begins,
the clot develops structure. The fibrin strands linking the cup and pin allow part of the cup’s
motion to be transmitted to the pin. The stronger and more organised the clot becomes, the
more force it applies to the pin. This causes the pin to rotate in response to the cup’s oscillation.

The analyser measures this rotation over time. The size of the pin’s deflection reflects the
stiffness of the forming clot because the amplitude of movement is proportional to the clot’s
shear modulus. The greater movement indicates a stronger clot, while reduced movement
suggests weak or unstable clot formation. The movement of the cup and pin after clotting is
represented as a graphical chart.

FIRST-GENERATION DEVICES

The first 30 years of clinically adopted VHAs were largely defined by two closely related vis-
coelastic technologies developed as parallel systems, i.e., Thromboelastography (TEG®) and
Thromboelastometry (ROTEM®). The two legacy VHAs share the fundamental principle
of assessing viscoelasticity (via the cup-and-pin mechanism), but differ primarily in their
mechanical actuation (i.e., how the movement is initiated), their detection method, and their
nomenclature.?

THROMBOELASTOGRAPHY (TEG)

TEG devices deviate from Hartert’s model in two major ways: (i) the method to detect and
quantify the pin’s motion and (ii) overall automation of the testing process (Table 5.3).3"33 The
TEG® 5000 system (thromboelastography; Haemonetics Corporation, Braintree, MA, USA),
originally developed by Haemoscope, was the first viscoelastic haemostatic analyser to enter
clinical use. The cup oscillates in alternating directions through a 4°45’ rotation, with a cycle
duration of 10 seconds. The rotation of the pin is measured via a torsion wire and an elec-
tromagnetic transducer, deviating from Hartert’s original light-based system. The electric
output is directly related to the strength of fibrin-platelet bonds. The resulting movement is
plotted as a dynamic tracing®-**3* (Figure 5.2A).
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Table 5.3 Key parameters of viscoelastic haemostatic assays (VHAs)

TEG parameter

R
(Reaction time)

ROTEM
parameter

Clotting time
(Cm

Definition

Period of time from initiation of
the test to the initial fibrin
formation

Haemostatic
function

Clot initiation (plasma
factors)

K
(Kinetic time)

Clot formation
time (CFT)

Time from the beginning of clot
formation until the amplitude
reaches 20 mm

Clot propagation/
kinetics (fibrinogen)

(Lysis at 30 min)

60 minutes
(LI60 or LI30)

reduction 30 minutes after MA
(stability) of the clot

a-angle Alpha angle (o) | Represents the acceleration
(kinetics) of fibrin build-up and
cross-linking
MA Maximum clot Maximum amplitude strength of | Clot strength
(Maximum firmness (MCF) | the clot (platelets/fibrinogen)
Amplitude)
LY30 Lysis index at Measures the rate of amplitude Fibrinolysis (plasmin)

Various additional parameters can be derived from TEG parameters to present a compre-
hensive picture of the clot behaviour. The clotting index>® provides an overall assessment of
coagulation by combining R, K, o angle, and MA into a single continuous measure.

The coagulation index (CI) for whole blood may be calculated as follows:

CI=-0.2454R +0.0184K +0.1655MA —0.0241a —5.0220

(a) Initial fibrin formation (b)

AMPLITUDE Pinis

stationary Common Patterns of Thromboelastography Tracing
C

up Pin is engaged
oscillates
THROMBOSIS FIBRINOLYSIS
Platelet
Hypercoagulability
Low Clotting Factors
Build up
n
E ° Enzymatic
< L
= 2 Low Platelet Function Hypercoagulability
2
Clot strength "
R (Platelet/Fibrin) Low Fibrinogen level Platelet & Enzymatic
Initiation

Hypercoagulability

ENZYMATIC FIBRINOGEN

Clotting Clot
time  Kinetics

PRIMARY & SECONDARY
FIBRINOLYSIS

Clot stability/breakdown
TIME

Figure 5.2 (A) Normal dynamic thromboelastography trace demonstrating clot initiation, propa-
gation, strength, and lysis. (B) TEG patterns associated with haemorrhagic and thrombotic states.

A figure showing common thromboelastography (TEG) patterns used to identify coag-
ulation abnormalities. A normal tracing is shown for comparison with the signatures
of low clotting factors, impaired platelet function, reduced fibrinogen levels, primary
fibrinolysis, and generalised hypocoagulability. Thrombotic patterns display features of
platelet hypercoagulability, enzymatic hypercoagulability, combined platelet and enzy-
matic hypercoagulability, and secondary fibrinolysis. Each tracing highlights characteris-
tic changes in clot initiation, formation, strength, and breakdown that help guide clinical
interpretation and management.
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Normal values of the coagulation index lie within -3.0 and +3.0, which is 3 standard devia-
tions from the mean of zero. Hypercoagulable (CI > 3.0) or hypocoagulable (CI < —3.0) states
can be identified for guiding transfusion.

Other parameters include the shear modulus (G), whicconverts amplitude (A) into a physical
measure of firmness to depict clot strength*® measured in Kdynes/cm?.

Calculated as=[(5000x A)/(100—A)]/1000.

E (Elasticity Constant) is the normalised value of G;

expressed as: [(100x A)/(100— A)]/1000.

The thrombodynamic potential index (TPI) is calculated as the E value at MA divided by K
and reflects the balance between clot formation and strengthening. Measures of fibrinolysis
include the clot lysis indices at 30 and 60 minutes (CL30, CL60), derived from the ratio of
the amplitude at those time points to the MA. The estimated percent lysis (EPL) is calculated
continuously beginning shortly after the MA is reached and transitions to the standard LY30
value at 30 minutes.>

Several variant TEG assays have emerged for targeted assessment of the coagulation process.

® Rapid TEG (fTEG): A modified assay that uses dual activation (tissue factor plus kaolin)
to expedite results faster than standard TEG or ROTEM assays, supporting hypoten-
sive resuscitation during trauma, triggering therapeutic action before the completion of
the full test run in emergencies. rTEG is crucial for guiding haemostatic resuscitation,
delivering real-time results that predict transfusion requirements, <1 hour of admis-
sion. Admission rTEG can potentially replace conventional coagulation tests in emer-
gency care.’”* rTEG can also rapidly detect hyperfibrinolysis (HF), identifying a rare
but highly lethal pattern known as the “black diamond”, characterised by a rapid rise to
maximum amplitude (TMA <14 minutes) and rapid total clot lysis [Time to Total Lysis
(TTL) <30 minutes from MA]. The on admission rTEG “black diamond” pattern can be
used to identify patients who are at higher risk for mortality.*

® The TEG®6s (Haemonetics, Boston, MA, USA) is a fully automated, cartridge-based
VHA. It uses resonance-frequency viscoelasticity (Sonic Estimation of Elasticity via
Resonance [SEER] sonorheometry), which exposes whole blood to controlled vibration
frequencies and measures shifts in resonance as clot stiffness evolves, without physi-
cal contact with the sample.**-*3 Its four-channel microfluidic cartridge allows parallel
assessment of clot initiation, fibrinogen and platelet contribution, and fibrinolysis using
small blood volumes, improving reproducibility and workflow in acute care settings.
Although, despite automation, exposure to sustained motion can still significantly alter
results, indicating that environmental stability remains important for reliable interpre-
tation in this system.*?

® Other useful variants include Heparinase TEG (hTEG), which uses kaolin as the activa-
tor along with lyophilised heparinase to neutralise unfractionated heparin, and helps
identify the presence of heparin. Functional Fibrinogen TEG (FF-TEG) uses tissue fac-
tor and the platelet blocker abciximab, a GPIIb/IIIa inhibitor, to assess the fibrin contri-
bution to clot strength.**

ROTATIONAL THROMBOELASTOMETRY (ROTEM)

The ROTEM technology followed the TEG system and became one of the first-generation
devices that helped bring viscoelastic testing into routine clinical practice. ROTEM® kept the
same basic concept but changed the way the system is driven. In the ROTEM?® Delta analyser
(Werfen, Munich, Germany; rotational thromboelastometry), the cup is held stationary and
heated, and a controlled rotational force is applied to the pin. As the clot forms, it restricts
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Table 5.4 Description and interpretation of various rotational thromboelastometry variants

Coagulation
pathway/
Activation mechanism
agent(s) assessed Primary diagnostic purpose
INTEM Ellagic acid Intrinsic Assesses intrinsic coagulation factors (XII, XI,
coagulation IX, VIII) and is similar to aPTT; sensitive to
system heparin
EXTEM Recombinant Extrinsic Assesses extrinsic coagulation factor VI,
tissue factor (plus | coagulation similar to PT
calcium ions and system
polybrene)
HEPTEM | Ellagic acid + Intrinsic It compares clotting time (CT) results from
heparinase coagulation the intrinsically activated HEPTEM channel
system with (where heparin is neutralised) against the
heparin INTEM channel (which is heparin-sensitive),

neutralisation to identify endogenous heparinization/
auto-heparinization.

APTEM Extrinsically Fibrinolysis It indicates hyperfibrinolysis if the clot
activated test + potential amplitude increases significantly in APTEM.
antifibrinolytic Used for evaluating fibrinolytic activity.

(aprotinin or
tranexamic acid)

the movement of the pin, and the degree of restriction is inversely related to clot strength.
The rotation of the pin is measured utilising a collimated light beam from a light-emitting
diode reflected off a mirror coupled to the pin. This motion is then tracked by a photosensor
or a charge-coupled device (CCD) image sensor system (Table 5.4).44-*7 A normal dynamic
rotational thromboelastometry trace is shown in Figure 5.3.

Other ROTEM assay variations include ARATEM, which activates platelets with arachidonic
acid to assess the pathway targeted by cyclooxygenase inhibitors, including acetylsalicylic
acid. In the ADPTEM assay, platelets are stimulated with ADP to evaluate the ADP receptor

100
80
60

40 Alpha A10 MCF LI30 ML
20

Amplitude in mm (Firmness)
o

CFT

cT
0 10 20 30 40 50 60

Time in min

Figure 5.3 Normal dynamic rotational thromboelastometry trace. CT: clotting time; cft: clot
formation time; Alpha: angle; MCF: maximum clot firmness; LI30: lysis index 30 min after CT, A10:
amplitude 10 min after CT; ML: maximum lysis.
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Table 5.5 Viscoelastic haemostatic assay parameters for assessing fibrinogen and platelet
contributions to clot strength

VHA parameter/calculation | Description and interpretation

FIBTEM (ROTEM)/Functional fibrinogen | These assays specifically isolate the fibrinogen
(FF) MA contribution to clot strength by adding platelet

inhibitors. Reagents used are tissue factor + Platelet

inhibitor (Cytochalasin D)

Platelet contribution (PC)/PLTEM Platelet contribution to clot strength is calculated by
subtracting the fibrin-only result from the global clot
strength.

PLTEM (ROTEM): EXTEM — FIBTEM.

A decreased PC or PLTEM value suggests low platelet
count (thrombocytopenia) or low platelet function.

pathway. The TRAPTEM assay uses a thrombin receptor-activating peptide to examine the
PAR-1 pathway.*®

ASSESSMENT OF PLATELET FUNCTION USING VHAS

VHAs offer a functional, whole-blood evaluation of platelet contribution to clot formation.
Maximum amplitude (MA) and MCF, from TEG and ROTEM, respectively, represent the
final clot strength. These parameters are primarily driven by platelet-fibrin interactions,
as platelets contribute up to 80% of the measured clot strength. Low MA or MCF suggests
impairment in platelet quantity, platelet function, and fibrinogen levels. Table 5.5 lists the
VHA-based assays used for the evaluation of platelet function and to detect dysfunction.

PLTEM correlates strongly with platelet count. PLTEM is a practical surrogate in acute care
settings. Although PLTEM values (A5 and MCF) show meaningful agreement with whole
blood aggregometry, its performance may vary across studies.

PLATELET MAPPING ASSAYS
TEG platelet mapping evaluates platelet aggregation in response to specific agonists:*

® ADP pathway: Assesses responsiveness through the P2Y,, receptor.
® Arachidonic Acid (AA) pathway: Assesses the thromboxane A, pathway, inhibited by
aspirin.

In trauma patients, both ADP- and A A-mediated platelet responses are reported to be mark-
edly impaired compared to healthy controls. ADP pathway inhibition has been strongly
linked to increased sensitivity to tissue plasminogen activator (tPA), contributing to systemic
hyperfibrinolysis. Qualitative platelet dysfunction via ADP-pathway inhibition is a promi-
nent mechanism of TBI-associated coagulopathy, which may occur even in the absence of
shock.®

The MA-R ratio that links clot initiation to clot strength gives an early snapshot of global
coagulation soon after injury. Post hoc analysis of admission TEG by Harrington et al.*
showed an association of low MA-R ratio with major derangements in thrombin generation,
clot formation, and inflammatory balance. This pattern identifies patients at high risk who
require closer monitoring and targeted intervention. The ratio also aligns with a distinct TIC
phenotype marked by impaired thrombin generation and weak clot architecture.

VISCOELASTIC TESTING AND CONVENTIONAL COAGULATION IN TRAUMA

VHA assesses hypocoagulable, hypercoagulable, and hyperfibrinolytic stages, and identifies
functional abnormalities that are not visible on plasma-based laboratory tests. In isolated
severe TBI patients in India,”! 45% of TIC patients showed a hypercoagulable profile on TEG,
and 37% showed a hypocoagulable profile. CCTs identified coagulopathy in only 16.7% of the
patients. In contrast, TEG classified 30% of the no-TIC group (by CCTs) as hypercoagulable
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Table 5.6 Key viscoelastic parameter cutoffs for assessing coagulation abnormalities

Condition ‘ Key cutoffs

Hypocoagulability>2>* | TEG R > 27 s; ROTEM EXTEM CT > 71.5s; EXTEM CT > 100 s

TEG MA < 51 mm; < 44 mm (multi-parameter definition); EXTEM A5 <
38.5 mm

TEG o < 55° o < 67°in children; K > 3 min

FIBTEM A5 < 8.5 mm (= fibrinogen <150 mg/dL); FIBTEM MCF <
10 mm; FF-TEG MA < 14.9 mm; < 20 mm threshold for fibrinogen
replacement

Hypercoagulability>*>> |TEGR<9s
TEG MA > 69 mm; > 64 mm (alternate definition)
o> 74°

Hyperfibrinolysis>6->8 Ly30 = 3%; >10% (suggests need for repeat TXA); EXTEM LI60 < 85%;
ML30 > 10%

Fibrinolysis Ly30<£0.8%; ML < 3.5%
shutdown>®

and 36% as hypocoagulable, highlighting its greater sensitivity. Correlations between indi-
vidual CCTs and TEG parameters in this study were weak and insignificant. TEG-based
cutoff for k-time=>3.7 (AUC 0.68; 95% CI 0.54-0.82, specificity 70%, sensitivity 63%) and o,
angle<48.0 (AUC 0.66; 95% CI 0.51-0.81, specificity 67%, sensitivity 67%) was established.
The diagnostic accuracy of this cutoff for identifying TIC was 55.6% with sensitivity (81.8%)
and specificity (14.3%).°!

The main interpretive cutoffs used in clinical assessment are summarised in Table 5.6.
Figure 5.4 shows the flowchart of VHA-defined coagulation abnormalities in trauma.

THROMBIN GENERATION

Thrombin generation was first measured in 1953, by MacFarlane and Biggs using whole blood
and by Pitney and Dacie using plasma. The model was time-consuming and required con-
tinuous subsampling. A chromogenic method was later developed, but the selected substrate
got exhausted quickly, blocking physiological feedback loops of thrombin, leading to incom-
plete measurement. Another substrate (MeO-mal-AibArg-pNA), was an improvement, but it
required optical readings in defibrinated plasma to assess the reaction. This was later replaced
by a fluoroscopic agent (Z-Gly-Gly-Arg), bound to 7-amino-4-methylcoumarin, that enabled
automatic fluorescence monitoring. Comparing this with a calibrator of known thrombin
activity made a calibrated automated thrombinography (CAT) assay possible.' Several com-
mercial fluorogenic and chromogenic systems are now available.

Thrombin generation tests (TGTs) use tissue factor as a trigger to simulate cell wall damage.
In platelet-poor plasma, added phospholipids amplify clotting, while in platelet-rich plasma,
the platelets provide the surface, allowing the test to reflect platelet and plasma interactions.
Key readouts include lag time, time to peak, peak thrombin, and endogenous thrombin
potential. Figure 5.5 depicts schematic representation of the output.

Thrombin generation assays present dynamic information that is not captured by PT/INR
alone, and adjunct to CCTs, TGT can help massive transfusion protocols after injury. Faster
thrombin kinetics and higher INR have been independently linked to higher transfusion
rates in patients with the unique phenotype of quick clot initiation and reduced overall
thrombin output (consumptive coagulopathy) following severe injury.®

Compared to VHASs, TGT captures the full thrombin burst beyond initial fibrin formation,
adding value in managing bleeding and predicting surgical bleeding. However, it is lim-
ited due to the slow turnaround time, lack of standardisation, preanalytical variability, and
absence of clear reference ranges.
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Figure 5.4 Flowchart of VHA-defined coagulation abnormalities in trauma.
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Figure 5.5 Schematic representation of thrombin generation test (TGT) output parameters.

PERIPHERAL BIOMARKERS FOR ASSESSING TRAUMA-INDUCED
COAGULOPATHY

Peripheral biomarkers represent measurable indicators of coagulation dysregulation fol-
lowing trauma, and reflect specific pathophysiological mechanisms underlying TIC. These
markers span multiple pathways, including thrombin generation, procoagulant activation,
anticoagulant depletion, endothelial dysfunction, and fibrinolysis.

Thrombin-antithrombin complex (TAT), formed between active thrombin and its natural
inhibitor antithrombin, reflects active thrombin generation. In TBI patients, elevated TAT
concentrations were observed compared to controls: 41.3 (17.4-100.2) vs. 12.7 (6.8-20.1)
pg/mL (p < 0.0001). Importantly, coagulopathic TBI patients demonstrated further elevated
TAT levels, indicating enhanced thrombin generation in association with overt coagulopa-
thy.®! Marked elevation of soluble fibrin monomers (sFM) levels [38.4 (23.1-123.8) vs. 0.45
(0-5.7) ng/mL] in controls (p < 0.0001) marker of thrombin activity, was also reported. In
trauma patients, thrombin generation measured by CAT or other specialised assays has
shown independent prognostic value. Thrombin generation profiles, including parameters
such as peak thrombin concentration and time-to-peak, have been identified as independent
predictors of venous thromboembolism (VTE) after trauma, with time-to-peak demonstrat-
ing a hazard ratio of 1.67 (1.29-2.15, p < 0.00001) for symptomatic VTE development.

While tissue factor (TF) activity drives coagulation, alterations involve its carriage on mic-
roparticles (tissue factor-bearing microparticles [TFMP]) and the behaviour of its natural
inhibitor, tissue factor pathway inhibitor (TFPI). The Prospective Observational Multicenter
Major Trauma Transfusion (PROMMTT)® study, associated lower levels of TF-bearing MPs
(CD41+, CD142+) with substantial bleeding early [206 (43, 270) MP/uL in TIC vs. 60 (33, 195)
MP/uL in control; p 0.01] after acute trauma. Additionally, TF bearing platelet microparticles
(CD41+CD142+) were independently associated with substantial bleeding [OR 0.892 (95% CI
0.973-0.990, p < 0.0001) and early mortality. Our study showed a significant decline in plasma
TF levels in trauma patients compared to controls when sampled before fluid and blood product
transfusion: 1.7 (1.02-3.6) vs. 3.9 (3.0-4.7) pg/mL (p = 0.0002). Furthermore, plasma TF was
lower in coagulopathic patients compared to non-coagulopathic patients, though this differ-
ence approached but did not reach significance: 1.6 (0.8-3.4) vs. 1.9 (1.1-4.3) pg/mL (p = 0.09).
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PROTEOMETABOLOMIC MAKERS OF TIC

Diagnostic cutoffs for protein C (PC) and protein S (PS) in TIC are not well defined, but the PC
pathway shows consistent early changes after injury. Activated protein C (APC) levels between
1.53 and 2.57 ng/mLé63 can identify patients at risk for developing coagulopathy (area under the
curve [AUC] of 0.83-0.88).%> APC is noted to increase with injury severity, rising from 0.5 ng/mL
(ISS <16) to 1.5 ng/mL (ISS 16-26) and 4.1 ng/mL (ISS >26). Higher APC levels, especially above
1.53 ng/mL, were linked to shock, elevated lactate, longer ICU stay, and greater ventilator depen-
dence.** For the zymogen forms, clear diagnostic thresholds have not been defined, but early
trauma studies show a steady decline in protein C activity with higher injury severity (median
90.8% for ISS <16 vs. 80% for ISS >26). Patients with acute endogenous heparinization also had
lower PC levels (85% vs. 109%).° protein S levels fall significantly in TIC, and in isolated severe
TBI, a ROC-derived cutoff of PS <74% predicted TIC with 72.7% sensitivity and 63.8% specific-
ity.®! Concurrently, Cohen et al. reported no overall change in the PC pathway (79.4£24.2 vs.
85+36, p = 0.52), but hypoperfused patients had significantly reduced unactivated PC (56.2+32
vs. 85£35, p = 0.03).5° Low levels of PC and PS have been associated with increased risk of VTE,
and borderline levels between 61 and 75 ITU/dL (OR 1.54-3.18 for PC; PS OR 1.84, 1.31-2.59).6¢
These patterns highlight early depletion of natural anticoagulants as a consistent feature of TIC,
even though formal diagnostic cutoffs for PC and PS zymogens are still not established.

Endotheliopathy of trauma is reflected by sharp elevation in syndecan-1, soluble thrombo-
modulin, tPA, vWF, and circulating cell-free DNA levels. Early shedding can appear within
minutes. Endogenous heparinization identified on TEG has been linked to a four-fold rise in
syndecan-1 [116 (78-140) vs. 31 (18-49) ng/mL, p = 0.02] and higher sTM [4.1 (3.7-4.4) vs.
1.7 (1.0-3.3) ng/mL, p = 0.028].%” Syndecan-1 thresholds used across studies vary: 240 ng/mL
predicts 24-hour mortality with reasonable accuracy;®® 230.5 ng/mL identifies TBI-associated
coagulopathy,® and 92.5 ng/mL predicts disseminated intravascular coagulation (DIC)
progression [AUC of 0.862, 100% sensitivity, and 67.8% specificity].”’ Patients with TIC
[26 (14-79) vs. 23 (12-50) ng/mL, p = 0.01] and DIC [218.8 (134.5-798.2) vs. 67.2 (39.6-114.5)
ng/mL, p < 0.001] showed elevated syndecan-1 levels compared to those who did not.

Endothelial activation following trauma leads to a surge of vWF, while ADAMTS13 activity
falls transiently. This imbalance, along with consumptive coagulopathy, has been linked to
TIC pathology, especially in TBIL.”! As specific thresholds for vWF alone are not established,
the ADAMTSI3 activity to vWF antigen ratio is a practical indicator of imbalance. This ratio
is markedly reduced in paediatric trauma patients at admission compared with controls.”

PROTEOMETABOLOMIC MAKERS OF TIC

Recent untargeted metabolomics studies have identified lysophosphatidylethanolamines as
potential biomarkers for distinguishing TIC. The diagnostic performance of both LysoPE
(20:4/0:0)(AUC = 0.933, 95% CI: 0.849-0.995) and LysoPE (0:0/18:2) (AUC = 0.916, 95% CI:
0.818-0.914) surpassed both conventional coagulation tests and admission assessment scores.
Lysophosphatidylethanolamines (LysoPEs) are bioactive lipids generated when cell mem-
branes are broken down (hydrolysed) by phospholipase A2 (PLA2) during inflammation.
In TIC, massive tissue injury and immune activation trigger a “lipid storm” that disrupts
platelet and endothelial membranes, altering their ability to support coagulation complexes.
The LysoPEs offer a rapid, highly specific “yes/no” test for TIC that is far more accurate than
current clotting times (PT/PTT) in the first hour of injury.”

THE “SUCCINATE-LIPID-SHEDDASE" AXIS

While succinate was previously known as a marker of ischaemia (lack of oxygen), it has recently
emerged as a critical driver (ischaemia signal) of downstream pathology of ischaemia at the
cellular level.” Succinate accumulation in endothelial cells directly causes endotheliopathy,
leading to coagulopathy in trauma patients. In trauma, hypoxia triggers calcium-dependent
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Figure 5.6 Succinate lipid sheddase pathway driving endothelial injury in trauma-induced
coagulopathy.

This figure illustrates the hypoxia-induced succinate build-up in endothelial cells.
Reperfusion triggers succinate dehydrogenase to produce a burst of mitochondrial ROS,
which oxidises membrane lipids. Phospholipase A2 converts these into lysophospholip-
ids, disrupting the membrane and promoting glycocalyx shedding through MMP24 and
MMP25. The loss of glycocalyx leads to the release of heparin-like molecules, factor con-
sumption, and elevated syndecan-1, contributing to trauma-induced coagulopathy.

pathways in endothelial cells, leading to a build-up of intracellular succinate. When blood
flow is restored, succinate is rapidly metabolised by succinate dehydrogenase, producing a
surge of mitochondrial reactive oxygen species. These oxidants attack membrane lipids and
generate oxidised lipid products. Phospholipase A2 targets these damaged lipids and converts
them into lysophospholipids, which disrupt the organisation of the endothelial cell mem-
brane. This disruption promotes shedding of the glycocalyx by MMP24 and MMP25. The loss
of glycocalyx contributes to the consumption of clotting factors and the release of heparin-
like molecules, resulting in auto-heparinization. This process plays a central role in TIC and is
accompanied by elevated levels of syndecan-1 in the circulation. Targeting succinate metabo-
lism with subdural haematoma (SDH) inhibitors, to preserve vascular integrity, represents a
transformative therapeutic strategy for preventing TIC™ (Figure 5.6).

RNA REGULATORS: THE “ceRNA NETWORK” HYPOTHESIS

MicroRNA (miRNA) plays a crucial, multifaceted role in the regulation of coagulation’® and
inflammatory pathways following trauma. Previous studies have identified several specific
miRNAs that contribute to the pathogenesis of trauma outcomes. MicroRNAs in trauma
are associated with the suppressed expression of clotting factors and proteins. miR-24 has
been linked with a hypocoagulation state by inhibiting the synthesis of factor X. Expression
of miR-24 was found to be 3.17-fold elevated in trauma compared to controls. This level was
significantly higher in patients with TIC as compared to those without TIC. In vitro studies
have shown that miR-24 transduction significantly reduces the factor X levels.”®

Hsa-miR-24-3p targets vVWF and inhibits its expression by binding directly to the 3"untrans-
lated region (3"UTR) of vVWF and impacts platelet aggregation and haemostasis through the
competitive endogenous RNA (ceRNA) network, the KCNQ1OT1-hsa-miR-24-3p-VWF axis.

Diagnostic Assessment of Trauma-Induced Coagulopathy 85 I


https://www.pdf-xchange.com/product/pdf-xchange-editor
https://www.pdf-xchange.com/product/pdf-xchange-editor
R
New Stamp


PROTEOMETABOLOMIC MAKERS OF TIC

This network has been reported to be a significant factor in the development of TIC. Figure 5.7
illustrates how the KCNQ1OT1-miR-24-vWF axis drives coagulopathy in trauma. The long
non-coding RNA (IncRNA) KCNQIOTI can sponge (competitively bind), or sequester,
miR-24-3p, thereby preventing it from inhibiting vVWF mRNA and allowing vVWF expression
to increase. This network is considered a significant factor in conditions like acute traumatic
coagulopathy. Elevated hsa-miR-24-3p expression was reported in peripheral blood and liver

hsa-miR-24-3p

KCNQ10T1
NORMAL
Target VWF
VWF Degradation
(A)
IncRNA-miRNA-VWF expression
hsa-miR-24-3p
TRAUMA
KCNQ10T1
ATC
Target VWF

VWF Degradation

B)

Figure 5.7 lllustration of how KCNQ1OT1-miR-24-vWF axes drive coagulopathy in Trauma.
(A) Normal vWF levels support platelet adhesion and haemostasis; (B) trauma leads to suppressed
VWEF synthesis, causing lower vVWF levels and impaired haemostasis.
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PROTEOMETABOLOMIC MAKERS OF TIC

VWF miR-24 FX

Upregulated in Trauma

miR-143-3p

Figure 5.8 MicroRNA-mediated haemostatic dysregulation in trauma.

tissue, while VWF and KCNQIOT1 expression were observed to be decreased in patients and
rat models.”>7

Another pathway involves miR-143-3p, which also negatively regulates vWF, contributing to
coagulation dysfunction in TIC.”” MicroRNA-mediated haemostatic dysregulation in trauma
is shown in Figure 5.8. vWF is a key glycoprotein essential for haemostasis as it helps platelets
adhere to the injured vessel wall and averts factor VIII degradation. TIC is linked with low
vWF levels and reduced clot formation. Recent work examining the circRNA-miRNA-mRNA
ceRNA network identified vVWF as a key gene in TIC pathogenesis, particularly through the
circ_0001274 axis. The study demonstrated that miR-143-3p directly targets and suppresses
vWE, whereas circ_0001274 can competitively bind to miR-143-3p. By acting as a molecular
sponge, circ_0001274 reduces the inhibitory effect of miR-143-3p and increases VWF expres-
sion, which may help improve coagulation in TIC. These findings suggest that the circ_0001274/
miR-143-3p/VWF pathway could serve as a promising therapeutic target in TIC.

Restoring the “sponge” RNAs (e.g., KCNQIOT1 mimics) or using “antagomirs” (to block
miR-24-3p) could theoretically restore factor X and vWTF levels without transfusion.

The markers listed in Table 5.7 represent a shift from traditional clotting tests (like PT/APTT)
toward understanding metabolic exhaustion and gene regulation failure as the molecular

Table 5.7 Novel omics and molecular markers associated with TIC

Diagnostic/prognostic

‘ Mechanistic link

Marker Type performance
LysoPE Metabolite | Membrane lipid perturbation: | AUC 0.933 (95% ClI
(20:4/0:0)73.74 (LysoPE) links to platelet/endothelial 0.849-0.995) for TIC vs.
signalling non-TIC
LysoPE Metabolite | Lipid remodelling; decreased | AUC 0.916 (95% ClI
(0:0/18:2)7374 (LysoPE) in some TIC cohorts 0.818-0.914)
Succinate’? Metabolites | Correlates with platelet Significant negative correlations
dysfunction (inverse with with ADP-MA
ADP-MA)
miR-24-3p76 miRNA Suppresses FX synthesis; T in TIC (=3.17-fold); negative
targets VWF via ceRNA correlation with factor X
network (rho = -0.40)
miR-143-3p”’ miRNA Direct inhibitor of vWF T in TIC; inhibition restores vVWF
circ_0001274/ | circRNA/ Sponge miRNAs (miR-143-3p, | Downregulation in TIC — loss
KCNQ1OT17377 | IncRNA miR-24-3p), thereby of VWF regulation
(ceRNA) protecting vVWF
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FUTURE DIRECTIONS IN TIC DIAGNOSTICS

drivers of TIC. These markers reveal a groundbreaking concept in TIC; the body does not just
“consume” coagulation factors; it actively stops producing them. This is driven by a failure
in the ceRNAregulatory network. In a healthy individual, high levels of “Sponges” (IncRNA/
circRNA/circ_0001274) keep the “Silencers” (like miR-24-3p) in check, ensuring normal pro-
duction of the coagulation factors. In trauma, the “sponges” are downregulated, leaving the
“silencers” unchecked, causing a drop in coagulation factor production. This could explain
why some patients remain coagulopathic even after massive transfusion. Future therapies
may involve IncRNA mimics (artificial sponges) to soak up these miRNAs and restart the
patient’s own coagulation factor production.”>-7

FUTURE DIRECTIONS IN TIC DIAGNOSTICS

New technologies are now pushing diagnostics toward faster, smaller, and more precise plat-
forms that may redefine how TIC is detected. Diagnostics in TIC is moving beyond slow
static laboratory assays to platforms that can make real vascular conditions give molecular
profiling output that exposes the pathology behind coagulopathy.

NEXT-GENERATION VHAS: QUANTRA SEER SONORHEOMETRY

The Quantra System is a cartridge-based point-of-care (POC) device that uses sonorhe-
ometry, a technology based on Sonic Estimation of Elasticity via Resonance (SEER). High-
frequency ultrasound measures clot stiffness without any physical contact. The velocity of
these waves correlates directly with clot shear modulus (stiffness) measured in hectopascals
(hPa). The system uses QStat cartridges, which can differentiate the specific contribution
of fibrinogen and platelets to the clot strength, as well as measure clot stability to lysis. It
measures clot stability to lysis (CSL), clot stiffness (CS), and breaks down clot stiffness into
fibrinogen contribution to stiffness (FCS) and platelet contribution to clot stiffness (PCS).”°

MICROFLUIDIC AND “ORGAN-ON-A-CHIP” PLATFORMS

The microfluidic technology incorporates physiological shear stress, endothelial interaction
and extremely low sample volumes to overcome the limitations of the current viscoelastic
assays.582

TORTUOSITY-POWERED MICROFLUIDICS:83

Recent innovations have introduced devices that can make the tortuous geometry of arteri-
oles. By incorporating stenosed and tortuous channels, these devices generate pathological
Shia gradients that can activate platelets and coagulation naturally without the use of exog-
enous reagents. These tortuosity-based microchannels can induce occlusion in <10 minutes
using minimal blood volumes, offering a rapid assessment of thrombotic potential under
flow conditions.

ADAPTIVE-BUBBLE HAEMOSTASIS CHIPS:8

These devices use microbubbles confined within channels as passive sensors. As coagula-
tion progresses, the forming plot exerts pressure that alters the bubble geometry. Automatic
tracking of the bubble deformation yields viscoelastic parameters that are comparable to our
time, k time and MA values of TEG, with high diagnostic accuracy.

INJURY-ON-A-CHIP (PINCH):8
This system introduces a living endothelial layer within a microchannel. The pneumatic com-
pression creates a controlled “injury”, which exposes the procoagulant surfaces and initiates
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TAKE-HOME MESSAGE

clot formation. This platform captures the critical steps in trauma-induced haemostasis that
the static assays cannot reproduce, including endothelial activation and phosphatidylserine
exposure.

PRECISION DIAGNOSTICS USING MULTIOMICS

Multiomic approaches are being used to identify molecular endotypes of TIC that have not
been captured by the functional assays. Next-generation sequence studies have shown con-
sistent upregulation of Interferon-Stimulated Genes (ISGs) such as OAS2, IFIT1, and RSAD2
in patients with TIC, linking the innate immune activation to coagulation, suggesting that
TIC is partly an “immuno-coagulopathy”. Integrative analyses using the Weighted Gene
Co-expression Network Analysis (WGCNA) and machine learning models have highlighted
the potential of biomarkers such as TFPI and MMP9 for diagnostic and prognostic purposes.

CONCLUSION

Diagnostic assessment of TIC is at a critical transition point. Traditional laboratory assays
remain important for baseline evaluation, but are insufficient to define the full haemostatic
disturbance seen in trauma. Viscoelastic assays have improved real-time assessment but
still do not fully account for endothelial injury, platelet dysfunction under flow, immune-
coagulation interactions, or metabolic drivers of coagulopathy. Emerging technologies,
including microfluidic platforms, endothelial injury-on-a-chip models, and multiomic bio-
marker profiling, offer a more physiologically relevant and mechanistic view of TIC. When
combined with data-driven predictive models, these tools have the potential to identify
distinct TIC phenotypes, guide targeted resuscitation, and monitor therapeutic response.
Future diagnostic frameworks should move away from single-parameter thresholds toward
integrated, multiparametric approaches that reflect the dynamic biology of trauma. Such
evolution is essential to improve early recognition, personalise treatment strategies, and
reduce preventable mortality associated with TIC.

TAKE-HOME MESSAGE

TIC is a dynamic and heterogeneous condition that cannot be reliably identified using any
single diagnostic test. Conventional coagulation tests remain widely available and useful for
initial assessment, but they provide delayed results and offer only a limited view of the hae-
mostatic process. Viscoelastic assays have improved functional evaluation of clot formation
and breakdown, yet they still fall short in capturing key physiological elements and face oper-
ational constraints in routine use. Emerging diagnostic approaches, including microfluidic
platforms, endothelial injury models, and multiomic biomarker profiling, better reflect real-
world haemostasis and underlying mechanisms. Integrating functional assays with molecu-
lar biomarkers and predictive analytics represents the most promising route toward early,
precise, and mechanism-based diagnosis of TIC.

Figure Credits: All figures are original and created by the authors. Selected elements were
sourced from the NIAID NIH BioArt Source (bioart.niaid.nih.gov/bioart/###). Figures were
created by the authors in Microsoft PowerPoint.
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SCORES UTILISING ONLY CLINICAL INDICATORS

INTRODUCTION

Uncontrollable haemorrhage remains the primary preventable cause of death after critical
injury."? In the era of damage control resuscitation (DCR), balanced resuscitation using
blood and blood products, minimal crystalloid usage, early haemorrhage control, preven-
tion and correction of coagulopathy, and restoration of tissue perfusion and oxygen delivery
ensure the best probability of survival. A recent Delphi analysis of blood transfusion require-
ments estimated that 44.2% (CI 36.3-52.2) of polytrauma patients are expected to require
blood transfusions, amounting to ~122,000 units (CI 95.7-165.3 x 1000).> Considering this
dichotomy, transfusions should be used both prudently and liberally. This chapter empha-
sises the relevance of multiple scoring systems in trauma management.

PHYSIOLOGICAL AND CLINICAL INDICATORS OF MASSIVE TRANSFUSION

A recent systematic review* revealed that more than 20 scores have been validated for use in
trauma to determine the need for transfusions. Two clinical signs are consistently present in
nearly all of these: heart rate (HR) and systolic blood pressure (SBP). Another typical clinical
indicator is the evidence of ongoing bleeding. This could be a positive Focused Assessment
with Sonography in Trauma (FAST), indicating intraperitoneal bleeding, an unstable pelvic
fracture indicating retroperitoneal bleeding, and femur fractures, especially bilateral ones.
From simple clinical signs, scoring systems for massive transfusion (MT) have evolved to
using advanced tools, such as point-of-care (POC) labs and viscoelastic assays. While mod-
ern methods improve accuracy by incorporating markers such as pH, lactate, and coagulopa-
thy tests, they are more complex and less widely accessible globally.

SCORES UTILISING ONLY CLINICAL INDICATORS

SHOCK INDEX (SI)

Ever since its introduction by Allgower and Burri,® the shock index (SI) has been utilised in
multiple ways. The SI, calculated as the ratio of HR to SBP, quantifies hypoperfusion. An SI
>0.9 predicts mortality, Massive Haemorrhagic Protocol (MHP) activation, and haemostatic
intervention. The Shock Index Paediatric Age-Adjusted (SIPA) similarly predicts transfusion
needs in severely injured children.® The SI is simple to use but may overestimate MHP needs
in cases like obstructive or cardiogenic shock. It is less reliable in the elderly, hypertensive
patients, or those on beta or calcium channel blockers. A review suggests SI alone isn’t the
best predictor for MHP.”

FIELD TRIAGE SCORE

The Field Triage Score (FTS) simplifies the Revised Trauma Score (RTS) by using SBP
(2100 mmHg) and motor GCS (<6). Designed for military use, it estimates blood pressure
(BP) via radial pulse and links low m-GCS to hypoperfusion. FTS and RTS are both strong
MHP predictors, with FTS being simpler to apply.® Developed as a military score to be used
in the field, an SBP of 100 mmHg was chosen as the cut-off, as this was widely understood to
be the BP at which the radial pulse disappears, and the score does not directly need the SBP to
be measured. Any low score of m-GCS < 6 was considered indicative of decreased mentation
secondary to hypoperfusion. In comparing RTS and a modified version of the FTS (where
total GCS was used), both were good predictors of the need for MHP activation among com-
bat casualties, with the FTS having its obvious advantage of being easier to use.’
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SCORES UTILISING ONLY CLINICAL INDICATORS

Table 6.1 The trauma-induced coagulopathy clinical score (TICCS)

Criteria | Points

General Severity 2
Admitted to the resuscitation room with trauma team activation 0
Non-critical (regular ED room)

Blood Pressure 5
SBP * fell below 90 mmHg at least once 0
SBP * always above 90 mmHg

Extent of Significant Injuries
Head and neck

Upper extremity (left)

Upper extremity (right)

Lower extremity (left)

Lower extremity (right)

Torso

Abdomen

Pelvis

N NN =

o
L
9]

Total possible score

TRAUMA-INDUCED COAGULOPATHY CLINICAL SCORE (TICCS)

Trauma-Induced Coagulopathy Clinical Score (TICCS) is a relatively new score developed
for use in the pre-hospital setting to identify patients who may develop TIC and require DCR.
It consists of three parameters:

i. The severity of injuries necessitating a triage to the resuscitation room
ii. SBP <90 mmHg

iii. The anatomical extent of injuries

All evaluated by the paramedic on the scene or the clinician in the ER (Table 6.1). The total
score can range from 0 to 18, and a TICCS score of 210 has been shown to predict TIC and
the need for MT in a prospective single-centre study involving 82 patients.!® Retrospective
validation of TICCS was performed using data from 33,385 patients in the German Trauma
Registry (TR-DGU). It showed an area under the curve (AUC) of 0.7 (95% CI: 0.69-0.70),
with a cut-off value of 212 yielding the best trade-off between true positives and false posi-
tives.!! The m-TICCS score, with an AUC of 0.77, demonstrated accuracy comparable to that
of the Trauma Associated Severe Haemorrhage (TASH) score (0.78). Despite being easy to
use, it is subjective and validated mainly for blunt injuries, limiting broader application.

CODE RED ACTIVATION

Developed by the emergency medicine and pre-hospital care team at Royal London
Hospital,’> the Code Red activation (CRA) uses three triggers: (1) active haemorrhage,
(2) SBP <90 mmHg, and (3) no response to fluid bolus to alert hospitals to potential transfu-
sion needs. A total of 91% of CRA patients required transfusions. Retrospective and pro-
spective validations showed improved outcomes, though CRA predicts general transfusion
needs, not massive transfusions specifically.!>!

MODIFIED EARLY WARNING SCORE (MEWS)

Modified Early Warning Score (MEWS) was initially modified from the Early Warning Score
to identify the need for ICU admission among medically ill patients.!® Since then, it has also
been shown to predict mortality among polytrauma patients.’® In addition to the common
clinical variables, since MEWS uses the AVPU (alert, verbal response, pain response, and
unresponsive) scale, which has generated interest in its ability to predict outcomes among
patients with traumatic brain injury (TBI) and polytrauma, with most of the data coming
out of Asia (Table 6.2).1%18
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SCORES UTILISING CLINICAL INDICATORS AND POINT-OF-CARE (POC) TESTS

Table 6.2 The modified early warning score (MEWS)

Variable | Value | Score
SBP <70 mmHg +3
71-80 mmHg +2
81-100 mmHg +1
101-199 mmHg 0
2200 mmHg +2
Heart rate <40 bpm +2
41-50 bpm +1
51-100 bpm 0
101-110 bpm +1
11-129 bpm +2
>130 bpm +3
Respiratory rate <9 bpm +2
9-14 bpm 0
15-20 bpm +1
21-29 bpm +2
230 bpm +3
Temperature (°C) <35°C/95°F +2
35-38.4°C/95-101.1°F 0
>38.5°C/101.3°F +2
AVPU scale Alert 0
Reacts to voice +1
Reacts to pain +2
Unresponsive +3

A retrospective study of patients with TBI and polytrauma revealed that MEWS was able
to predict the need for MT among this subset reasonably well (OR, 1.42; 95% CI, 1.25-1.61),
area under the receiver operating characteristic curve (AUROC) 0.80 (95% CI, 0.78-0.83).
Usually, scores developed with one indication do not do well for another, and using MEWS in
the trauma setting will require further prospective validation. However, at present, it remains
one of the few scoring systems studied for application among patients with TBI.

SCORES UTILISING CLINICAL INDICATORS AND POINT-OF-CARE (POC) TESTS

ASSESSMENT OF BLOOD CONSUMPTION (ABC) SCORE AND THE REVISED
ASSESSMENT OF BLOOD TRANSFUSION (RABT) SCORE

Initially developed at Vanderbilt Hospital, the assessment of blood consumption (ABC)
score, published in 2009, has stood the test of time primarily due to its simplicity and ease
of use. It consists of only two clinical variables (HR and SBP), one mechanism of injury
(one point for penetrating mechanism), and one POC test (FAST) (see Table 6.3). Initially

Table 6.3 The assessment of blood consumption (ABC) score

Variable | Value | Score
SBP <90 mmHg +1
Heart rate >120/min +1
Mechanism of injury Penetrating +1
FAST Positive +1
Total possible score 4
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SCORES UTILISING CLINICAL INDICATORS AND POINT-OF-CARE (POC) TESTS

developed from a retrospective cohort,” the score has been prospectively validated in mul-
tiple centres.?’ However, many of these studies had a sizeable proportion of patients with
penetrating trauma, and the scores were applied retrospectively. ABC score has not shown
the same sensitivity and specificity when tested in other institutionsm and has been shown
to overestimate the need for MT. It has also been shown to have limitations, especially in a
predominantly blunt trauma population.>?!

Recently, a modification of the ABC score, called the revised assessment of blood transfusion
(RABT) score, was formulated. It replaces HR and SBP with the shock index (+1 for SI > 1)
and adds pelvic fractures to the score (+1).2*> Retrospective validation of RABT from two
Canadian Level 1 Trauma centres showed predictive value equal to ST and ABC scores, with
an AUROC of 0.67 (0.61-0.73).%

TRAUMA-ASSOCIATED SEVERE HAEMORRHAGE (TASH) SCORE

The authors believe that, at present, Trauma-Associated Severe Haemorrhage (TASH) is the
best available score to predict MT. This is because it is a weighted score validated in large
trauma databases, and it includes most of the common indicators of haemorrhage and hypo-
perfusion.? The score includes seven independent variables, including anatomical injuries,
sex, POC radiology, and POC laboratory investigations (see Table 6.4). The overall score
ranges from 0 to 28, with each cumulative point increasing the risk of MT, and each numeri-
cal score assigning a specific percentage of need for MT. The score was generated and vali-
dated using data from over 6,000 patients in the TR-DGU. The score has been revalidated in
multiple countries and has consistently demonstrated high predictive value.?¢-28 The obvious
disadvantage of TASH is that it has multiple parameters.

The calculation of the score is thus cumbersome and depends on the speed at which POC
investigations can be done. It is thus a valuable tool in high-quality Level 1 trauma centres,
but may be of limited value in resource-limited settings.

Table 6.4 Trauma-associated severe haemorrhage (TASH) score

Variable ‘ Value ‘ Score
Sex Male +1
Haemoglobin <7 g/dL +8
<9 g/dL +6
<10 g/dL +4
<11 g/dL +3
<12 g/dL +2
>12 g/dL 0
Base deficit <10 mmol/L +4
<6 mmol/L +3
<2 mmol/L +1
=22 mmol/L 0
SBP <100 mmHg +4
<120 mmHg +1
2120 mmHg 0
Heart rate >120 bpm +2
<120 bpm 0
FAST Positive for intra-abdominal fluid +3
Pelvis Clinically unstable pelvic fracture +6
Femur Open or Dislocated Femur fracture +3
Total possible score 28
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SCORES UTILISING CLINICAL INDICATORS AND POINT-OF-CARE (POC) TESTS

Table 6.5 McLaughlin score

Heart rate >105/min 1
SBP <110 mmHg 1
pH <7.25 1
Haematocrit <32% 1
Total possible score 4

MCLAUGHLIN SCORE

The McLaughlin score* (Table 6.5) was developed from retrospective data of 302 patients
treated at a single combat hospital with data obtained through the Joint Theatre Trauma
Registry (JTTR) maintained at the United States Army Institute of Surgical Research.

The score identified four independent risk factors for MT:
i. HR >105 bpm,

ii. SBP <110 mmHg,

iii. pH<7.25,and

iv. Haematocrit <32.0%.

The components are non-weighted and are simply identified as ‘yes’ or ‘no’ (see Figure 6.1).

The incidence of MT increases from 20% if the patient has one of these variables present upon
admission to 80% if all four are present. The algorithm yielded an AUC of 0.83.

TRAUMA BLEEDING SEVERITY SCORE (TBSS)
The Traumatic Bleeding Severity Score (TBSS) (Table 6.6) was developed with retrospective
data from a single centre in Japan. The score was created using data from 119 severely injured
trauma patients, with predictive variables assigned a simple score based on the odds ratio
from a multivariate logistic regression analysis.
The TBSS was calculated as the sum of the component scores, ranging from 0 to 57. It included
the following components:
i. Age

ii. SBP after infusion of 1 L of crystalloids

iii. Number of region points on the FAST scan

iv. Pelvic fracture

V. Serum lactate
The predictive value of the TBSS was then validated using data from 113 severely injured
trauma patients. The AUROC, sensitivity, and specificity for a TBSS >15 points were 0.98,
97.4%, and 96.2%, respectively.’* A modified version of the score, where SBP was calculated
at admission before crystalloid administration, was compared with other existing scores and
found to have an excellent predictive value, comparable to TASH (AUROC: 0.92).%! The score

has been helpful in the Japanese population, which has a higher proportion of aged patients
among its trauma patients.

log [p/(1 - p)] =42.1 +[0.7 x (points for I1SS)] - [5.6 x (min pH during
1st hour)] - [0.04 x (min SBP during 1st hour)]

Figure 6.1 Algorithm suggesting how to select a scoring system for clinical usage.
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SCORES UTILISING CLINICAL INDICATORS, ROUTINE LABORATORY TESTS, AND INJURY SCORES

Table 6.6 The trauma bleeding severity score (TBSS)

Variable | Value | Score

Age >60 years 6
SBP >110 mmHg 0
100 £to <110 mmHg
90 <to <100 mmHg

<90 mmHg 1
FAST Positive

Pelvic fracture AO classification
Type A

Type B

Type C

Lactate 0< 2.5 mmol/L
2.5 <5 mmol/L
5<7.5 mmol/L
>7.5 mmol/L 1

OO WlW|IN 0 D™

N O PM»O

VISCOELASTIC ASSAYS

Thromboelastography (TEG) and rotational thromboelastometry (ROTEM) have been stud-
ied to guide the need for MT in trauma. A retrospective single-centre study on 53 patients
revealed that an abnormal maximum clot firmness (MCF) value predicted the need for MT
(AUROC 0.83, 95% CI 0.71-0.94).32 A prospective study on rapid TEG (rTEG) in 583 major
trauma activations revealed that an activated clotting time (ACT) of >128 predicted the need
for MT (210 U) in the first 6 hours (OR 5.15, 95% CI, 1.36-19.49). In addition, an ACT <105
also predicted patients who did not receive any transfusions within the first 24 hours (OR
2.80, CI 1.02-7.07). Another prospective cohort study out of the UK revealed that clot ampli-
tude at 5 minutes could identify patients requiring MT (detection rate of 71%).%* Viscoelastic
assays appear to have a definite role in predicting the need for MT. Its incorporation with
other clinical indicators needs further research.

SCORES UTILISING CLINICAL INDICATORS, ROUTINE LABORATORY TESTS,
AND INJURY SCORES

CINCINNATI INDIVIDUAL TRANSFUSION TRIGGERS (CITT)
Looking at the vast number of scoring systems available, Callcut et al.>* hypothesised that it
is more important to understand the predictive value of individual variables rather than col-
late them into a score. Analysing data from ~170 patients requiring immediate surgery after
trauma, the study aimed to identify the predictive capabilities of five transfusion triggers,
such as:
i. SBP <90 mmHg,

ii. Hb <11 g/dL,

iii. Temperature <35.5°C,

iv. INR>L.5, and

v. Base deficit (BD) > 6.

The study demonstrated that an international normalised ratio (INR) value >1.5 indicates
the need for an MT of more than 10 units of blood within 6 hours in a patient requir-
ing surgical intervention. INR (OR 11.3, 95% CI 2.7-47) and SBP (OR 8.5, 95% CI 3.4-21)
were highly predictive, while temperature was least predictive [OR 3.4 (95% CI 1.5-7.7)].
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SCORES UTILISING CLINICAL INDICATORS, ROUTINE LABORATORY TESTS, AND INJURY SCORES

[ Does Your Centre Have? ]

Then Use \ POC Imaging ]

« Shock Index
+ Field Triage Score NO YES / Then Use \
« Trauma-Induced Coagulopathy Clinical Score +TASH

(TICCS) [ POC Imaging and Lab Testing ] . PWH Score
+ Code Red Activation YES + McLaughlin, Larson or
- Coagulopathy of Severe Trauma Score NO Wade Model

(COAST) + TBSS
+ Baker Model Then Use +FASILA

\MEWS / « ABC Score LCITT
« RABT Score

\ * BIG Score /
« Emergency Trauma Score

Figure 6.2 Formula for the Moore model.

The study emphasised the need to look at individual transfusion triggers rather than com-
posite scores.

MOORE MODEL

Using retrospective data from 383 patients entered in a prospective multicentre database, the
Moore model developed a final predictive model including the following variables: Injury
Severity Score (ISS) < 25 gives 0 points; ISS > 25 gives 1 point; minimum pH during the first
hour of arrival, and minimum systolic blood pressure during the first hour after arrival in
mmHg. The values of these variables were entered into a formula to give the probability of
MT (see Figure 6.2).

SCHREIBER MODEL
Another military score developed with data from 558 combat victims from Iraq, the Schrieber
model® identified the following variables:

i. Haemoglobin <11 g/dl,

ii. INR>1.5,and

iii. Penetrating mechanism of injury.

Haemoglobin < 11 g/dl (OR 7.7) was the single best predictor for MT. Using the three vari-
ables as a predictive model, the model had a gopod AUROC of 0.80. The need for the INR value
made the model difficult to use quickly upon patient arrival.

VANDROMME SCORE
Vandromme and team attempted to create a predictive model using available triggers from
other scoring systems, including the following:
i. Blood lactate =5 mMol/L,

ii. HR > 105 beats/min,

iii. INR> 1.5,

iv. haemoglobin < 11g/dL, and

V. SBP <110 mmHg
in a prospective manner.> While they could not construct a final predictive model, the best-
fit model included three or more positive clinical measures (Sensitivity: 53%, Specificity:
98%, positive predictive value [PPV]: 33%, negative predictive value [NPV]: 99%). There was

increased PPV when all clinical measurements were positive (Sensitivity: 9%, Specificity:
100%, PPV: 86%, NPV: 98%).
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SCORES UTILISING CLINICAL INDICATORS, ROUTINE LABORATORY TESTS, AND INJURY SCORES

THE BIG SCORE (BASE DEFICIT, INR, AND GCS SCORE)

The admission base deficit, INR, and GCS, or BIG, score has been shown to predict mortality
among paediatric and adult trauma patients.’” The BIG score was calculated using the fol-
lowing formula: [base deficit + (2.5 x INR) + (15 - GCS)]. A retrospective single-centre study
attempted to study the use of the BIG score to predict mortality and MT in 5605 patients. The
study showed that the AUROC of the BIG score for MT was 0.84 (95% CI, 0.83-0.85).%® The
need for an admission INR value hampers the use of the score to guide transfusion. However,
adding to the previously discussed scores, this remains among the few to consider GCS and
associated head injury.

SCORING SYSTEMS AND COAGULOPATHY

Trauma-induced coagulopathy (TIC) is a complex, early onset condition that impairs the
body’s ability to form stable blood clots after injury. TIC significantly increases the risk of
uncontrolled bleeding and is associated with higher mortality in trauma patients.** Early
identification of coagulopathy is crucial, as timely correction with haemorrhage control and
the use of blood products, tranexamic acid, and viscoelastic testing can reduce bleeding
and improve outcomes. In this context, the early identification of TIC is likely to become a
crucial component of future trauma scoring systems, identifying the need for massive trans-
fusion. At this point, however, the widespread utilisation of scoring systems with POC vis-
coelastic assay results is limited by availability and cost in low- and middle-income countries
(LMICs).

CHALLENGES AND FUTURE PERSPECTIVES
MT management faces challenges due to the lack of a standardised definition and limited
usability of scoring systems in LMICs (Tables 6.7 and 6.8). The traditional definition of MT,

Table 6.7 Comparative table of commonly used scoring systems with accuracy, strengths, and

limitations
Predictive
Parameters value Strengths Limitations
Shock index HR/SBP, SI > 0.9 | Predicts Simple and Overestimates in
(Sh mortality, MHP | widely used. obstructive/
activation, cardiogenic shock,
haemostatic less reliable for elderly,
intervention; hypertensive patients,
SIPA for and those on beta/
paediatric calcium blockers.
transfusion
prediction.
Field triage SBP Predicts MHP Easy to apply in | Needs refinement for
score (FTS) <100 mmHg, activation; military and civilian settings; uses
motor GCS <6 | simpler than pre-hospital proxy SBP (e.g., radial
RTS. settings. pulse).

TICCS Severity of Predicts TIC and | Subjectively Limited data for
injuries, SBP MT (AUC 0.7, assessed; broader applications;
<90 mmHg, best cutoff validated for subjective nature
and >12). blunt injuries. reduces
anatomical reproducibility.
extent of
injuries
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Table 6.7

(Continued)

Parameters

Predictive
value

Strengths

Limitations

Scoring Systems to Assess Probability of Massive Transfusion 105 K ——

Code red Active 91% of CRA Simple, Predicts general
activation haemorrhage, patients require | pragmatic tool; | transfusion needs, not
(CRA) SBP transfusion; validated specific to MT.

<90 mmHg, this improves retrospectively
no response to | outcomes. and
fluid bolus prospectively.

Coagulopathy | Entrapment, Highly specific High specificity; | Low sensitivity; not
of severe temperature, (94.2%) but focuses on TIC. | well-suited for MHP
trauma SBP, low sensitivity activation.

(COAST) abdominal/ (21.6%) for TIC
pelvic injuries, prediction; MT
chest incidence
decompression | 15.3% in

COAST-positive
patients.

Baker model | SBP <90 mmHg, | Transfusion rates: | Effective in Requires accurate injury
GCS <9, HR 100% (4 trauma centers | histories, limiting use
>120 bpm, factors), 68% with detailed in underdeveloped
high-risk injury | (3 factors), 42% | pre-hospital pre-hospital systems.
mechanism (2 factors), 12% | injury histories.

(1 factor), 2%
(none).

MEWS HR, SBP, RR, Predicts ICU Simple; AVPU Needs further
temperature, admission, scale validation for trauma
AVPU scale mortality, and accommodates | use.

MT for TBI/ TBI patients.
polytrauma
(AUC 0.80).

ABC score HR, SBP, Predicts MT but | Easy to use; Limitations in blunt
penetrating overestimates validated in trauma populations;
mechanism, in blunt trauma | multiple retrospective
FAST populations. centres. application biases.

TASH Anatomical AUROC: Comprehensive; | Complex; depends on
injuries, sex, 0.78-0.83; validated rapid POC testing;
radiology, and highly across various limited in resource-
laboratory predictive of settings. constrained settings.
parameters MT in multiple

validations.

Emergency Age, primary High NPV Cost-effective Not designed for MT
transfusion arrival, (0.998) for for transfusion | contexts.
score (ETS) mechanism, transfusion prediction in

SBP, FAST, needs in ER the ER.
pelvic stability settings.

Prince of Similar to TASH | Cut-off 26: PPV | Includes GCS, Inferior to TASH; lacks
Wales with added 82.9%, NPV helpful for detailed validation for
Hospital GCS 96.6%. mentation. head injuries.

(PWH) score
Wade model | SBP, HR, pH, > 0.5 predicts | Uses a Modest specificity; may
hematocrit MT (PPV 75%, straightforward | not generalise well
NPV 72%). formula. across different
populations.
(Continued)
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Table 6.7

(Continued)

Parameters

Predictive
value

Strengths

Limitations

Mclaughlin HR >105 bpm, | Incidence of MT: | Simple, strong Derived from a single
score SBP 20% (1 factor), | prediction for combat hospital
<110 mmHg, 80% (4 factors). | MT. dataset; needs
pH <7.25, broader validation.
hematocrit
<32%

Larson score  |HR >110 bpm, | Predicts MT with | Military-focused; | Limited specificity;
SBP sensitivity 69%, | decent moderate sensitivity.
<110 mmHg, specificity predictive
hemoglobin 65%, and value.
<11 g/dl, BD incidence of
<6 mmol/l 54% in

COAST-positive
patients.

TBSS Age, SBP after | AUC: 0.98; Excellent Population-specific;
1L crystalloid, highly prediction in needs global
FAST, pelvic predictive for the Japanese validation.
fracture, serum | MT (AUROC trauma
lactate 0.92in population.

modified
version).

FASILA score | FAST, SI, lactate | AUROC: 0.87; Unique to Needs further
developed for abdominal validation outside the
abdominal trauma; simple | initial study
trauma. and specific. population.

Viscoelastic TEG, ROTEM Predicts MT with | Real-time Resource-intensive;

assays good sensitivity | coagulation integration into
and specificity analysis aids in | clinical workflows
(AUC 0.83 for MT decisions. requires further study
clot firmness).

10 or more units of packed red blood cells (PRBCs) in 24 hours, excludes critically bleeding
patients who die early or stabilise without reaching the threshold.

Revised definitions, such as requiring 3-5 PRBCs within 1-6 hours or 4 or more units of blood
components within 2 hours, aim to address survivorship bias and align with DCR. Existing
scoring systems often rely on complex radiological and POC tests, which are unavailable in
many LMIC hospitals.

This reliance delays MHP activation, increasing mortality risk. Systems must instead focus
on accessible clinical and POC indicators (see Figure 6.1). Trauma patterns vary widely.
High-income countries manage high-velocity injuries in advanced centres, while LMICs face
severe blunt trauma and delayed presentations. Smaller hospitals often lack the resources for
rapid coagulation tests, which complicates MT activation in these settings. Future systems
should incorporate tools such as TEG or ROTEM to enhance predictions. Head injuries, a
major cause of trauma, remain understudied in MT contexts. Artificial intelligence shows
promise in creating adaptive, locally relevant predictive models for MHP activation. MT
scoring success depends on tailoring to local resources, patient patterns, and injury mecha-
nisms. Customisation ensures better outcomes than adopting universal systems, advancing
global trauma care.
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TAKE-HOME MESSAGE

Table 6.8 Comparative table of some hybrid scoring systems

Model/study | Focus/key | Variables | AUROC | Notes

Callcut (CITT) | Individual SBP <90 mmHg, |INR >1.5(OR 11.3, | Highlights the
transfusion Hb <11 g/dL, Cl2.7-47) and SBP | predictive value
triggers rather Temp <35.5°C, | (OR 8.5, Cl13.4-21) | of individual
than composite INR >1.5, Base were most triggers over
scores. Deficit (BD) >6. | predictive. Temp composite

was least (OR 3.4). | scoring.

Moore model | Retrospective Injury Severity Generated a Uses a formula
analysis for Score (ISS), probability model for MT
developing a minimum pH, for MT using ISS probability but
predictive MT and minimum and early arrival lacks real-time
model. SBP during the | vitals. rapid

first hour. assessment
tools.

Schreiber Military model Hb <11 g/dL (OR | Haemoglobin <11 g/ | Dependence on

model focusing on 7.7), INR >1.5, dL was the best INR limits quick
combat trauma penetrating predictor for MT. usability upon
data. injury Model AUROC = patient arrival.
mechanism. 0.80.
Vandromme Combined Lactate 25 Sensitivity: 53%, Could not finalise
score variables from mMol/L, HR Specificity: 98%, a predictive
existing systems >105 bpm, INR | PPV: 33%, NPV: model; findings
for predictive >1.5, Hb 99%. Increased had mixed
modelling. <11 g/dL, SBP PPV when all sensitivity and
<110 mmHg. measurements are | specificity.
positive.

BIG score Predicting Base deficit, INR, | AUROC for MT: 0.84 | Dependence on
mortality and MT | GCS: [Base (95% C10.83- INR reduces
in pediatric and Deficit + (2.5 x | 0.85). Incorporates | immediate
adult trauma INR) + (15 GCS and head applicability
patients using a - GC9)]. injury.
composite score.

CONCLUSION

Multiple scoring systems are currently available to predict the need for MT among trauma
patients. However, their use must be personalised from centre to centre. The majority of them
use common clinical indicators, and it’s always better for trauma centres to develop their
scores based on these for their usage.

TAKE-HOME MESSAGE

Selecting the right scoring system to predict the need for MT in trauma depends heavily on
the clinical setting, available resources, and the types of injuries encountered. Simple tools
like the SI and FTS are easy to apply and work well in pre-hospital or resource-limited envi-
ronments, but their predictive accuracy is modest, and they perform poorly in older adults,
patients on cardiovascular medications, and those with non-haemorrhagic shock. Scores that

Scoring Systems to Assess Probability of Massive Transfusion 107 K=


https://www.pdf-xchange.com/product/pdf-xchange-editor
https://www.pdf-xchange.com/product/pdf-xchange-editor
R
New Stamp


REFERENCES
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MANAGEMENT OF TIC

Chapter 7.1: Management Strategies

Sharmishtha Pathak and Babita Gupta

INTRODUCTION

Trauma-induced mortality is a major global health burden, and uncontrolled haemorrhage
is one of the most preventable causes of death in these patients.! Patients with major haemor-
rhage present with coagulopathy at the time of presentation to the emergency.

There are several causes for worsening coagulopathy in trauma patients presenting with mas-
sive haemorrhage:

i. Consumption of coagulation factors and platelets for clot formation to prevent blood
loss

ii. Dilution due to resuscitation with normal saline, crystalloids, and red blood cell
transfusion

iii. Hormonal changes, like an increase in vasopressin and adrenaline, and an increased
generation of cytokines

iv. Hypoxia, acidosis, and hypothermia predispose to haemostatic defects by impairing the
functional ability of platelets, coagulation proteases fall in thrombin generation, and
accelerating fibrinolysis.

There has been a significant change in the transfusion support in coagulopathic patients over
the last decade, and the recent guidelines and literature suggest early use of high ratios of
plasma and platelet components along with red blood cells and limiting colloids and crystal-
loids, which is known as haemostatic resuscitation.? Severely injured patients are more prone
to coagulopathy. About 25% of severely injured trauma patients present with haemorrhagic
shock and require transfusions and are at risk of coagulopathy, which increases their mortal-
ity.®> Early identification of those patients in coagulopathy will prevent the vicious cycle of
hypothermia, acidosis, and bleeding.

Various organisations and expert panels have developed guidelines and consensus statements
to standardise the management of trauma-induced coagulopathy (TIC). These documents
are essential references for trauma care providers and offer evidence-based recommenda-
tions for managing coagulopathy in trauma patients.

MANAGEMENT OF TIC

Damage control haemostatic interventions are essential to cease TIC progression. They
include permissive hypotension to minimise fluid infusion and dilution of coagulation fac-
tors, early administration of tranexamic acid (TXA) to limit the production of plasmin and
reduce fibrinolysis, and early activation of massive haemorrhage protocols (MHPs) employing
a balanced transfusion strategy of red blood cells, plasma, and platelets in a predetermined
ratio.*-® Based on pathophysiology, replacing fibrinogen and calcium as essential components
of the coagulation cascade is also necessary. Correcting hypothermia and acidosis helps in
facilitating enzymatic coagulation reactions. After the bleeding has ceased, prevention of
thrombotic events due to hypercoagulability from late TIC is indicated. Thromboprophylaxis
within 24 hours from haemostasis is recommended, provided there is no contraindication.”®
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MANAGEMENT OF TIC

PRE-HOSPITAL CARE

Preventing the progression of haemorrhage to haemorrhagic shock is the primary goal for the
initial management of TIC. This is achieved by arresting the bleeding and restoring circulat-
ing blood volume. Effective strategies that can be employed in the pre-hospital setting include
the use of tourniquets and direct compression of bleeding wounds to slow haemorrhage. Pre-
hospital health care providers must also initiate resuscitation of the critically ill patient with
traumatic injury to increase intravascular volume to preserve organ perfusion.>'® The fluids
administered in the pre-hospital setting can significantly help the patient, but can also be
potentially harmful. Resuscitation using large volumes of crystalloids may increase the blood
pressure but at the cost of exacerbating coagulopathy and clot dislodgement if raised too
rapidly. High-volume crystalloid resuscitation has the added risk of hyperfibrinolysis upon
presentation to the hospital and is associated with morbidity.!! Thus, due to the potential
problem of coagulopathy, a permissive hypotensive strategy is advocated in actively bleed-
ing patients until definitive bleeding control can be achieved. However, the optimal level
of hypotension remains to be established, particularly in patients with associated traumatic
brain injury (TBI).!? Additional therapies in the pre-hospital setting, including transfusion
of blood products and TXA are being studied.

HOSPITAL CARE

Globally, there is no accepted single protocol for the treatment of severe traumatic haem-
orrhage, which is probably due to the difference in availability of resources and the differ-
ence in types of injuries received at various centres. However, when resources are available,
most guidelines recommend transfusion of high ratios of plasma to red blood cells (RBCs),
restricted use of crystalloids, permissive hypotension until active bleeding is controlled
(except in the setting of TBI), and goal-directed haemostatic resuscitation with blood com-
ponents and antifibrinolytics once laboratory test results are available. While European
guidelines recommend restricted, balanced crystalloids with inotropic agents to restore vol-
ume, and fibrinogen and prothrombin complex concentrate (PCC) to provide clotting factors
(provided fibrinogen levels are normal and PCC is given based on viscoelastic haemostatic
assay (VHA) showing evidence of delayed coagulation initiation).” Figure 7.1.1 describes the
management of a bleeding trauma victim in the Emergency Department (ED), and the fol-
lowing section will discuss each aspect in detail.

MASSIVE HAEMORRHAGE PROTOCOLS (MHPS)

The patients who arrive at the hospital in overt haemorrhagic shock must receive empirical
blood product resuscitation to restore circulating blood volume and thereby attenuate the
development of worsening coagulopathy. It represents a balanced resuscitative strategy for
rapid delivery of large volumes of blood products in a pre-defined ratio for the treatment of
haemorrhagic shock. There is no single correct strategy, and as such individual institutions
differ widely in the trigger threshold for initiation of the massive transfusion protocols as
well as the predefined ratios of blood products. The ratio of plasma to RBCs for transfusion
remains controversial. The only randomised controlled trial (RCT) evaluating 1:1 and 1:2
ratios demonstrated no benefit in survival with the 1:1 ratio, but suggested a shorter time to
haemostasis in this group. It is important to understand that these improved outcomes are
limited to patients with severe traumatic injury undergoing a massive transfusion, and there
is evidence that patients with less severe traumatic injury who receive a massive transfusion
may be harmed by these protocols.

The PROMMTT study demonstrated improved 24-hour survival with transfusions of
higher ratios of plasma and platelets at an early stage in resuscitation. The 2015 multicentre
PROPPR trial found no difference in the 24-hour or 30-day mortality between a 1:1:1 ratio
vs. a 1:1:2 ratio of plasma to platelets to RBCs transfused. However, the group that received a
1:1:1 ratio was more likely to achieve haemostasis and less likely to die from exsanguination.
Coagulation factor concentrates are being increasingly used as an alternative to fresh frozen
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1. Clinical assessement
2. Laboratory tests - PT, aPTT, INR,
Patient actively bleeding in ED Platelet Count, Fibrinogen levels
3. Blood gas analysis - Haemoglobin,
lactate, base excess

Tranexemic acid 1 gm IV bolus
followed by 1 gm over 8 hours

Obvious bleeding source - Massive No obvious source of bleeding
Haemorrhage identified

1. Damage control surgery Take the patient for further imaging -

2. Pelvic stabilisation 1. E-FAST
3. Angioembolisation 2.CT Scan

If one of the following -

1. Lactate > 5 mmol/I

2. Base excess — <-6 mmol/I
3.Hb <9 gm/d|

4. SBP <90 mmHg

¥

Initiate MHP

¥

Fibrinogen concentrate 2 g IV
bolus or FFP transfusion in the
ratio of 1:2 FFP:PRBC

Goal-directed therapy -
1. Conventional laboratory tests
PA'EY

Figure 7.1.1 Management of actively bleeding patients in the emergency department.
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plasma (FFP) for correction of TIC.!*!* Cryoprecipitate or fibrinogen and platelets should be
administered if the patient requires >4 units of RBCs before laboratory results are available.!®
A significant concern with the use of large volumes of blood products is the potential for
transfusion-associated circulatory overload and transfusion-related acute lung injury.

GOAL-DIRECTED TRANSFUSION

The heterogeneous nature of trauma necessitates treatment that is targeted to the individual
patient’s needs. Theoretically, an approach tailored for each patient theoretically guides may
be more beneficial in contrast to a universal transfusion protocol. Goal-directed therapy is
a Grade 1B recommendation in the recent European guidelines. Studies have shown that a
change in approach by means of using a goal-directed transfusion with the help of point of
care tests has improved patient outcomes. The interim analysis of the Strategy of Transfusion
in Trauma (STATA) trial, which compared a fixed ratio transfusion (1:1:1) to a thromboelas-
tography (TEG)-guided administration of coagulation factor concentrates and fibrinogen in
patients with major trauma, revealed no difference in mortality.>¢

TRANEXAMIC ACID

The CRASH-2" trial demonstrated that the use of TXA in adult trauma victims was asso-
ciated with a reduction in all-cause mortality. Subsequent analysis also revealed that use
beyond 3 hours was associated with increased risk of death due to bleeding. International
guidelines recommend its use within the first 3 hours following trauma. However, the
recently concluded Prehospital Tranexamic Acid for Severe Trauma (PATCH) trial did not
find any difference in the number of patients surviving with a favourable functional out-
come at the end of 6 months.!3!* Use of TXA is associated with the potential risk of venous
thromboembolism (VTE) and studies have suggested an association with increased VTE
rates. Theoretically, TXA, as an antifibrinolytic drug, could increase the incidence of post-
injury fibrinolysis shutdown. TXA should be administered early and probably not to patients
with evidence of fibrinolysis shutdown. Studies on the administration of TXA to non-trauma
haemorrhage have indicated a significant increase in VTE over 24 hours. By contrast, the
CRASH-2 and CRASH-3 trials done on trauma patients fail to report any increase in the
incidence of VTE. These trials, however, have been criticised for reporting lower VTE, which
is probably due to the low rate of patients who actually required transfusion and lack of VTE
screening. Although their findings are also resonated by the PATCH trial, where the inci-
dence of venoocclusive disease did not differ between the TXA group and the placebo group.
On the other hand, STAAMP and Prehospital TXA for TBI trials had substantially higher
VTE rates.!31419

USE OF BICARBONATE

Bicarbonate should be given only if severe acidosis persists despite resuscitation, as bicarbon-
ate therapy is ineffective or rather harmful, owing to excess HCO3-derived CO,, which is
highly soluble across cell membranes, causing a cellular respiratory acidosis not reflected in
arterial pH or PaCO, measurements.

COAGULATION FACTOR CONCENTRATES

The use of coagulation factor concentrates as first-line therapy enables faster correction and
reduces the volume of blood products transfused, with a potential for fewer side effects from
plasma administration.

FIBRINOGEN CONCENTRATE

Early use of fibrinogen concentrate has been explored in the fibrinogen in the initial resus-
citation of severe trauma (FiiRST) trial. This randomised, placebo-controlled feasibil-
ity study of 50 hypotensive trauma patients showed increased plasma fibrinogen levels in
the fibrinogen concentrate group, with 96% of subjects receiving the intervention within
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1 hour.?’ The Reversal of Trauma-Induced Coagulopathy (RETIC) trial compared the use of
FFP with fibrinogen concentrate. The study included adult patients with major trauma who
had coagulopathy identified using rotational thromboelastometry (ROTEM). The harm-
ful effect of massive transfusion in the plasma arm led to early termination of the trial.
However, in both trials, targeted use of fibrinogen concentrates was associated with earlier
correction of coagulopathy, reduced transfusion of blood products and decreased rate of
massive transfusion.?"?? In the Fibrinogen Early in Severe Trauma study (FEISTY), it was
found that the administration of fibrinogen concentrate helped in achieving the appropri-
ate fibrinogen levels much faster than the group which received cryoprecipitate. Although
the level was reached faster, the ultimate values were equal for both the groups, and thus
further studies are warranted for same.?* The CRYOSTAT-2 trial studied the role of cryo-
precipitate administration in trauma patients requiring activation of MHP and found that
there was no role of empirical high-dose cryoprecipitate administration in reducing the
28-day mortality.?

SPECIAL CONSIDERATIONS

Trauma patients who present with occult bleeding but are otherwise compensated pose a
different challenge in resuscitation. A common source for bleeding in trauma victims is
injury to the solid abdominal organs. Targeted resuscitation of these patients is an important
approach, as most transition to a hypercoagulable state by 24-48 hours. TBI poses unique
challenges in the management of coagulation. Skull being a fixed space warrants a more
aggressive approach to obtain timely haemostasis to avoid intracranial hypertension. The
CRASH-3 study identified a survival benefit of early TXA administration in patients with
mild-to-moderate but not severe TBI.!* One major challenge in TBI-associated TIC is the
use of pharmacological prophylaxis against VTE. The transition to hypercoagulability after
injury poses a major clinical threat, with high VTE rates noted in patients who have TBI. The
decision to initiate anticoagulation to prevent post-injury clotting and thrombotic complica-
tions needs to be weighed against the risk of exacerbating bleeding.

FURTHER AND UPCOMING RESEARCH

A lot of research is being conducted in the field of trauma to minimise bleeding and its asso-
ciated problems. CRASH-4 trial is presently underway in mild TBI patients to understand
the role of TXA administration in these patients.?> FEISTY Junior?* is a study being under-
taken for paediatric patients with severe trauma to analyse the effects of the administration of
fibrinogen concentrate early to trauma victims. More investigations are needed into the role
of inflammation, the mechanisms of hypercoagulability and organ dysfunction during late
TIC. A better understanding of the complex and dynamic pathophysiology of TIC may help
reduce potentially preventable deaths due to trauma-induced shock and organ dysfunction
in the future.

THERAPEUTIC TARGETS EMERGING FROM PATHOPHYSIOLOGY

Improved understanding of TIC has identified several promising molecular and cellular
pathways for therapeutic intervention.
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PROTECTION OF THE ENDOTHELIAL GLYCOCALYX

The endothelial glycocalyx plays a crucial role in vascular permeability and coagulation reg-
ulation. Damage to this structure contributes significantly to TIC pathogenesis. Emerging
therapies focus on preserving glycocalyx integrity:

i. Ascorbic Acid: A randomised controlled trial has shown that high-dose intravenous
vitamin C reduces glycocalyx degradation and improves microvascular perfusion in
septic shock patients by lowering the perfused boundary region, a marker of glycocalyx
shedding.?®

ii. Hydrocortisone: Animal models of acute pancreatitis demonstrated that hydrocortisone
preserves intestinal capillary endothelial glycocalyx, maintaining vascular barrier func-
tion and reducing tissue edema.?¢%

iii. Albumin: Acting as a colloid and molecular carrier, albumin supports oncotic pressure
and scavenges reactive oxygen species, thereby stabilising glycocalyx structure and
enhancing microcirculatory flow.?

iv. Plasma-based Resuscitation: Compared to crystalloids, plasma infusion has shown
superior endothelial protection in a pneumosepsis model, likely due to reduced fluid
overload and preserved glycocalyx composition.?>3°

MODULATION OF THE PROTEIN C PATHWAY
Thrombomodulin and protein C are central to anticoagulant and anti-inflammatory pro-
cesses. Targeting this axis offers dual benefits in TIC:

i. Recombinant Thrombomodulin (rTM): Clinical use of rTM combined with antithrom-
bin has demonstrated efficacy in lowering mortality in sepsis-associated disseminated
intravascular coagulation (DIC) without increasing bleeding risk.*!

ii. Solulin (a thrombomodulin analogue): In preclinical stroke models, Solulin improved
reperfusion and reduced infarct size, supporting its therapeutic potential in thrombotic
settings.*

iii. VhH Anti-Thrombomodulin Antibodies: These agents inhibit thrombin-activatable
fibrinolysis inhibitor (TAFI) activation and enhance fibrinolysis under flow conditions
in vitro, offering a novel, targeted strategy to rebalance coagulation in TIC.*

Targeting Neutrophil Extracellular Traps (NETs) and Damage-Associated Molecular
Patterns (DAMPs): Both NETs and DAMPs contribute to immune-thrombotic complica-
tions in TIC:

i. NET Inhibition: NET formation has been implicated in deep vein thrombosis and
systemic inflammatory injury. Therapeutic approaches aiming to inhibit NETosis or
enhance NET clearance may reduce thrombotic burden.’*3

ii. DAMP Modulation: DAMPs activate innate immune pathways via Toll-like receptors
(TLRs), perpetuating systemic inflammation and coagulopathy. Intervening in these
signalling cascades may attenuate endothelial and coagulation disturbances.*

Complement Pathway Inhibition: Excessive activation of the complement system, particu-
larly the C5a-C5aR1 axis, plays a key role in immunothrombosis:

i. C5a Blockade: C5a enhances NET formation by inhibiting mitochondrial STAT3, pro-
moting thrombosis. Inhibition of C5a may reduce microvascular thrombus formation
and improve organ perfusion in critical illness.?

ii. C5aRl Targeting: Clinical studies show that blocking the interaction between C5a and
its receptor reduces platelet aggregation and endothelial injury in disorders such as
atypical hemolytic uremic syndrome (aHUS) and COVID-19-related coagulopathy.’®%

Collectively, these targeted strategies offer promising avenues for improving outcomes in
TIC by modulating core pathophysiological processes such as endothelial dysfunction,
thromboinflammation, and dysregulated fibrinolysis.
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FUTURE DIRECTIONS: PERSONALISED COAGULOPATHY MANAGEMENT
Emerging technologies promise to take TIC management into the era of precision medicine:

i. Point of care genomics and proteomics to rapidly profile coagulation and inflammatory
status.
ii. Artificial intelligence models integrating trauma severity, labs, and viscoelastic data to
guide therapy in real time.
iii. Nanotechnology-based diagnostics for earlier detection of endothelial injury or DAMP
release.

Ultimately, the future lies in early identification, continuous monitoring, and adaptive treat-
ment algorithms based on evolving patient-specific data, improving outcomes through
timely and personalised interventions.

CONCLUSION

A greater understanding of TIC, coupled with advances in point-of-care coagulation testing
and availability of coagulation factors and fibrinogen concentrates, allows the clinician to
employ a goal-directed approach to massive transfusion, as opposed to traditional fixed-ratio
approaches. However, to achieve the best outcomes, hospitals need to tailor their approaches
according to available resources, provide adequate training and establish local guidelines or
algorithms.

TAKE-HOME MESSAGE

Managing trauma-induced coagulopathy works best when resuscitation is balanced and
guided by real-time coagulation testing. Using blood and blood products in fixed ratios,
along with cryoprecipitate or factor concentrates when viscoelastic assays indicate a need,
helps restore clotting effectively. Early TXA use has been shown to improve outcomes in
bleeding trauma patients and should be given as soon as possible when indicated.
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HEMOSTATIC RESUSCITATION

Chapter 7.2: Transfusion Management

Aparna Krishna, Venencia Albert, and Arulselvi Subramanian

INTRODUCTION

Mortality following traumatic injury is a major global health burden, and uncontrolled hem-
orrhage is one of the most preventable causes of death in these patients.! Patients with major
hemorrhage present with coagulopathy at the time of presentation to the emergency.

There are several causes for worsening coagulopathy in trauma patients presenting with mas-
sive hemorrhage:

i. Consumption of coagulation factors and platelets for clot formation to prevent blood loss
ii. Dilution due to resuscitation with normal saline, crystalloids, and red blood cell
transfusion
iii. Hormonal changes like an increase in vasopressin and adrenaline and increased genera-
tion of cytokines
iv. Hypoxia, acidosis, and hypothermia predispose to hemostatic defects by impairing the
functional ability of platelets, coagulation proteases fall in thrombin generation, and
accelerating fibrinolysis.

There has been a significant change in the transfusion support in coagulopathic patients over
the last decade, and the recent guidelines and literature suggest early use of high ratios of
plasma and platelet components along with red blood cells and limiting colloids and crystal-
loids, which is known as hemostatic resuscitation.? Severely injured patients are more prone
to coagulopathy. They present with hemorrhagic shock and require transfusions and are at
risk of coagulopathy, which increases their mortality. Early identification of those patients in
coagulopathy will prevent the vicious cycle of hypothermia, acidosis, and bleeding.

HEMOSTATIC RESUSCITATION

The aim of component-based hemostatic resuscitation is to correct coagulopathy, reduce
bleeding and clinical complications, and improve overall survival.

LIMITING CRYSTALLOID THERAPY

The latest recommendation is that fluid therapy with 0.9% normal saline or balanced crystal-
loid solution may be started in hypotensive bleeding trauma patients, and the use of colloids
should be restricted as they are known to have adverse effects on hemostasis. Hypotonic solu-
tions like Ringer’s lactate may be avoided in patients with severe head trauma to minimize
the fluid shift into damaged cerebral tissue.?

PACKED RED BLOOD CELL TRANSFUSION

Packed red blood cell (PRBC) transfusion improves arterial oxygen-carrying capacity and
restores adequate circulating volume in hemorrhagic shock resuscitation in patients present-
ing with hemorrhagic shock. The latest European guidelines recommend a hemoglobin of
7-9 g/dl in trauma patients.* There is a risk of acute ischemia in traumatic brain injury (TBI)
patients with acute anemia. Recent meta-analysis shows that neurological outcome is better
in those with a hemoglobin threshold 7 g/dl when compared to 10 g/dl. When blood loss is
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HEMOSTATIC RESUSCITATION

massive and there is no time for pretransfusion testing, which involves blood grouping and
crossmatching, O red blood cells (RBCs) and AB plasma products are issued until the blood
group of the patient is known. Women of childbearing age should receive D-negative PRBCs
if their blood type is not known or if they are D-negative. Men and older women may receive
D-positive PRBCs if D-negative PRBCs are not available or if the inventory is low.

FRESH FROZEN PLASMA TRANSFUSION

In the initial management of patients with massive hemorrhage, fresh frozen plasma (FFP) or
pathogen-inactivated FFP in an FFP/PRBC ratio of at least 1:2 is recommended. According
to the PROPPR trial, early FFP, platelets, and PRBCs in a 1:1:1 ratio improved hemostasis and
decreased 24-hour and 30-day mortality.>® Many studies are in favor of considering transfu-
sion of FFP early and in equal or high ratios to PRBC. FFP transfusion should be guided by
viscoelastic testing or prothrombin time/activated partial thromboplastin time (PT/aPTT)
values >1.5 times normal control.” Recent literature comparing PRBC-to-FFP ratios suggests
that a general increase in FFP transfusion is beneficial, but the data are not completely reli-
able due to survivorship bias, where the patients who survive longer are likely to receive
more FFP and lag in the delivery of FFP as it requires thawing. Increased fibrinolysis and low
fibrinogen levels are seen in TIC. FFPs are used to replenish the fibrinogen and coagulation
factors, but the amount of fibrinogen is variable in different plasma preparations. Pathogen-
inactivated plasma has a higher content of fibrinogen and can prevent adverse effects like
transfusion-associated acute lung injury (TRALI) and other infections.® AB plasma is widely
used as a part of massive hemorrhagic protocols (MHPs) to cater to the early requirements of
plasma. Due to the limited availability of AB plasma, the use of A-group plasma for trauma
patients of unknown blood group is being studied. A study at our own center demonstrated
that high FFP-to-PRBC and platelet (PLT)-to-PRBC ratios reduced 24-hour mortality but not
overall in-hospital mortality in severely injured patients.’

PLATELET TRANSFUSION

Recent studies recommend using higher platelet-to-PRBC ratios. The groups that have
received higher platelet-to-PRBC ratios showed improved survival.”!! The latest European
guidelines suggest a platelet count of more than 50 x 10°/L in trauma patients with ongoing
bleeding and a cutoff above 100 x 10°/L in patients with traumatic brain injury. An initial
dose of 4-8 random donor platelets or one apheresis pack is recommended, which is expected
to deliver a dose of 3-4 x 10" and increase the platelet count by >30 x 10°.* Platelet counts
are usually normal at the time of admission, but they decline after 2 hours of hemostatic
resuscitation and continuously thereafter. Data from systematic reviews suggests that higher
platelet-to-PRBC ratios decrease 24-hour 30-day mortality and lower ICU stay.!

TRIGGERS OF TRANSFUSION

The decision to initiate transfusion of blood components following major trauma is guided
by triggers. The triggers combine clinical signs like bleeding, shock, laboratory or viscoelastic
tests, and contextual factors like hypothermia, acidosis, and dilution. The triggers of trans-
fusion for each component—PRBCs, FFP, platelets, and cryoprecipitate—were studied in
severely injured patients at our center.!”” According to this study, inferior extremity injury,
deranged PT, and blood loss of more than 900 ml were identified as triggers for FFP and
cryoprecipitate transfusion. The trauma resuscitation algorithms, which incorporate various
triggers, should be designed for each center. Base deficit, lactate, deranged PT, aPTT, shock
index, low fibrinogen level, thrombocytopenia, etc., are triggers for early component therapy.

FRESH WHOLE BLOOD

Fresh whole blood (FWB) is an optimum transfusion product in trauma patients, as all the
blood constituents are transfused in physiological quantities. The FWB is commonly used
in military settings. The main challenge is virological safety, which restricts its use outside
military settings.!?
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OTHER HEMOSTATIC AGENTS

REPLACEMENT OF FIBRINOGEN

Fibrinogen is essential for thrombosis. In the coagulation cascade, thrombin activates fibrin-
ogen to form insoluble fibrin strands, and fibrinogen is the ligand for platelet aggregation. It
hasbeen found that the fibrinogen levels fall first in massive hemorrhage. The cutoff trigger for
supplementing fibrinogen is 1.5 g/L. The data from observational studies suggest improved
survival in high fibrinogen ratios.!*!* The main source of fibrinogen is either cryoprecipitate
or fibrinogen concentrate. Cryoprecipitate is rich in factors VIII, XIII, vWFE, fibrinogen, and
fibronectin. Cryoprecipitate may have additional benefits due to other coagulation factors
but has a risk of viral transmission, whereas fibrinogen concentrate is available in standard-
ized vials, where the concentration is known, can be stored at room temperature, has no
viral transmission risk, and can be reconstituted at the bedside, but there is an increased
risk of thromboembolism. The latest European guidelines suggest that an initial fibrinogen
supplementation of 3-4 g, which is equivalent to 15-20 single donor units of cryoprecipitate
or 3-4 g of fibrinogen concentrate, may be required. The repeat doses should be guided by
viscoelastic monitoring and laboratory assessment of fibrinogen levels.*

PROTHROMBIN COMPLEX CONCENTRATES

Three- or four-factor prothrombin complex concentrates (PCCs) can be considered for use in
traumatic coagulopathy. Vitamin K, (phytomenadione) is co-administered with PCC to acti-
vate the production of vitamin K-dependent factors. Studies have demonstrated that PCCs
reduced the requirement of transfusion, but there was no improvement in mortality, while
there is a higher risk for venous and thrombotic complications.

OTHER HEMOSTATIC AGENTS

ANTIFIBRINOLYTIC AGENTS—TRANEXAMIC ACID

Tranexamic acid (TXA) has become one of the integral parts of treatment in the initial
management of coagulation and bleeding. The latest guidelines recommend TXA should be
administered to a trauma patient who is bleeding or at risk of significant bleeding as early
as possible and within 3 hours after injury. A loading dose of 1g is infused over 10 minutes,
followed by an IV infusion of 1 g over 8 hours. The guidelines recommend that for admin-
istration of TXA, there is no need to wait for the results of viscoelastic tests.* The evidence
was from the CRASH-2 trial, which showed reduction in mortality and bleeding deaths.!®
Another study in TBI patients, CRASH-3, concluded that early treatment with TXA was
shown to reduce death in mild and moderate injury but not in severe head injury.””

RECOMBINANT ACTIVATED COAGULATION FACTOR VII

Recombinant activated factor VII (rFVIIa) is not often recommended as a first-line treatment.
It is suggested only when the bleeding and traumatic coagulopathy cannot be controlled by
all other measures. In patients with isolated head injury, no positive effect has been demon-
strated. Also, in severely bleeding patients, rFVIIa has not been shown to improve survival
while it increases thromboembolic complications and hence needs to be used with caution.!®

MASSIVE TRANSFUSION PROTOCOLS AND COMPONENT THERAPY

MHPs are structured approaches to the management of severe hemorrhage in trauma
patients. They typically involve the rapid administration of PRBCs, FFP, and platelets in fixed
ratios, along with the use of adjunctive therapies such as TXA and fibrinogen replacement.

Components of MHPs: MHPs are designed to deliver blood components in a balanced ratio
(e.g., 1:1:1) to restore hemostasis and prevent dilutional coagulopathy. The protocol is usually
activated in response to criteria such as the need for multiple transfusions within a short time
or the presence of significant hemodynamic instability.
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Goals of MHPs: The primary goals of MHPs are to rapidly correct coagulopathy, restore
blood volume and oxygen-carrying capacity, and minimize the risk of adverse outcomes
associated with massive transfusion. Early activation and adherence to the protocol are criti-
cal for achieving these goals.

MASSIVE HEMORRHAGIC PROTOCOLS

Trauma is associated with TIC, which needs prompt management with appropriate and
adequate blood component replacement. In an emergency, when a patient presents with mas-
sive hemorrhage, the preparedness of the blood bank with standard operating procedures
for emergency blood release and massive transfusion protocols enables an effective response
and increases the chance to salvage the patient. Early resuscitation with blood components
restores the tissue oxygenation of vital organs in an exsanguinating patient and provides
adequate coagulation factors that have been lost due to bleeding. The American College of
Surgeons Trauma Quality Improvement program has framed best practice guidelines for
massive transfusion that can be measured to determine if MHP is achieving the designed
goals. Some examples of quality indicators are blood product turnaround time, wastage and
utilization, transfusion and adverse events, patient mortality, and laboratory values. Initial
resuscitation is provided for a patient with major hemorrhage, and as per the Advanced
Trauma Life Support (ATLS) guidelines,’ the blood loss is estimated and the Massive
Transfusion Protocol (MTP) is activated. At various centers, there are individualized predic-
tion scores and triggers for activation of MTP.22! The MTP is activated by a call to the blood
bank by the treating team. The blood components are organized and released in consecutive
packs. These packs are prepared prior to a request and are requested by phone call, which
reduces the delay in supply time. These packs ensure a balanced supply of blood products
under emergency situations. The size and composition of the packs depend on the physi-
cal distance between the blood bank and the trauma bay and the availability of the blood
products. A designated trauma center should have a 24-hour blood transfusion service with
specific operating procedures for rapid delivery of blood components. Timely and precise
communication between the treating team and blood bank is imperative. The MTP is out-
lined below (Figure 7.2.1).

The MTP should address the following:
i. Triggers for initiating massive transfusion in trauma
ii. Resuscitation in the trauma bay includes the following:
(a) MTP product availability
(b) MTP product delivery
(c) MTP blood product transfusion
iii. Continuing MTP in the operating room, angio-suite, and intensive care unit
iv. Transfusion medicine processes for the delivery of blood products
V. Transfusion targets
vi. The use of adjuncts for massive transfusion patients
vii. Termination of MTP

viii. Performance improvement morning

On arrival to the emergency department, the patient’s vital signs should be assessed immedi-
ately, and blood samples obtained for type and screen, complete blood count, PT, aPTT, blood
gas analysis, and viscoelastic testing when available. If an urgent uncrossmatched transfu-
sion is required, two units of group O Rh-positive RBCs for males or two units of group O
Rh-negative RBCs for females, along with group AB FFP, should be issued. When there is
no need for immediate uncrossmatched blood, transfusion should proceed according to the
patient’s blood type. Patients who remain unstable with ongoing hemorrhage should receive
further transfusion guided by clinical status and fibrinogen levels. If massive transfusion
becomes necessary, blood components should be delivered in predefined packs. Continuous
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TRIGGERS

« Non-responder (SBP<90 mmHg) to 1-2 L IV fluids
- Exsanguinating patient in extremis, needing life-saving surgery

« Activated by Senior resident (Emergency medicine or Trauma Surgery) on duty

« *Done by phone or by sending a Manual transfusion request form with at least
one patient identifier and term MHP should be mentioned at a prominent position
*No plain papers/consultation form, hospital identification number and EDTA
blood sample not mandatory

« 2" patch
« 4 units of RBC, FFP, RDP
« RBC -Group specific (saline crossmatched)
« FFP: Group specific/compatible FFP
« RDP: Non-specific ABO Group
« TAT-15 minutes
+ Hospital attendant shall bring the requisition form and collect the units from
the blood center in cold boxes
« EDTA blood sample should be sent when the second batch of blood components
is issued

+ 3 batch
- 2 units of RBC, FFP, RDP
« RBC-Group specific (saline crossmatched)
« FFP: Group specific/compatible FFP
« RDP: Non-specific ABO Group
« TAT-15 minutes
« Hospital attendant shall bring the requisition form and collect the units from
the blood center in cold boxes
« Auto cut off or as per demand of MHP after release of the third batch of blood

Transport of blood by hospital attendant

End points: Control of bleeding and normalizing hemodynamic status
If not bleeding, based on lab values

Laboratory-based cutoff

R time <9 mins
K-time <4 mins
cangle >60°
MA >55 mm
LY30 <7.5%

« Discontinue MHP if further resuscitation is futile

«Termination of MHP at any time and return of unused blood components to
blood bank within 30 min from time of release

« SR trauma surgery during activation of MHP shall be responible for completing
the documents with the blood center

Figure 7.2.1 Massive hemorrhagic protocol at a tertiary care trauma center.
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reassessment is essential, and additional transfusion should follow either the massive trans-
fusion packs or laboratory-guided correction until the patient stabilizes.

The criteria to terminate the protocol are very important to prevent wastage of resources.
The ratio-based resuscitation may be discontinued, and goal-directed transfusion instituted
based on laboratory values or radiographic evidence of ongoing bleeding. The endpoints for
termination of MTP are as follows:

i. Hb>10g/dL
ii. PT<18 seconds
iii. APTT<35 seconds
iv. Platelet count >150 x 10°
v. Fibrinogen >180 g/L

The endpoints can be defined based on rapid thromboelastography (TEG) and rotational
thromboelastometry (ROTEM) values, as well as according to availability.?? The endpoints
may vary across different centers.

CONCLUSION

TIC remains a major contributor to early mortality in severely injured patients, and its man-
agement requires rapid recognition and coordinated, protocol-driven care. Modern hemostatic
resuscitation emphasizes early balanced transfusion of red cells, plasma, and platelets, supported
by fibrinogen replacement and timely use of TXA. Viscoelastic assays, when available, help
guide targeted correction of coagulation deficits, while conventional laboratory tests continue
to play an important role, especially in resource-limited settings. Massive transfusion protocols
provide a structured approach to delivering blood components efficiently, reduce delays, and
standardize care during active hemorrhage. Continuous reassessment, clear communication
between clinical teams and the blood bank, and timely protocol termination are all essential to
avoid complications and conserve resources. By integrating early identification, balanced trans-
fusion strategies, and evidence-based adjuncts, outcomes in TIC can be significantly improved.

TAKE-HOME MESSAGE

Early recognition and prompt treatment of TIC are essential in trauma care. Hemostatic resusci-
tation, focused on balanced use of plasma, platelets, and red blood cells, helps restore clotting in
severely injured patients. Early use of fibrinogen and TXA, when indicated, also supports better
bleeding control. Diagnosis should be guided by both standard coagulation tests and viscoelas-
tic assays to target therapy more accurately. Reducing crystalloid use and following structured
transfusion strategies are important steps that improve survival and reduce complications.
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COMPLICATIONS ASSOCIATED WITH TIC

INTRODUCTION

Trauma-induced coagulopathy (TIC) is a complex and life-threatening condition that
emerges early following traumatic injury and significantly contributes to increased morbid-
ity and mortality in trauma patients.! Unlike traditional models that attribute coagulopathy
solely to haemodilution and hypothermia, TIC is now recognized as an endogenous response
to trauma and shock, involving the interplay of inflammation, tissue injury, endothelial dys-
function, and fibrinolysis.? The prevalence of TIC among severely injured patients ranges
from 25% to 35% upon hospital admission, underscoring its clinical significance and the
urgency for early recognition and intervention.? The presence of TIC has been independently
associated with poor clinical outcomes, including increased transfusion requirements, lon-
ger intensive care unit stays, higher incidence of multiple organ failure, and a greater risk
of death.* Recent advancements in diagnostic techniques, such as viscoelastic assays, have
facilitated a better understanding of the pathophysiology of TIC and helped tailor more effec-
tive, individualized treatment strategies.® Early goal-directed therapy, including the use of
balanced transfusion protocols, tranexamic acid, and point-of-care coagulation monitoring,
has shown promise in mitigating the adverse outcomes associated with TIC.® This chapter
explores the underlying mechanisms of TIC, its impact on clinical outcomes, and the evolv-
ing strategies aimed at improving the prognosis of trauma patients. By understanding the
intricate relationship between trauma, coagulation, and systemic response, clinicians can
enhance their approach to managing one of the most challenging aspects of trauma care.

COMPLICATIONS ASSOCIATED WITH TIC

INCREASED RATES OF TRANSFUSION

Patients with TIC get significantly more blood product transfusions than non-coagulopathic
patients,” which increases the risk of other associated complications such as acute respiratory
distress syndrome (ARDS), systemic inflammatory response syndrome, and mortality after
injury.® Since there is no consensus on optimal resuscitation ratios; however, various stud-
ies have shown that low crystalloid and overall blood product usage and lower packed red
blood cells-to-fresh frozen plasma (PRBC:FFP) ratios, have shown survival benefit in trauma
patients requiring massive transfusion.’ The use of massive blood transfusion has signifi-
cantly reduced the mortality of severely injured trauma patients but can be associated with
several complications. The list of complications appears in Table 8.1.

INFECTION RATES

In humans, allogeneic blood transfusions cause immunosuppression.”” The exact mecha-
nisms underlying transfusion-related immunomodulation (TRIM) are unknown, but they
include transfusion-associated microchimerism (TA-MC), which occurs when small popula-
tions of donor allogeneic leukocytes from the blood donor engraft in the transfusion recipi-
ent and survive for years or decades. In transfusion recipients, the donor’s hematopoietic
stem cells engraft, resulting in microchimerism. TRIM may raise the risk of cancer recur-
rence after potentially curative surgery," as well as the incidence of postoperative bacterial
infections.!> A meta-analysis explored the association between blood transfusions and post-
operative bacterial infections. It reported that patients who received transfusions had an
odds ratio of 3.45 for developing such infections compared to those who did not. In trauma
patients, the odds ratio increased to 5.263. These results provide strong evidence that transfu-
sions are significantly linked to a higher risk of postoperative infections, particularly among
trauma patients.”> Multiple studies conducted at individual institutions have demonstrated
a dose dependent relationship between blood transfusions and infection rates in trauma
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COMPLICATIONS ASSOCIATED WITH TIC

Table 8.1 Complications of massive blood transfusion and their mechanisms

Complication
category Complication Mechanism

Thermal Hypothermia Infusion of cold blood products and IV
fluids; surgical exposure; impaired
thermoregulation; reduced metabolic heat

production
Electrolyte Hyperkalaemia Potassium release from haemolysed stored
disturbances RBCs; increased risk in renal impairment

and crush injuries

Hypokalaemia Stress-induced catecholamine surge causing
intracellular shift; potassium uptake by
transfused RBCs; metabolic alkalosis

Hypocalcaemia Citrate in stored blood binds ionized
calcium; worsens in liver dysfunction
due to reduced citrate metabolism

Hypomagnesemia Large volumes of magnesium-poor fluids;
citrate chelation of magnesium
Acid base imbalance | Metabolic acidosis Tissue hypoperfusion; anaerobic

metabolism; impaired clearance
of lactate and citrate

Metabolic alkalosis Metabolism of citrate to bicarbonate;
hypokalaemia contributing to alkalosis
Coagulation Dilutional coagulopathy Dilution of clotting factors and platelets
abnormalities and thrombocytopenia by RBC transfusion, lacking these
components
Disseminated intravascular | Trauma- or transfusion-triggered
coagulation (DIC) consumptive coagulopathy causing
depletion of clotting factors and platelets
Pulmonary TRALI (transfusion-related | Immune and non-immune pathways
complications acute lung injury) causing neutrophil activation —

endothelial injury — non-cardiogenic
pulmonary edema

TACO (transfusion- Rapid transfusion causes circulatory
associated circulatory overload; higher risk in the elderly,
overload) infants, and cardiac patients

Immune-mediated TRIM (transfusion-related | Reduced IL-2, impaired macrophage and
effects immunomodulation) NK function, altered CD4/CDS8 ratio

TA-GVHD (transfusion- Donor T lymphocytes attack host tissues,
associated graft vs. host especially in immunocompromised
disease) recipients

Post-transfusion purpura | Anti—-HPA-1a antibodies cause severe
platelet destruction

Hemolytic reaction Immediate haemolytic ABO-incompatible transfusion — antigen—
reaction antibody complexes — complement
activation — intravascular haemolysis

patients.!*-1¢ A prospective study of 1,172 trauma patients admitted to an intensive care unit
over two years found that receiving blood products was linked to significantly higher rates
of infection and mortality. Multivariate analysis indicated that each unit of PRBCs trans-
fused increased the infection risk by 5%. This study confirmed a dose-dependent correlation
between transfusion volume and negative clinical outcomes in trauma patients.!”
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COMPLICATIONS ASSOCIATED WITH TIC

VENOUS THROMBOEMBOLISM

Patients with traumatic injuries are at the highest risk for venous thromboembolism (VTE)
among all hospitalized patients. The “true” incidence of VTE after injury and the clinical rel-
evance of asymptomatic or “silent” VTE are mostly debated. Modifiable and non-modifiable
risk factors, usage of thromboprophylaxis, and screening all have a role in determining
whether individuals develop VTE and whether it is detected. Symptomatic VTEs are only
the “tip of the iceberg.” The prevalence of asymptomatic DVT and clinically silent pulmo-
nary embolism (PE) makes it difficult to determine the true incidence of VTE. The majority
of deep vein thrombosis (DVT) cases are asymptomatic; hence, objective diagnostic imag-
ing is crucial for precisely assessing the incidence of DVT. Trauma patients have a “perfect
storm” of variables that contribute to thrombogenesis, including injury, immobilization, and
hypercoagulability. The risk of VTE following trauma is raised for at least 3 months after the
injury and appears to normalize after 1 year. Several theories have been presented to explain
why trauma patients exhibit hypercoagulability following injury. This includes decreased
antithrombotic function (e.g., antithrombin III) and increased prothrombotic expression
(e.g., prothrombin, tissue factor). Platelets play a crucial function, and resistance to activated
protein C has also been identified.!®* Without thromboprophylaxis, the risk of DVT and PE is
around 50% and 1%, respectively. However, the likelihood of getting VTE following trauma
varies across trauma patients. The research identifies several risk variables associated with
post-injury VTE. This list included patients over 45 years old who required bed rest for more
than 3 days, had a history of VTE, had a spine fracture without neurological deficits, were
in coma with a GCS score <7, had quadriplegia or paraplegia, had a pelvic fracture, a lower
extremity fracture, had a lower extremity venous injury, or had complex lower limb wounds.
Trauma patients should undergo VTE prophylaxis. There are several techniques for prevent-
ing VTE following trauma. Chemical thromboprophylaxis involves administering either
low-molecular-weight heparin or unfractionated or mechanical thromboprophylaxis is often
performed by intermittent pneumatic compression devices. A meta-analysis indicated that
trauma patients who received thromboprophylaxis had a considerably lower incidence of
DVT compared to those who did not receive any prophylaxis.”” Combining mechanical and
chemical thromboprophylaxis has been shown to lower the risk of DVT compared to chemi-
cal prophylaxis alone.!” To reduce the risk of VTE, it’s important to start thromboprophylaxis
as soon as feasible. Delaying treatment beyond 72 hours raises the risk.?° Missing thrombo-
prophylaxis doses have been linked to DVT formation;?! thus, it’s important not to stop the
therapy. IVC filters are indicated as thromboprophylaxis following trauma for people who
cannot use chemical thromboprophylaxis.?>->* The usage of inferior vena cava (IVC) filters
for this indication has increased dramatically.?® Haut et al. conducted a meta-analysis and
showed that placing an IVC filter reduced PE and fatal PE in trauma patients, but had no
effect on mortality from DVT.?¢ The use of IVC filters for PE prophylaxis is still contentious
due to a lack of strong evidence.?”” More prospective clinical trials are needed to better under-
stand the mechanism of VTE in previously coagulopathic trauma patients and to discover
possible targets for prevention and treatment.

ACUTE LUNG INJURY (ALI) AND ACUTE RESPIRATORY

DISTRESS SYNDROME (ARDS)

ARDS was initially described in 1967 by Ashbaugh and Levine.?® Despite advancements in
its diagnosis and treatment, ARDS continues to be a major cause of morbidity among trauma
patients.”? Long-term outcomes for ARDS survivors remain concerning, with reduced
physical functioning and suboptimal health-related quality of life persisting even two years
post-discharge.’® ARDS typically presents with early symptoms like breathlessness and low
oxygen levels, followed by radiographic lung infiltrates (Figure 8.1).3! It may result from
direct pulmonary insults (e.g., inhalation injuries, lung contusions, pneumonia) or indirect
injuries (e.g., severe infections, extensive transfusions, pancreatitis).*!
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COMPLICATIONS ASSOCIATED WITH TIC

Figure 8.1 Chest X-ray showing bilateral infiltrates in a patient with trauma-induced acute
respiratory distress syndrome (ARDS).

The underlying pathology involves damage to alveoli and accumulation of protein-rich
fluid and debris, contributing to elevated pulmonary vascular resistance.’ Multiple fac-
tors, including endothelial disruption, neutrophilic and cytokine-mediated injury, oxidative
stress, ventilator-associated trauma, and coagulation-fibrinolysis imbalance, play a role in
ARDS progression.:3 Severe trauma triggers a pronounced inflammatory response, making
ARDS more prevalent in such patients. Trauma victims requiring blood transfusions are par-
ticularly vulnerable. Early transfusion of PRBCs has emerged as a strong, independent risk
factor for ARDS, with risk correlating to the volume transfused.’*** While administration of
FFP is also linked to an increased ARDS risk, platelets and cryoprecipitate are not.** To coun-
teract transfusion-related inflammation, pre-storage leukoreduction has been introduced.
Nevertheless, studies show no significant difference in ARDS incidence between patients
receiving leukoreduced vs. standard PRBCs over 28 days.** Although acute lung injury (ALI)
and ARDS are distinct, they share overlapping causes and pathways.?” Trauma-related ARDS
remains less thoroughly studied compared to sepsis-associated cases. There’s a lack of robust
evidence supporting ARDS management strategies tailored specifically to trauma patients.
Interventions for ventilated ARDS patients should ideally focus on improving outcomes like
shorter ventilation duration, ICU stay, and mortality.’® Evidence-backed strategies, such
as lung-protective ventilation using low tidal volumes (~6 ml/kg predicted body weight),
moderate PEEP (5 cm H,0), and plateau pressures <30 cm H,O, align with general ARDS
management guidelines.® Until more targeted research emerges, clinicians are encouraged
to adhere to these proven methods. Investigating the role of coagulation in trauma-related
ARDS presents challenges akin to broader ARDS research. Trauma-induced activation of
coagulation pathways within lung tissue has been documented, yet the mechanisms remain
complex and intertwined with inflammatory and reparative processes. Although several tri-
als on coagulation-modulating therapies have been inconclusive, future research may iden-
tify patient subsets most likely to benefit from such treatments. Personalized medicine could
hold promise for optimizing care in posttraumatic ARDS cases.
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NEUROCOGNITIVE IMPAIRMENTS

TIC ASSOCIATED MULTIPLE ORGAN FAILURE (MOF)

Despite improvements in trauma care, multiple organ failure (MOF) remains a leading cause of
delayed mortality among trauma patients.***! The incidence of MOF in critically injured indi-
viduals ranges from 15% to 40%,*-*° with associated mortality rates between 24% and 51%.*°
Although MOF-related deaths have declined in recent years,"* patients who develop MOF
still experience mortality rates up to ten times higher than those without MOF.***4 In the set-
ting of severe trauma, early hypo coagulopathy is recognized as a risk factor for MOF linked to
TIC, while thromboembolic complications arising later in the clinical course are also associ-
ated with the development of MOF. Contributing transfusion-related risk factors include the
volume of fluids and red blood cells administered, the storage duration of transfused red cells,
and high ratios of FFP to red blood cells, particularly FFP: RBC ratios equal to or exceeding 1:1.
Hemorrhagic shock combined with early coagulopathy increases the likelihood of MOF, while
later occurrences of thromboembolism (at least 24 hours post-admission) also raise the risk.
These patterns suggest that the coagulation profile evolves in MOF development. A proposed
explanation is that trauma patients may transition from an initial hypocoagulable state upon
arrival to a later hypercoagulable condition during hospitalization, which may predispose them
to MOEF. This shift may be driven by the activation of protein C in response to tissue injury
through thrombomodulin and extracellular histone complexes. Activated protein C inhibits
coagulation factors Va and VII, promoting hypocoagulopathy and increased fibrinolysis.**-4
However, excessive consumption of protein C and subsequent failure to regulate these factors
can lead to a hypercoagulable state. This may result in the formation of vascular thrombi, caus-
ing organ tissue damage and ultimately contributing to MOFE. Further investigation is needed
to validate this model. Early identification of patients at elevated risk for MOF could support
targeted monitoring and preventive strategies. Recognizing early shock and hypocoagulopathy
as predictors of TIC-associated MOF, and acknowledging the significance of late-stage hyper-
coagulability and thromboembolic events, will be crucial. Prospective studies are necessary to
better understand the influence of TIC and transfusion practices on late-stage trauma outcomes.

BOX A: RISK FACTORS FOR TIC-ASSOCIATED MOF

i. Hypocoagulation on admission to the emergency department

ii. High activated protein C levels on admission to the emergency department
iii. High extracellular histone levels on admission to the emergency department
iv. Depleted protein C levels during hospital stay

v. Thromboembolic events, e.g., DIC and DVT, during hospital stay

NEUROCOGNITIVE IMPAIRMENTS

TIC in traumatic brain injury (TBI) can result in various complications, including both
short- and long-term neurocognitive impairments. Common in moderate to severe TBI, TIC
can even cause platelet dysfunction in cases of minor TBL>® TIC can result in a range of neu-
rocognitive impairments, including the following:>°-52

i. Short-term issues such as loss of consciousness, altered consciousness, and post-trau-
matic amnesia.
ii. The “talk and die” phenomenon, where mild TBI patients experience delayed neurologi-
cal decline, potentially increasing mortality.
iii. Long-term effects include disturbances in attention, memory, language, processing
speed, and executive functions, as well as an elevated risk of post-traumatic seizures,
Parkinsonism, and dementia.
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MORTALITY AND PROGNOSIS

While direct causative links between coagulopathy, TBI, and neurocognitive impairments
have not been firmly established, several hypotheses suggest potential connections. We
will discuss some of these below. Although the trauma itself directly causes neurocognitive
impairments, TIC exacerbates the damage. Potential molecular mechanisms for neurocog-
nitive impairments directly related to trauma include disruption of dopaminergic neurons
due to cell loss in the substantia nigra and caudate nucleus following cortical injury, axo-
nal injury, neuronal cell death, inflammation, excitotoxicity from calcium and glutamate,
mitochondrial oxidative stress, and amyloid-beta (AB) production.®**5* Mechanisms by
which TIC contributes to neurocognitive impairments include the following: High doses of
thrombin can trigger reactive astrocytes and microglia to produce reactive oxygen species
and inflammatory cytokines such as tumour necrosis factor o (TNFo) and interleukin 1
(IL-1B), which can lead to cell death and disruption of the blood-brain barrier. Additionally,
activation of proteinase-activated receptors (PAR1 and PAR2) can escalate the production
of inflammatory cytokines, impair N-methyl-D-aspartate (NMDA) receptor function,
and disrupt neuronal plasticity, particularly in the hippocampus, striatum, and cerebral
cortex. Increased levels of matrix metalloproteinase 9 and AB42 also play a role in these
impairments.’®> In addition to these factors, various psychological and social elements,
such as premorbid functioning, social support, and comorbid psychiatric disorders, also
affect neurocognitive outcomes following TIC in TBI. Existing literature indicates that neu-
rocognitive impairments significantly affect both short- and long-term outcomes in TBI
patients. In the short term, TIC is associated with lower Glasgow Coma Scale (GCS) scores
and higher mortality rates.>® A study by Abdelmalik et al., using data from the Citicoline
Brain Injury Treatment Trial (COBRIT), found that patients exhibited worse functional
and cognitive outcomes, specifically in memory and language, at 180 days post-TBI.*” Long-
term poor functional outcomes are influenced by factors such as premorbid functioning,
social support, and age, and may include difficulties with daily activities, reduced employ-
ability, dependence on others, and a diminished quality of life. There is also an increased
risk of comorbid conditions, including depression, post-traumatic stress disorder, demen-
tia, seizure disorders, and parkinsonism, which further exacerbate disability and negatively
impact outcomes. Neurocognitive impairments, whether short- or long-term, contribute to
higher morbidity and mortality in TBI patients. Given that TIC is prevalent in severe inju-
ries and often leads to neurocognitive sequelae, timely intervention and support are crucial
to improving outcomes and reducing associated mortality and morbidity. Early involve-
ment of mental health professionals may be a key step in addressing these challenges. In
conclusion, the impact of TIC on neurocognitive function in TBI is profound and multi-
faceted. While TIC exacerbates both short- and long-term neurocognitive impairments, it
also intertwines with various psychological and social factors that influence overall patient
outcomes. As research continues to uncover the complex mechanisms underlying these
impairments, it is essential to focus on early detection, comprehensive management, and
multidisciplinary support. By integrating timely interventions and mental health care, we
can better address the challenges posed by TIC and improve the quality of life and func-
tional recovery for TBI patients.

MORTALITY AND PROGNOSIS

TIC is a critical determinant of both early and late outcomes in trauma patients. Its presence
on admission has been consistently associated with a significant increase in mortality, inde-
pendent of injury severity and physiological derangements. Early recognition and manage-
ment of TIC are therefore essential to improving prognosis.
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CHRONIC COMPLICATIONS OF TIC

Table 8.2 Trauma-induced coagulopathy incidence and mortality in traumatic brain
injury across studies

Study | TIC incidence (%) | Mortality (%)
Rani et al.>® 62 354

Albert et al.>® 41.6 44

Chhabra et al ! 46 51

Kulkarni et al.62 56.3 71.43

INCREASED EARLY MORTALITY

TIC is strongly associated with early deaths within the first 24 hours, primarily due to uncon-
trolled haemorrhage. Studies have shown a 2- to 4-fold increase in mortality in patients with
coagulopathy compared to those without (Table 8.2). Rani et al.*® reported a mortality rate of
53.8% in TIC-positive TBI patients, compared to 23.5% in those without TIC. Albert et al.*
found that prolonged prothrombin time (PT) and activated partial thromboplastin time
(aPTT), along with low fibrinogen (<150 mg/dL), were independent predictors of in-hospital
death. Chhabra et al.® highlighted that hypofibrinogenemia was associated with a 4.5-fold
increased risk of mortality in TBI.

WORSENED PROGNOSIS DESPITE STANDARD RESUSCITATION

Even with aggressive fluid resuscitation and surgical control of bleeding, TIC remains an
independent predictor of poor outcomes, including a higher risk of multi-organ failure.
Chhabra et al.®" demonstrated that coagulopathy on admission served as an independent
prognostic marker for unfavourable neurological outcomes and death in patients with acute
TBI. Kulkarni et al.%? further emphasized that abnormalities in coagulation profiles (such
as prothrombin time [PT], activated partial thromboplastin time (aPTT), and international
normalized ratio [INR]) in trauma admissions correlate with increased ICU requirement and
mortality.

CORRELATION WITH INJURY SEVERITY

TIC is more prevalent in patients with severe traumatic brain injury, polytrauma, and
major vascular injury, which correlates with higher Injury Severity Scores (ISSs) and worse
prognosis.

LONG-TERM OUTCOMES

Patients who survive the initial haemorrhagic phase but present with TIC often face pro-
longed ICU stays, increased ventilator days, and a higher risk of nosocomial infections and
organ dysfunction, adversely affecting long-term recovery and rehabilitation. Addressing
TIC effectively requires prompt recognition and management in trauma care. Strategies may
include early administration of blood products, use of pro-coagulant agents, and close moni-
toring to address coagulopathy and its effects swiftly. Implementing these measures can help
mitigate the impact of TIC and improve survival rates in trauma patients.

CHRONIC COMPLICATIONS OF TIC

Chronic complications of TIC can significantly impact a patient’s long-term health and
quality of life. Repeated or severe bleeding into joints and muscles can lead to chronic pain,
stiffness, and decreased range of motion. Over time, this can result in joint deformities or
muscle atrophy. Severe bleeding may cause damage to internal organs. Chronic diseases of
the vital organ can arise from these injuries, including liver dysfunction, kidney damage, or
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IMPACT OF TIC ON REHABILITATION AND QUALITY OF LIFE

gastrointestinal problems. The trauma associated with severe injury and the stress of manag-
ing chronic complications can lead to post-traumatic stress disorder (PTSD), anxiety, depres-
sion, or other mental health conditions. Persistent pain due to tissue damage, joint damage,
or ongoing bleeding issues can significantly affect daily life and functional abilities. Long-
term effects can include decreased mobility and functional limitations, impacting the ability
to perform daily activities and affecting the overall well-being of the patient. Chronic coagu-
lopathy can lead to prolonged or problematic wound healing, increasing the risk of infections
and complications from injuries. Long-term use of medications or interventions to manage
TIC (like anticoagulants or clotting factor concentrates) may also lead to additional com-
plications or side effects. Chronic immobilization or reduced physical activity due to pain
or joint issues can contribute to bone density loss and increased risk of fractures. Effective
management of these complications typically involves a multidisciplinary approach, includ-
ing ongoing medical care, physical therapy, mental health support, and lifestyle adjustments
to address and mitigate the long-term effects of TIC.

IMPACT OF TIC ON REHABILITATION AND QUALITY OF LIFE

TIC can significantly impact rehabilitation processes, influencing both the approach and
outcomes of recovery. TIC can lead to bleeding complications or internal bleeding, making
rehabilitation exercises and activities more hazardous. Therapists must carefully design and
monitor activities to avoid exacerbating these risks. Due to bleeding or clotting issues, heal-
ing times may be extended, leading to longer periods of immobilization or reduced physi-
cal activity. This can impact muscle strength, joint mobility, and overall function. Chronic
pain or discomfort from trauma or coagulopathy can hinder participation in rehabilitation.
Managing pain effectively is crucial to ensure patients can engage in therapy. If TIC results
in joint damage, muscle weakness, or reduced mobility, rehabilitation programs need to be
adapted to address these limitations while still promoting functional recovery. The stress
and trauma associated with severe injuries and their complications can lead to psychological
challenges. Mental health support, including counselling or therapy, can be an essential part
of the rehabilitation process. Rehabilitation must be individualized, taking into account the
specific complications and needs related to TIC. This might involve tailored exercise pro-
grams, specialized equipment, and close monitoring of progress. Several investigations have
assessed the long-term outcomes of patients with TIC exhibiting a hypocoagulable profile.
The Trauma Recovery Project (TRP) analysed quality of life (QOL), functionality, and psy-
chological wellbeing in injured individuals without severe neurotrauma. Findings at 12- and
18-months post-injury showed that over 75% of adults continued to experience functional
impairments.®* Similarly, the CONTROL multicentre randomized controlled trial on acti-
vated factor VII, involving severely injured adults with persistent bleeding (excluding severe
head injuries), revealed that survivors had markedly low QOL at three months post-injury.
More than 70% faced moderate to severe limitations in routine tasks, mobility, and expe-
rienced pain or discomfort, while over 50% reported difficulties with self-care, anxiety, or
depression.®* A longitudinal study tracking 156 paediatric patients with blunt trauma (with-
out spinal cord or brain injuries) found their physical health scores remained below those
of healthy peers at the six-month follow-up.®> On the other hand, the hypercoagulable end
of TIC, often seen in those who survive initial resuscitation, has been connected to multiple
organ dysfunction, ARDS, and thrombotic complications such as VTE, all contributing to
prolonged hospital stays.®® Patients needing prolonged ICU care often progress to a state of
chronic critical illness, which has been associated with poor long-term outcomes in trauma
patients without TBL* A study evaluating long-term effects following acute pulmonary
embolism noted that over half of the patients experienced shortness of breath and decreased

I 138 Impact of Trauma-Induced Coagulopathy on Clinical Outcomes


https://www.pdf-xchange.com/product/pdf-xchange-editor
https://www.pdf-xchange.com/product/pdf-xchange-editor
R
New Stamp


REFERENCES

physical capacity, with chronic thromboembolic pulmonary hypertension developing in up
to 3.8% within two years.®**® Post-thrombotic syndrome has been reported in 20-50% of
cases, even with optimal treatment.® Nevertheless, with appropriate medical intervention,
rehabilitation, and comprehensive support, many patients with TIC can regain a satisfactory
quality of life. Recovery paths vary individually, and outcomes are often improved through a
multidisciplinary care approach.

CONCLUSION

TIC is a condition that occurs after severe trauma, where the body’s ability to achieve homeo-
stasis is disrupted. TIC is triggered by factors such as severe blood loss, tissue injury, shock,
hypothermia, acidosis, and the body’s inflammatory response. These factors cause a complex
interaction that impairs the normal clotting process, often resulting in hyperfibrinolysis and
consumption of clotting factors. TIC impacts clinical outcomes, leading to increased bleeding,
transfusion requirements, multiorgan failure, and mortality. Therefore, Early recognition of
TIC is crucial. Management strategies to mitigate the impact of TIC include early administra-
tion of blood products, coagulation factors, and antifibrinolytic agents like tranexamic acid.
The goal is to restore normal clotting function, control bleeding, and improve the chances
of survival and on long-term recovery, functional outcomes, and quality of life in trauma
patients. Future trials should be based on improving the understanding of TIC, developing
better diagnostic tools, and optimizing treatment protocols to enhance patient outcomes.

TAKE-HOME MESSAGE

TIC is a complex, multifactorial condition that occurs rapidly after severe
trauma and significantly increases the risk of bleeding, organ failure, and death.
TIC is characterized by impaired clot formation, hyperfibrinolysis and endo-
thelial dysfunction. Early recognition and targeted treatment, such as the use
of blood products, tranexamic acid, and minimizing the use of crystalloids, are
critical in improving outcomes. Prompt and effective management is essential
to reduce mortality and improve recovery in trauma patients.
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ADVANCED TECHNOLOGIES

INTRODUCTION

Management of trauma is time-bound navigation of the interplay of endogenous factors like
shock, hypoperfusion, metabolic acidosis, endothelial injury, dysregulated fibrinolysis, coagu-
lopathy, trauma-induced brain injury, and iatrogenic factors like massive blood transfusions,
hypocalcemia, and surgical interventions. Quick judgment of the type and extent of trauma,
rapid transport of the patient to the appropriate trauma care facility, and volume management
are the baseline factors that determine the crucial next 24 hours for the patient.! It is pertinent to
control bleeding and identify early trauma-induced coagulopathy (TIC) through clinical, bio-
chemical, and hematological factors triggering massive transfusion protocol (MTP).2 Research
and advancements in trauma care focus on investigating early markers of TIC and on testing
based algorithms or artificial intelligence (AI)-based scoring systems to administer the right
blood product at the right time,® supplementing existing guidelines.*> Moreover, early TIC
transitions to a procoagulant phenotype, and the management needs to be changed accord-
ingly. Inflammation takes center stage, and many novel treatments attempt to mitigate these
effects to reduce TIC. In this chapter, we aim to cover the developments in diagnostic strategies,
current guidelines, scope for improvement, future directions, and advanced research in TIC.

ENHANCED DIAGNOSTIC CAPABILITIES

The use of advanced diagnostic tools and point-of-care testing (POCT) aids in diagnosing
TIC.>~° Various point-of-care (POC) devices used in TIC are detailed in Table 9.1. A repre-
sentative overview of commonly used point-of-care and bedside diagnostic devices in acute
and critical care settings is shown in Figure 9.1.

CONVENTIONAL VEM-BASED TRAUMA GUIDELINES

Conventional viscoelastic methods (VEMs) of clot dynamics generate real-time coagulation
parameters like reaction time (RT), rate of clot formation angle (alpha angle), time for 2 mm
to 20 mm tracing amplitude (k time), maximum amplitude (MA), clot strength (G), and clot
lysis at 30 minutes (Ly30). A randomized clinical trial conducted ata Level 1 academic trauma
center compared thromboelastography (TEG)-guided MTP in trauma patients with conven-
tional coagulation assays (CCAs). It revealed a statistically significant decrease in mortality
when using less plasma and platelet blood products, with VEM-based decision algorithms
triggering transfusions.? Pragmatic algorithms for VEM-guided transfusion management
are outlined by Gonzalez, Moore, et al.?! The utility of VEM extends to the detection of dis-
tinct patterns of TBI associated with a hypercoagulable state lacking fibrinolysis.??

ADVANCED TECHNOLOGIES

Sonorheometry (sonic estimation of elasticity via resonance [SEER]) is a novel next-
generation hemostasis analyzer that employs sonic estimation of elasticity via resonance
(SEER) to measure the developing clot stiffness (CS). This reduces interference by mechani-
cal clot formation and increases accuracy. However, more studies are needed for validation
and future use.” Rapid microfluidics thromboelastography (u-TEG) is a recently described
viscoelastic method to study oscillatory flow of whole blood in circular tubes and generate
TEG-equivalent results. High shear rates ranging from 1.2 to 20 s™! move blood back and
forth in tubes, and a pressure sensor monitors the movements. High shear rates accelerate
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Table 9.1 Various POCTs in trauma settings

Sample

Devices Technique requirement Parameters Advantages/limitations

Non-invasive Hb/Hct monitoring, POC blood lactate, POC ultrasound, capnometer

Noninvasive Masimo sensor (Masimo Co-oxymetry The device uses a Spectromphotometric-Hb | Larger validation studies needed
continuous Rainbow Disposable Adhesive pulse oximeter (Sp-Hb) to prove its accuracy in
hemoglobin Sensor) and monitor (Masimo probe applied to the predicting transfusion
monitoring'o! Radical-7, Masimo Corp, third or fourth digit requirement especially pediatric
Irvine, California, USA). of the left hand. trauma patients. Bias reported
at low levels.
Prehospital blood | Stat Strip Xpress (S5X) (Nova Measures the size of the 0.6 mL capillary Whole blood lactate; Concordance with standard
lactate’? Biomedical, Waltham, MA, electrical current produced | sample; analysis [measurement range: measurements and Z
USA) due to the chemical time 13 seconds 0.3-20.0 mmol/L; reproducibility demonstrated in s
reaction between lactate Operational temperature | previous studies; negative bias 2
in the blood and the span: 15-40°C]. in higher concentration S
enzyme lactate oxidase in ﬁ
the test strip. <
Pre-hospital US -Extended Focused Portable ultrasound devices Point of care US (POCUS) | Concerns regarding feasibility, =
(PHUS)1314 Assessment with Sonography education, and quality e
for Trauma (eFAST) assurance m
-Transthoracic
echocardiography

-Lung ultrasound/Bilateral
Lung Ultrasound in
Emergency (BLUE) protocol

(Continued)
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Table 9.1

Capnometry'>

(Continued)

Devices

Capnometer

Technique

A unique CO, sensor to
measure its absorption in
the infrared spectrum,
from which the CO,
concentration is calculated

Sample
requirement

Patients inhale and
exhale normally into
a handheld device
with nasal prongs/
under CPAP mask,
for a short period of
time (<60 seconds).

Parameters

Provides breath-to-breath
ventilation data
End tidal CO, (ETCO,).

Advantages/limitations

Capnography provides feedback
on the quality of compressions
and when a compressor change
is needed. An ETCO, <10 mmHg
indicates that compressions are
not fast or deep enough. If
circulation is restored, a spike in
ETCO, often appears before a
pulse is detected

Plethysmography

Pulse oximeter

Measures pulsatile changes
in blood volume and gas
trapped based on the
transmittance or
absorbance of light

Pulses of red and
infrared LED to pick
up the peaks and
troughs of pulse
waves over several
hundred times per
second are
converted to an
electrical signal and
pulse waveforms.

Perfusion index (PI) [ratio
of pulsatile on non-
pulsatile light absorbance
or reflectance expressed
as %]

Together with Pl it is useful for
non-invasive peripheral
perfusion assessment, e.g.,
MightySat Rx (Masimo Corp,
Irvine, California, USA).
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PT/INR- PT-ratio (PT-r)2."6

POC PT-r

CoaguChek XS (Roche,
Mannheim, Germany)

CoaguChek XS Plus/ Pro
(Roche, Mannheim, Germany)

Coag-Sense (CoaguSense Inc,
Fremont, California)

Hemochron Signature Elite
(Werfen, New Jersey, USA)

i-STAT (Abbott Point of Care,
New Jersey, USA)

ProTime and ProTime Il (ITC,
New Jersey, USA)

Electrochemical cleavage
(amperometric)

Optical/mechanical
(microfluidics flow)

Electrochemical cleavage

Capillary or venous
WB (native or
citrated)

Whole blood,
non-citrated

PT/INR ratio

Calibration, ISI for POC INR
instrument thromboplastins is
assigned by the manufacturers.
Typically, 3-5% of the
coefficient of variation (CV).

Most devices are CLIA approved

QC available

Viscoelastic methods (VEMs)

Rapid VEM?

ROTEM at ROTEM® [Werfen (Tem Viscoelastic method Whole blood (WB); Clot firmness in EXTEM at | Cutoff values <35 mm have been
5 minutes Innovations GmbH), Munich, citrated 5 minutes -A5(17) proposed however, cutoff as
(ROTEM 5)"7 Germany] low as 30 mm and 25 mm have

been defined for triggering
transfusion. Still not used as an
independent parameter for

decision-making.

(Continued)
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Table 9.1

(Continued)

Sample

provides semi-quantitative
indications of the coagulation
and clot lysis state of a 3.2%
citrated venous whole blood
sample using the Quantra®
Hemostasis Analyzer
(Hemosonics, North Carolina,
USA).

whole blood

citrated

5 minutes)

CS: Clot stiffness

PCS: Platelet contribution
to clot stiffness

FCS: Fibrinogen
contribution to clot
stiffness (~12.5 minutes)

CSL: Clot stability to lysis

(44 + 10 minutes)

Devices Technique requirement Parameters Advantages/limitations
Rapid TEG TEG6s (Haemonetics Corp., Resonance technology Whole blood (WB); CK.R Smallest cartridge-based VEM
(rTEG)'® Boston, USA) Automated cartridge-based | citrated CFEMA Comparative studies with the
TEG-5000 (Haemonetics Corp., | system Non-anticoagulated | CK.Ly30 demonstration of linearity with
Boston, USA) Laser light scattering is whole blood, a few |CRT.MA conventional TEG available.
collected in reflection and/ | drops Blood viscoelasticity index, | Validation studies required
or transmission mode and G
the fluctuations of laser |G*(w)]|
speckle intensity is
processed to derive
parameters of coagulation
and fibrinolysis
QStat™® Multi-channel cartridge that Viscoelastic properties of Whole blood (WB); CT: Clot time (Results in ~ | Validation studies are required

Abbreviations: CPAP: continuous positive airway pressure, POC: point-of-care; PT/INR: prothrombin time/international standardized ratio; ISI: International Sensitivity Index,

CLIA: Clinical Laboratory Improvement Amendments; ROTEM: rotational thromboelastometry; TEG: thromboelastography.
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EDUCATION AND AWARENESS

(@) (b) (©

Sensor Monitor

Figure 9.1 Representative point-of-care and bedside diagnostic devices used in acute and criti-
cal care: (A) pulse oximetry sensor and monitor, (B) handheld blood glucose analyzer, (C) portable
capnometer, (D) handheld blood gas and electrolyte analyzer, (E) viscoelastic hemostasis assay car-
tridge, and (F) automated thromboelastography system. (The figure is an author-created composite
illustration using representative device images for academic and educational purposes and is not
reproduced from a single published source.)

fibrin polymerization and, hence, yield rapid results. The results are available in 10 minutes.
Wang et al. demonstrated a good agreement with the conventional TEG.?*

EDUCATION AND AWARENESS

Raising awareness about TIC and promoting preventive measures and pre-hospital
management.

i. Itis important to recognize that the management of TIC can be improved if measures
are started in the pre-hospital phase. An example is the multidisciplinary collaborative
chain management model. Multidisciplinary collaborative chain management models
in which the team comprises the emergency department, operating room, anesthesiol-
ogy, radiology, laboratory, and specialists from various surgical departments. The teams
are trained in their respective job responsibilities. The multidisciplinary collaborative
chain model has enabled speedier interventions and control of complications among
trauma patients.?

ii. Another formal way is remote damage control resuscitation (RDCR), which has been
formally inducted by military forces to reduce the incidence of TIC. In this method,
the concept of damage control resuscitation is applied in pre-hospital and austere care
settings. It aims to achieve early management of compressible bleeds, avoid crystal-
loid and colloid infusion, balance volume resuscitation, and prevent coagulopathy and
its aggravators, such as acidosis, hypothermia, and hypocalcemia.?® Adoption of this
approach led to remarkable benefits in Israel, both for the military and civilian trauma.
However, they note that applying the RDCR approach requires continuous evidence-
based education and training, as well as a bottom-up approach.?”
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FUTURE DIRECTIONS AND INNOVATIONS

FUTURE DIRECTIONS AND INNOVATIONS

NOVEL THERAPEUTIC TARGETS FOR TRAUMA COAGULOPATHY

DEVELOPMENT OF DRUGS TARGETING SPECIFIC PATHWAYS INVOLVED IN TIC
Gosselin et al. used rheometry, turbidity, and confocal microscopy to study the influence of
individual and combined factors on fibrin clot dynamics during TIC using a plasma model
of a simulated TIC (STIC). They propose that this can help to develop targeted therapies
in TIC.?® A Hungarian study group recruited 117 bleeding trauma patients for evaluation
by high-resolution fluororespirometry of isolated platelets to study mitochondrial respira-
tion. Upon arrival, the platelet oxyphosphorylation capacity was correlated with rotational
thromboelastometry (ROTEM) parameters. The pathophysiology of platelet mitochondrial
dysfunction may reveal new therapeutic targets soon.?” Early sex hormone milieu post-
trauma influences initial outcomes in trauma patients. A prospective study on 288 trauma
patients revealed increased testosterone levels at 6 hours after trauma and its positive cor-
relation with multiorgan failure, while after 24 hours, estrogen elevation increased the
chances of multiorgan failure.’® Li C et al. studied calcitonin gene-related peptide (CGRP)
expression and its protective effect on TBI in rat models. They have postulated that CGRP’s
differential sex-based expression can be a novel option in drug targeting in TBI.> Severe
trauma induces emergency myelopoiesis;*>* three important events occur—an expansion
of myeloid-derived suppressor cells (MDSCs), lymphocyte dysfunction and lymphopenia,
and inadequate stress erythropoiesis. Studies to develop targeted therapy to rectify these
events are ongoing. Beta-adrenergic blockade,?* recombinant erythropoietin,® blocking
lymphocyte apoptosis, and abrogating MDSCs response by reducing PD-L1 expression have
been or are being investigated.’> Mechanisms of enhanced hyperfibrinolysis include activa-
tion of protein C, reduced activity of coagulation factors, increased tPA activity, fibrinogen
oxidation, degradation, hemodilution, and acidosis. Subsequent fibrinolysis shutdown sets in
TIC.3¢ Understanding the pathophysiology of the hemostatic effects of damaged or activated
endothelium via anticoagulant and antifibrinolytic systems will further help build therapeu-
tic targets.’” Endogenous or primary factors, including genetics, medications, comorbidities,
and innate immune defects, can hamper the primary response in TIC. Similarly, secondary
factors of acidosis, hypothermia, and dilution can modify outcomes of primary coagulopa-
thy. Ischemia reperfusion events after resuscitation lead to sustained activation of coagulation
pathways and fibrinolysis inhibition during late phases of TIC, which can result in organ
damage due to systemic inflammatory response syndrome.?” Thus, the degree of resuscita-
tion and its response may also predict mortality, forming an area for further research.

GENOMIC AND BIOMARKER-BASED STRATEGIES

In a large genome-wide association study (GWAS) and transcriptome-wide association study
(TWAS) of genetic effects on TBI, an estimate of heritability for the impact of outcome varia-
tions among patients with TBI was 26%. Though the researchers did not find any statistically
significant association with a particular set of genes/transcriptomes, they identified areas of
research with plausible genes and transcriptomes.’® Biomarker research to predict coagu-
lopathy in trauma remains in its infancy. Among patients with TBI, a 2022 systematic review
included only 12 studies and found that Copeptin had the highest sensitivity and S100A12
had the highest specificity for predicting coagulopathy. For progressive hemorrhagic injury,
IL-33 had the best sensitivity, while Galectin-3 had the best specificity.* A study exploring
POCT iSTAT showed that high levels of glial fibrillary acidic protein (GFAP) were predictive
of higher Rotterdam scores on initial scans and TBI progression.** Another study in mice
showed elevated plasma concentrations of the damage molecule high-mobility group box-1
(HMGB-1) post-trauma. The investigators demonstrated they could correct the ROTEM-
EXTEM profile by adding an anti-HMGB-1 monoclonal antibody, and the results improved
further when recombinant thrombomodulin was also supplemented.*!
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FUTURE DIRECTIONS AND INNOVATIONS

Table 9.2 Impact of genes/factors on TIC in patients with traumatic brain injury*2-4

Name of the gene/factor | Impact

FVL, PT, MTHFR, LA, Factor VIIl, Hcy | Increased rate of venous thromboembolism
Syndecan-1 Marker of glycocalyx degradation leading to
hypocoagulability, Increased transfusion requirement,
worse outcomes

Activated protein C Increased transfusion requirement, worse outcomes,
multi-organ failure

Inherited bleeding, thrombotic, and | High throughput sequencing platform to detect the
platelet disorders (BPDs) genes genetic variants in BPD genes available

PROS1 (protein S encoding gene) Heterozygous mutations create transient thrombotic risk

IDENTIFICATION OF GENETIC MARKERS AND MOLECULAR TARGETS FOR
PERSONALIZED THERAPY

Christopher David et al. have reviewed the idea of precision medicine in trauma care. They
found a relative scarcity of genomic studies in TIC and pharmacology compared to TBI and
trauma-related sepsis. Further, there is a need for more data utilizing genomics in clinical
decision-making, thus a potential research area.?? Inherited and acquired predispositions to
thrombophilia are listed in Table 9.2.

ADVANCED RESEARCH IN TRAUMA COAGULOPATHY

ROLE OF HEMOGLOBIN AND A-GLOBIN IN TIC

Systemic hyperfibrinolysis during the early phase of TIC contributes to morbidity and mor-
tality in trauma patients. Hyperfibrinolysis occurs in ~25% of TIC patients. Proteomics-
based in vitro research in hyperfibrinolysis has revealed the role of fibrinolysis augmentation
by releasing hemoglobin and alpha globins from injured cells.***” Further, in vitro studies
showed only a-globin shortened R time and increased Ly30 for citrated native TEG. In addi-
tion, at-globin augmented tPA-induced plasmin activity.*

USAGE OF FACTOR V IN ADDITION TO PROTHROMBIN COMPLEX
CONCENTRATE (PCC) AS A REVERSAL STRATEGY FOR THE MANAGEMENT

OF BLEEDING COMPLICATIONS, ESPECIALLY IN PATIENTS ON NEWER ORAL
ANTICOAGULANTS (NOACS)

It is pertinent to note the history of prior bleeding tendencies, whether inherited or acquired
in trauma patients, from either accompanying informants or personal identification cards.
Patients on vitamin K antagonists or NOAC:s like factor Xa inhibitors and direct thrombin
inhibitors (DTIs) require reversal of anticoagulant effect as soon as possible to control exsan-
guination. In patients not on NOACs, a meta-analysis examined the use of PCC with fresh
frozen plasma (FFP) in TIC, an off-label use. They found that the PCC+FFP combination
was associated with faster international normalized ratio (INR) corrections and a reduced
requirement for red blood cell (RBC) and plasma transfusions. At the same time, there was
no impact on platelet transfusions or the development of deep vein thrombosis.*® Even with
these improvements, PCC had no overall impact on mortality.*> PCC at doses of 25-30 IU/Kg
is given, and therapy is tailored to reduce INR to <1.4 in 15 minutes; otherwise, a repeat dose
can be administered.*® Among patients on NOACs, antidotes are idaracizumab for the direct
thrombin inhibitor (DTI) dabigatran and andexanet alpha for anti-Xa inhibitors. However,
these are not available at many centers across the world, and PCC can be used to mitigate
the coagulopathy of trauma in patients on NOACs. For PCC in in vitro experiments simulat-
ing coagulopathy of NOAC, PCC supplementation alone increased the thrombin generated.
Moreover, adding factor V to PCC corrected fibrin production under flow and partially cor-
rected clotting time in static conditions.”!
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NOVEL ANTI INFLAMMATORY MELANOCORTIN FUSION PROTEIN (AQB 565) INHIBITS FIBRIN

ENGINEERED FACTOR V FOR PREVENTION AND TREATMENT OF ACUTE
TRAUMATIC COAGULOPATHY

An engineered active factor V, called SuperFVa, has been manufactured; it is resistant to the
effects of APC and has a stabilizing disulfide bond in the A2-A3 domain. SuperFVA was
tested in mice with acute TIC and led to normalization of the activated partial thrombo-
plastin time (APTT), factor V, and factor VIII levels. Upon treatment, the mice also showed
reduced thrombin-antithrombin complexes (TAT). Further, mice were given a liver lacera-
tion, and transfusion of superFVa could mitigate bleeding, prevent prolongation of APTT,
prevent generation of APC, and prevent a reduction in levels of factor V and factor VIII. Thus,
it prevented the development of coagulopathy of acute trauma.>

IMPLICATION OF IMMUNE CELL INFLAMMATION IN THE
PATHOPHYSIOLOGY OF TIC

IL-6 MEDIATED MONOCYTE ACTIVATION LEADING TO FIBRINOGEN
OXIDATION AND DEGRADATION

The role of leukocyte activation cannot be undermined in TIC. Tissue injury releases
cytokines like Interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a), generat-
ing mitochondrial superoxides from neutrophils and monocytes. These cytokines activate
myeloperoxidase-derived reactive oxygen species (ROS) from neutrophils and nitric oxide
(NO) from monocytes and lymphocytes. Their target for oxidation includes fibrinogen, a
central protein in coagulation pathways.”* Oxidative denaturation of fibrinogen occurs in
the first hour of severe trauma, thus producing a state of hypocoagulability and contributing
to exsanguination. After 3 hours, Lipopolysaccharide-induced inflammation causes degra-
dation of fibrinogen. Thus, with the hypothesis that fibrinogen can be saved from oxidative
destruction by quenching with antioxidants, the researchers used rat models to study cyto-
kine levels at various stages of leukocyte activation and the resultant effect on coagulation.*

THERAPEUTIC TARGETS

Tranexamic acid (TXA) helps control bleeding as part of standard care in polytrauma dur-
ing the initial 3 hours when priming of inflammation and fibrinogen oxidation before its
degradation begins. During this time, aggressive fibrinogen replacement along with TXA is
useful. Based on a rat-model study by Han et al., the timing of cocktails of anti-inflammatory
and antioxidant drugs-high-dose vitamin C, thiamine, N-acetyl cysteine (NAC), and
hydrocortisone—during the initial 3 hours can protect fibrinogen destruction, especially
its Aa chain, which is not protected from lysis by plasminogen by using TXA alone.
Suppression of inflammation by the melanocortin pathway using a novel drug, melanocortin
fusion protein (AQB-565), given in the initial hours, can potentially protect against fibrino-
gen oxidation and subsequent degradation.>*

NOVEL ANTI-INFLAMMATORY MELANOCORTIN FUSION PROTEIN
(AQB-565) INHIBITS FIBRIN

DEGRADATION AND PREVENTS TIC

The ‘Glue Grant’ research program, which focused on inflammation and genetic pathways
activated in leukocytes post-polytrauma, indicated that >80% of the genome of leukocytes
was activated, with the most significant changes in inflammation and innate immunity
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NOVEL ANTI INFLAMMATORY MELANOCORTIN FUSION PROTEIN (AQB 565) INHIBITS FIBRIN

genes within the first 12 hours of injury.®® Also, functional fibrinogen is rapidly depleted
after trauma, which is accompanied by its selective oxidization. Melanocortins are known to
protect against ischemia and reperfusion injury, but no peptide alone interacts with all five
receptors, causing a lack of widespread anti-inflammatory effects. Aequs Biopharma devel-
oped a linear polypeptide, AQB-565, composed of adrenocorticotropic hormone (ACTH)
and o-melanocyte-stimulating hormone (o.-MSH). AQB-565 given immediately post-
trauma could attenuate cytokine increase, restore prothrombin time and fibrinogen levels,
and reduce oxidation of fibrinogen with hemorrhagic shock post-trauma in rats. In addition,
it reduced the intracellular TNFo. expression, reduced NFkb translocation, and inhibited
ROS and mitochondrial superoxide and NO generation in monocytes.>* Hence, suppressing
inflammation by activating melanocortin pathways may be a novel approach for preventing
and treating trauma-induced coagulopathy. However, no clinical trials have yet been regis-
tered for the use of AQB-565.

TRAUMA-INDUCED MYOSIN [SKELETAL MUSCLE MYOSIN (SkM)]

AND COAGULOPATHY

Skeletal muscle myosin (SkM) is released into the circulation post-traumatic injury.
Interaction of blood with SkM activates thrombin via the myosin-factor Va-factor Xa
complex and suppresses fibrinolysis by activating thrombin-activatable fibrinolysis inhibi-
tor (TAFI), thereby promoting procoagulant effects. SkM also has an anticoagulant effect,
mediated by an increased activated protein C (APC) system.*® Coleman et al. demonstrated
that higher SkM levels in trauma patients led to better viscoelastic test results, including
a higher o-angle, higher maximal amplitude (MA), and lower fibrinolysis at 30 minutes
(Ly30). Patients with higher SkM levels required fewer red cell and FFP transfusions in the
first 6 hours post-trauma. Penetrating trauma patients had higher levels of SkM than patients
with blunt trauma. The results elucidated that full-SkM deficiency is associated with hypoco-
agulability and hyperfibrinolysis, leading to higher bleeding.’” In the future, there might be a
possibility of supplementing full-SkM in trauma patients.

OMICS CHARACTERIZATION (METABOLOMICS AND PROTEOMICS
ALTERATIONS) IN TRAUMA-INDUCED COAGULOPATHY AND THE EFFECT

OF TRANSFUSION STRATEGIES

SomaLogic proteomic analysis in the study by Moore et al. in 2022 showed that TIC defined
based on conventional coagulation tests (CCTs), VEMs, and clinical scoring failed to iden-
tify patients at risk of MTP. The SOMAscan assay uses aptamers (~40-mer oligonucleotide
strands with proprietary side chains) selected for binding to human plasma proteins and
protein complexes, enabling the quantification of >1300 protein levels in parallel. The
v. 1.3k assay measures a broad range of secreted proteins, including markers of cell death,
hormones, growth factors, cytokines, and more. The assay signal is expressed as relative
fluorescence units (RFUs). In addition to the RFU data, SomaLogic also performed a nor-
malization using internal standard samples and provided normalized data. The proteins
that differed significantly in patients with the TIC criteria were compared with those that
differed significantly in patients according to massive transfusion status. Apolipoprotein 1,
bone morphogenetic protein 1, growth hormone receptor, and complement C5b-C6 com-
plex were all downregulated in TIC, as defined by INR, TEG, clinical score, and MTP
requirement. The MTP-defined TIC group had many dysregulated proteins compared
to each of INR-TIC, TEG-TIC, or Clin-TIC.>® For example, APC is associated with mas-
sive bleeding and not necessarily associated with a prolonged INR, which supports the
controversy that APC is not the central driver of TIC. Damage-associated molecular pat-
terns (DAMPs) like HMGB-1 and histones are associated with platelet activation and TIC.
Complement activation is also associated with INR-TIC and TEG-TIC. In the Control of
Major Bleeding After Trauma (COMBAT) study, the samples were studied for differential
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ROLE OF Al AND PREDICTIVE MODELING IN COAGULOPATHY PREDICTION

metabolomics and proteomics among trauma patients with or without platelet transfusions
within the first 24 hours. The patients who required platelet transfusions had higher levels
of tranexamic acid, inflammatory proteins, carnitines, and polyamines.*® A parallel study
in the COMBAT study on patients who received red cell transfusions showed they were
associated with lower levels of markers of hypoxia, such as lactic acid, succinate, spermi-
dine, and other polyamines, while levels of additives like mannitol, phosphate, and plas-
ticizers were higher. Arginine metabolite levels also change, indicating an impact on NO
metabolism.®

ROLE OF ARTIFICIAL INTELLIGENCE (Al) AND PREDICTIVE
MODELING IN COAGULOPATHY PREDICTION

Al IN DIAGNOSTICS AND PROGNOSTICS

IMPLEMENTATION OF Al TOOLS FOR EARLY DETECTION

AND PREDICTION OF TIC

The standard diagnostic techniques have the limitation of taking ample time to yield
results that compromise the crucial decision-making in the first hour post-injury. Hence,
predictive models based on machine learning (ML) can provide valuable adjuncts for
immediate decision-making and triaging. AI models that predict the likelihood of TIC
or TBI in patients can substantially improve resource utilization and optimal allocation
of therapeutic products to patients in need. Perkins et al. employed a Bayesian network-
based ML model trained using data from the Activation of Coagulation and Inflammation
in Trauma (ACIT) study. They validated the 14-predictor model in a large cohort for
early prediction of TIC.®! Similarly, Kaiyuan et al. published their findings on ML models
based on traditional and newer testing results to predict the likelihood of acute traumatic
coagulopathy.®

PREDICTIVE MODELING

USE OF MACHINE LEARNING MODELS TO ANTICIPATE TIC DEVELOPMENT

AND OUTCOMES

A recent review by Henry T. Peng et al. collected 89 studies over the years that have employed
Al in various aspects of trauma care research. Broad categories where Al is used are predic-
tion of outcome, risk assessment for triage, prediction of transfusions, detection of hemor-
rhage, and prediction of coagulopathy.® Predictions of survival based on linear statistical
models were built in 2001 and are known as Trauma and Injury Severity Score (TRISS); these
are universally used.** Thereafter, advanced ML techniques such as deep neural networks,
fuzzy logic inference systems, XGBoost, artificial neural networks, Bayesian networks, and
natural language processing, have been used in various studies for predicting survival, mor-
tality, triaging, risk calculation of hemorrhagic shock, and detection of intracranial hemor-
rhage. This means feeding multipronged exhaustive data of clinical, laboratory, and anatomic
features from hospital registries, trial data, and registries into these ML networks and sub-
sequently validating these algorithms on a prospective basis. Age, gender, systolic pressure,
Glasgow Coma Scale, heart rate, respiratory rate, SpO,, temperature, injury severity score,
shock index, and type of injury were the most frequently used parameters in model develop-
ment. Recently, Benjamin Andrew in 2022 studied early prediction of MTP for patients with
traumatic hemorrhage using an ML model.®* However, not all models can be used universally
in pre-hospital settings for clinical triage of patients; hence, the output may not be available
when ‘needed’ in the golden hour of trauma care.’
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COLLABORATIVE EFFORTS AND GLOBAL INITIATIVES IN TRAUMA CARE

COLLABORATIVE EFFORTS AND GLOBAL INITIATIVES IN TRAUMA CARE

INTERNATIONAL GUIDELINES AND CONSENSUS STATEMENTS
Collaborative efforts are underway among leading trauma and coagulation experts world-
wide to create standardized guidelines. Readers are referred to the following guidelines:

i. Advanced Trauma Life Support (ATLS) guidelines by the American College of Surgeons*

ii. European guidelines on the management of major bleeding and coagulopathy following
trauma’

INTERNATIONAL RESEARCH CONSORTIA

The formation of consortia to conduct large-scale studies on TIC and improve evidence-
based practices has led to multicenter trials that have refined practices and increased edu-
cational activities. A few such consortia and their goals are listed in Table 9.3. Table 9.4 lists
the important clinical trials over the last decade or so on trauma outcomes, including TIC.

Table 9.3

Consortium

TACTIC: Trans-Agency
Consortium for
Trauma-Induced
Coagulopathy®

International trauma networks

| Main goals

(i) Basic science groundwork for future
therapeutic candidates; (ii) development
of acute coagulopathy scoring systems;
(iii) coagulation factor composition-
based computational analysis; (iv)
characterization of novel analytes
including tissue factor, polyphosphates,
histones, meizothrombin and
a-thrombin—-antithrombin complexes,
factor Xla, platelet and endothelial
markers of activation, signatures of
protein C activation and fibrinolysis
markers; and (v) assessment of
viscoelastic tests and new point-of-care
methods.

| Website details

https://tacticproject.org/

Trans-Agency Blood-Brain
Interface Program
(TBBIP)®>

(1) blood sciences; (2) exosome
therapeutics; (3) next generation in vitro
blood-brain barrier (BBB) models; and
(4) BBB delivery and targeting.

https://grants.nih.gov/
grants/guide/rfa-files/
RFA-HL-20-021.html

International Trauma
Research Network
(INTRN)ee

Develop fundamental, translational and
clinical research programs that span the
complete breadth of Trauma disciplines.

Support educational programs to ensure
rapid translation of research into clinical
practice

Key projects:

2008: Activation of Coagulation and
Inflammation in Trauma (ACIT)

2013-2019: Targeted Action for Curing
Trauma-Induced Coagulopathy
(TACTIC)

CRYOSTAT-1: Feasibility of delivering
early cryoprecipitate in patients at two
major trauma centers

https://Amwww.cdts.gmul.
ac.uk/intrn/intrn
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IMPORTANCE OF ONGOING RESEARCH, EDUCATION, AND QUALITY IMPROVEMENT

Table 9.4

Trial

Pre-hospital
Antifibrinolytics for
Traumatic
Coagulopathy and
Hemorrhage
(PATCH-Trauma)
trial, 2023%7 and
ongoing trials [NCT
ID: NCT01990768]

Important clinical trials in progress in TIC.

‘ Premise/aim

Prehospital administration of
TXA increases the likelihood
of survival with a favorable
functional outcome among
patients with major trauma
and suspected trauma-
induced coagulopathy

‘ Key findings
Prehospital administration of TXA

followed by an infusion over 8 hours
did not result in a greater number of
patients surviving with a favorable
functional outcome at 6 months than
placebo

Mayo clinical trials aim to study two

dosing regimens for TXA in reducing
TBI.

Fluid in resuscitation
of severe trauma
(FIRST) trial®®

0.9% saline vs. hydroxyethyl
starch (HES) in severe trauma
to study impact on
resuscitation, fluid volume,
gastrointestinal recovery, renal
function, and blood product
requirement

In penetrating trauma, HES provided

significantly better lactate clearance
and less renal injury than saline. No
firm conclusions could be drawn for
blunt trauma.

Fibrinogen in the
initial resuscitation
of severe trauma
(FiiRST) trial6®

Feasibility study of
randomization to either 6 g
fibrinogen concentrate (FC) or
placebo amongst 50
hypotensive adult trauma
patients

Early infusion of FC (within 1 hour of

hospital arrival) is feasible and safe;
and it increases fibrinogen
concentration during early hours of
trauma care.

The Connect Trial
[NCT ID:
NCT02088099]7°

It will test the effectiveness of
using modern technologies,
such as phone consultation
and other telehealth
communication systems, to
deliver specialized brain
rehabilitation resources
remotely to patients.

Using electronic technology in

management of TBI to patients with
minimal access to specialized care in
trauma care.

and lab data will be collected

Randomized TrauCC | Role of freeze dried plasma in | Drastic reduction in time to treatment
trial TIC that can be administered studied in this French trial.
[NCT02750150]"" within 6 minutes of

reconstitution without cross
matching.

TrICl trial A 5-day demographic, Computational model will be
[NCT03128658]7 physiological, clinical variables | developed to predict occurrence of

life threatening TIC, inflammation and
multi organ failure in trauma patients.

IMPORTANCE OF ONGOING RESEARCH, EDUCATION, AND QUALITY
IMPROVEMENT IN TIC MANAGEMENT

CONTINUOUS EDUCATION AND TRAINING
DEVELOPMENT OF TRAINING PROGRAMS FOR HEALTHCARE PROVIDERS IN

LOW- AND MIDDLE-INCOME COUNTRIES (LMIC)

Continuing professional development (CPD) in low- and middle-income countries (LMICs) is
required to strengthen trauma care and improve mortality rates. These courses can be made
mandatory for employment and recertification every few years to ensure improved trauma
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IMPORTANCE OF ONGOING RESEARCH, EDUCATION, AND QUALITY IMPROVEMENT

Table 9.5

Course

Advanced Trauma Life Support
(ATLS)

‘ Directed to

Doctors

International organizations providing trauma courses and the intended beneficiaries

‘ International organizer (country)

American College of Surgeons

AO trauma courses

Trauma surgeons and
orthopedic surgeons

AO Foundation

Primary Trauma Care (PTC)

Anesthetists, doctors,
nurses, physician
assistants, others

Primary Trauma Care Foundation

Trauma Evaluation
and Management (TEAM)

Doctors, medical
students, nurses

American College of Surgeons

Advanced Trauma
Management (Live virtual
course)

Clinicians (physicians,
nurses, NPs, APPs)

Harvard Medical School (Offered by
Beth Israel Deaconess Medical
Center)

Individual local courses

Variable

Advanced Trauma Operative
Management (ATOM) course

Senior surgical residents,
trauma fellows, military
surgeons and general
surgeons

American College of Surgeons

Care (DSTC) course

anesthesiologists,

Advanced Surgical Skills for Doctors American College of Surgeons
Exposure in Trauma (ASSET)
Definitive Surgical Trauma Surgeons, American College of Surgeons

operating room nurses

care and keep physicians abreast of developments. Table 9.5%*7 details a few such courses.
In addition, various nursing associations provide access to continuous education activities.”

IMPLEMENTATION OF BEST PRACTICES AND PROTOCOLS TO ENHANCE
PATIENT CARE

TELEMEDICINE PLATFORMS TO PROVIDE REAL-TIME EXPERT CONSULTATION

IN REMOTE OR RESOURCE-LIMITED SETTINGS

The use of telemedicine for trauma management at rural centers is reported as early as 2008
across seven hospitals in Mississippi. Telemedicine virtual consults led to the management of
412/463 trauma patients, while only 51 were called to the trauma center. This improvement
was massive considering the pre-telemedicine era, when 351 patients were referred to the
trauma center, and led to markedly reduced hospital costs compared to the pre-telemedicine
era.”> Telemedicine requires two-way audio-video communication between a resource-lim-
ited and an expert trauma care facility. Telehealth is the need of the hour to ensure that Level
I and II trauma centers are not overloaded, and at the same time, patients requiring urgent
interventions are treated partially at the point of contact, enabling successful transfer to the
trauma center.”®

ENCOURAGING INNOVATION AND RESEARCH TO ADDRESS GAPS

IN TIC MANAGEMENT

USE OF MOBILE APPS AND DIGITAL TOOLS FOR RAPID DIAGNOSIS

AND MANAGEMENT OF TIC

The American College of Surgeons (ACS) Committee on Trauma (COT) has a mobile appli-
cation, the MyATLS App, through which users can access the 10th edition of the Advanced
Trauma Life Support (ATLS) program.”” Educational video games (EVGs) to triage trauma
patients were compared to didactic training methods (MyATLS app and Trauma Life Support
MCQ Review). EVG training led to fewer patients being under-triaged at 6 months compared
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to didactic methods.”® In addition, mobile applications for patient education for trauma
patients were also developed,” but their use is not widely reported.

FUTURE DIRECTION FOR INDIA

India’s geopolitical status makes its trauma scenario unique. Apart from road traffic accidents
(RTAs), the country has a history of various natural disasters, agricultural-related trauma,
armed civilian conflicts, and terrorist attacks.’’ India can address its gap by establishing a
formalized trauma care system for prevention and management. Measures to improve road
safety, engineering techniques, traffic calming measures, the rectification of ‘black spots’,
and law enforcement will further strengthen the system.®! Government schemes can include
the provision of Unique Disability Identification (UDID) for citizens where patients with
bleeding or thrombotic tendencies, primary or acquired immune defects, or drug history
are readily available. The country can strengthen grassroots-level basic life support and
advanced trauma care training across schools, medical schools, and nursing colleges, and
extend it to non-medical graduate programs. India can strengthen its digital registry of
trauma care to ensure multicentric data is available for advanced research and the develop-
ment of a robust database. Rapid-action trauma care ambulances equipped with advanced
diagnostics and emergency trauma care can be deployed on national highways or in accident-
prone areas (as available from RTA records). Human resources and facilities are limited at
the primary healthcare level and can be augmented through telemedicine. India should focus
on the availability of pre-hospital trauma care, transfusion facilities, including component
therapy, and dedicated teams of pre-hospital trauma care professionals with a reasonable
coverage area to provide ‘in-time” hemorrhage control and identify early TIC. The Institute of
National Importance (INT), with research facilities in collaboration with Indian trauma care
societies, can widen its research to integrate Indian genomics data and newer therapeutics in
early bleeding, coagulopathy, and inflammation with existing tools of trauma care in India.

TAKE-HOME MESSAGE

Through this chapter, we have highlighted the current and future diagnostic techniques that
enable quick and real-time checks of patient vitals pertinent to TIC and TBI. Comprehensive
medical and paramedical staff training in the management of trauma and a dedicated mul-
tidisciplinary team approach for trauma care are the keys to appropriate trauma care. More
insights from molecular biology that play a role in initial hemorrhage and later coagulopathy
and concordant therapeutic trials for their targets will keep adding to the evolving practice
in trauma care. With the artificial intelligence boom, we expect streamlining of the initial
management of trauma patients that can buy time before life-threatening changes set in.

Figure Credits: Figure 9.1 is a composite created from non-copyrighted product images
taken from manufacturers’ websites for different POC equipment.
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CASE 1

Case 1: Navigating Coagulopathy in Trauma, Early
Recognition and Intervention in Two Trauma Cases

Ajay Ambalakkatte

INTRODUCTION

Trauma-induced coagulopathy (TIC) is a complex phenomenon which significantly impacts
patient outcomes after severe Injury. TIC exacerbates haemorrhage and increases mortality
and morbidity associated with trauma, demanding prompt recognition and targeted haemo-
static resuscitation. These two case reports from a level 1 trauma centre at AIIMS Nagpur
highlights the utilization of predictors of TIC for early identification and prompt haemostatic
resuscitation.

CASE 1

PATIENT INFORMATION
A 49-year-old female, a hospital worker, was brought within four hours of a road traffic inci-
dent where a pedestrian was hit by a two-wheeler.

CLINICAL FEATURES

She was triaged as Priority 1 due to her initial abnormal vital signs and dangerous mecha-
nism of injury: Blood pressure (BP) of 90/64 mmHg, pulse rate (PR) of 93 bpm, Respiratory
rate of 30 breaths per minute and oxygen saturation (SpO,) of 98% on room air. Her tempera-
ture was 98.6° Fahrenheit. Upon primary survey, the patient had a patent and maintainable
airway with no C-spine tenderness. There were no dilated neck veins, the trachea was central,
and air entry was equal on both sides with normal vesicular breath sounds. Her chest com-
pression test was negative. However, she presented with a significant source of haemorrhage
from a right mangled extremity and a positive pelvic compression test. Her Glasgow Coma
Scale (GCS) was 15/15 and pupils were equal and reacting to light on both sides. A high shock
index (>1), extensive soft tissue injury of right upper limb (mangled extremity score 8) and
class 4 haemorrhage were all predictive of TIC.

DIAGNOSTIC STUDIES

Baseline investigations, including coagulation parameters (using a Cobas T511 analyser),
complete blood counts, renal function tests and blood group with cross matching was sent.
A bedside Focused assessment by Sonography in Trauma (FAST) was done, which was nega-
tive for free fluid. A chest X-ray done was found to be normal and a pelvis X-ray showed an
anteroposterior compression type 1 fracture. Arterial blood gas (ABG) analysis showed com-
pensated metabolic acidosis and hyperlactatemia. Presence of base deficit of 8 mEq/L and lac-
tate of more than 4mEq/L also was predictive of high risk for trauma-induced coagulopathy.
The Trauma Associated Severe Haemorrhage (TASH) score of 20 calculated for this patient
suggested a 65% risk of requiring a massive blood transfusion. Table 10.1 shows relevant
blood investigations before and after haemostatic resuscitation.

THERAPEUTIC INTERVENTIONS
Initial interventions during primary assessment included administering 1 litre of warm bal-
anced crystalloid solution maintaining permissive hypotension, applying a pelvic binder,
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CASE 2

Table 10.1 Lab parameters

Value after haemostatic resuscitation

Parameter Baseline and definitive management
Serum fibrinogen <100 180
PT/INR (prothrombin time/ 27/ 2.1 14/1.0
international normalized ratio)
TLC (total leucocyte count) 4500 3650
Hb 7.5 9.2
Platelet count 150,000 165,000

placing a pressure bandage with a tourniquet on the injured extremity for haemorrhage con-
trol and administration of 1 gram of tranexamic acid. In spite of these interventions, there
was continuous bleeding from the extremity. Repeat FAST was negative.

A massive transfusion protocol (MTP) was initiated, and she was prepared for amputation of
the right lower limb. She received 4 units of packed red blood cells (PRBCs), 4 units of fresh
frozen plasma (FFP), and 6 units of random donor platelets. After the first bag of MTP, the
patient was taken to the surgical suite for above elbow amputation with haemorrhage control.
A second bag of MTP was transfused during the procedure.

OUTCOME

Following the surgical intervention to control bleeding and the comprehensive blood com-
ponent therapy, her coagulation profile improved significantly, as evidenced by changes in
her laboratory parameters, indicating a successful response to the aggressive management of
her trauma-induced coagulopathy. She didn’t have any complications in the post-operative
period. She was sent home on the fifth day of surgical intervention.

CASE 2

PATIENT INFORMATION
A head-on collision with a truck led to the admission of a 47-year-old male engineer, who was
the helmeted rider of a two-wheeler involved in the incident.

CLINICAL FEATURES

Upon arrival, he was triaged as Priority 1 with initial vital signs showing a BP of 110/79
mmHg, a heart rate of 160 bpm, SpO, of 78% on room air, and a respiratory rate of 30 breaths
per minute. His airway was open (patent) and maintainable, with no cervical spine tenderness.
There were no dilated neck veins, and his trachea was central. The patient showed decreased
chest movements and reduced air entry on the right side, with a positive chest compression
test on palpation and dullness on percussion over the right hemithorax. Additionally, he had
a right upper extremity injury with active external bleeding. A pelvic compression test done
was negative, and there were no signs of long bone fractures in his lower extremities. His
neurological assessment revealed a GCS of 14/15 (confused), with pupils that were equal and
reactive to light bilaterally. His temperature was 98°F. On analysing the clinical findings, he
is having class 4 haemorrhage and a high shock index, which are high-risk factors for devel-
opment of TIC.

DIAGNOSTIC STUDIES
A bedside extended Focused Assessment with Sonography in Trauma (eFAST) identified
free fluid within the right hemithorax. This finding was further supported by a chest X-ray,
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OUTCOME

Table 10.2 Lab parameters

Post haemostatic resuscitation

Parameter Baseline and haemorrhage control
Serum fibrinogen 150 260

PT/INR 30/2.5 19.4/1.40

TLC 12,000 9640

Hb 6.4 8.5

Platelet count 48,000 54,000

which showed layering throughout the right hemithorax, consistent with a haemothorax,
and a non-homogenous opacity at the periphery of the mid-zone. The X-ray also revealed
multiple right-sided rib fractures involving ribs 3 through 7, with segmental fractures of the
3rd and 4th ribs. Furthermore, a point-of-care lung ultrasound confirmed the presence of a
pulmonary contusion by showing coalescing B-lines in Zone 2. A bedside pelvic X-ray was
normal. ABG analysis indicated respiratory alkalosis with metabolic acidosis and Type 1
respiratory failure. Other initial laboratory investigations included complete blood counts,
renal function tests, electrolytes, and blood for grouping and cross-matching. Relevant blood
investigations are given in Table 10.2. Coagulation tests were performed using a Cobas T511
analyser. Chest X-ray showing pulmonary contusion and documented hypoxia were identi-
fied as risk factors for TIC. His TASH score was 15 which implied <50% chance for require-
ment of massive blood transfusion.

THERAPEUTIC INTERVENTIONS

As part of the primary survey, oxygen therapy was initiated at 15 litres/minute via a non-
rebreathing mask to maintain oxygen saturation above 94%. A 28 Fr intercostal drainage
tube was inserted into the right sixth intercostal space, which initially drained 500 ml of
blood. A pressure dressing was applied to control external bleeding from the upper limb.
The patient received 1 litre of warm balanced crystalloid solution at a maintenance rate and
1 gram of tranexamic acid.

While being transferred to the radiology suite for a contrast-enhanced computed tomogra-
phy (CT) scan, the patient developed hemodynamic instability, with an increase in intercos-
tal drain output and sustained bleeding from the right upper limb, highly suggestive of TIC.
Consequently, haemostatic resuscitation was immediately commenced with blood products
transfused in a 1:1:1 ratio. The patient was then planned for operative intervention, thora-
cotomy and possible amputation. After receiving 4 units of PRBCs, 4 units of FFP, and 6 units
of random donor platelets (RDPs), the thoracic drain output decreased, though oozing per-
sisted from the upper limb injury.

The upper extremity injury underwent debridement, and venous bleeding was controlled

with ligation. Post-procedure, the patient was transferred to the ICU, where an additional
2 units of PRBCs and 2 units of FFP were administered.

OUTCOME

In the ICU, follow-up evaluations confirmed normalized coagulation parameters. The
patient was discharged from the ICU after 24 hours and subsequently sent home safely on
the 10th day following the removal of the intercostal drain. He was advised to return for a
follow-up appointment in two weeks.
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TAKE-HOME MESSAGE

DISCUSSION

In both presented cases, several key predictors of TIC facilitated prompt identification and
intervention. A high shock index (HR/SBP), especially notable in Case 2 despite an initial
systolic blood pressure of 110 mmHg, served as an early warning sign of significant hemody-
namic compromise and impending shock, even before overt hypotension. This highlights the
shock index’s utility as a sensitive, bedside tool for detecting occult shock and as a predictor
of TIC."?

Beyond immediate vital signs, laboratory markers of hypoperfusion and acidosis were cru-
cial indicators. In Case 1, the presence of compensated metabolic acidosis, hyperlactatemia,
and a base deficit of 8 mEq/L signalled a high risk for TIC, emphasizing the cellular metabolic
derangement.? Similarly, Case 2 presented with respiratory alkalosis and metabolic acidosis,
reflecting both compensatory mechanisms and ongoing tissue hypoperfusion.! The identi-
fied pulmonary contusion and documented hypoxia in Case 2 further contributed to the
risk factors for TIC, illustrating how multi-system injuries converge to predispose patients to
coagulopathy.* Clinical findings such as the mangled extremities in both patients, the pelvic
fracture in Case 1, and the haemothorax in Case 2 represented significant sources of ongoing
blood loss, directly contributing to the development and severity of TIC.

The prompt and aggressive haemostatic resuscitation initiated in both patients was instru-
mental in reversing the coagulopathy and achieving favourable outcomes. Despite initial
interventions like crystalloid administration, pelvic binder application, and pressure dress-
ings with tourniquets, persistent bleeding necessitated escalation to MTP. The 1:1:1 ratio
transfusion of PRBCs, FFP, and platelets, alongside the early administration of tranexamic
acid, reflects current best practices in resuscitation aimed at correcting the coagulopathy and
restoring hemostasis.® The immediate transition to definitive surgical control of haemorrhage
with amputation in Case 1 and vein ligation in the upper extremity in Case 2 underscore the
principle that stopping the bleeding definitively is paramount to successful resuscitation.®

CONCLUSION

These cases highlight the critical role of a proactive and comprehensive approach in managing
severely injured trauma patients. The positive outcomes, marked by normalized coagulation
parameters, effective bleeding control, and swift, safe discharge, underscore the effective-
ness of this strategy. Ultimately, these experiences reinforce that maintaining a high index
of suspicion for TIC, driven by clinical predictors and laboratory markers, combined with
rapid, balanced haemostatic resuscitation and definitive surgical intervention, is essential for
improving survival and minimizing morbidity in this patient population.

TAKE-HOME MESSAGE

Early recognition of trauma-induced coagulopathy makes a major difference in outcomes.
Simple bedside predictors like shock index, base deficit, lactate, active bleeding and the
pattern of injuries can identify patients at high risk even before lab results are available.
Starting haemostatic resuscitation early, giving tranexamic acid, and using a balanced 1:1:1
ratio of blood components helped correct coagulopathy in both cases. Quick surgical con-
trol of bleeding was equally important. These cases show that a structured approach, fast
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decision-making and coordinated teamwork can stabilize even severely injured patients and
improve their chances of survival.
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tively, the requirement for informed patient consent was waived in accordance with institu-
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CASE PRESENTATION

Case 2: Acquired Hemophilia A Mimicking
Trauma-Induced Coagulopathy in a Young
Polytrauma Patient

Andrea Capponi

INTRODUCTION

Trauma-induced coagulopathy (TIC) is a well-recognized, early complication in major
trauma, occurring in ~25% of severely injured patients and associated with increased mor-
bidity and mortality. TIC is characterized by a complex interplay of tissue injury, shock,
endothelial dysfunction, and dysregulation of coagulation and fibrinolysis, leading to
impaired hemostasis and a bleeding phenotype in the acute phase. Laboratory diagnosis
of TIC often reveals abnormalities in conventional coagulation tests, including prolonged
prothrombin time (PT) and activated partial thromboplastin time (aPTT), decreased fibrin-
ogen, and platelet dysfunction.'* A diagnostic challenge arises when aPTT is disproportion-
ately prolonged relative to PT in a trauma patient. While TIC can cause mild to moderate
prolongation of both PT and aPTT, a marked isolated or disproportionate prolongation of
aPTT should prompt consideration of alternative etiologies, such as acquired hemophilia A.
Acquired hemophilia A is a rare autoimmune disorder characterized by the development of
autoantibodies against factor VIII, leading to severe bleeding and isolated aPTT prolonga-
tion,>~ which can mimic TIC in the trauma setting.!’ This case is unique because it describes
a young, previously healthy patient who developed hemophilia A shortly after polytrauma,
presenting with laboratory and clinical features that closely resemble TIC but requiring a
fundamentally different treatment approach, namely, immunosuppression and bypassing
agents rather than standard trauma resuscitation and hemostatic support. This case high-
lights the importance of maintaining a broad differential diagnosis for coagulopathy in the
trauma intensive care unit, especially when laboratory findings are atypical for TIC, thereby
increasing clinical awareness and promoting timely recognition and management of rare but
critical conditions such as acquired hemophilia A.

CASE PRESENTATION

Background and emergency admission: A 20-year-old man without prior health issues was
brought to the Emergency Department following a high-speed motorcycle crash. On arrival:
Glasgow Coma Scale (GCS) 13, hypotension (blood pressure [BP] 80/40 mmHg), tachycar-
dia, and signs of thoracoabdominal trauma. A positive exam triggered activation of a major
trauma protocol. Initial management: Whole-body computed tomography (CT) revealed
multiple rib fractures, bilateral pulmonary contusion, pelvic fracture, and grade IV liver
injury. The patient received red blood cells, plasma, and platelets and underwent hepatic
artery embolization. He was admitted to the ICU in critical condition.

Clinical progression: By day 2, stabilization occurred. However, on day 3, labs showed a
dramatically prolonged aPTT (> 120s), normal PT, stable platelet count, and fibrinogen.
Clinically, he exhibited spontaneous bleeding from IV and drain sites. Conventional trans-
fusions failed to correct coagulopathy.
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DIAGNOSTIC ROTEM EVALUATION

DIAGNOSTIC ROTEM EVALUATION

ROTEM findings (Figure 10.1) revealed the following abnormalities:

ROTEM findings typically show a markedly prolonged INTEM coagulation
time, reflecting intrinsic pathway dysfunction due to factor VIII inhibition,
with normal or near-normal EXTEM parameters (reflecting preserved extrin-
sic pathway function) and reduced maximum clot firmness (MCF) if bleeding is
severe or there is concomitant hypofibrinogenemia or thrombocytopenia. The
FIBTEM MCF may be normal unless there is significant fibrinogen depletion,
which is less likely in isolated acquired hemophilia A. This ROTEM pattern
contrasts with classic TIC, where both EXTEM and INTEM may be affected,
and hypofibrinogenemia is common. APTEM (aprotinin-modified ROTEM)
results are critical in this context. In TIC with hyperfibrinolysis, EXTEM will
show increased maximum lysis (ML), and APTEM will correct this by inhibit-
ing fibrinolysis, normalizing the ML. In acquired hemophilia A, both EXTEM
and APTEM will show prolonged coagulation time and impaired clot forma-
tion, but APTEM will not correct the abnormal parameters, confirming that
coagulopathy is not due to hyperfibrinolysis but rather to a factor VIII inhibi-
tor. This distinction is essential, as hyperfibrinolysis would prompt antifibrino-
lytic therapy, while acquired hemophilia A requires immunosuppression and
bypassing agents. This case underscores the importance of integrating ROTEM,
including APTEM, into the differential diagnosis of early post-trauma coagu-
lopathy, as it can rapidly distinguish between TIC, hyperfibrinolysis, and rare
acquired factor inhibitors, directly impacting management.

FIBTEM ST 22:14:23 RT:01:21:18 ST:22:33:58 RT:01:01:44
CT:44s CFT:210s o 75° CT:57s CFT:90 s a:73°
A5:20 mm A10:24 mm MCF: 24 mm A5:42 mm A10:50 mm MCF: 64 mm

INTEM ST 22:13:43 RT:01:21:58 HEPTEM ST:22:32:47 RT:01:02:54
CT:480s CFT:89s o 74° CT:600 s CFT:130s o:63°
A5:40 mm A10: 60 mm MCF: 60 mm A5:40 mm A10:49 mm MCF: 59 mm

Figure 10.1 Rotational thermoelectrometry (ROTEM) Diagram. ST: start time; RT: run time; CT:
coagulation time; CFT: clot formation time; Alpha: alpha angle in deg; A5: amplitude of clot firm-
ness 5 mm after CT. A10: amplitude of clot firmness 10 mm after CT, MCF: maximum clot firmness;
ML: maximum lysis during runtime. ROTEM pattern of acquired hemophilia A with inhibitors to fac-
tor VIII. Characteristic of acquired hemophilia, this ROTEM diagram shows a significantly prolonged
INTEM and HEPTEM CT (480 seconds and 600 seconds, respectively), but short CTs in EXTEM and
FIBTEM (57 seconds and 44 seconds, respectively), since the extrinsic and common pathways are
not affected by this coagulopathy. The appropriate treatment is rFVIla (recombinant activated fac-
tor VII) or activated PCC (Factor Eight Inhibitor Bypassing Activity [FEIBA]).
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This pattern was highly suggestive of factor VIII inhibition. Subsequent assays confirmed:
i. Factor VIII activity < 1%
ii. Bethesda inhibitor titer > 5 BU Diagnosis: Acquired hemophilia A.

Treatment and outcome: Immediate treatment with bypassing agents (recombinant factor
VIla) was initiated, alongside immunosuppression with methylprednisolone and cyclophos-
phamide. Hemostasis improved rapidly, bleeding ceased, and coagulation parameters nor-
malized. The patient continued ICU care for trauma-related injuries and was discharged to
hematology follow-up on day 15, with full resolution of hemorrhage and progressing func-
tional recovery.

DISCUSSION

TIC complicates major trauma through mechanisms such as endothelial activation, pro-
tein C mediated factor depletion, and hyperfibrinolysis. ROTEM is a valuable point of care
(POC) tool enabling rapid identification of coagulopathy phenotypes, including early stage,
trauma-induced abnormalities within minutes.!* However, the isolated and severe prolonga-
tion of aPTT, as seen here, warrants investigation for acquired inhibitors, particularly factor
VIIL International guidelines emphasize prompt use of bypassing agents (e.g., rTFVIIa or pro-
thrombin complex concentrate [PCC]) and immunosuppression. The emerging use of recom-
binant porcine factor VIII and even emicizumab shows promise in acquired hemophilia.®”

CONCLUSION

This case illustrates the lifesaving potential of combining ROTEM diagnostics and early tar-
geted therapy for unexpectedly acquired hemophilia A within trauma ICU settings. Early
recognition and intervention can drastically reduce morbidity and mortality even in young,
otherwise healthy patients.

TAKE-HOME MESSAGE

It is extremely rare for a young, previously healthy patient to develop acquired hemophilia A
shortly after major polytrauma, presenting with clinical and laboratory features that mimic
trauma-induced coagulopathy but are due to an immune mediated factor VIII inhibitor.
The annual incidence of acquired hemophilia A in the general population is estimated at
0.2-1.48 cases per million, with a strong predilection for the elderly and those with underly-
ing conditions such as malignancy, autoimmune disease, or the postpartum state; only about
half of cases are idiopathic, and the occurrence in young, healthy individuals is exceptional.
Acquired hemophilia A is rare but can present acutely post-trauma, mimicking TIC, and
failing to recognize this immune-mediated coagulopathy can delay appropriate therapy, as
management requires immunosuppression and bypassing agents rather than conventional
trauma resuscitation.

STATEMENT ON ETHICS AND CONSENT
This case report is based on retrospective data extracted from hospital medical records.
No direct patient contact was involved. As the data were anonymized and analyzed
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CLINICAL PRESENTATION

Case 3: Massive Transfusion in Isolated
Maxillofacial Trauma: A High-Acuity,
Low-Occurrence Situation

Anukarthika S, Amrithanand V T, and Aparna Krishna

INTRODUCTION

Life-threatening bleeding associated with isolated maxillofacial trauma is rare. The midface
is highly vascularised, primarily by branches of the external carotid artery including facial
and maxillary arteries and connections to the internal carotid system, which can lead to
rapid blood loss following severe injury. This case describes a young male with isolated facial
trauma who developed sudden exsanguinating haemorrhage in the emergency department,
requiring aggressive resuscitation and endovascular management. It highlights the impor-
tance of early teamwork, timely imaging, and targeted transfusion strategies in a high-acuity,
low-occurrence situation.

PATIENT DEMOGRAPHICS

A young adult male was referred to our Emergency Department from a peripheral hospital
following a two-wheeler road traffic injury. The mechanism of injury was unclear. He had no
known pre-existing comorbidities or allergies.

CLINICAL PRESENTATION

Upon arrival, the primary survey revealed a secure airway with an endotracheal tube in
place for airway protection. Breathing was supported by mechanical ventilation, with equal
bilateral air entry. Circulation revealed tachycardia (heart rate [HR] 130 bpm), normoten-
sion (blood pressure [BP] 110/70 mmHg), shock index >1 and cold extremities. On disability
assessment, the Glasgow Coma Scale (GCS) was EIVTMS5, and the exposure only revealed
bleeding from the maxillofacial zone (Figure 10.2). Shortly after arrival, the patient, who was
initially compensating, suddenly deteriorated. His blood pressure plummeted to 50 mmHg,
and he became increasingly unresponsive. Following Advanced Trauma Life Support (ATLS)
principles, a rapid reassessment was performed.

We immediately noted active, profuse arterial bleeding from the nose and oral cavity, with
blood on the floor (Figure 10.3). It prompted an urgent concern about the ongoing mas-
sive haemorrhage. Extended Focused Assessment with Sonography for Trauma (eFAST)
remained negative, ruling out intrathoracic and intra-abdominal sources of bleeding.

There is no evidence of long bone or pelvic fractures, effectively excluding the “four more”
sources.
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DIAGNOSTIC WORKUP

Figure 10.2 Patient with exsanguinating maxillofacial haemorrhage, showing airway secured
with endotracheal tube and nasal packing in situ.

DIAGNOSTIC WORKUP

Adjuncts to the primary survey were promptly performed as part of the trauma assessment.
Initial blood gas revealed high anion gap metabolic acidosis with a base excess of -20, consis-
tent with Class IV haemorrhagic shock. Although initial laboratory parameters were within
normal limits, including platelet count and international normalized ratio (INR), the throm-
boelastography (TEG) results showed a prolonged R-time, indicating delayed clot formation
and a potential coagulopathy initially (Figure 10.4). However, following the episode of mas-
sive haemorrhage, only the serial blood investigations revealed a significant drop in hae-
moglobin from 10.2 g/dl to 7.0 g/dl, thrombocytopenia, and a prolonged INR, suggestive of
evolving trauma-induced coagulopathy.
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DIAGNOSTIC WORKUP

Figure 10.3 Primary survey revealing blood on the floor.

Figure 10.4 Thromboelastography showing prolonged R time, indicating delay in clot formation.
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CLINICAL COURSE AND OUTCOME

Computed tomography (CT) angiography demonstrated active contrast extravasation from
the lateral nasal wall near the sphenopalatine foramen, confirming rupture of the right sphe-
nopalatine artery. Associated injuries included anterior and posterior table of frontal bone
fracture, bilateral LeFort I, II fracture and left LeFort III fracture, comminuted type III naso-
orbitoethmoid fracture, midpalatal fracture, mandibular symphysis fracture with bilateral
condylar splaying. Thoracoabdominal injuries were ruled out on contrast-enhanced CT
(CECT), confirming an isolated maxillofacial injury.

MANAGEMENT

Resuscitation followed ATLS principles. The presentation was consistent with exsanguina-
tion from a maxillofacial source, a rare but life-threatening scenario. Immediate resuscita-
tion was escalated with activation of the Massive Haemorrhage Protocol (MHP), triggered
by an Assessment of Blood Consumption (ABC) score = 2. The MHP followed the “7 Ts”
approach Trigger, Team preparation, Tranexamic acid, Test hourly, Transfuse, Temperature,
and Termination of MTP ensuring structured and goal-directed resuscitation. Tranexamic
acid was administered as an initial bolus of one gram, followed by an infusion of one gram
over eight hours. Laboratory investigations, including a complete blood count and electrolyte
levels, were within normal limits at baseline. Point-of-care TEG revealed a prolonged R-time,
indicating coagulopathy. Eight units of packed red blood cells, six fresh-frozen plasma units,
nine random donor platelet units, and eight cryoprecipitate units were transfused during
resuscitation in the emergency department. To prevent citrate-induced hypocalcaemia,
intravenous calcium gluconate was administered following the first round of transfusion.
Forced-air warmers, warmed crystalloids, and core temperature monitoring were instituted
to prevent hypothermia. Polyvinyl acetate nasal packs were inserted bilaterally; oral packing
was also attempted to control the bleeding. With persistent bleeding, invasive arterial moni-
toring and multidisciplinary involvement were initiated. With stabilised hemodynamics and
reduction of active haemorrhage, the MHP was discontinued. The lethal triad hypothermia,
acidosis, and coagulopathy along with hypocalcaemia (the “lethal four”) was proactively
addressed throughout resuscitation.

CLINICAL COURSE AND OUTCOME

Following the transfusion of multiple blood products, the patient showed a prompt improve-
ment in hemodynamics, with a rise in blood pressure and neurological recovery to a GCS of
Mé. This stabilisation enabled further definitive intervention. The patient was taken up for
digital subtraction angiography (DSA), which revealed active extravasation from the right
internal maxillary artery. Selective embolisation was successfully performed using polyvi-
nyl alcohol (PVA) particles, achieving definitive haemorrhage control. Subsequently, given
anticipated prolonged airway compromise and the need for surgical reconstruction, the
patient underwent elective tracheostomy. He was taken up for open reduction and internal
fixation (ORIF) of facial fractures, along with obliteration of the frontal sinus using autolo-
gous abdominal fat graft and tissue adhesive glue. During intensive care monitoring, the
patient developed persistent cerebrospinal fluid (CSF) rhinorrhoea. A CT cisternography was
performed to localise the leak site, followed by the placement of a lumbar drain for CSF diver-
sion. Empirical broad-spectrum antibiotics were initiated and later tailored based on cul-
ture sensitivity, which revealed Streptococcus agalactiae. Due to continued CSF leakage, the
patient was taken up by the otorhinolaryngology team for endoscopic endonasal repair of the
skull base defect. Postoperatively, the patient remained hemodynamically stable, gradually
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CONCLUSION

weaned from ventilatory support, and demonstrated neurological recovery to full GCS. He
was subsequently discharged in a stable condition with appropriate follow-up advice.

DISCUSSION

Massive haemorrhage secondary to maxillofacial trauma is rare but potentially catastrophic.!
When it occurs, it poses significant diagnostic and therapeutic challenges due to the intricate
vascular anatomy of the face and the urgent need for haemostasis before definitive imag-
ing and intervention can be undertaken. In the acute trauma setting, the initial challenge
lies in differentiating the source of bleeding, which can be obscured by profuse oronasal
haemorrhage and soft tissue distortion.>?* Bleeding in facial trauma can arise from multiple
arterial sources, including the sphenopalatine, internal maxillary, ethmoidal, or ophthal-
mic arteries.>* While typically resilient due to collateral circulation, the richly vascularised
midface region can become a liability when bleeding involves deep arterial branches. In such
cases, conventional measures like nasal packing may prove insufficient, particularly when the
source is posterior or within fractured bone compartments. Additionally, balloon tampon-
ade must be used cautiously in the context of comminuted midfacial fractures, as it carries a
risk of displacing bone fragments into adjacent vital structures.>® A crucial step in manage-
ment is the exclusion of more common life-threatening haemorrhagic sources such as intra-
thoracic, intra-abdominal, pelvic, or long bone injuries. This necessitates imaging via CECT,
which requires the patient to be sufficiently stabilised beforehand. This presents a therapeutic
dilemma: the need to localise and treat the bleeding competes with the urgency to maintain
hemodynamic stability in a rapidly deteriorating patient. Implementing an MHP is pivotal in
this critical window. In the presented case, early activation of MHP enabled the prompt deliv-
ery of packed red blood cells, plasma, and platelets in balanced ratios, thereby preventing the
progression to the lethal triad of hypothermia, acidosis, and coagulopathy.”® Haemostatic
resuscitation using MHP is not merely a volume replacement strategy it is an essential com-
ponent of damage control resuscitation that mitigates trauma-induced coagulopathy, a mul-
tifactorial process influenced by tissue injury, shock, dilution, and systemic inflammation.
Following MHP activation, the patient’s hemodynamics improved significantly, and his
neurological status progressed to a motor response of M6 on the GCS. This physiological
stabilisation allowed for safe transfer to imaging and subsequent definitive intervention by
angioembolization and stabilisation of the fracture.” MHP played a pivotal role in correcting
early coagulopathy, restoring tissue perfusion, and preventing progression to the lethal triad
of trauma. In trauma patients with ongoing arterial bleeding, especially from deep facial
sources, MTP serves as a critical bridge to definitive haemorrhage control when immediate
surgical or endovascular intervention is not feasible. Viscoelastic haemostatic assays, such
as TEG, offer a real-time evaluation of coagulation dynamics and were particularly useful in
this case. The prolonged reaction time (R-time) indicated impaired clot initiation, guiding
targeted administration of fresh frozen plasma. This approach facilitated more precise cor-
rection of coagulopathy and minimised unnecessary transfusion, preserving resources and
reducing the risk of transfusion-related complications.

CONCLUSION

Severe haemorrhage in isolated maxillofacial trauma demands fast decision-making and
coordinated care. In this case the early activation of the MHP, prompt administration of
balanced blood components, and use of tranexamic acid, to support the angioembolization
provided effective control of the arterial bleed. This case reinforces that structured protocols,
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early recognition of coagulopathy, and rapid access to endovascular therapy can prevent
deterioration and improve outcomes in rare but critical facial bleeding events.

TAKE-HOME MESSAGE

This case highlights the need for coordinated management and treatment approaches even
in rare, high-acuity cases. Early recognition of major bleeding and trauma-induced coagu-
lopathy is vital. A structured Massive Haemorrhage Protocol helps deliver balanced transfu-
sion, guides targeted correction using laboratory and viscoelastic tests, and limits avoidable
delays. Use of tranexamic acid as an early blood product support, along with close monitor-
ing of temperature, calcium, and acid base status can help avert the lethal triad, and to stabi-
lise the patient for surgical interventions.

STATEMENT ON ETHICS AND CONSENT

This case report is based on retrospective data extracted from hospital medical records. No
direct patient contact was involved. As the data were anonymized and analysed retrospec-
tively, the requirement for informed patient consent was waived in accordance with institu-
tional ethics guidelines.
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CASE PRESENTATION

Case 4: Use of Prothrombin Complex Concentrate in
Paediatric Patients with TBI-Associated Coagulopathy

Venencia Albert, Arulselvi Subramanian, and Deepak Agrawal

INTRODUCTION

Trauma-induced coagulopathy (TIC) is a critical early complication in patients with severe
traumatic brain injury (TBI). In children, TIC is reported present in up to 30% of TBI cases
and is associated with higher mortality, worsened neurological outcomes, and increased
transfusion requirements.'? The underlying mechanisms include tissue trauma, systemic
hypoperfusion, acidosis, and endothelial dysfunction, all of which initiate a cascade of coag-
ulation abnormalities.® The presence of TIC in isolated TBI suggests that brain injury alone
can activate systemic coagulopathy.*

Prothrombin complex concentrate (PCC) contains vitamin K-dependent clotting factors
(IL, VIL, IX, and X) and is approved for the reversal of vitamin K antagonists.’ Its off-label use
has expanded in trauma settings for rapid international normalized ratio (INR) correction
when fresh frozen plasma (FFP) is either unavailable or not feasible due to volume constraints.®
The PROCOAG randomized controlled trial evaluated PCC in adult trauma patients with coag-
ulopathy and active bleeding, and reported faster INR correction and reduced need for blood
transfusion, although the impact on mortality or thromboembolic risk was not significant.”

While adult data support the haemostatic potential of PCC, paediatric evidence remains lim-
ited. Most reports are observational and describe heterogeneous populations, with no strong
consensus on dose, timing, or monitoring.®-'* Nonetheless, PCC has been used successfully
to reverse TIC in children, particularly in the setting of congenital bleeding disorders, car-
diac surgery, and isolated TBI.*

This report presents the use of PCC in a 1-year-old child with severe isolated TBI and profound
coagulopathy. We discuss the timing, dosing, and clinical effects of PCC, contextualized by the
limitations of monitoring and systemic complications that ultimately influenced the outcome.

CASE PRESENTATION

HISTORY AND EXAMINATION
A l-year-old male with no prior illness fell from a third-floor on December 6, 2024. He was
initially stabilized at a local hospital and transferred to a tertiary trauma centre by 9:29 PM.

ON ARRIVAL

The Glasgow Coma Scale was EIVIMI1. He was hypotensive (blood pressure [BP]
50/20 mmHg), tachycardic (heart rate [HR] 120 bpm), with bilateral non-reactive pupils and
absent motor response. Arterial blood gas (ABG) showed metabolic acidosis (pH 7.2, HCO;~
13.1), tissue hypoperfusion [elevated lactate (4.3 mmol/L)], hypernatremia (Na* 156 mmol/L),
and poor oxygen saturation requiring mechanical ventilation.

CT of the head showed a right frontal contusion with subarachnoid haemorrhage (SAH),
subdural haematoma (SDH), extradural haematoma (EDH), midline shift, and right parietal
fracture. Abdominal imaging revealed a liver laceration (Grade III mild hemoperitoneum
and right hemopneumothorax. No spinal or long bone injuries (Figure 10.5).
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CASE PRESENTATION

Figure 10.5 Axial non-contrast computed tomography (CT) brain images (Panels a—d) of a
1-year-old child following severe traumatic brain injury. (a) Hyperdense haemorrhagic contusions
are noted in the right frontal lobe with surrounding edema and early midline shift. (b) Haemorrhage
with coalescing haematomas, compression of the right lateral ventricle, and increasing midline
shift. (c) Dense frontal haematoma, mass effect, and loss of grey-white matter differentiation.
(d) Large extradural haematoma with associated skull fracture and marked effacement of cortical
sulci, consistent with raised intracranial pressure.

Initial labs revealed severe coagulopathy (INR 5.1, activated partial thromboplastin time
[aPTT] 126 sec), anaemia (Hb 4 g/dL), and acute hepatic injury (aspartate aminotransferase
[AST] 3410 U/L, alanine aminotransferase [ALT] 1207 U/L). He was intubated and admitted
to the ICU.

TREATMENT

Initial resuscitation included 1 unit each of FFP, packed red blood cells (PRBC), and random
donor platelet (RDP) at ~9:42 PM on 6 December 2024. At 2:15 AM, on 7 December the
patient received 100 mL PRBC and normal saline (NS). Approximately 10 hours post-injury
(3:10 AM), the patient received intravenous vitamin K (1 mg), followed by PCC (human pro-
thrombin complex, 350 IU ~35 IU/kg). By 5:00 AM, additional FFP (60 mL), RDP (70 mL),
PRBCs (150 mL), and NS (100 mL) were infused. Intracranial pressure (ICP) monitoring
showed sustained elevation (36-50 mmHg). Emergency decompression and SDH evacuation
were performed at 8:30 AM (Table 10.3).

OUTCOME

Follow-up INR showed partial correction to 2.4 by 12:45 PM and 1.53 by 6:31 PM. aPTT
also showed transient improvement (Table 10.4). Platelets increased to 1.7 lakh/mm? Hb to
12.2 g/dL. Renal parameters worsened (urea 158 mg/dL, creatinine 4.8 mg/dL). NPO (noth-
ing by mouth) blood glucose level was 524 mg/dL. Despite 4 PRBC units, 3 FFP units, and
3 RDP units within 24 hours, the patient’s ICP remained high, neurological status did not
improve, and renal dysfunction worsened. The patient developed asystole by 11:00 PM.
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Table 10.3 Timeline of haemostatic interventions: Blood product transfusions, vitamin K, and
PCC administration

Date and time | Intervention | Details

6 December 2024, 9:42 PM Initial transfusion 1 unit each of PRBC, FFP, and RDP
7 December 2024, 2:15 AM PRBC and fluid support 100 mL PRBC + Normal saline

7 December 2024, 3:10 AM Vitamin K 1mglVv

7 December 2024, 3:50 AM PCC (Prothrombin 350 IU (~35 1U/kg)

Complex Concentrate)

7 December 2024, 5:00 AM Additional transfusions FFP (60 mL), PRBC (150 mL), RDP
(70 mL)

Table 10.4 Laboratory parameters before and after PCC administration in a 1-year-old child
following severe traumatic brain injury

~15 Hours
Pre-PCC ~6 Hours post-PCC post-PCC
(6 December 2024, | (7 December 2024, (7 December
Parameter (range ) ~9:30 PM) 12:45 PM) 2024, 6:31 AM)
INR 5.06 2.4 1.53
PT (seconds) — 31.3 20.6
aPTT (33.6-46.3 seconds) 126 61 69.4
Haemoglobin 4 — 12.2
(10.9-15.0g/dL)
Platelets (150-450 x 10%L) | 378 — 170
Urea (1-7 mg/dL) 26 140 158
Creatinine 0.4 3.8 4.8
(0.04-0.33 mg/dL)
AST (16-60 U/L) 3410 368 —
ALT (5-55 U/L) 1207 115 —
Glucose (60-100 mg/dL) 292 (random) — 524 (NOP)
Sodium (138-145 mmol/L) | 143 157 —

Resuscitation failed. Death was declared at 11:30 PM; cause of death was hypovolemic shock
with raised ICP secondary to severe TBI.

DISCUSSION

This case illustrates the early use of PCC in a 1-year-old child with isolated TBI complicated
by TIC. Although PCC is increasingly included in adult trauma protocols, evidence for its use
in paediatric neurotrauma remains limited, and its off-label application is guided primarily
by clinical judgment and emerging case-based data.>611-13

The patient received a PCC dose of 350 IU (~35 IU/kg) ~10 hours post-injury. This falls
within the empiric range of 20-50 IU/kg of the previously reported paediatric case
series.®1*15 INR serially reduced within 18 hours post-injury, indicating partial reversal of
the coagulopathy. However, despite PCC administration and concurrent transfusion sup-
port, the patient succumbed within 24 hours due to refractory hypovolemic shock and
raised ICP.
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TAKE-HOME MESSAGE

This outcome reflects a key limitation in isolated coagulation correction strategies in struc-
tural brain damage and advanced metabolic derangements and renal function deteriora-
tion,>* The patient suffered extensive intracranial haemorrhages with midline shift, and the
ICP values remained critically high prior to decompression. Neurological function never
recovered, and renal dysfunction and hyperglycaemia suggested multiorgan dysfunction.
These factors, collectively, contributed to a non-survivable condition, despite partial coagu-
lation correction.

In settings where viscoelastic testing is not available, INR and aPTT remain the primary
guides for PCC use, but they do not provide comprehensive insight into clot quality or fibri-
nolysis. The lack of TEG/ROTEM monitoring in this case underscores a common limitation
in paediatric trauma care. Sribnick et al. reported successful PCC use guided by viscoelastic
assays in a child with polytrauma and TBI, resulting in both safe surgery and neurological
recovery.” Munlemvo et al. reviewed 53 reports of paediatric PCC use across trauma, con-
genital, and surgical indications, associating good haemostatic outcomes and low rates of
adverse events with appropriately PCC dosage.® Karube et al. also supported its safety in pae-
diatric trauma without reporting thrombotic complications.! Still, adult trauma studies note
thromboembolic events in up to 35% of cases, especially with delayed or excessive dosing.’

Adding to these clinical challenges is the economic barrier. In India, a 500-IU vial of PCC
may cost between 340,000 and 1,00,000 depending on brand and source, making routine
use in paediatric trauma feasible only in well-resourced tertiary care centres. This restricts
broader access and raises questions of sustainability unless public procurement, insurance
support, or domestic manufacturing options are strengthened.

CONCLUSION

Early PCC administration can improve coagulation in paediatric TBI patients with TIC.
However, its use alone is insufficient in the setting of extensive cerebral injury and systemic
failure. Although PCC helped reduce the INR, the extent of cerebral damage had already
caused irreversible neurological suppression. Rising ICP, multiorgan dysfunction, and per-
sistent shock were not modifiable by coagulation correction alone. This case illustrates both
the potential for rapid laboratory correction and the limitations of PCC in altering out-
comes where irreversible damage has occurred. In those cases, PCC may buy time, but can-
not salvage outcome in the setting of established critical intracranial pathology and failing

physiology.

TAKE-HOME MESSAGE

PCC can correct coagulopathy rapidly in paediatric trauma when dosed appropriately, but
it should be part of a broader management plan including timely surgical intervention and
organ support. The normalization of INR is not equivalent to clinical recovery, especially in
cases with established brain injury and secondary systemic dysfunction. Unavailability of
viscoelastic testing limits the precision of PCC use in many paediatric trauma centres.

STATEMENT ON ETHICS AND CONSENT

This case report is based on retrospective data extracted from hospital medical records. No
direct patient contact was involved. As the data were anonymized and analysed retrospec-
tively, the requirement for informed patient consent was waived in accordance with institu-
tional ethics guidelines.
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INTRODUCTION

Case 5: Massive Transfusion in Trauma-Induced
Coagulopathy: Case Report of a Polytrauma Patient

Radheshyam Meher, Arulselvi Subramanian, and Amit Gupta

INTRODUCTION

Massive transfusion is defined as replacement of one blood volume within 24 hours, trans-
fusion of 210 packed red blood cell (PRBC) units in 24 hours, replacement of >50% blood
volume in 3 hours, or transfusion of >4 PRBC units in 1 hour with ongoing haemorrhage.!
Mortality after massive transfusion is reported to be ~30-40%.2 Trauma is a leading cause
of death in young adults, and trauma-induced coagulopathy (TIC) is a major contributor to
poor outcomes in polytrauma patients. Activation of a Massive Transfusion Protocol (MTP)
aims to prevent the lethal triad of acidosis, hypothermia, and coagulopathy.>* We report a
case of massive transfusion in a young polytrauma patient with TIC following a road traffic
accident, with initial successful resuscitation in a resource-limited setting.

CASE

An 18-year-old previously healthy male was brought to the trauma centre following a
high-velocity two-wheeler collision. He was a non-helmeted rider and presented in pro-
found shock. On arrival, vitals were as follows: blood pressure (BP) 74/68 mmHg, heart
rate (HR) 142 bpm, respiratory rate (RR) 24/min, temperature 35.8°C, and Glasgow Coma
Scale (GCS) 15/15. He had multiple orthopaedic injuries (pelvic fracture, left humerus epi-
condyle fracture, right ankle swelling), and mesenteric tears involving the sigmoid colon
and caecum. Clinically, the patient exhibited oozing from multiple venipuncture sites and
hypothermia, indicating early signs of TIC. Laboratory values were prothrombin time (PT)
25.9 seconds, activated partial thromboplastin time (aPTT) 53 seconds, international nor-
malized ratio (INR) 1.8, fibrinogen 1g/dL, platelet count 85,000/uL, base deficit of 19,
lactate 9.6 mmol/L, and pH of 7.10. Focused Assessment with Sonography for Trauma
(FAST) scan showed free fluid in the pelvis, and X-ray revealed bilateral superior and infe-
rior pubic ramus fractures, while the pneumo-scan was negative. Computed tomography
(CT) imaging was deferred due to hemodynamic instability. Initial resuscitation included
warmed crystalloid boluses (1 L), administration of high-flow oxygen at 15 L/min, early use
of tranexamic acid (1 g bolus followed by infusion), and activation of the MTP. He received
4 units each of PRBCs, random donor platelets (RDPs), and fresh frozen plasma (FFP) as an
initial resuscitation, followed by an additional 8 PRBCs, 6 RDPs, 6 FFPs, and 4 cryoprecipi-
tate units during the first 24 hours (Table 10.5). Calcium gluconate (10%) was administered
with every 4 units of PRBCs. The patient underwent emergency damage control surgery,
including bilateral internal iliac artery ligation, pre-peritoneal packing, and pelvic pack-
ing. Additional supportive measures included empiric antibiotics, vasopressors, and active
warming. In total, he received 34 PRBCs, 53 RDPs, 31 FEPs, and 6 cryoprecipitate units
during the hospital stay.

The patient stabilized hemodynamically within 4 hours of admission, with improvement
in coagulopathy guided by laboratory and clinical parameters. He developed transient
hypocalcaemia in the early hours, which was corrected with calcium gluconate infusion.
However, during the hospital stay, he developed sepsis and progressive multiorgan dys-
function. Despite intensive supportive care, his condition deteriorated, and he expired on
day 54.
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CONCLUSION

Table 10.5 Transfusion of blood components during the hospital stay

| PRBC | RDP | FFP | Cryoprecipitate
1 hour 4 4 4 0
2-24 hours 8 6 6 4
After 24 hours 22 43 21 2
Total 34 53 31 6
DISCUSSION

Massive transfusion is a life-saving but high-risk intervention. It is associated with sev-
eral complications, such as dilutional coagulopathy, hypothermia, metabolic disturbances,
transfusion reactions, and logistic challenges.>* In trauma, uncontrolled bleeding combined
with TIC further worsen outcomes. TIC is now recognized as an early pathophysiological
response involving endothelial injury, hypoperfusion, platelet dysfunction, and activation of
anticoagulant pathways. Its presence is strongly correlated with higher transfusion require-
ments, multiple organ failure, and mortality.>® In this case, early recognition of TIC based
on clinical features and laboratory parameters prompted immediate activation of MTP with
balanced transfusion of PRBCs, FFPs, and RDPs in a 1:1:1 ratio, in line with current rec-
ommendations.”® Administration of tranexamic acid within 3 hours of injury is a proven
mortality-reducing intervention, as supported by the CRASH-2 trial.® Calcium supplemen-
tation was also integrated, as hypocalcaemia is common during large volume transfusions
and contributes to coagulopathy and myocardial depression. Furthermore, damage con-
trol surgery was a crucial adjunct to resuscitative efforts, enabling permissive hypotension,
haemostatic resuscitation, and staged surgical interventions. Despite initial stabilization,
delayed complications such as sepsis and multiorgan dysfunction contributed to mortality,
consistent with the ‘two-hit’ model in trauma.!!! This underscores the importance of com-
prehensive trauma care extending beyond the emergency phase, encompassing prolonged
intensive care, infection prevention, and organ support strategies. Another key lesson is the
value of protocol-driven care and interdepartmental coordination. The availability of pre-
defined MTP packages and timely communication between the clinical team and transfusion
services minimized delays, optimized component use, and reduced wastage. In resource-
limited settings, where viscoelastic assays like thromboelastography (TEG) or rotational
thromboelastometry (ROTEM) may not be readily available, reliance on clinical judgement
and conventional laboratory tests remains critical.!?

CONCLUSION

Rapid activation of an MTP, early administration of tranexamic acid, balanced transfusion of
blood components, correction of metabolic derangements, and timely damage control surgery
were essential in achieving initial stabilization in a severely injured young patient. Despite
these measures, late complications such as sepsis and multiorgan dysfunction contributed
to mortality, underscoring the complex and evolving nature of post-trauma physiology. This
case reinforces the need for coordinated, protocol-driven care and close communication
between clinical and transfusion teams, especially in resource-limited settings where rapid
decision-making and judicious use of laboratory parameters are vital.
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TAKE-HOME MESSAGE

Early recognition of TIC and timely activation of an MTP with balanced component therapy
are crucial for initial survival. However, long-term outcomes depend equally on coordinated
critical care to address delayed complications such as sepsis and multiorgan dysfunction.

STATEMENT ON ETHICS AND CONSENT

This case report is based on retrospective data extracted from hospital medical records. No
direct patient contact was involved. As the data were anonymized and analysed retrospec-
tively, the requirement for informed patient consent was waived in accordance with institu-
tional ethics guidelines.
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A

ABC score, see Assessment of blood consumption
score

Activated partial thromboplastin time (aPTT),
58, 137

Activated protein C (aPC), 24, 25

Acute lung injury (ALI), 133-134

Acute respiratory distress syndrome (ARDS), 41,
133-134, 134

Adaptive-bubble haemostasis chips, 88

Advanced Trauma Life Support (ATLS) program,
125,159

Age-related trends in TIC, 38-39

Al see Artificial intelligence

ATIMS, see All India Institute of Medical
Sciences

Albumin, 117

Alcohol consumption, in TIC, 40

ALL see Acute lung injury

All India Institute of Medical Sciences (AIIMS),
54

o-globin, 153

Anticoagulants, 41-42

Antifibrinolytic agents, 124

Antiplatelets, 42

Antithrombin (AT), 7

aPC, see Activated protein C

aPTT, see Activated partial thromboplastin time

ARDS, see Acute respiratory distress syndrome

Artificial intelligence (AI) and predictive
modeling

diagnostics and prognostics, Al in, 156
machine learning models, 156

Ascorbic acid, 117

Assessment of blood consumption (ABC) score,
99-100, 99

AT, see Antithrombin

ATLS program, see Advanced Trauma Life
Support program

BBB, see Blood-brain barrier

BDMPs, see Brain-derived microparticles
Beta blockers, 42

Bicarbonate therapy, 115

BIG score, 104

Blood-brain barrier (BBB), 54-55, 58

Bloody vicious cycle, 9

Brain-derived microparticles (BDMPs), 57, 58

C

Cardiolipin (CL), 57
Case-based learning in TIC, 166
acquired hemophilia A mimicking TIC,
172-175
early recognition and management, 167-171
massive transfusion in maxillofacial trauma,
176-181
massive transfusion in polytrauma, 187-189
prothrombin complex concentrate
in pediatric TBI-associated
coagulopathy, 182-186
Catecholamines, 24
CCAs, see Conventional coagulation assays
CCTs, see Conventional coagulation tests
Cellular and brain-derived microparticles, 57, 58
Central nervous system (CNS), 2
Cerebral microdialysis (CMD), 62
Cerebrospinal fluid (CSF), 55
Chronic complications of TIC, 137-138
CI, see Coagulation index
Cincinnati individual transfusion triggers
(CITT), 102-103
Cirrhosis liver, in TIC, 41
Citicoline Brain Injury Treatment Trial
(COBRIT), 136
CITT, see Cincinnati individual transfusion
triggers
CK, see Creatine kinase
CL, see Cardiolipin
Clinical, laboratory, and injury score-based
models
BIG score, 104
challenges and future perspectives, 104-106,
104-106, 107
Cincinnati individual transfusion triggers
(CITT), 102-103
Moore model, 103, 103
Schrieber model, 103
scoring systems and coagulopathy, 104
Vandromme score, 103
Clinical and physiological influences, on TIC
age, 38-39
alcohol consumption, 40
cirrhosis liver, 41
comorbidities, 41
gender, 39
haemophilia, 41
obesity, 39-40
smoking, 40-41
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Clinical and point-of-care (POC) scores
assessment of blood consumption (ABC)
score, 99-100, 99
McLaughlin score, 101, 101
revised assessment of blood transfusion
(RABT) score, 99-100
trauma-associated severe haemorrhage
(TASH) score, 100, 100
Traumatic Bleeding Severity Score (TBSS),
101, 102
viscoelastic assays, 102
Clinical indicator-based scores
Code Red activation (CRA), 98
Field Triage Score (FTS), 97
Modified Early Warning Score (MEWS),
98-99, 99
shock index (SI), 97
Trauma-Induced Coagulopathy Clinical
Score (TICCS), 98, 98
Clinical outcomes, impact of TIC on, 130
chronic complications of TIC, 137-138
complications of TIC
acute lung injury (ALI) and acute respiratory
distress syndrome (ARDS), 133-134
infection rates, 131-132
multiple organ failure (MOF), 135
transfusion requirements, increased, 131,
132
venous thromboembolism, 133
mortality and prognosis, 136
correlation with injury severity, 137
early mortality, increased, 137
long—term outcomes, 137
prognosis despite standard resuscitation,
worsened, 137
neurocognitive impairments, 135-136
rehabilitation and quality of life, impact of
TIC on, 138-139
Clot stability to lysis (CSL), 88
Clot stiffness (CS), 88
CMD, see Cerebral microdialysis
CNS, see Central nervous system
Coagulation cascade, 3, 3
clinical features, 13
common pathway, 4
current concept of coagulation, 5
amplification phase, 6, 6
initiation, 5-6, 5
propagation phase, 6, 7
epidemiology and burden, 9
extrinsic pathway, 4
fibrinolytic system, 4-5
historical perspective, 8-9
intrinsic pathway, 3-4
pathophysiological mechanism of TIC, 11-12,
12,13
regulation, 7
antithrombin (AT), 7
protein C anticoagulation pathway, 7-8, 8
tissue factor pathway inhibitor (TFPI), 7
trauma-induced coagulopathy (TIC), 8

I 102

trauma induced coagulopathy, defining,
10-11
Coagulation factor concentrates, 115
Coagulation index (CI), 77
Coagulation system dysfunction, 25
coagulation cascade, activation of, 25
coagulation factor depletion, 26
platelet dysfunction, 26
COBRIT, see Citicoline Brain Injury Treatment
Trial
Code Red activation (CRA), 98
COMBAT study, see Control of Major Bleeding
After Trauma study
Comorbidities, in TIC, 41
Complications of TIC
acute lung injury (ALI) and acute respiratory
distress syndrome (ARDS), 133-134
infection rates, 131-132
multiple organ failure (MOF), 135
transfusion requirements, increased, 131, 132
venous thromboembolism, 133
Continuing professional development (CPD), 158
Control of Major Bleeding After Trauma
(COMBAT) study, 155-156
Contusions, 52
Conventional coagulation assays (CCAs), 146
Conventional coagulation tests (CCTs), 72
first-generation devices, 76
peripheral biomarkers in TIC, 83-84
rotational thromboelastometry (ROTEM), 78
platelet mapping assays, 80
viscoelastic haemostatic assays (VHAs),
platelet function assessment using, 80
thrombin generation, 81
thromboelastography (TEG), 76-78
viscoelastic testing methods, 75
core components and setup, 76
origin, 75
testing principle, 76
viscous-to-elastic transition, 76
viscoelastic vs. conventional coagulation
testing, 80-81
CPD, see Continuing professional development
CRA, see Code Red activation
CRASH-2 trial, 115
CRASH-3 trial, 115
Creatine kinase (CK), 55
CRYOSTAT-2 trial, 116
CS, see Clot stiffness
CSEF, see Cerebrospinal fluid
CSL, see Clot stability to lysis
Cytokines, 28

D

DAL, see Diffuse axonal injury

Damage-associated molecular patterns (DAMPs),
11-12, 25, 27, 55, 59, 117

DAMPs, see Damage-associated molecular patterns

D-dimer, 26

Deep vein thrombosis (DVT), 21
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defining TIC, 10-11
Diagnostic assessment of TIC, 71
conventional coagulation tests (CCTs), 72
first-generation devices, 76
peripheral biomarkers in TIC, 83-84
rotational thromboelastometry
(ROTEM), 78-80
thrombin generation, 81
thromboelastography (TEG), 76-78
viscoelastic testing methods, 75-76
viscoelastic vs. conventional coagulation
testing, 80-81
diagnostic approaches, 72
future directions in TIC diagnostics, 88
adaptive-bubble haemostasis chips, 88
injury-on-a-chip (PINCH), 88-89
microfluidic and “organ-on-a-chip”
platforms, 88-89
next-generation VHAs: Quantra SEER
sonorheometry, 88
tortuosity-powered microfluidics, 88
precision diagnostics using multiomics, 88
proteometabolomic makers of TIC, 84
RNA regulators (ceRNA network), 85-88
“succinate-lipid-sheddase” axis, 84-85
DIC, see Disseminated intravascular coagulation
Diffuse axonal injury (DAI), 52
Digital tools and mobile applications, 159-160
Disseminated coagulopathy, 28
Disseminated intravascular coagulation (DIC),
28,53
Drugs, in TIC, 41
anticoagulants, 41-42
antiplatelets, 42
beta blockers, 42
nonsteroidal anti-inflammatory drugs
(NSAIDs), 41
statins, 42
DVT, see Deep vein thrombosis

E

Early hyperfibrinolysis, 26-27

Early mortality, increased, 137

ED, see Emergency department

EDHs, see Epidural haemorrhages
Educational video games (EVGs), 159
Education and training in LMICs, 158-159
Emergency department (ED), 2

EMPs, see Endothelial-derived MPs
Endothelial-derived MPs (EMPs), 55
Endothelial dysfunction, 54-55
Endothelial glycocalyx protection, 117
Endothelial nitric oxide synthase (eNOS), 29
Endothelial signaling and coagulopathy, 29
Endotheliopathy, 28

Endotheliopathy of trauma (EoT), 29
Endothelium, 24

Engineered factor V, 154

eNOS, see Endothelial nitric oxide synthase
EoT, see Endotheliopathy of trauma

Epidural haemorrhages (EDHs), 52
EVGs, see Educational video games

F

Factor V-based strategies, 153
FAST, see Focused Assessment with Sonography
in Trauma
FCS, see Fibrinogen contribution to stiffness
FDPs, see Fibrin degradation products
FEISTY, see Fibrinogen Early in Severe Trauma
study
Female gender, in TIC, 39
FFP, see Fresh frozen plasma
Fibrin degradation products (FDPs), 4, 26
Fibrinogen concentrate, 115-116
Fibrinogen contribution to stiffness (FCS), 88
Fibrinogen Early in Severe Trauma study
(FEISTY), 116
FEISTY Junior, 116
Fibrinogen in the initial resuscitation of severe
trauma (FiiRST) trial, 115
Fibrinogen replacement, 124
Fibrinolytic dysregulation, 26
early hyperfibrinolysis, 26-27
fibrinolytic shutdown, 27
Fibrinolytic system, 4-5
Field Triage Score (FTS), 97
FiiRST trial, see Fibrinogen in the initial
resuscitation of severe trauma trial
First-generation devices, 76
Focused Assessment with Sonography in Trauma
(FAST), 97
Fresh frozen plasma (FFP), 113-115, 123
Fresh whole blood (FWB), 123
Future directions in TIC, 145
advanced technologies, 146-151
artificial intelligence (AI) and predictive
modeling
Al in diagnostics and prognostics, 156
machine learning models, 156
collaborative and global initiatives
international guidelines and consensus
statements, 157
international research consortia, 157,
157,158
diagnostic advances, 146
education and awareness, 151
implementation and quality improvement
best practices and protocols, 159
digital tools and mobile applications,
159-160
education and training in LMICs, 158-159
India, future direction for, 160
telemedicine in trauma care, 159
inflammation and immune mechanisms
IL-6 mediated monocyte activation, 154
therapeutic targets, 154
melanocortin fusion protein (AQB-565),
154-155
omics and transfusion strategies, 155-156
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skeletal muscle myosin (SkM), 155
therapeutic innovations
engineered factor V, 154
factor V-based strategies, 153
genetic markers and personalized
therapy, 153
genome-wide association study (GWAS),
152
hemoglobin and o.-globin in TIC, 153
targeted drug development, 152
viscoelastic method (VEM), 146
FWB, see Fresh whole blood

G

GCS scores, see Glasgow Coma Scale scores
Gender, in TIC, 39
Genetic markers and personalized therapy, 153
Genome-wide association study (GWAS), 152
Glasgow Coma Scale (GCS) scores, 136
“Glue Grant” research program, 154
Glycocalyx, 24

shedding, 29

in trauma, 28-29

structure and function of, 28
Glycoprotein VI (GPVI), 26
Goal-directed transfusion, 115
GPV], see Glycoprotein VI
GWAS, see Genome-wide association study

H

Haemophilia, in TIC, 41
Haemostasis, 2
Heart rate (HR), 97
Hemoglobin and o.-globin in TIC, 153
Hemostatic agents
antifibrinolytic agents, 124
massive hemorrhagic protocols (MHPs),
125-127
components of, 124
goals of, 125
massive transfusion protocols, 124
recombinant activated coagulation factor VII
(rFVIla), 124
Hemostatic resuscitation, 122
fibrinogen replacement, 124
fresh frozen plasma transfusion, 123
fresh whole blood (FWB), 123
limited crystalloid therapy, 122
packed red blood cell (PRBC) transfusion,
122-123
platelet transfusion, 123
prothrombin complex concentrates (PCCs), 124
triggers of transfusion, 123
Heparinase, 28
Heparinase TEG (hTEG), 78
HF, see Hyperfibrinolysis
High-mobility group box protein 1 (HMGB-1),
11, 25
HMGB-1, see High-mobility group box protein 1
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Hospital care, of TIC, 113

HR, see Heart rate

hTEG, see Heparinase TEG

Hyaluronidase, 28

Hydrocortisone, 117

Hyperfibrinolysis (HF), 55

Hyperglycaemia, 61

Hypoperfusion and endogenous anticoagulation
(protein C pathway), 24-25

Tatrogenic contributors to TIC, 29-31
Iatrogenic trauma coagulopathy, 9
ICAM-1, see Intercellular Adhesion Molecule-1
ICHs, see Intracerebral haemorrhages
IL-6 mediated monocyte activation, 154
Immature platelet fraction (IPF), 74
Immunothrombosis and microvascular injury,
27-28
India, future direction for, 160
Infection rates, 131-132
Inflammation and immune mechanisms
IL-6 mediated monocyte activation, 154
therapeutic targets, 154
Inflammation coagulation crosstalk, 27
cytokines, endotheliopathy, and disseminated
coagulopathy, 28
damage-associated molecular patterns
(DAMPs), 27
immunothrombosis and microvascular
injury, 27-28
pattern recognition receptors (PRRs), 27
Injury characteristics and severity, in TIC
injury severity, 43
mechanism of injury and coagulation, 44
pre-hospital and ED resuscitation, 44
specific injuries, 43-44
Injury-on-a-chip (PINCH), 88-89
Injury severity, correlation with, 137
INR, see International normalized ratio
Intercellular Adhesion Molecule-1 (ICAM-1), 28
International guidelines and consensus
statements, 157
International normalized ratio (INR), 54, 72
International research consortia, 157, 157, 158
Intracerebral haemorrhages (ICHs), 52
IPF, see Immature platelet fraction

J

Joint Theatre Trauma Registry (JTTR), 101
JTTR, see Joint Theatre Trauma Registry

L

Lacerations, 52

Lactate dehydrogenase (LDH), 55

LDH, see Lactate dehydrogenase

Lethal triad, 9

Leukocyte-endothelium interactions, 24
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Limited crystalloid therapy, 122

LMICs, see Low- and middle-income countries
Low- and middle-income countries (LMICs), 9
LysoPEs, see Lysophosphatidylethanolamines
Lysophosphatidylethanolamines (LysoPEs), 84

M

Machine learning (ML), 89, 156
Management of TIC, 112; see also Transfusion
management, of TIC
bicarbonate therapy, 115
coagulation factor concentrates, 115
fibrinogen concentrate, 115-116
goal-directed transfusion, 115
hospital care, 113
massive haemorrhage protocols (MHPs),
113-115
pre-hospital care, 113
research and future directions, 116
special considerations, 116
therapeutic targets from pathophysiology, 116
endothelial glycocalyx protection, 117
personalised coagulopathy management,
118
protein C pathway modulation, 117
tranexamic acid (TXA), 115
Massive hemorrhagic protocols (MHPs), 113-115,
125-127
activation, 97
components of, 124
goals of, 125
Massive transfusion, scoring systems to predict,
in trauma, 96
clinical, laboratory, and injury score-based
models
BIG score, 104
challenges and future perspectives,
104-106, 104-106, 107
Cincinnati individual transfusion triggers
(CITT), 102-103
Moore model, 103, 103
Schrieber model, 103
scoring systems and coagulopathy, 104
Vandromme score, 103
clinical and point-of-care (POC) scores
assessment of blood consumption (ABC)
score, 99-100, 99
McLaughlin score, 101, 101
revised assessment of blood transfusion
(RABT) score, 99-100
trauma-associated severe haemorrhage
(TASH) score, 100, 100
Traumatic Bleeding Severity Score
(TBSS), 101, 102
viscoelastic assays, 102
clinical indicator-based scores
Code Red activation (CRA), 98
Field Triage Score (FTS), 97
Modified Early Warning Score (MEWS),
98-99, 99

shock index (SI), 97
Trauma-Induced Coagulopathy Clinical
Score (TICCS), 98, 98
physiological and clinical indicators, 97
Massive transfusion protocol (MTP), 124, 125,
146
Matrix metalloproteinases (MMPs), 28
McLaughlin score, 101, 101
MDSCs, see Myeloid-derived suppressor cells
Mean platelet volume (MPV), 74
Mechanisms of TIC, 24
Melanocortin fusion protein (AQB-565), 154-155
Metabolic dysregulation, 29
MEWS, see Modified Early Warning Score
MHPs, see Massive hemorrhagic protocols
Microfluidic and “organ-on-a-chip” platforms,
88
adaptive-bubble haemostasis chips, 88
injury-on-a-chip (PINCH), 88-89
tortuosity-powered microfluidics, 88
Microparticles (MPs), 55
MicroRNA (miRNA), 85, 87, 87
miRNA, see MicroRNA
ML, see Machine learning
MMPs, see Matrix metalloproteinases
Modified Early Warning Score (MEWS), 98-99,
99
MOF, see Multiple organ failure
Moore model, 103, 103
Mortality and prognosis, 136
early mortality, increased, 137
injury severity, correlation with, 137
long-term outcomes, 137
prognosis despite standard resuscitation,
worsened, 137
MPs, see Microparticles
MPV, see Mean platelet volume
MTP, see Massive transfusion protocol
Multiomics, precision diagnostics using, 88
Multiple organ failure (MOF), 135
Myeloid-derived suppressor cells (MDSCs), 152

N

NETs, see Neutrophil Extracellular Traps

Neurocognitive impairments, 135-136

Neutrophil Extracellular Traps (NETs), 117

Newer oral anticoagulants (NOACs), 153

Next-generation VHAs, 88

NF-kB signaling, see Nuclear factor kappa B
signaling

NMDA receptor function, see N-methyl-D-
aspartate receptor function

N-methyl-D-aspartate (NMDA) receptor
function, 136

NOAC:s, see Newer oral anticoagulants

Nonsteroidal anti-inflammatory drugs
(NSAIDs), 41

NSAIDs, see Nonsteroidal anti-inflammatory
drugs

Nuclear factor kappa B (NF-kB) signaling, 24
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Obesity, in TIC, 39-40
Omics and transfusion strategies, 155-156

P

Packed red blood cell (PRBC) transfusion,
122-123
Partial thromboplastin time (PTT), 3
PATCH trial, see Prehospital Tranexamic Acid
for Severe Trauma trial
Pathophysiological mechanism of TIC, 11-12,
12,13
Pattern recognition receptors (PRRs), 27
PCC, see Prothrombin complex concentrate
PCS, see Platelet contribution to clot stiffness
PDW, see Platelet distribution width
PE, see Pulmonary embolism
Peripheral biomarkers in TIC, 83-84
Personalised coagulopathy management, 118
Plasma-based resuscitation, 117
Plasmin, 4-5
Plasminogen activator inhibitor, 5
PAI-1, 24
Platelet activation and dysfunction, 56
cellular and brain-derived microparticles
(BDMPs), 57, 58
protein C pathway activation, 56
thromboinflammation, 57-58
tissue hypoperfusion, 57
Platelet contribution to clot stiffness (PCS), 88
Platelet distribution width (PDW), 74
Platelet dysfunction, 26
Platelet indices, clinical interpretation of, in
trauma, 74
Platelet-large cell ratio (P-LCR), 74
Platelet mapping assays, 80
Platelet transfusion, 123
P-LCR, see Platelet-large cell ratio
POCT, see Point-of-care testing
Point-of-care testing (POCT), 146, 147-150
Post-trauma coagulopathy concept vs. the
modern view of TIC, 21
Pragmatic Randomized Optimal Platelet and
Plasma Ratios (PROPPR) trial, 39
PRBC transfusion, see Packed red blood cell
transfusion
Precision diagnostics using multiomics, 88
Pre-hospital and ED resuscitation, in TIC, 44
Pre-hospital care, of TIC, 113
Prehospital Tranexamic Acid for Severe Trauma
(PATCH) trial, 115
Prognosis despite standard resuscitation,
worsened, 137
Proinflammatory cytokines, 29
PROMMTT study, 113
PROPPR trial, see Pragmatic Randomized Optimal
Platelet and Plasma Ratios trial
Protein C pathway, 7-8, 8
activation, 56
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anticoagulation pathway, 7-8, 8
modulation, 117
Protein S, 7-8
Protein Z-dependent protease inhibitor (ZPI), 8
Proteometabolomic makers of TIC, 84
RNA regulators (ceRNA network), 85-88
“succinate-lipid-sheddase” axis, 84-85
Prothrombin complex concentrate (PCC), 113,
124, 153
Prothrombin time (PT), 4, 58, 137
Prothrombin time ratio (PTr), 72
PRRs, see Pattern recognition receptors
PT, see Prothrombin time
PTr, see Prothrombin time ratio
PTT, see Partial thromboplastin time
Pulmonary embolism (PE), 21

Q

Quantra SEER sonorheometry, 88

R

RABT score, see Revised assessment of blood
transfusion score
Randomised controlled trial (RCT), 113
Rapid TEG (r-TEG), 78
RCT, see Randomised controlled trial
RDCR, see Remote damage control resuscitation
Reactive oxygen species (ROS), 154
Recombinant activated coagulation factor VII
(rFVIIa), 124
Rehabilitation and quality of life, impact of TIC
on, 138-139
Remote damage control resuscitation (RDCR), 151
RETIC trial, see Reversal of Trauma Induced
Coagulopathy trial
Reversal of Trauma Induced Coagulopathy
(RETIC) trial, 116
Revised assessment of blood transfusion (RABT)
score, 99-100
rFVIIa, see Recombinant activated coagulation
factor VII
Risk factors and contributing elements to TIC,
37,42
clinical and physiological influences
age, 38-39
alcohol consumption, 40
cirrhosis liver, 41
comorbidities, 41
gender, 39
haemophilia, 41
obesity, 39-40
smoking, 40-41
drugs, 41
anticoagulants, 41-42
antiplatelets, 42
beta blockers, 42
nonsteroidal anti-inflammatory drugs
(NSAIDs), 41
statins, 42
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injury characteristics and severity, 43-44
injury severity, 43
mechanism of injury and coagulation, 44
pre-hospital and ED resuscitation, 44
specific injuries, 43-44
RNA regulators, 85-88
Road traffic accidents (RTAs), 2
ROS, see Reactive oxygen species
Rotational thromboelastometry (ROTEM), 11,
78,102, 116, 152
platelet mapping assays, 80
viscoelastic haemostatic assays (VHASs),
platelet function assessment using, 80
ROTEM, see Rotational thromboelastometry
RTAs, see Road traffic accidents
r-TEG, see Rapid TEG

S

SAC, see Systemic acquired coagulopathy

SAHs, see Subarachnoid haemorrhages

SBP, see Systolic blood pressure

Schrieber model, 103

SDHs, see Subdural haemorrhages

SEER, see Sonic estimation of elasticity via
resonance

Serum magnesium abnormalities, 61

Sex-based differences in TIC, 31-32

Shock index (SI), 24, 97

Shock Index Paediatric Age-Adjusted (SIPA), 97

SI, see Shock index

SIPA, see Shock Index Paediatric Age-Adjusted

Skeletal muscle myosin (SkM), 155

SkM, see Skeletal muscle myosin

Smoking, in TIC, 40-41

Sonic estimation of elasticity via resonance
(SEER), 146

Sonorheometry, 146

Statins, 42

Subarachnoid haemorrhages (SAHs), 52

Subdural haemorrhages (SDHs), 52

“Succinate-lipid-sheddase” axis, 84-85

Sympathetic system dysfunction, 31

Systemic acquired coagulopathy (SAC), 9

Systolic blood pressure (SBP), 97

T

TAFI, see Thrombin-activatable fibrinolysis
inhibitor

TA-MC, see Transfusion-associated
microchimerism

Targeted drug development, 152

TASH score, see Trauma-associated severe
haemorrhage score

TAT, see Thrombin-antithrombin complex

TBI, see Traumatic brain injury

TBSS, see Traumatic Bleeding Severity Score

TEG, see Thromboelastography

Telemedicine in trauma care, 159

TF, see Tissue factor

TFPI, see Tissue factor pathway inhibitor
TGTs, see Thrombin generation tests
Therapeutic innovations
engineered factor V, 154
factor V-based strategies, 153
genetic markers and personalized therapy,
153
genome-wide association study (GWAS), 152
hemoglobin and o.-globin in TIC, 153
targeted drug development, 152
Therapeutic targets, 154
Thrombin-activatable fibrinolysis inhibitor
(TAFI), 5
Thrombin-antithrombin complex (TAT), 83, 154
Thrombin generation tests (TGTs), 81
Thrombodynamic potential index (TPI), 78
Thromboelastography (TEG), 11, 54, 76-78, 102
Thromboinflammation, 57-58
Thrombomodulin, 7
TICCS, see Trauma-Induced Coagulopathy
Clinical Score
Tissue factor (TF), 2, 25, 52, 55-56
Tissue factor pathway inhibitor (TFPI), 7, 28
Tissue hypoperfusion, 57
Tissue-type plasminogen activator (tPA), 4, 24
TLRs, see Toll-like receptors
Toll-like receptors (TLRs), 25
Tortuosity-powered microfluidics, 88
tPA, see Tissue-type plasminogen activator
TPI, see Thrombodynamic potential index
Tranexamic acid (TXA), 112, 115, 124, 154
Transcriptome-wide association study (TWAS),
152
Transfusion-associated microchimerism (TA-
MC), 131
Transfusion management, of TIC, 122; see also
Management of TIC
hemostatic agents
antifibrinolytic agents—tranexamic acid,
124
massive hemorrhagic protocols (MHPs),
125-127
massive transfusion protocols, 124
recombinant activated coagulation factor
VII (rFVIla), 124
hemostatic resuscitation, 122
fibrinogen replacement, 124
fresh frozen plasma transfusion, 123
fresh whole blood (FWB), 123
limited crystalloid therapy, 122
packed red blood cell (PRBC) transfusion,
122-123
platelet transfusion, 123
prothrombin complex concentrates
(PCCs), 124
triggers of transfusion, 123
Transfusion-related immunomodulation
(TRIM), 131
Transfusion requirements, increased, 131, 132
Trauma-associated severe haemorrhage (TASH)
score, 100, 100
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Trauma-Induced Coagulopathy Clinical Score
(TICCS), 98, 98
Trauma Recovery Project (TRP), 138
Traumatic Bleeding Severity Score (TBSS), 101,
102
Traumatic brain injury (TBI), 9, 53, 135
Traumatic brain injury (TBI)-associated
coagulopathy, 51
assessment and monitoring tools, 61-62
clinical drivers of acute coagulopathy
age, 60-61
hyperglycaemia, 61
serum magnesium abnormalities, 61
severity of injury (GCS), 60
complications, 62
incidence of clotting abnormalities in TBI, 54
key mechanisms
endothelial dysfunction and blood-brain
barrier (BBB) disruption, 54-55
tissue factor (TF) hypothesis, 55-56
pathogenesis, 54
platelet activation and dysfunction, 56
cellular and brain-derived microparticles
(BDMPs), 57, 58
protein C pathway activation, 56
thromboinflammation, 57-58
tissue hypoperfusion, 57
time course of TIC following TBI, 58-60
Triggers of transfusion, 123
TRIM, see Transfusion-related
immunomodulation
TRP, see Trauma Recovery Project
TWAS, see Transcriptome-wide association study
TXA, see Tranexamic acid
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UDID, see Unique Disability Identification
Unique Disability Identification (UDID), 160
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uPA, see Urokinase plasminogen activator
Urokinase plasminogen activator (uPA), 4

Vv

Vandromme score, 103
Vascular Cell Adhesion Molecule-1 (VCAM-1), 28
VCAM-1, see Vascular Cell Adhesion Molecule-1
VEM, see Viscoelastic method
Venous thromboembolism (VTE), 115, 133
VHAs, see Viscoelastic haemostatic assays
Viscoelastic assays, 102
Viscoelastic haemostatic assays (VHAs), 77, 113
platelet function assessment using, 80
Viscoelastic method (VEM), 146
Viscoelastic testing methods, 75
core components and setup, 76
origin, 75
testing principle, 76
viscous-to-elastic transition, 76
Viscoelastic vs. conventional coagulation testing,
80-81
Viscous-to-elastic transition, 76
Von Willebrand factor (VWF), 6
VTE, see Venous thromboembolism
vWF, see Von Willebrand factor

w

Weighted Gene Co-expression Network Analysis
(WGCNA), 89

WGCNA, see Weighted Gene Co-expression
Network Analysis

WHO, see World Health Organization

World Health Organization (WHO), 39, 52
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ZP], see Protein Z-dependent protease inhibitor
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